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Figure 1

(57) Abstract: A method and system for generating deviation data indic-
ative of inaccuracy in kinematic parameters of a robot are presented. In
the method, a planar reference surface is placed in a tixed position with
respect to a base frame of the robot. An end- effector of the robot is con-
trolled (202, 203) to be successively in four or more test positions. For
each test position, a distance from the end-effector to a test position-spe-
cific test point on the planar reference surface is detected (204). Estimate
positions of the tests points are obtained (205) on the basis of the detec-
ted distances and joint variables corresponding to each of the test posi-
tions. The deviation data is based on deviations of the estimate positions
from a geometric plane. These deviations indicate the inaccuracy in the
kinematic parameters because the real positions of the test points are co-
planar because they belong to the planar reference surtace.
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A method and a system for generating data for calibrating a robot

Field of the invention

The invention relates generally to kinematics of a robot. More particularly, the in-
vention relates to system and a method for generating deviation data indicative of
inaccuracy of kinematic parameters of a robot and suitable for calibrating the ro-
bot. Furthermore, the invention relates to a computer program for generating devi-
ation data indicative of inaccuracy of kinematic parameters of a robot.

Background

Many robots, especially industrial robots, comprise at least one manipulator that is
an arm-like mechanism that consists of links affixed to each other with joints. The
manipulator extends from a base frame of the robot to an end-effector. The end-
effector is a device at the end of the manipulator where a tool is attached to the
manipulator. The exact nature of the end-effector depends on the application of
the robot, and in a wider sense, the end effector can be seen as the part of a robot
that interacts with the work environment. The position and orientation of the end-
effector in a workspace coordinate system fixed to the base frame of the robot is
determined by states of the joints of the manipulator. The states of the joints are
typically expressed with the aid of joint variables which indicate the instantaneous
states, e.g. angles of rotation, of the joints. Estimate position and orientation of the
end-effector can be calculated on the basis of prevailing joint variables and the
forward-kinematics based on kinematic parameters of the manipulator, and the
joint variables needed for setting the end-effector in a desired position and orienta-
tion can be calculated on the basis of the desired position and orientation and the

inverse-kinematics based on the kinematic parameters.

In order to provide sufficiently accurate operation of the robot, the estimate posi-
tion and orientation based on the joint variables and the kinematic parameters
have to correspond to the real position and orientation of the end-effector with a
sufficient accuracy. Thus, the above-mentioned kinematic parameters have to re-
flect the real kinematics of the manipulator accurately enough. Furthermore, the
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kinematic parameters should compensate for non-idealities of the joints and pos-
sible systematic errors in the joint parameters. In order to maintain the sufficient
accuracy of the kinematic parameters, there is in many cases a need to calibrate
the kinematic parameters not only during commissioning of the robot but also peri-
odically relating to the course of usage of the robot. For a long time in the robot
calibration area, a popular robot calibration process is to use a laser tracker to
measure three dimensional “3D” position of a target point, which is characterized
by high accuracy, but the equipment is expensive. In the recent years, some hand-
eye robot calibration systems have been developed. For example, the publication
CN102927908 discloses a robot hand-eye calibration system based on a linear
structured light projected on a chessboard-type constraint. Tsai’s algorithm, which
is well known in the art, is commonly adopted for the camera calibration to extract
its intrinsic and extrinsic parameters. Generally, the cost of a hand-eye robot cali-
bration system is much lower than a laser tracker based calibration system, but
the calibration accuracy still needs to be improved.

Summary

The following presents a simplified summary in order to provide a basic under-
standing of some aspects of various invention embodiments. The summary is not
an extensive overview of the invention. It is neither intended to identify key or criti-
cal elements of the invention nor to delineate the scope of the invention. The fol-
lowing summary merely presents some concepts of the invention in a simplified
form as a prelude to a more detailed description of exemplifying embodiments of

the invention.

In accordance with the invention, there is provided a new method for generating
deviation data indicative of inaccuracy in kinematic parameters of a robot. The ro-
bot comprises an end-effector whose estimate position and orientation in a work-
space coordinate system fixed with respect to a base frame of the robot are de-
termined by joint variables related to the robot and by forward-kinematics based
on the kinematic parameters. The deviation data is usable for updating the kine-
matic parameters so as to calibrate the robot. A method according to the invention

comprises:
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placing a calibration object having a planar reference surface in a fixed po-

sition with respect to the base frame of the robot,

- controlling, during each of at least four tests, the end-effector to be in one of

mutually different test positions,

- detecting, for each of the test positions, a distance from a point having a
fixed position with respect to the end-effector to one of mutually different

test points on the planar reference surface,

- obtaining estimate positions of the test points in terms of coordinates of the
workspace coordinate system on the basis of the detected distances and

the joint variables corresponding to each of the test positions, and

- forming data indicative of deviations of the estimate positions from a geo-
metric plane of the workspace coordinate system so as to generate the de-

viation data.

The above-mentioned deviations are indicative of the inaccuracy in the kinematic
parameters because the real positions of the test points are coplanar because
they belong to the planar reference surface. The above-mentioned distances to
the test points on the planar reference surface can be detected, for example, by

optical triangulation, e.g. laser triangulation, or in some other suitable way.

In accordance with the invention, there is provided also a new calibration method
for calibrating a robot. A calibration method according to the invention comprises:

- carrying out the above-described method for generating the deviation data,

and

- updating the kinematic parameters of the robot on the basis of the deviation

data.

In a calibration method according to an exemplifying and non-limiting embodiment
of the invention, the method for generating the deviation data is carried out at least
two times, and more preferably at least three times, so that the position of the pla-

nar reference surface is different at each time. The kinematic parameters are up-
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dated on the basis of data containing the deviation data obtained for each of the

different positions of the planar reference surface so as to improve the accuracy of

the robot calibration.

In accordance with the invention, there is provided also a new system for generat-

ing deviation data indicative of inaccuracy in kinematic parameters of a robot that

comprises an end-effector whose estimate position and orientation in a workspace

coordinate system fixed with respect to a base frame of the robot are determined

by joint variables related to the robot and by forward-kinematics based on the kin-

ematic parameters. A system according to the invention comprises:

- adistance detector mechanically supported to be in a fixed position with re-

spect to the end-effector,

- acalibration object having a planar reference surface in a fixed position with

respect to the base frame of the robot, and

- acontroller configured to:

control, during each of at least four tests, the end-effector to be in one
of mutually different test positions,

control the distance detector to detect, for each of the test positions, a
distance from the distance detector to one of mutually different test

points on the planar reference surface,

obtain estimate positions of the test points in terms of coordinates of
the workspace coordinate system on the basis of the detected dis-
tances and the joint variables corresponding to each of the test posi-

tions, and

form data indicative of deviations of the estimate positions from a ge-
ometric plane of the workspace coordinate system so as to generate
the deviation data.

It is worth noting that the above-mentioned controller can have its own means for

calculating the above-mentioned estimate positions on the basis of the detected
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distances and the joint variables, or, alternatively, the controller can be configured
to utilize computing means of the robot for calculating the estimate positions.

In accordance with the invention, there is provided also a new robot system that

comprises:

- a manipulator comprising links affixed to each other with joints, the manipu-

lator extending from a base frame to an end-effector, and

- a system according to the invention for generating deviation data indicative

of inaccuracy of kinematic parameters of the manipulator.

In accordance with the invention, there is provided also a new computer program
for generating deviation data indicative of inaccuracy in kinematic parameters of a
robot that comprises an end-effector whose estimate position and orientation in a
workspace coordinate system fixed with respect to a base frame of the robot are
determined by joint variables related to the robot and by forward-kinematics based
on the kinematic parameters. A computer program according to the invention
comprises computer executable instructions for controlling a programmable pro-

cessing system to:

- control, during each of at least four tests, the end-effector to be in one of

mutually different test positions,

- control a distance detector to detect, for each of the test positions, a dis-
tance from a point having a fixed position with respect to the end-effector to
one of mutually different test points on a planar reference surface having a

fixed position with respect to the base frame,

- obtain estimate positions of the test points in terms of coordinates of the
workspace coordinate system on the basis of the detected distances and

the joint variables corresponding to each of the test positions, and

- form data indicative of deviations of the estimate positions from a first geo-
metric plane of the workspace coordinate system so as to generate the de-
viation data.
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In accordance with the invention, there is provided also a new computer program
product. The computer program product comprises a non-volatile computer reada-
ble medium, e.g. a compact disc “CD”, encoded with a computer program accord-

ing to the invention.

A number of exemplifying and non-limiting embodiments of the invention are de-

scribed in accompanied dependent claims.

Various exemplifying and non-limiting embodiments of the invention both as to
constructions and to methods of operation, together with additional objects and
advantages thereof, will be best understood from the following description of spe-
cific exemplifying and non-limiting embodiments when read in connection with the

accompanying drawings.

The verbs “to comprise” and “to include” are used in this document as open limita-
tions that neither exclude nor require the existence of unrecited features. The fea-
tures recited in dependent claims are mutually freely combinable unless otherwise
explicitly stated. Furthermore, it is to be understood that the use of "a" or "an", i.e.
a singular form, throughout this document does not exclude a plurality.

Brief description of the figures

Exemplifying and non-limiting embodiments of the invention and their advantages
are explained in greater detail below in the sense of examples and with reference
to the accompanying drawings, in which:

figure 1 illustrates of a robot and a system according to an exemplifying and non-
limiting embodiment of the invention for generating deviation data indicative of in-

accuracy in kinematic parameters of the robot, and

figure 2 shows a flowchart of a method according to an exemplifying and non-
limiting embodiment of the invention for generating deviation data indicative of in-

accuracy in kinematic parameters of a robot.
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Description of exemplifying and non-limiting embodiments

Figure 1 illustrates of a robot and a system according to an exemplifying and non-
limiting embodiment of the invention for generating deviation data indicative of in-
accuracy in kinematic parameters related to the robot. The robot can be for exam-
ple an industrial robot. The robot comprises a manipulator 105 that comprises links
106, 107, 108, and 109 affixed to each other with joints 110, 111, 112, and 113.
The manipulator 105 extends from a base frame 115 to an end-effector 116 which
is a device at the end of the manipulator where a tool is attached to the manipula-
tor. The exact nature of the end-effector 116 depends on the application of the ro-
bot. A robot controller 114 is communicatively connected to the manipulator 105,
and the robot controller comprises computing means for controlling the manipula-
tor to operate in a desired way. A teaching board 120 is connected to the robot
controller 114, and the teaching board comprises a conventional manual key,

whereby an operator may manually operate the robot.

The position and orientation of the end-effector 116 in a workspace coordinate
system 199 is determined by states of the joints 110-113. The workspace coordi-
nate system 199 is fixed with respect to the base frame 115 but the origin of the
workspace coordinate system does not have to be at the base frame. The states
of the joints 110-113 are typically expressed with the aid of joint variables which
indicate the instantaneous states, e.g. the angles of rotation, of the joints. Estimate
position and orientation of the end-effector 116 in the coordinate system 199 can
be calculated on the basis of prevailing joint variables and the forward-kinematics
based on the kinematic parameters of the manipulator. The joint variables needed
for setting the end-effector in a desired position and orientation in the coordinate
system 199 can be calculated on the basis of the desired position and orientation

and the inverse-kinematics based on the kinematic parameters.

The system for generating the above-mentioned deviation data comprises a dis-
tance detector 101 mechanically supported to be in a fixed position with respect to
the end-effector 116. The system further comprises a calibration object 102 having
a planar reference surface 103 in a fixed position with respect to the base frame
115. The flatness of the planar reference surface 103 is advantageously better
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than 0.005 mm, i.e. the planar reference surface 103, but of course not the whole
calibration object 102, can be between two mutually parallel geometric planes
whose mutual distance is less than 0.005. The system comprises a controller 104
that can be for example an ordinary computer. In this exemplifying case, the con-
troller is communicatively connected to the robot controller 114 and to the distance
detector 101 via a data switch element 117. The controller 104 is configured to
control the end-effector 116 to be successively in mutually different test positions.
The controller 104 is configured to control the distance detector 101 to detect, for
each of the test positions, a distance D from the distance detector to one of mutu-
ally different test points located on the planar reference surface103. For the sake
of merely illustrative purposes, the test points are depicted in figure 1 with crosses
on the planar reference surface103. It is worth noting that, in practice, the test
points do not have to be marked on the planar reference surface. Furthermore, the
exact locations of the test points on the planar reference surface103 do not have
to be determined in advance but the location of each of the test points can be de-
termined by the position and orientation of the end-effector 116 when the end-
effector is in the respective test position. The controller 104 is configured to obtain
estimate positions of the test points in terms of coordinates of the workspace co-
ordinate system 199 on the basis of the detected distances and the joint variables
corresponding to each of the test positions. The controller 104 may have its own
means for calculating the above-mentioned estimate positions on the basis of the
detected distances and the joint variables. Alternatively, the controller 104 can be
configured to utilize the robot controller 114 for calculating the estimate positions
of the test points. The controller 104 is configured to form data indicative of devia-
tions of the obtained estimate positions from a geometric plane of the workspace
coordinate system 119 so as to generate the deviation data. The deviations are
indicative of the inaccuracy in the kinematic parameters because the real positions
of the test points are coplanar because they belong to the planar reference surface
103.

The deviations from the geometric plane can be expressed in many ways. Some
non-limiting examples are given below. In a system according to an exemplifying

and non-limiting embodiment of the invention, the controller 104 is configured to
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compute quantities proportional to angle deviations between geometric lines each
being perpendicular to one of geometric planes defined by mutually different three-
member subsets of the obtained estimate positions, where the angle deviations
are indicative of the inaccuracy in the kinematic parameters. This approach is
based on the common mathematical truth that three non-collinear points determine
a plane and so are trivially coplanar. If all the estimate positions are coplanar, all
the mutually different three-member subsets of the estimate positions determine a
same single geometric plane and thus the angles between the above-mentioned
geometric lines are zeroes. The direction of each of the geometric lines can be ob-
tained for example by calculating the vector product, i.e. the cross product, of two
vectors defined by the respective three-member subset of the estimate positions.
The quantities proportional to the angle deviations between the geometric lines
can, in turn, be obtained by calculating the vectors products of different pairs of the
vector products defining the directions of the geometric lines. In a system accord-
ing to another exemplifying and non-limiting embodiment of the invention, the con-
troller 104 is configured to compute quantities proportional to volumes of tetrahe-
drons defined by mutually different four-member subsets of the obtained estimate
positions, where the volumes are indicative of the inaccuracy of the kinematic pa-
rameters. This approach is based on the common mathematical truth that four
points are coplanar if and only if the volume of a tetrahedron defined by these four
points is zero. If all the estimate positions are coplanar, the volumes of the tetra-
hedrons defined by all mutually different four-member subsets of the estimate po-
sitions are zeroes. The quantity proportional to each of the volumes of the tetrahe-
drons can be obtained by calculating the scalar triple product of three vectors de-
fined by the respective four-member subset of the estimate positions. In a system
according to an exemplifying and non-limiting embodiment of the invention, the
controller 104 is configured to fit a geometric plane to the estimate positions with
the least-squares-method and to calculate, for each of the estimate positions, an
deviation vector which is perpendicular to the fitted geometric plane and whose
magnitude is the distance between the estimate position under consideration and
the fitted geometric plane.
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The deviation data indicative of the inaccuracy in the kinematic parameters can be
used as input data for a suitable calibration algorithm which updates the kinematic
parameters. In a system according an exemplifying and non-limiting embodiment
of the invention, the controller 104 is configured to update the kinematic parame-
ters on the basis of the deviation data. The format of the deviation data and the
way how the deviation data has to express the deviations of the estimate positions
from a geometric plane depend typically on the calibration algorithm being used. In
a system according an exemplifying and non-limiting embodiment of the invention,
the controller 104 is configured to carry out the above-described process for ob-
taining the deviation data at least two times, and more preferably at least three
times, so that the position of the planar reference surface is different at each time.
The kinematic parameters are updated on the basis of data containing the devia-
tion data obtained for each of the different positions of the planar reference sur-
face.

The distance detector 101 is advantageously such that there is no need for a
physical contact between the distance detector and the planar reference surface
108. The distance can be detected without a physical contact when the distance
detector 101 comprises a radiation source for radiating a spot on the planar refer-
ence surface 103 and a radiation sensor for receiving the radiation reflected from
the radiated spot and for producing a signal indicative of the distance from the dis-
tance detector to the radiated spot. The radiated spot represents, for each of the
test positions of the end-effector 116, the test point whose distance from the dis-
tance detector is being detected. In cases where a physical contact is allowable,
the distance detector can be a rod or another piece which can be attached to the
end-effector 116 and which keeps the end-effector at a predetermined distance
from a contact point on the planar reference surface 103 when the end-effector is
driven towards the planar reference surface 103. The above-mentioned contact
point represents, for each of the test positions of the end-effector 116, the test

point whose distance from the end-effector 116 needs to be known.

In systems according to some exemplifying and non-limiting embodiments of the
invention, the operation of the distance detector is based on the optical triangula-
tion where light reflected from the planar reference surface is focused through an
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optical lens on a light sensitive detector, e.g. a complementary metal-oxide-
semiconductor “CMOS” detector or a charge-coupled device "CCD” detector. If the
distance to the planar reference surface changes, the reflected light changes as
well. By using a suitable image processing algorithm and a pinhole camera model,
the location of the center of the illuminated spot on the image captured by the
camera 119 can be found and the distance can be calculated from a reference
point by determining where the reflected light falls on the light sensitive detector.
The location of the center of the illuminated spot on the image can be expressed
for example as pixels in mutually perpendicular directions. The light source used in
the optical triangulation can be for example a light emitting diode “LED”, an infra-
red “IR” light source, or a laser source such as a laser diode.

In the exemplifying case illustrated in figure 1, the distance detector 101 comprises
a laser source 118 for directing a laser beam to the planar reference surface 103.
The laser source may comprise e.g. a laser diode with 650 nm wavelength. In the
exemplifying situation shown in figure 1, the laser source 118 directs the laser
beam to a spot representing one of the test points on the planar reference surface
103. The distance detector 101 further comprises a camera 119 for receiving the
laser beam reflected from the planar reference surface 103. As illustrated in figure
1, the camera 119 is positioned so that the distance D from the laser source 118 to
the spot of the planar reference surface 103 reflecting the laser beam can be de-
termined by the ordinary laser triangulation which is a special case of the above-
mentioned optical triangulation. The system comprises a computing circuitry con-
figured to apply the laser triangulation so as to determine the above-mentioned
distance. The computing circuitry can be for example a part of the controller 104 or
the computing circuitry can be a part of the distance detector 101 or computing
circuitry can be a separate device. The computing circuitry can be configured to
use a suitable image processing algorithm also for sharpening or otherwise modi-
fying the image captured by the camera 119 so as to increase the accuracy and

reliability of the laser triangulation.

The controller 104 is advantageously configured to set the orientation of the end-
effector 116 in each of the test positions so that the laser beam emitted by the la-

ser source 118 is substantially perpendicular to the planar reference surface 103
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as illustrated in figure 1. Concerning the temporally first test position of the end-
effector 116, the orientation of the end-effector 116 can be adjusted manually for
example by inspecting the radiated spot of the planar reference surface 103 and
by adjusting the orientation so that the area of the radiated spot is minimized. The
radiated spot can be inspected for example by having a direct visual contact to the
planar reference surface 103 or with the aid of a display screen 121. The controller
104 can be configured to set the coordinates of the other test positions in the
workspace coordinate system 199 so that the test positions are in a same geomet-
ric plane that is perpendicular to the laser beam in the first test position. Further-
more, the controller 104 can be configured to set the orientation of the end-effector
116 to be, at each of the test positions, such that the laser beam emitted by the la-
ser source is substantially perpendicular to the geometric plane. The joint varia-
bles corresponding to each of the test positions can be obtained with the inverse-
kinematics on the basis of the coordinates of the test position under consideration
and the desired orientation of the end-effector in the test position under considera-
tion. It is also possible that the controller 104 is configured to adjust the orientation
of the end-effector 116 for the first test position so that the laser beam is substan-
tially perpendicular to the planar reference surface 103. In this case, the manual
adjustment is not needed. The controller 104 can be configured to adjust the orien-
tation for example so that the area of the radiated spot in the picture captured by

the camera 119 is minimized.

It is worth noting that contactless distance detection techniques which are applica-
ble in systems according to different embodiments of the invention are not limited
to techniques based on the optical triangulation. Two alternative contactless dis-

tance detection techniques are briefly discussed below.

In a system according to an exemplifying and non-limiting embodiment of the in-
vention, the distance detector comprises a radiation source configured to generate
radiation pulses, e.g. light pulses. The distance detector further comprises a radia-
tion sensor configured measure a propagation time of a radiation pulse which has
propagated from the radiation source to the radiation sensor by reflecting from the
planar reference surface 103. The system comprises a computing circuitry for
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computing a distance to be detected on the basis of the measured propagation
time and the propagation speed of the radiation pulses.

In a system according to an exemplifying and non-limiting embodiment of the in-
vention, the distance detector comprises an infrared “IR” light source and an infra-
red light sensor configured to determine a phase-shift between emergent infrared
light and incident infrared light reflected from the planar reference surface. The
system comprises a computing circuitry for computing a distance to be detected
on the basis of the detected phase shift, the propagation speed of the infrared

light, and the wavelength of the infrared light.

The camera 119 shown in figure 1 can be for example an industrial camera suita-
ble for computer vision. Thus, in the case illustrated in figure 1, it is possible to ar-
range robot calibration that is based on the computer vision.

The above-mentioned computer vision can be applied not only to the robot calibra-
tion but also to computer-aided design “CAD” model-based feature detecting and
matching. The computer vision can be used to detect the position and orientation
of a physical model piece referred to a suitable coordinate system bound to the
robot. Three dimensional computer-aided manufacturing “3D-CAM” data can be
generated on the basis of CAD data related to the physical model piece and the
detected position and orientation of the physical model piece. Consequently, any
desired trajectory pertaining to the physical model piece can be generated referred
to the above-mentioned coordinate system bound to the robot. The generated tra-
jectory can be used for example in grinding a complicated surface of a work piece
and/or measuring surface stress of a complicated shape.

An exemplifying process comprises: a) detecting orientation and position of a
physical model piece comprising a reference feature, b) matching a 3D-CAD mod-
el of the physical model piece to correspond to the detected position and orienta-
tion of the physical model piece, ¢) generating a desired tool path, and d) com-
municating with the robot and executing commands so as to fulfill the desired task,

e.g. machining a work piece in accordance with the generated tool path.
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The detection of the orientation and position of the physical model piece may

comprise for example the following actions:

- measuring positions of three points on a surface of the physical model

piece, and

- locating the camera perpendicularly with respect to the geometric plane de-
fined by the above-mentioned three points and capturing a two dimensional

image with the camera.

The matching the 3D-CAD model with the detected position and orientation of the

physical model piece may comprise the following actions:
- building a virtual 3D-CAM environment, and

- setting the 3D-CAD model to be in the virtual 3D-CAM environment in posi-
tion and orientation which are the same as the detected position and orien-

tation of the physical model piece.

The desired tool path can be generated with aid of the 3D-CAD model which has
in the virtual 3D-CAM environment the position and orientation that are the same
as the position and orientation of the physical model piece in the real three dimen-
sional space. The 3D-CAM virtual environment containing the 3D-CAD model can
be used to control the manipulator so that there are no collisions between the

camera and the physical model piece.

Figure 2 shows a flowchart of a method according to an exemplifying and non-
limiting embodiment of the invention for generating deviation data indicative of in-
accuracy in kinematic parameters of a robot. The robot comprises an end-effector
whose estimate position and orientation in a workspace coordinate system fixed
with respect to a base frame of the robot are determined by joint variables related
to the robot and by the forward-kinematics based on the kinematic parameters.

The method comprises the following actions:

- action 201: placing a calibration object having a planar reference surface in

a fixed position with respect to the base frame of the robot,
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- actions 202 and 203: controlling, during each of at least four tests, the end-
effector to be in one of mutually different test positions,

- action 204: detecting, for each of the test positions, a distance from a point
having a fixed position with respect to the end-effector to one of mutually
different test points on the planar reference surface,

- action 205: obtaining estimate positions of the test points in terms of coor-
dinates of the workspace coordinate system on the basis of the detected
distances and the joint variables corresponding to each of the test positions,

and

- action 206: forming data indicative of deviations of the obtained estimate
positions from a first geometric plane of the workspace coordinate system
SO as to generate the deviation data.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises computing quantities proportional to angle deviations between ge-
ometric lines each being perpendicular to one of second geometric planes defined
by mutually different three-member subsets of the obtained estimate positions,
where the angle deviations are indicative of the inaccuracy of the kinematic pa-

rameters.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises computing quantities proportional to volumes of tetrahedrons de-
fined by mutually different four-member subsets of the obtained estimate positions,

where the volumes are indicative of the inaccuracy of the kinematic parameters.

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, each of the distances is detected by radiating a spot representing the re-
spective one of the test points on the planar reference surface with a radiation
source and by detecting the distance under consideration on the basis of radiation
reflected from the planar reference surface.
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In a method according to an exemplifying and non-limiting embodiment of the in-
vention, the radiation source comprises a light source, e.g. a laser source, and

each of the distances is detected with the optical triangulation.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises setting coordinates of the test positions in the workspace coordi-
nate system so that the test positions are in a third geometric plane of the work-
space coordinate system and setting the orientation of the end-effector to be, in
each of the test positions, such that the light beam, e.g. a laser beam, emitted by
the light source, e.g. a laser source, is substantially perpendicular to the third ge-

ometric plane.

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, the radiation source generates radiation pulses and each of the distances
is determined by measuring a propagation time of a radiation pulse reflected from
the planar reference surface and by computing the distance under consideration
on the basis of the measured propagation time.

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, the radiation source emits infrared light and each of the distances is de-
termined on the basis of a phase-shift between emergent infrared light and inci-
dent infrared light reflected from the planar reference surface.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises determining, with the inverse-kinematics based on the kinematic
parameters, the joint variables corresponding to each of the test positions on the
basis of i) the coordinates of the test position in the workspace coordinate system
and ii) the desired orientation of the end-effector in the test position under consid-

eration.

A calibration method according to an exemplifying and non-limiting embodiment of

the invention comprises:

- the above-described sequence of actions 201-206 for generating the devia-

tion data,
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- action 207: updating the kinematic parameters of the robot on the basis of
the deviation data.

In a calibration method according to an exemplifying and non-limiting embodiment
of the invention, the sequence of the actions 201-206 for generating the deviation
data is carried out at least two times, and more preferably at least three times, so
that the position of the planar reference surface is different at each time. The kin-
ematic parameters are updated on the basis of data containing the deviation data
obtained for each of the different positions of the planar reference surface.

A computer program according to an exemplifying and non-limiting embodiment of
the invention comprises computer executable instructions for controlling a pro-
grammable processing system to carry out actions related to a method according
to any of the above-described exemplifying embodiments of the invention.

A computer program according to an exemplifying and non-limiting embodiment of
the invention comprises software means for generating deviation data indicative of
inaccuracy of kinematic parameters of a robot that comprises an end-effector
whose estimate position and orientation in a workspace coordinate system fixed
with respect to a base frame of the robot is determined by joint variables related to
the robot and by forward-kinematics based on the kinematic parameters. The
software means comprise computer executable instructions for controlling the pro-

grammable processing system to:

- control, during each of at least four tests, the end-effector to be in one of
mutually different test positions,

- control a distance detector to detect, for each of the test positions, a dis-
tance from a point having a fixed position with respect to the end-effector to
one of mutually different test points on a planar reference surface having a
fixed position with respect to the base frame,

- obtain estimate positions of the test points in terms of coordinates of the
workspace coordinate system on the basis of the detected distances and

the joint variables corresponding to each of the test positions, and
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- form data indicative of deviations of the obtained estimate positions from a
geometric plane of the workspace coordinate system so as to generate the
deviation data.

The software means can be e.g. subroutines or functions implemented with a suit-
able programming language and with a compiler suitable for the programming lan-
guage and for the above-mentioned programmable processing system.

A computer program product according to an exemplifying and non-limiting em-
bodiment of the invention comprises a computer readable medium, e.g. a compact
disc “CD”, encoded with a computer program according to an exemplifying embod-

iment of invention.

A signal according to an exemplifying and non-limiting embodiment of the inven-
tion is encoded to carry information defining a computer program according to an

exemplifying embodiment of invention.

The specific examples provided in the description given above should not be con-
strued as limiting the scope and/or the applicability of the appended claims.
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What is claimed is:

1. A system for generating deviation data indicative of inaccuracy of kinematic
parameters of a robot that comprises an end-effector whose estimate position and
orientation in a workspace coordinate system fixed with respect to a base frame of
the robot are determined by joint variables related to the robot and by forward-
kinematics based on the kinematic parameters, the system comprising:

- a distance detector (101) mechanically supported to be in a fixed position
with respect to the end-effector,

characterized in that the system further comprises a calibration object (102) hav-
ing a planar reference surface (103) in a fixed position with respect to the base
frame of the robot, and a controller (104) configured to:

- control, during each of at least four tests, the end-effector to be in one of

mutually different test positions,

- control the distance detector to detect, for each of the test positions, a dis-
tance from the distance detector to one of mutually different test points on

the planar reference surface,

- obtain estimate positions of the test points in terms of coordinates of the
workspace coordinate system on the basis of the detected distances and
the joint variables corresponding to each of the test positions, and

- form data indicative of deviations of the obtained estimate positions from a
first geometric plane of the workspace coordinate system so as to generate
the deviation data.

2. A system according to claim 1, wherein the controller is configured to com-
pute quantities proportional to angle deviations between geometric lines each be-
ing perpendicular to one of second geometric planes defined by mutually different
three-member subsets of the obtained estimate positions, the angle deviations be-
ing indicative of the inaccuracy of the kinematic parameters.
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3. A system according to claim 1, wherein the controller is configured to com-
pute quantities proportional to volumes of tetrahedrons defined by mutually differ-
ent four-member subsets of the obtained estimate positions, the volumes being in-

dicative of the inaccuracy of the kinematic parameters.

4. A system according to any of claims 1-3, wherein the distance detector com-
prises a radiation source for radiating a spot representing, for each of the test posi-
tions, the respective one of the test points on the planar reference surface and a
radiation sensor for receiving radiation reflected from the planar reference surface
and for producing a signal indicative of the distance from the distance detector to
the test point under consideration.

5. A system according to claim 4, wherein the radiation source comprises a light
source (118), the radiation sensor comprises a camera (119), and the system is
configured to apply optical triangulation for determining the distance from the dis-
tance detector to the test point under consideration.

6. A system according to claim 4, wherein the radiation source is configured to
generate radiation pulses and the radiation sensor is configured measure a propa-
gation time of a radiation pulse propagated from the radiation source to the radia-
tion sensor by reflecting from the planar reference surface, and the system is con-
figured to compute the distance from the distance detector to the test point under
consideration on the basis of the measured propagation time.

7. A system according to claim 4, wherein the radiation source is configured to
emit infrared light and the radiation sensor is configured to detect a phase-shift be-
tween emergent infrared light and incident infrared light reflected from the planar
reference surface, and the system is configured to compute the distance from the
distance detector to the test point under consideration on the basis of the detected
phase-shift.

8. A system according to claim 5, wherein the controller is configured to set co-
ordinates of the test positions in the workspace coordinate system so that the test
positions are in a third geometric plane of the workspace coordinate system and to
set the orientation of the end-effector to be, in each of the test positions, such that
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a light beam emitted by the light source is substantially perpendicular to the third

geometric plane.

9. A system according to any of claims 1-8, wherein the system is configured to
determine, with inverse-kinematics based on the kinematic parameters, the joint
variables corresponding to each of the test positions on the basis of i) coordinates
of the test position under consideration in the workspace coordinate system and ii)
a desired orientation of the end-effector in the test position under consideration.

10. A system according to any of claims 1-9, wherein the controller is configured

to update the kinematic parameters on the basis of the deviation data.
11. A robot system comprising:

- a manipulator (105) comprising links (106-109) affixed to each other with
joints (110-113), the manipulator extending from a base frame (115) to an
end-effector (116), and

- asystem (101-104) according to any of claims 1-10 for generating deviation
data indicative of inaccuracy of kinematic parameters of the manipulator.

12. A method for generating deviation data indicative of inaccuracy of kinematic
parameters of a robot that comprises an end-effector whose estimate position and
orientation in a workspace coordinate system fixed with respect to a base frame of
the robot are determined by joint variables related to the robot and by forward-
kinematics based on the kinematic parameters, characterized in that the method

comprises:

- placing (201) a calibration object having a planar reference surface in a
fixed position with respect to the base frame of the robot,

- controlling (202, 203), during each of at least four tests, the end-effector to

be in one of mutually different test positions,

- detecting (204), for each of the test positions, a distance from a point hav-
ing a fixed position with respect to the end-effector to one of mutually differ-
ent test points on the planar reference surface,
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- obtaining (205) estimate positions of the test points in terms of coordinates
of the workspace coordinate system on the basis of the detected distances
and the joint variables corresponding to each of the test positions, and

- forming (206) data indicative of deviations of the obtained estimate posi-
tions from a first geometric plane of the workspace coordinate system so as
to generate the deviation data.

13. A method according to claim 12, wherein the method comprises computing
quantities proportional to angle deviations between geometric lines each being
perpendicular to one of second geometric planes defined by mutually different
three-member subsets of the obtained estimate positions, the angle deviations be-
ing indicative of the inaccuracy of the kinematic parameters.

14. A method according to claim 12, wherein the method comprises computing
quantities proportional to volumes of tetrahedrons defined by mutually different
four-member subsets of the obtained estimate positions, the volumes being indica-
tive of the inaccuracy of the kinematic parameters.

15. A method according to any of claims 12-14, wherein each of the distances is
detected by radiating a spot representing the respective one of the test points on
the planar reference surface with a radiation source and by detecting the distance
under consideration on the basis of radiation reflected from the planar reference

surface.

16. A method according to claim 15, wherein the radiation source comprises a
light source and each of the distances is detected with optical triangulation.

17. A method according to claim 15, wherein the radiation source generates ra-
diation pulses and each of the distances is determined by measuring a propaga-
tion time of a radiation pulse reflected from the planar reference surface and by
computing the distance under consideration on the basis of the measured propa-

gation time.

18. A method according to claim 15, wherein the radiation source emits infrared

light and each of the distances is determined on the basis of a phase-shift be-
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tween emergent infrared light and incident infrared light reflected from the planar

reference surface.

19. A method according to claim 16, wherein the method comprises setting coor-
dinates of the test positions in the workspace coordinate system so that the test
positions are in a third geometric plane of the workspace coordinate system and
setting the orientation of the end-effector to be, in each of the test positions, such
that a light beam emitted by the light source is substantially perpendicular to the
third geometric plane.

20. A method according to any of claims 12-19, wherein the method comprises
determining, with inverse-kinematics based on the kinematic parameters, the joint
variables corresponding to each of the test positions on the basis of i) coordinates
of the test position under consideration in the workspace coordinate system and ii)

a desired orientation of the end-effector in the test position under consideration.

21. A calibration method for calibrating a robot, the calibration method compris-
ing:

- carrying out a method (201-206) according to any of claims 12-20 for gen-
erating deviation data indicative of inaccuracy of kinematic parameters of
the robot, and

- updating (207) the kinematic parameters on the basis of the deviation data.

22. A calibration method according to claim 21, wherein the method (201-206)
according to any of claims 12-20 is carried out at least two times so that the posi-
tion of the planar reference surface is different at each time, and the kinematic pa-
rameters are updated on the basis of data containing the deviation data obtained
for each of the different positions of the planar reference surface.

23. A computer program for generating deviation data indicative of inaccuracy of
kinematic parameters of a robot that comprises an end-effector whose estimate
position and orientation in a workspace coordinate system fixed with respect to a
base frame of the robot are determined by joint variables related to the robot and

by forward-kinematics based on the kinematic parameters, characterized in that
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the computer program comprises computer executable instructions for controlling

a programmable processing system to:

- control, during each of at least four tests, the end-effector to be in one of

mutually different test positions,

- control a distance detector to detect, for each of the test positions, a dis-
tance from a point having a fixed position with respect to the end-effector to
one of mutually different test points on a planar reference surface having a
fixed position with respect to the base frame,

- obtain estimate positions of the test points in terms of coordinates of the
workspace coordinate system on the basis of the detected distances and
the joint variables corresponding to each of the test positions, and

- form data indicative of deviations of the obtained estimate positions from a
first geometric plane of the workspace coordinate system so as to generate
the deviation data.

24. A computer program product for generating deviation data indicative of inac-
curacy of kinematic parameters of a robot, the computer program product compris-
ing a non-volatile computer readable medium encoded with a computer program

according claims 23.
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