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Key guestions

1. How to render spatial audio in personal sound zones?
2. How to optimize both aspects in a single problem?
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Concept of PSZI
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PSZ with spatial audio

 Natural extension of crosstalk cancellation

» Single program/listener -> multiple programs/listeners

Inter-aural Cancellation -> Inter-zone cancellation

* New medium for VR/AR applications

Headphone-free immersive experience
Head-externalized binaural reproduction
Transparent communication/interaction

Independent experience In shared space
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Designing a PSZ system

Pressure Matching (PM)!2
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Rendering spatial audio for two listeners with PM
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Specifying target pressure

Pressure Matching (PM)L2]

g* = arg min||p; — H - g||°
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Specifying target pressure

Pressure Matching (PM)L2]

g* = arg min||p; — H - g||°
g

Binaural programs as input AlAAAaran
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4 input channels — 4 pvectors
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Performance metrics

Two aspects of isolation performance:

1. Isolation between listeners
- Acoustic Contrast (AC)
- poor performance -> distraction by other audio
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2. Isolation between ears
- Crosstalk Cancellation (XTC)
- poor performance -> lack of envelopment

B

Canter and Coleman, AES Conv., 2021

Both aspects matter!
But which one is perceptually more important”
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Perceptual trade-offs between AC and XTC

- Headphone-based subjective experiments

- Manually adjusted interference & crosstalk levels

l

- Stimuli: pop (+film); classical (+pop); film (+pop
- Main takeaways

- Interference and crosstalk are perceptually
uncorrelated

- Program combination affects the interference
threshold

- AC should be prioritized over XTC when both
are present
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3D audio for multiple listeners can be created by combining a personal sound system with cross-talk cancellation
to direct binaural content to each listener’s ears. However, the relative perceptual importance of controlling these

two aspects of the sound field reproduction has not been established.
carried out in order to understand the trade-offs between
The first experiment used a method-of-adjustment appros

programme was no longer distracting, with vary
which a target binaural audio prog was

acoustic contrast and cross-talk cancellation perfor
h to determine the thresholds at which a) an interfering
cross-talk in the target programme, and b) the threshold at

1 to be enveloping, in the presence of interfering audio. The

wo headphone-based experiments were

e.

second experiment used pair
different levels of acoust

should be prioritised over cross-talk cancellation in

but that for a certain level of interference, reducing cro

ise preference ratings to determine the trade-off in preference between
ontrast and cross-talk cancellation. It was found that achieving g

muli with
nod acoustic contrast

stem combining sound zones and binaural technology,

alk improves listener preference. M . diffuse

interferers produced higher thresholds of distraction than localised ones, implying that sound zone systems should
consider the spatial characteristics of sound in the dark zone.

1 Introduction

Personal sound enables several listeners within the
same acoustic environment to listen to different audio
programmes without the need for headphones [1]. Tl
can be achieved by using loudspe:
for cach programme item, filters optimised to produce
an acoustically bright zone (where the content should
be reproduced) and dark zones (where it should be can-
celled) [2]. These filters can be combined in order o
provide a solution for multiple listeners. Typically, per-
sonal sound implementations involve optimisation of

arrays 1o cr

te,

the sound pressures over listening regions large enough
to fit the listener’s head. However, the same acoustic
principles underpin crosstalk cancellation, which can
be used to deliver binaural content over loudspeakers if
the zones are conceived to be constrained to the smaller
regions within which a listener’s ears are located [3).

Methods to create sound zones can coarsely be cat-
cgorised into two groups: those manipulating the
squared sound pressures across the zones (e.g., acous-
tic contrast control (ACC) [2]), and those also control-
ling the wave propagation in the zones (e.g., pressure
matching (PM) [4] and solutions in the modal domain).
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Finding the optimal trade-off between AC and XTC
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Revisit the PM cost function

Pr = ,
10
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| | Reproduction

Error

Both aspects are treated with same priority

Add a weighting parameter o to control the priority

AC Less distraction

J = a||hig||* + |Hpgll* + [|h g — p,|I? a

XTC ¥ Less envelopment
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Simulated examples

P1
- Free-field condition with point sources P, = 0
- randomly perturbed transfer functions 8
- Constant regularization @ 100-1000 Hz
Crosstalk Cancellation (XTC) Acoustic Contrast (AC)

1000

NN
(&)

1000

IS
o

w
(&)

s
w B M~
(&) o (&)

500

500 >
- 30 300
N N 0 N
L > L Y L
— i
) 253 > 25 >
C o) - C
g s g g
O 20 o 20 o
® ® o
L LL L
15 15
200 200
10 10
5 5
100 0 100 ; 0
107 107 107 1073 1072 107" 10°
(8 (8

®

Normalized Reproduction Error (Err)

1000

500

200

100
107°

0.2
0.18
0.16

10.14
10.12
10.13

10.08

0.06

0.04

0.02

PRINCETON
UNIVERSITY

"

BDBA



W

Simulated examples

- Free-field condition with point sources
- randomly perturbed transfer functions
- Constant regularization @ 100-1000 Hz
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Optimizing the trade-oftf

Define AC threshold

- Principle: trading off XTC for higher AC
- Observations thr?;;d?

- AC and Err are mostly affected by a at

low frequencies
Yes

- XTC is affected at almost all frequencies

Decrease a

Until XTC reaches

a— |

(No optimization)

threshold
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Optimizing the trade-off
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lakeaways

- Less distraction is preferred over better spatialization when both are present
- Trade-off can be optimized by adjusting the weights in the PM cost function
- Trade-off mostly exists at low frequencies

- High frequencies: independently addressed by beamforming
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Caveats Future directions

Established subjective preferences were Incorporating other metrics

based on full-range stimuli _
tonal coloration

Optimization parameters need to be

dvnamic ranqge loss
tuned for each case y J

Objective & subjective evaluation with
different threshold levels

Adaptive solutions with head tracking

Reproduction error is unconstrained
during optimization (might lead to
distortion issues)
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