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p = H̃ ⋅ g*
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The Pressure Matching (PM)[2] Method
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Sources of TF Mismatches

Please refer to the paper for a full list of references.

Sound speed, Ambient 
temperature, 

background noise…

Loudspeaker/Microphone 
Positions & Responses

Number of Passengers, 
Seat Positions…
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BRTF Mismatch in PSZ

Head-Related Transfer 
Functions (HRTFs)

Binaural Room 
Transfer Functions 

(BRTFs)
Cho and Chang, ICA, 2019 Vindrola et al., JAES, 2020
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Ebri et al., AES Conv., 2020 Molés-Cases et al., JASA, 2022
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PhaseWhy not use 

actual listeners’ BRTFs 
in both phases?



Individualizing BRTFs

- For binaural reproduction
• Improves localization accuracy with 

headphone-based systems[3] 
• Improves performance for crosstalk 

cancellation systems[4]

- For PSZ systems?

[3] Wenzel et al., JASA, 1993 [4] Akeroyd et al., JASA, 2007

Benefits Potential Barriers

- Time, cost, and equipment
- Additional measurements & signal 

processing
- Availability
- …

Does individualization for PSZ make a difference?

If so, is the improvement worth the efforts?



Robust, but not too robust
Regularized PM Solution

g̃* = (HHH + βI)−1HHpT

Regularization

Regularization 
<latexit sha1_base64="Q3ZFHU8Hsd5v0kzobS0LsgWpHuE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtC6q3mW1dl+r1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB55yjW4=</latexit>

{ Robustness 

Best Performance 

small head misalignments of a single listener

Optimize regularization s.t. PSZ filters are robust to

larger head movements, torso movements, etc.

BRTF mismatch between listeners

N/A



Robust, but not too robust
A Probabilistic approach[5]

Hml = Amleiϕml
Aml ∼ N( ̂Aml, σ2

A,ml)
ϕml ∼ N( ̂ϕml, σ2

ϕ,ml)

Jprob = 𝔼{∥Hg − pT∥2}Modified Cost Function

g*prob = (ĤHĤ + ΣM
m=1Σm)−1ĤHpTOptimal Solution

Variance matrix : empirically derivedΣm

[5] Møller et al., ITASLP, 2019

 as random variablesH

Only account for head misalignments



PSZ system for evaluation
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2 Listener Setups
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2 Sound Zone Configurations (SZCs)

DZ BZ

SZC 1

BZ DZ

SZC 2

Each SZC is evaluated with both generic and invididualized filters



2 Types of Measurements
• BRTF Measurements

- Prior to filter evaluation
- Used for deriving TF variance & generating PSZ filters

• System TF Measurements (BRTFs PSZ Filters)
- After filter generated & loaded
- In situ: minimal head movements
- Ex situ: additional head misalignments

• Exponential sine sweeps used for TF measurements

*



Performance Evaluation Metrics

• Acoustic Contrast (AC)[6]

- Quantifies the isolation level between two PSZs

-

• Robustness against head misalignments
- Variation in AC level from multiple ex situ measurements

• Other metrics (e.g., Array Effort, Reproduction Error) not adopted

AC =
gHHH

B HBg
gHHH

DHDg

[6] Coleman et al., JASA, 2014



Results - BRTF Differences

X

Individualized BRTF| |
Generic BRTF| | |H11 |

|H18 |

Mean Standard Deviation

• Difference between the HATS 
and human listener’s BRTFs

• Difference increases with 
frequency



Results - BRTF Differences

X

Individualized BRTF| |
Generic BRTF| | |H41 |

|H48 |

Mean Standard Deviation

• Difference still exists even 
though the HATS is fixed

• Potentially due to change in 
head scattering



PSZ Performance in Best-Case Scenario

Max: 9.4 dBAvg: 5.3 dB

DZ BZ
SZC 1

AC Spectrum from the in situ case

• AC increases with individualized filters
• More noticeable above 2kHz



PSZ Performance in Best-Case Scenario

BZ DZ
SZC 2

AC Spectrum from the in situ case

• DZ for HATS degraded by replacing 
the other listener

• Change in one => degradation in both!



Robustness Against Head Misalignments

DZ BZ
SZC 1

Robustness ~ width of the curve

• Robustness decrease for 
individualized filters above 3kHz

• Individualized is still better
• AC decrease for individualized filters 

compared to the in situ case

Decrease in 

robustness

AC from 20 ex situ takes



Robustness Against Head Misalignments

• Similar robustness for both filters
• Same AC decrease for individualized 

filters as in SZC 1

BZ DZ
SZC 2

Robustness ~ width of the curve
AC from 20 ex situ takes



Conclusions
• Does individualization for PSZ make a difference?

- Yes, it does!
- AC improvement at all frequencies, both in situ and ex situ
- Slight decrease in robustness at high frequencies

• What else?
- Replacing one listener can affect performance for both listeners
- Best performance may be hard to retain… (without dynamic reproduction)

• Is the improvement worth the efforts?
- Not known yet… 
- subjective evaluation required (to be presented in a future work)
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