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TARGET APPARATUS AND METHOD

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the benefit of provisional application number
61/448,823 filed March 3, 201 1, the entire contents of which are hereby incorporated by
reference. The present application also claims the benefit of U.S. Patent Application No.
13/370,339 filed February 10, 2012, which claims priority to provisiona application number
61/442,452 filed February 14, 201 1, the entire contents of which are hereby incorporated by
reference. The present application also claims the benefit of provisional application number
61/475,703 filed April 15, 201 1 and provisional application number 61/592,049 filed January
30, 2012, the contents of both of which are hereby incorporated by reference.

FIELD OF INVENTION

[0002] The present invention relates in general to methods for measuring targets and
in particular to methods for measuring the center of a spherical target containing a

retroreflector.
BACKGROUND

[0003] There is a class of instruments that measures the coordinates of apoint by
sending a laser beam to aretroreflector target in contact with the point. The instrument
determines the coordinates of the point by measuring the distance and the two angles to the
target. The distance is measured with a distance-measuring device such as an absolute
distance meter or an interferometer. The angles are measured with an angle-measuring device
such as an angular encoder. A gimbaled beam-steering mechanism within the instrument

directs the laser beam to the point of interest.

[0004] The laser tracker is aparticular type of coordinate-measuring device that
tracks the retroreflector target with one or more laser beams it emits. There is another
category of instruments known astotal stations or tachymeters that may measure a
retroreflector or apoint on a diffusely scattering surface. Laser trackers, which typically have
accuracies on the order of athousand of an inch and as good as one or two micrometers under
certain circumstances, are usually much more accurate than total stations. The broad
definition of laser tracker, which includes total stations, is used throughout this application.
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[0005] Ordinarily the laser tracker sends alaser beam to aretroreflector target. A
common type of retroreflector target isthe spherically mounted retroreflector (SMR), which
includes a cube-corner retroreflector embedded within ametal sphere. The cube-corner
retroreflector includes three mutually perpendicular mirrors. The vertex, which isthe
common point of intersection of the three mirrors, is located near the center of the sphere.
Because of this placement of the cube corner within the sphere, the perpendicular distance
from the vertex to any surface on which the SMR rests remains nearly constant, even asthe
SMR isrotated. Consequently, the laser tracker can measure the 3D coordinates of a surface
by following the position of an SMR asit is moved over the surface. Stating this another
way, the laser tracker needs to measure only three degrees of freedom (one radial distance

and two angles) to fully characterize the 3D coordinates of a surface.

[0006] Some laser trackers have the ability to measure six degrees of freedom (DOF),
which may include three trandlations, such as x, y, and z, and three rotations, such as pitch,
roll, and yaw. An exemplary six-DOF laser tracker system is described in U.S. Patent No.
7,800,758 ('758) to Bridges, et a, incorporated by reference herein. The '758 patent
discloses aprobe that holds a cube corner retroreflector, onto which marks have been placed.
The cube corner retroreflector isilluminated by alaser beam from the laser tracker, and the
marks on the cube corner retroreflector are captured by an orientation camera within the laser
tracker. The three orientational degrees of freedom, for example, the pitch, roll, and yaw
angles, are calculated based on the image obtained by the orientation camera. The laser
tracker measures a distance and two angles to the vertex of the cube-corner retroreflector.
When the distance and two angles, which give three trandational degrees of freedom of the
vertex, are combined with the three orientational degrees of freedom obtained from the
orientation camera image, the position of aprobe tip, arranged at a prescribed position
relative to the vertex of the cube corner retroreflector, can be found. Such aprobe tip may be
used, for example, to measure the coordinates of a"hidden” feature that is out of the line of

sight of the laser beam from the laser tracker.

[0007] Asexplained hereinabove, the vertex of a cube corner retroreflector within an
SMRisideally placed at the exact center of the sphere into which the cube corner is
embedded. In practice, the position of the vertex is off the center of the sphere by up to afew
thousandths of an inch. In many cases, the difference in the positions of the vertex and the

sphere center are known to high accuracy, but this data is not used to correct the tracker
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readings because the orientation of the SMR is not known. In the accurate measurements
made with laser trackers, this error in the centering of the cube corner retroreflector in the
sphere is sometimes larger than the errors from the distance and angle meters within the laser

tracker. Consequently, there is aneed for amethod to correct this centering error.

[0008] Most of the SMRs in use today contain open-air cube corner retroreflectors.
There are some SMRs that use glass cube corner retroreflectors, but these have limited
accuracy. Because of the bending of the light entering such glass cube corners, the light
appearsto travel in adirection that is not the true direction within the cube corner. The error
this produces can be minimized by moving the vertex of the cube corner behind the center of
the sphere. An example of the calculations involved in minimizing this error is given in U.S.
Patent No. 7,388,654 to Raab, et al, the contents of which are incorporated by reference.
However, there is no one distance of movement that eliminates the tracker errorsin using
such aretroreflector over the full range of angles of incidence over which light can enter the
cube corner. As aresult, SMRs made with glass cube corners tend to be made very small, as
this reduces error, and they tend to be used in applications where the highest accuracy is not
required. However, SMRs made with glass cube corners have a significant advantage
compared to SMRs made with open-air cube corners. they have awider acceptance angle. In
other words, the light may enter a glass cube corner a alarger angle of incidence without
being clipped than an open-air cube corner. Consequently, there is aneed for amethod of
measuring arelatively large SMR containing a glass cube corner with high accuracy. The
need is essentially one of finding the center of the SMR spherical surface, regardless of the
position of the glass cube corner, and in this respect it is similar to the need described above

for SMRs containing open-air cube corners.

[0009] More generally, there isaneed for amethod of finding the center of atarget
having a spherical surface and containing aretroreflector, regardless of the type of
retroreflector. For example, a different type of retroreflector put into spherical surfacesisthe
cateye retroreflector. Another example isthe photogrammetric dot - asmall circle of
reflective material - which is sometimes centered in a sphere. There are errorsin the
centering of cateye retroreflectors and photogrammetric dots in spheres, just asin centering
cube corner retroreflectors in spheres. Hence there is a general need for amethod of finding

the center of atarget having a spherical surface and containing aretroreflector.
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SUMMARY

[0010] According to an embodiment of the present invention, amethod of
measurement of atarget by a device includes the steps of providing the target, wherein the
target has atarget frame of reference and includes afirst retroreflector and abody, the body
having a spherical exterior portion that has a sphere center and a sphere radius, the body
containing a cavity, the cavity sized to hold the first retroreflector, the cavity open to the
exterior of the body, the first retroreflector a least partially disposed in the cavity, the first
retroreflector having afirst retroreflector reference point in the target frame of reference. The
method also includes the steps of providing the device, wherein the device has a device frame
of reference and afirst light source, the device being configured to measure a distance and
two angles from the device to the first retroreflector reference point; and determining a least
one vector length component in the target frame of reference of avector that extends from the
first retroreflector reference point to the sphere center, the vector having a length greater than
zero. The method further includes the steps of illuminating the first retroreflector with light
from the first light source to provide afirst reflected light that is returned to the device; and
measuring, from the deviceto the first retroreflector reference point, afirst distance and a
first set of two angles based & least in part on the first reflected light, the first distance based
at least in part on the speed of light over the path traveled by the light from the device to the
first retroreflector reference point. The method still further includes the steps of determining
three orientational degrees of freedom of the target frame of reference in the device frame of
reference, wherein the three orientational degrees of freedom are sufficient to fully define the
orientation of the target frame of reference in the device frame of reference; calculating three
dimensional coordinates of the sphere center within the device frame of reference based at
least in part on the first distance, the first set of two angles, the three orientational degrees of
freedom, and the at least one vector length component; and storing the three dimensional

coordinates of the sphere center.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Embodiments will now be described, by way of example only, with reference
to the accompanying drawings which are meant to be exemplary, not limiting, and wherein

like elements are numbered alike in several figures, in which:
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[0012] FIG. 1lisaperspective view of alaser tracker and an SMR according to an
embodiment;
[0013] FIG. 2isanillustration of a laser tracker, an auxiliary unit, and an external

computer according to an embodiment;

[0014] FIG. 3is aperspective view of alaser tracker and a six-DOF probe according

to an embodiment;

[0015] FIG. 4 is ablock diagram showing el ements in the payload of a laser tracker

according to an embodiment;

[0016] FIG. 5is aperspective view of a cube corner slug and amaster element used

in retroreflector replication according to an embodiment;

[0017] FIG. 6is aperspective view of a glass cube corner with non-reflecting

portions at intersecting junctions according to an embodiment;

[0018] FIG. 7 is an example of an illumination pattern produced by non-reflecting
portions of aretroreflector and impinging on an orientation camera within the laser tracker

according to an embodiment;

[0019] FIGs. 8A-C are perspective, cross-sectional, and front views, respectively, of a
target that includes an open-air cube-corner slug embedded within a sphere according to

embodiments;

[0020] FIG. 8D is aperspective view of the target of FIGs. 8A-C with additional

features according to an embodiment;

[0021] FIGs. 9A-C are perspective, cross-sectional, and front views, respectively, of a

target that includes a glass cube-corner embedded within a sphere according to embodiments;

[0022] FIG. 9D is aperspective view of the target of FIGs. 9A-C with additional

features according to an embodiment;

[0023] FIGs. 10A-B are perspective and front views, respectively, of the target of
FIGs. 9A-C to which have been added marks on the top surface of the glass prism according

to an embodiment;
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[0024] FIGs. 11A-C are perspective views of the target of FIGs. 8A-C to which have
been added areflective region, abar-code pattern, and an RF identification tag, respectively,

according to embodiments;

[0025] FIGs. 12A-B are front and side sectional views, respectively, of an SMR

having a cube corner retroreflector not perfectly centered within a sphere;

[0026] FIGs. 13A-C show aperspective view of a glass cube corner, a sectional view
of aspherical six-DOF target, and a perspective view of a spherical six-DOF target,

respectively, according to an embodiment;

[0027] FIG. 14 shows a cross sectiona view of a spherical six-DOF target and the

path of aray of light outside and inside the glass prism according to an embodiment;

[0028] FIG. 15 shows a cross sectiona view of a spherical six-DOF target and
projected lines to illustrate the corrections made mathematically to correct for the bending of
light;

[0029] FIG. 16A shows the steps in amethod for measuring the center of a sphere

into which aretroreflector is embedded according to an embodiment;

[0030] FIG. 16B shows the steps in amethod for measuring athree-dimensional

coordinate of apoint on aworkpiece surface according to an embodiment;

[0031] FIG. 17A shows alocator camera located on atracker and surrounded by near

lights and a far light according to an embodiment;

[0032] FIG. 17B shows atracker aperture with locator cameras and light located to

the right and to the left according to an embodiment;

[0033] FIG. 18A shows alight that illuminates aretroreflector but does not strike a

tracker locator camera;

[0034] FIG. 18B shows alight that illuminates aregion of reflective material,
producing scattered light that strikes the tracker locator camera;

[0035] FIG. 19 shows electronics and processors within a laser tracker according to

an embodiment;
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[0036] FIGs. 20A-C show an exemplary six-DOF target having aprobe tip and a

probe extension according to an embodiment;

[0037] FIGs. 21A-C show a six-DOF probe similar to that in FIGs. 20A-C except that
the probe extension istilted a an arbitrary angle and locked in place with knob according to

an embodiment; and

[0038] FIG. 22 showsthe steps in amethod for measuring a point on aworkpiece

using atarget having an identifier element according to an embodiment.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0039] An exemplary laser tracker 10 isillustrated in FIG. 1. An exemplary gimbaled
beam-steering mechanism 12 of laser tracker 10 includes zenith carriage 14 mounted on
azimuth base 16 and rotated about azimuth axis 20. Payload 15 is mounted on zenith carriage
14 and rotated about zenith axis 18. Zenith mechanical rotation axis (not shown) and azimuth
mechanical rotation axis (not shown) intersect orthogonally, internally to tracker 10, at
gimbal point 22, which istypically the origin for distance measurements. Laser beam 46
virtually passes through gimbal point 22 and is pointed orthogonal to zenith axis 18. In other
words, laser beam 46 isin aplane normal to zenith axis 18. Laser beam 46 is pointed in the
desired direction by motors within the tracker (not shown) that rotate payload 15 about zenith
axis 18 and azimuth axis 20. Zenith and azimuth angular encoders, internal to the tracker (not
shown), are attached to zenith mechanical axis (not shown) and azimuth mechanical axis (not
shown) and indicate, to relatively high accuracy, the angles of rotation. Laser beam 46 travels
to external retroreflector 26 such asthe spherically mounted retroreflector (SMR) described
above. By measuring the radia distance between gimbal point 22 and retroreflector 26 and
the rotation angles about the zenith and azimuth axes 18, 20, the position of retroreflector 26

is found within the spherical coordinate system of the tracker.

[0040] The laser tracker 10 is a device that has a device frame of reference 30. The
device frame of reference may have as its origin the gimbal point 22. The frame of reference
may be fixed with respect to the azimuth base 16, which istypically stationary with respect to
the surroundings. The device frame of reference may be represented by avariety of
coordinate systems. One type of coordinate system is a Cartesian coordinate system having
three perpendicular axesx, y, and z. Another type of coordinate system is a spherical

coordinate system. A point 74 within a spherical coordinate 30 may be represented in a

-7 -
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spherical coordinate system by one radial distance 73 (r), afirst (zenith) angle 72 (©, and a
second (azimuth) angle 71 (¢). The angle ©is obtained by using the projection of the point 74
onto the z axis. The angle @ is obtained by using the projection of the point 74 onto the x-y
plane. The laser tracker 10 inherently makes measurements in a spherical coordinate system,
but apoint measured in spherical coordinates may be easily converted to Cartesian

coordinates.

[0041] The target 26 has atarget frame of reference 40. The target frame of reference
may be represented, for example, using Cartesian coordinates x, y, and z. Thex, y, and z axes
of the target frame of reference 40 move with the target 26 and are not necessarily parallel to
the corresponding device axesx, y, and z of the device frame of reference 30. The target 26
may be placed in contact with the workpiece surface 61 a apoint 63. To find the three-
dimensional (3D) coordinates of the point 63, the tracker first determines the center of the
target 26 using the distance and two angles it has measured. It may also be used to account
for avector offset of the retroreflector reference point (e.g., cube-corner vertex) with respect
to the center of the spherical contact surface of the target 26 using methods described herein
below. To move from the center of the target to the surface of the workpiece the position of
the center point isoffset by an amount equal to the radius of the spherical target surface. In an
embodiment, the direction of the offset is found by measuring several points near to the

contact point 63 to determine the surface normal at the point 63.

[0042] Laser beam 46 may include one or more laser wavelengths. For the sake of
clarity and simplicity, a steering mechanism of the sort shown in FIG. 1lis assumed in the
following discussion. However, other types of steering mechanisms are possible. For
example, it would be possible to reflect a laser beam off amirror rotated about the azimuth
and zenith axes. The techniques described here are applicable, regardiess of the type of

steering mechanism.

[0043] In exemplary laser tracker 10, locator cameras 52 and light sources 54 are
located on payload 15. Light sources 54 illuminate one or more retroreflector targets 26. In an
embodiment, light sources 54 are LEDs electrically driven to repetitively emit pulsed light.
Each locator camera 52 includes a photosensitive array and alens placed in front of the
photosensitive array. The photosensitive array may be aCMOS or CCD array, for example.
In an embodiment, the lens has arelatively wide field of view, for example, 30 or 40 degrees.

The purpose of the lens isto form an image on the photosensitive array of objects within the

-8-
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field of view of the lens. Usually at least one light source 54 is placed near locator camera 52
so that light from light source 54 is reflected off each retroreflector target 26 onto locator
camera 52. In this way, retroreflector images are readily distinguished from the background
on the photosensitive array astheir image spots are brighter than background objects and are
pulsed. In an embodiment, there are two locator cameras 52 and two light sources 54 placed
about the line of laser beam 46. By using two locator cameras in this way, the principle of
triangulation can be used to find the three dimensional coordinates of any SMR within the
field of view of the locator camera. In addition, the three dimensional coordinates of an SMR
can be monitored asthe SMR is moved from point to point. A use of two locator cameras for
this purpose is described in U.S. Published Patent Application No. 2010/0128259 to Bridges,

et al, the contents of which are herein incorporated by reference.

[0044] Asshown in FIG. 2, auxiliary unit 70 may be apart of laser tracker 10. The
purpose of auxiliary unit 70 isto supply electrical power to the laser tracker body and in
some cases to also supply computing and clocking capability to the system. It is possible to
eliminate auxiliary unit 70 altogether by moving the functionality of auxiliary unit 70 into the
tracker body. In most cases, auxiliary unit 70 is attached to general purpose computer 80.
Application software loaded onto general purpose computer 80 may provide application
capabilities such asreverse engineering. It is also possible to eliminate general purpose
computer 80 by building its computing capability directly into laser tracker 10. Inthis case, a
user interface, possibly providing keyboard and mouse functionality may be built into laser
tracker 10. The connection between auxiliary unit 70 and computer 80 may be wireless or
through a cable of electrical wires. Computer 80 may be connected to a network, and
auxiliary unit 70 may also be connected to anetwork. Plural instruments, for example,
multiple measurement instruments or actuators, may be connected together, either through
computer 80 or auxiliary unit 70. In an embodiment, auxiliary unit is omitted and connections

are made directly between laser tracker 10 and computer 80.

[0045] In FIG. 3, laser tracker 10 sends a laser beam to six-DOF probe 60. Six-DOF
probe includes aretroreflector (not shown) that returns light 46 back to the tracker 10, a
holder 66, aprobe shaft 64, and aprobe tip 62. The operator who holds six-DOF probe 60
places the probe tip 62 into contact with the workpiece a apoint of interest. The laser tracker
10 in combination with the six-DOF probe 60 determines the three dimensional coordinates

of probe tip 62. Such six-DOF probes are sometimes used to measure points that are not in
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the line of sight of the laser beam 46 from the laser tracker 10. For example, the probe tip
may be placed behind an object while the retroreflector within six-DOF probe 66 is tracked

by the tracker laser beam 46.

[0046] To determine the three-dimensional coordinates of the probe tip 62, the tracker
measures six degrees of freedom of the probe tip. It measures the three trandational degrees
of freedom of the retroreflector reference point. For the cube corner retroreflector described
hereinabove, the retroreflector reference point isthe vertex of the cube corner. For a cateye
retroreflector made of a single sphere (for example, using glass with refractive index equals
two), the reference point is the center of the cateye sphere. For a cateye retroreflector made of
two hemispherical elements, the reference point is centered on the two hemispherical
elements on the plane that separates them. For areflective photogrammetry target in the

shape of aflat circle, the reference point isthe center of the circle.

[0047] The three trandlational degrees of freedom may be described in a Cartesian
frame of reference with x, y, and z coordinates. Alternatively, the three translational degrees
of freedom may be described in a spherical frame of reference with radial distance r, azimuth
angle phi, and zenith angle theta. The laser tracker 10 measures a distancer using either an
interferometer or an absolute distance meter (ADM). It measures an azimuth angle phi and a
zenith angle theta using angular encoders. Hence the laser tracker measures in a spherical
coordinate system, although the coordinate values for any measured point may be converted

into coordinates in any other desired coordinate system.

[0048] Asstated herein above, some targets, such as six-DOF probe 60, require a
tracker configured for six-DOF measurements. In addition to measuring the three
trandational degrees of freedom, the tracker must also be able to measure three orientational
degrees of freedom. Together, three trandlational and three orientational degrees of freedom
that produce six independent degrees of freedom fully specify (fully constrain) the position of
every point within arigid body - for example, the rigid body six-DOF probe 60.

[0049] The three degrees of orientational freedom may be described in avariety of
ways. Methods for describing three degrees of orientational freedom include Euler angles and
Tait-Bryan angles, the latter of which include the well known pitch-yaw-roll and heading-
elevation-bank descriptions. In the present application, the term three degrees of orientational

freedom should be understood to mean three independent degrees of freedom. For example, a

- 10 -
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rotation about an X axis, ay axis, and athird axis in the x-y plane would represent only two
degrees of freedom as the three axes are not independent. In other words, the three axes do
not provide amethod of specifying the rotation about the z axis and hence do not represent

three independent degrees of freedom.

[0050] It ispossible to have several interconnected objects that move independently.
In such a situation, more than three degrees of freedom may be required to fully specify the
motion of the collection of objects. Generally, a six-DOF probe such as probe 60 moves as a
unit so that three degrees of orientational freedom are sufficient to fully describe the

orientation of every point on the probe structure.

[0051] It should be similarly understood that three degrees of translational freedom
means three independent degrees of translational freedom. Another way of saying this isthat
the three directions corresponding to the three degrees of trandational freedom form abasis
set in three-dimensional space. In other words, each of the three directions corresponding to a
degree of trandational freedom has a component orthogonal to each of the other two

directions.

[0052] FIG. 4 shows an embodiment for electro-optical assembly 400 of the laser
tracker 10. Source elements 405 and 410 represent light sources and possibly additional
electrical and optical components. For example, source element 410 may represent ared
helium-neon laser in combination with an interferometer. Source element 405 may represent
an infrared laser in combination with an absolute distance meter (ADM). Alternatively, the
system may have only an interferometer or only an ADM. One of the source elements 405 or
410 may have only a source of light without a distance meter. There may be additional light
sources (not shown) besides those contained within source elements 405 and 410. The source
elements 405 and 410 may be located in payload 15 or they may be located in one of the
other parts of the tracker such asthe zenith carriage 14 or azimuth base 16. The light source
may be located in one section, for example, the azimuth base, and the distance meter located
in another section such asthe payload 15. The light may be routed from one location to
another by optical fibers, as explained in the '758 patent. Alternatively, the light from the
source may bereflected off amirror that is steered about the zenith axis, and the distance
meters kept in the azimuth base 16. The light sources may include lasers, superluminescent

diodes, light emitting diodes, or others.

- 11 -
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[0053] Light from source element 410 passes through beam splitter 420. Light from
source element 405 reflects off mirror 415 and beam splitter 420. If source elements 405, 410
contain light of different wavelengths, beam splitter 420 may advantageously be a dichroic
beam splitter than transmits the wavelength of light emitted by source element 410 and

reflects the wavelength of light emitted by source element 405.

[0054] Most of the light from beam splitter 420 passes through beam splitters 425 and
430. A small amount of light is reflected off each of these mirrors and is lost. The light passes
through beam expander 435. The beam expander 435 expands the size of the beam on the
way out of the tracker. The laser light 440 leaving the tracker 10 travels to aretroreflector
target 26 or aretroreflector probe 60. A portion of this laser light returns to the tracker. The
beam expander reduces the size of the beam on the way back into the tracker. In an
embodiment, some of the light reflects off beam splitter 430 and travels to orientation camera
445. The orientation camera is used to obtain the three degrees of orientational freedom of the
six-DOF probe 60 or any other six-DOF device. Orientation camera contains a lens system
446 and aphotosensitive array 447. It may use a motor to adjust the size of the image. The

principal of operation of the orientation camera is explained in the 758 patent.

[0055] Part of the light travels to beam splitter 425. Most of the light passes on to
elements 405, 410 but a small amount is split off and strikes position detector 450. In some
cases, the light may pass through alens after reflecting off beam splitter 425 but before
striking position detector 450. The position detector 450 may be of several types - for
example, aposition sensitive detector or photosensitive detector. A position sensitive detector
might be alateral effect detector or a quadrant detector, for example. A photosensitive array
might be a CMOS or CCD array, for example. Position detectors are responsive to the
position of the returning light beam. The motors attached to the azimuth mechanical axes and
the zenith mechanical axes are adjusted by a control system with the tracker 10 to keep the

returning light beam centered, as nearly as possible, on the position detector 450.

[0056] Asexplained in the '758 patent, the orientation camera 445 provides the
tracker 10 with one method of measuring the six degrees of freedom of atarget. Other
methods are possible, and the methods described herein for measuring the center of a

spherical target are also applicable to these other methods.
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[0057] Thetraditional SMR 26 includes abody having a spherical exterior portion
and aretroreflector. The body contains a cavity sized to hold a cube corner retroreflector,
which is attached to the cavity. The spherical exterior portion has a spherical center.

[0058] A cube corner retroreflector includes three planar reflectors that are mutually
perpendicular. The three planar reflectors intersect &t a common vertex, which in the ideal
caseisapoint. Each of the planar reflectors has two intersection junctions, each intersection
junction of which is shared with an adjacent planar reflector for atotal of three intersection
junctions within the cube corner retroreflector. The cube corner retroreflector has an interior

portion that is aregion of space surrounded on three sides by the planar reflectors.

[0059] Cube corner retroreflectors may be open-air cube corners or glass cube
corners. Open-air cube corner retroreflectors have an interior portion of air, while the glass
cube corner retroreflectors have an interior portion of glass. The glass cube corner
retroreflector is atype of glass prism. One surface of the glass prism called the top surface is
distal to the vertex.

[0060] The SMR is designed for use with a laser tracker for measuring three degrees
of freedom. A more powerful version of the SMR isthe spherical six-DOF target. Some
examples of six-DOF targets are shown in FIGs. 8A-D and 9A-D. These will be discussed in

more detail hereinafter.

[0061] One type of six-DOF target uses cube corners containing marks or non-
reflecting portions, as explained in the '758 patent. Each intersection junction of the cube
corner retroreflector may have anon-reflecting portion. The non-reflecting portion does not
necessarily suppress al light that it refiects or scatters. Rather the non-reflecting portions are
configured to greatly reduce the return of light to the tracker. The reduced return of light may
be achieved, for example, by making the non-reflecting portion from (a) an absorbing
material such as an absorbing coloration or an absorbing tape, (b) a scattering surface texture
or material, (c) acurved reflective surface that results in a diverging pattern of light, or (d) a
planar surface that reflects the light away from the laser tracker. Other methods for making
the non-reflecting portion achieve areduced return of light may be utilized in light of the
teachings herein, as should be apparent to one of ordinary skill in the art.

[0062] There are a least two common methods for making open-air cube corner

retroreflectors. replication and assembly of glass panels. FIG. 5 illustrates the replication
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process. A master element 510 is carefully machined to produce the characteristics desired in
the final replicated retroreflector. For example, the master element 510 may be machined to
make each of the three planar reflector faces 512 almost exactly perpendicular to itstwo
neighbors 512. For example, the planar reflector faces 512 of the master element 510 may be
perpendicular to each of its nearest neighbors to within one or two arc seconds. The master
element 510 is coated with areflective material such as gold. A cube corner slug 520 includes
amachined blank 522 coated with athin adhesive layer of material such as epoxy. The cube
corner slug 520 isbrought in contact with the master element 510. In doing so, the epoxy
layer isbrought into conformance with the shape of the master element 510. After the epoxy
cures and the slug 520 is lifted off the master element 510, the gold layer sticks to the epoxy,
thereby providing the cube corner slug 520 with areflective coating.

[0063] Usually, the intersection junctions of the master element 510 are not perfectly
sharp. One reason for this lack of sharpness isthe difficulty of machining such sharp
intersection junctions. Another reason isthat the intersection junctions tend to chip during
repeated replications if the junctions are too sharp. Instead, the intersection junctions are
usually rounded with asmall fillet or angled with a small bevel. Usually, for cube corners that
are placed in spherically mounted retroreflectors used to measure three degrees of freedom,
these features are made as small as practical. For example, afillet applied to the intersection
junctions of master element 510 might have aradius of curvature of 0.003 inch. Thisradius
of curvature istransferred to the intersection junctions of slug 520. The fillet or bevel applied
to the cube corner retroreflector is anon-reflecting portion according to the explanation given
hereinabove. In other words, very little light will return to the laser tracker after striking a

fillet or bevel applied to the intersection junctions of the cube corner retroreflector.

[0064] If the cube corner retroreflector isto be used in conjunction with a system to
measure six degrees of freedom similar to that described in the '758 patent, then it may be
desirable to broaden the non-reflecting portions observed by the orientation camera within the
laser tracker. If asix-DOF target is only a few meters away from the tracker, then the narrow
non-reflecting portions commonly present in high quality SMRs may be wide enough to be
easily seen by the orientation camera. However, if the six-DOF target islocated farther away
- for example, up to 30 meters from the laser tracker - then the non-reflecting portions will

need to be widened to make them visible on the orientation camera. For example, the non-
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reflecting portions might need to be about 0.5 mm wide to be clearly seen by the orientation

camera.

[0065] In FIG. 5, the non-reflecting portion 517 near the vertex 514 is narrower than
the non-reflecting portion 516 farther from the vertex. By reproducing this combination of
non-reflecting portions 515 on each of the three intersection junctions, apattern like that of
FIG. 7 is observed on the orientation camera 445 within the laser tracker 10. The thickness of
the non-reflecting portions on the intersecting junctions on the slug 520 may be controlled by

adjusting the radii of curvature on the intersecting junctions of the master element 510.

[0066] The second common method of making open-air cube corner retroreflectors is
tojoin mirror panels into a cube-corner assembly. Three mirror panels arejoined together to
be mutually perpendicular. There are slight gaps at the intersection regions between glass
panels. Light that strikes the gaps is not reflected back to the laser tracker and so represents
non-reflecting portions. If thicker lines are desired, these may be obtained, for example, by
(8 increasing the width of the gap, (b) coloring (darkening) the mirrors over the desired
portions, or (c) attaching low reflection material (e.g., black adhesive tape) et the intersection

junctions.

[0067] Referring now to FIG. 6, aglass cube corner retroreflector 400 has planar
reflectors 612 that are mutually perpendicular. The non-reflecting portions of glass cube
corner retroreflector 600 shown in FIG. 6 are obtained by removing some of the glass along
the intersection junctions. The non-reflecting portion 617 near the vertex 614 is thinner than
the non-reflecting portion 616 farther from the vertex 614. A relatively thin non-reflecting
portion 617 may be obtained by using arelatively small bevel, and the relatively thick non-
reflecting portion 616 corresponds to the relatively large bevel. If desired, the bevels could be
replaced by other shapes such as fillets. In general, the non-reflecting portions in the glass
cube corner prism 600 are obtained by removing glass a the intersection junctions. This
removed material may take such forms as bevels or fillets. In most cases, most of the light
scattered off the bevels or filletswill not return to the laser tracker. If desired, loss can be
further increased by darkening or otherwise treating the bevels or fillets, or absorptive
adhesive material may be applied to the bevels or fillets.

[0068] FIG. 12 of the '758 patent illustrates an image pattern 100 in the prior art
appearing on an orientation camera within alaser tracker. The three lines shown in this figure
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were obtained by illuminating a cube corner retroreflector onto which non-reflecting portions
were placed on each of the three intersection junctions of the three planar surfaces of the cube
corner retroreflector. The vertex of the cube corner retroreflector corresponds to the
intersection point of the lines. Each of the lines in this figure extends on both sides of the
intersection (vertex) point because each non-reflecting portion blocks laser light on the way

into and on the way out of the cube corner.

[0069] A potential problem with non-reflecting portions placed on a cube corner
retroreflector to produce the pattern of FIG. 12 of the 758 patent isthat alarge amount of
light may be lost near the center of the retroreflector where the optical power is the highest.
In some cases, the result of the reduced optical power returning to the laser tracker isa
decrease in tracking performance and a decrease in the accuracy of distance and angle
measurements by the laser tracker. To get around this problem, the non-reflecting portions
may be modified to produce an illumination pattern 700 like that shown in FIG. 7. Such
modifications are possible using the methods already described in conjunction with FIGs. 5
and 6.In FIG. 7, the lines 710, 720, 730 adjacent to the vertex point 740 arerelatively narrow

compared to the lines farther from the vertex.

[0070] A cube corner retroreflector having non-reflecting portions may be embedded
in asphere, asshown in FIGs. 8A-D and 9A-D, or in aprobe, as shown in FIG. 1of the 758
patent. FIG. 8A shows a spherical six-DOF target 800 including a spherical body 802, an
open-air cube corner retroreflector 804 with non-reflecting portions, a collar 806, and a
reference mark, or feature, 801. A cavity in the spherical body 802 is sized to accept the cube
corner retroreflector 804. The cube corner retroreflector 804 is a least partially disposed in
spherical body 802, possibly with adhesive. The collar 806 provides protection for the cube
corner retroreflector 804 and provides a convenient grip. The reference mark, or feature, 801
isused to establish a coarse reference orientation for the target 800. The reference feature 801
may also be atextural feature such as a dimple or bump. The reference feature may be any
feature that enables the user to distinguish aparticular position or orientation of the
retroreflector 804. FIG. 8B shows a cross sectional view taken through the center of the
spherical six-DOF target 800. The cross section reveals the open-air cube corner 804 to be of
the replicated type, but a cube corner retroreflector formed of three mirror panels could
equally well be used. The retroreflector 804 is at least partially disposed within the cavity
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815. FIG. 8C shows a front view of the spherical six-DOF target 800. The three intersection

junctions 809 are visible about vertex 808.

[0071] The coarse orientation of the retroreflector is determined when there is an
ambiguity in the orientation of the retroreflector because of the symmetry of the
retroreflector. For example, in a cube corner retroreflector, the three intersecting lines 710,
720, 730 formed by the three reflecting surfaces, as shown in FIG. 7, extend on both sides of
the center point 740. For the case in which the axis of symmetry is aligned with the direction
of the laser beam 46 from the laser tracker 10, the lines 710, 720, and 730 are separated by 60
degrees. In this case, there is a six-fold degeneracy, which isto say that the six lines cannot
be assigned to the particular physical lines on the cube corner. To eliminate the degeneracy, a
method is used to establish a coarse orientation by which aparticular line of a cube corner
retroreflector is associated with aparticular line that appears in an image on an orientation
camera within alaser tracker. Although the example given here is for amethod of measuring
six degrees of freedom using atarget that includes a cube corner retroreflector, the
measurement made with an orientation camera included in a laser tracker, the principle may
be applied more generally to other types of retroreflectors, other types of targets, and other
methods of determining the six degrees of freedom of atarget.

[0072] FIG. 9A shows a spherical six-DOF target 900 including a spherical body 902,
aglass cube corner retroreflector prism 904 with non-reflecting portions, a collar 906, and a
reference mark, or feature, 901. A cavity in the spherical body 902 is sized to accept the cube
corner retroreflector 904. The cube corner retroreflector 904 is a least partially disposed in
the cavity. The collar 906 provides protection for the cube corner retroreflector 904 and
provides aconvenient grip. The reference mark, or feature, 901 is used to establish a coarse
reference orientation for the spherical six-DOF target 900. FIG. 9B shows a cross sectional
view taken through the center of the spherical six-DOF target 900. The retroreflector 904 is at
least partially disposed within the cavity 915. FIG. 9C shows afront view of the spherical
six-DOF target 900. The three intersection junctions 909 are beneath the top surface of the

glass prism and so are shown as dashed lines about the vertex 908.

[0073] FIG. 8D shows an interface component 820 attached to spherical six-DOF
target 800 to produce an enhanced spherical six-DOF target 810. Interface component 820
may contain anumber of optional elements. One such optional element is areference feature

822, which may be areference mark, aretroreflector (e.g., asmall glass cube corner
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retroreflector), aregion of reflective material, or atarget light (e.g., an LED). The
retroreflector or region of reflective material may beilluminated by a light from the laser
tracker and the image captured by a locator camera in the laser tracker to determine the
coarse orientation of the target 810. Alternatively, the target light may be illuminated and the
image captured by alocator camera on the laser tracker to determine the coarse orientation of
the target 810. The reference feature 822 may be left off altogether in which case the
interface component 820 may itself serve as areference mark, or feature. In this case, the
operator alignsthe target 810 in a prescribed orientation which is understood to be the coarse

orientation.

[0074] Another optional element of interface component 820 is identifier element
824. The identifier element 824 may take the form of a bar-code pattern or radio-frequency
identification (RFID) tag, for example. In an embodiment, the bar code has a one-
dimensional pattern that includes a series of parallel lines of differing thicknesses and
spacings. In another embodiment, the bar code has atwo-dimensional pattern that includes a
series of dots or squares spaced in atwo-dimensional pattern. The tracker may read the
contents of the bar code using a locator camera placed, for example, on the front of the
tracker or with an orientation camera. The tracker may read the identity of the RFID tag by
illuminating the RFID tag with radio frequency (RF) energy. The identifier element 824 may
contain a serial number that identifies the particular target 810. Alternatively, the identifier
element may contain one or more parameters that characterize the target 810. A serial number
could include letters or other symbols aswell as numbers and is intended to identify a
particular target. Parameters could provide any information about any aspect of the device -
for example, geometrical characteristics or thermal characteristics. A seria number may be

used by aprocessor to gain access to parameters associated with aparticular target.

[0075] Another optional element of interface component 820 is antenna 830. Antenna
830 may be used to send and/or to receive wireless datain the form of radio frequency
signals. Such an antenna may be attached to a small circuit board that is powered by a small
battery 828 that fits inside interface component 820. The small circuit board may be made of
rigid-flex material which permits avery compact circuit to be enclosed within the interface

component.

[0076] The identification function performed by identifier element 824 may instead

be carried by saving the identification information, which might be a serial number or one or
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more parameters, in the electrical components of the circuit board within the interface
component 820 and then transmitting the identification information to the laser tracker with
an RF signa from the antenna 830 or with an optical signal from the target light & 822. RF
and optical signals are two examples of electromagnetic signals that might be used to transmit
identification information. Asused here, optical signals may include ultraviolet, visible,

infrared, and far infrared wavelengths.

[0077] The interface component 820 may also be provided with one or more optional
actuator buttons 826. The actuator buttons 826 may be used to start and stop measurements or
to initiate avariety of other actions. These buttons may be used in combination with indicator

lights on the laser tracker to ensure that the tracker has received the intended commands.

[0078] The interface component 820 may also contain atemperature sensor 832
mounted within the target - for example, on the spherical body 802 or cube corner
retroreflector 804. As the spherical body 802 and cube corner retroreflector 804 are heated or
cooled, the position of the vertex 808 may shift since in general the spherical body 802 and
cube corner retroreflector 804 may be made of different materials having different
coefficients of thermal expansion (CTES). By tracking the temperature of the target 810,
compensation may be performed to shift the position of the vertex 808 by an appropriate

amount.

[0079] The interface component may include an air temperature sensor assembly 834
comprising atemperature sensor 836, protector 838, and insulation (not shown). The
temperature sensor may be athermistor, RTD, thermocouple, or any other device capable of
measuring temperature. It may be placed in aprotector structure, which might be a hollow
cylinder, for example. The purpose of the protector isto keep the temperature sensor from
being damaged and to keep heat sources away from the temperature sensor. The protector is
open a the end and may contain perforations to increase exposure of the temperature sensor
to air. Insulation is provided between the body 802 and the air temperature sensor 836. The
insulation keeps the sensor from being exposed to the metal of the target, which may be a a

different temperature than the surrounding air.

[0080] A possible use of air temperature assembly 834 isto measure the temperature
of the air as a function of position within the measurement volume. This may be important

because measured distance and measured angles depend on the temperature of the air. For
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example, to get the distance from the tracker to atarget, one of the tracker processors
calculates the distance by dividing the uncorrected measured distance (as measured by the
tracker interferometer or ADM) by the average index of refraction of the air over the path
from the tracker to the target. The index of refraction, which is found using the Edlin
equation or the Ciddor equation, finds the index of refraction of the air based on the
temperature, pressure, and humidity of the air measured by sensors attached to the tracker.
The resulting corrected distance value is the distance the tracker interferometer or ADM
would have measured if the air were replaced by vacuum. Unlike pressure and humidity,
which tend to berelatively constant over ameasurement volume, the temperature often varies
significantly over the measurement volume. Ordinarily, the temperature of the air in a
measurement volume is estimated by placing atemperature sensor a aparticular location and
assuming that the air temperature has the same value at all positions within the measurement
volume. A more accurate way to correct for temperature over the measurement volume would
be to move the target 810 from a starting position at the tracker to an ending position near the
measurement region, keeping track of the temperature at all distances and calculating the
average temperature over those distances. The time constant of the air temperature sensor 836
should be set fast enough to enable the sensor to respond to changes in temperature asthe
operator carries the target 810 to different positions within the measurement volume. An
aternative isto take the average of afirst air temperature read by an air temperature sensor
near the tracker and a second air temperature read by the air temperature sensor 832 on the

target.

[0081] FIG. 9D shows an interface component 920 attached to spherical six-DOF
target 900 to produce an enhanced spherical six-DOF target 910. Interface component 920
may contain anumber of optional elements, which are analogous to the optional elements in
the interface component 820. The optional elements 922, 924, 930, 928, 926, and 932 have
the same description asthe optional elements 822, 824, 830, 828, 826, and 932. Because of
this, the descriptions will not be repeated here.

[0082] FIG. 1 is aperspective view of a spherical six-DOF target 1000, which
includes glass cube corner 1004, spherica body 1002, and collar 1006. One or more non-
reflecting marks 1008 are placed on the top surface, which isthe surface distal to the vertex,
of the glass cube corner 1004. A possible reason for using such marks isto provide away of

determining the three degrees of orientational freedom even when the target istilted to an
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extreme angle. In FIG. 10A, three such marks 1008 are provided to enable the spherical six-
DOF target 1000 to betilted to an extreme angle in any direction. The optional marks 1010
provide away to more accurately determine the roll angle of the target 1000. FIG. 10B isa
front view of spherical six-DOF target 1000.

[0083] FIGs. 11A-C depict three embodiments of spherical six-DOF targets. In FIG.
11A, the spherical six-DOF target 1100 includes a spherical body 1102, a cube corner
retroreflector 1104, and a collar 1106. A region of reflecting material 1110 is placed on the
front surface of collar 1106. This region of reflecting material 1110 isilluminated by light
from the laser tracker and its position is determined by alocator camera within the tracker.
The position of the region 1110 isused to find the coarse orientation of the spherical six-DOF
target 1100. In FIG. 1IB, the spherical six-DOF target 1120 includes the same elements as
spherical six-DOF target 1100 except that the region of reflecting material 1110 is replaced
by abar code pattern 1130. The bar code pattern 1130 may serve to provide an identification
of the target 1120 and it may also act as aregion of reflecting material to provide a coarse
orientation of the target 1120. If desired, the bar code pattern may extend around the entire
circumference of the collar lip rather than only aportion of the lip as shown in FIG. 1IB. If
desired, the type of bar code pattern known asaradial pattern may beused. In FIG. 11C, the
spherical six-DOF target 1140 includes the same elements as spherical six-DOF target 1100
except that the region of reflecting material 1110 isreplaced by an RF identification chip
1150. This chip may beinterrogated by an RF transmitter/receiver to obtain information
about the spherical six-DOF target 1140. This information may be a serial number or one or

more parameters of the target 1140.

[0084] FIG. 12A shows afront view of atarget 1200, which may be an SMR or a
spherical six-DOF target. The body 1220 has a spherical exterior portion represented by the
outer circle. The retroreflector 1210 isrepresented by the inner circle and the three
intersection junctions are represented by three intersecting lines. The three lines intersect at
the vertex 1212. The spherical exterior portion has a sphere center 1222, indicated in FIG.
12A by a+ sign surrounded by acircle. If the target 1200 is placed in anest and rotated, the
center 1222 will remain fixed, but the vertex will be rotated in a circular pattern about the
center. The resulting circular pattern is called arunout pattern 1232 that may be said to have a
runout radius or runout diameter. The three planar reflectors that intersect in the intersection

junctions of the retroreflector have an axis of symmetry. If FIG. 12A isoriented so that the
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axis of symmetry isperpendicular to the viewing direction, then the plane of the paper may
be called the transverse plane and directions within the transverse plane may be called
transverse directions. The front view of FIG. 12A shows the errors in the positioning of the
retroreflector vertex 1212 in the transverse plane. These errors are shown asdy and dz in FIG.
12A and are referred to asthe transverse errors 1282 and 1283, respectively. A two
dimensional transverse error vector may be drawn from the sphere center 1222 in ay-z plane.

The error vector will map out acircle having aradius equa to the runout radius.

[0085] FIG. 12B shows a side sectional view taken through the vertex 1212. In this
view, the axis of symmetry lies in the plane of the paper. The error in direction of the axis of
symmetry is called the depth 1281 and is shown as dx.

[0086] A three dimensional error vector may be drawn from the sphere center 1222 to
the vertex 1212. The three errors dx, dy, and dz are called the vector length components. It is
also possible to decompose the error vector into other directions. For example, it would be
possible to select dx to be off the axis of symmetry, and the components dy and dz may be

taken perpendicular to dx.

[0087] The error vector hasthree length components dx, dy, dz in FIGs. 12A-B. It is
possible to measure these three length components of atarget 1200 before the targets are used
with tracker 10. By measuring the three orientational degrees of freedom with a six-DOF
tracker, it isthe possible to correct the measured position of the vertex to obtain a corrected
position for the center of the sphere. In this way, the accuracy of tracker readings can be
improved. Similarly, this capability brought about by six-DOF measurements makes it
possible to use inexpensive spherical six-DOF targets whose center, though off the
retroreflector reference point (e.g., vertex) by a considerable distance, can be found with

relatively high accuracy nonetheless.

[0088] The target 1200 is given atarget frame of reference. For example, such a
frame of reference isgiven in FIGs. 12A-B. Thex, y, and z directions are shown in these
figures. The user may select the sphere center 1222 or the vertex 1212 to be the origin of the
target frame of reference, as desired. The device, which might be a laser tracker, aso has a
device frame of reference. To transform the vertex position 1212 into the sphere center 1222,
the rotational transformation is performed to make the axes of the target frame of reference

paralel to the corresponding axes of the device frame of reference. This may be done using
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rotation matrices, quaternions, or other methods that are well known to those of ordinary skill
in the art. These well known methods will not be discussed further. After the target and
device frames of reference are aligned, the measured vertex position is shifted in the target
frame of reference by the vector length components to get corrected three-dimensional sphere

center coordinates.

[0089] Measurements are performed on targets 1200 to obtain the vector length
components. For the alignment shown in FIGs. 12A-B, the two vector length components dy,
dz are called the transverse lengths 1282, 1283, respectively, and the vector length component
dx is called the depth 1281. There are many ways to find the two transverse lengths and the
depth. One method isto have the target 1200 measured by an accurate Cartesian coordinate
measuring machine (CMM). With such methods, the position of the vertex relative to the
sphere center can be found to afraction of amicrometer. Once ameasurement has been
accurately performed on atarget 1200, the target may betreated as amaster so that relative
measurements can be performed optically. One method isto use avery accurate absolute
distance meter to compare the depth of the target to the depth of the master target just
calibrated with the Cartesian CMM. The difference in readings can be added to the error
reported for the master target to find the depth in the target under test. The transverse lengths
can be measured using a microscope without reference to amaster target. A microscope can
be used to see runout radii of about amicrometer, and the direction of the vertex in relation to

the sphere center can also be determined.

[0090] FIG. 13A is aperspective view of aglass cube corner retroreflector 1330. It is
aprism that has three planar reflectors 1332 that are mutually perpendicular and meet a a
vertex 1334. The reflective surfaces of the prisms may be coated with areflective filmsto
enable reflection even when the cube corner istilted a large angles of incidence (where total
internal reflection no longer takes place.) The top surface 1338 is perpendicular to aline, or
axis, of symmetry 1360 relative to the three perpendicular surfaces 1332. The edges 1340 of
the prism are shaped into a cylinder, which produces a scalloped effect asthe cylinder
intersects with the planar reflectors 1332. To maximize the angle over which light can be
received by the cube corner retroreflector 1330, the top surface 1338 ismade nearly tangent

to the uppermost point of the scalloped portions.

[0091] FIG. 13C isaspherical six-DOF target 1300. It includes abody 1310 that has

aspherical external surface 1312, and it contains a cavity sized to hold the cube corner
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retroreflector 1330 and a collar 1320. Cube corner retroreflector 1330 is at least partially
disposed within the cavity. FIG. 13B is across section of the target 1300 of FIG. 13C through
the plane A-A in that figure. The dashed line 1342 in FIG. 13A shows where the section dlice
passes through the cube corner retroreflector 1330. The spherical external surface 1312 has a
sphere center 1314, which in general is at a different point than the vertex 1334. Inthe
embodiment shown in FIGs. 13A-C, 14, and 15, the spherical external surface 1312 has a
diameter of 1.5 inches = 38.1 mm. The top surface 1338 of the cube corner retroreflector
1330 has a diameter of 1inch = 25.4 mm, and aheight 0.707 times this value, or 17.96 mm.

[0092] FIG. 14 is an orthogonal view of cross section A-A of FIG. 13C. The hatch
marks have been omitted to improve clarity. The sphere center 1314 is 1.3 mm below vertex
1334.The cube corner retroreflector 1330 has an altitude length 1346 corresponding to the
line segment that extends from the vertex 1334 to the point 1344 at which the line, or axis, of
symmetry 1360 intersects the top surface 1338. The top surface has anormal vector 1348,
which in this case isparallel to the line, or axis, of symmetry 1360 but may not be parallel to
the axis of symmetry in the general case. The top surface 1338 is placed dlightly outside the
sphere used to create the body 1310 (before material isremoved to obtain the cavity that
holds the retroreflector 1330). This has the advantage of providing a large contact region for
the spherical exterior portion 1312.

[0093] The central ray 1372 from abeam of light emitted by the laser tracker 10 or
other device intersects the cube corner a point 1374, bends and travels to the vertex 1334.
The position detector 450 in FIG. 4, in combination with the motors and servo system of the
laser tracker 10, keeps the beam approximately centered on the vertex 1334, even if the target
1300 is moved. At the point of intersection 1374, aline 1376 is constructed perpendicular to
the top surface 1338. The central ray 1372 lies in the plane of the paper (the plane of cross
section A-A). The angle of incidence a, isthe angle from the normal 1376 to the central ray
1372. The angle between the norma 1376 and the refracted ray of light 1373 is the angle of
refraction g;. The angle of refraction can be found from Snell's law, which is z,;; Sin(q)) =
i SN(3). Inthis instance, the glass is selected to have an index of refraction of 1.85. For
an angle of incidence of 46 degrees, the angle of refraction is approximately 23 degrees. The
larger the angle of incidence the farther from the center 1344 of the top surface isthe point of
intersection 1374, which increases the chance of clipping the beam of light entering the

retroreflector. In the instance shown in FIG. 14, the point of intersection is 5 mm from the
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edge of the top surface. Projected onto the direction of travel of the incident laser beam, the
distance is about 3.5 mm, which means that abeam having a diameter of 7 mm can enter the

retroreflector in the geometry shown in FIG. 14 without clipping.

[0094] FIG. 14 illustrates important advantages of the method taught herein for
correcting the position of the center of a glass retroreflector. The acceptance angle, which is
twice the largest allowable angle of incidence, isover 90 degrees in this case. Thisisamuch

larger acceptance angle than is possible with an open-air cube corner.

[0095] Because the light incident on the glass cube corner bends as it enters the glass,
the position of the vertex will be improperly measured unless calculations take the bending of
the light into account. It is possible to account for the bending of the light if the three
orientational degrees of freedom of the glass cube corner are known. Since the target and the
device both have a frame of reference, the three degrees of orientational freedom can be

given for the target frame of reference as viewed within the device frame of reference.

[0096] In the '758 patent, equations were given in columns 14 and 15 for relating the
pitch, yaw, and roll angles of an open-air cube corner to the slopes of the three lines observed
on the photosensitive array of the orientation camera. The equations were compared to three
dimensional rotations performed in CAD software to demonstrate their validity. In the 758
patent, the term slope is used in the usual way to indicate a change in ordinate (y) value
divided by a corresponding change in the abscissa (x) value. It should be understood that
other definitions for slope may be used (for example, the change in abscissa divided by the

change in ordinate) if the relevant equations are modified correspondingly.

[0097] There are many computational methods that can be used to relate the
orientational angles of the glass cube corner to the slopes of the lines that appear on the
photosensitive array of the orientation camera. One method is described here. Three
orientational angles are assumed. These may be described in terms of pitch, roll, yaw, or
other orientational parameters. Each of the three lines corresponding to the intersection
junctions are projected until they intersect aplane that includes the upper surface. These three
points can be found using the atitude length and geometry of the cube corner. These three
dimensional coordinates of these three points and of the vertex are transformed by athree
dimensional rotation matrix, based on the three orientational degrees of freedom, to get new

three dimensional coordinates for each. These transformed intersection points are called the
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junction points at the top surface. A normal vector to the upper surface may be constructed
using afirst point at the center of the upper surface and a second point of unit length that is
perpendicular to the upper surface. These two points aretransformed by the three
dimensional rotation matrix to get anew normal vector. The light projected from the device
in the device frame of reference makes an angle with respect to the new normal vector. The
direction of the refracted light is found using vector mathematics. Since the light must
intersect the vertex of the glass cube corner, the point of intersection of the central ray of light
with the top surface can be found. This point of intersection with the top surface may be
referred to asthe apparent vertex. The linesthat will be displayed on the orientation camera
can now be obtained by connecting the apparent vertex with each of the three junction points
at the top surface and then projecting these lines to be perpendicular to the direction of
propagation of light back to the device. The lines may be drawn on both sides of the apparent
vertex since the non-reflecting portions block light both on the way into and the way out of
the retroreflector. The slopes of the lines from the calculations are compared to the slopes of
the lines observed on the orientation camera. An optimization procedure is carried out to
iteratively select parameters to minimize the least squared error until the best values for roll,
pitch, and yaw are obtained. A coarse measurement, described in more detail below, is

performed to get agood starting value for the calculations.

[0098] After the three orientational degrees of freedom have been found, the results
are used to correct the distance and two angles read by the laser tracker. Inthe absence of
other knowledge, the device will believe that the vertex 1334 lies a position 1380 of FIG. 15.
The direction of the vertex 1334 appears to lie aong the direction of the central ray 1372
from the device. The device would measure the distance to the vertex as farther than the true
distance because the light is traveling through glass, which has a higher index of refraction
than air. The greater index of refraction causes the light to travel more slowly. Since distance
meters such as interferometers and ADMs judge distance based on the time of flight of the
light, a greater time spent in transit by the light results in the device judging the distance to be
greater. Let the distance from the intersection point 1374 to the vertex 1334 berepresented by
the symbol T and let the index of refraction be represented by the symbol n. The distance
measured by the tracker too largeby T (n- 1), which in this case is 7+(1.85 —1) = 0.85 T,
since 1.85 was assumed to bethe index of refraction. Usually, the index of refraction isthe
phase index of refraction for interferometers and the group index of refraction for absolute

distance meters.
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[0099] Once the three orientational degrees of freedom are known, the distance T can
be found. If the normal vector 1348 is parallel to the axis of symmetry, then the distance T'is
found by dividing the altitude height by the cosine of the angle of refraction. If the normal
vector 1348 isnot paralel to the axis of symmetry, then the distance 7' is found using vector
mathematics, the use of which iswell known to one of ordinary skill in the art. To find the
coordinates of the vertex 1334 in the device frame of reference, two steps are taken. First, the
distance measured by the device isreduced by T (n- 1), which moves the point 1380 to a
new point 1382 on the line 1375. Next the intersection point 1374 is found by moving back
along the line 1375 an additional distance T. The line 1375 isrotated about the calculated
intersection point 1374 by an angle a, - &, which causes the point 1382 to move to the vertex
1334.

[00100] To find the sphere center 1314, the target frame of reference of the target 1300
isrotated to make its axes parallel to those of the device frame of reference. The vertex
position isthen adjusted by the depth along the direction of the axis of symmetry to get the

three dimensional coordinates of the sphere center.

[00101] Asin the case of the open-air cube corner illustrated in FIGs. 12A-B, the
vertex of the glass cube corner may be offset from the sphere center, not only in depth, but
also in the two transverse directions perpendicular to the line, or axis, of symmetry 1360.
This is done in the same manner aswith the open-air cube corners by rotating the target
frame of reference to make its axes parallel to the corresponding axes of the device frame of
reference. The coordinates of the vertex are then shifted by appropriate depth and transverse
length values to obtain the three dimensional coordinates of the sphere center in the target

frame of reference.

[00102] FIG. 16 describes amethod 1600 for measuring the center of a spherical

target. In step 1610, afirst retroreflector is selected. The retroreflector may be a cube corner
retroreflector, a cateye retroreflector, aphotogrammetry target, or any other type of
retroreflector. In step 1620, alength is provided for @ least one component of the vector that
extends from the sphere center to the reference point of the retroreflector. Each of the at least
one length is called avector length component. In athree dimensional space, there are three
independent vector length components. For example, the vector length component may bethe
depth, which is a component along the axis of symmetry of the vector. It might also be a
transverse length, which isby definition perpendicular to the axis of symmetry. In step 1630,
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abeam of light from the device illuminates the first retroreflector. For example, alaser beam
from alaser tracker might illuminate a cube corner retroreflector within a spherical six-DOF

target.

[0100] In step 1640, three orientational degrees of freedom are found. The method
for doing this for open-air cube corner retroreflectors was explained in detail in the '758
patent. The method for doing this for a glass cube corner is explained in the present
application. In step 1650, the device measures afirst distance and afirst set of two angles.
For example, alaser tracker might measure an ADM or interferometer distance, a zenith
angle, and an azimuth angle, each taken from apoint on the tracker to aretroreflector

reference point.

[0101] In step 1660, three dimensional coordinates are calculated for a sphere center
of the target. One way to do this, as described above, isto rotate the target frame of reference
to make the axes parallel to the corresponding axes of the device frame of reference. The
retroreflector reference point of the retroreflector isthen shifted by a specified amount in one
or more directions. The values obtained for the three dimensional coordinates are the desired

result. In step 1670, thisresult is saved - for example in aprocessor or processor memory.

-08 -



WO 2012/141810 PCT/US2012/027083

[0102] Although the methods described hereinabove have mostly dealt with the case of
cube corner retroreflectors, they are applicable to any type of retroreflector for which three
orientational degrees of freedom can be obtained. A method of putting marks on or in the
vicinity of the retroreflector target can be used with retroreflectors such as cateye retroreflectors
and photogrammetric targets. A cateye retroreflector contains atop transmissive spherical
surface and abottom reflective spherical surface. The top and bottom spherical surfaces may
have the same or different radii. One way to make a six-DOF target from a cateye isto place
marks on the top spherical surface and an intermediate layer - for example aplanar layer that
separates an upper and a lower hemisphere of the cateye. Such marks would be decoded in a
manner similar to that used with cube corner retroreflectors - by working out suitable
mathematical formulas to relate the observed patterns to the three orientational degrees of
freedom. In a similar manner, marks may be put on a photogrammetric dot held within a sphere.
Such marks may be made on two or more levels to improve the sensitivity of the system for
detecting tilt.

[0103] Some types of retroreflectors have symmetries that need to be resolved before a
calculation can be completed to determine the three orientational degrees of freedom. For
example, a cube corner retroreflector having intersection junctions marked with identical non-
reflecting portions appears to have six-fold symmetry when viewed along the axis of symmetry.
A three-fold symmetry in the intersection junctions can be seen in the front views of FIGs. 8C
and 9C. Note that the lines are separated by 120 degrees. This three-fold symmetry turns into a
six-fold symmetry in the light reflected by the cube corner because the light is blocked by the
non-reflecting portions of the intersection junctions both for light entering and leaving the cube
corner. As soon asthe cube corner istilted so that it isnot viewed along the axis of symmetry,
the six-fold symmetry is broken, but the requirement remains to associate at least one of the six
marks in the image of the cube corner retroreflector with one of the physical intersection
junctions. For example, in the pattern of FIG. 7, which represents the pattern of non-reflecting
regions that might be seen in an orientation camera, a least one of the six non-reflecting marks
must be identified as corresponding to one of the physical intersection junctions of the cube

corner retroreflector.
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[0104] The association between the physical marks and the pattern reflected by the
retroreflector is found from the coarse orientation of the target. The association may be
determined by avariety of methods, five of which are described here. A first method uses a
reference mark, or feature, such asthe mark 801 or 901 shown FIG. 8A and 9A, respectively. At
the start of a measurement, the operator holds the reference mark, or feature, in aprescribed
orientation. For example, the reference mark, or feature, might be held horizontal with the
retroreflector pointed straight toward the tracker. The device notes the position of the non-
reflecting portions and relates these to the prescribed orientation to establish a coarse orientation
in the device frame of reference. This coarse orientation enables software within the device to
match a particular line seen on the photosensitive array to aparticular intersection junction of the
cube corner. With this method, the operator is notified if the coarse orientation is lost, so that the
target can be again held in the prescribed orientation to re-establish anew coarse orientation. The
operator may be made aware of the need to re-establish a coarse orientation by a flashing light on

the device, emitting an audible sound, or using avariety of other methods.

[0105] A second method for establishing a coarse orientation uses a small reference
retroreflector in the vicinity of the larger retroreflector. Such areference retroreflector is shown
as element 1708 in FIG. 17 of the 758 patent. A reference retroreflector may be located in a
variety of positions near a larger retroreflector. In the present application, for example, a
reference retroreflector may be located in position 822 of FIG. 8D or position 922 of FIG. 9D.

[0106] One mode for using areference retroreflector to establish a coarse orientation isto
simultaneoudly illuminate both the reference retroreflector and the larger retroreflector. This may
be done, for example, by flashing the light sources 54 near orientation cameras 52. If the laser
tracker 10 isrelatively close to the target, the locator camera will be able to distinguish the

relative positions of the two light sources, thereby establishing the coarse orientation.

[0107] A second mode for using areference retroreflector to establish a coarse
orientation isto begin by moving the laser beam from the tracker to afirst steering angle
(comprising afirst azimuth angle and a first zenith angle) to center the laser beam on the larger
retroreflector. The tracker then moves the beam away from the center of the retroreflector by the

distance from the larger target to the smaller target. The laser tracker doesthis by moving the
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laser beam by an angle in radians equal to a distance, known in advance from the target
dimensions, divided by the distance from the tracker to the retroreflector target. After the laser
beam has been moved away from the center, it isrotated in a circular pattern about the initial
center point until the smaller retroreflector isintercepted. The laser beam isthen centered on the
smaller target to obtain a second steering angle (comprising a second azimuth angle and a second
zenith angle). The coarse orientation is determined from the relative values of the first and
second steering angles. This second mode for using areference retroreflector is useful when the

distance to the target istoo large to be accurately measured with the locator cameras 52.

[0108] A third method for establishing a coarse orientation isto use atarget light, which
might be an LED, located in position 822 or 922. Such atarget light isilluminated to enable a
locator camera, such asthe locator camera 52, to view the position of the target light relative to
the retroreflector. Inthis way, the location of a feature of the retroreflector, such asan

intersection junction, for example, may betagged by the target light.

[0109] A fourth method for establishing a coarse orientation isto use aregion of
reflective material, which may be located at positions 822 or 922, for example. In general, most
reflective materials do not reflect light in so narrow abeam width as aretroreflector such asa
cube corner or high quality cateye. Because of this disparity in reflectance, the reflective material
may require amuch larger exposure than would a cube corner or cateye. Such along exposure
may result in blooming of the image on the photosensitive array of the locator camera. To get
around this problem, at least one light may be placed relatively near to the lens system of the
locator camera 52 and at least one light may be placed relatively far from the lens system. As
shown in FIGs. 17A-C of the '758 patent, alight must be placed relatively close to the locator
camera for the light to be captured by the locator camera. On the other hand, because reflective
materials, even those that are intended to be highly reflective or "retroreflective”, reflect light at
arelatively large angle, alight that isrelatively far from alocator camerawill succeed in
reflecting light off the reflective material and into the locator camera. Such an arrangement is
shown in FIGs. 17A-B. FIG. 17A shows alocator camera/illumination system 1700 that includes
alocator camera/illumination system 1710 and amore distance light source 1720. The locator
camera/illumination system 1710 includes alocator camera 1712 and at least one light source

1714. The locator camera may include a lens system (not shown) and a photosensitive array (not
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shown). FIG. 17B shows two locator cameralillumination systems 1700 placed on the two sides

of the entrance/exit aperture 1760 of the device.

[0110] FIGs. 18A-B depict the principle behind the method described hereinabove. In
FIG. 18A, light from alight source 1810 isreflected off retrorefiector 1820, which might be any
type of retrorefiector. For ahigh quality retrorefiector such as a cube corner retrorefiector, each
ray of light results in aparalel ray of light refiected backwards. If aray of light isincident on the
retrorefiector, but offset with respect to the retrorefiector reference point (e.g., vertex), then the
refiected ray of light will be offset by the same amount on the other side of the retrorefiector
reference point. Hence, as shown in FIG. 18A, alight source 1810 located far from the locator
camera 1830 cannot illuminate aretrorefiector 1820 in away that causes refiected light to be
captured by the lens 1832 and photosensitive array 1836. On the other hand, as shown in FIG.
18B, alight source 1810 located far from the locator camera 1830 can illuminate aregion of
reflective material 1860 in away that causes refiected light to be captured by the lens 1832 and
photosensitive array 1836. Hence by flashing alight close to the tracker, the position of the
retrorefiector can be identified. By flashing alight far from the tracker, the position of the
reflective region can be identified. In the latter case, the illumination can be left on aslong as
desired since the light from the cube corner retrorefiector will not be present to saturate the

locator camera and cause blooming.

[0117] In general, it isonly necessary to determine the coarse orientation when the laser
tracker has stopped measuring atarget for aperiod of time. During continuous measurement, the
position of the retrorefiector isknown to relatively high accuracy based on the previous

measurement, and so a coarse measurement is not needed.

[0112] FIG. 19 shows electrical and computing components within and outside the laser
tracker 10. These electrical and computing components are merely representative, and it should
be understood that other configurations are possible. A master processor 1970 sends and receives
data messages to processors within the laser tracker. These messages may be sent over awired,
optical, or wireless device bus 1930. Processing may be independently carried out for functions
within the laser tracker. For example, there may be aposition detector processor 1912, azimuth

encoder processor 1914, zenith encoder processor 1916, ADM processor 1920, interferometer
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processor 1922, locator and orientation cameras processor 1924, six-DOF processor 1926,
indicator lights processor 1918, and RFID and wireless processor 1928. The RFID and wireless
processor 1928 may be connected to an antenna 1929 for emitting or receiving radio frequency
(RF) signals. The master processor 1970 may be enclosed in abox such asthe interface box 70
of FIG. 2. Alternatively, it may be integrated into the electronics internal to the tracker body. The
signals from the master processor may go to an external computer 25 or be connected to a
network 1944, 1942.

[0113] Many of the elements described in FIGs. 8D and 9D can be similarly applied to a
target having aprobing extension. FIGs. 20A-C depict an exemplary six-DOF target, or probe
assembly 2000, having aprobe tip 2060 and a probe extension 2050. A housing 2010 holds a
retroreflector 2020. Housing 2010 may contain areference feature 2030 such as areference
mark, areference retroreflector, aregion of reflective material, or atarget light source. It may
contain abattery (not shown) connected to a compact circuit board holding electrical
components (not shown). An antenna 2090 or light source may be connected to the circuit board
to enable transmission of wireless messages using electromagnetic signals. Actuator buttons
2040, 2042 may be connected to the circuit board to enable the operator to send wireless

messages to the laser tracker or other device.

[0114] A material temperature sensor 2080 attached to the circuit board may be
connected to the retroreflector 2020 or housing 2010 to measure the temperature and use this
information to correct the measured position of 2060 to account for thermal expansion or thermal
changes in the index of refraction. An air temperature sensor assembly 2070 may be used to
measure the temperature of the air as a function of location within the measurement volume. The
air temperature assembly 2070 includes an air temperature sensor 2072, aprotector 2074, and an
insulator 2076. The temperature sensor may be athermistor, RTD, thermocouple, or any other
device capable of measuring temperature. It may be placed in aprotector structure, which might
be ahollow cylinder, for example. The purpose of the protector isto keep the temperature sensor
from being damaged and to keep heat sources away from the temperature sensor. The protector is
open a the end and may contain perforations to increase exposure of the temperature sensor to
air. Insulation 2076 is provided between the housing 2010 and the air temperature sensor 2072.
The insulation keeps the sensor from being exposed to the metal of the target, which may be a a
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different temperature than the surrounding air. The uses of the air temperature sensor are similar
to those described hereinabove with regard to FIGs. 8D and 9D.

[0115] An electrical memory component on the electrical circuit board may be used as
an identifier to send information stored on the memory component to atransmitter on the
electrical circuit board that sends the information over the antenna 2090 or over alight source.
Such information might include a serial number to identify the target or a least one parameter.
The parameter may indicate, for example, geometrical, optical, or thermal properties of the
target. Alternatively, identification information may be stored on abar-code pattern or an RFID
tag. The bar-code pattern may beread by a locator camera disposed on the tracker and the RFID
tag may beread by an RF reader on the laser tracker or other device.

[0116] FIGs. 21A-C depict another embodiment for a six-DOF target, or probe assembly
2100. This probe is similar to that described hereinabove with regard to FIGs. 20A-C except that
the probe extension 2150 istilted at an arbitrary angle and locked in place with knob 2160. The
components 2120, 2130, 2140, 2142, 2170, 2180, 2190, and 2195 perform the same function as
the components 2020, 2030, 2040, 2042, 2070, 2080, 2090, and 2095, respectively, as described

hereinabove.

[0117] While the description above refers to particular embodiments of the present
invention, it will be understood that many modifications may be made without departing from
the spirit thereof. The accompanying claims are intended to cover such modifications as would

fall within the true scope and spirit of the present invention.

[0118] The presently disclosed embodiments are therefore to be considered in all respects
as illustrative and not restrictive, the scope of the invention being indicated by the appended
claims, rather than the foregoing description, and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced therein.
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CLAIMS

What is claimed is:

1. A method of measurement of atarget (26, 60, 800, 810, 900, 910, 1000, 1100, 1120,
1140, 1200, 1300, 2000, 2100) by a device (10), the method comprising the steps of:

providing the target (1610), wherein the target has atarget frame of reference (40) and
includes a first retroreflector (804, 904, 1004, 1104, 1330) and abody (802, 902, 1012, 1102,
1310), the body having a spherical exterior portion (1312) that has a sphere center (1222, 1314)
and a sphere radius (1242), the body containing a cavity (815, 915), the cavity sized to hold the
first retroreflector (804, 904, 1004, 1104, 1330), the cavity open to the exterior of the body, the
first retroreflector at least partially disposed in the cavity, the first retroreflector having a first
retroreflector reference point (514, 614, 740, 808, 908, 1212, 1334) in the target frame of

reference;

providing the device (1615, 10), wherein the device has a device frame of reference (30)
and afirst light source (405, 410), the device being configured to measure a distance (22, 26) and

two angles (71, 72) from the device to the first retroreflector reference point;

determining at least one vector length component (1620, 1281, 1282, 1283) in the target
frame of reference of avector that extends from the first retroreflector reference point to the

sphere center, the vector having alength greater than zero;

illuminating the first retroreflector (1630) with light from the first light source to provide
afirst reflected light that is returned to the device;

measuring, from the device to the first retroreflector reference point, afirst distance and a
first set of two angles (1640, 71, 72) based at least in part on the first reflected light, the first
distance based at least in part on the speed of light over the path traveled by the light from the

device to the first retroreflector reference point;
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determining three orientational degrees of freedom (1650) of the target frame of reference
in the device frame of reference, wherein the three orientational degrees of freedom are sufficient

to fully define the orientation of the target frame of reference in the device frame of reference;

calculating three dimensiona coordinates of the sphere center (1660) within the device
frame of reference based at least in part on the first distance, the first set of two angles, the three

orientational degrees of freedom, and the at least one vector length component; and
storing the three dimensional coordinates of the sphere center (1670).
2. The method of Claim 1, wherein:

in the step of providing the target (1610), the first retroreflector is selected to be a cube

corner retroreflector (804, 904, 1004, 1104, 1330) having three planar reflectors (512, 612,
1332), each planar reflector capable of reflecting light, each planar reflector perpendicular to the
other two planar reflectors, each planar reflector intersecting the other two planar reflectors in a
common vertex (514, 614, 740, 808, 908, 1212, 1334), and each planar reflector having two
intersection junctions (809, 909), each intersection junction shared with an adjacent planar
reflector for atotal of three intersection junctions within the cube corner retroreflector, the cube
corner retroreflector having an axis of symmetry (1360) relative to the three planar reflectors;

and

in the step of determining at least one vector length component (1620), the first

retroreflector reference point is the vertex.
3. The method of Claim 1, further comprising steps of:
providing aworkpiece having aworkpiece surface (1680, 61);

placing the spherical exterior portion (1690, 1312) in contact with the workpiece surface;

and

calculating athree-dimensional coordinate of apoint (1695, 63) on the workpiece surface
based at least in part on the three dimensiona coordinates of the sphere center (1222, 1314) and
the sphere radius (1242).
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4. The method of Claim 1, wherein:

the step of providing the device (1615, 10) includes providing an first camera (445),
wherein the first camera includes afirst photosensitive array (447) and afirst lens system (446);

and

the step of determining three orientational degrees of freedom (1650) includes capturing
on the first photosensitive array afirst illumination pattern (700) produced by the first reflected
light, obtaining a digital representation of the first illumination pattern captured by the first
photosensitive array, the determining of the three orientational degrees of freedom of the target
frame of reference in the device frame of reference (1650) based a least in part on the digital

representation of the first illumination pattern.
5. The method of Claim 4, wherein:

in the step of providing the target (1610), the first retroreflector is selected to be a cube

corner retroreflector (804, 904, 1004, 1104, 1330) having three planar reflectors (512, 612,
1332), each planar reflector capable of reflecting light, each planar reflector perpendicular to the
other two planar reflectors, each planar reflector intersecting the other two planar reflectors in a
common vertex (514, 614, 740, 808, 908, 1212, 1334), and each planar reflector having two
intersection junctions (809, 909), each intersection junction shared with an adjacent planar
reflector for atotal of three intersection junctions within the cube corner retroreflector, the cube
corner retroreflector having an axis of symmetry (1360) relative to the three planar reflectors;

and

in the step of determining at least one vector length component (1620), the first

retroreflector reference point is the vertex.

6. The method of Claim 5, wherein, in the step of providing the target (1610), the first
retroreflector is provided with a least one non-reflecting mark (516, 517, 616, 617).

7. The method of Claim 5, whereain:

in the step of providing the target (1610), the first retroreflector is provided with non-
reflecting portions (516, 517, 616, 617) a each of the three intersection junctions (809, 909); and
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in the step of determining three orientational degrees of freedom (1650), the capturing on
the first photosensitive array (447) the first illumination pattern (700) produced by the first
reflected light includes capturing aplurality of lines (710, 720, 730) produced by the non-

reflecting portions.

8. The method of Claim 7, wherein the step of determining the three orientational degrees of
freedom of the target frame of reference in the device frame of reference (1650) further includes
calculating a slope of each of the plurality of lines, the determining of the three orientational
degrees of freedom based at least in part on the calculated slopes.

9. The method of Claim 8, wherein:

in the step of providing the target (1610), the target is provided with the three planar
reflectors being surfaces of a glass prism (904, 1004, 1330), the glass prism having atop surface
(1338), the top surface distal to the vertex (1334), the glass prism having arefractive index, the
glass prism having anormal vector (1348) to the top surface (1338) in the target frame of
reference (40), the glass prism having an atitude length (1346) equal to the distance from the
vertex to an intersection point (1344) of the axis of symmetry with the top surface, and the glass
prism having a depth (1281), the depth being the vector length component (1281) along the axis
of symmetry; and

in the step of calculating three dimensional coordinates of the sphere center (1660), the
calculating is based at least in part on the refractive index, the altitude length, the normal vector
to the top surface, and the depth.

10. The method of Claim 9, wherein:

the step of determining at least one vector length component (1620) further includes
determining two transverse lengths (1282, 1283), the two transverse lengths being vector length

components (1282, 1283) that lie in aplane perpendicular to the axis of symmetry (1360); and

the step of calculating three dimensional coordinates of the sphere center (1660, 1222) is
based at least in part on the two transverse lengths.

11. The method of Claim 4, wherein:
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the step of providing the target (1610) includes providing areference feature (801, 901,
822, 2030);

the step of determining the three orientational degrees of freedom of the target frame of
reference in the device frame of reference (1650) includes determining a coarse orientation of the

target frame of reference (40) in the device frame of reference (30); and

the determining of the coarse orientation of the target frame of reference in the device

frame of reference is obtained through the use of the reference feature.
12. The method of Claim 11, wherein:

in the step of providing the target (1610), the reference feature (801, 901, 822, 2030) is a
reference mark (801, 901), the reference mark disposed on the target in areference orientation in

the target frame of reference; and

in the step of determining the three orientational degrees freedom, the coarse orientation

isbased at least in part on the reference orientation.
13. The method of Claim 11, wherein:

the step of providing the target (1610) includes providing areference feature (822, 922)
that includes reflective material;

the step of providing the device (1615) includes providing a second camera (52, 54, 1700,
1800), the second camera having a second photosensitive array (1836), a second lens system
(1832), asecond light source (54, 1714, 1810), and athird light source (1720), the second light
source being nearer the second lens system than the third light source isto the second lens
system, the second and third light sources configured so that when the second light source
illuminates the first retroreflector (2020) and the region of reflective material (822, 922, 1860,
2030), the total optical power received by the second photosensitive array is greater for the light
reflected by the first retroreflector than by the region of reflective material, the second and third
light sources further configured so that when the third light source illuminates the first

retroreflector and the region of reflective material, the total optical power received by the second
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photosensitive array is greater for the light reflected by the region of reflective material than by
the first retroreflector;

the step of illuminating the first retroreflector with light from the first light source (1630)
includes illuminating the reference feature with light from the second light source to obtain a

second illumination pattern on the second photosensitive array;

the step of illuminating the first retroreflector with light from the first light source (1630)
includes illuminating the region of reflective material with light from the third light source to

obtain athird illumination pattern on the second photosensitive array; and

the step of determining three orientational degrees of freedom (1650) includes
determining the coarse orientation of the target frame of reference in the device frame of
reference based at least in part on the second illumination pattern and the third illumination

pattern.
14. The method of Claim 11, wherein:

the step of providing the device (1615) includes providing a second camera (52, 54, 1700,
1800) having a second photosensitive array (1836), a second lens system (1832), and a second
light source (54, 1714, 1810);

the step of providing the target (1610) includes providing areference feature (822, 922)

that includes areference retroreflector;

the step of illuminating the first retroreflector (1630) further includes simultaneously
illuminating the reference retroreflector and the first retroreflector with light from the second

light source to obtain a second illumination pattern on the second photosensitive array; and

the step of determining the three orientational degrees of freedom (1640) of the target
frame of reference in the device frame of reference further includes determining the coarse
orientation of the target frame of reference in the device frame of reference based a least in part

on the second illumination pattern.

15. The method of Claim 11, wherein:
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the step of providing the target (1610) includes providing areference feature (822, 922),

the reference feature including a second retrorefiector;
providing abeam steering mechanism to steer the light from the first light source;

steering the light from the first light source to the second retrorefiector and measuring a

second set of two angles; and

calculating the coarse orientation based at least in part on the first set of two angles and

the second set of two angles.
16. The method of Claim 11, wherein:

the step of providing the target (1610) includes providing areference feature (822, 922)
that includes atarget light source (822, 922, 2030);

the step of providing the device (1615) includes providing a second camera (52, 54, 1700,
1800) having a second photosensitive array (1836), a second lens system (1832), and a second
light source (54, 1714, 1810);

the step of illuminating the first retrorefiector (1630) further includes illuminating the
first retrorefiector with light from the second light source to obtain a second illumination pattern
on the second photosensitive array and illuminating the target light source to obtain athird

illumination pattern on the second photosensitive array; and

the step of determining the three orientational degrees of freedom (1650) of the target
frame of reference in the device frame of reference further includes determining the coarse
orientation of the target frame of reference in the device frame of reference based a least in part

on the second illumination pattern and the third illumination pattern.

17. The method of Claim 1, wherein the step of calculating three dimensional coordinates of
the sphere center (1660) within the device frame of reference (30) further depends on a

temperature measured by atemperature sensor (832) inthermal contact with the target.
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18. A method of obtaining the characteristics of atarget (26, 60, 800, 810, 900, 910, 1000,
1100, 1120, 1140, 1200, 1300, 2000, 2100) by a device (10), the method comprising the steps of:

providing the target (2210), wherein the target has atarget frame of reference (40) and
includes afirst retroreflector (804, 904, 1004, 1104, 1330) and abody (802, 902, 1012, 1102,
1310), the body containing an opening (815, 915), the opening sized to hold the first
retroreflector (804, 904, 1004, 1104, 1330), the opening open to the exterior of the body, the first
retroreflector at least partialy disposed in the opening, the first retroreflector having a first
retroreflector reference point (514, 614, 740, 808, 908, 1212, 1334) in the target frame of

reference;

providing a spherical contact element (2220, 62, 2000, 2100) having aregion of spherical
curvature rigidly fixed with respect to the body, the spherical contact element having a sphere
center (1222, 1314) and a sphere radius (1242);

providing adevice (2230, 10), wherein the device has a device frame of reference (30)
and afirst light source (405, 410), the device being configured to measure a distance (22, 26) and

two angles (71, 72) from the device to the first retroreflector reference point;

providing an identifier element (2240, 824) located on the body, the identifier element
configured to store first information, the identifier element being one of abar code pattern and a
radio-frequency identification tag, the first information including one of the sphere radius and a

serial number, the serial number accessed by aprocessor to obtain the sphere radius,
providing aworkpiece having aworkpiece surface (2250, 61);
placing the spherical contact element (2260, 1312) in contact with the workpiece surface;

illuminating the first retroreflector (2270, 1630) with light from the first light source to
provide afirst reflected light that is returned to the device;

measuring, from the device to the first retroreflector reference point, afirst distance and a
first set of two angles (2280, 71, 72) based at least in part on the first reflected light, the first
distance based at least in part on the speed of light over the path traveled by the light from the

device to the first retroreflector reference point;
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reading the first information with afirst reader attached to the device (2290), the first
reader being one of abar code scanner, aradio-frequency identification reader, and a camera;

and

caculating athree-dimensional coordinate of apoint (63) on the workpiece surface
(2290) based at least in part on the first distance, the first set of two angles, and the first

information.

19. The probe assembly of Claim 18, wherein in the step of providing the target the spherical

contact element and the body have the same sphere center and sphere radius.

20. A target (26, 60, 800, 810, 900, 910, 1000, 1100, 1120, 1140, 1200, 1300, 2000, 2100),

comprising:
aretroreflector (804, 904, 1004, 1104, 1330, 2020, 2120);

abody (802, 902, 1012, 1102, 1310) having a spherical exterior portion (1312), the body
containing a cavity (815, 915), the cavity sized to hold the retroreflector, the cavity open to the
exterior of the body, the retroreflector a least partially disposed in the cavity;

atransmitter (830) configured to emit an electromagnetic signal; and

afirst actuator (826) configured to initiate emission of the electromagnetic signal.
21.  Thetarget of Clam 23, wherein the first actuator is a button.
22. The target of claim 23, further comprising a second actuator (826).

23. A target (26, 60, 800, 810, 900, 910, 1000, 1100, 1120, 1140, 1200, 1300, 2000, 2100),

comprising:
acontact element (62, 1312, 2060, 2160) having aregion of spherical curvature;
aretroreflector (804, 904, 1004, 1104, 1330) rigidly connected to the contact element;

atransmitter (830) configured to emit an electromagnetic signal; and
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atemperature sensor (832, 834, 836) disposed on the target, configured to measure an air

temperature, and configured to send the measured air temperature to the transmitter.
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AMENDED CLAIMS
ved by the International Bureau on 28 August 2012 (28.08.2012)

1. A method of measurement of atarget (26, 60, 800, 810, 900, 910, 1000, 1100, 1120,
1140, 1200, 1300, 2000, 2100) by a device (10), the method comprising the steps of:

providing the target (1610), wherein the target has atarget frame of reference (40) and
includes a first retroreflector (804, 904, 1004, 1104, 1330) and a body (802, 902, 1012, 1102,
1310), the body having a spherical exterior portion (1312) that has a sphere center (1222,
1314) and a sphere radius (1242), the body containing a cavity (815, 915), the cavity sized to
hold the first retroreflector (804, 904, 1004, 1104, 1330), the cavity open to the exterior of the
body, the first retroreflector at least partially disposed in the cavity, the first retroreflector
having afirst retroreflector reference point (514, 614, 740, 808, 908, 1212, 1334) in the target

frame of reference;

providing the device (1615, 10), wherein the device has adevice frame of reference
(30) and afirst light source (405, 410), the device being configured b measure a distance (22,

26) and two angles (71, 72) from the device to the first retroreflector reference point;

determining at least one vector length component (1620, 1281, 1282, 1283) in the
target frame of reference of avector that extends from the first retroreflector reference poi nt

to the sphere center, the vector having alength greater than zero;

illuminating the first retroreflector (1630) with light from the first light source to
provide afirst reflected light that is returned to the device;

measuring, from the device to the first retroreflector reference point, afirst distance
and afirst set of two angles (1640, 71, 72) based at least in part onthe first reflected light, the
first distance based at least in part on the speed of light over the path traveled by the light

from the device to the first retroreflector reference point;

determining three orientational degrees of freedom (1650) of the target frame of
reference in the device frame of reference, wherein the three orientational degrees of freedom
are sufficient to fully define the orientation of the target frame of reference in the device

frame of reference;
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calculating three dimensional coordinates of the sphere center (1660) within the
device frame of reference based at least in part on the first distance, the first set of two angles,

the three orientational degrees of freedom, and the at least one vector length component; and
storing the three dimensional coordinates of the sphere center (1670).
2. The method of Claim 1, wherein:

in the step of providing the target (1610), the first retroreflector is selected to be a
cube corner retroreflector (804, 904, 1004, 1104, 1330) having three planar reflectors (512,'
612, 1332), each planar reflector capable of reflecting light, each planar reflector
perpendicular to the other two planar reflectors, each planar reflector intersecting the other
two planar reflectors in acommon vertex (514, 614, 740, 80S, 908, 1212, 1334), and each
planar reflector having two intersection junctions (809, 909), each intersection junction
“shared with an adjacent planar reflector for atotal of three Intersection junctions within the
cube comer retroreflector, the cube comer retroreflector having an axis of symmetry (1360)

relative to the three planar reflectors; and

in the step of determining at least one vector length component (1620), the first

retroreflector reference point isthe vertex.
3. The method of Claim 1, further comprising steps of;
providing aworkpiece having aworkpiece surface (1680, 61);

placing the spherical exterior portion (1690, 1312) in contact with the workpiece

surface; and

calculating athree-dimensional coordinate of a point (1695, 63) on the workpiece
surface based at least in part on the three dimensional coordinates of the sphere center (1222,
1314) and the sphere radius (1242).

4, The method of Claim 1, wherein:

the step of providing the device (1615, 10) includes providing an first camera (445),
wherein the first camera includes afirst photosensitive array (447) and afirst lens system
(446); and
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the step of determining three orientational degrees of freedom (1650) includes
capturing on the first photosensitive array afirst illumination pattern (700) produced by the
first reflected light, obtaining a digital representation of the first illumination pattern captured
by the first photosensitive array, the determining of the three orientational degrees of freedom
of the target frame of reference in the device frame of reference (1650) based at |least in part
on the digital representation of the first illumination pattern.

5. The method of Claim 4, wherein:

in the step of providing the target (1610), the first retroreflector is selected to be a
cube corner retroreflector (804, 904, 1004, 1104, 1330) having three planar reflectors (512,
612, 1332), each planar reflector capable of reflecting light, each planar reflector
perpendicular to the other two planar reflectors, each planar reflector intersecting the other
two planar reflectors in a common vertex (514, 614, 740, 808, 908, 1212, 1334), and each
planar reflector having two intersectionjunctions (809, 909), each intersection junction
shared with an adjacent planar reflector for atotal of three Intersectionjunctions within the
cube corner retroreflector, the cube comer retroreflector having an axis of symmetry (1360)

relative to the three planar reflectors; and

in the step of determining at least one vector length component (1620), the first

retroreflector reference point isthe vertex.

6. The method of Claim 5, wherein, in the step of providing the target (1610), the first
retroreflector is provided with at least one non-reflecting mark (516, 517, 616, 617).

7. The method of Claim 5, wherein:

inthe step of providing the target (1610), the first retroreflector is provided with non-
reflecting portions (516, 517, 616, 617) a each of the three intersection junctions (809, 909);

and

inthe step of determining three orientational degrees of freedom (1650), the capturing
on the first photosensitive array (447) the first illumination pattern (700) produced by the first
reflected light includes capturing aplurality of lines (710, 720, 730) produced by the non-

reflecting portions.
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8. The method of Claim 7, wherein the step of determining the three orientational
degrees of freedom of the target frame of reference in the device frame of reference (16S0)
further includes calculating a dlope of each of the plurality of lines, the determining of the
three orientational degrees of freedom based at least in part on the calculated slopes.

9. The method of Claim 8, wherein;

in the step of providing the target (1610), the target is provided with the three planar
reflectors being surfaces of a glass prism (904, 1004, 1330), the glass prism having atop
surface (1338), the top surface distal to the vertex (1334), the glass prism having arefractive
index, the glass prism having anormal vector (1348) to the top surface (1338) in the target
frame of reference (40), the glass prism having an altitude length (1346) equal to the distance
from the vertex to an intersection point (1344) of the axis of symmetry with the top surface,
and the glass prism having a depth (1281), the depth being the vector length component
(1281) aong the axis of symmetry; and

in the step of calculating three dimensional coordinates of the sphere center (1660),
the calculating is based at least in part on the refractive index, the altitude length, the normal

vector to the top surface, and the depth.
10.  The method of Claim 9, wherein:

the step of determining at least one vector length component (1620) further includes
determining two transverse lengths (1282, 1283), the two transverse lengths being vector
length components (1282, 1283) that lie in a plane perpendicular to the axis of symmetry
(1360); and

the step of calculating three dimensiona coordinates of the sphere center (1660, 1222)
is based at least in part on the two transverse lengths.

11. The method of Claim 4, wherein:

the step of providing the target (1610) includes providing areference feature (801,
901, 822, 2030); ‘
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the step of determining the three orientational degrees of freedom of the tafget frame
of reference in the device frame of reference (1650) includes determining a coarse orientation

of the target frame of reference (40) in the device frame of reference (30); and

the determining of the coarse orientation of the target frame of reference in the device

frame of reference is obtained through the use of the reference feature.
12. The method of Claim 11, wherein:

in the step of providing the target (1610), the reference feature (801, 901, 822, 2030)
is areference mark (801, 901), the reference mark disposed on the target in areference

orientation in the target frame of reference; and

in the step of determining the three orientational degrees freedom, the coarse

orientation isbased at |least in part on the reference orientation.
13.  The method of Claim 11, wherein:

the step of providing the target (1610) includes providing a reference feature (822,
922) that includes reflective material; '

the step of providing the device (1615) includes providing a second camera (52, 54,
1700, 1800), the second camera having a second photosensitive array (1836), a second lens
system (1832), a second light source (54, 1714, 1810), and athird light source (1720), the
second light source being nearer the second lens system than the third light source Isto the
second lens system, the second and third light sources configured so that when the second
light source illuminates the first retroreflector (2020) and the region of reflective material
(822, 922, 1860, 2030), the total optical power received by the second photosensitive array is
greater for the light reflected by the first retroreflector than by the region of reflective
material, the second and third light sources further configured so that when the third light
source illuminates the first retroreflector and the region of reflective material, the total opti cal
power received by the second photosensitive array is greater for the light reflected by the
region of reflective material than by the first retroreflector;

the step of illuminating the first retroreflector with light from the first light source
(1630) includes illuminating the reference feature with light from the second light source to

+ obtain a second illumination pattern on the second photosensitive array;
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the step of illuminating the first retroreflector with light from the first light source
(1630) includes Illuminating the region of reflective material with light from the third light

source to obtain athird illumination pattern on the second photosensitive array; and

the step of determining three orientational degrees of freedom (1650) includes
determining the coarse orientation of the target frame of reference in the device frame of
reference based at least in part on the second illumination pattern and the third illumination
pattern,

14. The method of Claim 11, wherein:

the step of providing the device (1615) includes providing a second camera (52, 54,
1700, 1800) having a second photosensitive array (1836), a second lens system (1832), and a
second light source (54, 1714, 1810);

the step of providing the target (1610) includes providing areference feature (822,

922) that includes a reference retroreflector;

the step of illuminating the first retroreflector (1630) further includes simultaneously
illuminating the reference retroreflector and the first retroreflector with light from the second

light source to obtain a second illumination pattern on the second photosensitive array; and

the step of determining the three orientational degrees of freedom (1640) of the target
frame of reference in the device frame of reference further includes detennining the coarse
orientation of the target frame of reference in the device frame of reference based a least in

part on the second illumination pattern.
15. The method of Claim 11, wherein:

the step of providing the target (1610) includes providing areference feature (822,

922), the reference feature including a second retroreflector;
providing a beam steering mechanism to steer the light from the first light source;

steering the light from the first light source to the second retroreflector and measuring

a second set of two angles; and
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calculating the coarse orientation based at least in part on the first set of two angles

and the second set of two angles.
16.  The method of Claim 11, wherein:

the step of providing the target (1610) includes providing a reference feature (822,
922) that includes atarget light source (822, 922, 2030);

the step of providing the device (1615) includes providing a second camera (52, 54,
1700, 1800) having a second photosensitive array (1836), a second lens system (1832), and.-a
second light source (54, 1714, 1810);

the step of illuminating the first retroreflector (1630) further includes illuminating the
first retroreflector with light from the second light source to obtain a second illumination
pattern on the second photosensitive array and illuminating the target light source to obtain a

third illumination pattern on the second photosensitive array; and

the step of determining the three orientational degrees of freedom (1650) of the target
frame of reference in the device frame of reference further includes determining the coarse
orientation of the target frame of reference in the device frame of reference based at least in

part on the second illumination pattern and the third illumination pattern.

17.  The method of Claim 1, wherein the step of calculating three dimensional coordinates
of the sphere center (1660) within the device frame of reference (30) further depends on a

temperature measured by atemperature sensor (832) in thermal contact with the target

18. A method of obtaining the characteristics of atarget (26, 60, 800, 810, 900, 910,
1000, 1100, 1120, 1140, 1200, 1300, 2000, 2100) by adevice (10), the method comprising
the steps of:

providing the target (2210), wherein the target has atarget frame of reference (40) and
includes afirst retroreflector (804, 904, 1004, 1104, 1330) and a body (802, 902, 1012, 1102,
1310), the body containing an opening (815, 915), the opening sized to hold the first
retroreflector (804, 904, 1004, 1104, 1330), the opening open to the exterior of the body, the
first retroreflector at least partialy disposed in the opening, the first retroreflector having a
first retroreflector reference point (514, 614, 740, 808, 908, 1212, 1334) in the target frame of

reference;
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providing a spherical contact element (2220, 62, 2000, 2100) having aregion of
spherical curvature rigidly fixed with respect to the body, the spherical contact element
having a sphere center (1222, 1314) and a sphere radius (1242);

providing a device (2230, 10), wherein the device has a device frame of reference (30)
and afirst light source (405, 410), the device being configured to measure a distance (22, 26)

and two angles (71, 72) from the device to the first retroreflector reference point;

providing an identifier element (2240, 824) located on the body, the identifier element
configured to store first information, the identifier element being one of abar code pattern
and aradio-frequency identification tag, the first information including one of the sphere
radius and a serial number, the serial number accessed by a processor to obtain the sphere

radius,
providing a workpiece having aworkpiece surface (2250, 61);

placing the spherical contact element (2260, 1312) in contact with the workpiece

surface;

illuminating the first retroreflector (2270, 1630) with light from the first light source
b provide afirst reflected light that isreturned to the device;

measuring, from the device to the first retroreflector reference point, afirst distance
and afirst set of two angles (2280, 71, 72) based a least in part on the first reflected light, the
first distance based at least in part on the speed of light over the path traveled by the light

from the device to the first retroreflector reference point;

reading the first information with afirst reader attached to the device (2290), the first
reader being one of abar code scanner, aradio-frequency identification reader, and a camera;

and

calculating athree-dimensiona coordinate of a point (63) on the workpiece surface
(2290) based at least in part on the first distance, the first set of two angles, and the first

information.

19. Themethod of Claim 18, wherein in the step of providing the target the spherical

contact element and the body have the same sphere center and sphere radius.
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20. A target (26, 60, 800, 810, 900, 910, 1000, 1100, 1120, 1140, 1200, 1300, 2000,
2100), comprising:

aretroreflector (804, 904, 1004, 1104, 1330, 2020, 2120);

a body (802, 902, 1012, 1102, 1310) having a spherical exterior portion (1312), the
body containing a cavity (815, 915), the cavity sized to hold the retroreflector, the cavity
open to the exterior of the body, the retroreflector at least partially disposed in the cavity;

atransmitter (830) configured to emit an electromagnetic signal; and

afirst actuator (826) configured to initiate emission of the electromagnetic signal.
21. The target of Claim 23, wherein the first actuator is a button.
22.  Thetarget of claim 23, further comprising a second actuator (826).

23.  Atarget (26, 60, 800, 810, 900, 910, 1000, 1100, 1120, 1140, 1200, 1300, 2000,
2100), comprising:

acontact element (62, 1312, 2060, 2160) having aregion of spherical curvature;
‘aretroreflector (804, 904, 1004, 1104, 1330) rigidly connected to the contact element;
atransmitter (830) configured to emit an electromagnetic signal; and

atemperature sensor (832, 834, 836) disposed on the target, configured to measure an

air temperature, and configured to send the measured air temperature to the transmitter.
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STATEMENT UNDER ARTICLE 19 (1)

Applicant, by this Amendment, has amended claim 19 to rectify a clerical error and

clarify the claim by reciting a method. No new matter is added by these amendments.
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