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1. Abstract
In this contribution the source reports about a testing methodology for high dimensional assessment of spatial audio quality that has recently been published [1]. The methodology is suitable to assess various perceptual attributes of spatial sound in a consistent and reproduceable manner. We report on perceptual attributes that can be evaluated, on the testing methodology and on tests illustrating its resolution, variability and reproducibility.  
2. Perceptual attributes of spatial audio
One of the most fundamental attribute of sound is overall quality. Its direct assessment may become very difficult if the sound is associated with various higher-level attributes that test subjects may consider in their assessment ratings in different, non-consistent manners. There are attempts to solve this problem with corresponding listener instructions such as to consider only a certain aspect like overall sound quality while ignoring other aspects. However, such instructions may be ambiguous and each listener may still apply an own understanding of the evaluated attribute. Also, too detailed or forcing instructions may bias the ratings and compromise reliability and representativeness of the overall test results. It is thus important to apply a testing methodology that is able to assess different sound attributes in a neutral way avoiding bias and that allows combining them to a compound metric of perceived overall quality.
Attributes that are relevant for the perception of spatial audio can be classified in a hierarchical order. Examples of higher-level spatial attributes are the following:
1) Location
a. Spatial coordinates
b. Diffuseness/density of sound source
c. Sound source width (within boundaries)
d. Distance from listener and externalization
2) Motion
a. Trajectory of motion
b. Velocity of source
c. Relative position
Other relevant examples of higher-level quality attributes are: 
3) Sound fidelity with respect to original artistic or technical intent of the content creator
4) Spectral naturalness/Timbre
3. Adaptive audio (ADA) test methodology
The ADA test methodology aims to complement features not easily captured or assessed with other approaches, including ways to measure
1) system performance with respect to consistency in the perceptual reproducibility of the original artistic or technical intent of the content creator,
2) the perceived robustness of individual systems to deviations from specified speaker placements or virtual source localization, 
3) consistency in the robustness of the experience across individual listeners, content items and endpoints, and
4) combined metrics of perceived overall quality in addition to individual dimensions of system performance.
This is accomplished by collecting multiple metrics contributing to the total perceptual experience to develop a thorough assessment framework for advancing system development.
The ADA data collection environment consists of two parts: 
1) a testing room or location with visually demarcated spatial landmarks, and
2) a corresponding iOS application, the ADA app. 
The testing environment places the listener at center of a controlled listening space with standardized visual and spatial landmarks enabling orientation of their perceptual environment with their perceptual experience. For visual landmarks, 4 concentric rings are centered around the chair spanning a 6 foot radius at intervals of 18 inches. Rings can be created using tape or any flexible or curved rigid material. Most recently, we have been working with brightly colored acrylic rings that are highly visible, fluorescent, and can be identified in extremely low light conditions. Achieving visibility in low light can be important for free-field listening conditions where the desired testing paradigm includes comparison of different rendering techniques across similar or variable speaker layouts. The ability to obscure speaker positions to the listener can be an important and relevant feature for both free-field listening and virtual source location conditions (Fig. 1). 

Fig. 1: Visual markers using tape or acrylic rings. A listener sits on a chair in the center of the rings in a controlled listening environment for free-field or binaural sound playback.

The ADA app presents a visual representation of the test environment: the listener position, room walls, floor and ceiling, and the concentric rings. Using a touch screen interface such as an iPad with touch-sensitive and adjustable digital brush sizes, the collection app allows finger or stylus drawing of shapes on an orthographic view of the concentric rings to depict sound with features such as localization, boundaries, elongation, dispersion, etc., relating to perceived sound emission (Fig. 2). Height can also be captured in a perspective view, allowing for spatial assessment in the vertical plane and representation of the full 3-dimensional environment. Following spatial entry, users also report measurements for selected attributes such as spectral or timbral naturalness, or any other metrics that provide useful characterization of the test signals.

Fig. 2: Orthographic, perspective, and spectral naturalness rating input modes of the ADA app (top and bottom left). The lower right panel shows a PCA ellipsoid fit to a drawn object and example measurements of maximum externalization (M) and dispersion (D).

Collection of user responses are followed by analysis to derive quantifiable metric in a suitable data management environment. For stationary sounds, shapes input by listeners will often be a circular or ovoid representation of the acoustic emission. These are optimally fit using principal component analysis (PCA) to extract salient dimensions of representation. These representations are analyzed in an automated manner to derive features such as: elevation and azimuth of centroid location, average, minimum and maximum externalization, scene boundaries, elongation, and dispersion. Dynamics of data capture such as time, relative position, and velocity, are also recorded and analyzed enabling trajectory assessment and comparison. Further trajectory analysis can include optimal curve fitting parameters, assessment of variance in start and endpoints, variance of velocity and vectors of motion, and overall travel length of sound trajectories.
4. Suitability analysis of ADA methodology
4.1 ADA in free-field listening environments
To evaluate the resolution, variability and reproducibility of listener responses using the ADA assessment system, we conducted tests using speakers placed at known distances and locations, fully obscured by an acoustically transparent opaque cloth that did not obstruct visibility of the anchoring rings. Test participants for these and related tests were drawn from an  external (non-employee) test pool of critical listeners who had strong audio backgrounds and keen listening skills but no familiarity of development research objectives. These experiments provided data to quantify per- and across-listener variability, accuracy and consistency of spatial localization and reporting.
For our first test, we selected 8 target speaker locations placed just beyond the outermost visual marker ring and visually obscured by the curtain (5 to the side/front and 3 to the rear) and varied these target directions ±10◦ for a total of 24 directions. These were grouped into 3 blocks for listener presentation as depicted in Fig. 3. Four mono sources were selected for playback at each location:
· Male dialog
· Female dialog
· Pink noise bursts
· Clarinet tone
This calibration test was designed to capture the angle of sound presentation at a fixed distance. Listeners were instructed to record their responses on the third ring represented in the ADA app to represent angle and dispersion. Representative user responses are shown in Fig. 3. These results enabled us to visualize listener variability for reports of angle and dispersion.

[image: ]
Fig. 3: Free-field fixed-distance test of localization: Angular locations of speakers (top) and four representative listener responses of perceived angle and dispersion of sound localization corresponding to speaker positions from set 1.

In a second series of tests, we incorporated both location and distance, varying speaker locations along 12 target distances between the 1st and 4th reference ring, with more distances represented near the 2nd ring (36" from center) where greater resolution was desired. A "pie" shaped curtain configuration visually obscured speakers while preserving visibility of the rings. The same 4 mono audio signals used in the first test were measured, and user reports allowed characterization and accuracy of measurements for angle, dispersion, and distance or externalization.
[image: ]
Fig. 4: Free-field variable-distance localization test: Ring quadrants were visually obscured by a curtain (top, shaded area) and multiple speaker locations tested. Representative responses for four listeners showing angle, distance, and dispersion of perceived sound (bottom).
4.2 Analysis of free-field listening environments
Our two free-field tests demonstrated that the ADA methodology could consistently and robustly capture differences in distance and location in a free-field listening environment across and within subjects. Subsequent analysis informed several aspects of individual and average listener performance metrics. These included target accuracy in angle and distance, presence or absence of perceived elevation, area and size of dispersion, and rated spectral naturalness.
Averages and variability of responses demonstrated performance metrics that could be reliably tracked and measured. We visualized these recordings as either boxplots (medians and quartiles) or means with 95% confidence intervals (Fig. 5). The difference between target source location and reported location based on ellipse centroids exhibited minor variation within ±5◦ with one location (rear surround at -110) slightly higher. Measurements of dispersion demonstrated consistent reporting of less than a foot of source diameter, and was mostly invariant across angles tested (Figs. 5 and 6).
[image: ]
Fig. 5: Free-field fixed-distance listening tests. Listener responses represented as scatter- or boxplots (left) and means/confidence intervals (right) demonstrate azimuth localization accuracy and variability of dispersion for multiple speaker angles tested.

[image: ]
Fig. 6: Free-field variable-distance listening tests of localization. Listener responses, represented as means/confidence intervals, show accuracy in perceived azimuth (top, left) and distance (top, right) along with relatively preserved dispersion (bottom) across all azimuth positions tested.
5. Applicability of ADA
5.1 ADA assessment for binaural sound systems
While any endpoint can be used with ADA, a representative use of the ADA test system in research and development is to drive optimal experiential performance of a virtualized binaural audio system. In order to succeed in this goal, perceptual cues of height and externalization need to be realistically introduced, while, for example, unnatural reverb, distortion, or timbral coloration may need to be minimized. The ADA framework allows individual metrics to be combined and weighted to reflect the qualities that make them desired or undesired, providing an objective and trackable quantification of the system under test.
In a representative experiment we conducted, three binaural virtualizer systems were compared, labeled Systems A, B and C. System C contained an adjustable parameter designed to influence perceptual externalization from the listener at multiple channel positions tested: center, right, and left rear surround. These System C tunings, named "near", "mid" and "far", resulted in mean externalization distances that increased monotonically with the desired effect of parameter adjustment (Fig. 7). An associated decrease in spectral naturalness was observed that inversely correlated with externalization. This was unsurprising, since externalization cues can impart coloration that can affect timbre and listeners’ judgment of naturalness of sound. Taken together, these two points of evaluation (externalization and spectral naturalness) provided information useful for balancing algorithm performance between desired perceptual externalization and undesired coloration and loss of spectral naturalness.
[image: ]
Fig. 7: Spectral naturalness ratings and externalization for multiple binaural virtualizer systems evaluated at center, left surround and right virtual 5.1 speaker locations. System C, tuned for externalization parameters of "near", "mid" and "far" distance, exhibited monotonic increase in perceived externalization, while showing an inverse correlation for reported spectral naturalness ratings.
5.2 [bookmark: _Hlk505090858]Trajectory Analysis
In addition to the characterization of single or multiple stationary sound sources, the ADA assessment framework can be applied to critical evaluation of system performance for dynamic aspects of sound localization such as trajectories or control over variable dispersion or diffuseness. Fig. 8 illustrates representative user responses to multiple systems for binaural virtualization of mono sound signals panned in a semicircle behind the listener’s head. For each of these responses, start and end point, and centers of mass for the shapes defined by the curve boundaries, can be established. In the examples shown, different systems can be evaluated by the order and extent to which they externalize behind the listener. Assessment also reveals the occurrence of front-back reversals as in the case of listener three where panning was perceptually localized in front of the listener for all virtualizers except for System E, represented by the purple trace, which strongly tracked the intended trajectory route with good accuracy and externalization.
[image: ]
Fig. 8: Trajectory analysis using the ADA framework. Responses for three listeners to a mono source panned along a semicircle behind the head using multiple binaural virtualizer systems.
6. Conclusion
The source proposes to capture the above description of the ADA framework in TR 26.861 and to adopt the methodology for the evaluation of perceptual audio quality attributes in the context of 3GPP immersive audio systems.
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