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1	Summary
In this document the source reflects on the low SNR intelligibility results from NTIA Report 15-520 (TDoc S4-151231) and the observations made based upon the combined results proposed in S4-151340 and S4-151394. Evaluating the statistical significance of the combined results, the assertions in S4-151340 and S4-151394 are shown to be statistically significant and hence need to be considered as part of the SA4 decision process on the mandatory codec for MCPTT.
In S4-151340 and S4-151394 it was asserted that intelligibility in high noise increases naturally with bit rate and coded bandwidth and in this sense mirrors what was demonstrated for audio quality during the EVS Characterization phase. In Annex A & B it is shown that these trends are statistically significant at the 95% confidence level for all but two test points and are statistically significant at the 91.5% confidence level for all test points using the Z-test given in Annex A.
We may therefore conclude that where wider audio bandwidths are available at any given bit rate these should be used in order to maximize intelligibility in high noise. This conclusion echoes the findings based upon perceptual audio quality and naturally leads to a recommendation that the EVS Codec should be used since this codec has the widest audio bandwidth of the 3GPP codecs at any bit rate of operation.
Text to reflect these findings in the TR 26.879 is provided along with a draft CR.
2	Results from NTIA Report 15-520 [1]
The high noise (low SNR) intelligibility results in NTIA Report 15-520 [1] provide valuable additional information for the selection of the codec for MCPTT. SA4 received several input contributions at the last meeting (S4-151229, S4-151230 and S4-151349) requesting that this data should be taken into consideration and this was agreed.
The report provides intelligibility scores, as measured with the Modified Rhyme Test (MRT) methodology, across a range of noise conditions for different codecs, bit rates and bandwidths but for SA4 only 3 codecs are really of direct interest; namely AMR, AMR-WB and EVS although the benchmarks of Analogue FM and the P25 codec are of interest. It is worth noting that these results are error free and will obviously be influenced by the relative error resilience of the codecs in question. The conclusions from the report however are quite vague and in the view of the source incomplete. The only findings that could be agreed were documented in the TR 26.879 v13.0.0 as follows;
In clean channel conditions, in two cases out of 12 EVS-NB performed statistically significantly better than AMR but in the other 10 cases there was no statistically significant difference. 
In one case out of 18, EVS-WB performed statistically worse than AMR-WB, but in this case EVS was operating at its lowest bit rate with DTX/CNG enabled and at a lower bit rate than AMR-WB. In the other 17 cases there was no statistically significant difference.
In three cases out of 24, EVS-FB performed statistically significantly better than AMR-WB or EVS-WB, in one case EVS-FB performed statistically worse than AMR-WB (Alarm noise -30dB SNR) and in the other 20 cases there was no statistically significant difference.
· From the NTIA report using a WB codec results in higher intelligibility than using a NB codec in noisy conditions. 
· In the NTIA report [16] for SNRs within the range 10dB to -5dB, FB is always equivalent to or better than WB and NB in noisy conditions from an intelligibility point of view.
· The NTIA report [16] shows that the intelligibility increases (up to a saturation level) with coded bitrate within confidence limits for a given audio bandwidth.
2.1	Composite Results
Although not presented in [1], Figure 1 [Taken from S4-151340 and S4-151394], shows an average of the MRT scores across the noisy environments; “Saw” (0 dB SNR), “Club” (+5 dB SNR), “Coffee” (+5 dB SNR) and “Siren” (0 dB SNR) but omitting the “Quiet” condition and the “Alarm” condition. The “Alarm” condition, while clearly important, was noted as a corner-case in [1] and it was recommended that it might be better handled by fixed acoustic filtering in the handset. The “Quiet” condition has been omitted to focus the results on noisy low SNR conditions. 

Figure 1: Average MRT Scores across conditions Saw, Club, Coffee and Siren (No Alarm or Quiet)
The reason for averaging across the different environments was to remove apparent uncertainties and performance fluctuations between the different noise types and codecs which made the results difficult to interpret. Since the MRT scores are probability estimates, the average scores are also probability estimates but in this case under the assumption that the selection of background noise is systematically chosen with equal probability (25%). This combination over different background noise types is legitimate and doesn’t invalidate the results - It may be considered as analogous to further evaluation of the intelligibility using different talkers. 
From Figure 1, the trend that “intelligibility increases (up to a saturation level) with coded bitrate within confidence limits for a given audio bandwidth” is clearly shown. It is also possible to show that all codecs operating at similar bit rates and in the same audio bandwidth are statistically equivalent (See Annex A.1 & Annex B.1). The use of VAD/DTX/CNG for the EVS 5.9kbps VBR modes when all of the other codecs were used without and the greater than 10% bit rate difference between AMR-WB (6.6 kbps) and EVS (5.9 kbps) explains the divergence between the two wideband coding curves at their lower bit rate ends in such high noise. Having the key focus for the intelligibility test at the end of each sentence, while obviously perfectly ok without DTX, ends up punishing any early switch from speech to noise by the VAD, when DTX is applied, confounding the results. 
Figure 1 also clearly shows a trend that, for any given bit rate, wider audio bandwidths provide higher intelligibility probabilities. This was shown by the NTIA 15-520 results to hold for the NB and WB conditions, but a statistical analysis of the combined probabilities from NTIA 15-520 (See Annex A.2 and Annex B.2) shows that this is a statistically significant trend at the 95% confidence level for four out of six relevant codec data points for the WB and FB conditions and at the 91.5% (See Annex A.2) confidence level across all six (AMR-WB 15.85, EVS WB 16.4, EVS FB 16.4, AMR-WB 23.85, EVS WB 32 and EVS FB 32,) and it is also supported by the uncoded WB and FB reference conditions.
2.2	Revised Conclusions
One may therefore refine the conclusions in subclause 5.1.2 in TR 26.879 v13.0.0 to make them more useful and informative; 
In clean channel conditions, at the same bit rate EVS-NB and AMR perform with no statistically significant difference. 
In clean channel conditions, at the same bit rate EVS-WB and AMR-WB perform with no statistically significant difference. 
· Based upon data from the NTIA report using a WB codec results in higher intelligibility than using a NB codec in noisy conditions. 
· Based upon data from the NTIA report using a FB codec results in higher intelligibility than using either a WB or a NB codec in noisy conditions. 
· Data from the NTIA report therefore shows that the intelligibility increases with coded audio bandwidth within confidence limits for a given coded bitrate.
· Data from the NTIA report shows that the intelligibility increases (up to a saturation level) with coded bitrate within confidence limits for a given audio bandwidth.
3	Recommendation
It is recommended that the text in subclause 2.1 should be included into the TR along with the revised conclusions in subclause 2.2. 
Statistical analysis in Annex A & B may also be included if required.
Annex C provides a Pseudo-CR to TR 26.879.
4	Discussion and Conclusions
For MCPTT applications, intelligibility in high noise environments is clearly of importance and, based upon these results the EVS Codec operating in its maximum supported audio bandwidth at each bit rate, is the natural choice to ensure maximum intelligibility.
It should be obvious, but worth restating, that MCPTT is aimed at public safety employees who are reliant upon it for their communications on a 24/7 basis. It would therefore, in the view of source, be a mistake for 3GPP to mandate a codec for MCPTT with demonstrably second-rate (or worse) intelligibility or audio quality. It was demonstrated above and in Annex A that for a given bit rate a wider audio bandwidth leads to better intelligibility in high noise. The EVS codec provides WB audio from 5.9 kbps upwards, SWB from 9k6bps upwards and Fullband from 16kbps. It therefore can provide a wider audio bandwidth and outperform AMR from 5.9 kb/s and provide a wider bandwidth than AMR-WB from 9k6bps upwards. 
The NTIA study omitted radio channel impairments but the EVS codec has already been shown to provide superior performance in the presence of frame erasures to both the other 3GPP codecs and to state-of-the-art codecs.
The EVS codec provides the benefits of higher quality and greater naturalness which along with greater intelligibility will lead to reduced listener fatigue due to long duration listening by MCPTT users and dispatchers alike.
The EVS Codec operating in its maximum supported audio bandwidth at each bit rate should be employed, and hence mandated, for MCPTT to ensure maximum intelligibility. 
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Annex A:	Statistical Analysis of the Results in Figure 1 Using the Z-Test
The Z-test is not a precise test for small sample sizes but, since the number of trials is so high (>1700) and significantly more than the minimum 40 trials suggested in [5], the normal approximation may be assumed to be accurate in this case.
In each case to be tested the value of  is given by the following [5];
		(1)
Where  and  are the proportions of sample sizes  and  respectively that are judged to be intelligible. Note in this case  and . The value of  is given by the following;
		(2)
A.1	Equivalent Intelligibility for the Same Bandwidth and Bit rate
Based upon the 432*4 = 1728 trials, it can be shown with a two-sided Z-test at 95% confidence that all of the 3GPP codecs of the same coded audio bandwidth, operating at similar bit rates give the same intelligibility.
It can be shown that EVS NB at 5.9kbps (0.6028) is statistically equivalent to AMR at 5.9 kbps (0.599) at 95% confidence ( = -0.228). 
It can be shown that EVS WB at 16.4kbps (0.782) is statistically equivalent to AMR-WB at 15.85kbps (0.7798) at 95% confidence ( = 0.160). 
Although the bit rates are quite different, the intelligibilities are in the saturation region and it can be shown that EVS WB at 32kbps (0.8055) is statistically equivalent to AMR-WB at 23.85kbps (0.80475) at 95% confidence ( = 0.056). 
A.2	Wider Bandwidths and Intelligibility
Based upon the 432*4 = 1728 trials, it can be shown with a two-sided Z-test at 95% confidence that EVS FB at 16.4kbps (0.814) is statistically significantly better than EVS WB at 16.4kbps (0.782) ( = 2.34) and also better than AMR-WB at 15.85kbps (0.7798) ( =2.50).
It can be shown that EVS FB at 32kbps (0.82825) is not statistically significantly better than EVS WB at 32kbps (0.8055) at 95% confidence ( = 1.73) but it is at 91.5%.
It can be shown that EVS FB 32kbps (0.82825) is also not statistically significantly better than AMR-WB at 23.85kbps (0.80475) at 95% confidence ( = 1.78) but it is at 92.5%.
Finally, it can be shown that uncoded FB (0.85125) is statistically significantly better than uncoded WB (0.823725) at 95% confidence ( = 2.19).
Although the 95% confidence interval would be normally used, if we relax the confidence level from 95% to 91.5% then it can be claimed that all of the relevant FB conditions have MRT intelligibility scores that exceed those of the relevant WB conditions. This indicates that wider coded audio bandwidths will deliver better intelligibility in high noise/lower SNRs than narrower bandwidths.


Annex B:	Statistical Analysis of the Results in Figure 1 Using the χ2-Test
As in the case of the Z-test, the χ2 –test which was proposed in S4-151392, relies on sufficient samples to approximate a normal distribution. This is assumed to be satisfied for the same reasons provided above. 
In each case to be tested the value of  is given by the following;
		(3)
Where and  are the success counts that are judged to be intelligible from the sample sizes  to be compared. With reference to the previous method in Annex A, and . 
B.1	Equivalent Intelligibility for the Same Bandwidth and Bit rate
Based upon the 432*4 = 1728 trials, it can be shown with a single-sided χ2 -test at 95% confidence that all of the 3GPP codecs of the same coded audio bandwidth, operating at similar bit rates give the same intelligibility.
It can be shown that EVS NB at 5.9kbps (0.6028) is statistically equivalent to AMR at 5.9 kbps (0.599) at 95% confidence (χ2 = 0.052). 
It can be shown that EVS WB at 16.4kbps (0.782) is statistically equivalent to AMR-WB at 15.85kbps (0.7798) at 95% confidence (χ2 = 0.0256). 
Although the bit rates are quite different, the intelligibilities are in the saturation region and it can be shown that EVS WB at 32kbps (0.8055) is statistically equivalent to AMR-WB at 23.85kbps (0.80475) at 95% confidence (χ2 = 0.0031). 
B.2	Wider Bandwidths and Intelligibility
Based upon the 432*4 = 1728 trials, it can be shown with a single-sided χ2 -test at 95% confidence that EVS FB at 16.4kbps (0.814) is statistically significantly better than EVS WB at 16.4kbps (0.782) (χ2 = 5.489) and also better than AMR-WB at 15.85kbps (0.7798) (χ2 = 6.262).
It can be shown that EVS FB at 32kbps (0.82825) is not statistically significantly better than EVS WB at 32kbps (0.8055) at 95% confidence (χ2 = 2.989) but it is at 90% (threshold = 2.71).
It can be shown that EVS FB 32kbps (0.82825) is also not statistically significantly better than AMR-WB at 23.85kbps (0.80475) at 95% confidence (χ2 = 3.185) but it is at 90% (threshold = 2.706).
Finally, it can be shown that uncoded FB (0.85125) is statistically significantly better than uncoded WB (0.823725) at 95% confidence (χ2 = 4.810).
Although the 95% confidence interval would be normally used, if we relax the confidence level from 95% to 90% then it can be shown that all of the relevant FB conditions have MRT intelligibility scores that exceed those of the relevant WB conditions.
There is therefore close agreement between the analysis in this Annex based upon the χ2 -test proposed in S4-151392 and that based upon the Z-test in Annex A. 
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[bookmark: _Toc437900898]5.1.2	Review of the Codec Alternatives and their Relative Speech Intelligibility in Clean and Low SNRs
The high noise intelligibility results in NTIA Report 15-520 [16] provide valuable information for the selection of the codec for MCPTT. For simplicity, operating conditions of codecs are not repeated in the following paragraphs but they can be found in [16].
The report provides intelligibility scores, as measured with the Modified Rhyme Test (MRT) methodology, across a range of noise conditions for different codecs, bit rates and bandwidths but for SA4 only 3 codecs are really of direct interest; namely AMR (Sometimes referred to as AMR NB in [16]), AMR-WB and EVS although the benchmarks of Analogue FM and the P25 codec are of interest. These intelligibility results were conducted without radio channel impairments.
In clean channel conditions, in two cases out of 12 EVS-NB performed statistically significantly better than AMR but in the other 10 cases there was no statistically significant difference. 
In one case out of 18, EVS-WB performed statistically worse than AMR-WB, but in this case EVS was operating at its lowest bit rate with DTX/CNG enabled and at a lower bit rate than AMR-WB. In the other 17 cases there was no statistically significant difference.
In three cases out of 24, EVS-FB performed statistically significantly better than AMR-WB or EVS-WB, in one case EVS-FB performed statistically worse than AMR-WB (Alarm noise -30dB SNR) and in the other 20 cases there was no statistically significant difference.
-	From the NTIA report [16] using a WB codec results in higher intelligibility than using a NB codec in noisy conditions. 
-	In the NTIA report [16] for SNRs within the range 10dB to -5dB, FB is always equivalent to or better than WB and NB in noisy conditions from an intelligibility point of view.
-	The NTIA report [16] shows that the intelligibility increases (up to a saturation level) with coded bitrate within confidence limits for a given audio bandwidth.
Although not presented in [1], Figure 5.1.2-1, shows an average of the MRT scores across the noisy environments; “Saw” (0 dB SNR), “Club” (+5 dB SNR), “Coffee” (+5 dB SNR) and “Siren” (0 dB SNR) but omitting the “Quiet” condition and the “Alarm” condition. The “Alarm” condition, while clearly important, was noted as a corner-case in [1] and it was recommended that it might be better handled by fixed acoustic filtering in the handset. The “Quiet” condition has been omitted to focus the results on noisy low SNR conditions. 

Figure 5.1.2-1: Average MRT Scores across conditions Saw, Club, Coffee and Siren (No Alarm or Quiet)
The reason for averaging across the different environments was to remove apparent uncertainties and performance fluctuations between the different noise types and codecs which made the results difficult to interpret. Since the MRT scores are probability estimates, the average scores are also probability estimates but in this case under the assumption that the selection of background noise is systematically chosen with equal probability (25%). This combination over different background noise types is legitimate and doesn’t invalidate the results - It may be considered as analogous to further evaluation of the intelligibility using different talkers. 
From Figure 5.1.2-1, the trend that “intelligibility increases (up to a saturation level) with coded bitrate within confidence limits for a given audio bandwidth” is clearly shown. It is also possible to show that all codecs operating at similar bit rates and in the same audio bandwidth are statistically equivalent. The use of VAD/DTX/CNG for the EVS 5.9kbps VBR modes when all of the other codecs were used without and the greater than 10% bit rate difference between AMR-WB (6.6 kbps) and EVS (5.9 kbps) explains the divergence between the two wideband coding curves at their lower bit rate ends in such high noise. Having the key focus for the intelligibility test at the end of each sentence, while obviously perfectly ok without DTX, ends up punishing any early switch from speech to noise by the VAD, when DTX is applied, confounding the results. 
Figure 1 also clearly shows a trend that, for any given bit rate, wider audio bandwidths provide higher intelligibility probabilities. This was shown by the NTIA 15-520 [16] results to hold for the NB and WB conditions, but a statistical analysis of the combined probabilities shows that this is a statistically significant trend at the 95% confidence level for four out of six relevant codec data points for the WB and FB conditions and at the 91.5% confidence level across all six (AMR-WB 15.85, EVS WB 16.4, EVS FB 16.4, AMR-WB 23.85, EVS WB 32 and EVS FB 32,) and it is also supported by the uncoded WB and FB reference conditions.
In clean channel conditions, at the same bit rate EVS-NB and AMR perform with no statistically significant difference. 
In clean channel conditions, at the same bit rate EVS-WB and AMR-WB perform with no statistically significant difference. 
-	Based upon data from the NTIA report using a WB codec results in higher intelligibility than using a NB codec in noisy conditions. 
-•	Based upon data from the NTIA report using a FB codec results in higher intelligibility than using either a WB or a NB codec in noisy conditions. 
-	Data from the NTIA report therefore shows that the intelligibility increases with coded audio bandwidth within confidence limits for a given coded bitrate.
-	Data from the NTIA report shows that the intelligibility increases (up to a saturation level) with coded bitrate within confidence limits for a given audio bandwidth.
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