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Abstract—Occlusion is a problem for range finders; ranging
systems using cameras or lasers cannot be used to estimate
distance to an object (hidden object) that is occluded by another
(obstacle). We developed a method to estimate the distance to
the hidden object by applying acoustic diffraction of audible
sound. Our method is based on time-of-flight (TOF), which has
been used in ultrasound ranging systems. We determined the
best frequency of audible sound and designed its optimal
modulated signal for our system. We determined that the system

estimates the distance to the hidden object as well as the obstacle.

However, the measurement signal obtained from the hidden
object was weak. Thus, interference from sound signals
reflected from other objects or walls was not negligible.
Therefore, we combined acoustical holography (AH) and TOF,
which enabled a partial analysis of the reflection sound intensity
field around the obstacle and hidden object. Our method was
effective for ranging two objects of the same size within a 1.2 m
depth range. The accuracy of our method was 3 cm for the
obstacle, and 6 cm for the hidden object.

[. INTRODUCTION

ANGE finder technology has become important, as

automatic mobile robots are now common. Cameras and
lasers are mainly used in this field. Camera range finder
systems obtain details such as edge or color, however, they
cannot be used under bad lighting conditions and require a
high calculation cost [1, 2]. Laser range finder (LRF) systems
can be used under various lighting conditions and require
minimal calculation cost [3]. However, LRF systems are only
used for high-accuracy range finders. Cameras and lasers are
now often used together in range finder systems for different
environments [4].

There systems have occlusion problems. When an object
obscures others in the range of view, the distance to the
hidden objects cannot be estimated using the systems
previously described. This problem often exists in object
tracking research. One current solution to this problem is, for
example, to use multiple cameras. However, this is not
practical if the measurement space is small.

We have tackled this problem by applying acoustic
diffraction. Long-wavelength (low-frequency) waves diffract
through wider angles than short-wavelength ones, so they will
possibly reach the hidden object because they propagate
around the obstacle. We used a low-frequency sound because
of its operability or practicality. Our goal was to establish a
basic method to estimate the distance to the hidden object
using the audible sound.
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Time-of-flight (TOF) is commonly used in sonar range
finder systems [6]. High frequency sounds are transmitted as
pulse-waveforms in TOF-based systems. An acoustic sensor
receives the sound reflected from an object. The distance to
the object is estimated from the time (named as “flight time”)
it takes the sound to reach the sensors. Our method is based
on TOF. Usually ultrasound is used in TOF-based sonar range
finders. We needed to test the ability of a range finder system
using audible sound. Therefore, we determined the best
frequency of the audible sound and designed its optimal
modulated signal.

When we estimated the distance to the hidden object by
this method, the signal-to-noise ratio (SNR) of the sound
signal reflected from the hidden object was not intense
enough in some cases. Thus interference from sound signals
reflected from other objects or walls was not negligible. A
sound directivity is low at long wavelengths, so this
interference is unavoidable in our method. To improve the
SNR, we must calculate the local reflection sound field
around the obstacle and the hidden object. Acoustical
Holography (AH) is a well-recognized technique used to do
this. We combined AH and TOF to increase the SNR.

In section 2, we describe our measurement system and
method. The configuration and parameters of our system are
listed in section 3. The effectiveness of our method is verified
by actual experiments described in section 4. Our method is
discussed in section 5. The conclusion is in section 6.

II. RANGING SYSTEM AND METHOD

A. Measurement System

Our measurement system arrangement is illustrated in
Figure (1). A burst wave defined by Equation (1) is
transmitted from the sound source (speaker). The
microphones receive sound reflected from the objects. The
sound pressure measurement is described as e.

@) (0<t<Ty)
S(t)_{ 0 (>T,) M

where T}, is pulse duration. When one object is located in front
of another directly in front of the microphones, the front one
is called “obstacle” and back one “hidden object” in this

paper.

423



Hidden Object

Obstacle

Microphones

——————————— TRERREET—

Speaker

1
Fig. 1 Measurement system arrangement

B. Ranging method

(1) Cross-correlation function

Flight time 7 of the reflected sound can be calculated with
Equation (2) by applying a cross-correlation function to the
measurement signal e and the transmission signal s.

re(z,)= D et)s(t+1,), @)

where r,, is a correlation coefficient. If only one object is
located in front of the microphones, T, can be calculated as
follows,

TO =arg max{rse (Tm )} . (3)

m

Let 7, be mdt. The distance to the object is calculated as
follows,

dy=cT, /2, “4)

where c¢ is sound velocity. If two objects are located as in
Figure (1), the flight times 7 and 7 are obtained by finding
two points that give local maximum values of 7.

(2) Ranging method using AH

AH is an acoustical propagation equation based on the
Helmholtz equation and a wave equation. It is used to
calculate a complex sound pressure P(u) at any position in
front of the microphones and is obtained with Equation (5)
using P(u,), which is measured .

ik
P(0) = [ Plu, ) expl=""(u, =) Jd, 5)
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where j is an imaginary number, and &, is a wave number.
Here, AH is used to calculate the reflected sound field within
range S1, as shown in Figure (2). In this scenario, interference
from other reflected sounds is reduced. P(u,) is defined with
e(uy) as follows,

Tt

[etw,)exp(2munar. ©)

Tm

P(u,t,)=
The intensity of the reflected sound at time 7, is defined as the
maximum value of P(u, 7,, ) in Equation (7).

Pyy (7,) =argmax{P(u,z,)}. (7

uesS;
Then Flight time Ty is calculated as follows,

Ty =argmax{Py (7,)} . (®)

Dbstacle

P(u, t)

"""""" ﬂ i H
U Speaker

1
Fig. 2 Using AH

1. CONFIGURATION AND PARAMETER

Our ranging system was constructed with one speaker and
eight microphones. Table (1) presents the configuration and
parameters of our method and system. Note that our ranging
resolution power was at most 1.42 cm, which was determined
by the interval of TOF dz. The reconstructed space S set to be
{-0.5 <x< 0.5} when the reflected sound field was visualized
as an acoustic holography, and {-0.2 <x< 0.2} when the P,y
was calculated. Our computer model was a Pentium R4,
3-GHz PC/AT compatible.

Table 1 Configuration and Parameters
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Specification of Sound Source or Data Acquisition

Source Frequency 0.8 — 4.0 kHz
Sampling Frequency 48 kHz
Pulse Duration T, 125 ms
Measurement Period T, 14.5 ms
Interval of TOF d7 0.042 ms

Configuration of Measurement Plane

Length of Measurement Plane 0.2 m
Number of Measurement Points 8

Parameter of AH Analysis
-0.5<x<05m

R« tructed S N
econstructed Space 03<z<15m

. x-axis: 200
Resolution of Reconstructed Space \

z-axis: 30

Window Width 7,/ 1.25 ms

-
Fig. 3 Our ranging system
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Fig. 4 Ob}ects used in our experiments
The sound card was an M-audio Delta 1010, the speaker was
a Generic 1029A and the microphone was a CONTRYMAN
B3. The environment in which experiments were conducted is
shown in Figure (3). The obstacles and hidden objects used in

WeB2.3

our experiments are shown in Figure (4).

IV. EXPERIMENT

We conducted two kinds of experiments as described in
sections A and B. Note that limitations of our method in
regard to obstacle shape and size were not investigated
because an omni-directional sound source is more appropriate
for investigating them. It is very difficult to manufacture such
a source.

A. Performance of ranging system based on audible sound

Range finders based on low-frequency sound have poor
distance resolution. However, the degree of acoustic
diffraction will increase as sound frequency decrease. We
determined a suitable frequency that enables ranging accurate
to within 3 centimeters. We also designed an optimal
modulated signal.

Experimental Conditions: A tabular object (plate) described
in Figure (4-A) was located in front of the microphones as
shown in Figure (4). The plate was 20 cm on each side. The
distance from the plate to the microphone was changed
between 0.5 and 1.2 m at 0.05-m intervals. We estimated
distance d, using ry or P,y. ry, was calculated using the
measurement signal obtained from Microphone 1, as shown
in Figure 6. P,y was calculated using measurement signals
obtained from 8 microphones. When using rg,, we used 5
kinds of modulated signals defined as Equations (9-1) to
(9-5).

z A:
|
|
|
1
1
1

|
Object

dy

Miicrophone array

-------- B

Mic.1 w Speaker

Fig. 5 Experiment 1

Pure tone: f() = sin(27ft) (9-1)
AM: £(t)=0.5-(1+cos(27f, 1)) - sin(27ft) (9-2)
FM: (1) = sin(27fi +8sin(27/ 1)) (9-3)
Chirp: [() = sin(27fi(1+ Br)) (9-4)
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sin(27ft) 0<t<0.5T,

. > (9_5)
sin(2aft +7x) 0.57, <t <T,

BPSK: f(t) ={

where f'is basic frequency; it was alternated between 0.8, 1.6,
2.4, 3.2 and 4.0 kHz. We set f,= 200, f;= 200 and B = 500.
When using Py, the source signal was pure tone because AH
only works with stationary signals.

Results: Figure (6) presents the average and standard
deviation values of errors for distances estimated from ry,
using the pure tone signal. We determined that a 3.2-kHz
sound is most suitable for this ranging method, whose
resolution distance is smaller than 3 cm.

35

| Error Avg. - Avg+0.5*Std. - Avg.-0.5*Std.|
30 - - JT— — — — - _ _ _ . -4

25 |

20 -

Estimated distance error [cm]

0.8 1.6 2.4 3.2 4.0

Frequency [kHz]
Fig. 6 Distance estimation using pure tone signal
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(AH)
Fig. 7 Distance estimation using variant signals
Figure (7) presents average error values for distances
estimated from r,, and P,y by using the 5 modulated signals.
Ranging accuracy worsened as the degrees of modulation of
the source-signal frequency increased. If we had used
ultrasound, this result should be opposite because linearity
between the transmission and the measurement signals
decreases due to sound reflecting from a 2-D surface when
low-directivity sound is used. Range accuracy with P,y was
slightly worse than with .. We thought this was caused by
sound constructive interference, which was not negligible
when the target object surface was wide to some extent.

WeB2.3

B. Range finder of the hidden object using ry, amd P4y

We set two objects in front of the microphones with one
hidden directly behind the other. First, we showed that SNR
improved when we used P,y. Next, the distance to the hidden
object was estimated from P,y Then, we examined the
accuracy of the estimated distance.

Experimental Conditions: A plate (described in Figure
(4-B)) and a ball (described in Figure (4-A)) were located as
shown in Figure (8). The plate was 20x20 cm, and the
diameter of the ball is 20 cm. The objects were located as
follows: d; was changed between 90 and 120 cm at 5 cm
intervals by fixing d, at 50 cm, and d,, was changed between
30 and 80 cm at 5 cm intervals by fixing d- dy at 40 cm. The
number of measurement points was 11+7-1=17. The 3.2-kHz
pure tone signal was used as the sound source. We estimated
distance d’; to the hidden object with Equation (10), where
we transformed r,, and P,y into functions of d by using
Equation (4). To compare r,, with P,y appropriately, the
microphone (1) described in Figure (8) was used for
estimating d;, because the microphone or microphone (8)
could receive most sufficiently the sound reflected from the
hidden object than other microphones.

d'|= argmax {r,,(d)or Py (d)}.
dy+03<d<1.4

(10)

We determined ranging accuracy using d ;.

z A
1
1
1

| Hidden Object
| (Plate, Ball)

Obstacle
d, d, (Plate, Ball)

RN

v v Mi?crophone array
-------- A

Mic.1

X

-/ Speaker

Fig. 8 Experiment 2

Results: Figure (9) shows r,, and P4, when two balls were
located at dy = 0.4 and d, = 0.8 m. The reflected sound signal
from the hidden object was sufficiently obtained in 7, and
Py. The SNR in P,y was better than that in 7. The intensity
peak around at d = 1.6 m resulted from the wall of our
experimental room.

Table (2) shows the accuracy results of d’;. P4y was used to
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more high-accurate estimation of d; than r,, especially when
the ball was the obstacle. However, when the plate was the
obstacle and the ball was the hidden object, d; could not be
estimated by using P,y or 7. These results arise from degrees
of acoustic diffraction, which depends on edge forms of target
objects. Figure (10) presents P,y when the two plate was
located at (0.6, 1.0 m), (0.6, 1.1 m) and (0.6, 1.2 m). As
shown in the figure, the peak of sound signal reflected from
the hidden object was weak and gentle, although it indicates
significantly the distance to the hidden objects.

Ball Ball

50000 B ‘PURE TOME 4,0 kHz

40000

30000
V
«

20000

10000

0
1 1.2 1.4 1.6 1.8
1.79333, 14953.7 .
Distance d [m]

400000 PURE TONE 4.(.1 kHz

380000

300000

250000
o)
< zoomo

150000

100000

50000

. : ] :
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
1,82670, 25370,0 D]Stance d [m]
Fig. 9 ry and P,y for 2 balls located at 0.4 and 0.8 m
Table 2 Distance estimation using Py
Obstacle Plate Plate Ball Ball
/ Hidden Object / Plate / Ball / Plate / Ball
Avg. |d'\~d,| (cm)
P, 6.4/6.7 12.2/14.4 5.4/6.0 5.5/9.3
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Fig. 10 ry and P,y for 2 balls located at 0.4 and 0.8 m

1.4

V. DISCUSSION

P, was a better ranging function than 7, for the SNR, it
was not for ranging accuracy. The length of the measurement
area has to be longer than the wavelength of the sound source
when applying AH. From these perspectives, r,, might be a
useful ranging function for small objects, and P,y is suitable
for estimating distances to objects hidden by a large obstacle,
such as a wall. Furthermore, AH is generally used to analyze
3-D sound intensity fields. Holographs of reflected sound are
shown in Figure (11).

From Figure (11), detection of the plate is better than that
of the ball. This is due to the higher intensity of the reflected
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P(u, )
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/
Ball Ball

Fig. 11 Two-dimensional acoustical holographs of sound reflected fromobstacle,
object, and wall

sound arising from the planar surface of the plate, which bears
high reflectance. Similarly, the wall is also visualized in the
holography.

The holography contains noise in the vicinity (0.4m-0.6m
of the z axis) of the obstacle. This results from the
characteristic of the acoustical holography which is premised
to apply for far-field sound intensity analysis. One means of
resolving this issue is to integrate our method with NAH,
which is used for near-field sound intensity analysis.

VI. CONCLUSION

We developed a method to estimate the distance to objects
hidden by obstacles by using acoustic diffraction of audible
sound. Time-of-flight with 3.2-kHz audible sound was used
to estimate the distance to an object accurate to within 3 cm
and the distance to an object hidden by an obstacle accurate to
within 6 cm. Additionally the SNR of the measurement signal
reflected from a hidden object was increased by combining
AH and TOF. Our method was effective for estimating
distances to two objects of the same size within a 1.2-m depth
range.

We have been faced some issues; the distance to the
hidden object cannot be estimated when assuming obstacles
of variant shapes. We will investigate whether delayed sum is
more practical for solving this problem than our current
ranging method. Diffracted waves reach each microphone
with some time delay. Delay time can be determined
geometrically if the distance and size of an obstacle are
obtained from a camera system. However, a high-frequency
sampling (at least 192 kHz) sound card is needed to capture
this time delay. Our current system does not have that
capability. We will report about this approach in our next

paper.

(1]
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