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METHOD AND APPARATUS FOR CALIBRATING VISUAL GUIDED ROBOT

This invention relates to a method and apparatus for calibrating a first co-
ordinate frame of an indexing means in a second frame of reference of a
sensing means when the sensing means is substantially rigidly attached to the
indexing means, particularly, but not exclusively suitable for use in robotic

drilling operations.

In any system involving automated movement of parts where the
movement is controlled by an extemal sensor system, the relationship between
the body performing the movement and the sensor system must be known in
order to effect accurate robot motion. Typical sensor systems used with robots
either require contact with or are remote from the robot and parts to be worked.
The contact systems involve intensive alignment and are sensitive to
environmental variations. The majority of six degree of freedom (6 DOF) non-
contact configurations currently used have digital or film based cameras located
remote from the robot, and typically a polar measurement device, such as a
laser tracker, is used for calibration purposes instead of the 6 DOF system,
introducing ancillary equipment and thus increasing costs through hardware and

set-up time.

There is therefore a need for a generally improved method and
apparatus for calibrating a first co-ordinate frame of an indexing means in a

second frame of reference of a sensing means, where the sensing means is
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substantially rigidly attached to the indexing means, and thus utilises parts that

will be used for on-line measurements.

Accjording to a first aspect of the present invention there is provided a
method fc;r calibrating a first co-ordinate frame of an indexing means in a
second frame of reference of a sensing means when the sensing means is
substantia]ly rigidly attached to the indexing means, including the steps of
measuriné first positions of a plurality of first light sources relative to the sensing
means, each of which first light sources is remote from the sensing means and
is either a'.n active light source or an illuminable reflecting point, with the first.
positions Eorrespondiné to a first absolute position of the indexing means,
moving thile indexing means, measuring second positions of the plurality of first
light sourcies relative to the sensing means, which second positions correspond
to the des:ired second absdlute position of the indexing means, the measuring
steps corﬁprising imaging on at least two imaging devices light reflected or
projected :from the plurality of first light sources and transmitting signals
indicative Zof the distribution of refiected or projected Iigﬁt from each of the at
jeast two imaging devices to a processor and combining the same so as to
define thé first and/or second positions of the plurality of first light sources
relative toi the sensing means, the method further comprising the steps of
repeating i_he measurement of and movement from the first to second positions
50 as to provide at least two sets of measurements of first and second positions
corresponéiing to at least two movements, each of which at least two
movemenfs is a known, unique transform, combining the at least two sets of

measurements of first and second positions of the plurality of first light sources
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relative to'the sensing means by transformation means so as to calibrate the

first co-ordinate frame in the second frame of reference.
Conveniently the known movements corresponding to the at least two

sets of first and second positions are two transiations.

Adv:antageously the knowh movements corresponding to the at least two

sets of first and second positions are one translation and one rotation.

Preferably the known movements corresponding to at least two sets of
first and second positions are two rotations about different axes, with or without

at least onte translation and/or further rotation.

Coﬁveniently the combination of the at least two sets of first and second
position measurements includes, for each of the at least two sets of first and
second pbsition measurements, combining each of the first and second
measuredapositions with a matrix multiplication of the corresponding known
movv.amenti transform and an unknown transform, which unknown transform
describes }he first co-ordinate frame in the second frame of reference to give a
set of at :j|east two expressions, summing each of the set of at least two
expressior;s, and optimising any erors resulting therefrom by standard
optimisation techniques, in order to determine the unknown transform, which
unknown t:ransform calibrates the first co-ordinate frame in the second frame of

reference.!

According to another aspect of the present invention there is provided
apparatus for calibrating a first co-ordinate frame of an indexing means in a

second frame of reference of a sensing means when the sensing means is
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substantially rigidly attached to the indexing means, including sensing means,

indexing rﬁeans for moving the sensing means when the sensing means is
substantiallly'rigidiy attached thereto, a plurality of first light sources, which first
light sources include active light sources or illuminable reflecting points and are
locatable at a fixed position in space, wherein the indexing means comprises a
robot and an end-effector and the sensing means comprise at least two imaging
devices, each attachable to the end effector and each configurable to image
each of the plurality of first light sources, the apparatus further comprising a
processor:in operative association with the indexing means, transformation
means in operative association with the processor, transmitting means for
transmitting signals indicative of a first and a second position of each of the
plurality of first light sources relative to the sensing means from the sensing
means to the processor, which first and second positions of each of the plurality
of first |ight sources relative to the sensing means correspond to an absolute
first positibn and a desired, absolute second position of the indexing means
respectivelly, such that when the indexing means moves from the absolute first
position to the desired absolute second position, the first and second positions
of each of the plurality of first light sources relative to the sensing means
transmitted to the processor are thence combined by the transformation means

50 as to calibrate the first co-ordinate frame in the second frame of reference.
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Advantageously each of the at least two imaging devices is a metrology

sensor operable to create digitisable images. and which at least two imaging

devices are substantially equi-spaced around the end effector.

Preferably there are at least two second light sources, each associated
with a respective imaging device, and wherein the plurality of first light sources

is a plurality of reflective targets.

Conveniently there is provided a first part, which first part carries the
plurality of light sources and includes a rectangular plate, a shaft of substantially
circular cross-section, which shaft is removably attachable to a first face of the
rectangular plate and has at least one of the plurality of first light sources
positioned thereon, and means for removably attaching the shaft to the

rectangular plate.

Advantageously the transmitting means includes coaxial cables and
frame grabber ports for transmitting a signal indicative of the first and a second
positions of each of the plurality of first light sources relative to the sensing

means to the processor.

For a better understanding of the present invention, and to show how the
same may be carried into effect, reference will now be made, by way of

example, to the accompanying drawings, in which:

Figure 1 is a schematic perspective representation of apparatus for
calibrating a co-ordinate frame of a sensing means in a frame of reference of an
indexing means when the sensing means is substantially rigidly attached to the

indexing means according to the present invention,
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Figure 2 is a block diagram of methed steps applicable to the apparatus

of Figure 1,

Figure 3 is a block diagram of combining means forming part of the

method steps applicable to the apparatus of Figure 1,

Figure 4 is a schematic perspective representation of the apparatus of

Figure 1 showing indexing means and a first part,

Figure 5 is a plan view of a rectangular plate providing part of the first

part of Figure 4,

Figure 6 is a sectional end view of the rectangular plate of Figure 5 taken

on the line A-A, and

Figure 7 is a sectioned view of a shaft and bolt means providing part of

the first part of Figﬁre 4.

In robotic drilling systems that use external sensors to measure position
and orientation of parts to be drilled, the robot toolframe should be calibrated in
a co-ordinate system characteristic of the sensors. This calibration is required
because positional adjustments will be detected in the sensors co-ordinate
system, but effected by the robot. A method according to the present invention
for calibrating a first co-ordinate frame of a sensing means in a second frame of
reference of an indexing means when the sensing means is substantially rigidly
attached to the indexing means, as shown in Figures 1 to 7 of the
accompanying drawings, is suitable for calibrating any system that moves parts,
where the movement thereof is controlled by an external sensor system rigidly

attached to the system itself, relative to the sensor system. in particular, the tool
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centre point of a robot can be calibrated in a co-ordinate system of a

photogrammetry system attached to the robot end effector.

Thus apparatus of the present invention as shown in Figure 1 of the
accompanying drawings utilises a method of the invention with reference to
Figure 2 of the accompanying drawings for calibrating a first co-ordinate frame 1
of an indexing means 4 in a second frame 3 of reference of a sensing means
2a, 2b when the sensing means 2a, 2b is substantially rigidly attached to the
indexing means 4. The method includes the steps of measuring first positions 5
of a plurality of first light sources 6 relative to the sensing means 2a, 2b, each of
which first light sources 6 is remote from the sensing means 2a, 2b and is either
an active light source or an illiminable reflecting point, with the first positions 5
corresponding to a first absolute position 7 of the indexing means 4, moving the
indexing means 4 to a desired second absolute position 8, and measuring
second positions 9 of the plurality of first light sources 6 relative to the sensing
means 2a, 2b, which second positions 9 correspond tfo the desired second
absolute position 8 of the indexing means 4. Components 2a to 6 form part of

the apparatus of the invention as will be later described.

As shown in Figure 2, the method also includes repeating the
measurement of and movement from the first to second positions 5, 9 so as to
provide at least two sets of measurements of first and second positions (5, 9k,
(5, 9), comesponding to at least two movements, each of which at least two
movements is a known unique transform 104, 10, and preferably includes two
translations, or one translation and one rotation or at least two rotations about

different axes, with or without at least one translation and/or further rotation.

-10-
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These two sets of measurements of first and second positions (5, 9, (5, 9)2 are

then combined 11a to calibrate the first co-ordinate frame 1 in the second frame o

of reference 3.

The measurements of first andfor second positions 5, 9 of the plurality of -
first lights sources 6 relative to the sensing means 2a, 2b include imaging on at
least two imaging devices light reflected or projected from the plurality of first
lights sources 6, which imaging devices provide the sensing means 2a, 2b, and
transmitting signals 12a, 12b indicative of the distribution of reflected or
projected light from each of the at least two imaging devices to a processor 13.
As shown in Figure 3, these signals 12a, 12b are combined 11a by
manipulating each of the first and second measured positions (5, 9) with a
matrix multiplication of the corresponding known movement transform 10; and
an unknown transform 15, which unknown transform 15 describes the first co-
ordinate frame 1 in the second frame of reference 3 to give at least two
expressions 16, These expressions 16; are then optimised at 18 by standard
optimisation techniques, such as the cost function, in order to determine the

unknown transform 15.

The method of the invention, described above, is operable to calibrate a
first co-ordinate frame 1 of an indexing means 4 in a second frame of reference
3 of a sensing means 2a, 2b by utilising apparatus of the invention, which
apparatus includes sensing means 2a, 2b, indexing means 4 for moving the
sensing means 2a, 2b when rigidly attached thereto, and a plurality of first light
sources 6, which first lights sources include active light sources or illuminable

reflecting points and are locatable at a fixed point in space. The indexing means

11-
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4 is preferably a robot 19 and an end effector 20, as shown in Figure 4, which

end effector 20 has the sensing means 2a, 2b attached thereto and
substantially equi-spaced therearound. The sensing means 2a, 2b are
preferably imaging devices, specifically metrology sensors operable to create
digitisable images, such that the light projected or reflected from each of the first
light sources 6 is reproduced as an image of white pixels against a dark
background, which white pixels define a two dimensional spatial location of the
first light sources 6 on each of the imaging devices 2a, 2b. These images are
communicated as output signals 12a, 12b by means of communication links 23,
which are preferably coaxial cables, to a processor 13 through framegrabber
ports 23a, 23b. The imaging devices 2a, 2b are substantially equi-spaced

around the end-effector 20.

The processor 13 is in operative association with the indexing means 4
and, having received signals 12a, 12b indicative of a first and a second position
5, 9 of each of the plurality of light sources 6 relative to the sensing means 2a,
2b, combines 11a the signals 12a, 12b together with an unknown transform 15
and a transform 10. The latter 10 defines movement from a first absolute
position 7 of the indexing means 4 to a desired second absolute position 8
thereof, which movement is communicated from the processor 13 to the
indexing means 4, and combination of these parameters 11a according to the

above-described method determines the unknown transform 15.

The apparatus includes at least two second light sources 21a, 21b, each
associated with a respective imaging device 2a, 2b. The plurality of first light

sources 6 is preferably a plurality of reflective targets, each positionable on a

12-
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first part 22, and each fabricated from retro-rgﬂective material such that light

projected by each of the second light sources 21a, 21b is reflected back
therefrom in the exact direction of the incident ray. The first part 22 is shown in
Figures 5, 6 and 7, and includes a rectangular plate 22a, a shaft 22b bf
substantially circular cross-section, which shaft 22b is removably attachable to a
first face 22¢ of the rectangular plate 22a and has at least one of the plurality of
first light sources positioned thereon, and means 22d for removably attaching
the shaft 22b to the rectangular plate 22a. Figure 5 shows a plurality of
clearance bores 22e opening through the rectangular plate 22a, which bores
22e are used to Iocate first light sources 6. Clearance bore 22h, which may be
located at any position on the plate 22a, is provided for attaching the shaft 22b

thereto.

The shaft 22b has an internally threaded blind bore 22f opening through
one end of the shaft 22b for engagement with the means 22d, which is
preferably a threaded hexagonally headed bolt. The bolt is insertable into the
clearance bore 22h via a second face 229 of the rg:ctangular plate to engage in
the bore 22f in said shaft 22b and thence secure the shaft 22b to the
rectangular plate 22a. In operation, one of the plurality of first light sources 6is
inserted into a blind bore 23, opening through the other end of the shaft 22b,
and the remaining are inserted into the bores 22e to provide a three

dimensional field of light.

The method of the present invention described can be implemented

according to the following procedure, and with reference to Figures 2 and 3:

13-
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¢ Move the indexing means 4 from a first absolute position 7 to at least

two desired second absolute positions 8. Each of the movements is

given by a specified transform 10;;

« Measure first and second positions (5. 9) of each of the first light
sources 6: any two measurements on the same first light source from
the first absolute position 7 to the second absolute position 8 are

related by:

) c-1 i
where Ty = T is the unknown transform 15, P is the position 9 of

target j at position i {thus the desired second absolute position for the il

movement), P J' is- the position 5 of target j at the first absolute position, and

T
T T{ is the desired transform 10; of the indexing means 4;

« Sum and optimise equation 1 for all first light sources 6 for each of
the two movements from a first absolute position 7 to the desired

second absolute positions 8:

M'N{Z 2 (TFTATEP) - ”f)z] @

i=1 j=1

Where » 22, m>3where m is the number of first lights sources .

14-
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The specification for transform 10, that of two translations, or one

translation and one rotation, is required to ensure that the measurements

o ) c
provide a non-degenerate solution of unknown transform 15, T T -

In the claims which follow and in the preceding
description of the invention, except where the context
requires otherwise due to express language or necessary
jimplication, the word wcomprise”, or variations such as
wcomprises” or “comprising”, is used in an inclusive
sense, ie. to specify the presence of the stated features
but not to preclude the presence or addition of further

features in various embodiments of the invention.

-15-
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CLAIMS

A method for calibrating a first co-ordinate frame of an indexing means in a
second frame of reference of a sensing means when the sgnsing means is
substantially rigidly attached to the indexing means, Cc-amprising the steps of

measuring first positions of a plurality of first light sources relative to the
sensin:g means, each of which ﬁrsi light sources is remote from the sensing
means and is either an active light source or an illuminét;le reflecting point,
with tﬁe first positions corresponding to a first absolute position of the
indexing means,

moving the indexing means,

measuring second positions of the plurality of first light sources relative to
the se‘nsing means, which second positions correspond to the desired
second absolute posit'iqn of the indexing means,

the measuring steps cbmprising imaging on at least two imaging devices

light réflected or projected from the plurality of first light sources and

transmitting signals indicative of the distribution of reflected or projectéd
light from each of the at least two imaging devices to a processﬁr and
combining the same so as to define the first and/for second positions of the
plurality of first light sources relatiye to the sensing means,

the method further comprising the steps of

repeating the measurement of and movement from the first to second

positions so as to provide at least two sets of measurements of first and

second positions corresponding to at least two movements, each of which

at least two movements is a known, unique transform,

-16-
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- combining the at least two sets of measurements of first and second

positions of the plurality of first light sources relative to the sensing means
by transformation means so as to calibrate the first co-ordinate fra.me in the
second frame of reference.
A method according to claim 1, in which the known movements
corresbonding to the at least two sets of first and second positions are two
translaiions.
A me:(hod according to claim 1, in which the known movements
corresbonding 1o the at least two sets of first and second positions are one
translation and one rotation.
A method according to claim 1, in which the known movements
corresponding 1o the at least two sets of first and second positions are two
rotations about different axes.
A metﬁod according to claim 4, including at least one translation and/or
further: rotation.
A method according to any one of claims 2 to 5, in which the combination of
the at ieast two sets of first and second position measurements includes

for .each of the at least two sets of first and second position
measurements.- combining each of the first and second measured positions
with a matrix multiplication of the corresponding known movement
transfqm and an unknown transform, which unknown transform describes
the first co-ordinate frame in the second frame of reference to give a set of
at least two expressions,

surhming each of the set of at least two expressions, and

A7-
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optimising any errors resulting therefrom by standard optimisation

technigues. in order to determine the unknown transform, which unknown
transfo‘rm calibrates the first co-ordinate frame in the second frame of
refererjce.

Appérétus for calibrating a first co-ordinate frame of an indexing means in a
second frame of reference of a sensing means when the sensing means is
substantially rigidly attached to the indexing means, comprising

sen;ing means,

indexing means for moving the sensing means when the sensing means
is subétantially rigidly attached thereto,

a plfurality of first light sources, which first light sources inciude active
light s?urces or illuminable reflecting points and are locatable at a fixed
position in space,

’whe:rein the indexing means comprise a robot and an end-effector and
the serjsing means comprise at least two imaging devices, each attachable
to the end effector and each configurable to image each of the plurality of
first Iigl}nt sources,

the épparatus further comprising

a processor in operative association with the indexing means,

tran:sforrnation means in operative association with the processor,

transmitting means for transmitting signals indicative of a first and a
seconci position of each of the plurality of first light sources relative to the
sensing means from the sensing means to the processor, which first and

second positions of each of the pluraiity of first light sources relative to the

:

18-
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sensing means correspond to an absolute first position and a desired,

absolute second position of the indexing means respectively, such that
when :the indexing means moves from the absolute first position to the
desire@l absolute second position, the ﬁ.rst and s_econd positions of each of
the plurality of first light sources relative to the sensing means transmitted to
the pré:cessor are thence combined by the transformation means so as to
calibrate the first co-ordinate frame in the second frame of reference.
Appariatus according to claim 7, wherein each of the at least two imaging
devices is a metrology sensor operable to create digitisable images, and
which at least two imaging devices are substantially equi-spaced around the
end eﬁector.

Appar:atus according to claim 8, including at least two second light sources,
each :;ssociated with a respective ima_ging device, and wherein the plurality
of first light sources is a plurality of reflective targets.

Apparatus according to claim 9 including a first part, which first part carries
the plurality of light sources and includes a rectangular plate, a shaft of
substa:gntially circular cross-section, which shaft is removably attachable to a
first face of the rectangular plate and has at least one of the plurality of first
light sources positioned therean, and means for removably attaching the
shaft tb the rectangular plate.

Apparétus according to claim 10, wherein the transmitting means includes
coaxiél cables and frame grabber ports for transmitting a signal indicative of
the ﬁrét and a second positions of each of the plurality of first light sources

relative to the sensing means to the processor.

19-
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