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Abstract

This paper is an extended version of the Vision
Based Active Antenna (VBAA) that can detect the
contact force, the stiffness of the environment, and
the contact location between an insensitive elastic an-
tenna and an environment, through the observation
of the antenna’s shape by a camera [8]. If measured
points are on the antenna, two arbitrary points are
sufficient for computing the contact location and the
contact force uniquely. In a practical application of
VBAA, however, the measured points are not always
on the antenna. In this paper, we show the condition
for uniquely obtaining both contact location and con-
tact force under the situation that the measured points
are not always on the anienna. We also show a new
compensation method to improve the sensing accuracy.
We further verify our idea ezperimentally.

1 Introduction

The Vision Based Active Antenna (VBAA)is anew
sensing system enabling us to detect the contact lo-
cation between an insensitive elastic antenna and an
environment, the contact force, and the stiffness of
the environment through observation of the antenna’s
shape. The VBAA is simply composed of one insen-
sitive elastic antenna, one actuator to rotate the an-
tenna, one position sensor to measure the rotation an-
gle of the antenna, and one CCD camera to observe
the antenna'’s shape, as shown in Fig.1.

A simple flexible beam sensor can take the form of
a short length of spring piano wire or hypodermic tub-
ing anchored at the!;gg. When the free end touches an

external object, the wire bends. This can be sensed

by a piezoelectric element or by a simple switch [9].
A more elaborate sensor is described by Wang and
Will [10]. Long antennae-like whisker sensors were
mounted on the SRI mobile robot, Shakey [11}, and
on Rodney Brook’s six-legged robot insects {12]. Hi-
rose, et.al. discussed the utilization of whisker sensors
in legged robots f[13}. Similarly shaped whiskers have
been considered for the legs of the Ohio State Univer-
sity active suspension vehicle 514 . The major differ-
ence between previous works [9]-]14] and ours is that
the VBAA can detect not only the contact point be-
tween the antenna and the environment but also the
environment’s stiffness, while previous works do not.
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Figure 1: An overview of VBAA.

There are several works combining both tactile and
vision sensors to take advantage of each sensor. For ex-
ample, Stansfield presented a robotic perceptual sys-
tem which utilizes passive vision and active touch [15].
Allen proposed an object recognition system that uses
passive stereo vision and active exploratory tactile
sensing [16]. These works utilized two different kinds
of sensors to increase sensing ability. In the VBAA,
a vision sensor is utilized for indirectly evaluating the
contact force and the contact point.

In our former work, we have shown that if the en-
vironment is rigid, the contact location is a function
of the rotational compliance of the antenna in contact
with the environment, and that it can be obtained

by utilizing the outputs from both joint position and
torque sensors. Such a sensing Tsyhs-ltem has termed
the Active Antenna [1, 2, 3]. This idea has also been

extended to a 3D version [4, 5]. Ueno and Kaneko dis-
cussed the Dynamic Active Antenna, in which the con-
tact location is estimated thronig:ge measurement of
natural frequency of a flexible whose dynamics
is changed according to the contact location between
the environment and itself [6, 7]. A big advantage of
the Active Antenna is that a location of the contact
point is obtained through a surprisingly simple active
motion, while sophisticated active motions should be
prepared in most contact sensing methods in order to



avoid large interaction force between the sensor and
the environment. This is because the flexibility of the
antenna itself successfully relaxes the contact force,
even under a large positional error. o
However, the Active Antenna cannot work appr
priately in a compliant environment, since the sensor
system is not able to break down the measured com-
pliance into that coming from the antenna itself and
that coming from the environment. The difficulty of
decomposition comes from the sensor system utilizin
only local information, such as the joint torque an
the joint angular displacement, but not taking any
global information into consideration. This is the rea-
son why a vision system is introduced into the VBAA.
An active motion is imparted to the antenna for en-
vironment sensing. The camera continuously observes
the antenna’s shape. By observing the shape distor-
tion from it’s original straight line position, the sensor
system can detect any initial contact with the envi-
ronment. With further active motion, the antenna
deforms according to the pushing angle, the contact
location, and the environment’s stiffness. The push-
ing ‘angle can be regarded as input for the VBAA,
and the antenna’s shape obtained through the CCD
camera can be regarded as the output. By analyzin
proceeding the input-output relationship, the V%AE
_can detect the contact distance, the contact force, and
the environment’s stiffness. We would emphasize that
_ the vision in the VBAA is not used to detect the con-
tact point directly but used to observe the antenna's
shape. Because of this feature, the VBAA can detect
both contact location and contact force even though
the exact contact point is hidden by occlusion. In or-
der to measure stiffness, a position sensor and a force
sensor are generally necessary in addition to the ac-
tuator which imparts the active motion. It can be
understood that in the VBAA, a force is equally de-
tectable through the observation of the elastic defor-
mation of the antenna by a camera. Without elasticity
of the antenna, it is impossible to evaluate both the
contact force and the énvironment’s stiffness, and so
such elasticity of the antenna is quite essential to the

We have already shown the basic workicr:g principle
of the VBAA [8], in which a fitting method was con-
veniently used to estimate the antenna shape from the
measured points. The fitting method works effectively
but it takes a long time for computing and determin-
ing the antenna shape completely. Therefore, it is not
appropriate for applying the method to a real time
system. In this paper, we focus on the Two-Points

Detecting Method. We have shown that two points

are sufficient for uniquely determining the contact lo-
cation and contact force, if they are exactly on the
antenna [8]. Due to the digjtizing error etc., however,
it is extremely difficult to obtain the exact point on
the antenna. As a result, the reconstructed antenna
shape may not coincide with the original one.

In this paper, we first consider the condition for
uniquely obtaining both the contact location and the
contact force, even under that the measured points in-
clude the digitizing error. When two measured points
cannot satisfy the condition, we can simply remove
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these two points and choose another combination of
the measured points for computing both the contact
location and the contact force. Eax;% combination may
?rovide different set of contact location and contact
orce. By applying averaging technique, we estimate
both the contact location and the contact force. One
big advantage is that the processing time based on the
two-points detecting method is much shorter than that
of the ﬁttin% method [8]. On the other hand, a disad-
vantage is that the two-points detecting method does
not provide sufficiently good accuracy compared with
the fitting method. In order to take advantage of the
two-points detecting method, we propose a new com-
pensation method %y taking the pushing angle into

consideration.
2 Structure of VBAA and Assump-
tions "

é.l Basic Structure of VBAA‘_

Figure 1 shows basic structure of the VBAA. VBAA
has insensitive flexible beam as antenna, one-axis mo-
tor for sensing motion, one-axis angular sensor and
CCD camera for observing antenna’s shape. Antenna
is fixed on the rotation center of the motor.

We regard Lo as the world coordinate system, and
. as the antenna coordinate. The antenna coordi-
nate z, is chosen so that the direction may coincide
with the initial shape of the antenna. The antenna
can rotate around z, axis, and its rotation angle 8 can
be measured by using the angular sensor. The CCD
camera of VBAA in Fig. 1 observes the antenna, the
object and the background coming from the environ-
ment. We extract only antenna shape from digitized

icture. This can be done more easily by using an arti-

cially colored antenna. Since we can easily transform
from the camera coordinate system to the antenna co-
ordinate system, for simplify, we describe basic equa-
tions in the antenna coordinate system.

2.2 Main Assumptions ,
Main assumptions taken here are as follows:
Assumgﬁion 1: The antenna’s motion is limited to a
plane.

Assumption 2: The deformation of the antenna is
- small enough to ensure that the antenna’s be-
havior obeys the force-deformation relationship
obtained by linear theory.
Assumption 3: The environment (or the object) to be
sensed is stationary during the active motions.
Assumption 4: All pixels concerning the antenna are
a)pxeady extracted from the scene. ’

3 Two-Points Detecfing Method

3.1 Basic Equations of VBAA

Figure 2 shows the deformation of the antenna
when force f is applied at the contact point [. In
this case, the antenna shape is written as follows:
Curved Part (0 <z, <1< L}, :

o= 52(81 ~ 20)2]. (1



Figure 2: Top view of the VBAA.

Straight-Lined Part (0 <! <z, < L),

o = ghr(3z, ~ P, 2

where (z,,¥.), { and L denote a point on the antenna

coordinate system, the contact distance, and the to-

tal length of the antenna. In egs. (1),(2), unknown

parameters are f and I. So, the antenna shape is

uniquely determined if f and [ are given.

3.2 Uniqueness of Solution without Error
(8]

Let us, first, discuss the ideal case in which the mea-
sured points are exactly on the antenna. Although the
basic equations (1) and §2) are nonlinear with respect
to I, we can easily solve for both / and f. The solution
are given in the following. :

(i) Two points from the curved part

From eq.(1), we can obtain the following two equa-

tions.

n o= %(31-—21)47%, (3)
Y o= EEf—I(m-Ez)x%, 4)

where [ should satisfy the condition of 0 < z; < 22 <
l. From eq.(3) and (4), we can easily show the unique
set of solutions in 0 < 1 < 23 <1 as follows,

2, .2
f 6EI 22:21;1 iy ,
z{z3(T2 — 71)
| - Tm-Tn
3(zly: — z3y)

(5)

Note that T3 —z; #0, L3y —22y, #0, 21 #0, 2, #0
under 0 < oy < 29 <.
(ii) Two points from the straight-lined part

In this case, we can obtain the %;)Ilowing two equa-

tions.
n = ghm e, (6)
w = ghGn-ne, "
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where [ should satisfy the condition of 0 < 1 < z; <
. From eq.(6) and (7), we can introduce the unique
set of solutions in 0 < I £ z; < z3 as follows,

e — a3
2EI (lel Y2) ,
9(z2 ~ -"313(2?1312 — Tatn)
3(z1y2 — Tahn
Y2—W

I
!

i

(®)

Note that 23 ~ 21 # 0, y2 =91 # 0, Z1y2 — Z2y1 #0
under 0 <1<z <25,
(iii) Points from each of the curved and
straight-lined parts

Without lost of generality, we can assume 0 < z; <
1 € z; and z; # z5. In this case, eq.(3) and (7) exist.
From these equations, we obtain,

9

Equation (9) is the third order equation with re-
spect to [. From eq.(9), we can easily show eqs.(10)
and (11) under 0<z; LI <22, 21 #F22and 0< f

g(l) = y1l3 - 3323[1[2 -+ 31'%’5]2[ - .’E?yg = 0.

.

Jim g(l) = —oo (10)
dim (1) = +oo (11)

Now, let us examine the sign of g(z,) and g(z2). g(z;)
and g(z,) can be rearranged in the following zorms.

o@) = shl-2)a(3e ~2)i - 21)
+ l(a:g - 31) + 21(.’32 — I)} (12)
o) = —La¥as - D{i(2zs + Doz — 1)

T 6EI
+ 21.’82($2 - l) -+ 2.1‘%(1 - $1)} (13)

Under the condition of 0 < z; <1 < x9, 21 # 75 and
0 < f, we can easily show g(z;) > 0 and g(z;) < 0.
Conditions (10}, (11{, g(z1) > 0 and g(z2) < 0 ensures
that we always have one real root between z, and z.,
while there are three real roots (double roots can be
allowed) over the whole range.

Note that we cannot know beforehand whether
measured point is on the curved or on the straight-
lined part. A natural question that comes up is which
solution should we use to compute the contact distance
and the contact force. We can easily show that if we
obtain unique set of solutions by using one of three
cases, two other solutions never exist within the per-
missible region of solutions. This is summarized in Ta-
ble 1, where “C” and “S” denote Curved and Straight-
Lined, respectively. For example, when two points are
both obtained from the curved part, only eq.(5) can
satisfy the condition of solution (0 < z; < z2 < {),
while eq.(8) and solution of eq.(9) cannot. Thus, we
can always obtain the unique set of solution, if it is
guaranteed that two points are exactly on the an-
tenna. However, if this is not the case, the existence
of solution may not be guaranteed. In'the following
sub-section, we discuss this matter in detail.



Table 1: Solution map.

£q.(5) | Solution of Eq.(9) [ Eq.(8)
C, 0 [@) X X
G, D X (@) X
5,5 X X O

‘3.3 Uniqueness of Solution with Error

[Theorem] Let (z;,7) and (22,y2) be the ob-

points, where 0 < z; < 25, 0 < y; and
0 < y2. The condition leading to the unique
shape of the antenna is given by the following
inequality.

y2(3L — )2}

Y2
<
(3L — 372)2:% =40

—Ty. (14)
2

Proof: Let us consider the antenna shape always
passing through the point (a:g,y-g as shown in Fig. 3.
Since it is be difficult to consider the condition of
uniqueness of antenna shape under the condition that
two points are fully arbitrary, we fix one point (22, y2)
and discuss the relative relationship to be satistied be-
tween (x1,y;) and (22, ¥2). . o

g) Straight-lined part passes at point (z2,¥2) is given

y:

y2(3l — z,)22

Yse (3372 - 1)12 (0 S ZLa S i s 32) 3 (1'5)
y2(3z, — 1)

Yss 327 —1 (0<1.<_$a52¢2)- (16)

We call egs. (15) and (16) Antenna Shape Function.
By partially differentiating eq. (15) and (16) with re-
spect to I, we can obtain the following equations:

] 3y.22 -
7 Yse m{(ﬂ -z )1 — x2)
+(z, — Dzo} <0, (17)
a o 3y2($a - 32)
a% = @m-m; O (18)
Note that 8y,./0l and dy,, /8! are always negative in

therange of 0 < z, <l <z and 0 <! < 2, < 72,
respectively. This means that each Antenna Shape
Function monotonically decreases with respect to 1.
Now, let us consider two antenna shapes (Fig. 4)
whose contact distances are I; and [, respectively,
where 0 <y < I3 < z5. Since points A; and B, are
both on the curved part, inequality y4; > ys: is ob-
vious as shown in Fig. 4 (monotony of y,.). Similarly,
since points Ay and B, are on the straight-lined part,
Y42 > yp2 (monotony of y,,). The segment A;A; is
straight-line, while the segment B; B; is curved. Since
the segment B; B, is the lower convex curve, a point in
the straight-line segment A; A; always is upper than
a point in the segment B;B;. Thus, we can say that
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Figure 3: Upper and lower limit of Antenna shape
depending on {. .
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a

Figure 4: Antenna shapes decided by contact distance
11 and 32. .

the Antenna Shape Function monotonically decreases
over 0 < x, < z7 with respect to . Now, let us con-
sider the upper and the lower limits of the Antenna
Shape Function. By taking ! — 0, the upper limit is
given by '

(19)

2
%,
T2

Sirnilarly, by taking | — z, the lower limit is given by

: =¥ . 2
ll_zg:l: Yse 23 8z — zq4)z; . (20)
(ii) Curved part passed through the point (z3,y2) is
given by:

_ (3l = za)z?

ycc - (31 — 332)37% {21)

. (Ogma <z L)

In this case, the antenna has curved shapein 0 <z, <
x5. By partially differentiating eq. 21 with respect to
{, we can obtain

a - 3y2(:1:¢ "'232) 2~
éiycc—-— (35«3:2)2 Ty < 0.

For 0 € z, < 73 < I, By../8! is always negative.
Therefore, .. is also monotony with respect to . For
the limiting copy, the following upper and lower limits
are obtained. ‘

(22)

- B p oy
:1-153, Yee 223 (3zy — x,4)z3, (23)



Contact Point

(a) Digitized image (b) Binary image

Figure 5: Captured picture.

y2(3L — x,4)z2
(3L —z3)z3

As expected, the lower limit in Case-(i) is equal to
the upper one in Case-(ii). For an arbitrary [ (0 <1 <
L), the upper and lower limits of the Antenna Shape
Function {ASF) are given by

i 24
fny e 4

y2(3L — z4)2 _ 1
2 < < =z5. 25
GL-aa} =S
Note that the upper and lower limits of ASF form a
convex shape as shown in Fig. 3. Now, let us con-

sider a point (z1,y;), where z; < z,. If (zy,y1) is so

selected that the point may exist within the convex
shape formed by the upper and lower limits, the an-
tenna shape can be uniquely determined. By replacing
z, = x1 and ASF = y,;, we can obtain the condition
stated in the Theorem.
3.4 Utilization of Two-Points Detecting
Method

At first, we extract the points them the antenna
from captured picture, and transform from the camera
coordinate to the antenna coordinate. Choosing two
points sequentially, we check the condition stated in
Theorem. If the condition is not satisfied, we choose
another two sets of points and check the condition
again. If the condition is satisfied, we compute the
contact length and contact force by using the analyt-
ical solution given in Subsection 3.2. Finally, by av-
eraging all the computed contact lengths and contact
forces, we obtain the estimated the contact location
and the contact force.

4 Experiments

The image data are got into the computer through a
CCD camera with 256 x 256 dots and 8bits gray scale.
For the ease of distinguishing the antenna from the
environment, we use a white stainless antenna with
a diameter of 0.8mm and a length of 220mm. We
believe that one of the big advantages of VBAA is
that we can paint the antenna so that it may be easily
distinguished from the environment. Figures 5 show
captured picture of the antenna and its binary image.

Figures 6 show experimental results of the two
points detecting method, where (a) and (b) denote the
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Figure 6: Experimental results without compensation.

estimated contact force and the estimated contact dis-
tance, respectively. The real lines and circles show the
theoretical analysis and the experimental data, respec-
tively. The agreement between analysis and experi-
ments is fairly good. However, we can see some gap
between theoretically and experimentally estimated
contact distance, especially for relatively large con-
tact distance. This means that the maximum sensing
error will be 30mm at the contact distance ! = 20cm,
which corresponds to more than 10% of the contact
distance. To cope with this problem, in the follow-
ing chapter we consider a new compensation method
improving the sensing accuracy.

5 Discussions

By examining Fig. 6 (b), we found that the esti-
mated contact distances vary according to the push-
ing angle and the contact distance itself. Based on
this consideration, we take the pushing angle into the
compensating equation so that we can obtain the esti-
mated contact length and force close to the real ones.
The compensation equation is expressed by

fl
ll
where I, I, f' and f are the modified contact dis-

tance, estimated distance, modified force, and esti-
mated force, respectively. We estimate parameters as;

aso + (as1 +ag28)f,
= apg+ (au -+ azgg)i.

(26)
(27)
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Figure T: Experimental results with compensation.

and a; (i =0, 1, 2) in egs. (26), (27) by using the least
square method. Fi 7 shows the improved contact
distance and force by using egs. (26) and (26). It can
be seen from Fig. 6 (b) and 7 (b) that the introduction
of # into the compensation equations greatly improves
the sensing accuracy. The maximum sensing error is
about 3mm over the whole range of the antenna.

6 Conclusions :

We discussed the condition of uniquely detecting a
contact location and force by using VBAA. The main
results obtained in this paper are as follows:

(1) ¥ we can measure two exact points on the an-
tenna, both the contact location and the force can be
uniquely computed.

(2) If we cannot measure the exact points on the an-
tenna, uniqueness of solution for the contact location
and the force is not a.lwaags guaranteed. We derived a
convenient condition leading to the unique solution.
(3) In order to improve the sensing accuracy, we newly
proposed a compensation equation including the push-
ing angle and showed experimentally that the pro-
posed scheme work effectively.
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