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Fig. 1: Yaw, pitch and roll
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Introduction

In this document, what is new in SOPA version 2 will be introduced. Since
directions only in the horizontal plane were dealt with in SOPA version 1,
elevation of the sound could not be given to the listener. Although the
listeners could control the panning, they could not control tilt.
In SOPA version 2, spatial information not only in the horizontal but
also on the vertical dimension are encoded and transmitted. By encoding
spatial audio as SOPA version 2, therefore, elevation of the sound can be
reproduced and the listeners can interactively control tilt. In this document,
panning means the rotation in the horizontal plane or the rotation around
the Y-axis and it corresponds to yaw of the listner’s head. Tilt is the rotation
around the X-axis and it corresponds to pitch of the listener’s head. As can
be seen in Fig. 1, roll is the rotation around the Z-axis.
By using the SOPA format, the panoramic sounds can be presented to
the listeners not only through headphones but also by a multi-channel loudspeaker system. How to reproduce the panoramic sounds by a multi-channel
loudspeaker system will be described, too.
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Fig. 2: Capturing a monaural signal
What is captured at the observation point can be regarded as
the sum of sine waves of the frequencies between f0 Hz and fN −1
Hz inclusive. Each sine wave can be completely specified by its
amplitude and phase response.
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Basic concept

It is known that any given waveform can be subdivided to one or more
sinusoidal signals. In the case of Fig. 2, the monaural signal captured at
the observation point can be thought to be a mixture of sine waves of the
frequencies between f0 Hz and fN −1 Hz inclusive. Here, it is apparent that
the number of the components is N no matter how many sound sources exist
around the observation point. Each sine wave can be completely speciﬁed by
its amplitude and phase response. It means that any monaural signal can be
reproduced by using its spectral information.
However, the monaural signal does not contain any spatial information.
What are necessary to transmit the spatial audio are not only the amplitude
and phase response of the signal but also the directional information of the
sine waves. As long as it is propagating, the sine wave has its direction of
propagation.
The basic concept of the SOPA technology is that the spatial audio information can be reproduced by using the spectral information and the directional information of each frequency component.
When there is more than one microphone, the direction of propagation
can be calculated by a simple trigonometric function since the speed of the
sound wave in the air is known. On the 2-dimensional plane, the minimum
number of microphones needed to determine the direction is 3 and in the
3

Fig. 3: Top view of a 4-channel miniature head simulator

3-dimensional space, at least 4 microphones are needed.
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Capturing spatial audio

Three-dimensional spatial audio information can be captured with a 4-channel
miniature head simulator whose photograph is shown in Fig. 3. The 4-channel
miniature head simulator consists of 4 omnidirectional microphones. In our
model shown in Fig. 3, these microphones are placed at the vertices of a
tetrahedron. Each side of the tetrahedron is 30 mm long. One of the microphones is expediently deﬁned as a reference microphone and the others are
deﬁned as comparison microphones.
Since the speed of the sound wave in the air is known, from the phase
diﬀerence between signals captured by the reference and comparison microphones, the direction of propagation can be calculated for each frequency bin
in the temporal window. Here, we deﬁne the direction from which the sine
wave is propagating as ‘sound image direction.’ Needless to say, the sound
image direction is not necessarily corresponds to the sound source direction.
In the SOPA version 2 format, the sound image directions are encoded
as 8-bit unsigned integers and can be transmitted online along with the
audio data stream of the reference signal (signal captured by the reference
microphone). The number of the PCM data contained in each temporal
window (frame) has to be 2n (n is an integer), that is 1,024, 2,048, 4,096, for
instance.
How the sound image directions are encoded as 8-bit binary data is given
in the next section.
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Fig. 5: Perspective view of the
imaginary sphere
Fig. 4: Top view of the horizontal
plane
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Sphere around your head

In the SOPA format, directional information is represented by an 8-bit unsigned integer. It means that 256 numbers are assignable to diﬀerent directions. In SOPA version 1, however, only 73 numbers are used. Numbers from
1 to 72 are assigned to directions in the horizontal plane as can be seen in
Fig. 4 and the number ‘0’ is used as the marker that indicate the beginning
of the frames [1].
Fig. 5 shows an imaginary 3-dimensional sphere assumed in SOPA version
2. The center of the sphere is the reference point where the listener’s head
is assumed to be.
The sphere is divided latitudinally into 13 levels as shown in Fig. 6 and
Table 1. The latitudes of 90 and -90 degrees represent the right above (top
direction) and right below (bottom direction), respectively.
Each latitude is segmented longitudinally. The numbers of the segments
are presented in Table 1. The total number of the segments is 254 (1 + 8 +
16 + 24 + 30 + 32 + 32 + 32 + 30 + 24 + 16 + 8 + 1). In other words, the
surface of the imaginary sphere is divided into 254 sectors in SOPA version
5

Table 1: Longitudinal segments

Fig. 6:
sphere

Latitudes of the

Latitudes
(degree)
90
75
60
45
30
15
0
-15
-30
-45
-60
-75
-90

Front

Number of
segments
1
8
16
24
30
32
32
32
30
24
16
8
1

Longitudinal directions
Top
Every 1/4 rad.
Every 1/8 rad.
Every 1/12 rad.
Every 1/15 rad.
Every 1/16 rad.
Every 1/16 rad.
Every 1/16 rad.
Every 1/15 rad.
Every 1/12 rad.
Every 1/8 rad.
Every 1/4 rad.
Bottom

Back

Fig. 7: Front and back views of the sphere

2.
In the SOPA version 2 format, integers between 0 and 253 inclusive are
assigned, one by one, to the sectors. The numbers 0 and 253 are assigned
to the top (latitude of 90 degrees) and bottom (latitude of -90 degrees) directions, respectively. The sectors with their numbers are shown in Fig. 7
and Fig. 8. Now, the sound image direction can be represented by an 8-bit
binary.
The sector with the number ‘x’ directly faces the sector with the number
‘253 - x.’ For instance, the sectors with the numbers ‘4’ and ‘249’ directly
face one another. Since the sectors on the surface of the sphere represent the
relative directions from the reference point, the sectors with the numbers ‘x’
6

Top

Bottom

Fig. 8: Top and bottom views of the sphere
Integers between 0 and 253 inclusive are assigned, one by one,
to the sectors on the surface of the sphere.

and ‘253 - x’ have the opposite directions to each other.
Increasing the latitude corresponds to the elevation of the sound. By using
SOPA version 2, not only the longitudinal directions but also the elevation
of the sounds can be dealt with. It allows the creators to express not only
yaw but also pitch and roll of the listener’s head.
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Reproduction

Since the SOPA format conveys a stream of monaural audio data (16-bit
PCM) and the sound image direction (8-bit binary) for each frequency bin
of each temporal window, what is needed to reproduce SOPA data as the
panoramic sound is to make each frequency component sound as if it is propagating from its sound image direction. Panoramic sounds can be generated
from the SOPA data and presented to a listener or listeners either through
stereo headphones or by a multi-channel loudspeaker system.

5.1

Binaural reproduction

To generate the binaural signals out of the SOPA data, the HRTF (Head Related Transfer Function) database is used. By decoding the SOPA data, the
sound image direction can be extracted for each frequency bin. To reproduce
the signal as the binaural signal, the application has to read the HRTF data
of the corresponding direction from the HRTF databases and compose the
7

Temporal HRTF. For more information about the Temporal HRTF, see the
reference[1].
The binaural signals can be generated by superimposing the left and
right Temporal HRTFs to the reference signal in each temporal window.
After adding the signals to those of the previous frame by the overlap-add
method, the binaural signals can be generated and the generated signals are
reproduced through headphones [2].

5.2

Database configuration

In our applications, 2 database ﬁles are used. They are the binary ﬁles named
‘hrtf3d512.bin’ and ‘phase3d512.bin.’ The former contains the amplitude
spectra and the latter contains the phase spectra of the HRTF. Each of them
consists of a binary data stream of 16-bit signed integers based on HRIR
data recorded at a sampling rate of 44,100 Hz.
Fig. 9 shows the data stream in ‘hrtf3d512.bin.’ As can be seen in the
ﬁgure, the ﬁle contains 254 subsets of the data, each of which corresponds
to one of 254 directions. The numbers on the horizontal axis correspond to
the numbers assigned to the sectors on the surface of the imaginary sphere
shown in the Fig. 5.
Each subset contains 512 data, each of which corresponds to a frequency
bin. Fig. 10 shows one of these subsets. The subset is the HRTF amplitude
spectrum for a particular angle represented in a linear scale and multiplied
by 2,048 to ﬁt in the 16-bit scale. Since it is based on the data sampled
at 44,100 Hz, the horizontal axis represents the frequencies between 0 and
44,100 Hz.
‘Phase3d512.bin’ also consists of 254 subsets of data. Each subset contains 512 signed integers. The phase values range from −π to π (in units of
radians). To ﬁt them into the 16-bit linear scale, the values are multiplied
by 10,000. Therefore, an angle of π rad. is represented by 31,415 instead of
3.1415. Fig. 11 shows a single subset, where 256 on the X-axis corresponds
to the Nyquist frequency, which is 22,050 Hz.

5.3

Panoramic sound field system

By using the HRTF database, binaural signals can be generated so that the
panoramic sounds can be presented to a listener. It is not convenient, however, when there is more than one listener. To let all the listeners experience
the panoramic sounds at the same time, suﬃcient number of headphones have
to be prepared. There is another option, however, to generate the panoramic
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Fig. 9: Data stream in an HRTF database

Fig. 10: Single subset of an HRTF database

Fig. 11: Single subset of a phase database
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Fig. 12: A prototype of the panoramic sound field system
As a prototype, a 4-channel panoramic sound field system was
produced. Loudspeakers are placed at the vertices of a square
in the horizontal plane.

sound out of the SOPA data. It is named ‘Panoramic Sound Field System.’
It uses a multi-channel loudspeaker system instead of stereo headphones.
A panoramic sound ﬁeld system consists of a SOPA decoder software and
a multi-channel loudspeaker system. A prototype of the system is shown in
Fig. 12. Although this prototype consists of 4 loudspeakers, the number of
the loudspeakers can be arranged if necessary.
The SOPA decoder for the panoramic sound ﬁeld system simply adjust
proportion distributed to the loudspeakers for each frequency bin according
to the sound image direction. The closer the sound image direction is to the
direction of the loudspeaker, the higher is the proportion distributed to the
loudspeaker (Fig. 13).
If the sound image direction of a component lies in the middle of two loudspeakers as shown in the left illustration of Fig. 13, the component is equally
distributed to these loudspeakers. A phantom source of the component is
generated at the middle of them by summing localization.
Fig. 14 shows the ﬂow of processing. A SOPA ﬁle conveys a monaural
audio data stream (reference signal) and the directional data that contains
the sound image directions. The spectrum of the reference signal is extracted
for each temporal window by applying a fast Fourier transform to the reference signal. Only the amplitude is modiﬁed for each frequency bin according
10

Fig. 13: Sound image direction and signal distribution
Proportion distributed to loudspeakers is determined for each
frequency bin according to the sound image direction of the
corresponding frequency. The size of the arrows schematically
represents proportion distributed to the loudspeaker.

to the sound image direction of the corresponding frequency. After modifying the amplitude, signals of the time domain are generated by applying an
inverse Fourier transform to the modiﬁed spectrum. The HRTF database
is not used in the panoramic sound ﬁeld system. The modiﬁcation of the
amplitude and the inverse Fourier transform are carried out for each of 4
loudspeaker channels.
The sound image direction is a relative direction and can be altered
when the listener’s viewing axis changes. In most of the conventional surround sound systems, however, panning of the sounds cannot be altered
programmably.
In the panoramic sound ﬁeld system, proportion distributed to the loudspeakers can be determined immediately before the data are reproduced.
This makes it possible for the listener to control panning of sounds during
its reproduction. As can be seen in Fig 14, by biasing the directional data,
panning of the sounds can be modiﬁed quite easily.
In the case of the prototype shown in Fig. 12, loudspeakers are placed
at the vertices of a square in the horizontal plane. As long as the loudspeakers are 2-dimensionally arranged like this, spatial information only in
the horizontal plane can be dealt with. It can be expanded, however, to
3-dimensional by arranging the loudspeakers in 3-dimensionally.
In many of the loudspeaker array technologies such as the wave ﬁeld
synthesis [3] and the Boundary Surface Control [4], the acoustic wave front
is artiﬁcially synthesized by using some tens or hundreds of loudspeakers.
They are based on Huygens’ Principle. Since in these methods, a sound ﬁeld
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Fig. 14: Flow of processing
The flow of processing in the panoramic sound field system
is shown. By modifying the directional data, panning of the
sounds can be controlled interactively.

is synthesized by controlling sound pressure at many diﬀerent points on the
given plane, relatively wide listening area can be provided.
Not like these methods, in the panoramic sound ﬁeld system, spatial audio
information at a single point is reproduced instead of synthesizing a sound
ﬁeld. In the panoramic sound ﬁeld system, therefore, only a limited listening
area can be provided. The accuracy of the spatial information depends on
the listening spot. It may be optimum at the reference point from where
each loudspeaker is at the same distance.
Even its limited listening area is taken into consideration, the panoramic
sound ﬁeld system may be attractive for its user-friendliness. It requires
far less microphones and loudspeakers than the wave ﬁeld synthesis does
especially when dealing with the 3-dimensional space.
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Fig. 15: Header and the beginning of the data stream in a SOPA file
What are modified in the version 2 are indicated by the yellow
and orange colors. For details about the file format, see the
reference [1].
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SOPA version 2 file

The ﬁle structure of SOPA version 2 is mostly the same as that of the previous
version described in the reference [1] except for 2 modiﬁcations. One of the
modiﬁcations is the version number speciﬁed in the header part. As can be
seen in Fig. 15, there is ‘2.0.0.0’ instead of ‘1.0.0.0’ for the SOPA ﬁle version
in the header (area with yellow color in Fig. 15).
The other modiﬁcation is made to the marker in the data stream. As
previously mentioned, the surface of the imaginary sphere is divided into
254 segments and each number between 0 and 253 is assigned to one of the
segments. The numbers ‘254’ and ‘255’ are not assigned to any directions.
In SOPA version 2, the number ‘255’ is used as the marker that indicate the
beginning of the frames. Since the frame size is not speciﬁed in the header of
the sopa ﬁle, we have to insert markers in the data stream to let the program
know the frame size.
In the SOPA ﬁle, the sound image directions for the frequency bins are
represented by 8-bit unsigned integers. In the case of the f0 (dc) component, however, the sound image direction has no importance. The addresses
corresponding to the f0 component (area shown in orange background color
in Fig. 15) can contain any integer, and we put 255s there. ‘FF’ in hex,
‘255’ in decimal can be seen in Fig. 15. Since it is not used for any other
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frequencies, 255s appear only at addresses corresponding to f0 and can be
used as markers that indicate the beginning of the frames. By counting the
number of addresses between the ﬁrst ‘255’ and the next ‘255,’ the program
automatically extracts the size of the frame.
As you can easily guess, the size of a SOPA ﬁle is identical to a stereo
WAV ﬁle. This is far smaller than the data needed in the wave ﬁeld synthesis
that requires tens or hundreds of microphones and loudspeakers. Although
it provides a wider listening area, the wave ﬁeld synthesis costs not only the
hardware resources but also the network resources to transmit the number
of audio data to synthesize the wave front. In spite of its very small size, the
SOPA ﬁle can convey enough spatial information to generate the panoramic
sounds. The SOPA technology will considerably save not only computational
but also network resources.
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