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ABSTRACT
The closely located four-point microphone method was proposed by Yamasaki in 1989. The
method can grasp the spatial and temporal structures of sound reflections by estimating a
distribution of image sources from four measured impulse responses. In recent years,
mixed reality (MR) technology has rapidly developed and is now more familiar. Many
sensors, display devices, and ICT technologies have been implemented in MR equipment,
which enable interaction between real and virtual worlds. In this paper, we propose an MR
display system for distribution of image sources and directivity patterns of sound reflection,
which are obtained by the closely located four-point microphone method. The user can
view a real room and the data representation simultaneously by using the MR display.
Thus, the user can observe the spatial and temporal structures of sound reflections from
any direction and any distance while maintaining a relationship between the positional
information of the real room and the data. In addition, the user can view the data with
arbitrary scale with the spatial map of the measured room. Thus, the size of the data
appearance can be changed by the user. Furthermore, the system can show multiple data
sets side-by-side for comparison.
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INTRODUCTION

There are various ways to measure a sound source position or grasp the spatial and
temporal structures of sound reflections. Sound field visualization is an effective technique to
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understand spatial sound information. For example, in previous research, acoustical
holography1,2, beam-forming3,4, and optical methods5-14 have been proposed and studied.
One of the visualization methods, the closely located four-point microphone method, was
proposed by Yamasaki in 198915. The method constructs a distribution of image sources from
four impulse responses measured by using four microphones that are not coplanar and by using a
short-time correlation technique. The distribution of image sources represents the spatial and
temporal structures of sound reflections. However, because the positional information of data is
three-dimensional and the distribution of image sources is dense, it is difficult to understand the
structure of sound reflections at a glance.
On the other hand, the HoloLens, a display developed by Microsoft, is realized by mixed
reality (MR) technology in which real and virtual spaces interact with each other as if the real
and virtual worlds were merged. Its application is receiving increased worldwide attention. By
taking advantage of MR technology, visualization of three-dimensional sound intensity maps
with an optical see-thorough head mounted display (ST-HMD) was recently proposed16,17.
In this paper, we propose an MR display system for the distribution of image sources and
directivity patterns obtained by the closely located four-point microphone method.
2

METHOD

2.1 Closely located four-point microphone method
To grasp the spatial structures of sound fields, the closely located four-point microphone
method constructs a distribution of image sources from four impulse responses measured by
using four closely-located microphones that are not coplanar and by using a short-time
correlation technique15. The method is briefly described in the following discussion.
The distances 𝑟",$ between the 𝑖-th microphone and the 𝑛-th image source are represented
by
𝑟",$ = 𝑐𝑡",$ ,

(1)

where 𝑐 is the velocity of sound and 𝑡",$ is the arrival time of the n-th image source at the i-th
microphone. When four microphones are located on the origin and three points at the same
distances from the origin on the rectangular coordinate axis, the coordinates of the 𝑛-th image
source are estimated by
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where 𝑑 is the distance between microphones located on the origin and a rectangular coordinate
axis. Therefore, if microphone distance 𝑑, arrival time 𝑡",$ , and the speed of sound 𝑐 are known,
positional information of the image sources can be estimated by using Eq. (2). The arrival time
𝑡",$ is estimated by a short-time correlation technique.

2.2 Mixed reality technology
In MR technology, the real and virtual worlds in visual information interact with each other
as if these two worlds were merged. In this study, we introduced MR technology by using
Microsoft HoloLens as shown in Fig. 1. HoloLens is a self-contained holographic computer with
an optical ST-HMD and simultaneous localization and mapping (SLAM) techniques18. An
optical ST-HMD is a stereo transparent display that can overlay 3DCG on the real view. SLAM
technology can obtain the viewing position, the direction of the user and the shape of the room
with a depth camera and image processing19. By using the spatial mesh of a real object’s shape,
3DCG objects can be occluded by the spatial mesh of the real objects as if the virtual object were
in real space. The spatial mesh continues to be updated and follows the observer’s translation and
rotation. By continuing to change the 3DCG view on the basis of the spatial mesh and the user’s
translation and rotation, 3DCG is appropriately overlaid on the view of the freely-moving user.
In this study, the proposed system was developed with Unity 2017, which contains the
Unity3D engine of Unity Technologies, and with Microsoft Visual Studio 201720. The signal
processing of the proposed system was implemented by C# scripts.

Fig. 1 – Worn Microsoft HoloLens.
2.3 The display system
Figure 2 shows the display procedure of the proposed system. The system displays a threedimensional distribution of image sources and directivity patterns by using the HoloLens in the
following steps:
1) The system prepares the image source distributions by the closely located four-point
microphone method.
2) The user chooses one of the distributions with the HoloLens user interface (UI), and then the
system loads data in memory.
3) In displaying the distribution of image sources, 3DCG spheres are placed at the positions of
the image sources. In displaying directivity patterns, a 3DCG cylinder is directed from the
origin to each image source. The lengths of the cylinders represent the energies of the image
sources.
4) The arrival times of the image sources are divided into five categories and represented by
colors for each category.

Fig. 2 – Display procedure. First, the impulse responses in the room are measured using four
microphones. Second, image sources are estimated using the four-point microphone method to
obtain the analysis results. Next, each image source is set as a sphere. Finally, the spheres are
displayed on the HoloLens.
Figure 3 shows a scaled distribution of image sources and its color reference. In displaying
the image source distribution, the origin of the coordinates shows the sound-receiving point, the
center of sphere shows the coordinates of the image source, and the diameter of the sphere shows
the energy of the image source. The arrival time from each image source to the receiving point is
expressed by colors.

Fig. 3 – Distribution of image sources and its color reference.
Figure 4 shows a scaled directivity pattern. In displaying directivity patterns, the length of
the cylinder is proportional to the logarithm of the energy of the image source. The direction of
the cylinder shows the direction of the image source. The color shows arrival time in the same
manner as displaying the distribution of image sources.

Fig. 4 – Directivity pattern.
2.4 Animation of image sources
To help the user understand the spatial and temporal structure of sound reflection, we
implemented an additional display form of image source distribution as shown in Fig. 5. Each
image source moves in animation from its estimated position to the microphone position. In the
computer display, when its arrow key is down, the image sources start to move. When the key is
up, the animation stops. The image sources also move in reverse to return to the original position.
As shown in Fig. 5, we can understand that spheres move forward to the microphone in the
order of red, yellow and green. We can also understand the size, which direction and when each
image source arrives.

Fig. 5 – Animation of image sources moving from the original positions to the origin.
3

EXPERIMENTS

To evaluate the proposed system, we performed some experiments and overlaid the analysis
results using the closely located four-point microphone method on the measured room.
3.1 Measurement of impulse responses and spatial map
We measured the impulse responses by the closely located four-point microphone method
in an ordinary meeting room at Waseda University. Table 1 shows the measurement conditions.
A loudspeaker was located at a distance of 1.5 m from the floor and at a distance of 3.0 m from
the nearest wall. The four-point microphone was located at a distance of 1.2 m from the floor and

at a distance of 3.0 m from the loudspeaker. A time-stretched pulse (TSP) signal was used as the
measurement signal.
SLAM sensors attached to an optical ST-HMD continuously acquire the space shape of the
room. The measured shape of the space is represented as a wireframe. We loaded and saved the
spatial mesh as an object file and overlaid it on the data.
We measured as per the following steps:
1) A TSP signal was played by the loudspeaker via an audio interface and a power amplifier.
2) The sound signals were recorded by four microphones with a PC via an audio interface.
3) After calculation of the impulse responses, the distribution of image sources was obtained by
using the closely located four-point microphone method.
4) The spatial map of the measured room was obtained by the optical ST-HMD.
5) Distribution of image sources was overlaid on the room mesh.
Table 1 – Measurement conditions.
Measured room
Equipment

Distance between microphones [cm]
Measurement signal
Temperature [°C]
Sampling frequency [Hz]
Interpolation for calculation

59-402 Meeting room, Nishi-Waseda campus,
Waseda University
Opposed speaker (Fostex FE204)
Power amplifier (YAMAHA P4050)
Audio interface (MOTU 8M)
Microsoft HoloLens
MacBook Pro (2.9 GHz Intel Core i5, 8 GB
1600 MHz DDR3)
Four microphones (AUDIX TM1)
5.0
Time stretched pulse
29.4
48000
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3.2 Results of experiments with the MR display
We describe the experimental display of image source distribution and directivity patterns
in several ways. In Sect. 3.2.1, we show the experimental results of the image source distribution
overlaid on the measured room to understand the sound reflections of the measured room. In Sect.
3.2.2, we display the image source distribution and directivity patterns with an arbitrary scale to
understand entire sound reflections. In Sect. 3.2.3, we also display the distribution of image
sources and directivity patterns by using the other devices in order to observe the data by using
familiar devices.
3.2.1 MR display of image source distribution with real scale
Figure 6 shows experimental result of image source distribution with the MR display. The
left-side figure in Fig. 6 shows the measured real room. The right-side figure shows the MR
display through HoloLens in the measured room. When a user wears the HoloLens, many
spheres can be observed in the display. Because the HoloLens provides depth information of the
3DCG to us by using binocular disparity, the sphere object appears in the room with a natural

view. Thus, we can understand where sound reflections occurred and how large the sound
reflections were by using the positional and size information of image sources.

Fig. 6 – Measured room and MR display overlaid on the measured room with Microsoft
HoloLens.
Figure 7 shows two types of display method for distribution of image sources. The left-side
figure shows image source spheres whose diameters are proportional to the energies of the image
sources. As shown in the left-side figure, two large sound reflections were observed.
On the other hand, the right-side figure shows image source spheres whose diameters are
proportional to common logarithms of the energies of the image sources. As shown in the rightside figure, sound reflections with energy can be also observed. Thus, distant and small sound
reflections should be observed by using the logarithm scale, because it is expected that the
logarithm scale approximately represents relationship between stimulus and human perception
from the Weber-Fechner law.

Fig. 7 – Linear scale and logarithm scale display.
3.2.2 MR display of image sources and directivity patterns with arbitrary scale
Figure 8 shows the MR display of distribution of image sources and directivity patterns
with an arbitrary scale. In this small-scaled distribution of image sources, we can grasp the whole
distribution of sound reflections. Although image source distribution is too complicated to
understand its structure at a glance, the depth information of data provided by the MR display
helps us to understand the three-dimensional structure. In the display of directivity patterns, we
can grasp the magnitude of each direction’s sound reflections. Furthermore, we can compare
multiple data sets at the same time as shown in Fig. 8.

Fig. 8 – MR display of image source distribution and directivity patterns with arbitrary scale.
The upper and lower objects represent image source distribution and directivity patterns,
respectively. Three-dimensional sound-reflection data can be observed in any direction.
Figure 9 shows an image source distribution overlaid on the small-scale model of a hall.
The small-scale model is a 1/20 scale of the Tome festival hall in Miyagi prefecture, Japan.
Image source distribution was constructed from the measurement data of the Tome festival hall
in 1994 by using the closely located four-point microphone method21. The upper-left and upperright figures show the entire display of the image source distribution overlaid on the small-scale
model. The lower-left and lower-right figures show the appearance at the closer points of view.
In the upper area of the lower-right figure, yellow-and-green spheres are located outside of the
small-scale model. The green-line meshes around these spheres show the form of the outside. In
the lower part of the lower-right figure, a red sphere is located inside the small-scale model. The
green-line meshes around the red sphere also show the shape of the inside. Thus, when we
observe data and the model at a close distance, we can observe the data inside of the model.

Fig. 9 – Scale display of distribution of image sources overlaid on the model. White objects and
text over the model in the upper figures are part of the UI that determines which data are
shown.

3.2.3 Display by using other devices
In addition, the image source distribution and the directivity patterns of sound reflections
can be represented by using other familiar devices, such as a smartphone, a tablet, or a PC.
Figure 10 shows an arbitrary-scale display of image source distribution and directivity patterns
by using a smartphone, tablet, or computer. The user can translate, scale, and rotate the
represented data. Figure 11 shows observation results in multiple directions.
In particular, iPhone devices with iOS11 and later can overlay a real-scaled distribution of
image sources on the view of real space by using ARKit, which is Apple’s augmented reality
(AR) framework and can easily provide AR with a monocular camera on the iPhone. Figure 12
shows a sample of image source spheres in an iPhone display.

Fig. 10 – Display on a smartphone, tablet, or computer.

Fig. 11 – Display with multiple directions on a smartphone, tablet, or computer.

Fig. 12 – Smartphone Display by using ARKit.
4

CONCLUSIONS

In this paper, we propose a display system to overlay a distribution of image sources on a
real room and a small-scaled model. By using the proposed system, the temporal and spatial
structure of sound field reflection of the room can be understood immediately. Because of the
MR technology, users can understand intuitively the features of the sound reflections and easily
compare different data. The proposed system helps users observe the data in any direction. By
selecting the logarithm scale of represented data, sound reflections with small energies can be
observed. Thus, users can understand and grasp the spatial information of the sound field in
greater detail. Furthermore, for an image source at a position far from the microphone in the
arbitrary-scale display mode, users can understand and grasp a whole feature of the sound
reflections. In the arbitrary-scale display mode, multiple data sets can be compared by placing
the data side-by-side.
In future work, to represent the measured data immediately in the measured room, we will
integrate the image source estimation and display systems.
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