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DESCRIPTION

OPTICAL TACTILE SENSOR AND METHOD OF RECONSTRUCTING FORCE
VECTOR DISTRIBUTION USING THE SENSOR

FIELD OF THE INVENTION
The present invention relates to an optical tactile sensor, and preferably to a

tactile sensor used for a robot hand.

BACKGROUND OF THE INVENTION

When considering understanding the contact state of a contact surface using a
tactile sensor, there are vectors of three components representing magnitude and
direction of force acting at each point of the contact surface. This is represented as
f(x,y) in the coordinate system of Fig. 1. Here, fis a vector, and so actually has three
components X, y and z at each point. When explicitly expressing each component, it is
represented as f(x,y) = [fx(x,y), fy(x,y), fz(x,y)].

Some of inventors of the present invention et al. have proposed an optical
tactile sensor that is capable of measuring three-dimensional force vector distribution.
The optical tactile sensor is disclosed in W(002/188923 Al and incorporated herein by
feference. A principle of the optical tactile sensor will be explained based on Fig. 2.
The optical tactile sensor comprises a transparent elastic body and a CCD camera. By
photographing spherical markers embedded in the transparent elastic body by the CCD
camera, internal strain information of the elastic body is measured when a force is
applied on the surface of the elastic body, and force vector distribution is reconstructed
from the information.

By taking an image of the spherical markers by a CCD camera from
z-direction where an elastic body surface is taken as the x-y plane and an orthogonal
direction to the x-y plane is taken as the z-axis, movement of a point to be measured

when force is applied is measured as a movement vector in the x-y plane. However, it
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is difficult to reconstruct the force vector distribution from the strain information
because an amount of information is insufficient. Therefore, N x N red spherical
markers and blue spherical markers are arranged at different depths in the elastic body
as points to be measured to obtain two sets of two-dimensional movement vectors with
different depths as two pieces of different information, thereby increasing the amount
of information to reconstruct the force vector distribution.

According to the above-mentioned optical tactile sensor, the optical tactile
sensor having a flat surface. is generally employed. Since the surface is photographed
as two-dimensional image information, application of flat surface that corresponds to
the two-dimensional image information may be a natural choice. Also, in case of a
sensor with a flat surface, it is easier to reconstruct force vector distribution.

This type of optical tactile sensor has advantages in that it can measure
three-dimensional force vector distribution and has an elastic body providing a flexible
surface to be contacted by an object. For example, in a situation where the optical
tactile sensor is provided at a robot hand of a humanoid, it is necessary to hold a glass
without breaking and dropping. To prevent the glass from dropping, it is necessary to
sense a force acting in the direction parallel to the surface of the glass. This is possible
with the above-mentioned optical tactile sensor. Here, when considering applications
of this type of optical tactile sensor for various purposes, it is necessary to construct a
tactile sensor with an arbitrary curved surface not with a flat surface. However, it is
difficult to reconstruct force vector distribution with an arbitrary curved surface. In this
regard, a tactile sensor with an arbitrary curved surface is disclosed in "Development
of arbitrary curved type tactile sensor using pressure conductive rubber", Shimojo et al.,
Robotics Society of Japan, 1 G24, 2002. However, it is not possible to acquire force
vector distribution by this sensor.

An object of the present invention is to provide an optical tactile sensor with
an arbitrary curved surface.

Another object of the present invention is to reconstruct force vector
distribution applied to an arbitrary curved surface from marker information.

Still another object of the present invention is to provide an optical tactile
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sensor that is capable of being used as a tactile sensor for a robot hand or a computer
interface.

Still further object of the present invention is to provide a method of
obtaining a transfer function by which a force vector distribution is calculated by using

marker information.

SUMMARY OF THE INVENTION

The present invention relates to an optical tactile sensor provided with a
tactile section and a photographing device. The tactile section comprising a transparent
elastic body and a plurality of groups of markers provided inside the elastic body, each
marker group being made up of a number of colored markers, with markers making up
different marker groups having different colors for each group. The elastic body
comprises an arbitrary curved surface (a non-flat surface). The photographing device
takes an image of the colored makers in the transparent elastic body to obtain image
information of markers when an object touches the surface of elastic body. The sensor
further comprises a force vector distribution reconstructing device that reconstructs
force vector distribution from information as to the behavior of the markers (movement
vectors of the markers, for example). The information as to the behavior of markers
can be obtained from the image information of markers.

At least one of displacement, strain and inclination of the colored markers
when the elastic body contacts an object is observed by photographing behavior of the
colored markers. Strain information inside the transparent elastic body is detected from
information about the behavior colored markers when a contact ‘obje‘ct touches the
sensor, and the shape of the contact object calculated from strain information, and
information about force acting on a contact interface (including both the elastic body
surface and the contact object surface) are also detected. According to the present
invention, it is possible to separately collect a plurality of types of information with a
simple method called "color coding”, and it is possible to acquire a plurality of types of
tactile information at the same time with an optical system. According to the present

invention, independent observed information whose number is equal to or greater than
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the number of unknowns are collected using color coding, and it is possible to estimate
and reconstruct force vectors by stably resolving a inverse problem.

The colored markers are photographed by photographing device, in a
preferred example, a CCD camera, and image processing is carried out by a processor.
For example, an image at the time of body contact and an image of a previous
condition (a condition where external force is not acting on the transparent elastic
body) are compared, and an amount of movement of the markers is detected.
Alternatively, the markers are embedded in the transparent elastic body in such an
arrangement that they can not be recognized normally (in a state where external force
is not acting on the transparent elastic body), and a configuration is such that markers
are recognized in response to displacement deformation and inclination of markers
caused by strain in the vicinity of positions where each of the markers exist when an
object contacts the transparent elastic body, and information is detected from the
appearance of the colored markers. In another preferable aspect, the behavior of
markers (step-like strip markers, for example) can be obtained by variance of marker
intensity.

The force vector distribution reconstructing device comprises a transfer
function by which force vectors or force vector distribution applied to the surface of
the elastic body are reconstructed from information (movement vectors of each marker
when an object contacts the surface, for example) obtained by photographing device as
to behavior of markers. The transfer function is a function that associates force
information applied to the surface of the sensor with information as to the behavior of
markers (movement vectors, for example). The image information of markers is
obtained by photographing the colored markers when the object contacts the sensing
surface of the elastic body, and the information as to the 4behavior of markers is
obtained from the image information of markers. In one aspect, the information as to
the behavior of markers is obtained by comparing marker information in a contact state
where the elastic body is contacted by an object and maker information in a normal
state where the elastic body is free of an object. In one aspect, the marker information

in the normal state may be stored in a memory device in the form of numerical
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information such as positional information or intensity information. The information as
to the behavior of markers can be obtained from the image information of markers in
the contact state and the pre-stored marker information in the normal state.

The force vector is obtained as an output by inputting the obtained information
to the transfer function. The number of information as to the behavior of markers that
is input to the transfer function is more than the numbert of force vectors to be obtained.
Generally, the force vector distribution reconstructing device is comprised of a
computer having a memory device and a processor. The transfer function is stored in
the memory device and the calculation is performed by the processor. In one aspect,
the force vector distribution device comprises a first processor for calculating the
information as to the behavior of markers from the maker image information and a
second processor for calculating the force vector from the information as to the
behavior of markers. In one aspect, the first processor is a local processor and the
second processor is a central processor.

The transfer function, depending on the shape of the elastic body, may be
obtained based on an equation derived from theory of elasticity. However, when the
surface of elastic body is an arbitrary curved surface, preferably, the transfer function
is obtained by measurement or simulation. The transfer function by measurement or
simulation can be obtained from information (movement vectors, for example)'as to
behavior of markers when x-directional force, y-directional force, and z-directional
force having predetermined magnitude, for example, are applied to sampling points
arranged on the surface of the sensor.

The steps for obtaining the transfer function by measurement comprises the
following steps. A large number of sampling points are discretely arranged on the
surface of the sensor. Information as to the behavior of markers when a force having
predetermined magnitude is applied to each sampling point in each direction of
predetermined directions is obtained. In one preferable aspect, the predetermined
directions include x-direction, y-direction and z-direction. The transfer function can be
obtained from the force with predetermined known magnitude applied to each

sampling point in each direction of predetermined directions such as x-direction,
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y-direction and z-direction and the obtained information as to the behavior of markers.

In one preferable aspect, the optical tactile sensor with an arbitrary curved
surface is a finger-shaped tactile sensor that comprises a transparent elastic body
constituting a finger tip muscle, the surface of which constitutes a surface of the sensor.
More preferably, the sensor further comprises a nail-like base provided at the back of
the elastic body and the nail-like base fixes the elastic body. In one preferable aspect,
the photographing device such as a camera is mounted on the nail-like base. In another
preferable aspect, the sensor comprises a local processor and a central processor. The
local processor calculates information as to the behavior of markers from the image
information of markers and the central processor calculates force vector distribution
from the information as to the behavior of markers by using the transfer function.
Preferably, the local processor is mounted on the back of hand or palm of robot.

In another aspect, the optical tactile sensor with an arbitrary curved surface
comprises a computer interface. As the computer interface, non-limiting example is a
modeling tool for constructing three-dimensional graphics. In one preferable aspect,
the optical tactile sensor used for the interface comprises a spherical elastic body or a
partial spherical body having a spherical or partial spherical surface.

In one preferred aspect, the imaging device is arranged at a position opposite
to the side of the transparent elastic body contacted by the object. Also, in the case
where there exists a plurality of colored markers having different colors from each
other, it is desirable to carry out convenient processing after imaging by selecting only
markers of a particular color and looking at them separately. Selection of a particular
color marker is carried out by, for example, using a color filter. It is desirably to
provide a light shielding layer on the sensing surface to stabilize an image of markers.

In one preferred embodiment, a plurality of groups of markers are embedded
in the transparent elastic body, each group of markers being made up of a large number
of markers, markers constituting different marker groups having different colors for
each group, and tﬁe marker groups having a different spatial arrangement. As an
example of this differing spatial arrangement, a plurality of marker groups are arranged

in a layered manner inside the elastic body. As an example of layered markers, the
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markers constituting the marker groups are microscopic spherical particles and the
spherical markers constituting the marker group for each layer have different colors
from each other. As another example of this differing spatial arrangement, a plurality of
marker groups are arranged so as to intersect each other. As still another example of
this differing spatial arrangement, each marker group is a plane group comprised of a
plurality of planes extending in the same direction, and extending directions and colors
thereof are different between each marker group. The shape of the colored markers is
not particularly limited, and preferable examples can be spherical, cylindrical,

columnar, strip shaped or flat.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a view showing force vector distribution exerted between a tactile
sensor and a contact object;

Fig. 2 is a view showing the principle of an optical tactile sensor;

Fig. 3 is a schematic view showing the construction of a sensor of the present
invention;

Fig. 4 is a view showing force vector distribution applied to a contact surface
and movements of markers;

Fig. 5 is a view showing a method of making a transfer function for
reconstructing force vector distribution by measurement;

Fig. 6 is a schematic view showing an embodiment of hemispherical tactile
Sensor; “

Fig. 7 is a schematic view showing an embodiment of finger-shaped tactile

© §ensor;

Fig. 8 is a schematic view showing another embodiment of finger-shaped
tactile sensor;

Fig. 9 is a schematic view showing still another embodiment of finger-shaped
tactile sensor;

Fig. 10 is a schematic view showing an embodiment of marker configuration;

Fig. 11 is a view showing another embodiment of marker configuration;
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Fig. 12 is a view showing another embodiment of marker configuration; and

Fig. 13 is a view showing still another embodiment of marker configuration.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Referring to Fig. 3, the construction of an optical tactile sensor of the present
invention is shown. The sensor comprises a transparent elastic body 1 formed of a
transparent elastic material and a curved surface 2, or a surface for sensing. The
transparent elastic body 1 is provided with a plurality of colored markers 3, 4
embedded in the transparent elastic body 1 in the vicinity of the surface 2 and along the
curved surface 2. A sensing section is comprised of the transparent elastic body 1 and
the colored markers 3, 4 arranged inside the elastic body.

The colored markers 3, 4 are comprised of two groups of colored markers and the
two marker groups are embedded in different depths respectively from the surface 2.
Colored markers 3 constituting one marker group and colored markers 4 constituting
the other marker group have different colors to each other. For example, one marker
group consists of a plurality of blue markers 3 and the other marker group consists ;>f a
plurality of red markers 4.

When an object 5 comes into contact with the transparent elastic body 1, the
colored markers 3, 4 provided inside the transparent elastic body 1 are moved due to
the internal strain of the elastic body. The sensor is also provided with a camera 6 as a
photographing device and a light source 7. The optical camera 6 is arranged at a
position on an opposite side to where an object 5 touches so that the transparent elastic
body 1 is provided between the optical camera 6 and the object 5, and behavior or
movement of the markers 3, 4 is photographed by the camera 6. The light source 7 may
transmit light through a waveguide such as an optical fiber for example. Images of
markers 3, 4 obtained by the photographing device are transmitted to a computer 8
constituting a force vector distribution device. The force vector distribution device
comprises a processor, a memory device, a display device, an input device, an output
device and other devices that are nommally installed in a general-purpose computer. The

processor calculates the marker information (movement vectors, for example)
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regarding the movement or motion of markers in the images. The processor further
reconstructs the distribution of forces applied to the surface 2 by an object 5 using the
marker information (movement information, for example) and a transfer function that
is stored in the memory device.

The transparent elastic body 1 is preferably made of silicone rubber, but it can
also be made from another elastic material such as another type of rubber or elastomer.
The markers are preferably made from an elastic material, and more preferably made
from the same material as the transparent elastic body 1. In one preferred embodiment,
the colored markers are formed by adding pigment to silicone rubber. Since
deformation of the elastic body should not be inhibited by the maxkérs, the markers are
also preferably made from an elastic material (preferably having the same elastic
constant as the elastic body). The material of the markers is not particularly limited as
long as the extent to which deformation of the elastic body is inhibited is sufficiently
small. It is also possible for a part of the elastic body to constitute the markers.

With the present invention, a plurality of optical markers are distributed within the
transparent elastic body 1, and information about the behavior (movement) of markers
within the elastic body produced by contact i’s detected by the photographing device
where the marker movements arise due to deformation of the elastic body 1 as a result
of the object coming into contact with the elastic body 1. Fig. 3 shows two marker
groups, but the number of marker group is not limited, and three marker groups may be
located in a layered manner along the surface 2.

A camera, as a photographing device, is a digital camera, namely a camera for
outputting image data as electrical signals, and in one pﬁaferred example is a CCD
camera. It is also possible to use, for example, a digital camera using a C-MOS type
image sensor. If three types of markers are prepared in red, green and blue, there are
two methods of perceiving these three colors individually. The first method is to use
color filters for separation where each marker can be regarded as being individually
photographed directly by looking at RGB output from the camera. The second method -

is a method where imaging elements perceive only light intensity and light sources of

red green and blue are prepared. When red is shone, light is only reflected from the red
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markers while the red light is absorbed by the markers of the other two colors, and so
the camera effectively only perceives the red markers. If this is also carried out at
separate times for green and blue, information equivalent to that using the first method
can be acquired.

To obtain force vector distribution applied to a surface of the sensor from
obtained information (movement vectors of markers, for example) as to behavior of
markers by an optical tactile sensor, a transformation from information (movement
information, for example) M as to the behavior of markers to force information F is
required. The transformation from the marker information M to the force information F
is obtained by an equation F=HM. Referring to Fig. 4, a method of reconstructing the
force vector distribution from the marker information will now be described based on a
method of obtaining the force vector distribution from the movement vectors of
markers. In Fig. 4, four arrows starting from the contact surface represent force vectors
and eight horizontal arrows represent observed movement vectors of the markers. Here,
though, for the purpose of simplification, only two-dimensional section (y-axial
direction is omitted) is considered, an algorithm is the same for a general
three-dimensional space.

Reference f refers to a force vector applied to a contact surface, and
references m and n refer to a movement vector of a blue marker and movement vector
of a red marker in the CCD element. Discrete fiite points (four points in Fig. 4) are
considered. As foregoing, force vector distribution has three components (x component,
y component and z component), but only two components (x component and z
component) are considered. Generally, taking an image by a camera means a projection
of a three-dimensional object to a pixel plane of a two-dimensional plane so that
marker movements only in the horizontal direction (x component and y component)
are projected in the plane. Here, marker movement only in x direction component is
observed.

Here, eight components, =[fx(1), £x(2), £x(3), fx(4), fz(1), fz(2), z(3), fz(4)]
are force vector distribution to be obtained, where m=[m(1), m(2), m(3), m(4)] and

n=[n(1), n(2), n(3), n(4)] are movement vectors to be measured. The vectors m and n
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are represented as X. Namely, X=[m(1), m(2), m(?), m(4), n(1), n(2), n(3), n(4)]. Here,
movement vectors m and n that are observed when a unit force (magnitude of 1) in the
x-direction is applied to a point 1 are represented as Mx(1).

Namely, Mx(1)=[m(1), m(2), m(3), m(4), n(1), n(2), n(3), n(4)] when £=[1, 0, 0,
0, 0, 0, 0, 0]. Similarly, a movement vector of each marker when a unit force in the
z-direction is applied to a point 1 are represented as Mz(1), a movement vector of each
marker when a unit force in the x-direction is applied to a point 2 are represented as
Mx(2), and so on. In case of a linear elastic body where linear summation relationship
holds between applied forces and strains (most elastic bodies meet this characteristics),
movement vectors are represented as

X=Mx(1) x fx(1) + Mz(1) x fz(1) + Mx(2) x £&x(2)+...+Mz(4) x fz(4),

when general forces f={fx(1),fx(2),£x(3),fx(4).fz(1),£z(2),£z(3),fz(4)] are given.
Conversely, the fact that the movement vectors can be represented as foregoing means
that superposition of forces holds, therefore, the elastic body is a linear elastic body.

When the equation is represented as a matrix form, X = H x f, where
H=[Mx(1); Mx(2); ...; Mz(4)]. The H is called a transfer function because the His a
map that transfers a force f to deformation x. The matrix form written with an element

is the following.

m()] [Hmx(1,)) Hmz(1,1) Hmx(1,2) Hmz(1,2) Hmx(1,3) Hmz(1,3) Hmx(1,4) Hmz(l,d) )
m(?)| |Hmx(21) Hmwz(21) Hmx(22) Hmz(2,2) Hmx(23) Hmz(23) Hmx(24) Hmz?4)|#20)
m(3)| |Hmx(3,1) Hmz(3,1) Hmx(3,2) Hmz32) Hmx(3,3) Hmz33) Hmz(34) Hmz(G4) |x(2)
m(4)| |Hmx(4,1) Hmz(4,1) Hmx(4,2) Hmz(4,2) Hox(43) Hmz(43) Bmx(dd) Hmzdd) | f2(2) |
n(l) | | Hox(1,1) Hnz(1,)) Hox(1,2) Hox(12) Hex(1,3) Hnz(1,3) Hax(1,9) Hnz(ld) | £23)
n(2) Hnx(2,1) Bnz2,1) Hox(2,2) Hoz(22) Huox(23) Hnoz(23) Hnx(2,4) Hnz(2,4) | f2(3)
n(3) | | Hnx(3,1) Hnz(3,]) Hnx(32) Hnz(3,2) Hnx(3,3) Hunz(3,3) Hux(3,4) Hnz(3,9) |fxd)
|ne9 | | Hox(41) Huz4l) Bux(42) Hna(d2) Hus(43) Hnz(d3) Hox(44) Hua(44) | fa(d) |

where Hmx(x1, x2) represents a displacement amount in x-direction of m marker in a
certain depth at a coordinate x=x1 with a unit force in the x-direction applied to a
surface at a coordinate x=x2. Similarly, Hnz(x1, x2) represents a displacement amount
in z-direction of n marker in a certain depth at a coordinate x=x1 with a unit force in
the z-direction applied to a surface at a coordinate x=x2.

This is a simple multiplication of matrices where reference x is 1 x 8 matrix.
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reference H is 8x8 square matrix, and reference f comprises 1 x 8 components. Thus, f
can be obtained from observed x by multiplying an inverse matrix of H. Namely, f =

inv(H) x X (Equation 1) where inv represents inverse matrix (generalized matrix

inverse).

The matrix form written with an element is the following.

(fx(1)] [fmx(1,1) mx(2,1) Imx(31) Imx(4,1) nx(LI) Ix@21) Inx3,0) Inx(d,1)Tm(1)]
£201) | [Imz(1,2) Imz(2,2) Imz(32) Imz(42) Inz(1,2) Wz(22) Iz(32) Inz42) | m(2y
(2} |Imx(1,3) mx(2,3) Imx(3,3) Imx(4,3) Inx(1,3) Inx(2,3) Inx(3,3) Inx(4,3) | m(3)
f2(2) | |Imz(1;4) Imz(24) Imz(3,4) Imz(d,4) Inz(14) Inz2,4) Inz(3,4) Inzd,4) | md)
f2(3)| |Imx(1,]) Imx(2,)) Imx(3,)) Imx(4,1) Inx(1,1) Ix2,1) x(31) Inxd,1) | a)
z(3) Imz(1,2) Imz(2,2) Imz(3,2) Imz(4,2) Inz(1,2) nz(2,2) nz(3,2) Inz(4,2) | n(2)
fx(d) | |Imx(1,3) Imx(2,3) Imx(3,3) Inx(43) x(1,3) nx23) hx3,3) nx@43)| n@3)
f2(d) | |Imz(1,4) Inz(2,4) Imz(G4) Imz(dd) Inz(ld) Dz2d) Inz(34) Inz(4,4) | n() |

where Imx(1,1) and the like represent each element of inv(H) and represent
contribution of m(1) for calculating fx(1).

The important thing is that the number of observed data must be equal to or
more than the number of unknowns when determining unknowns by using an inverse
matrix defined by a transfer function. If the requirements are not met, it is quite
difficult to obtain the inverse matrix, namely, the number of unknowns is redundant
and the unknowns cannot be precisely obtained. In the example shown in Fig. 4, if
there is only one marker layer, force vector components cannot be precisely
determined because only four movement vector components are observed whereas
distribution of eight force vectors is to be obtained (this is the case with the
conventional surface distribution type tactile sensor,). To solve this problem, the
present invention employs two layers of differentially colored marker groups so as to
increase the number of independent observed data up to eight by observing a
movement of each marker in the two layered marker groups.

In case of three-dimensional space (where y-axis is added to the drawing), at a
point, a force vector has three degrees of freedom, and a horizontal movement vector
of markers has two degrees of freedom. If the number of sampling points is four, the

number of unknowns f is twelve,
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where £=[fx(1), fy(1), fz(1), fx(2), fy(2), f2(2), fx(3), fy(3), fz(3), fx(4), fy(4), z(4)],
whereas the number of observed movement vectors is eight and is insufficient,
where m = [mx(1), my(1), mx(2), my(2), mx(3), my(3), mx(4), my(4)].

By providing two layered markers, it is possible to obtain sixteen observed data
by observing the layered markers and to determine twelve unknowns. Due to
redundancy in the number of obtained information, robust extrapolation can be
performed. Using the foregoing algorithms, the force vectors are extrapolated from the
CCD image. Even with other measurement methods of the present invention using
other types of marker configurations as shown in Figs.10 to 13, for example, the
measurement methods are substantially the same.

From the foregoing description, it is essentially important for the optical tactile
sensor of the present invention to obtain the transfer function (matrix H) representing
the relationship between the surface stress and the internal strain of the elastic body. In
this regard, the present optical tactile sensor is inherently different than the
conventional matrix-type tactile sensors. Though the conventional matrix-type tactile
sensor (the sensor by Shimojo, for example) comprises an elastic body layer provided
on a sensor element, it only measures a force applied to each arrayed sensor element
and does not calculate forc\e vector distribution applied on an elastic body surface.

Next, a method of obtaining the transfer function will be described. Theory of
elasticity basically leads an equation that holds between a force applied to a surface
(x=0,Ax, y=0,Ay. z=0,Az)of an internal microscopic region (a micro cube AxAy

Az, for example) and strain of the microscopic region (d Ax/dx, d A y/dx, d Az/dx, d
Ax/dy, d Ay/dy, dAz/dy, dAx/dz, dAy/dz, dAy/dz). An overall elastic body is
'comprised of (si)atiaﬂy integrated) infinite number of the microscopic regions.

In an elastic body having a characteristic shape (a semi-infinite elastic body, for
example), as a function defining a force applied to a surface and an intemal strain, a
function where the foregoing equation held in the microscopic region can hold in any
regions of the intermal portion of the elastic body has been found as a numerical
equation. In this case, a matrix H can be obtained by substituting coordinates of finely

divided elastic body surfaces and coordinates of intemnal markers into the function.
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Here, the numerical equation is a function G by which the internal strain can be
obtained from the surface stress in the form of m(x2, y2) = G(f(x1), X2, y2), where
f(x1) represents surface stress and m(x2, y2) represent internal strain. For example,
when a force is applied to a point 1 in Fig. 4, displacement of marker 2 can be obtained
by m(2, y2) = G(f(1), 2, y2), where y2 is a known marker depth.

However, such characteristic shape is rare, for example, even with a spherical
body, a function for the relationship between surface stress and internal strain has not
been found. According to the related optical tactile sensor, a matrix H is obtained using
the foregoing equation assuming that an elastic body is a semi-infinite elastic body. It
is found that surface stress cannot be correctly obtained when the equation for
semi-infinite elastic body is applied for an arbitrary curved surface such as a
hemispherical surface. It is therefore necessary to associate a surface stress with an
internal strain by any other means.

A first method is to associate a surface stress with an internal strain by
numerical simulation. According to a commercially available elasticity simulation
software, by dividing an elastic body into meshes, it is possible to numerically
calculate elastic deformation that holds for the relationship between surface stress and
strain of each mesh (above-mentioned microscopic region) and the relationship
between the adjacent meshes where forces having the same magnitude are exerted at
an interface. Therefore, by dividing the surface of the sensor into meshes, it is possible
to calculate the movement amount of markers when a umit force is applied to each
mesh in x-direction, y-direction and z-direction by simulation.

A second method is to actually apply a force to the surface as shown in Fig. 5.
Forces F1, F2, F3, F4..., Fn having known magnitade are applied to an arbitrary
curved surface of elastic body. Movement vectors (Movements of markers caused by
each known force) M1, M2, M3, M4, .., Mn of markers as to ea.ch force applied are
measured and stored. F1 represents three vectors F1x, Fly, F1z and movement vectors
of respective markers are given as M1x, Mly, M1z when these forces are applied. A
matrix H is obtained from the forces having known magnitude and obtained

information (movement vector). The transfer function H is prepared by using each
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movement of markers Mn. The second method will be explained in detail.

Firstly, discretely arranging numerous sampling points on the surface of elastic
body. In one preferable aspect, the sampling points are arranged so as to cover an
overall afea of the surface. In one aspect, numerous discrete sampling points are
arranged (concentrically arranged in plan view) according to curvilinear coordinates.
In another aspect, the sampling points are arranged to provide a grid arrangement in a
plan view.

At each sampling point, information that associates forces having known
magnitude applied in x-direction, y-direction, and z-direction with corresponding
movement vectors of markers when the forces are applied is obtained. In one
preferable method, forces having the predetermined magnitude are independently
applied to each sampling point in x-direction, y-direction and z-direction, and each
movement vector of markers is measured and stored. Orientations of x-direction,
y-direction and x-direction of force vectors applied on the sampling points are not
limited as long as an arbitrary force applied to the surface can be represented by using
these force vectors.

In one aspect, a tangential plane is provided at a sampling point, x-direction
and y- direction are determined in the orthogonal direction to each other in the plane,
and z -direction is determined in an orthogonal direction as to the plane. Altematively,
x-y plane is set regardless of the shape of surface, and z-direction is set in an
orthogonal direction as to the x-y plane.

Forces applied to each sampling point have known magnitude, and in one
preferable aspect, a force with constant magnitude, 100 [gf] for example, is applied to
the sampling point in x-direction, y-direction, and z-direction, respectively and
movement vectors of each instance are measured. It is not necessary that forces applied
to each sampling point have the same magnitude as long as the magnitude of each
force is known. Movement vector of markers may be measured based on fofces having
different magnitudes, and later on, the magnitude of movement vector can be
normalized.

As long as information that associates forces in x-direction, y-direction, and
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z-direction with movement vectors of mairkers eventually is obtained, directions of
forces applied to each sampling point are not limited to x-direction, y-direction and
z-direction. Assume that an elastic body is a linear elastic body, the following method
is also considered. First, applying a force to a point in z-direction, and a' movement
amount of each marker is measured and stored. Next, applying a force to the point in
xy-direction, and a component in x-direction can be obtained by subtracting the force
component in z-direction from the xz component. This is the same for the y-direction.

It will be explained by using an equation.

Suppose that

Mz(n,m) represents a movement of marker when a force is applied to a grid point n, m
in z-direction,

Mx(n,m) represents a movement of marker when a force is applied to a grid point n, m
in x-direction, |

Mzxz(n,m) represents a movement of marker when a force is applied to a grid point n,
m in xz-direction,

it can be considered that sz(n,m)=Mx(n,m)+Mz(n,m), and Mx(n,m) can be
calculated if Mz(n,m) and Mxz(n,m) are known.

This is the same for a situation where a force is applied to a plurality of grid
points not to one point and the applied force can be divided.

As foregoing, the matrix H can be obtained by simulation or measurement
where the matrix H is the transfer function that associates force information F with
information M as to the behavior of marker (movement information, for example). The
optical tactile sensor comprises a memory device and a processor. The matrix H
obtained is stored in the memory device. A marker image is obtained by ‘a
photographing device when an object contacts the transparent elastic body and an
arbitrary force is applied to a surface of a sensor. A movement vector of marker is
measured from the obtained marker image by the processor. The measured movement
vector of marker is input to the matrix H and calculated by the processor, thereby
outputting force vector that is applied to the surface of the elastic body.

Embodiments of an optical tactile sensor with an arbitrary curved surface will
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be described.

Referring to Fig. 6, a semi-spherically shaped or hemispherical tactile sensor is
shown. A transparent elastic body 1 constituting a tactile portion of the tactile sensor
has a semi-spherical shape and comprises a semi-spherically shaped surface and a
circular bottom plane. The semi-spherically shaped surface constitutes a surface 2. The
transparent elastic body 1 is a semi-spherical body having a radius of 25mm and is
made of a silicone. A black light shielding layer is provided on the surface 2 so as to
stabilize a marker image obtained by the CCD camera.

The blue spherical markers 3 are arranged in a depth of 2 mm from the sensing
surface 2, along the curved surface of the surface 2 to provide a blue spherical marker
group. The red spherical markers 4 are arranged in a depth of 3.5 mm from the surface
2, along the blue spherical marker group to provide a red spherical marker group. An
interval between markers is 4 mm. The markers 3, 4 are colored plastic spherical body.
The bottom plane of the transparent elastic body is fixed to a transparent acrylic plate 9.
A CCD camera is provided such that the camera is opposed to the bottom plane
through the transparent acrylic plate 9. A light source (not shown) is provided in the
vicinity of the CCD camera. Movements of markers inside the elastic body 1 are
photographed by the CCD camera through the acrylic plate 9. An image as a NTSC
output is transmitted to a computer via a capture unit using a USB connection.

Though the figure shows a hemispherical tactile portion, the tactile portion may
comprise a substantially spherical surface or a potion of spherical surface. The portion
of spherical shape may be a shape where sensing portion may have a substantially
spherical shape or a partial spherical shape. I the shape of tactile portion is close to a
sphere, the wider viewing angle is required by the photographing device. Non-limiting
example of such photographing device is a photographing device employing a fish eye
lens.

In one preferable aspect, the tactile sensor having a surface with a spherical or
partial spherical surface constitutes an input device such as a mouse and keyboard, and
other computer interfaces. More specifically, the tactile sensor having a surface with a

spherical or partial spherical surface may comprise an interface for modeling tool that
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provides three-dimensional graphics by just like handling clay on a computer screen.
By squeezing, pinching, or rubbing the surface, the sensor senses forces applied to the
surface, and information obtained is transmitted to a processof of the computer so as to
deform the shape of an object shown in the screen, or polish the surface of an object.

Referring to Fig. 7, ﬁa finger-shaped optical tactile sensor is shown. The
finger-shaped tactile sensor has a shape that is similar to the shape of a human finger
tip. A portion corresponding to a digital pulp or a finger tip muscle is made of a
transparent elastic body 1 and a portion corresponding to a finger tip surface
constitutes a surface 2. A surface opposite to the surface of the finger tip muscle is
provided with a nail-like member 10 made of aluminum. The finger-shaped tactile
sensor has an overall shape with height 23mm, vertical 35mm and transverse 23'mm.
The transparent elastic body 1 is made of silicone. The surface 2 of the transparent
elastic body 1 has a curved surface similar to the surface or contour of an actual digital
pulp.

In the transparent elastic body 1 constituting a finger tip muscle, a number of
blue spherical markers 3 are arranged in a depth of 2mm from the curved surface 2 and
along the curved surface 2 with an interval of 3 mm, and the blue spherical markers 3
constitute a blue spherical marker group. A number of red spherical markers 4 are
arranged in a depth of 3mm from the curved sensing surface 2 and along the blue
spherical marker group with an interval of 2 mm, and the red spherical markers 4
constitute a red spherical marker group. The surface 2 is provided with a black light
shielding layer. By providing the light shielding layer, it is possible to stabilize a
marker image photographed by the CCD camera.

An end of nail-like base 10 is integrally provided with an inclined portion 11
opposed to the surface 2 constituting a finger tip surface. The inclined portion 11
constitutes a mounting member for mounting a photographing device 60. The
photographing device 60 comprises a video scope having a CCD element at distal end,
and the proximal end of the video scope is connected to a 6omputer. The CCD element
is mounted at the inclined portion 11 such that the CCD element faces the finger tip
surface, i.e. the surface 2 and markers 3, 4. At the elastic body side of the inclined
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portion 11, a transparent acrylic plate 9 is provided between the elastic body and the
CCD element. A light source (not shown) is provided in the vicinity of the CCD
element. The markers 3, 4 inside the elastic body 1 are photographed by the video
scope and the image is transmitted to the computer.

At an end of the inclined portion 11, a mounting portion 12 is provided for
detachably mounting tactile sensor body to a robot hand. According to the sensor
shown in Fig. 7, the mounting portion 12 is provided with an internal thread-into which
a screw (not shown) of a robot hand is threaded such that the tactile body is supported
by the robot hand. In Fig. 7, the finger-shaped tactile sensor does not include a member
corresponding to the distal phalanx of the actual finger tip but the mounting portion 12
is positioned at an joint between the distal phalanx and the middle phalanx so that the
mounting portion 12 may correspond to an joint or a portion of finger bone.

Mounting means for mounting a tactile portion to a robot hand is not limited to
the described means. The photographing device such as a CCD element may be
provided at a portion where the intemal thread is provided. It is also possible to
provide a distal end of optical fiber for facing the transparent elastic body and to
provide the CCD element constituting the photographing device at a position distance
from the elastic body. Specifically, the finger shaped tactile sensors are provided at
each finger tip of five fingers and marker information from each finger shaped tactile
sensor may be photographed by a common CCD element and transmitted to a
computer.

Howe;/er, the finger shaped tactile sensor employing a video scope or an optical
fiber has a disadvantage in that a wide viewing angle cannot be obtained. For
providing a compact finger-shaped sensor, the viewing angle of 90 degrees or more is
desired. If the viewing angle is insufficient, it is necessary to photograph the markers
from the distant position and it is impossible to make the sensor smaller. In addition,
lenses for optical fiber or video scope only have a viewing angle of about 60 degrees.
Further, with an optical fiber, it is difficult to acquire sufficient resolution.

Referring to Fig.8, another embodiment of finger shaped tactile sensor for

solving the above problems is shown. The finger-shaped tactile sensor has a shape that
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is similar to the shape of a human finger tip. A portion corresponding to a digital pulp
or a finger tip muscle is made of a transparent elastic body 1 and a portion
correqunding to a finger tip surface constitutes a surface 2. A surface opposite to the
surface ;f the finger tip muscle is provided with a nail-like member 100 made of
aluminum. The transparent elastic body 1 is made of silicone. The surface 2 of the
transparent elastic body 1 has a curved surface similar to the surface or contour of an
actual digital pulp. In the transparent elastic body 1, a number of blue spherical
markers 3 constituting a blue marker group and a number of red spherical markers
constituting a red marker group are arranged in different depths from the curved
surface. The surface 2 is provided with a black light shielding layer. The nail-like
member 100 is provided at the back c;f the transparent elastic body 1 and supports the
transparent elastic body 1.

A photographing device 60 is comprised of a photographing element 60 such as
a CCD element or CMOS element and a lens with 'a viewing angel of more than 90
degrees (110 degrees in the embodiment). The nail-like member 100 has an aperture
therein for mounting the photographing device 60. The photographing element is
mounted on the aperture of the nail-like member 100 with the lens facing the
embedded markers 3, 4 and surface. A plate 70 for conducting light therethrough is
provided between the nail-like member 100 and the transparent elastic body 2. The
plate 70 acts as a light guide or source.

Referring to Fig.9, still another embodiment of a finger-shaped tactile sensor is
shown. As shown in Fig.9, each finger tip of five fingers is provided with a tactile
portion comprising a transparent elastic body with markers and a photographing device
such as a camera. The finger-shaped tactile sensor of Fig.9 comprises a local processor
and a central processor (not shown). The local processor is provided at a proximal side,
and at a portion corresponding to the back of a hand or a palm for example.
Non-limiting example of the local processor is a FPGA device. The central processor is
provided at a distal side. Each camera installed on the finger tips is electrically
connected to the local processor such that each data obtained by each camera is

transmitted to the local processor where information as to marker movements is
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calculated from the obtained image information of markers. The local processor is
electrically connected to the central processor such that the information as to the
marker movements is transmitted to the central processor where force vector
distribution is calculated from the information as to the maker movements. Since
image information contains a great amount of infomalation, it is difficult to transfer the
image information through data transfer standard such as USB and IEEE1394 with a
desired speed. According to the arrangement shown in Fig.9, information required for
reconstructing force vector distribution (information as to maker movements, for
example) is extracted by the local processor provided near the camera and only the
extracted information, amount of which is greatly reduced from the original image data
is transferred to the central processor. A

Though the present invention is described based on the spherical markers as
one of preferable aspects, the shape and/or arrangement of markers are not limited to
the foregoing. Referring to Figs 10 to 13, other shapes and arrangements of markers
will now be described. Detail descriptions of these markers are described in
WO002/18893 Al and incorporated herein by reference. Further, the shape and/or
arrangement of markers are not limited to the drawings of the present application and
WO002/18893 Al. Though, in Fig. 12 and Fig.13, a tactile body having a flat contact
surfabe is shown, the arrangements of these markers can be applied to a tactile body
having an arbitrary curved surface.

Referring to Fig. 10, colored markers being comprised of extremely thin
cylinders or columns having microscopic cross sections are shown. Two marker groups
are arranged at different depths from the surface 2. A marker group made up of
extremely thin blue cy]jndn'cal markers 40 is embedded in a section of transparent
elastic body 1 in the vicinity of a surface 2. Another marker group made up of
extremely thin red cylindrical markers 30 is embedded in a section that is deeper than
the red marker group. The markers 30, 40 are embedded vertically inside a transparent
elastic body. The markers 30, 40 extend along imaginary lines connecting an object
coming into contact with the elastic body and a camera. The number of marker group

is not limited to two but it is possible to provide three or more groups of marker each
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having different depths from the surface in the elastic body.

Referring to an upper view of Fig. 11, inclined plane markers 300, 400 are
arranged in the elastic body 1 in a step-like fashion. In one preferable aspect, parts (a
step-shaped interface) of the elastic body 1 constitute markers 300, 400. In another
aspect, separate plane markers may be embedded in the elastic body 1. The interface
can be divided into two surface groups, all surfaces in a group having the same
direction. The surfaces in each group are made the same color (here one interface 300
is blue, and the other interface 400 is red). It is possible to acquire observation values
containing vertical and horizontal components of force vectors at a particular point as
information by observation of intensity of the two colors at that point. By sensing the
observed intensity, it is possible to reconstruct surface distribution of force vectors.

A method using two colors has been described based on the upper view of Fig.
11, but as shown in a lower view of Fig. 12, using so called pyramid manufacturing
where microscopic cubes are gathered at a bottom surface, if three groups of surfaces
facing in the same direction are respectively made the same color (for example, red,
green and blue), then similarly to the previous discussion it is possible to respectively
obtain two degrees of freedom for force acting in a horizontal direction on a contact
surface as intensity ratios for three colors, and force acting in a vertical direction using
a total intensity of the three colors.

Referring to Fig.12, two marker groups 200A (marker group comprising a
plurality of thin red strips arranged in a row) and 200B (marker group comprising a
plurality of thin blue strips arranged in a row) are aligned so that respective markers
are orthogonal to each other, but the spatial arrangément relationship between the
plurality of marker groups is not limited. It is also possible for the two sides of the
strips constituting the marker to have different colors. In Fig. 11, side portions of the
strip markers extend along an observation direction but the side portions of the strip
markers may be inclined to an observation direction.

Fig. 13 shows a sensing part having a plurality of plane markers. The plane
markers are normally concealed by concealment markers and each plane marker is

partitioned into a plurality of portions having different colors for each portion, and the
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partitioned portions having the same color constitute each marker group. The plane
markers and said concealment markers are provided and spaced with each other in the
elastic body, and an arrangement is made such that said the markers are concealed by
the concealment markers and not observed in a state where external force is not acting
on the transparent elastic body. When shear strain arises, the positions of the
concealment markers 6 and the colored markers 20 become offset, giving color. With
the sensor in the drawing, the mai'kers are coated with three colors RGB, and it is

possible to ascertain the strain direction from the color produced.

INDUSTRIAL APPLICABILITY
The present invention can be widely applied to tactile sensors, and as an
applied example can be used in a tactile sensor for a robot hand and an interface for a

computer.
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CLAIMS

1. An optical tactile sensor comprising:

a sensing part comprising a transparent elastic body and a plurality of marker
groups provided in said body, each marker group being comprised of a number of
colored markers, with markers constituting different marker groups having different
colors for each group, said elastic body having an arbitrary curved surface;

a photographing device for taking an image of behavior of colored markers when
said curved surface of elastic body is contacted by am object to obtain image
information of markers, and

a force vector distribution reconstructing device including a transfer function by
which a force vector applied to the surface is reconstructed from information as to the
behavior of markers that is obtained from the image information of markers, and said
force vector distribution reconstructing device reconstructing forces applied to said
surface from said information as to the behavior of markers by using the transfer

function.

2. The sensor of claim 1, wherein said transfer function is obtained by measurement.

3. The sensor of claim 1, wherein said transfer function is obtained by simulation.

4. The sensor of any one of claims 1 to 3, wherein said transfer function is obtained
from information as to behavior of markers when forces having predetermined
‘magnitude in predetermined directions are applied to sampling points arranged on

the surface,

5. The sensor of claim 4, wherein said predetermined directions include x-direction,

y-direction and z-direction.

6. The sensor of any one of claims I to 5, wherein said sensor comprises a



CA 02538008 2006-03-06

WO 2005/029028 PCT/JP2004/007285

10.

11.

12.

13.

25

finger-shaped sensor, and wherein the transparent elastic body constitutes a finger

tip muscle and the surface of the elastic body constitutes a finger tip surface.

The sensor of claim 6, wherein a nail-like base is provided on the back of said

transparent elastic body, and wherein said nail-like base supports said elastic body.

The sensor of claim 7, wherein the photographing device is mounted on said

nail-like base and is opposed to said finger tip surface.

The sensor of claim 7, wherein the photographing device is mounted on an end

porttion of said nail body and is opposed to said finger tip surface.

The sensor of any one of claims 1 to 5, wherein said surface of the transparent
elastic body comprises a spherical shape or a portion of spherical shape including a

hemispherical shape.

The sensor of any one of claims 1 to 10, wherein said force vector reconstructing
device comprises a memory device and a processor, and wherein said memory
device stores the transfer function and said processor calculates information as to
the behavior of markers from the image information of markers and calculates
force vector distribution from the information as to the behavior of markers by

using the transfer function.

The sensor of claim 11, whereih said force vector reconstructing device comprises
a first processor and a second processor, and wherein said first processor calculates
information as to the behavior of markers from the image information of markers
and said second processor calculates force vector distribution from the information

as to the behavior of markers by using the transfer function.

The sensor of any one of claims 1 to 12, wherein said behavior of colored markers
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comprises at least one of displacement, strain and inclination of the markers.

14. The sensor of any one of claims 1 to 13, wherein said information as to the

behavior of markers is obtained as movement information of markers.

15. The sensor of any one of claims 1 to 13, wherein said information as to the

behavior of markers is obtained as variance of marker intensity.

16. The sensor of any one of claims 1 to 15, wherein said marker groups have different

spatial arrangements from each other.

17. A finger-shaped optical tactile sensor comprising:

one or more transparent elastic bodies, each body constituting a finger tip muscle
having an arbitrary curved surface;

a plurality of marker groups provided in said each elastic body, each marker group
being comprised of a number of colored markers, with markers constituting different
marker groups having different colors for each group;

one or more photographing devices for taking an image of behavior of colored
markers when said curved surface or surfaces of one or more elastic bodies are
contacted by an object to obtain image information of markers; and

a force vector distribution reconstructing device for reconstructing forces applied
to said surface from information as to the behavior of markers that is obtained from

said image information of markers.

18. The sensor of claim 17, said sensor further comprising one or more nail-like bases,
each of which is provided on the back of each of said one or more transparent
elastic bodies, and wherein each of said one or more nail-like bases supports each

of said one or more elastic bodies.

19. The sensor of claim 18, wherein each of said one or more photographing devices is



CA 02538008 2006-03-06

WO 2005/029028 PCT/JP2004/007285

20.

21.

22.

23.

24.

27

mounted on each of said one or more nail-like bases and is opposed to said finger

tip surface.

The sensor of claim 18, wherein each of said one or more photographing devices is
mounted on an end portion of each of said one or more nail bodies and is opposed

to said finger tip surface.

The sensor of any one of claims 17 to 20, wherein said force vector reconstructing
device includes a transfer function by which a force vector ap;;lied to the surface or
surfaces is reconstructed from information as to the behavior of markers, and said
force vector distribution reconstructing device reconstructs forces applied to said
surface from said information as to the behavior of markers by using the transfer

function.

The sensor of claim 21, wherein said force vector reconstructing device comprises
a memory device and a processor, and wherein said memory device stores the
transfer function and said processor calculates information as to the behavior of
markers from the image information of markers and calculates force vector
distribution from the information as to the behavior of markers by using the

transfer function.

The sensor of claim 22, wherein said force vector reconstructing device comprises
a local processor and a central processor, and wherein said local processor
calculates information as to the behavior of markers from the image information of
markers and said central processor calculates force vector distribution from the

information as to the behavior of markers by using the transfer function.

A method for reconstructing force vector distribution by using the optical tactile
sensor of any one of claims 1 to 23, the method comprising the steps of:

obtaining one or more marker images by photographing the colored markers when
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the object contacts the sensing surface of the elastic body;

obtaining information as to the behavior of markers from the one or more marker
images, and the number of information being greater than the number of force vectors
to be obtained;

and reconstructing the force vector distribution from the obtained information

using the transfer function.

25. The method of claim 24, wherein said the transfer function is obtained by :

discretely arranging a large number of sampling points on the surface of the
elastic body;

obtaining information as to the behavior of markers when a force having
predetermined magnitude is applied to each sampling point in each direction of
predetermined directions;

and obtaining the transfer function from the force having predetermined known
magnitude applied to each sampling point in said each predetermined direction and the

obtained information as to the behavior of markers.

26. The method of claim 25, wherein said predetermined directions include x-direction,

y-direction and z-direction.

27. A method of obtaining the transfer function for the optical tactile sensor of any of
one of claims 1 to 23, the method comprising the steps of:

discretely arranging a large number.of sampling points on the surface of the
elastic body;

obtaining information as to the behavior of markers when a force having
predetermined magnitude is applied to each sampling point in each direction of
predetermined directions;

and obtaining the transfer function from the force having predetermined known
magnitude applied to each sampling point in said each direction and the obtained

information as to the behavior of markers.
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28. The method of claim 27, wherein said predetermined directions include x-direction,

y-direction and z-direction.

29. An optical tactile sensor comprising:

a sensing part comprising a transparent elastic body and a plurality of marker
groups provided in said body, each marker group being comprised of a number of
colored markers, with markers constituting different marker groups having different
colors for each group, said elastic body having an arbitrary curved surface;

a photographing device for taking an image of behavior of colored markers when
said curved surface of elastic body is contacted by an object to obtain image
information of markers;

a memory device storing a transfer function by which force vector applied to the
surface is reconstructed from information as to the behavior of markers; and

one Oor more processors, said one or more processors calculating the information
as to the behavior of markers from said image information of makers, and said one or
more processors further calculating the force vector applied to said surface from said

information as to the behavior of markers by using said transfer function.
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(57) Pedepar:

W300pereHie OTHOCHTCS K  YCTPOMCTBY H
CITOCOOY  OIPE/IENICHHsT BEKTOPA CHITBI U MOXKET
OBITH HCIIONIE30BAHO B TAKTHIIHHOM JATUMKE IS
pyku pobora. OnTHYeCKHM TAKTHILHLIA JATYMK
COEPIKHT YYBCTBHTEILHYIO 4acTh u
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THOKHM KOPIIYC B MHOMXECTBO T'PYIIIT MapKepOB,
PACHOJIOKCHHBIX ~ BHYTPH THOKOI'O  KOPIYCa.
Kaxnast rpyima MapKkepoB COIEPKUT MHOXKECTBO
OKDAITCHHBIX MAPKEPOB, IPU 3TOM MAapKEpEI,
COCTABJISIIOIIHE PA3JIHYHBIC TPYIILI  MAPKEPOB,

UMCIOT Pa3IM4YHYI0O OKPAacKy B KaxIoH TpyIIIe.
T'ubxmit KOpIIYC uMeer IIPOHU3BOIBHYIO
HCKPHUBIICHHYIO MTOBEPXHOCTb. Tloenenue
OKPAIICHHBIX MAPKEPOB, KOrJa OOBEKT KacacTcs
HCKPHBJICHHON IIOBEPXHOCTH T'HOKOI'0 KOPITyCa,
[OJIy4aeTcs KaK MHPOPMAIHST 0 MapKepax B BHJIC
U300PAXKEHUA C TOMOINBIO (hOTOrpadupyIONEro
yCTpOUCTBA. JIATUMK JIOTONHHUTEIBHO COACPKHUT
YCTPOMCTBO IS BOCCTAHOBIICHHUS PACIPEIEICHUs

BEKTOpA CHITH, IIpeIHA3HAUEHHOE Juist
BOCCTAHOBJICHH A CHII, TIPHITIOKCHHBIX K
IIOBEPXHOCTH, HAa OCHOBe MH(POpPMAIMU O

IIOBCICHUNU MAPKEPOB, KOTOpasA IIOJy4acTCs Ha
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