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Abstract

This paper discusses the use of ultrasgunabbile robot navigation. Two methods employargarray of
transducers are described, namely the Phased-ARAy method and the Maximum-Likelihood-Estimation
(MLE) method. These two methods are compared wigh donventional Time-of-Flight (ToF) method. The
paper shows that the PA method has advantagesasugfiving focused beams and allowing efficient beam
steering. Limitations of the method are discusgeadyding the need to assume a far field and traevailability
of suitably-sized transmitters. The MLE method hae advantage of only involving one transmitter.
Experimental results show that the locations ofréfeectors employed with this method can be regmeed in a
probability map and reliability can be improveddhgh the use of multiple receivers.
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1. Introduction applied to mobile robots, either entirely relying o
mono-camera or stereo-cameras, or working together

Ultrasound has been widely applied to distance with other methods, such as sonar or infrared.
measurement for mobile robots and in many other However, due to their immaturity and the complexity
applications. Its advantages, including low cost, of the operating environments, there is still aglon
reasonably good accuracy and robustness, over othemway before they are usable in the real world.
techniques are significant. Despite these advastage From a practical point of view, ultrasound is not
and its popularity, its importance has declined, as replaceable by any other of the available
alternative techniques, such as laser rangers andtechnologies at present. There are a number of
vision techniques, have started playing a majoe rol reasons why it has not been utilised as extensagly
in mobile robot navigation tasks. other techniques in the past. One main reasorats th

In recent years, laser range-finders have beento implement an advanced signal processing
considered as standard navigation sensors that arealgorithm, there is an associated high cost and
equipped on many mobile robots for accurate sensing complexity of hardware which has become a major
However, the technology is Ilimited to non- barrier. This kind of hardware will normally reqeia
transparent objects, such as walls, because materia high sampling rate and multiple channel data
such as glass will allow light to pass through. The acquisition system with a high speed computation
performance will also be influenced in environments unit. Nowadays, the decreasing cost and fast growth
where the laser range-finder is exposed to strong of such devices has made it feasible to improve the
direct light. Vision-based techniques have been performance of ultrasound sensing with more
actively researched in the past few decades andadvanced techniques.



This paper will first review the Time-of-Flight
(ToF) method and its improvement, and then will

the recognition of object geometric features byyonl
using the conventional ToF method [5]. Instead, to

discuss two approaches using ultrasound transduceridentify the features, multiple measurements mest b

arrays. The first one is an active phased arrajctwh
is similar to the techniques that have been widely

performed from various positions and angles. The
shape of an object will be identified with a spatia

used in medical human body scanning. The other one consistency consideration.

is a novel passive technique based on the stalistic
Maximum-Likelihood-Estimation (MLE) method.

2. Time of Flight (ToF) and its improvement

The most commonly used method of ultrasound
range-finding for robot navigation is the ToF
method, which simply emits a short period of pulses
and receives the first reflected signal by a tholbsh
detection criterion. As the time of emission is wno
and the time of arrival can be measured by takieg t
first threshold crossing, the distance can be then
calculated by the following equation:

| =c(t, - t,)/2 )

wherel is the distanceC is the sound speed in air,
t, andt, represent the times of arrival and emission
respectively.

Although the ToF method has received a great
deal of interest from researchers due to its siiipli
and reasonably good accuracy, there are obviously
some deficiencies, including vulnerability to the
effects of external noise, interference when midtip
channels are used and low consistency of timing
threshold crossing.

3. Active phased array
3.1. Theory

One main property of an ultrasound transmitter
is its radiation directivity, which can be consieéras
a cone shape at its corresponding angle. For
navigation applications, a narrower beam of radati
will be better in determining the location of a
detected obstacle. In contrast, a wider beam will
cover more area and will be able to detect more
objects, but with the disadvantage of a lower

performance of the ToF method. By observing the

bearing angle is usually wide, and consequently it

actual sonar waveforms, a parametric model of such Will be difficult to provide a high resolution obgect

ToF method by employing a parabolic fitting

robot. An ultrasound phased array can be used to

method, which used a pre-defined wave-front model Overcome this problem by narrowing the beam width
to numerically fit the received signal [1]. BarsHzas ~ t0 Some extent. On the other hand, the phased array
also compared four different ToF methods [2], and Will allow the radiation beam to be steered
concluded that a more sophisticated method of electronically. This is an important _feature Fheitl w
applying cross-correlation to localise the wave he!p_ a robot scan its surrounding environment
arrival outperformed the other three methods. efficiently. .

Instead of only measuring the distance, many .The principle of the uItrasou_nd phased array is
researchers have also tried to use the ToF method t Similar to the radar theory, and it has been used i
identify the geometrical features of objects, sash ~ SOme medical and industrial inspection applications
walls, edges, and corners. These capabilitiesheill ~ Such as Non-Destructive Testing (NDT). In-air
very useful for navigation algorithms that are lhse @pplications have not been investigated and
on geometric features. Binaural structures with one researched as extensively as have those for liouid
transmitter and two receivers have been studied for Solid mediums. In [6], a phased array has been
this purpose [1]. In [3], a wide beamwidth ultrasdu mtroduc_ed for the mobile robot navigation
transducer arrangement was used to measure the2Pplication.

geometric position of plane reflectors. Similarts;

aural systems have also been of interest to disthg

corners or walls from ambiguous measurements [4].
Moreover, some work has been undertaken on

Fig. 1 depicts the structure of a phased array.
The ultrasound transmitters in the array are plated
an equal aperturd in a line, and will be driven in
sequence with specific time-delays.
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Fig. 1. Linear array of equally spaced elements

For an excitation to all transmitters with an
initial phase and unit amplitude, the transmitted
signals in the far-field area can considered daaap
wave, and can be formulated as [6][7]:

E(g) = | gi(i-D(kdsing) 2

i=1

where g is the angle of the observing poim, is

the number of elements, amdis the wave number.
The intensity pattern can be derived from the above
equation and simplified into the form:

_|sin[Nkdsing/2]|
| sin(kdsing/2) |

E(q)| ®)

sin[(Nkd/2)(sing - sing)]|
sin[(kd/2)(sing - sing)] |

E@.a) = |10) (5)

In order to obtain the distance of an object, the
conventional ToF method will not be suitable
anymore. Instead, it is suggested that one recéwer
mounted at the centre of the array and the pealeval
of the received signal used to estimate the distanc

[6]. The relationship between the peak tiﬁgeand

the time of threshold crossirlg, is derived, as:

t, =tor +2/8 (6)

where @, is a parameter associated with the assumed

model of the received signals. Details of these
derivations can be found from [6], where a simple
experiment has also been introduced.

3.2. Discussion

To verify the feasibility of using the ultrasound
phased array in air, the quality of the steered
radiation pattern is essential. It can be seem f&q.

5, that the pattern is related to the selectiorthef
following two factors: the number of elemeiNsand
the aperture between two adjacent elemehtdn
addition, it should be noted that the phased acaay
be only held with the far-field assumption, which
also relates to the value Nfl.

Eliminating the effect of the non-isotropic
properties of the transmitters, the radiation patte

In this equation, each element is assumed to be can be calculated. Fig. 2 shows an example of such

isotropic. When the direction radiation profitg; )

and the normalisation are taken into consideration,
the intensity pattern can be expressed as:

sin[Nkdsing/2]|
sinkdsing/2) |

E@)=~|0) @

To steer the main beam electronically, the array
elements can be driven at varying times, which can
be determined by the phase difference. For a stgeri

angle g, , the phase difference between two adjacent
elements will bekdsin(g,). Then, the normalised
radiation pattern can be expressed as:

an array of 8 elements and 16 elements respectively
The pattern is symmetric because it is only depende
on the value oking. It can be seen that the main
beam is concentrating at the angle 0. More elements
will narrow the beam width.

The apertured between the two elements will
also affect the result. Fig. 3 shows two radiation
patterns with a steering angle of 20°, whekds set
to one wavelength and a half wavelength
respectively. It can be seen that the first one d&as
slightly narrower beam, but with a very strong side
lobe, which will cause uncertainties in measurement
By contrast, the second one has a distinct maia lob
at the desired angle.
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Fig. 2. Normalised intensity patterns of 8 and Esnent
phased arrays
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Fig. 3. Radiation patterns of two 8 element phaseys,
steering at the angle of 20°.

However, the ultrasound transducers in this
range are not produced in as small a size as exfjuir
in the above theory. Therefore, the most miniature
ones that are commonly available in the market will
be evaluated. The diameter of the transmitter ahose
for evaluation is9mm which is similar to the
wavelength of its resonant frequency4®KHz To
optimise the configuration, all eight elements are
placed with no gap in a line, so thatwill be in
effect9mm

In this case, strong side lobes will be
unavoidable. However, taking into account the
directivity properties of the transmitters, careful
engineering selection of the scanning area wilphel
minimise the uncertainty. This will need to be ffignt
verified with experiments.

In addition, as this is based on the far-field
assumption, it is necessary to evaluate the
configuration and validate the effective area that

satisfies the far-field requirement. Therefore, $ime
of the whole array apertur§d needs to be much
smaller than the effective distance. Rigorous
derivations can been found in several places in the
literature.

In this configuration, the array sizéld is
8" 9=72mm. For example, if the restriction is set to
8 times more thaiNd, then the minimum reliable
distance would b&7emm. In this case, it is slightly
bigger than that used in the conventional ToF
method, which normally allows closer measurement
of at leastlsomm. However, it is still acceptable in
most indoor or outdoor environments.

4. A passive array technique based on MLE
4.1. Theory

As mentioned before, the cross-correlation
technique has been proved to be an accurate means
of determining the time of arrival. The peak vabfe
the correlation coefficients indicates the time &fg
the main reflector, and other reflectors can be
represented with some local corresponding
maximums in the correlation coefficients.

However, performance of the ultrasound method
can be prone to specular reflections, weak diffused
reflections, and external noise. Moreover, multiple
objects will result in multiple echoes in the reessl
signals. All these will cause uncertainties
determining the locations of reflectors.

To reduce the ambiguities, the Maximum-
Likelihood-Estimation (MLE) method can be applied
to enhance the contrast between the real reflestion
and ambiguities. One very popular method of
localising sound sources is using an array of g8nso
such as the beam forming method or other similar
schemes. However, due to the unsuitability of the
high-end hardware requirement of acquiring signals
from a large number of sensors at a high sampling
rate, here the number of sensors is reduced to four

In this configuration, four receivers with one
transmitter are used, as shown in Fig. 4. When a
series of pulses is emitted, the four sensors will
receive signals reflected by objects from different
directions. In the following experiments, a high
speed data acquisition system is used to captere th
signals at a sampling rate ®90 kHz

in
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Fig. 4. Array of four receivers and one transmitter

The likelihood distribution can be described with
the Bayesian rule that the posterior probabilityaof
source at locatioh is expressed as [8]:

P(X1, %9, X3, X4 | L, S)P(L,S)
P(Xq1, X, X3,%4)

@)

P(L,S|X, Xz, X3, %4) =

In the simplified condition, the signal model at
the i th sensor is assumed as:

%(t) =as(t- £;)+n(t) (8)

where & denotes the attenuation factor during the
wave propagation and(t - #;) is the source signal.

n(t) and f, represent the external noise and the

time delay respectively. Hence, the probability ca
be expressed with the Gaussian distribution as:

P, %, %5, %, | L, 5)

=QP(x LS9

i=1 9
4 WX () as]®
— ée to-W 2s?
i=1
where
(t+2¢)- as(t))
(x+2)- as() )

=x(t+t)+a’s*(t) - 2ax(t+¢,)s(t)

The second terms(t) is a constant and
independent from the estimated locatiorSimilarly,

X(t+1,) is the received signal with a shift 6f,

the integral of it over the whole acquired lengtil w
have little effect to the result. Therefore, thése
terms can be ignored. The logarithmic likelihood
function can thus be yielded as:

1 4 totW
|np:? Ly 2axtre)stydt+ A (11)

=1 °

where A represents the value of the ignored terms,
ands; is assumed the same for all four channels and
is represented by here. To further simplify the

equation, & is also assumed equal. Then, the

likelihood will totally rely on the summation of ¢h

correlation coefficients between the source signal
4

the received signals from all channels R, (¢;) -
i=1

4.2. Experiments and discussion

In order to evaluate the performance the
proposed method, a good model of the source signal
will be necessary. Here, a real received signaséex
instead of directly employing an estimated model.
Fig. 5 shows a typical source model and Fig. 6 show
an example of a received signal with multiple echoe
where the first object (a piece of paper of A4 kize
was placed 000mmaway in front of the array.
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Fig. 5: A typical source signal model.
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Fig. 6. Areceived signal with multiple echoes.



Fig. 7 illustrates the result from the MLE
calculation. Higher amplitude indicates a higher
probability of the target presence.

Fig. 7. Result of the MLE method.

This experiment has shown a higher probability
at the distance ofl000mm although ambiguities
have also been introduced at some other locations.
They will need to be filtered out by using some
additional processes, such as choosing proper value

for & . A second lobe can be seen at the distance of

about2700mm corresponding to the second echo in
the received signal (Fig. 6). Moreover, this
experiment can actually be considered as a multiple
objects problem, because the reflections to differe
sensors were induced at different positions on the
planar object. A smaller object will produce a t@gh
intensity of the MLE at the corresponding position.
With regard to the resolution, the widths of thbde

in the MLE highly depend on the length of the
transmitted pulses. Another issue associated with
resolution is the sampling rate and the signal
frequency. However, it is not practical to use ayve
fast data acquisition system on a mobile robot.

The MLE method has been discussed with both
theoretical and experimental analyses. The reiigbil
and robustness can be enhanced considerably with
this method. The potential of identifying multiple
objects has also been discussed.
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