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Dynamic Measurement of HRIRs/BRIRs1

φ = −30 φ = 0 φ = 30

· · · · · ·

Static measurement

φ(t)

Dynamic measurement

continuous head-movement during the measurement

time-varying system identification problem

1head-related impulse responses, binaural room impulse responses
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Dynamic Measurement

Existing methods

adaptive filtering [Antweiler and Enzner, 2009, He et al., 2016]

analytic solution based on the projection-slice theorem for linear/circular trajectories [Ajdler et al., 2007]

spatial interpolation [Hahn and Spors, 2014]

In the present work . . .

capture BRIRs for different head-orientations (azimuth-only)

excitation by periodic perfect sequence

time-varying system identification based on spatial interpolation

optical tracking system

comparison with a static measurement
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Time-Invariant System Identification

ear signal for fixed head orientation φ

y(φ, n)︸ ︷︷ ︸
ear signal

=

N−1∑
k=0

x(n− k)︸ ︷︷ ︸
excitation

h(φ, k)︸ ︷︷ ︸
BRIR

perfect sequence excitation (N -periodic, self-orthogonal)
e.g. maximum length sequence (MLS), perfect sweep

circular
auto-correlation

N−1∑
n=0

x(n)x(n−m) = δ(m mod N)

impulse response

h(φ, n) =

N−1∑
k=0

y(φ, k)x(k − n) = y(φ, n)~N x(−n)

⇒ requiresN samples of y(φ, n+ νN), n = 0, . . . , N − 1, ν ∈ Z
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Time-Varying System Identification [Hahn and Spors, 2014]
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ear signal captured by a rotating head

s(n) = y (φn, n)

constitutes a spatio-temporal sampling of y(φ, n)

only one sample available for each angle φn
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Time-Varying System Identification [Hahn and Spors, 2014]
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ear signal captured by a rotating head

s(n) = y (φn, n)

constitutes a spatio-temporal sampling of y(φ, n)

only one sample available for each angle φn
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Spatio-Temporal Sampling

N = 4

φ0 φ1 φ2 φ3 φ4 φ5 φ6 φ7 φ8 φ9 φ10 φ11

y(φ0, 0) y(φ4, 4) y(φ8, 8)

y(φ1, 1) y(φ5, 5) y(φ9, 9)

y(φ2, 2) y(φ6, 6) y(φ10, 10)

y(φ3, 3) y(φ7, 7) y(φ11, 11)

N -periodicity: y(φn, n) = y(φn, n mod N)

y(φ, n) sampled at φ{n+µN}, µ ∈ Z
spatial interpolation: ŷ(φ, n) estimated from {y(φn, n+ µN), µ ∈ Z}
ĥ(φ, n) = ŷ(φ, n)~N x(−n)
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Spatio-Temporal Sampling

N = 4

φ0 φ1 φ2 φ3 φ4 φ5 φ6 φ7 φ8 φ9 φ10 φ11

y(φ7, 0)

y(φ7, 1)

y(φ7, 2)

y(φ0, 0) y(φ4, 0) y(φ8, 0)

y(φ1, 1) y(φ5, 1) y(φ9, 1)

y(φ2, 2) y(φ6, 2) y(φ10, 2)

y(φ3, 3) y(φ7, 3) y(φ11, 3)

N -periodicity: y(φn, n) = y(φn, n mod N)

y(φ, n) sampled at φ{n+µN}, µ ∈ Z
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Spatio-Temporal Sampling
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Anti-Aliasing Condition

y(φ0, 0) y(φ1, 1) y(φ2, 2) y(φ3, 3)

N = 4, L = 16

Uniform rotation on a circle φ(t) = Ωt

number of captured samples: L = 2π
Ω fs (fs : sampling rate)

effective number of spatial sampling points: Meff =
L
N

spatial bandwidth in the circular harmonics domain (approximated): 2πfc R [Kuntz, 2008]

anti-aliasing condition (maximum allowable angular speed) [Hahn and Spors, 2015]

Ω <
c

RN
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Dynamic Measurement

System
Identification

(linear interpolation)

ϕ = −90,−89, . . . , 90◦

Optical
Tracker

44.1 kHz120 Hz

Ω = 0.5, 4.0, 8.0◦/s

sL,R(t)

infrared cameras

rigid
body

φ̂(t)

perfect sequence
(N = 88200)

hL,R(ϕ, t)hL,R(ϕ, t)hL,R(ϕ, t)hL,R(ϕ, t)
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(approximate) anti-aliasing conditionΩ < 2.2◦/s

Ω (◦/s) Meff SNR (dB)

0.5 200 30.0

4.0 25 17.1

8.0 12 13.1

system distance

D(ϕ) = 10 log10

[∑N−1
n=0 |ĥ(ϕ, n)− h(ϕ, n)|2〈∑N−1

n=0 |h(ϕ, n)|2
〉
ϕ

]
dB

h(ϕ, n): static measurement, ĥ(ϕ, n): dynamic measurement, 〈·〉ϕ: average over ϕ
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Optical Tracking System

Optical
tracker

φ(t)

infrared
cameras

rigid
body

φ̂(t) https://www.optitrack.com

12 cameras (OptiTrack Flex 13)

rigid body consisting of 6 rectro-reflective markers

Motive (motion capture software)

⇒ position & orientation streamed via TCP/IP
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Bipolar Hall-effect sensor

http://www.utc-ic.com
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Hall latch
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N
S

S
N

Hall-effect sensor (Unisonic U18)

2 permanent magnets (opposite polarities) at a reference angle φref

sensor outputw(t) recorded synchronously with the audio signal s(n)

⇒ time-alignment of φ̂(t) and s(t)
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System Distance
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higher angular speed results in more deviations

due to lower SNR and fewer spatial sampling points

Ω = 4.0, 8.0: depends on the system variability

Ω = 0.2: exhibits relatively uniform performance
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Spatial Aliasing Artifacts
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Right ear, t ∈ [6, 9] ms

Ω = 0.5: spatio-temporal structure successfully recovered

Ω = 8.0: identified as a piece-wise time-invariant system
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BRIRs - Worst Case

0 50 100 150 200 250t / ms
100

80

60

40

20

0

A
m

p
lit

u
d
e
 /

 d
B dynamic

error

6 8 10 12 14 16 18 20

t / ms

0.10

0.05

0.00

0.05

0.10

static

dynamic

150 160 170 180 190 200

t / ms

0.0004

0.0002

0.0000

0.0002

0.0004

Ω = 8.0◦/s (Left ear,ϕ = −33,D(ϕ) = −2.5 dB)

Hahn, Hahne and Spors | 8. Sep. 2017 | Dynamic BRIR Measurement | Evaluation 13 / 16



BRIRs - Best Case
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Informal Listening

speech [EBU, 2008], castanets [Frank, 2009]

azimuthal localization not impaired in all cases

Ω = 4.0, 8.0: artifacts and coloration

Ω = 0.5: indistinguishable

http://spatialaudio.net/dynamic-brir-measurement/
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Conclusion

Summary

dynamic measurement of BRIRs in a real room

captured signal is a spatio-temporally sampled→ interpolation

anti-aliasing condition has to be met

Outlook

individual HRIR/BRIR measurement

extension to 2D and 3D trajectories
https://www.optitrack.com

coming soon!

Hahn and Spors (2017): "Continuous Measurement of Spatial Room Impulse
Responses Using a Non-Uniformly Moving Microphone", WASPAA.
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THANK YOU!
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Spatial Interpolation [Hahn and Spors, 2015, Hahn and Spors, 2016]

Approach Equivalent interpolation filter

cross-correlation rectangular function (Nearest neighbour)

NLMS (µ = 1) rectangular function (Nearest neighbour)

NLMS (µ 6= 1) rectangular pulses

projection-slice approach sinc or periodic sinc
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NMSE
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System Distance [Hahn and Spors, 2017]
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System Distance [Hahn and Spors, 2017]
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System Distance [Hahn and Spors, 2017]
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