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1. Introduction
The work item LiQuImAS [1] aims at specifying and developing test methodologies for the assessment of immersive audio systems. Proposals were made in a previous contribution [2] regarding the relevant perceptual attributes and the listening test methodology.
This contribution describes a recently conducted comparison category rating (CCR) listening test which uses four rating scales (timbre, distortion, immersion and overall quality).
2. Listening Test Material
The audio material for the listening test consists of binaural recordings of  different songs played over  different audio systems ranging from cheap, small and portable active speakers to expensive and large high-end loudspeaker pairs. Each signal had a fairly short length of approx. four seconds. There are good arguments for long and short signal lengths: A long signal would offer a more thorough evaluation of the system performance while a short signal simplifies the comparison between the test items. Thus, a small preliminary listening test was carried out to determine the appropriate signal length. Experienced and naïve listeners alike preferred shorter signals.
An additional aspect that was covered by the preliminary test was the choice of signals. It is desirable to have realistic, critical signals for conducting any listening test. A CCR test allows to quantify the usefulness of each signal based on two goals: The signal should elicit clear judgements and these judgements should be consistent across the test subjects. These goals can be expressed by the mean absolute value and the standard deviation of all votes when using a certain signal. The aforementioned preliminary listening test was conducted with a larger number of signals, six of which were then used for the complete test.
In a CCR test where each comparison is only assessed once (i.e. not in both possible orderings), the number  of necessary comparisons can be calculated according to 

For the numbers in this test, this leads to 90 comparisons.
3. Listening Test Methodology and Environment
Altogether, 38 normal-hearing naïve test subjects participated in the auditory test. After a short introduction with six comparisons to familiarize the test subjects with the task, each subject listened to all 90 comparisons. Both the order of the comparisons as well as the order of the signals in the individual comparison were individually randomized. The subjects were allowed to listen to the signals as many times as they wanted (but had to listen to each signal at least once) and had to give their votes on the four rating scales from Figure 2 in [2] (-3 to +3 on the scales timbre, distortion, immersion and overall quality). The overall test duration varied strongly between 45 and 90 minutes as some subjects used the possibility for signal repetition only sparingly while others repeated most of the signals multiple times.
4. Results
In the context of LiQuImAS, the applicability of the test design is the main question. Hence, the analysis of the results mostly focuses on the reliability of the votes of the subjects and on techniques for mapping from a comparative scale to an absolute scale. Additionally, a minor investigation on the chosen rating scales is carried out.
4.1. Postprocessing of Votes
Comparative listening tests have the advantageous property that they inherently provide reliability information on the votes. A test subject that is giving inconsistent votes produces a large ratio of circular triads. Circular triads occur when three test items ,  and  are compared to each other and the results are that ,  and . Accordingly, a reliable test subject would vote  in the last comparison. This is readily defined for paired comparison tests where no intermediate steps (e.g., “ is slightly better than ”) are available. For the CCR test, the definition is not as straightforward as each comparison essentially results in a comparison result  on a scale from  to  and different possibilities for treating the results are possible:
The straightforward relation to the definition from the paired comparison test would be to only look at the signs of the comparison results. A circular triad with this definition occurs when 

This would be very strict regarding small differences (e.g., this set of votes would be a circular triad with this definition: “ is slightly better than ”, “ and  are about the same” and “ and  are about the same”) but might miss other critical cases (e.g., this set of votes would not be a circular triad with this definition: “ is much better than ”, “ is much better than ” and “ is slightly better than ”).
Thus, the magnitudes of the votes has to be taken into account. The source proposes to calculate the absolute value  of the sum over a closed loop of comparisons according to 

Obviously, a perfect result would be  for all possible sets of comparisons in the test. This is unrealistic as small differences will always occur with human subjects. Thus, a threshold has to be defined. The source proposes to use a threshold of  for the evaluation. This means that missing the correct value in each comparison by one step on the CCR scale is acceptable. Looking at the two aforementioned examples, the first set of votes would no longer give a circular triad while the second set would now constitute a circular triad.
Two example histograms illustrating the value distribution of  for different test subjects are depicted in Figure 1. The left subfigure shows the results for a test subject that voted quite consistently, i.e., only small values for  occur. The spread of values in the right subfigure is much wider and even very large values for  can be seen.
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	[bookmark: _Ref459815767]Figure 1: Example histograms for triad scores


Dividing the number of circular triads by the total number of possible triads in the listening test (480) gives the circular triad ratio, a single value that quantifies the reliability of the test subject. An overview of all the circular triad ratios is depicted in Figure 2. Most test subjects had no or a very limited number of circular triads but there are four clear outliers with circular triad ratios above 10%. 
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Based on the ratio of circular triads, the results for the least reliable test subjects were excluded. From the experience gained so far, a threshold for the ratio of circular triads of 7-10% appears to be a reasonable choice. 
4.2. Mapping to absolute scale
In Absolute Category Rating (ACR) or Degradation Category Rating (DCR) tests, it is straightforward how to determine the overall ranking of the test conditions or devices under test, respectively. A comparative test requires an additional analysis step that maps the results onto an absolute scale. An overview for different approaches for paired comparison data can be found in [3].
All approaches can also be used for CCR results if they are interpreted in analogy to paired comparison results. This analogy requires constructing a matrix of preferences  (cf. from [3]: “The result of a paired comparison experiment is a count matrix, , of the number of times that each option was preferred over every other option […]”) from the CCR results  by first rescaling them according to 

and summing over the test subjects:

This ensures that the resulting matrix can then be processed with exactly the same methodologies that are described in [3]. Doing so for the results of this CCR test leads to different rankings on the different quality scales, e.g., the best system regarding timbre only reaches the third place for immersion.
As an example, the votes on the timbre scale for one of the songs are considered. Table 1 gives the resulting values after rescaling and summation over all subjects.
[bookmark: _Ref505071823]Table 1: Example results of a part of the listening test
	
	System 1
	System 2
	System 3
	System 4
	System 5
	System 6

	System 1
	
	19.17
	9.5
	9.17
	23.67
	11.33

	System 2
	14.83
	
	12.17
	10.17
	22.17
	12.67

	System 3
	24.5
	21.83
	
	16.67
	24
	16.17

	System 4
	24.83
	23.83
	17.33
	
	27.5
	18.5

	System 5
	10.33
	11.83
	10
	6.5
	
	7

	System 6
	22.67
	21.33
	17.83
	15.5
	27
	



The values in the table quantify preferences between the individual systems: e.g., system 4 was clearly preferred to system 5 (27.5 vs. 6.5).
Using the maximum likelihood estimate from [3] results in values on an absolute scale as shown in Table 2 (direct output from the estimation algorithm). Note that it is in general not possible to define an absolute minimum/maximum quality index on this absolute scale. The intention of this procedure is to provide a ranking between the different systems. The distances between the systems also describe the quality difference observed between the systems in a subjective test.
In addition, rescaled values on an MOS scale arbitrarily assigning a value of 5.0 to the best and 1.0 to the worst system. Other mappings can be considered as well.
[bookmark: _Ref505090798]Table 2: Example maximum likelihood estimate
	System 1
	System 2
	System 3
	System 4
	System 5
	System 6

	Direct output
	-0.16
	-0.17
	0.24
	0.36
	-0.52
	0.25

	MOS
	2.67
	2.63
	4.45
	5.00
	1.00
	4.53



The resulting ranking on an absolute scale is based on all comparisons. This can be seen quite clearly when looking at the results for systems 1 and 2. System 1 is clearly favoured in the direct comparison (19.17 vs. 14.83) but system 2 does not lose as clearly as system 1 against the three better systems. In the final ranking, the two systems are very close to each other. 
4.3. Predictability of overall quality
Another previous contribution [4] presented a linear regression analysis for the relation between individual quality dimensions and overall quality based on a MUSHRA test. That contribution used the three quality dimensions timbre, artefacts and space. The analysis led to this relation between the dimensions:
Overall quality = 0.5*timbre + 0.67*artefacts + 0.29*space – 0.45
The CCR test here uses the dimensions timbre, distortion and immersion which are very similar to the dimensions in [4]. A linear regression between the individual dimensions and the overall quality leads to the result that is depicted in Figure 3. The correlation between the auditory result and the regression result is very high and no outliers can be observed.
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In this test, the relation between the dimensions was:
Overall quality = 0.6*timbre + 0.25*distortion + 0.31*immersion + 0.03
While the impact of timbre and space/immersion is quite similar between the two tests, there is a clear discrepancy in the weight of artefacts/distortion. The reason for this might be the very different audio material used in the two tests. The test in [4] included different audio codecs at lower bit rates which presumably generated very noticeable signal processing artefacts. The CCR test presented here did not use different codecs but different audio systems – some of these also produced nonlinear distortions but the higher quality systems mostly had no perceivable distortions at all.
5. Conclusions
A CCR test comparing different audio systems was conducted with 38 naïve listeners. Aspects of test design, signal choice and evaluation of the results were discussed. An analysis of the results revealed that the test subjects mostly gave reliable results with only a limited number of circular triads. This inherent reliability information was used to exclude the results for the test subjects that rated the test items in an inconsistent manner.
A linear regression analysis of the relation between the overall quality and the individual dimensions timbre, distortion and immersion revealed that the overall quality can be closely approximated already from this simple linear regression. A brief comparison with a linear regression that was carried out for another listening test with similar quality dimensions supported the choice of quality dimensions. As there were some differences in the exact coefficients for the linear regression, these should be determined over a larger corpus of auditory tests.
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