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Figure 1: Overview of measurement and visualization system for the spatial impulse responses. (a) System configuration. An
measurer wearing Microsoft HoloLens moves a handy microphone using an ARmarker. (b) The microphone is moved to scan
the 2D plane. (c), (d) Examples of MR visualization of impulse responses at 1.67 and 2 ms, respectively.

ABSTRACT
In this paper, we propose a measurement and visualization sys-
tem for spatial impulse responses that utilizes a moving handy
microphone and Mixed Reality (MR). By enhancing the existing
visualization system of sound intensity using MR, the proposed sys-
tem aids in the visualization of spatial impulse responses using the
estimation based on the signal measured by a moving microphone.
As the visualization of the sound field varies with time, it is effective
to understand the relationship between a complicated sound field,
including the reflected sounds, and the reflecting objects in a room.

CCS CONCEPTS
• Human-centered computing→Mixed/augmented reality.
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1 INTRODUCTION
Mixed Reality (MR) is useful in the visualization of sound fields
as it clearly estimates the relationship between sound-reflecting
objects and the measured sound data. Previously, the sound inten-
sity visualization systems with MR and handy microphones was
proposed[Inoue et al. 2019; Kataoka et al. 2018]. In such systems,
the sound intensities at multiple points are measured by scanning
a stationary sound field using handy microphones, which demon-
strate the flow of sound energy. Using these data, the measured
results are immediately plotted in the actual room via MR. However,
visualization of the time variation of the sound field is necessary to
understand complicated sound fields like sound-reflective rooms.

In this paper, by enhancing the conventional system[Inoue et al.
2019; Kataoka et al. 2018], we propose a system to measure and visu-
alize spatial impulse response via MR. In this system, an measurer
continuously measures a sound signal using the moving micro-
phone, and reconstructs the spatial impulse responses (IRs) based
on the estimated path of microphone movement via Simultaneous
Localization and Mapping (SLAM) and Augmented Reality (AR).

2 OVERVIEW OF PROPOSED SYSTEM
Figure 2 depicts the overview of the proposed system. The measurer
scans the objective space by moving a handy microphone while
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Figure 2: Overview of propose system. Microsoft HoloLens
is used to track the position ofmicrophone and visualize the
result of estimated IRs at the grid points.

a loudspeaker emits a measurement signal. To visualize the time
variation of the sound field, the spatial IRs at the grid points are
estimated based on the measurement data along any microphone
trajectory obtained by using Microsoft HoloLens and Mic. marker.

3 ESTIMATION METHOD FOR IMPULSE
RESPONSES AT GRID POINTS

In [Katzbeg et al. 2018], an estimation method for IRs from the
measured signal along any trajectory was proposed. Based on the
IRs, h(д,n), at the grid points, д(∈ G), the IR with any trajectory of
the microphone is interpolated using the following equation.

h(y(n),n) =
∑
д∈G

φ(д,y(n))h(д,n), (1)

wherey(n) denotes the position of microphone at time n, φ(д,y(n))
denotes the interpolation function between the grid point д and
the microphone position y(n). By repeating a measurement signal
R times, Eq.(1) is expressed in matrix form as follows,

hm = Ahg, (2)

where

hm = [h(y(1, 1), 1), . . . , ,h(y(L,R),LR)]T, (3)

A =


Φ1,1 · · · ΦN ,1
...

. . .
...

Φ1,R · · · ΦN ,R

 ,
Φu,r = diag(ϕ(дu ,y(1, r )), . . . ,ϕ(дu ,y(L, r ))),
hg = [h(д1, 1), . . . ,h(дN ,L)]T,

where u(= 1, . . . ,N ) is the index of grid point. Then, using Fourier
Transform (FT), Eq.(2) is expressed as follows,

hm = A(ΨX ⊗ ΨY ⊗ ΨL)c, (4)

where ⊗ denotes the Kronecker product, ΨL denotes the inverse of
the discrete-time FT matrix, ΨX and ΨY denote the inverse matrices
of FT matrices corresponding to the X and Y axes, respectively.

As it is well known that the sparsity of a spectrum of the sound
in the spatial time-frequency domain, the coefficient vector c can

be derived from the following optimization problem.

argmin
c ∈C(L×N )

∥c∥ℓ1 (5)

s.t. ∥hm −A(ΨX ⊗ ΨY ⊗ ΨL)c∥ ℓ2 ≤ ϵ .

By using the estimated c and Eq.(4) with a spatial time-frequency
filter, the IRs at the grid points are calculated to visualize the ani-
mation of the sound field.

4 EXPERIMENTS
4.1 Condition
We conducted the measurement and visualization experiments for
2D spatial IRs. As shown in Fig.1(b), the microphone was manually
moved during the scan of the 2D plane. The total of measurement
time is approximately 5 minutes. The length of each measurement
signal was 0.17 ms and the sampling rate was 6 kHz.

4.2 Results
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Figure 3: Visualization of 2D-Spatial IRs with MR. The size
of visualized sound field is 1.0m× 0.9m. Red and blue colors
indicate positive and negative values, respectively.

Figures 1(c)(d) and 3 show the estimated spatial IRs which were
represented in the real space by using HoloLens. The amplitude
of the IRs was colorized and the colored IRs map was attached to
the texture of 3DCG plane. It is evident from the figure, the sound
emitted from the loudspeaker propagated to the other direction.
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