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ABSTRACT

RADIUS OF CURVATURE AND LOCATION
ESTIMATION OF CYLINDRICAL OBJECTS WITH
SONAR USING A MULTI-SENSOR
CONFIGURATION

Ali Safak Sekmen
M.S. in Electrical and Electronics Engineering

Supervisor: Assist. Prof. Dr. Billur Barshan
July 1997

Despite their limitations, sonar sensors are very popular in time-of-flight
measuring systems since they are inexpensive and convenient. One of the most
important limitations of sonar is its low angular resolution. An adjustable
multi-sonar configuration consisting of three transmitter/receiver ultrasonic
transducers is used to improve the resolution. The radius of curvature es-
timation of cylindrical objects is accomplished with this configuration. Two
different ways of rotating the transducers are considered. First, the sensors are
rotated around their joints. Second, the sensors are rotated around their cen-
ters. Also, two methods of time-of-flight estimation are implemented which are
thresholding and curve-fitting. Sensitivity analysis of the radius of curvature
with respect to some important parameters is made. The bias-variance com-
binations of both estimators are compared to the Cramér-Rao lower bound.
Theory and simulations are verified by experimental data from real sonar sys-
tems. Data is smoothed by extended Kalman filtering. Rotating around the
center works better than rotating around the joint. Curve-fitting method is
shown to be better than thresholding method both in the absence and pres-
ence of noise. The best results are obtained when the sensors are rotated
around their centers and the curve-fitting method is used to estimate the time-
of-flight. There is about 30% improvement in the absence of noise and 50%

improvement in the presence of noise.
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OZET

COKLU SONAR DUZENLESIMI KULLANARAK
SILINDIRIK CISIMLERIN YARICAP VE KONUM
KESTIRIMI

Ali Safak Sekmen
Elektrik ve Elektronik Miihendisligi Boliimtu Yiksek Lisans
Tez Yoneticisi: Yrd. Do¢. Dr. Billur Barshan
Temmuz 1997

Ucuz ve kullanimlarmin kolay olmasi nedeniyle, bazi simirlamalar: ol-
masina ragmen, sonar algilayicillar ugug zamam Olgimlerinde ¢ok sik
kullanilmaktadirlar. Sahip olduklart smurlamalarin ilki  digiik agisal
coztintrliiktir. Bu calismada, ¢ozintrligi arttirmak icin, ti¢ adet alici/verici
ultrasonik sonar algilayicidan olugan ayarlanabilir ¢oklu sonar duzenlegimi kul-
Janildi. Bu diizenlesim ile silindirik cisimlerin yaricap kestirimleri yapilda.
Algilayici déndirimiinde iki yontem kullanildi.  1lk olarak, algilayicilar
askilary etrafinda dondirildiiler. Ikinci olarak algilayicilar merkezleri etrafinda
déndiiriildiiler. Ayrica, ucug zaman: kestiriminde de esikleme ve egri-uyarlama
yontemleri uygulandi. Ayrica kestiricilerin bagarimini saptamak i¢in Cramér-
Rao alt sinir kargilagtirmas: yapilmigtir. Analiz ve benzetim sonuglari, gergek
sonar sistemlerinden alinan veriler kullanilarak desteklenmigtir. Genigletilmisg
Kalman stizgeci ile veri diizlestirilmigtir. Algilayicilarin merkezleri etrafinda
dondirtilmeleri daha iyi sonug vermigtir. Egri-uyarlama yonteminin esikleme
yonteminden daha iyt caligtigi gorilmustir.  Egri-uyarlama yonteminin
giiriiltiisiiz bir ortamda yaklagik %30 ve glraltild bir ortamda yaklagik %50

daha iyi sonug verdigi gézlemlenmistir.
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LIST OF SYMBOLS

Prmaz propagation pressure

Tmin minirmnum range

r range

Ji(.) Bessel function of first order

a radius of the transducer

0 deviation angle

0, half beam-width angle

A wavelength

Pe reflection coefficient

Anas maximum amplitude

to time-of-flight

fo resonant frequency

d transducer separation

hot distance between the central transducer and the object
hi distance between the left transducer and the object
hr distance between the right transducer and the object
R radius of curvature

Tol range of the central transducer

™ range of the left transducer

Tp1 range of the right transducer

To2 range of the central transducer after rotation

T2 range of the left transducer after rotation

T2 range of the right transducer after rotation

o inclination angle of the left transducer

n inclination angle of the right transducer

c the speed of sound

¢ rotation angle of the left transducer

] rotation angle of the right transducer

R radius of curvature estimation after rotating the left sensor
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R, radius of curvature estimation after rotating the right sensor

R radius of curvature estimation after rotating the sensors
() radius of curvature estimate

AR perturbation on the radius

Ahy perturbation on A

Ah perturbation on A,

ok standard deviation of R estimate
b*(R) bias of R estimate

o2 standard deviation of r estimate
b*(r) bias of r estimate

ag standard deviation of # estimate
b*(0) bias of § estimate

w, noise on hyy

wy noise on hj;

w, noise on h,q

Z measurement vector

p(z|r, 0, R) conditional probability density function of z

x(k) state vector

z( k) observation vector

(k) Jacobian matrix

maximum likelihood estimate of range
maximum likelihood estimate of angle
maximum likelihood estimate of radius
Fisher information matrix

error correlation matrix
measurement noise correlation matrix

state covariance matrix

H

p

0

R

J

C

Q process noise correlation matrix
R

P

P residual covariance matrix
A%

filter gain matrix
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Chapter 1

INTRODUCTION

Ultrasonic sensors are a convenient and inexpensive means for a mobile robot, to
build a model of its environment. However, these sensors have some limitations
such as high beam-width which makes it difficult to localize objects correctly,
and multiple reflections which may be difficult to interpret. In order to decrease
the effect of these limitations, an adaptive multi-sensor configuration is used,
composed of three transmitter/receiver ultrasonic transducers. This way, the
radius of curvature and location of the reflecting object can be estimated. With
the estimation of the radius of curvature, different types of reflectors such as
walls, cylinders and edges can be discriminated. For large values of radius, the
object can be assumed to be a planar wall, and for values close to zero, the

object can be assumed to be an edge [1].

Barshan and Kuc differentiated sonar reflections from corners and planes
by using a multi-transducer sensing system [2]. Kuc used a system which
adaptively changes its position and configuration in response to the echoes
it detects [3]. In [4], Kleeman and Kuc classified the target primitives as
plane, corner, edge and unknown, and showed that in order to distinguish
these, two receivers and two transmitters are necessary and sufficient in a
non-adaptive configuration. In [5], Sasaki and Takano showed that the echo
signals from the same object in different locations may have more variation
than that from different objects. In order to decrease the limitations of sonar,
Flynn used a multi-sensor configuration consisting of infrared and sonar sen-
sors [6]. In [7, 8, 9], acoustic sensors were used for sonar mapping. Ohya
and Yuta investigated how the information obtained by the ultrasonic sensor
is affected by the characteristics of the sensing systems such as sensitivity and
directivity [10]. In [11], Sabatini illustrated that advanced filtering methods



are required for making data more accurate and reliable. He also proposed a
digital-signal-processing technique for building a transducer array capable of
automatically compensating for variations in the speed of sound due to tem-
perature or any other atmospheric conditions [12]. Curran and Kyriakopoulos
used an extended Kalman filter to combine dead-reckoning, ultrasonic, and
infrared sensor data to estimate current position and orientation of a mobile
robot [13]. Webb, Gibson and Wykes used novel sensors to measure the range
and bearing of a target and guide the robot [14]. In [15, 16, 17], acoustic sensors
were used for robot navigation. In [18], Ko, Kim, and Chung used sensors to
extract multiple landmarks for the indoor navigation of a mobile robot. Chang
and Song solved the beam-opening angle problem by fusing data from multiple
ultrasonic sensors [19]. In [20, 21, 22], a sensor with the flexibility to track 3-D
targets which are not necessarily in the same horizontal plane as the sensors is
investigated. Moreover, radius of curvature estimation is important in image

analysis to provide viewpoint-independent cues for shape classification [23].

In this thesis, the work done in [1] and [24] is extended to an adaptive
tri-aural sensor for improved radius of curvature and location estimations of
targets. When the object and the sensor are not perpendicular to each other,
there is an exponential decline in the amplitude of the reflected sonar signal
which decreases the signal-to-noise ratio. In order to avoid this problem, an
adaptive tri-aural sensor is developed. Depending on the location of the object,
the sensor can rotate its transducers to get a more accurate radius of curvature
estimation. First, a tri-aural sensor composed of three sensors is employed.
According to the measurements made with this set-up, the peripheral sensors
are rotated around the joints. Also, the case in which the sensors are rotated

around the centers is investigated.

In Chapter 2, background information on sonar sensors is given. The main
reason why the sonar sensors are rotated is discussed. Also, rotated configura-

tions of the sonar sensors are illustrated.

In Chapter 3, radius of curvature estimation is described. In order to es-
timate the time-of-flight values, two different methods are used. First, the
traditional thresholding method is tested which is fast but biased and sub-
optimal. Second, the curve-fitting method which is slower but more accurate
compared to the thresholding method is used. The sensitivity of estimation to
the distance between sensors, the true radius, and the range is investigated.
In Section 3.1, the case in which the sensors are rotated around their joints is
investigaied. In Section 3.1.1, the sensitivity analysis of the radius of curvature

is performed. In Section 3.2, the case in which the sensors are rotated around

2



their centers is investigated. Noiseless and noisy cases are studied separately.
In order to obtain reliable results in a noisy environment, a 100-iteration Monte
Carlo simulation study is performed. In Section 3.3, the curve-fitting method
is described. In Section 3.4, in order to evaluate the estimation performance,

a comparison with the Cramér-Rao lower bound is made.

In Chapter 4, the radius of curvature estimation is extended to location

estimation.

In Chapter 5, an extended Kalman filter is used to estimate the radius of

curvature and location of cylindrical objects.

In Chapter 6, the experimental results of both thresholding and curve-fitting

methods are presented.

In Chapter 7, conclusions are drawn and directions for future work are

motivated.

In Appendix A, the details of the Cramér-Rao lower bound calculation are
given. In Appendix B, the model for the extended Kalman Filter which is used
to estimate location and radius of curvature of cylindrical objects is detailed.
In Appendix C, the properties of chi-square distributed random variables are
presented. In Appendix D, the computer programs with which the simulations

are performed and the experimental results are analyzed are presented.



Chapter 2

SONAR SENSING

In this chapter, some properties of sonar sensing are discussed. The multi-sonar

configuration is introduced and the reasons why this configuration is used are

given.

2.1 Acoustic Transducers

Ultrasonic transducers are acoustic devices having a resonant frequerncy higher
than 20 kHz. They have been used widely in burglar alarm systems, proximity
switches, anti-collision devices, counter for moving objects and TV remote
control systems. Since the characteristics of the sound produced by an acoustic
transducer change with distance, the near-field region (the neighborhood of the
transducer) and the far-field region (beyond the near-field) are investigated
separately. The near-field region is called as Fresnel diffraction zone and the
far-field region is called as Fraunhofer zone [25]. The expression for the sound
pressure within the near-field is relatively complex, and not in the scope of this
thesis. The far-field characteristics at range r and angular deviation 0 for a
single frequency of excitation is described by [26, 27]

__ PmazTmin Jl(ka sin 0)

A(r,0) = for T > Pmin (2.1)

T kasin @
where Ji(.) is the Bessel function of first order, and pp,. is the propagation

pressure amplitude on the beam axis at range rmi, along the line-of-sight.

The half beam-width 6, in the far-field region corresponds to the first zero

of the Bessel function in Equation 2.1 which occurs at kasinf = 1.227 and the
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Figure 2.1: The main lobe of the radiation pattern of the Polaroid transducer.

following equation is obtained for the half beam-width angle [28]:

0. = sin-! [0.61)\}

a

where A = ¢/ f is the wavelength, and a is the radius of the transducer.! The

radiation pattern is shown in Figure 2.1.

Since a range of frequencies around f, are transmitted, the correspond-
ing beam patterns are superposed and the resulting beam pattern can be ap-
proximated by a Gaussian beam profile centered around zero with standard
deviation og = & [16, 27]:

02

“~ 7' . — —
A (r,0) = Me 255 for > Poin (2.3)

Since the position and radius of curvature of cylindrical objects are going
to be estimated, a reflected sonar signal model for cylindrical objects is needed.
The signal model is basically a sinusoidal enveloped by a Gaussian which is
given by [27, 29]:

t—to—-—*-—? 2
Ama:z:ri/gn '"'9‘27 “( 2 ) .
A(r,0,d,t) = P ¢ “oe % sin[2r fo(t — to)] (2.4)

where p. is the reflection coefficient depending on the radius of curvature (for
r > 5cm, p. = 0.0044946 R —0.0022471 [29]), Amaz is the maximum amplitude,
» is the distance between the sensor and the center of the object, rmin = a?/A
(a is the radius of the transducer aperture, 0.65 cm for the Panasonic and 2

le=3314 5% m/s, where T is absolute temperature in Kelvin. At room temperature,

¢ = 343.3 m/s.
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2.2 Tri-aural Sensor Configuration

In this study, a tri-aural sensor composed of three sensors was employed as
shown in Figure 2.3. Fach one of the transducers is sensitive to echo signals
reflected within its beam pattern. The actual beam pattern is similar to the
region illuminated by a flashlight. All members of the tri-aural configuration
can detect targets located within the overlap of the three beam patterns, which
is called the sensitivity region, as illustrated in Figure 2.4. In fact, the bound-
aries of the sensitivity region change with the type of object. For example, for
edge-like or pole-like targets, this region is much smaller but of similar shape,

and for planes, it is more extended.

b b b
&> —> —
~ P L | RN -

lem { { lom

Figure 2.3: The tri-aural configuration where the sensors are aligned.

As seen from Equation 2.4, when the object and the sensor are not perpen-
dicular to each other (8 # 0°), there is an exponential decline in the amplitude
which decreases the signal-to-noise ratio. Hence, information provided by sonar
sensors is most reliable when the object is perpendicular to the sensor, and at
nearby ranges due to the 1/r%? term in Equation 2.4. Because of this, the
transducers are rotated to make them orthogonal to the object. In this study,
two methods to rotate the transducers are used. First, the sensors are rotated
around their joints as shown in Figure 2.5. Second, the sensors are rotated

around their centers as will be shown later in Figure 3.14.



Figure 2.4: The beam patterns of the sensors (within dotted lines) and their
sensitivity region (within solid lines).

\ /
dem 4em
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Figure 2.5: The tri-aural configuration where the peripheral sensors are rotated
around their joints.



Chapter 3

RADIUS OF CURVATURE
ESTIMATION

In this chapter, radius of curvature estimation of cylindrical objects is de-
scribed. Two different ways of rotating the sensors are investigated. Two
methods are used in order to estimate the time-of-flight. Sensitivity analysis
for radius of curvature estimation is performed. Finally, the performances of

the estimators are compared to the Cramér-Rao lower bhound.

3.1 Sensors Rotated around their Joints

Figure 3.1 illustrates the object and the tri-aural configuration.

As seen from Equation 2.4, in order to model the sonar signal, the time-of-

flight information is needed.

The following algorithm describes how the sensors can be rotated with

respect to the target location in the simulations:

e Take the true values of h,, R,d and 0.

o The true distances between left transducer and the surface of the ob-
ject (hn), and right transducer and the surface of the object (k1) are



computed from the geometry:

hyy = \/7'31 +d? —2dr,;sinf — R
hiy = /r3 +d®+2dr,; sinf — R (3.1)

e The distances of the three sensors to the center of the object and their

inclination angles are calculated:

m = hy+R
Tol = hol + R
Tr1 = hrl + R (32)

2 2 2
0 = sin~! T —Tm —d
2(17‘01

oy (rh oy +d?
a = sin” | ——F/——
2dT]1

2 _ 2 2
- snt (Tt d o
n = sin ( S ) (3.3)

o The signal from each sensor is modeled by finding the time-of-flight val-

ues corresponding to h,y, Ay and hyg.

e For the central sensor: too = 2—’1;01 , normal angle = 6.
For the left sensor: tol = 2}2 , normal angle = a.
IFor the right sensor: tor = 2—hc’-L , normal angle = 7.

e The signals are modeled according to Equation 2.4 by using the time-of-

flights obtained. The following model parameter values are used:

A =1 cm

Pmin =10 cm

pe = 0.44946 R — 0.022471
fo =50 kHz

¢ = 34350 cm/s

e White Gaussian noise AN'(0,0) is added to the signal at every 1 us and

the noisy signal model is obtained.
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The noiseless and noisy signal examples are shown in Figure 3.2(a) and

(b) respectively.

e The time-of-flight can be estimated by choosing an appropriate thresh-
old. In this case, the threshold is chosen as 5o and the first time instant
where the noisy signal exceeds the thresholding is detected. This is the
noisy time-of-flight estimate. h = €= is used to find the noisy k.1, hn
and h,q.

e By using the noisy h1, ki and h,q, the initial estimates of 6, and 7
values are calculated, and the radius of curvature is estimated from the

measurements:

(RZ, + h}y) — 2(h2 + &)

= ey — 20t 1 )

(3.4)

e The noisy distance of the left sensor is estimated and the rotation angle

is calculated accordingly:

rip = \/7'?1 + 67 sina

T3 — 1} 6 + 2ry; sin o
a = — b: _—
2rip 2ry

. 3—ab_ Vaz —6ab+9

S Yo 1
3

= -1 3.5

6 = o () (39

The left sensor is rotated by ¢.

e After the left sensor is rotated, the radius of curvature is estimated again:

a = y(z+3)?—32
hiz = T2 — Ry
g = hp—q¢
cz = d— 2z
Ry = c3 — h? + & — 2cycasin @ (3.6)

2k, — 2¢3 + 2¢3sin ¢

o The noisy distance of the right sensor is estimated and the rotation angle

is calculated:

Ty = \/rfl + 67,1 sinn
11



a =

r2, —r} b— 6 + 2r.1sin o

2r;2 279
3—ab Va:—6ab+9
-1 2-1

cos™! ( 3 )
zr + 3

(3.7)

o After rotating the right sensor by 3, the radius of curvature is estimated

again:

Cq

Cs

Cs

R27‘

= /(2 +3)? - 32
= rp— R
= hn—c

= d—z
¢z — k% + 2 — 2cscesin 8
2ho1 — 2¢5 + 2¢gsin 3

(3.8)

e The average of the radius values calculated by rotating the left and right

sensors are calculated:

_ Ra+ Ror

R, 5

12

(3.9)
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Figure 3.1: The object and the tri-aural configuration.

Noisy Sonar Signal Model

Noiseless Sonar Signal Model
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Figure 3.2: Noiseless and noisy signal models.
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3.1.1 Sensitivity Analysis of the Radius of Curvature

Estimate

In this section, the sensitivity analysis of the radius of curvature estimation
to parameters such as ho1, hi, hri, d, R and 0 is presented. The sensitivity

analysis can be summarized by the following steps:

e Function f(.) for the radius of curvature estimate is defined as follows:

(h2, + hf) — 2(h%, + d?)
hoty hity hor,d) = Ry = =~ ol 3.
f(hots husy hra,y d) 1 4hoy — 2o + hat) (3.10)

e Perturbation is added to the variable for which sensitivity analysis is

made. For example, the perturbation Ah,; is added to Ay

e The perturbation on radius of curvature is calculated as follows:

(h2y 4 hf) — 2[(hoy + Ahoy)? + d?]

4(/Lo1 + A]lol) — 2(/?,,.1 + hll)
(3.11)

f(hol +Ahol7 hlla hrla d) =R +AR =

o The effect of the perturbation on the radius of curvature estimate is

found:

AR = f(hol =+ Ahoh hlla hrl; d) - f(hol-; hlla hrh d) (312)

Figure 3.3(a) is plotted for h, between 0-150 cm. The error in hy is
positive and between 0-0.4 mm. A stationary cylindrical target at 6 = 0° with
radius 5 cm is used and transducer separation is assumed to be 10 cm. The
error AR in R increases linearly with the error Ah,; and nonlinearly with hyy.
Also a positive error in h, leads to a positive error in R since for constant
h,1 and hj1, increasing h,; means increasing R, as the geometry of Figure 3.1
indicates. As range increases, the error also increases since the sensor has lower

resolution for fixed d.

In Figure 3.3(b), the same parameters are used as in Figure 3.3(a) with
a positive error in h,; instead of h,;. Since the terms %,y and Ay are used
symmetrically in the radius of curvature equation, the sensitivity analysis of
hyy gives the same results. A positive error in h,q or Ay causes a negative error
in R since a positive error on left and right measurements for constant central

sensor measurement leads to a reduction in R as in Figure 3.1.
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Figure 3.4(a) and 3.5(a) show the effect of d on the radius of curvature
estimation. Ah,; = Ah,; = 0.18 mm errors are taken for Iligure 3.4(a) and
3.5(a) respectively. Range is again varied between 0-150 cm. The error is
plotted for d between 4-40 cm. As seen from the figures, for small d/k,;, the
error is high since the resolution of the left and right sensors decrease as shown
in Figure 2.4. Hence, as range increases the transducer separation should also
be increased to achieve higher resolution. Also for high values of d/h,y, the
error is large since the sensitivity patterns of the transducers will not overlap
at the target [30].

Iigures 3.4(b),(c) and 3.5(b),(c) illustrate the sensitivity of radius of cur-
vature to measurement errors Ak, = 0.18 mm and Ah,; = 0.18 mm, re-
spectively. In Figures 3.4(c) and 3.5(c), 6 is varied from 0° to 20° with 1°

increments.

3.1.2 Simulation Results

Now, the simulation results can be investigated by using the results of the

sensitivity analysis.
Figure 3.6-3.9 show the simulation results for § = 0°.

I'igure 3.6 and 3.7 show how the estimated radius values R, and R, are
affected from different variables in the absence of noise. Figure 3.8 and 3.9

show the same calculations obtained with the Monte Carlo simulation study.

The sensitivity analysis of the calculated radius of Equation 3.4 to
hot, hi1, hr1,d and R shows that the radius is very sensitive to these variables.
A positive error in h,; (Ahy > 0) causes the estimated radius to be greater
than the true radius (according to Equation 3.4). A positive error in Ay or Ay
(Ahj; > 0) causes the estimated radius to be less than the true radius. More-
over, the error corresponding to the separation between the sensors is positive
and it decreases as the separation increases. As the distance between the sen-

sors and the object increases, the error increases in the negative direction.

The results are completely consistent with the sensitivity analysis predic-
tions. Although the noise is zero in some cases, the estimated radius deviates

from the true radius. The error sources are the bias error due to thresholding

and the error due to sampling the signal.

15



H;l

BA

R8CA7TT E7T@788=898 >8?.@27 J7;?A7J7@7? H;l " HPIR "
$k 6U 2 8&k 2J;@> k Um

6h



H;l

BA

RIBCA7 Te E7@?88=898- H;l $ HPIs8 ;@> H2l %:7@6" H UB6iJJ

6f



H;l

NBA

R8CA7T E7@?88=898 H;l $ HPIs8 ;@> H2l %:7@ 0)8 8 k U6i JJ

6i



Figure 3.6(a) shows the relation of the estimated radius and the separation
distance between the transducers. The error in the estimated radius values
decreases as the separation increases. As stated previously, a positive error in
h,1 makes the estimated radius greater than the true radius, and a positive error
in Ay or h,; makes the estimated radius less than the true radius. Since there is
error not only in A, but also in kj; and A,y in this estimation, error is positive
for some values of d and negative for some other values of d. Figure 3.6(b)
shows the effect of h,; on the estimated radius. As h,; increases the error in
the negative direction increases (that is, the error in A,y is negative, Ah,y < 0).
The estimated radius after rotating the left sensor is very close to the estimated
radius of the linear configuration. Figure 3.6(c) shows the effect of the noise
standard deviation on the estimated radius. In the presence of noise, the error
after rotation is nearly the same as the error before rotation. However, for
some values of the noise standard deviation (2x107° to 3x10~% V), it is greater

than that of the linear case.

Figure 3.7 shows the effect of d and the true radius R on the estimated
radius. At fixed distance, as R increases the error increases, and as d increases

the error on the radius estimate decreases.

Figures 3.8 and 3.9 display the results of a 100-iteration Monte Carlo sim-
ulation study. In the figures, the effect of noise on d,hyy and R is shown. The
dashed line shows the mean value and the other two lines indicate one standard
deviation from the mean. When Figure 3.6(a) and 3.8(a) are compared, the
effect of noise on d can be observed. The estimated radius is less than the true
radius for all values of d. This is because the negative error in h; and h,y is
more dominant than the positive error in ko . Figure 3.8(b) shows the effect of

h, and Figure 3.8(c) shows the effect of the noise standard deviation on the

estimated radius.

Figure 3.9 shows the effect of d and R over a 100-iteration Monte Carlo
simulation study. As the separation between the sensors increases, the standard
deviation decreases. For low values of R and high values of d, the error is large
since for large values of d the normal angle between the object and the left

sensor increases, causing a high exponential decline in Equation 2.4.

Figures 3.10 and 3.11 illustrate the results of & # 0° case in the absence
of noise. In Figure 3.10(a), the dependence of the estimated radius to the
separation distance between the transducers is illustrated. As d increases, the
error in the estimation of the radius of curvature corresponding to the linear

configuration of the sensors decreases. Although the error in estimation after
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rotating the sensors is larger than that of the linear configuration case, it
decreases with d. After a certain value of d (around d = 27 cm), the error for
both cases begins increasing since at that point, the target is not within the
beam pattern of the left or right sensor. Figure 3.10(b) shows the effect of A,
on the estimation of the radius of curvature. As h,; increases the error in both
linear and rotated configurations increases. Figure 3.10(c) shows the effect of ¢
on the estimated radius. As 6 increases, the error increases as expected, since
a sonar sensor can make more accurate measurements along its line-of-sight.
This is because the echo amplitude decreases exponentially with the square of

0 according to Equation 2.4.

Figure 3.11 shows the effect of d and true radius R on the curvature es-
timation. As d increases, the estimation error corresponding to the linear
configuration decreases according to the sensitivity analysis but the error for
the rotated configuration increases. This is because as d increases, the object
goes out of the sensitivity region and the rotation angle calculated by using

the linear configuration is not correct.

Figures 3.12 and 3.13 show the effect of noise on the above observations. In
these figures, a 100-iteration Monte Carlo study was employed. I'igure 3.12(a)
shows the effect of d. In both cases, as d increases, initially the error decreases,
and after a certain value of d (around d = 16 cm) the error increases sub-
stantially. Figure 3.12(b) shows the effect of oy and Figure 3.12(c) shows the
effect of 8. When Figures 3.10 and 3.12 are compared, the effect of noise can
be observed. Figure 3.13 shows the effect of d and R in the presence of noise.

As d increases the estimates are degraded.
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Figure 3.6: Estimated radius versus d, h,; and noise standard deviation.
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Figure 3.8: Estimated radius versus d, ko and noise standard deviation using
a 100-iteration Monte Carlo simulation study.
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Figure 3.10: Estimated radius versus d, ho; and 6 in the absence of noise.
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3.2 Sensors Rotated around their Centers

In this part, we consider the case in which the left and right sensors are assumed

to rotate around their centers as shown in Figure 3.14.

4cm 4cm 4cm

Figure 3.14: The object and the sensor configuration when the sensors are
rotated around their centers.

The algorithm to find the rotation angle can be summarized as follows:

e The initial estimate of the radius of curvature (when the sensors are

aligned) is the same as in the previous algorithm.

e Irom the first set of measurements, noisy 4, « and 5 are calculated:

2 2 2
0 — sin~! (711_701‘d)

2(1T01
2 2 2
RS | T~ Te T d
a = sin (—-——*2617‘“ )
2 _ .2 d2
n = sin”} (%{“—) (3.13)

e After finding the rotation angles, §, a and 7, the central, right and left
transducers are rotated by 6, a and 7 respectively. When the sensors
are rotated, they are assumed to be perpendicular to the center of the

object.



e The nominal values of the distances after rotation should be:

hoo = hy
hiy = hn
h,-g = hrl (314)

e New measurements are taken and the second estimation of the radius of

curvature is made by using Equation 3.4.

3.2.1 Simulation Results

Figure 3.15 shows the effects of d, h,; and noise standard deviation on the
estimation of the radius of curvature when 6 = 0°. It can be seen that for
all values of d, ko, and noise standard deviation, the second estimation (after
rotation) provides better results. Figure 3.15(a) shows that the deviation be-
tween the two estimates begin after a certain point in d (around d = 37 cm).
Up to that point, the first and the second estimates are nearly the same since
for low values of d, the normal angle of the left sensor is small and the object
is nearly perpendicular to the left sensor. However, as d increases the normal
angle of the left sensor also increases and the estimation after rotation provides
improved results. Figure 3.15(b) shows that as h,; increases, the first and sec-
ond estimates become closer. This is because when h,; is small, the deviation
angle of the left sensor is large and the estimation after rotation gives improved
results. Figure 3.15(c) shows the effect of the noise standard deviation. The

second estimation is less affected from noise than the first estimation.

Figure 3.16 shows the effect of d and R simultaneously. As d increases both
estimators improve and for the low values of R the second estimation is more
accurate for the same reason as above. For lower values of R (R < 10 cm)
and high values of d, the estimated radius after rotation is better since for high

values of d, exponential decline in Equation 2.4 is very high.

FFigures 3.17 and 3.18 show the same calculations done by using a 100-
iteration Monte Carlo simulation study. Figure 3.17 shows the effect of d and
o1 on the estimated radius in the presence of noise. Figure 3.17(a) indicates
that as d increases, the second estimation provides better results which is con-
sistent with the above argument. When d is small, the object can be consid-
ered perpendicular to the sensors, hence we do not expect much improvement
with the second estimation. Since there is error in the rotation angle, the es-

timation after rotation must be worse than that of the linear configuration.
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Figure 3.17(b) shows that as %, increases the first estimate improves since the

object becomes perpendicular to the sensors.

Figure 3.18 shows the effect of d and R simultaneously on the radius of
curvature estimation. As d increases, the second estimation improves as ex-
pected. For low values of R, as d increases the error in the first estimation also
increases since for high values of d and low values of R, the normal angle of

the left and right sensors are high and the exponential decline in Equation 2.4

is high.

3.3 Curve-Fitting Method for Time-of-Flight

Estimation

A curve-fitting approach is used in order to reduce the error in the time-of-
flight estimations obtained from the thresholding method and improve the
estimation procedure. Earlier, in [24], a similar method was used to improve
the accuracy of point-target localization. It was shown that this method of
time-of-flight estimation eliminated the bias resulted from thresholding and
was comparable to thresholding in variance. Here, we generalize the method
to include radius of curvature estimation. Figure 3.19 shows the parabola fitted

noisy sonar signal model. It is expected to reduce the bias with this method.

The following algorithm is used when estimating the time-of-flight with

curve fitting:

e An approximate time-of-flight estimate is obtained using the thresholding

method.

e The amplitude of the signal is sampled at three time instants before the
time-of-flight obtained by the thresholding method. The time interval

between the time instants equals 3 ps.

e The zero-crossing parabola passing through these points is found.
Parabola is assumed to be of the form y = at? + bt + ¢, and the co-
efficients a, b and c are calculated by using the three samples. If the
parabola found by using the above samples does not take the value zero
at any time, then new samples are taken and another parabola is ob-

tained. This procedure continues until a zero-crossing parabola is found.
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sensors are rotated around their centers).
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Figure 3.19: Curve-fitting method to estimate the time-of-flight.

o The timeinstant at which the value of this parabola is zero is the estimate

of time-of-flight with the curve-fitting method.

3.3.1 Simulation Results

I'igure 3.20 shows the results found by curve-fitting for § = 0° case when the
sensors are rotated around their joints. The improvement in the results is

about 40% with respect to the thresholding method.

IFigure 3.20 shows the effect of d for two different noise levels. W hen [Mig-
ure 3.20(a) is compared with Figure 3.8(a), about 50% improvement is ob-
served. The results improve especially after the rotation of the left sensor.
When the curve-fitting approach is used, the error on the time-of-flight is some-
times positive and sometimes negative and likewise for hj; and h,;. Hence, the
estimated radius is sometimes greater and sometimes less than the true radius.
Figure 3.20(b) shows the effect of d and R simultaneously. When Figure 3.20(b)
and 3.9(a) are compared, it can be seen that there is substantial improvement
in the estimations both before rotation and after rotation of the sensors. The
improvement is about 40%. Figure 3.20(c) shows the same results when the

noise is small. When Figures 3.20(b) and 3.20(c) are compared, 20% improve-

ment can be observed.

Figure 3.21 illustrates the effect of d, k1 and R in a noiseless environment
when the sensors are rotated around their centers. Figure 3.21(a) illustrates
the effect of d. Up to d = 43 cm, both estimates have very small errors, but
after this point, estimation before rotation gets worse and estimation after
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rotation continues improving. The corresponding d value for the thresholding
method is 37 cm as can be seen from Figure 3.15. Figure 3.21(b) shows that
there 1s only 2% error before and after rotation. Figure 3.21(c) illustrates that

the error is 0% before and after rotation.

Figure 3.22 shows the effect of d, h,; and R in a noisy environment when the
sensors are rotated around their centers. In this case, a 100-iteration Monte
Carlo simulation study is employed. Figure 3.22(a) illustrates the effect of
d. When Figure 3.22(a) and 3.17(a) are compared, about 30% improvement is
observed. Figure 3.22(b) illustrates that as k., increases standard deviations of
both estimates increase. Also, when Figures 3.22(b) and 3.17(b) are compared,
a 30% improvement is observed. Figure 3.22(c) illustrates the effect of the true
radius. Estimate after rotation is better than estimate before rotation. When
Figures 3.22(c) and 3.18(b) are compared, again a 30% improvement can be

observed.

3.4 The Comparison of the Estimation Errors

with the Cramér-Rao Lower Bound

In order to evaluate the performances of the estimators, the results are com-
pared to the Cramér-Rao lower bound (CRLB) which sets a lower bound on the
variance of unbiased estimators [31]. The matched filter, which is the optimal
method to estimate the time-of-flight, satisfies this lower bound asymptoti-
cally [31]. Since the CRLB is primarily derived for unbiased estimators, the
variance and bias values are combined and compared with this lower bound.
CRLBs for unbiased estimators of r, § and R are derived in Appendix A.

Figures 3.23, 3.24 and 3.25 show how the CRLB (v/J1) and ok + V*(R),
the bias-variance combination, is affected by d, R and h,,. 6 = 0° is assumed
for all cases. For each figure, parts (a) and (b) are the results obtained with
the thresholding method and (c) and (d) are obtained with the curve-fitting
method. Also, the sensors are assumed to rotate around their centers. In the
curve-fitting method, the variance, and in the thresholding method, the bias

term is dominant in the bias-variance combination.

CRLB is small when compared with the bias-variance combination since
Equation 3.4 is highly sensitive to d and ke and we calculated the time-of-
flights with thresholding and curve-fitting methods which are very fast but
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suboptimal. For the thresholding method, the difference between CRLB and
bias-variance combination is more than that for the curve-fitting method. The
difference for thresholding is about 5-fold and for curve-fitting about 1.5-fold.
Also, with the curve-fitting method, the CRLB has a tendency to either steadily
increase or decrease but with the thresholding method there is no such ten-
dency. With the comparison of the estimators to CRLB, it is concluded that the
estimator with curve-fitting method is better than the estimator with thresh-
olding method. If the time-of-flights were to be estimated optimally, it would
be necessary to store the templates of the signals corresponding to different ob-
jects at different distances and angles and to compare the returned signal with
these and find the best matched one. This way, the processing time and the
memory requirements would increase considerably. By using the thresholding
method, a trade-off between the accuracy of estimation and system complexity

is achieved.

3.5 Discussion

A method for radius of curvature estimation has been developed by using var-
ious configurations of sonar sensors. Two different methods of time-of-flight
estimation are used. In order to assess the performances of the estimators.
the comparison of the Cramér-Rao lower bounds with the bias-variance com-
bination is included. When the time-of-flight is estimated by the thresholding
method, the estimation of radius after the rotation of the left and right sensors
1s better than that of the linear case in the absence of noise. After adding
the noise, the estimations after rotation degrade because of the error in the
rotation due to noise. When the time-of-flight is estimated by the curve-fitting
method, the results both before rotation and after rotation improve consid-
erably. We obtain better results especially after rotation. When we use the
curve-fitting method, the sensitivity of the estimation to noise decreases. In
the cases for which the three sensors are rotated around their centers, consider-
able improvement is achieved due to the increased SNR. The effect of the error
sources decrease very much. When sensors are rotated around their centers
and curve-fitting method is used, further improvement is achieved. The com-
parison of the Cramér-Rao lower bounds with the bias-variance combination
indicate that the difference is about 5-fold for thresholding and 1.5-fold for
curve-fitting. This is caused by the suboptimality of these two methods used
for the time-of-flight estimation. Also, it is seen that the difference is lower for

the curve-fitting method than for the thresholding method.
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Chapter 4

LOCATION AND RADIUS OF
CURVATURE ESTIMATION

In this chapter, the radius of curvature estimation is extended to include es-
timation of target location. We investigate the case in which the sensors are

rotated around their centers as shown in Figure 3.14 and estimate:

e The distance between the center of the object and the central sensor,

hol + ]2.
e The normal angle of the central sensor, 6.

e The radius of curvature, R.

4.1 Algorithm for Location and Radius of

Curvature Estimation

We have the following measurements:

>

= r— R+ w,(r,0,R)

o =
h, = Vr? + d? — 2drsind — R + w.(r,0, R)
by = Vr?+4d?+2drsind — R+ w(r,0,R) (4.1)
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where wo(r, 8, R), w.(r,0, R) and w(r,0, R) are spatially uncorrelated zero-

mean white Gaussian noise. Suppose the following vectors are defined:

b, r—R
22| h, h(r,0,R) = | V/r2+d?> —2drsinf — R (4.2)
izI Vr2 4+ d? 4+ 2drsinf — R

In [1], it is shown that for Polaroid transducers the noise correlation coefficient
is small since most of the noise on the sensors is dominated by the thermal noise
in the electronics. Because of this, w,(r, 0, R), w.(r,0, R) and w(r, 8, R) can be
modeled as uncorrelated Gaussian noise. Hence, the error correlation matrix,

its inverse, and the probability density function of z are taken as follows:

(02 0 0 |
C=10 o2 0 (4.3)

| 0 0 d |

i o0 .
ct = 0 = 0 (4.4)

0 0
i .
. 1 1. T 1

p(z|r,0,R) = 2710 exp{—g z—h(r,0,R)]"C™ [z — 11(7',0,R)]} (4.5)

The r, § and R values maximizing Equation 4.5 are the maximum likelihood

estimators which can be found by taking the inverse of Z = h(#, g, R) as follows:

242 + 2(hy + hy)ho — 2h2 — B} ~ h?

o= < 5 5 (4.6)
2h, + 2h; — 4h,
A YHRY QA_A'A
b = sinmt | A 20— bR (4.7)
4d(h, + R)
72 L 12y _9o(12 2
(R b —2(h+ &) (4.8)

4?7,0 — 2(ilr + il[ill)
The algorithm to localize the object is outlined below:

o Noisy values of the distances are generated using Equation 4.1.
e By using these noisy values:

— Radius of curvature,

— Deviation angle (azimuth) of the central sensor,
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~ The distance between the central sensor and the object
are calculated by using Equations 4.6-4.8.

e Noisy values of the normal angles of the left and right sensors are found

as explained in the radius of curvature estimation algorithm.
o The sensors are rotated by their normal angles.

o New measurements are taken and the new estimates are made by using

the above equations.

4.2 Simulation Results

IFigures 4.1-4.3 show the simulation results obtained in a noiseless environ-
ment. Figures 4.4-4.7 show the same simulation results obtained by using a
100-iteration Monte Carlo simulation study in a noisy environment. For all
simulation results, the curve-fitting method is used in order to estimate the

TOF.

I'igure 4.1 shows the dependence of the estimates to the transducer sepa-
ration d. The estimates before and after rotation are the same. Figure 4.1(a)
illustrates the dependence of the estimation of range to the transducer sep-
aration d. As d increases, the error decreases. The average error is 0.03%.
Figure 4.1(a) illustrates the dependence of the angle estimate to d. As d in-
creases, the estimate improves. The average error over d is 0.0%. Figure 4.1
illustrates the dependence of the radius of curvature estimation to d. Again as

d increases, the error decreases. The average error over d is 0.6%.

Figure 4.2 displays how the estimates depend on the true distance between
the central sensor and the object, hyy. Figure 4.2(a), 4.2(b) and 4.2(c) show
the dependence of the distance, the angle and the radius of curvature to A1,
respectively. The average errors for the distance, the angle and the radius of

curvature estimates are 3.6%, 0.0% and 0.2%, respectively.

Figure 4.3 illustrates the dependence of the estimates on the true radius,
R. Figure 4.3(a) shows the dependence of the distance to R. The average
ervor is 0.0%. Figure 4.3(b) shows the dependence of the normal angle to R.
Figure 4.3(c) shows the dependence of the radius of curvature estimation to

the true radius. The average error is 0.0%.
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Figure 4.4 shows the dependence of the estimates to d in a noisy environ-
ment. Figure 4.4(a) illustrates that as d increases the estimate after rotation
improves. The estimation before rotation improves up to d = 12 cm, and after
that value it gets worse since the target is now located either at very low SNR
regions of the sensitivity pattern or outside it (as d increases the normal angles
of the left and right sensors increase). The average error before rotation is
5.96% and the error after rotation is 0.05%. Figure 4.4(b) illustrates the de-
pendence of the normal angle to d. The error figures before and after rotation
are 6.0% and 0.0% respectively. Figure 4.4(c) illustrates the dependence of the
radius of curvature estimation to d. The average error before rotation is 11.4%
and the average error after rotation is 1.2%. Note that the standard deviation
of the estimates after rotation are lower than those before rotation by a factor

of four approximately.

Figure 4.5 shows the dependence of the estimates to the distance %,y In
a noisy environment. For small values of h,;, the normal angles of the left
and right sensors are high and the estimates are not very good. For large val-
ues of k.1, the normal angles decrease and estimations improve. I'igure 4.5(a)
illustrates the distance estimation. Figure 4.5(b) illustrates the angle estima-
tion. The average error before rotation is 6.0% and after rotation it is 0.0%.
Figure 4.5 illustrates the radius of curvature estimation. The average error
before rotation is 19.0% and after rotation it is 0.0%. Note that the standard

deviations after rotation are lower than those before rotation.

Figure 4.6 shows the effect of R in a noisy environment. As R increases,
all three estimates improve. IMigure 4.6(a) illustrates the range estimate. Fig-
ure 4.6(b) illustrates the azimuth angle estimate. The average error before
rotation is 0.4% and after rotation it is 0.0%. Figure 4.6(c) illustrates the

radius of curvature estimation.

Figure 4.7 shows the effect of the azimuth angle 0 in a noisy environment.
Up to @ = 6° the estimates improve, but after that value the target is either
outside the sensitivity region or within a very low SNR region. Figure 4.7(a)
illustrates the distance estimate. The average error before rotation is 5.71%
and after rotation it is 0.0%. Figure 4.7(b) illustrates the angle estimation.
Figure 4.7(c) illustrates the radius of curvature estimation. The average error
before rotation is 85.6% and after rotation it is 0.6%. Note that again the

standard deviations after rotation are smaller than those before rotation.
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Figure 4.4: Location and radius of curvature estimation versus d under noise
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Figure 4.7: Location and radius of curvature estimation versus 6 under noise
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4.3 The Comparison of the Estimation Errors

with the Cramér-Rao Lower Bound

As explained in the radius of curvature estimation section, in order to evaluate
the performances of the estimators, the results are compared to the CRLB
which sets a lower bound of the variance of unbiased estimators [31]. In this
section, we combine the variance and bias values to compare to this lower

bound. The derivation is provided in the Appendix.

Figures 4.8-4.11 show how the Cramér-Rao lower bounds v/J11, v/J22 /]33
and (/o2 + b%(r), \/00? + 5%(6), \/0'}2.2 + b*(R), which are the combinations of

biases and variances, are affected by d, h,1, R and 6. The simulation results

are presented both for the thresholding method and the curve-fitting method.
The first columns of the figures illustrate the results of the thresholding method,

and the second columns show the results of the curve-fitting method.

I'igure 4.8 and 4.9 illustrate the effect of d. Figures 4.8(a),(c) and (e) il-
lustrate the results with thresholding method. When Figures 4.8(a) and (e)
are compared to Figures 4.9(a) and (e), a 3-fold difference can be observed.
When Figure 4.8(c) and 4.9(c) are compared, the difference is 10-fold. Fig-
ures 4.8(b),(d) and (f) illustrate the result with the curve-fitting method. When
Figures 4.8(b) and (f) are compared to Figures 4.9(b) and (f), it is observed
that they are very close to each other. When Figure 4.8(d) and 4.9(d) are
compared, a 2-fold difference can be observed. From these results,'it is con-
cluded that the curve-fitting estimator is more accurate than the estimator
with thresholding. Figure 4.9 illustrates that for the thresholding method the
bias term, and for the curve-fitting method the variance term is dominant.

Figure 4.10 and 4.11 illustrate the effect of h,;. Figure 4.10(a),(c) and
(e) illustrate the results with thresholding. When Figures 4.10(a) and (e) are
compared to Figures 4.11(a) and (e), it is seen that they are nearly the same.
Figure 4.10(c) and Figure 4.11(c) show a 10-fold difference. Figures 4.10(b),(d)
and (f) illustrate the results with curve-fitting. When Figures 4.10(b) and (f)
are compared to Figures 4.11(b) and (f), they seem to be the same. When
Figure 4.10(d) and 4.11(d) are compared, a 5-fold difference can be observed.
It is concluded that the estimator with curve-fitting has higher performance.
Again, the bias term is dominant for the thresholding method, and variance

term is dominant for the curve-fitting method.
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Chapter 5

SMOOTHING OF THE
ESTIMATES USING
EXTENDED KALMAN
FILTERING

In this chapter, an extended Kalman filter (EKF) is used to estimate the loca-
tion and radius of curvature of the target. The case in which the sensors are
aligned is investigated as shown in Figure 3.1. Appendix B gives a brief sum-
mary of extended Kalman filtering. A more detailed treatment can be found

in [32].

5.1 Algorithm

The following procedure is used to estimate the location and the radius of

curvature of the cylindrical object.

e The state vector is defined as follows:



e The observation model is

ho1 (k)
2(k) = | hu(k) | =h[x(k)] + w(k) (5.2)
by (k)
where
r(k) — R(k)
h[x(k)] = | /r2(k) + d? — 2dr(k) sin 0(k) — R(k) (5.3)

V/r2(k) + d2 + 2dr(k) sin 0(k) — R(k)

e Since the target is assumed to be stationary, the state transition model

r(k) v, (k)
X(k+1) =Fx(k)+v(k)= | (k) |+ | vs(k) (5.4)
R(k) vr(k)

where vg, v, and vy are the additive process noise for radius, range and
angle, respectively. F matrix in this case is an identity matrix. Note that

the state model is linear but the observation model is nonlinear.

e The Jacobian matrix H is found as follows:

-1 1 0 .
_ r(k)—dsiné(k) _ dr(k) cos (k)
H(k) = Vh(k) = 1 \/r(k)2+d2—2dr (k) sin 0(k) /7 (k)2+d? —2dr (k) sin 6(k)
r(k)+dsin (k) dr(k) cos (k)

V/r(k)2+d2+2dr(k)sind(k)  \/r(k)2+d2+2dr(k) sin6(k)

where (k) and (k) are the predicted values of range and normal angle.

5.2 Simulation Results

Figure 5.1(a), (b) and (c) show the measurement residuals of A1, 2y and Ay,
respectively. All three figures illustrate that innovations are white as expected.
When a three degree-of-freedom chi-square test is applied, it is observed that
one out of 30 points falls outside of the 97.5% confidence region. Although
the maximum error allowed is 2.5%, the innovations with error 3.3% can be
considered as white Gaussian distributed since only 30 iterations are processed.

The details of chi-square test are given in Appendix C.
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Figure 5.2 illustrates the estimated and predicted states. Figure 5.2(a),
(b), (c) illustrate how the estimation of the range, normal angle and radius of
curvature improve as the number of steps increase, respectively. For Figures 5.1
and 5.2, d = 10 cm, R = 5 cm, h,; = 100 cm, 0 = 0°, measurement noise
standard deviation = 107® V, the variance of the radius noise = 10~3 ¢m? and

the variance of the angle noise =107* rad?.

Figure 5.4(a), (b) and (c) illustrate how the range, angle and radius estima-
tions are affected by d. For small values of d, the radius and range estimation
are not accurate. The average error is about 0.8% for the range, and 10% for
the radius. For Figure 5.4, R = 5 cm, hy; = 100 cm, § = 0°, measurement
noise standard deviation = 10~ V, the variance of the radius noise = 103

cm? and the variance of the angle noise =10"* rad?.

Figure 5.5 presents the effect of R on the estimations. Figure 5.5(a), (b) and
(c) illustrate the effect of It on the range, angle and radius, respectively. All
of the three estimations are very accurate for different values of R. The errors
on the range and radius of curvature are about 0.6% and 5%, respectively. For
Figure 5.5, d = 10 cm, hy,; = 100 cm, § = 0°, measurement noise standard
deviation = 107® V, the variance of the radius noise = 10™3 cm? and the

variance of the radius noise =10"* rad?.

Figure 5.6 shows how A, affects the estimation. Figure 5.6(a) is drawn
for the range estimation and the average error is about 1.2%. Figure 5.6(b) is
for the azimuth angle estimation. Figure 5.6(c) is for the radius of curvature
estimation and the average error is about 18%. For Figure 5.6, ¢ = 10 cm,
R = 5 cm, § = 0°, measurement noise standard deviation = 107% V, the

variance of the radius noise = 10> cm? and the variance of the angle noise

=10"* rad?.

Figure 5.7 displays the effect of § on the estimation process. igure 5.7(a),
(b) and (c) illustrate how the range, angle and radius estimations are affected
by 6. As 6 increases, the estimations degrade a little due to increase in un-
certainty on the measured values. For Figure 5.7, d = 10 cm, R = 5 cm,
ho1 = 100 cm, measurement noise standard deviation = 107% V| the variance

of the radius noise = 10~ cm? and the variance of the angle noise =10~* rad?.

Figure 5.3 illustrates the range, angle and radius estimations respectively
by using extended Kalman filtering and raw data over a single data sequence.
That is, in the first case, estimates are smoothed by the EKF' in the second,

estimates are directly derived from the raw data.
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Figure 5.1: Measurement residuals of Kalman filtering for d = 10 cm, R =5
cm, hoy = 100 cm, = 0°, measurement noise std = 107® V, variance of radius
noise = 10™% cm?, variance of angle noise = 107* rad?.
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Figure 5.2: Estimated and predicted values of Kalman filtering for d = 10 cm,
R =5 cm, hoy = 100 cm, 6 = 0°, measurement noise std = 107® V, variance of
radius noise = 1072 c¢m?, variance of angle noise = 10~* rad?.
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Figure 5.5: Kalman filtered R, r, 8 versus true R for d = 10 cm, h,; = 100 cm,
0 = 0°, measurement noise std = 10~® V, variance of radius noise = 1073 cmz,
variance of angle noise = 10™* rad?, number of iterations = 25.
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Figure 5.6: Kalman filtered R, r, 6 versus hy; for R =5 cm d = 10 cm, 6 = 0°,
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Figure 5.7: Kalman filtered R, r, 0 versus true § for R = 5 cm d = 10 cm,
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Chapter 6

EXPERIMENTAL RESULTS

In this chapter, two different set-ups using transducers at different frequencies
are employed to verify the simulation results. In the first set-up, Panasonic
transducers are used to estimate the position and radius of curvature using the
algorithm mentioned in Chapter 4. In the second, Polaroid transducers are
used to estimate the position and radius of curvature estimation using an EKI

described in Chapter 5.

6.1 Experimental Set-up with Panasonic

Transducers

The set-up is constructed for 2-D applications. Since the Panasonic transducers
are manufactured separately as transmitter and receiver with different charac-
teristics, the same transducer was not used as both transmitter and receiver.
Because of this, two different transducers, with very close vertical separation,
are used to transmit and receive the echoes. In this case, the pair can be con-
sidered as a transmitter/receiver transducer. The experimental set-up consists
of three such pairs as shown in Figure 6.1. The aperture radius of each Pana-
sonic transducer is ¢ = 0.65 cm, the resonant frequency is f, = 40 kHz and

0, = 54°. The block diagram for the hardware is shown in Figure 6.2.
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