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Abstract

An algorithm for detecting the shape of 2D concave sur-
face by utilizing a tactile probe is discussed. Pulling
a tactile probe whose tip lies on an object’s surface
can be easily achieved, while pushing it is more dif-
ficult due to stick-slip or blocking up with irregular
surface. To cope with the difficulty of pushing motion
on a frictional surface, the proposed sensing algorithm
makes use of the pulling motion of tactile probe from
a Jocal concave point to an outer direction. The algo-
rithm is composed of three phases, local concave point
search, tracing motion planning, and infinite loop es-
cape. The proposed algorithm runs until the tactile
probe detects every surface which it can reach and
touch. We show some computer simulations obtained
along the proposed algorithm.

1 Introduction

This paper focuses on the shape detection of 2D sur-
face by utilizing a tactile probe which can detect any
contact point between it and environment. One em-
phasis of our research is to study how the probe mo-
tion should be planned for the object including con-
cave surface. Suppose that human moves his (or her)
finger tip on the table as shown in Figure.1, where (a)

and (b) denote the pushing and the pulling modes, re- -

spectively. It should be noted that pushing motion is
not achieved smoothly due to appearance of the well-
known stick-slip and often blocked by a small irregular-
ity on the surface, while pulling motion can be achieved
even under significant friction. Considering this fact,
we discuss the pulling motion based algorithm where
no pushing motion appears. If the environment's sur-
face is unknown, however, whether the resulting motion
becomes pulling or pushing strongly depends on the
- surface geometry and on the direction of the motion

(a)

Figure 1: Pulling and pushing motions by human hand.
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Figure 2: Pulling and pushing motions by & sensor probe.

imparted to the tactile probe. In case that the sensing
motion starts from an arbitrary point on the surface,
pulling and pushing motions are expected for outer and
inner directions, respectively, as shown in Figure.2(a).
If we can choose the local concave point as a starting
one, however, we can expect pulling motions for both
directions, as shown in Figure.2(b). In order to utilize
this advantage, the algorithm first searches the local
concave point by applying the bisection method (local
concave point search). The tactile probe is then pulled
from a local concave point to outer directions while
keeping the tip of the probe in contact with the envi-
ronment (tracing motion planning). During the tracing
motion, however, the tip of the probe may get out of
the surface and touch again at a new contact point due
to the existence of another local concave area, or the

~contact point may jump from the tip to an arbitrary
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point of the probe due to the existence of a local convex
area. When the tactile probe recognizes such a partic-
ular situation, the sensing system stores each contact
point before and after jump. For such a non-traced
area, the sensing motion is repeated recursively. There
might be a failure mode in which the sensing motion
results in repeating mode without finding any new con-
tact point. To emerge from such an infinite loop, we
prepare infinite loop escape by which the tactile probe
can always find a new contact point if it exists. We

~ show that the proposed algorithm can continue to run
till the tactile probe detects every surface which it can
reach and touch. Also, we show some computer simu-
lation obtained along the proposed algorithm.

2 Related Work

There are a number of works discussing tactile and
haptic perception linked with multi-fingered dexter-

ous hands [1]-[10]. Caselli et. al. [11] proposed an
efficient technique for recognizing convex object from
tactile sensing. They developed internal and external
volumetric approximation of the unknown objects and
exploited an effective feature selection strategy along
with early pruning of incompatible objects to improve
recognition performance. On the other hand, algo-
rithms for tactile sensing have also been reported. Gas-
ton and Lozano-Perez [12] and Grimson and Lozano-
Perez [13] discussed object recognition and localization
through tactile information under the assumption that
the robot possesses the object models. Cole and Yap
[14] have addressed “Shape from probing” problem,
where they discussed how many probes are necessary
and sufficient for determining the shape and position
of a polygon. They showed 3n — 1 probes are neces-
sary and 3n are sufficient for any n-gon, where n is the
number of probes. Most of these works {1]-[9], [11}-
[14], however, deal with convex objects only and never
discuss concave ones.

As far as we know, there are only a few papers {15}~[20}

addressing tactile sensing for concave objects. Russell

- [15] designed a whisker sensor composed of an insensi-
tive flexible beam, a potentiometer, a return spring and
counterweight. Assuming that the whisker tip always
makes contact with an environment, he showed the out~
put of the sensor when scanning the concave bowl of a
teaspoon. Roberts [17] discussed the strategy for de-
termining the active sensing motion for the given set of
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Figure 3: Definition of symbols and problem notation.

convex and concave polyhedral model objects. Chen,
Rink and Zhang [18] introduced an active tactile sens-

* ing strategy to obtain local object shape, in which they

showed how to find the contact frame and how to find
the local surface parameters in the contact frame. This
work might be applied to a concave surface that can
be described by the second order polynomial equation,
although their experiment is limited to a convex object
only. In these works, they picked up extremely simple
concave objects as test examples but included no pre-
cise discussion on the inherent sensing algorithm for
concave objects. This paper is an extended version of
our former work [19].

3 Problem Formulation
3.1 Preliminary definitions

Let P(s) (or simply P) be a point on the envi-
ronment’s surface, where s is the coordinate along
the surface as shown in Figure.3(a). We define
Dist(P(s1), P(s2)), CF and LY as the distance, the
environment’s contour, and the hne segment between
P(s;) and P(sp), respectively. When C becomes
known by a probe tracing, we define CP‘ € W1, where
W; is the assembly of the area traced by the probe.
I Dzst(P(s;),P(se)) < g exists for a V small € > 0,

we can regard Lp‘ as an approximate surface of C,’:’,
and define Cp? € W3, where W; is the assembly of
approximately "detected area by straight-line approxi-
mation. When the tactile probe recognizes the partic-
ular area between P(s;) and P(sz) where it can not
reach and touch physically, we define the area as the

‘non-reachable area and describe by C € W3, where

W3 is the assembly of the non-reachabie area verified
by a probing motion. For every concave object (or en-
vironment), we can make an equivalent convex shape
by connecting common tangential lines. The outside
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of the equivalent convex is defined as the free area F
as shown in Figure.3(b) where it is guaranteed that
there is no object (or environment). We also define
Area(G) as the area of G, where G denotes the region
constructed by two probe postures, while the precise
definition of G will be given later.

3.2 Main assumptions

Distributed sensing elements cover all over the tactile
probe. The probe has negligible thickness and con-
nected with the end-joint of a robot arm having suf-
ficient degrees of freedom so that the probe can take
arbitrary position and posture in 2D plane. The arm
is assumed to have a joint torque and a joint position
sensors in each joint. Both sensors are indispensable
for achieving a compliant motion and determining the
probe position. The torque sensor is further utilized
for confirming whether a clockwise (or counter clock-
wise) rotation of the probe is allowed or not. The probe
is long enough to ensure that the end-joint of the arm
always exists in the free area F, which enables us to ne-
glect any geometrical constraint coming from the robot
arm and to focus on the probe motion. The probe is
sufficiently stiff to avoid bending. In order to avoid
complicated discussion, we give the following assump-
‘tion on the shape of environment. Consider a small
circle whosé center and radius are given by P(s) and
€/2, respectively, as shown in Figure.3(a). We also as-
sume that there always are only two intersection points
between the circle and the environment for an arbi-
trary s € [—00,+00] which means that the environ-
ment is smooth enough in ¢ level and does not include
too much irregular surface. This assumption provides a
valid reason for approximating the environment’s con-
tour as the straight-lined one, namely, C2+® & L3+e,
We also assume that there exists only one object (or
environment). The last assumption means that the
objects (or environment) could be complicated but no
isiand like object in addition to the main object.

3.3 Problem formulation and Nomencliature

Problem formulation : Given Cp(*.w) € W end
CPH""’) € W, construct an algorithm such that C5° €

W is achieved under the assumption in 5.2, where W =

Ui Wi,

F : Free area
A;iB; : Area between 4; and B;

G; - Region constructed by two probe postures

when the unknown area A;B; is found
L+ Line segment between 4; and B;

V; : Half plane that we can see in the right hand
side when moving from B; to A;

7; : Semi-infinite region sandwiched by P, A; and
P; B;, where F; is the joint position

4 Pulling Motion Based Sensing

4.1 Outline of the algorithm

Figure.4 shows an example explaining the sensing al-
gorithm. The probe is first inserted from an arbitrary
point in the free area F toward the unknown area until
the tip makes contact with the environment. By mon-
itoring the torque sensor output, it is checked whether

-a clockwise (or counter clockwise) rotation of the probe

is possible or not. After checking such a geometrical
condition, the probe is rotated in the direction of ro-
tation free till it again makes contact as shown by the
dotted line in Figure.4(a), where ¢ is the rotational
angle. Choosing the equally divided direction /2, we
again insert the probe till it makes contact with the
environment. By repeating this procedure, the tip can
ﬁnaﬂy reach the local concave point, where the probe
loses any rotational degree of freedom (local concave
point search). Then, the probe is moved from the local
concave point to the outer direction, while maintaining
constant torque control for the last joint, where a clock-
wise torque is applied during the probe motion from Dy
to Ag and a counter clockwise torque is imparted dur-
ing the probe motion from Dy to B,. Figure.4(b) and
{c) show two examples of tracing motion. By impart-
ing the torque depending on the direction of tracing
motion, it is ensured that the probe tip makes contact
with the environment if the surface is smooth enough as
shown in Figure.4(b) (tracing motion planning). Thus,
the tracing motion is executed by a pulling motion
alone. This is the reason why we call the algorithm
the pulling motion based sensing algorithm. If the en-
vironment includes another local concavity as shown
in Figure.4(c), however, the tip will be once away from
the surface and then make contact with another part of
the environment due to the constant torque command
imparted to the joint. When the probe recognizes such
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Figure 4: Outline of the algorithm.

an additional concave ares, we register A; and B, as
a new pair indicating the unknown area. The sensing
motion is repeated recursively for A;B;. During both
local concave point search and tracing motion planning,
the sensing motion may result in an infinite joop de-
pending upon the environment’s geometry. In order to
emerge from such an infinite loop, we prepare the infi-
nite loop escape, in which the probe is inserted so that it
can reach a new contact point between the designated
area. The infinite loop escape is not always necessary
but called upon request when the same contact point
is detected repeatedly.

4.2 . Local concave point search
4.2.1 Initial pass planning

Definition 1 Consider two probe postures when the
unknown ares A;B; is found (see Figure.5(a)). G; is

defined as the region constructed by connecting A;, B;

and each joint of the probe. If both A; and B; are de-
tected by one probe posture, G; is generated by rotating
the probe around the tip till it makes contact with the
environment as shoun in Figure.6(a). '
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Figure 6: An example of single probe detection.

~ All possible shapes for G; can be classified into three

groups, one polygon (triangle or quadrangle), two tri-
angles (Figure.5(c) and (d)), and one line segment
(Figure.6(a)), where the difference between (c) and (d)
depends upon whether L5° passes through (Ji(l) or &
The quadrangle in Figure.5(a) or (b) results in a tri-
angle when the line segment A;B; lies on the extended
line of one of two probe postures. For a single probe
detection as shown in Figure.6(a), G; forms either a tri-
angle or a line segment (Area(G;) = 0). Area(G;) =0
means no more rotational degree of freedom around the
tip. In other words, there exists no other pass except
the current one resulting in the single probe posture as
shown in Figure.6(b). Once Area(G;) = 0 is detected,
the algorithm categorizes the A;B; into never touching

FR-19



Pulling Motion Based Tactile Sensing

‘area W3 and leaves from the initial pass planning. In
this subsection, we temporarily assume Area(G;} # 0.
Under such an assumption, there exist only two pat-
terns for G; namely, one polygon and two triangies.
Since G; always links with the free area F under as-
sumption in 3.2 (the probe is long enough to ensure
that the joint never enters within the unknown area),
it is guaranteed that if there is an environment within
Gi, its root must be connected with A;B;. If this does
not hold true, the environment in G; must be an island-
like-object. Under the assumption of single object (or
environment), however, such a situation never appears.
In case of Figure.5(c), the probe trajectory should be
strictly bounded, because it must be planned to pass
through the common point for both triangles to ab-
solutely avoid contacting with the environment whose
root exists except A;B;. As for the environment clas-
sification, we give the following definitions.

Definition 2 For the area A; B;, internal and external
environments are defined as follows:

Int(A;B;): Internal environment is defined as the one
whose root comes from the ares between A; and B;.
Ext(A;B;): Ezternal environment is defined by the
area A;B; except Int(A;B;).

Let us now define the area V; which also restricts the
initial pass to Int(A4;B;).

Definition 3 Suppose an arbitrary point Q denoted by

the vector g with respect to 35. Let a; and b; be two

vectors expressing the positions A; and B; with respect

to Y. DefineV; as an assemble of g satisfying Vi(q) =

;gn{(as - q),(bs — @)} > 0, where sgn(z,y) is given
Yy .

QY
eoul @

where, @ denotes a vector product for two vectors z =
(=1, 22)T and y = (11,1)7.

Consider two half planes whose boundary line includes
the line segment A; B;. By definition 3, V; denotes the
half plane that we can see in the right hand side when
moving from B; to A;. Note that G;NV; # G; for
Figure.5(b), while G; N V; = G; for Figure.5(a), (c),
(d) and Figure.8(b). Another remark is that G; form-
ing a concave quadrangle (Figure.5(b)) is converted
into convex one by G; N V;, while G; having two trian-
gles (Figure.5(c)) keeps the concave shape even under

sgn(x,y) =

G; N'V;. Supposing that the probe is inserted along
its longitudinal direction, we now describe a sufficient
condition for making the tip reach Int{(A;B;).

Theorem 1 A sufficient condition for making the tip
reach Int(A;B;) is to move the probe along the line
passmg through one point on LE° NG:NV; and one point
on LB a., where if G;NV; is composed of two triangles.

one point on L‘B: is replaced by the common point for
both triangles. ;

Proof : L%° N G; expresses the line segment of L5°
within G;. Similarly, LZ° 1 G; N V; denotes the line
segment of Lﬁg within @; N V;. Note that there are
two possible shapes constructed by G; N V; NF, one is

‘convex (Figure.5(a), (b), (d) and Figure.6(b})) and the

other is concave (Figure.5(c)). _
(i) G:NV;NTF is a convex polygon: Assume a half-
straight line starting from an arbitrary point on LB"

G:NV; toward L. Since G;NV; NF is convex poiy-
gon, the half-straight line comes out only from the line
segment A;B; without passing through the other line
segments. Therefore, the tip comes out from L%’ or
stops due to the existence of Int(A; é) before reachmg
Lf,f‘ Once the tip comes out from L;¢, the only feasi-
ble case is that the tip makes contact thh Int(A; B;).
In any cese, the tip finally reaches on Int(A;B;).

(i) G;:NV;N7F is a concave polygon: Figure.5(c) is
the only example of this case. Since the polygon is
composed of two triangles having the common top an-
gle, the half-strazght line starting from an arbitrary
point on L ° NG;NV; toward the common point always
reaches I nt(A B;) without coming out from the other
line segment forming the polygon. Thus, the theorem

‘holds true. |
- The approaching strategy based on theorem 1 guaran-

tees to find a pass for reaching a new contact point
within the designated environment’s surface. In the
algorithm, we simply move the probe along the line
connecting two central points on LB° Nngny; and
LB

4.2.2 Bisection method

Once the probe detects an initial contact point, the
bisection method is continuously applied for finding a
local concave point, while it is not always obtained. In
this subsection, after a couple of definitions, we provide
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Figure 7: Definition of Tf‘ﬁ .

a theorem ensuring for always making the tip converge
on Int(A;B;). Suppose that the tip of the probe is

already in contact with Int(A;B;) by initial pass plan- -

ning. Then, bisection method has the following proce-
dure:

(i) Swing motion: The probe is rotated eround the
joint until either it makes contact with an envi-
ronment or it exceeds a prescribed rotational an-
gie.

(#) Dividing: The engular displacement obtained dur-
ing the swing motion is equally divided. Then, the
probe is swung back by the equally divided angle.

(i) Inserting motion: The probe is inserted along the
longitudinal divection &Il the tip makes contact
with an environment.

() (i) through (iii) are repeated until the probe re-
sults in one of the following states, {a} The probe
loses any rotational degree of freedom around the
joint, or (b) The tip converges the intersection be-
tween the environment’s surface and the boundary
imparted as a constraint condition.

Definition 4 Let the joint position be P;. Define T;
as a semi-infinite region sandwiched by two lines F;A;
and P B;.

’1}0 ) is shown by the hatched line in Figure.7(a), where
the upperseript (j) denotes the value after j-th inser-
tion. Now let us consider an extreme case, where the
initial contact is achieved at the top of the hill as shown
in Figure.7(b). The bisection method starts by swing-
ing the probe in the left direction (or right direction).
Since the probe always goes into the safety area F in
this particular case, the probe will not make contact
with the environment any more. Therefore, we need

Makoto Kaneko and Toshio Tsuji
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Figure 8: Relationship between PP and TV 0.
& boundary, such that we can stop the swing motion.

'J;{-" ) provides a reasonable boundary, although it is still

not a sufficient boundary for finally making the tip con-
verge on Int(A; B;).

Theorem 2 Suppose that an initial contact with
Int(A; B;) is olready completed. Also suppose that the
mazimum swing angle is determined such that the probe
never comes out from the line segments P,(")A; and
POB;. If there is no Ext(A;B;) within T n v,
the tip alweys reaches Int(A;B;) through the bisection
gethod.

Proof : By the assumption imparted to the maximum
swing angle, the probe never comes out from the line-
segments P(’)A; and P"’ B; as shown in Figure.8(a).

From Figure.8(b), we can easily show (’2:(1} ny) o
(T2 nVy) o -+ > (™ nVy), which means if there is
no Ext(A; B;) within V0V, 90V =1,2,...,n)
cannot include Ezt(A;&) either. Therefore, the tip

- comes out from L *or shops due to the existence of

Int(A; B;) before reachmg LE 4.~ Once the tip comes
out from Lﬁj, the only feasible case is that it makes
contact with Int(A;B;). In any case, the tip finally
reaches on Int(A;B;). B

In order to utilize theorem 2, we have to ensure that
there is no Ezt(4;B;) within T, N V. In case that
there exists an external environment within 7, n V),
however, the tip does not always reach Int(A;B;)
even though the bisection method is executed within
7") NV;. Figure.9(a) may provide a good example.
Suppose that the initial contact is achieved at the top of
the hill and the bisection method is executed as shown
in Figure.9(a). At the end of the bisection method,
the tip will converge to the local concave point D; be-
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Figure 9: An ezample of environment where there exists
Ezt(A:B;) within TV V.

longing to Ext(A;B;). To exclude the convergence to
such an external environment, we again recall G; where
it is guaranteed that there is no Ext(A;B;) in it. For
example, if the bisection method is planned, such that
the tip may move within ’If’) NV;NG; as shown in
Figure.9(b), the convergence on' Int(A;B;) is always
guaranteed. Theorem 3 provides a sufficient condition
for making the tip always converge on Int(4;B;).

Theorem 3 Suppose that an initial contact with

Int(A;B;) is already completed. A sufficient condi-

tion for making the tip finally converge on Int(A;B;)
is to execute bisection method such that the tip may not
comne out from the boundary of7;°>m2‘- NG; except the
line segment A; B;.

Proof : Since there is no Ext(A;B;) within 9 n
ViNG;, the tip comes out from L5 ‘A, or stops due to the
existence of Int(A;B;) before reaching LB‘ Therefore,
by the similar logic that explained in the proof in the-
orem 2, we can show that the txp finally reaches on
Int(A;B;) in any case. |

4.3 Tracing motion planhing

4.3.1 Realization of the pulling motion

When the local concave search comes to the end, there

are basically two possible cases as shown in Figure.10,
namely, the tip finally reaches a local concave point
(a), and it stops at a non-local concave point ((b) and
(c)). In Figure.10(b) and (c), the tip stops due to the
boundary constraint (b) and due to multiple contacts
(c), respectively.

() (b) {c)

Figure 10: Final states after bisection method: {a) Local
concave point; (b) Intersection between the environment's
surface and T™; (c) Multiple contacts.

Definition 5 Y; denotes the final contact mode where
Y; = 1 means that only the tip makes contact with
the environment, and Y; = 2 means multiple contacts
at the tip and other points. Y; denotes the rotational
constraint around the joint, where Y; = 0, 1 and —1
are full constraint (Figure.10(a)(c)), single constraint
for the clockwise direction, and single constraint for the
counter clockwise direction (Figure.10(b)), respectively.

Definition 6 Define K as an assemble of v satis-
Jying v*t* < 0, where v and t are vectors ezpressing
the moving direction of the joint, and the longitudinal
direction of the probe, respectively, and * denotes the

-value just after the bisection method is completed. Also,

define K as an assemble of v satisfying sgn(v,t*) < 0.

More simply, X; denotes the half plane excluding ¢
when the whole plane is divided at the joint by the line
perpendicular to £*.

Definition 7 Face(right) = ON (or Face(left) =
ON or Face(tip) = ON) means that a part of right
side (or left side or tip) of the probe makes contact
with an environment. ‘

Based on the definition 5, the three cases (a}, (b), and
{c) in Figure.10 can be classified by (¥3,Y2) = (1, 0),
(Y,Y2) = (1,~1 or 1), (¥3,Ya) = (2,0), respectively.
For each case, let us now consider a sufficient condi-
tion for realizing the pulling motion based tracing mo-
tion. Let X be the region where the joint can be moved
without generating any pushing motion. In case (a),
K = K, (the hatched area in Figure.11(a)). In case
(b), if Yz = —1, K = K; NK; (the double hatched area
in Figure.11(b)) and if Y2 = 1, K = K1nK3: In case (¢),
if Face(left) = ON, K = K;NK; (the double hatched
area in Figure.11{c)) and if Face(right) = ON,Y; = 1,
K=Kin E
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Figure 12: Reglization of tracing motion.

Theorem 4 A sufficient condition for achieving a
pulling motion based tracing is to determine the mov-

ing direction of the joint and the joint torque, such that.

v; € K and

T = Tosgn(v;, *) (2)
where 15(> 0) is the reference torque and the positive
direction of T is chosen in the clockwise direction, and
K is given below.
(A): Jf (Y1, Y2) = (1,0), K=Ky
B): [f(1h,Y2) =(1,-1), K=K NK;.
(C): (Y, Y2) =(L,1), K=K nK;.

D): If(N,Y2) = (2, 0) and Face(left) = ON, K=
Kinks. ~

(E) : If(11,Y2) = (2,0) and Face(right) = ON, K =
Kink;.

Proof : (Omitted) |

In case (A), when v; satisfying K = K; is chosen, only
the right or the left tracing motion will be achieved.
For completing the tracing motion for both directions,
we further separate X = X into K = K; N K, and
K =K;nK;. Then, we execute the right and the left
tracing motions by choosing v; satisfying v; € K1 NK;
and v€ K1 N Kz, respectively.

Makoto Kaneko and Toshio Tsuji

4.3.2 All possible cases during tracing motion

Tracing motion is continued until the tip successfully
traces from the initial point D; to A; (or B;) as shown
in Figure.12(a). However, the contact between the
probe and the environment is not always guaranteed
during the tracing motion. For example, the tip may
be away from the environment at the top of the hill
during the tracing motion from A; to B;, as shown
in Figure.12(b). Once the probe is away from the sur-
face, the joint torque sensor can not detect any reaction
torque from the environment, by which the sensing sys-
tem can recognize the case. Now let us classify what
sort of cases appear during a tracing motion and con-
sider how to deal with each case.

Definition 8 Let Pyiy, be the destination point for o
tracing motion. We choose Py;y, = A; for sgn{v;, t*) >
0 or Py = B; for sgn(v;, ") <0.

We stop the tracing motion when a part of the probe
reaches Py,. During the tracing motion, however,
there might appear a contact point jump due to the
surface geometry. For such a contact point jump, we
define two points Py,; and Py, as follows.

Definition 9 Let Py, and Py,q be the contact points
Just before and after o contact point jump, respectively.

" In case of a single probe detection, the point closer to

the tip is chosen as Pyy.

All possible cases durmg a tracing motion can be clas-
sified as follows:

(Case 1) All contact points are continuously de-
tected by the probe tip for the designated
: © area.
(Case 2) At least, one contact point jump appears.
(Case 3) v;Tt > 0 is detected.
{Case 4) The joint loses the moving degree of free-
dom in the direction given by »,.

All cases can be detected by utilizing the sensors imple-
mented in the robot~probe system. For example, (Case
1) and (Case 2) are confirmed by the probe output.
(Case 3) is certified by the sensors mounted in each
Joint of the robot arm. (Case 4) can be confirmed by
the torque sensor. Since (Case 1) means that the des-
ignated unknown area Int(A;B;) becomes known, we
can simply categorize such an area into W. For one
of the three other cases, however, we have to memo-
rize a part of Int(A; B;) as a further non-detected area.
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i GUTNY)

Figure 13: Pong detectéd on Int(A:B;) or Ext(A:iB:).

Let us now consider which points we should register for
(Case 2) , (Case 3) and (Case4) . Just for our conve-
nience, (Case 2) is further classified into the following
three cases.

(Case 2-1) Pjpq exists on Int(A; B;).

{Case 2-2) Pppnq exists on Ext(A;B;).

(Case 2-3) Pjnq does not exist within F.

(Case 2-1) or {(Case 2-2) is distinguished by checking
whether Pyng € G;U(TNV;) or Pong € G0 (TU V),
respectively, as shown in Figure.13(a) and (b). (Case
- 2-3) happens when the probe enter ¥ without any con-
tact. In (Case 2-1) , the area between Py, and Poyq i5
registered as a non-detected area and then the tracing
motion is continued for the remaining non-traced area.
In both (Case 2-2) and (Case 2-3) , we stop any fur-
ther tracing motion and register the area between P
and Py, as a non-detected area. (Case 3) may occur
because the condition realizing a pulling motion is sat-
isfied only at the starting position. Once v;Tt > 0
is detected, we stop the tracing motion and register
the area between Py,, and Pj;, as a non-detected one,
where P, ,; is replaced by the point in which v;T¢ > 0
is detected. (Csse 4) may also occur depending on the
surface geometry, the probe posture and the moving
direction of the probe. Once the probe loses the degree
of freedom in the direction v;, we stop the tracing mo-
tion and register the area between P;, and Py, as a
non-detécted one, where P,,; is replaced by the point
in which the probe loses the degree of freedom. In
case of Figure.11{c), according to the theorem 4, the
tracing motion is not executed in the: direction from
D; to A;. In such a situation, we register (P&), 2(,2,)
and (Pfﬂ,P}g) as non-detected ‘areas after regarding
(Pizd: Ppy) = (D1, Q) and (P, P{) = (Q, A) as
shown in Figure.12(c). ~

Figure 14: How to store non-detected area.
4.3.3 Registering into A;B;

The non-detected area, such as (P, Pong) has to be

finally stored into (A;, B;) for executing the program

recursively. In this subsection, we briefly describe the

basic rule to obtain the set of (4;, B;). S
{Rule to determine (A4;, B;)) (see Figure.14)

(i) In case of Pg;p, = A;t (A, B;) = (Papaor Prin, Pist)-

(ﬁ) In case of Pf‘in = Bii ‘ (Aj, B;) =

’ (P:sznd or Pin)-

This rule is for keeping the characteristics of V; defined

in4.2.1

4.4 Infinite loop escape

There might be a particular state in which the tip can
find the same point repeatedly during the local con-
cave point search and the tracing motion planning. In
order to awid such an undesirable mode, we prepare
the infinite loop escape, where the probe temporarily
searches a new contact point by utilizing the same way
taken in the initial pass planning. Since the initial pass
planning ensures to find a new contact point between
A; B;, we can separate the srea A;B; into two new ar-
eas A;4+1B;41 and Aj42Biy2, as shown in Figure.15(a).
After dividing the area, we leave from the infinite loop
escape and come back to the normal mode given by lo-
cal concave point search and tracing motion planning.
Now, assume that an infinite mode appears every time
after initial pass planning motion. In such an extreme
case, A;j41B;y4 (or Aj42Biy2) is further separated into
two unknown areas A;,3Bi;3 and Aj+4Biy4, and so
forth, as shown in Figure.15(a). For every newly di-
vided area, if Dist(A;, B;) < € is satisfied, any fur-
ther separation between A; and B; is stopped and
Ca’ € W, is assigned. This implies that the algorithm
brings the environment’s shape in relief even when an
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Figure 16: Flowchort.

infinite loop occurs continuously.Figure.16 shows the
overall flowchart of the algorithm.

5 Simulation
Figure.17 and Figure.18 show simulation results, where

the continuous and the dotted lines denote the known

and the unknown areas, respectively, and the line seg-
ment passing through the joint expresses the moving
direction of the joint, which is determined by the suf-
ficient condition given by theorem 4. Figure.17 is a
simple example, where the tip can trace every surface
“eventually. Also, thereis no Ext(A;B;) within 7}(1)01&
and, therefore, the local concave point can be found
by utilizing either theorem 2 or theorem 3. Figure.18
shows an example including a couple of never touching

Makoto Kaneko and Toshio Tsuji

i

(s) (b)

AV

(c) @

Figure 17: Simulation vesult {example 1).

® B )

Figure 18: Simulation result (ezample 2).

areas, where the tip can not reach and touch. Although
this example includes such a complicated surface, it can
be seen that the proposed algorithm enables the tip to
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reach every reachable area step by step and, finally,
it finds the contour of the surface except three never
touching areas. From these simulation results, it can be
understood that the unknown area gradually decreases
and finally disappears except the particular area which
the probe cannot reach and touch.

6 Conclusions

A tactile sensing algorithm for detecting the concave

surface was discussed. In our next step, we will relax

this assumption so that the tip can reach much larger -

area. Also, we will try to extend the pulling-motion-

based tactile sensing into a 3D concave environment.

Since tracing every area for a 3D environment is not
as feasible as that in a 2D one, the parametrized local

surface function [18] may be a useful tool for expressing

the surface shape with respect to a local contact frame.
We believe, however, that the concept of the pulling-
motion-based tracing should be still included even in
the algorithm for surface sensing of a2 3D environment.

This work has been supported by CREST of
JST(Japan Science and Technology).
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