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1. Introduction

This contribution presents the work performed by Dynastat in its function as the Global Analysis Laboratory (GAL) for the 3GPP Conversation Tests for Packet Switched (PS) networks. Phase I of these tests are described in two test plans -- S4-030564 for conversation tests using the Adaptive Multi-Rate Narrow-Band (AMR-NB) codec and S4-030565 for conversation tests using the Adaptive Multi-Rate Wide-Band (AMR-WB) codec. The test plan for the Phase II tests are described in S4-030747 for conversation tests comparing various ITU-T standardized speech codecs. Document S4-030818 presents the GAL Test Plan proposed by Dynastat for characterizing the results of the conversation tests. It should be noted that this project is the first instance in 3GPP of conversation tests being used to characterize the performance of standardized speech codecs and the first instance of codecs being characterized for packet-switched networks. Moreover, the analyses reported in this document represent a new approach to evaluating the results of conversation tests. 

2. Conversation Tests

The Phase 1 test plan described the methodology for conducting the conversation tests. In general, the procedure involved a pair of subjects located in different rooms and communicating over a simulated packet-switched network. The subjects were involved in a task, which required them to communicate in order to solve a specific problem. At the end of their task, each subject was required to rate various aspects of the quality of their “conversation.” Each of these ratings involved a five-point scale with descriptors appropriate to the aspect of the conversation being rated. Table 1 shows a summary of the five rating scales. (The first row in each column shows the scale abbreviation that will be used throughout this report.) 
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Table 1. Summary of Rating Scales used in the Conversation Tests

Since each subject makes five ratings for each condition, there are five dependent variables involved in analyses of the response data. We would expect the ratings on the scales in Table 1 to show some degree of inter-correlation across test conditions. If, in fact, all five were perfectly correlated then we would conclude that they were each measuring the same underlying variable. In this scenario, we could combine them into a single measure (e.g., by averaging them) for purposes of statistical analyses and hypothesis testing. If, on the other hand, the ratings were uncorrelated, we would conclude that each scale is measuring a different underlying variable and should be treated separately in subsequent analyses. In practice, the degree of intercorrelation among such dependent variables usually falls somewhere between these two extremes. Multivariate Analysis of Variance (MANOVA) is a statistical technique designed to evaluate the results of experiments with multiple dependent variables and determine the nature and number of underlying variables. MANOVA was proposed in the GAL test plan for the conversation tests and was used extensively in the analyses presented in this report.

3. Experimental Design and Statistical Procedures

The two Phase I test plans, AMR-Narrowband (NB) and AMR-Wideband (WB), described similar experimental designs, each experiment involving 24 test conditions (COND) and 16 pairs of subjects. The test plans also specified that the experiments would be conducted by three Listening Laboratories (LAB), each in a different language: Arcon for North American English, NTT-AT for Japanese, and France Telecom for French. 

Of the 24 conditions in both the NB and WB experiments, 18 were described as Symmetrical conditions (SYM), six as Asymmetrical (ASY). In the SYM conditions all subjects were located in a Quiet room, i.e., with no introduced background noise. The six ASY conditions were actually three pairs of conditions where one subject in each conversation-pair was located in a noisy background and the other subject was in the quiet. The data from these sets of paired conditions were sorted to effect a comparison of sender in noise/receiver in quiet and sender in quiet/receiver in noise for the three conditions involving noise in the rooms.

The Phase II test plan described a single experiment involving 16 conditions conducted by one listening lab (France Telecom) but in two languages, French and Arabic. 

For purposes of the GAL, the data from the three experiments, Phase I-NB, Phase I-WB, and Phase II were separated into five Sets of conditions for statistical analyses:

Set 1. Phase I - NB/SYM conditions (1-18)

Set 2. Phase I – NB/ASY conditions (19-24)

Set 3. Phase I-WB/SYM conditions (1-18)

Set 4. Phase I-WB/ASY conditions (19-24)

Set 5. Phase II – Ph2 conditions (1-16)

For each of these five set of conditions, a three-step statistical process was undertaken to attempt to simplify the final analyses and arrive at the most parsimonious and unambiguous statistical method for characterizing the results of the conversation tests. These procedures involved the following steps:

Step 1) Compute an intercorrelation matrix among the dependent variables for the Set of conditions. Substantial inter-correlation among the dependent variables (i.e., correlation coefficients > .50 or < -.50) indicates that the number of dependent variables can be reduced -- that there is a reduced set of underlying variables accounting for the variance in the dependent variables.

Step 2) Conduct a MANOVA on the Set of scores for the effects of conditions (COND) in the Set, (18 COND for Set 1, 6 COND for Set 2, etc.) ignoring other factors. The MANOVA procedure determines the linear combination of the dependent variables that best separates the linear combination of the independent variable, i.e., COND. The initial linear combination of dependent variables is the root that accounts for maximum variance in the independent variables -- it also represents the first underlying variable. A Chi-square test is conducted to determine the significance of the root. Subsequent roots are also extracted from the residual variance and tested with Chi-square for significance with each subsequent root being orthogonal to the preceding root. The number of significant roots indicates the number of significant underlying variables that account for the variance in the dependent variables.

Step 3) If there is only one significant root for the COND effect, the Cannonical coefficients for that root are used to compute a weighted average of the dependent variables to estimate the underlying variable. This composite dependent variable is then used in a univariate ANOVA to test the factors involved in the experiment. Such ANOVA’s will produce results that are more parsimonious and less complicated than presenting the results in the multi-dimensional space which would be necessary with multiple dependent variables.

4. Phase I - Narrowband Test

Table 3 on the following page shows the 24 test conditions involved in the NB conversation tests. Also shown in the table are the Mean scores for each rating scale by condition and by listening lab. Each score shown in the table is the average of ratings from 32 subjects.

4.1 Narrowband Test - Symmetric conditions (Set 1)

The first step in the process described in the previous section is to examine the inter-correlations among the dependent variables for indications of underlying variables. Table 2 shows the inter-correlation matrix of the five dependent variables for the NB/SYM conditions. Absolute values of correlation above .50 have been bolded in the table. The table shows a high degree of inter-correlation among the dependent variables indicating the presence of a reduced set of underlying variables.
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Table 2. Intercorrelations Among the Dependent Variables for the NB/SYM Conditions.

The second step in the analysis is designed to determine how many underlying variables account for the variance in the five dependent variables. MANOVA for the effects of COND was conducted on the NB/SYM data – conditions 1-18. Table 4 summarizes the results of the MANOVA analysis. The table contains two sections. The top section shows the analysis for the main effect of COND. It includes the results of univariate ANOVA’s for each of the five dependent variables followed by results for the Multivariate-ANOVA (i.e., the MANOVA) for the combination of dependent variables. In Table 4 we can see that the COND main effect is highly significant for each of the five individual dependent variables in the univariate ANOVA’s as well as for the combination of dependent variables (MANOVA), i.e., the Pillai Trace and the associated F-statistic is highly significant in the MANOVA1.

Table 3. Test Conditions and Mean Scores for each Condition and for each Lab for the Narrowband Experiment
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The bottom section of Table 4 shows the Chi-square tests of the MANOVA roots. It shows only a single significant root (1 through 5), indicating that a single underlying variable accounts for the significant variation in the dependent variables for these conditions. The canonical coefficients for this root are also shown in the table and are used to compute the composite dependent variable that represents the underlying variable for the NB/SYM conditions. The composite dependent variable (NB/S-CTQ for NarrowBand/Symmetric-Conversation Test Quality) is used to characterize the ratings in the NB/SYM conditions. NB/S-CTQ scores for all conditions and all LAB’s in Set 1 are listed in the Appendix. Equation 1 shows the formula used to compute the composite score for the NB/SYM conditions.
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Table 4. Results of MANOVA for COND for NB/SYM Conditions.
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Eq.1.  Formula used to compute the Conversation Test Quality Score (NB/S-CTQ) for the conditions in Set 1.

The SYM conditions in the NB experiment are categorized by four experimental factors:

1 Radio conditions – 10-2, 10-3, and 5x10-4
2 Packet Loss – 0% and 3%

3 AMR-NB mode or bit rate – 6.7 kbps and 12.2 kbps

4 Delay – 300 msec and 500 msec 

These conditions are assigned to two factorial experimental designs for analysing the effects of three of these factors. Table 5a shows the allocation of the 12 conditions used to evaluate the effects of Radio Conditions, Packet Loss, and Mode – with Delay held constant at 300 msec. Table 5b shows the allocation of the 12 conditions used to evaluate the effects of Radio Conditions, Packet Loss, and Delay – with Mode held constant at 12.2kbps. 

Table 5a  NB/SYM: Factorial Design for the         Table 5b – NB/SYM: Factorial Design for the 

Effects of Radio Cond., Packet Loss, and Mode.    Effects of Radio Cond., Packet Loss, and Delay
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The composite dependent variable, NB/S-CTQ, was computed for the NB/SYM conditions using the equation shown in Eq.1. These composite scores were subjected to factorial ANOVA for the two experimental designs shown in Tables 5a and 5b. The results of those ANOVA’s are shown in Tables 6 and 7, respectively.

Table 6. Results of ANOVA of NB/S-CTQ for the Effects of Lab, Radio Conditions (RC),

Packet Loss (PL), and Mode
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COND
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Table 6 shows that the main effects for Radio Conditions, Packet Loss, and Mode are significant (p<.05) for the NB/S-CTQ composite variable as are the interactions of LAB x RC and LAB x PL. Figure 1 shows the NB/S-CTQ scores with 95% confidence-interval bars for the factors tested in Table 6. The significant interactions of RC x LAB and PL x LAB indicate that the pattern of scores for the levels of RC and PL were significantly different across the three LAB’s. 
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Fig.1 NB/S-CTQ Scores for the Effects of LAB, Radio Conditions, Packet Loss, and Mode
Table 7. Results of ANOVA of NB/S-CTQ for the Effects of LAB, Radio Conditions (RC), 
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Packet Loss (PL), and Delay
The results in Table 7 show that the main effects for Radio Conditions, Packet Loss, and Delay are significant while only one interaction, LAB x RC, is significant. Figure 2 shows the NB/S-CTQ scores with 95% confidence-interval bars for the factors tested in Table 7. 
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Fig.2  Mean NB/S-CTQ Scores for the Effects of LAB, Radio Conditions, Packet Loss, and Delay

4.2  Narrowband Test – Asymmetric Conditions (Set 2)

Table 8 shows the inter-correlation matrix for the dependent variables in the NB/ASY conditions. The degree of inter-correlation among the dependent variables suggests that a reduced set of underlying variables accounts for their variation. 
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Table 8. Inter-correlations Among the Dependent Variables for the NB/ASY Conditions.

Table 9 shows the results of MANOVA for the effects of COND for the NB/ASY conditions. The analysis shows significant COND effects for all the univariate ANOVA’s as well as for the MANOVA. The Chi-square tests of the MANOVA roots shows only a single significant root (1 through 5), indicating that a single underlying variable accounts for the significant variation in the dependent variables for these conditions. The canonical coefficients for this root are used to estimate the composite dependent variable that represents the underlying variable for the NB/ASY conditions. The composite dependent variable (NB/A-CTQ for NarrowBand/Asymmetric-Conversation Test Quality) is used to characterize the ratings in the NB/ASY conditions. NB/A-CTQ scores for all conditions and all LAB’s in Set 2 are listed in the Appendix. Equation 2 shows the formula that was used to compute the values of the composite variable, NB/A-CTQ, for characterizing the NB/ASY conditions.
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Table 9. Results of MANOVA for COND for NB/ASY Conditions.
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Eq.2.  Formula used to compute the Conversation Test Quality Score (NB/A-CTQ) for the NB/ASY conditions.

The six NB/ASY conditions are distinguished by two factors. One factor has three levels with each level differing along a number of dimensions – Noise, Packet Loss, Mode, and Delay.  These differences are listed in Table 3, but the factor will be referred to in the following analyses by the factor-name, Noise, noting that the conditions differ in more dimensions than noise alone. The second factor relates to the source of the noise. The noise is either in the room of the transmitting subject or in the room of the receiving subject. This factor will be referred to as Room. Table 10 shows the results of ANOVA for NB/A for the factors of LAB, Noise, and Room. 
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Table 10. Results of ANOVA of NB/A-CTQ for the Effects of LAB, Noise, and Room
The results of the ANOVA for NB/A-CTQ show that all three factors, LAB, Noise, and Room, are significant, but that none of the interactions are significant. Figure 3 shows the NB/A-CTQ scores with 95% confidence-interval bars for the three factors tested in Table 10. 
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Fig.3  NB/A-CTQ Scores for the Effects of LAB, Noise, and Room 

Phase I - Wideband Test

Table 12 on the next page shows the 24 test conditions involved in the AMR-WB conversation tests. Also shown in the table are the Mean scores for each rating scale by condition and by listening lab. Each score shown in the table is the average of ratings from 32 subjects.

5.1  Wideband Test – Symmetric Conditions (Set 3)

The initial step in the analyses is to examine the inter-correlation among the dependent variables for indications of underlying variables. Table 11 shows the inter-correlation matrix of the dependent variables for the WB/SYM conditions. Absolute values of correlation above .50 have been bolded in the table. The table shows a high degree of inter-correlation among the dependent variables indicating the presence of a reduced set of significant underlying variables.
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Table 11. Intercorrelations Among the Dependent Variables for the WB/SYM Conditions.

The second step in the analysis is designed to determine how many underlying variables account for the variance in the five dependent variables. MANOVA for the effects of COND was conducted on the WB/SYM data – conditions 1-18. Table 13 summarizes the results of the analysis. The top section shows the analysis for the main effect of COND. This section includes the results of the univariate ANOVA’s for each of the five dependent variables followed by the results of the MANOVA. In the table we can see that the COND main effect is highly significant for each of the five individual dependent variables in the univariate ANOVA’s as well as for the combination of dependent variables in the MANOVA.

The bottom section of the table shows the Chi-square test of the MANOVA roots or underlying variables extracted from the five dependent variables. In Table 13, only the first root (1 through 5) is significant, indicating that a single underlying variable accounts for the significant variation in the dependent variables for these conditions. The canonical coefficients shown in the table are used to estimate the composite dependent variable that represents this root or underlying variable. The composite dependent variable (WB/S-CTQ for WideBand/Symmetric-Conversation Test Quality) is computed and used in the third step – ANOVA’s to test and characterize the factors of interest in the Wideband/SYM conditions. WB/S-CTQ scores for all conditions and all LAB’s for Set 3 are listed in the Appendix. Equation 3 shows the formula that was used to compute the values of the composite variable, WB/S-CTQ, for characterizing the WB/SYM conditions.

Table 12. Test Conditions and Mean Scores for each LAB for the Wideband Experiment
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Table 13. Results of MANOVA for COND for WB/SYM Conditions.
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Eq.3.  Formula used to compute the Conversation Test Quality Score (WB/S-CTQ) for the WB/SYM conditions

The SYM conditions in the WB experiment are categorized by four experimental factors:

1 Radio conditions – 10-2, 10-3, and 5x10-4
2 Packet Loss – 0% and 3%

3 AMR-NB mode or bit rate – 12.65 kbps and 15.85 kbps

4 RoHC 

These conditions are assigned to two factorial experimental designs for analysing the effects through ANOVA of three of these factors. Table 14a shows the allocation of the 12 conditions used to evaluate the effects of Radio Conditions, Packet Loss, and Mode – with RoHC held constant. Table 14b shows the allocation of the 12 conditions used to evaluate the effects of Radio Conditions, Packet Loss, and RoHC – Mode held constant at 12.65kbps. 

Table 14a  WB/SYM: Factorial Design for the      Table 14b – WB/SYM: Factorial Design for the 
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The composite dependent variable, WB/S-CTQ, was computed for the WB/SYM conditions and subjected to factorial ANOVA for the two experimental designs shown in Tables 14a and 14b. The results of the ANOVA’s are shown in Tables 15 and 16, respectively.

Table 15. Results of ANOVA of WB/S-CTQ for the Effects of Lab, Radio Conditions (RC), 

Packet Loss (PL), and Mode
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Table 15 shows that the main effects for LAB, Radio Conditions, and Packet Loss are significant for the WB/S-CTQ composite variable. The factor Mode is not significant nor are any of the interactions. Figure 4 shows the WB/S-CTQ scores with 95% confidence-interval bars for the factors tested in Table 15. 
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Fig.4. WB/S-CTQ Scores for the Effects of LAB, Radio Conditions, Packet Loss, and Mode
Table 16. Results of ANOVA of WB/S-CTQ for the Effects of LAB, Radio Conditions (RC), 
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Packet Loss (PL), and RoHC
The results in Table 16 show that the main effects for LAB, Radio Conditions, and Packet Loss are significant. The factor RoHC is not significant nor are any of the interactions. Figure 5 shows the WB/S-CTQ scores with 95% confidence-interval bars for the factors tested in Table 16. 
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Fig.5  WB/S-CTQ Scores for the Effects of LAB, Radio Conditions, Packet Loss, and RoHC
5.2  Wideband Test – Asymmetric Conditions (Set 4)

Table 17 shows the inter-correlation matrix for the dependent variables in the WB/ASY conditions. The high degree of inter-correlation shown in the table suggests that a reduced set of underlying variables accounts for the variation in the five dependent variables. 
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Table 17. Inter-correlations Among the Dependent Variables for the WB/ASY Conditions.

Table 18 shows the results of MANOVA for the effects of COND for the WB/ASY conditions. The analysis shows significant COND effects for all the univariate ANOVA’s as well as for the MANOVA. The Chi-square tests of the MANOVA roots shows only a single significant root (1 through 5), indicating that a single underlying variable accounts for the significant variation in the dependent variables for these conditions. The canonical coefficients for this root were used to compute the composite dependent variable that represents the underlying variable for the WB/Asymmetric conditions. The composite dependent variable (WB/A-CTQ for WideBand/Asymmetric-Conversation Test Quality) is used to characterize the ratings in the WB/ASY conditions. WB/A-CTQ scores for all conditions and all LAB’s for Set 4 are listed in the Appendix. Equation 4 shows the formula that was used to compute the values of the composite variable, WB/A-CTQ, for characterizing the WB/ASY conditions.
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Table 18. Results of MANOVA for COND for WB/ASY Conditions
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Eq. 4. Formula used to compute the Conversation Test Quality Score (WB/ACTQ) for the WB/ASY conditions.

The six WB/ASY conditions are distinguished by two factors. One factor has three levels with each level differing along a number of dimensions – Noise, Packet Loss, Mode, and RoHC.  These differences are listed in Table 12 but the factor will be referred to in the following analyses by the factor-name, Noise, noting that the conditions differ in more dimensions than noise alone. The second factor relates to the source of the noise and has two levels. The noise is either in the room of the transmitting subject or in the room of the receiving subject. This factor is referred to as Room in the following analyses. Table 19 shows the results of ANOVA for WB/A-CTQ for the factors of LAB, Noise, and Room. 
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Table 19. Results of ANOVA of WB/A-CTQ for the Effects of LAB, Noise, and Room
The results of the ANOVA for WB/A-CTQ show that all three factors, LAB, Noise, and Room, are significant but only one of the interactions, LAB x Noise is significant. Figure 6 shows the WB/A-CTQ scores with 95% confidence-interval bars for the three factors tested in Table 19. 
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Fig.6  WB/A-CTQ Scores for the Effects of LAB, Noise, and Room
5. Phase II - ITU-T Codec Tests (Set 5)

Table 20 shows the test conditions involved in the conversation tests designed to compare the performance of standardized ITU-T codecs in packet switched networks. The test involves eight codecs and two levels of packet loss, 0% and 3%. Scores are shown for each of the five dependent variables by Condition and by Language (Language is referred to by factor-name LAB in the following analyses). Each score shown in the table is the average of ratings from 32 listeners.

Table 20. Test Conditions and Scores for each Condition and Lab (Language) for the Codec
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Table 21 shows the inter-correlation matrix for the dependent variables in the Phase II experiment. The moderate degree of inter-correlation shown in the table suggests that a reduced set of underlying variables may account for the variation in the five dependent variables. 
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Table 21. Inter-correlations Among the Dependent Variables for the Codec Conditions.

Table 22 shows the results of MANOVA for the effects of COND for the Phase II experiment. The analysis shows significant COND effects for all the univariate ANOVA’s as well as for the MANOVA. The Chi-square tests of the MANOVA roots shows only a single significant root (1 through 5), indicating that a single underlying variable accounts for the significant variation in the dependent variables for these conditions. The canonical coefficients for this root were used to compute the composite dependent variable that represents the underlying variable for the Phase II conditions. The composite dependent variable (Ph2-CTQ for Phase2-Conversation Test Quality) is computed and used to characterize the ratings in the Phase II experiment. Ph2-CTQ scores for all conditions and all LAB’s for Set 5 are listed in the Appendix. Equation 5 shows the formula that was used to compute the values of the composite variable, Ph2-CTQ, for characterizing the Phase II conditions.

Table 22. Results of MANOVA for COND for the Phase II Conditions.


Eq.5.  Formula used to compute the Conversation Test Quality Score (Ph2-CTQ) for the 

Phase II conditions

The 16 Phase II conditions are distinguished by two factors, Codec and Packet Loss. Table 23 shows the results of ANOVA for Ph2-CTQ for these factors. 

Table 23. Results of ANOVA of Ph2-CTQ for the Effects of Codec and Packet Loss
The results of the ANOVA for Ph2-CTQ show that all three factors, LAB, Codec, and Packet Loss, are significant as well as the interaction Codec x Packet Loss. Figure 7 shows the Ph2-CTQ scores with 95% confidence-interval bars for the factors tested in Table 23. Figure 8 illustrates the interaction of Codec x Packet Loss.

 

Fig.7 Ph2-CTQ Scores for the Effects of LAB, Codec, and Packet Loss

Fig.8   Ph2-CTQ Scores Showing the Interaction of Factors Codec and Packet Loss
6. Summary

For each of the five sets of conditions in the Packet-Switched Conversation Tests, analysis by MANOVA revealed a single underlying variable that accounts for the significant variation in the five opinion rating scales, VQ, US, IA, PC, and GQ.  Conversation Test Quality (CTQ) scores were computed for each set of conditions. The CTQ scores were analysed through ANOVA to characterize the conditions involved in the Conversation Tests.
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Conversation Test Composite Dependent Variable Scores by Condition and Lab


















































NB/A-CTQ = .0894*VQ + .3420*US + .1851 * IA + .2761 * PC + .1074 * GQ





NB/S-CTQ = .0426*VQ + .0620*US - .0015 * IA + .5664 * PC + .4470 * GQ





WB/A-CTQ = -.0970*VQ + .8979*US - .1103 * IA + .4136 * PC - .1042 * GQ





WB/S-CTQ = .0685*VQ + .3519*US + .1612 * IA + .2619 * PC + .1565 * GQ





Ph2-CTQ =  .5995*VQ + .0860*US - .0092 * IA + .0459 * PC + .2778 * GQ











Rm-A/Rm-B (Noise environment)	RC (Radio Conditions)	PL (% Packet Loss)	Mode (Bit rate in kbps)	RoHC 














PL – Packet Loss	LAB: FR–French, AB-Arabic




















Rm-A/Rm-B (Noise environment)	RC (Radio Conditions)	PL (% Packet Loss)	Mode (Bit rate in kbps)	Del (Delay in msec)












































































































































1 Alan Sharpley	


  Dynastat, Inc			Email:     sharpley@dynastat.com


  2704 Rio Grande		Phone:   +1-512-476-4797


  Austin, Texas, USA 78705		FAX:      +1-472-2883


1 For MANOVA, there is no single universally accepted procedure for hypothesis testing but rather a number of different methods. For the analyses that follow, we have chosen Pillai Trace and the associated F-statistic as the criterion for significance, primarily because of its robustness to violations of MANOVA assumptions.
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