[image: image3.wmf][image: image4.jpg]}
A NATO
\4% OTAN






Objective and Subjective Degradations of Transcoded
Voice for Heterogeneous Radio Networks Interoperability






Objective and Subjective Degradations of Transcoded
Voice for Heterogeneous Radio Networks Interoperability

Objective and Subjective Degradations of Transcoded Voice 
for Heterogeneous Radio Networks Interoperability 

Ľubica Blašková1, Jan Holub1, Michael Street2, Filip Szczucki2 and Ondřej Tomíška1
1FEE CTU Prague, Technická 2, Prague 6, Czech Republic

2NATO C3 Agency, The Hague, The Netherlands 

holubjan@fel.cvut.cz, michael.street@nc3a.nato.int

ABSTRACT

Voice communication is, and is expected to remain, one of the critical communication services to be delivered in support of NATO network enabled capability (NNEC). NNEC is characterised by a multiplicity of interconnected networks, which can lead to transcoding of voice traffic. NNEC also includes a service oriented approach to capabilities, with some networks employing service level agreements to define provision of their services. Such an approach to services may require the ability to measure its provision. While it can be easy to obtain metrics on a data communication service e.g. delay, error rates etc; quantifying the level of a voice service is more complex.
 This paper describes the test methodology and results of speech transmission quality testing in interoperating telecommunication networks where multiple voice coders are in the communication chain (voice transcoding or coder tandeming). The objective tests have been performed using ITU-T P.862 (PESQ) and P.563 (3SQM) algorithms. Also subjective tests have been carried out based on ITU-T P.800. The objective results confirm and objectively quantify additional degradations caused by abovementioned transcodings, highlighting coder combinations causing extreme impairments. The subjective test results confirm the cases of (non)applicability of objective algorithms for quality assessment of given coders and quantify their accuracy.

1.0
INTRODUCTION

Operational requirements for tactical communications show that effective voice communications will remains a key service for those operating in a tactical environment [1]. Multinational operations routinely require different tactical communication systems from different nations to connect together, or for wired networks to connect to wireless sub-systems. In these cases, the different networks may apply differing voice encoding methods to the voice signal. The interconnected networks encountered in the tactical domain therefore force the voice signal to pass through multiple voice coders. It is recognised that use of multiple voice coders in series degrades the quality and intelligibility of the resulting voice. 

This paper examines methods to quantify such degradations to voice signals and considers how such methods may be used to assess the operational impact of degraded voice service and provide guidance on minimizing the inevitable degradations incurred when using heterogeneous networks in a tactical environment.
1.1. Speech Transmission Quality Measurement

Speech transmission during any call in the telecommunication network is affected by many impairments; including delay, echo, various kinds of noise, speech (de)coding distortions and artefacts, temporal and amplitude clipping etc. Each transmission impairment has a certain perceptual impact on the speech transmission quality. The overall quality can be evaluated and expressed in terms of a Mean Opinion Score (MOS) covering the range from 1 (bad) to 5 (excellent). Speech transmission quality measurements are widely used to compare different coding and transmission technologies, or to monitor the network performance. The traditionally proven (but expensive) subjective methods [2], involving human listeners assessing many speech samples, have been partially replaced by objective digital signal processing algorithm based measurements that either compare the original undistorted signal to the received one [3] (so called intrusive or double-sided algorithms) or process only the received version [4]. All these methods have been designed and tested on past and contemporary telecommunication transmission standards that are widely used in common mobile and fixed telecommunication networks, e.g. those using ‘toll quality’ voice encoding. The application of objective digital signal processing based methods to any other area, such as tactical radio communication networks that deploy low bit-rate speech coding, or heterogeneous networks using voice coder tandems between different voice formats – as used in military networks - must be carefully verified by proper testing and result comparison with subjective assessment.  
1.2. Listening and Conversational Tests

A trivial method of measuring the quality of transmitted voice would be to ask callers for their opinion after a call has been made.  Due to obvious practical problems related to this approach, listening and conversational tests have been standardised instead as the methods for subjective determination of transmission quality. These tests relate real world distortions created in a laboratory environment to the subjectively perceived quality. E.g. recommendation [2] describes approved methods which are considered to be suitable for determining how satisfactory given connections may be expected to perform. They contain recommended subjective evaluation procedures for conversational and listening-only tests. The subjective tests used to select STANAG 4591 followed [2].
1.3. Intrusive Objective Measurements

Intrusive measurements of speech transmission quality usually require special test calls generated by the measurement system and require that the original (non‑distorted) speech sample is available to the measurement algorithm. The algorithm itself then compares original and transmitted speech samples and identifies and integrates the perceptual differences between them. Known psycho-acoustical aspects of human hearing (human ear loudness and frequency resolution and sensitivity, temporal and frequency masking, etc.) are/should be modeled by the algorithm to estimate the subjectively perceived quality in terms of the MOS value as would have been obtained in a listening test. A typical example of an intrusive algorithm is PESQ [3],[4]. The correlation coefficient between the PESQ MOS estimate and the related MOS from formal listening tests is in most cases above 0.9. PESQ was validated for various transmission and coding technologies including commercial mobile networks and Voice over Internet Protocol (VoIP) transmissions, generally using coders with a higher bit-rate than 4 kb/s. The typical length of the analyzed speech samples is 8-12 s.

1.4. Non-Intrusive Objective Measurements

Passive monitoring of on-going calls in the network is a basic principle of 3SQM – ITU-T P.563 [5]. The 3SQM (Single-Sided Speech Quality Measurement) combines three non-intrusive algorithms and achieves a typical correlation coefficient with listening tests of around 0.8 (when applied on technologies which the algorithm has been trained for). The computational requirements of 3SQM are high – typically, for a 20s speech sample the calculation on a common PC (PV, 3 GHz, 2GB RAM), lasts another 10-15s.
2.0 WORK PERFORMED AND RESULTS

2.1 Selection of Coder Tandems and Recording

A speech database fulfilling P.800 requirements and containing two background noise conditions (no noise / Hoth noise +10dB SNR) has been recorded on selected coder tandems and triples. The combinations have been selected according to possible scenarios that may occur in reality on permanent or ad-hoc interconnections of networks, such as those encountered in the multi-national tactical domain. A number of heterogeneous networks were used for this work. A deployable Tetra network using ACELP voice coding
, dedicated PR transceivers deploying STANAG 4591 MELPe coders
, and a VoIP test bed enabling real-time simulations of GSM FR and G.729
 coders) have been used. The original voice samples contained 4 short sentences in Czech language, spoken by four speakers (two male and two female), and recorded in a studio environment. The voice samples were preceded by an initial training period to enable Automatic Gain Control circuits in the transmission networks to set correctly. Each sentence was recorded 5 times for each transmission/impairment setting. 

2.2. Objective Testing

Two up-to-date measurement methods have been applied to the recorded samples: PESQ-LQ (ITU-T P.862 [3]) and re-processed additionally in accordance to P.862.1 (as a widely accepted [4] example of intrusive method) and 3SQM (ITU-T P.563 [5], as an advanced non-intrusive measurement algorithm). Each of the 5 recordings (of each sentence for any given transmission combination) has been evaluated separately and the average score has been calculated. Confidence intervals (CI95%) have been calculated and are shown in the graphs. In the case of PESQ tests,, the final results have been recalculated by the 2nd-order polynomial regression as recommended in P.862.3. For 3SQM tests, no such recalculation was meaningful due to very low correlation with subjective tests (see Table 3.). Therefore, the 3SQM results are presented as the original (raw) algorithm output values.

2.3. Subjective Testing

Subjective tests as per ITU-T P.800 [2] have been performed on the first recording of the given test condition, as it was proved by expert listening that all 5 recordings of each condition are subjectively of equal quality. The test purpose was to validate the applicability of objective algorithms for assessing the quality of the given coder combinations. The subjective listening-only tests have been performed in a critical listening room where up to 8 listeners can be seated. The reverberation time of the room is 185 ms and natural background noise less than 10dB SPL (A). Multiple sessions were always run with different listeners. In total, 38 votes per sample have been obtained. Correlation of subjective results with results from objective tests shows the accuracy of the objective methods described above. 
3.0 Results
Test results are given in the following tables and figures. A special attention has been paid to dependency of subjective and objective results on speaker gender, seen in the results in Figure 2 and Table 4.

Table 1. Objective test results 
	
	MOS-LQOn1:

PESQ-LQ regressed
	STD1
	MOS-LQOn2:

3SQM

(not reg.)
	STD2
	MOS-LQOn3:

PESQ-LQ regressed
	STD3
	MOS-LQOn4:

3SQM

(not reg.)
	STD4

	
	No background noise
	Hoth background noise +10dB

	ACELP
	3,69
	0,069
	2,17
	0,224
	3,17
	0,072
	2,73
	0,259

	MELPe
	2,42
	0,035
	4,53
	0,289
	1,74
	0,030
	1,24
	0,159

	GSM
	4,07
	0,008
	3,49
	0,060
	2,46
	0,004
	2,93
	0,313

	G.729
	4,28
	0,004
	4,02
	0,108
	2,76
	0,024
	3,27
	0,260

	ACELP-MELPe
	2,06
	0,045
	3,86
	0,302
	1,85
	0,043
	2,70
	0,232

	MELPe-ACELP
	2,61
	0,031
	3,96
	0,154
	1,82
	0,056
	2,32
	0,208

	ACELP- GSM
	3,84
	0,023
	3,30
	0,102
	3,12
	0,010
	2,82
	0,079

	GSM-ACELP 
	3,63
	0,044
	3,63
	0,135
	2,89
	0,014
	2,98
	0,129

	ACELP- G.729
	3,94
	0,023
	3,66
	0,153
	3,20
	0,009
	3,01
	0,153

	G.729-ACELP 
	3,40
	0,042
	3,65
	0,110
	2,90
	0,007
	3,16
	0,114

	MELPe-G.729
	3,01
	0,028
	4,48
	0,111
	2,04
	0,022
	2,27
	0,173

	G.729-MELPe
	2,77
	0,038
	4,26
	0,103
	2,01
	0,016
	3,05
	0,217

	MELPe-GSM
	2,94
	0,043
	4,09
	0,227
	1,96
	0,025
	1,85
	0,223

	GSM-MELPe
	2,69
	0,032
	4,14
	0,097
	1,88
	0,022
	2,23
	0,279

	MELPe-G.729-ACELP
	2,79
	0,031
	3,69
	0,136
	2,19
	0,031
	2,56
	0,233

	ACELP-G.729-MELPe
	2,42
	0,054
	3,83
	0,173
	2,11
	0,025
	3,08
	0,254


Table 2. Subjective test results 
	
	MOS-LQSn
	CI95%
	MOS-LQSn
	CI95%

	
	No background noise
	Hoth background noise +10dB

	ACELP
	4,25
	0,166
	3,09
	0,162

	MELPe
	2,21
	0,184
	1,12
	0,079

	GSM
	3,64
	0,198
	2,49
	0,221

	G.729
	4,00
	0,188
	2,82
	0,189

	ACELP-MELPe
	1,30
	0,121
	1,26
	0,149

	MELPe-ACELP
	2,89
	0,199
	1,28
	0,149

	ACELP- GSM
	3,68
	0,199
	3,04
	0,163

	GSM-ACELP 
	3,85
	0,191
	2,85
	0,184

	ACELP- G.729
	4,22
	0,204
	3,04
	0,189

	G.729-ACELP 
	3,63
	0,203
	2,79
	0,170

	MELPe-G.729
	3,44
	0,200
	1,51
	0,146

	G.729-MELPe
	2,46
	0,168
	1,41
	0,171

	MELPe-GSM
	3,08
	0,197
	1,53
	0,170

	GSM-MELPe
	2,33
	0,189
	1,46
	0,149

	MELPe–G.729-ACELP 
	3,13
	0,203
	1,66
	0,157

	ACELP-G.729-MELPe
	1,75
	0,182
	1,55
	0,141


Table 3. Subjective versus objective tests results
	
	PESQ: P.862 + P.862.1, regressed)
	3SQM: P.563

	Correlation
	0,836
	0,370

	Maximum pos. difference
	1,060
	3,288

	Maximum neg. difference
	-1,550
	-2,722

	RMSE
	0,560
	1,072


[image: image1.emf] 

PESQ-LQ after 2-nd order regression
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Figure1. Results of PESQ-LQ (after regression, left) and 3SQM (without regression, right) versus subjective P.800 test result
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Figure 2. PESQ-LQ (after regression) versus subjective P.800 test result for male (left) and female (right) voices
Table 4. Speaker gender analysis – subjective (P.800) and objective (PESQ-LQ regressed) test results
	
	MOS-LQSn
(subj.)
	PESQ-LQ

(regressed)
	MOS-LQSn
(subj.)
	PESQ-LQ

(regressed)
	MOS-LQSn
(subj.)
	PESQ-LQ

(regressed)
	MOS-LQSn
(subj.)
	PESQ-LQ

(regressed)

	
	No background noise
	Hoth background noise +10dB

	
	MALE voices
	FEMALE voices
	MALE voices
	FEMALE voices

	ACELP
	4,457
	4,364
	4,043
	2,579
	3,196
	2,424
	2,978
	2,183

	MELPe
	1,804
	2,493
	2,609
	2,176
	1,087
	1,880
	1,152
	1,556

	GSM
	3,848
	4,496
	3,435
	3,679
	2,565
	2,551
	2,413
	1,956

	G.729
	3,935
	4,418
	4,065
	3,907
	3,000
	2,778
	2,630
	2,126

	ACELP-MELPe
	1,435
	1,967
	1,522
	1,965
	3,522
	1,854
	3,935
	1,738

	MELPe-ACELP
	2,761
	2,706
	3,022
	2,184
	3,870
	1,830
	3,891
	1,638

	ACELP- GSM
	3,891
	4,233
	3,478
	3,280
	2,957
	3,256
	3,674
	2,578

	GSM-ACELP 
	4,130
	3,815
	3,565
	3,021
	2,783
	2,950
	3,087
	2,365

	ACELP- G.729
	4,174
	3,997
	4,261
	3,421
	2,109
	3,131
	2,630
	2,715

	G.729-ACELP 
	3,500
	3,392
	3,761
	2,969
	2,196
	2,894
	3,326
	2,388

	MELPe-G.729
	3,283
	2,872
	3,609
	2,618
	3,283
	2,289
	3,196
	1,748

	G.729-MELPe
	2,935
	2,949
	3,217
	2,469
	2,978
	2,174
	1,087
	1,676

	MELPe-GSM
	2,370
	2,855
	2,543
	2,468
	1,152
	2,147
	1,348
	1,727

	GSM-MELPe
	2,283
	2,756
	2,370
	2,439
	1,174
	2,075
	1,283
	1,641

	MELPe-G.729-ACELP
	3,152
	2,585
	3,109
	2,350
	1,696
	2,214
	1,630
	1,814

	ACELP-G.729-MELPe
	1,587
	2,403
	1,913
	2,133
	1,739
	2,229
	1,370
	1,803


4.0 CONCLUSIONS

From the results it is evident that all tandem setups perform with decreased speech transmission quality in comparison with cases when only single coders are used. It is also worth noting that voice coder tandems are not always symmetrical (coders “A-to-B” and “B-to-A”) and must be tested bi-directionally as final transmission quality may differ significantly (see e.g. ACELP-MELPe or ACELP-G.729-MELPe). 

The comparison between subjective and objective results shows that neither PESQ-LQ or 3SQM can be used reliably for objective voice QoS monitoring in cases of multiple coder tandeming where at least one low bit-rate coder is used. However, PESQ-LQ after proper regression shows at least reasonable correlation with subjective data (0.84). Generally the expected lower quality of female voice transmission
 was confirmed, however, some contradictory cases were identified (see e.g. MELPe-ACELP case in Table 4.). Higher differences between objective and subjective results for female voices were observed than for male voices, especially for tandeming of low bit-rate coders (see e.g. MELPe-ACELP and vice versa).

To assess (and begin to enhance) the quality of voice services in tactical communication networks - where heterogeneous systems lead to many changes of voice coder format - requires measurement of the speech quality. Timely, cost-effective assessment of speech transmission quality can be performed by objective methods e.g. PESQ-LQ [3]; but the relationship between objective tests and formal subjective tests must be thoroughly assessed and understood.
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� As used by many national forces for the tactical area mobile sub-system for crisis response and peace-keeping operations.


� The current / future NATO narrow band voice coder [6].


� G.729D is a widely used toll quality coder e.g. the defined toll quality coder for use in NATO SCIP (secure communication interoperability protocol).





� Male speech has lower average frequencies and is therefore more suited to bandwidth constrained low-rate voice coders. 
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