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AUTOMATIC MEASUREMENT OF DIMENSIONAL DATA WITH A LASER
TRACKER

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the benefit of U.S. Provisional Patent
Application No. 61/452,314 filed March 14, 2011, the entire contents of which are hereby
incorporated by reference. The present application also claims the benefit of U.S. Patent
Application No. 13/340,730 filed December 30, 2011, which claims the benefit of U.S. Patent
Application No. 13/090,889 filed April 20, 2011, which claims the benefit of U.S.
Provisional Patent Application No. 61/326,294 filed April 21, 2010, the entire contents of all
of which are hereby incorporated by reference. The present application also claims the benefit
of U.S. Provisional Patent Application No. 61/475,703 filed April 15, 2011, the entire
contents of which are hereby incorporated by reference. The present application also claims
the benefit of U.S. Provisional Patent Application No. 61/592,049 filed January 30, 2012, the
entire contents of which are hereby incorporated by reference. The present application also
claims the benefit of U.S. Patent Application No. 13/407,983 filed February 29, 2012, which
claims the benefit of U.S. Provisional Patent Application No. 61/448,823 filed March 3,

2011, the entire contents of both of which are hereby incorporated by reference.

FIELD OF INVENTION

[0002] The present disclosure relates to metrology devices, such as, for example, a
laser tracker, and more particularly to a laser tracker that automatically identifies each of a
plurality of retroreflector targets placed on an object using one or more locator cameras

associated with (e.g., as part of) the laser tracker.

BACKGROUND

[0003] There is a class of instruments known as a laser tracker that measures the
coordinates of a point by sending a laser beam to a retroreflector target in contact with the

point. The instrument determines the coordinates of the point by measuring the distance and
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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 a particular 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 as total stations or tachymeters that may measure a
retroreflector or a point on a diffusely scattering surface. Laser trackers, which typically have
accuracies on the order of a thousand 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.

[0005] Ordinarily the laser tracker sends a laser beam to a retroreflector target that is
typically located on the surface of an object to be measured. A common type of retroreflector
target is the spherically mounted retroreflector (SMR), which includes a cube-corner
retroreflector embedded within a metal sphere. The cube-corner retroreflector includes three
mutually perpendicular mirrors. The vertex, which is the 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 of the
object on which the SMR rests remains nearly constant, even as the SMR is rotated.
Consequently, the laser tracker can measure the 3D coordinates of a surface by following the
position of an SMR as it is moved over the surface. Stated 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 translations, 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 al., incorporated by reference herein. The ‘758 patent
discloses a probe that holds a cube corner retroreflector, onto which marks have been placed.
A retroreflector onto which such marks have been placed is called a six-DOF retroreflector.
The cube corner retroreflector is illuminated by a laser beam from the laser tracker, and the
marks on the cube corner retroreflector are captured by a camera within the laser tracker. The

three orientational degrees of freedom, for example, the pitch, roll, and yaw angles, are



WO 2012/125671 PCT/US2012/028984

calculated based on the image obtained by the 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 translational degrees of freedom of the vertex, are combined with the
three orientational degrees of freedom obtained from the camera image, the position of a
probe tip, arranged at a prescribed position relative to the vertex of the cube corner
retroreflector, can be found. Such a probe 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] One common application of a laser tracker is to measure a relatively large
object to see how its actual dimensions compare to the design dimensions (e.g., as given by
CAD data). There may be several of these objects utilized in a particular application and the
objects are typically expected to be identical in geometry. Any distortion in the geometry of
the object either initially or developed over time can influence other operations in the overall
system that the object is a part of. For example, if the object is bent or twisted in any way it

can lead to manufacturing defects and poor product quality.

[0008] Typically as known at least three points are required to establish the
relationship between the laser tracker and the object for measurement purposes. As is known
in the art, the ability of the operator to manually measure these initial points with sufficient

accuracy is an area for consideration.

[0009] Thus, there is a need for an operator of a laser tracker or similar measurement
device to be able to not have to manually measure the targets points (e.g., SMRs). Instead, it
would be desirable for the operator of the laser tracker to utilize the camera system in the
laser tracker to automatically measure all of the target points required for any particular
application, thereby significantly reducing the possibility of operator error in the

measurement process and not requiring specialized skills and/or training.

[0010] More generally, there is a need for a method and a system in which the laser
tracker automatically carries out many of the functions that would previously have to be
carried out manually. It would be desirable to quickly obtain consistent measurements with
the laser tracker, even if the measurements are carried out by an unskilled operator. Typical
measurements include tool inspection measurements; for example, the carriage in a body-in-

white assembly line is an example of a tool to be inspected or monitored. Other examples of
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tools include a sheet metal stamping jig, and an assembly tool for assembling a portion of an
aircraft structure. Generally, for almost every part made in an automotive or aerospace
application, there is a corresponding tool. Thus, it would be desirable to improve the process
of measuring such tools with a laser tracker. In addition, it would be desirable to apply the

measurement process to finished parts as well.
SUMMARY

[0011] A method for measuring with a system includes steps of: providing the system
including a collection of retroreflector targets and a laser tracker, the collection of
retroreflector targets including at least three non-collinear retroreflector targets, the at least
three non-collinear retroreflector targets including a first target, a second target, and a third
target, the laser tracker in a first frame of reference fixed with respect to tracker surroundings,
the laser tracker having a structure, a first light source, an absolute distance meter, a first
angular transducer, a second angular transducer, a tracking system, a first camera, a second
light source, and a processor, the structure rotatable about a first axis and a second axis, the
first light source producing a first light beam that cooperates with the absolute distance
meter, the first angular transducer measuring a first angle of rotation about the first axis, the
second angular transducer measuring a second angle of rotation about the second axis, the
tracking system configured to move the first light beam to a center of any retroreflector target
from among the collection of retroreflector targets, the first camera including a first lens
system and a first photosensitive array, the second light source providing a second light
beam, and the processor configured to operate the laser tracker; storing a list of nominal
coordinates for the first target, the second target, the third target, and at least one additional
point, the nominal coordinates being three-dimensional coordinates in a second frame of
reference; capturing on the first photosensitive array a portion of the light emitted by the
second light beam and reflected off the first target, the second target, and the third target;
obtaining spot positions on the photosensitive array from the portion of light reflected off
each of the first target, second target, and the third target; determining a correspondence
between a first spot position, a second spot position, and a third spot position on the first
photosensitive array and the nominal coordinates of the first target, the second target, and the
third target, respectively; directing the first beam of light to the first target based at least in
part on the nominal coordinates of the first target and the first spot position; measuring three-

dimensional coordinates of the first target using the absolute distance meter, the first angular
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transducer, and the second angular transducer; directing the first beam of light to the second
target based at least in part on the nominal coordinates of the second target and the second
spot position; measuring three-dimensional coordinates of the second target using the
absolute distance meter, the first angular transducer, and the second angular transducer;
directing the first beam of light to the third target based at least in part on the nominal
coordinates of the third target and the third spot position; measuring three-dimensional
coordinates of the third target using the absolute distance meter, the first angular transducer,
and the second angular transducer; determining three-dimensional coordinates of the at least
one additional point in the first frame of reference based at least in part on the measured
three-dimensional coordinates of the first target, the second target, the third target, and the
nominal coordinates of the at least one additional point; and storing the determined three-

dimensional coordinates of the at least one additional point.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Referring now to the drawings, exemplary embodiments are shown which
should not be construed to be limiting regarding the entire scope of the disclosure, and

wherein the elements are numbered alike in several FIGURES:

[0013] FIG. 1 is a perspective view of a laser tracker, an auxiliary unit, and an

external computer according to an embodiment;

[0014] FIG. 2 is a perspective view of the laser tracker of FIG. 1 with an additional

narrow field of view camera and associated light source according to an embodiment;

[0015] FIG. 3 illustrates a two-dimensional representation of a three-dimensional

vector diagram;

[0016] FIG. 4A is a front view of a wide-field locator camera disposed on a rigid
structure portion of the laser tracker of FIG. 1 where the rigid structure is rotated to enable

the locator camera to simultaneously view plural retroreflector targets;

[0017] FIG. 4B is a cross sectional view of the locator camera of FIG. 4A taken along
line 410-410 of FIG. 4A;
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[0018] FIG. 5A is a perspective view of the laser tracker of FIG. 1 in a first
orientation with respect to an object to be measured with the laser tracker automatically

taking measurements of various target points on the object;

[0019] FIG. 5B is a perspective view of the laser tracker of FIG. 1 in a second
orientation with respect to an object to be measured with the laser tracker automatically

taking measurements of various target points on the object;

[0020] FIG. 6 shows electronic processor elements within a laser tracker according to

an embodiment;

[0021] FIG. 7 is a flow diagram showing steps in measuring with a system according

to an embodiment;

[0022] FIG. 8 is a flow diagram showing steps in measuring with a system according

to an embodiment;

[0023] FIG. 9 is a flow diagram showing steps in measuring with a system according

to an embodiment;

[0024] FIG. 10 is a flow diagram showing steps in measuring with a system according

to an embodiment;

[0025] FIG. 11 is a flow diagram showing steps in measuring with a system according

to an embodiment;

[0026] FIG. 12 is a flow diagram showing steps in measuring with a system according

to an embodiment;

[0027] FIG. 13 is a flow diagram showing steps in measuring with a system according

to an embodiment;

[0028] FIG. 14 is a flow diagram showing steps in measuring with a system according

to an embodiment; and

[0029] FIG. 15 is a flow diagram showing steps in measuring with a system according

to an embodiment.

DETAILED DESCRIPTION
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[0030] An exemplary laser tracker 10 is illustrated 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 is typically 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 is in a plane 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 as the spherically mounted retroreflector (SMR) described
above. By measuring the radial 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.

[0031] 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 is typically stationary with respect to
the surroundings. The device frame of reference may be represented by a variety of
coordinate systems. One type of coordinate system is a Cartesian coordinate system having
three perpendicular axes x, 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
spherical coordinate system by one radial distance 73 (r), a first (zenith) angle 72 (6), 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 a point measured in spherical coordinates may be easily converted to Cartesian

coordinates.

[0032] The target 26 may be in contact with an object under test 61. The object under
test 61 has an object frame of reference 40. The object frame of reference may be

represented, for example, using Cartesian coordinates x, y, and z. The x, y, and z axes of the
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object frame of reference 40 move with the object 61 and are not necessarily parallel to the
corresponding device axes x, y, and z of the device frame of reference 30. The target 26 may
be placed in contact with the object surface 61 at a point 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 a vector 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. To move from the center of the target to the surface
of the workpiece, the position of the center point is offset 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.

[0033] 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. 1 is 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 a mirror rotated about the azimuth
and zenith axes. As another example, it would be possible to steer the light beam by using
two steering mirrors driven by actuators such as galvanometer motors. In this latter case, the
light beam could be steering without providing azimuth and zenith mechanical axes. The

techniques described herein are applicable, regardless of the type of steering mechanism.

[0034] In exemplary laser tracker 10, 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 camera 52 includes a photosensitive array and a lens placed in front of the
photosensitive array. The photosensitive array may be a CMOS or CCD array, for example.
In an embodiment, the lens has a relatively wide field of view, for example, 30 or 40 degrees.
The purpose of the lens is to form an image on the photosensitive array of objects within the
field of view of the lens. Usually at least one light source 54 is placed near camera 52 so that
light from light source 54 is reflected off each retroreflector target 26 onto camera 52. (To
illuminate a retroreflector target in a way that can be seen on the camera 52, the light source
54 must be near the camera; otherwise the reflected light will be reflected at too large an
angle and will miss the camera.) In this way, retroreflector images are readily distinguished

from the background on the photosensitive array as their image spots are brighter than
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background objects and are pulsed. In an embodiment, there are two cameras 52 and two
light sources 54 placed about the line of laser beam 46. By using two 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 camera. In addition, the three-dimensional coordinates of an
SMR can be monitored as the SMR is moved from point to point. A use of two 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.

[0035] Auxiliary unit 50 may be a part of laser tracker 10. The purpose of auxiliary
unit 50 is to 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 50
altogether by moving the functionality of auxiliary unit 50 into the tracker body. In most
cases, auxiliary unit 50 is attached to general purpose computer 60. Application software
loaded onto general purpose computer 60 may provide application capabilities such as
reverse engineering. It is also possible to eliminate general purpose computer 60 by building
its computing capability directly into laser tracker 10. In this case, a user interface, possibly
providing keyboard and mouse functionality may be built into laser tracker 10. The
connection between auxiliary unit 50 and computer 60 may be wireless or through a cable of
electrical wires. Computer 60 may be connected to a network, and auxiliary unit 50 may also
be connected to a network. Plural instruments, for example, multiple measurement
instruments or actuators, may be connected together, either through computer 60 or auxiliary
unit 50. In an embodiment, auxiliary unit is omitted and connections are made directly

between laser tracker 10 and computer 60.

[0036] In alternative embodiments of the present invention, the laser tracker 10 may
utilize both wide field of view (FOV) and narrow FOV cameras 52 together on the laser
tracker 10. Various exemplary methods of using such cameras together are described

hereinbelow.

[0037] In a first embodiment, one of the cameras 52 in FIG. 1 is a narrow FOV
camera and the other camera 52 is a wide FOV camera. With this arrangement, the wide FOV
camera 52 identifies the retroreflective targets 26 over a relatively wider angular extent. The
laser tracker 10 turns the light beam 46 in the direction of a particular selected retroreflector
target 26 until the retroreflector target 26 is within the FOV of the narrow FOV camera 52.

The laser tracker 10 may then carry out a method described hereinafter for finding the
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location of a retroreflector target using images on the two cameras 52 mounted on the laser
tracker 10. This is done to find the best estimate for the position of the retroreflector target

26.

[0038] In another embodiment illustrated in FIG. 2, both of the cameras 52 are wide
FOV cameras. In addition, there is a narrow FOV camera 58 and a nearby light source 56.
The two wide FOV cameras 52 determine the three-dimensional location of the retroreflector
target 26 and turn the tracker light beam 46 toward the target 26. When the narrow FOV
camera 58 also sees the retroreflector target 26, the information provided by all three cameras

52, 58 is used to calculate the three-dimensional location of the retroreflector target 26.

[0039] In still another embodiment, the two wide FOV cameras 52 in FIG. 1 are used
to locate the target and turn the laser beam toward it. An orientation camera, similar to
orientation camera 210 shown in FIGs. 2 and 7 of the aforementioned U.S. Patent No.
7,800,758 (“758) to Bridges, et al., which is incorporated herein by reference, views a small
region around the illuminated retroreflector target 26. By observing the position of the
retroreflector 26 in the photosensitive array of the orientation camera 210, the laser tracker 10

can immediately direct the laser beam 46 to the center of the retroreflector 26.

[0040] The method for finding the location of a retroreflector target using images on
the two cameras 52 mounted on the front of the laser tracker 10 of FIGs. 1 and 2 is now

described.

[0041] Five frames of reference are associated with the laser tracker 10: a payload
frame of reference that rotates with the payload 15; an azimuth frame of reference that rotates
with the zenith carriage 14; a tracker-world frame of reference that is fixed with respect to the
azimuth base 16; and two camera frames of reference. The azimuth base 16 is stationary with
respect to its surroundings. The cameras 52 include a lens system (not shown) and a
photosensitive array (not shown). Representative illustrations of a camera containing a lens

system and a photosensitive array are given in FIGs. 4A-B.

[0042] In an embodiment, the payload frame of reference has an origin at the gimbal
point 22, which lies at a point along the azimuth axis; a y axis parallel to the zenith direction;
an x axis perpendicular to the y axis and approximately parallel to the laser beam; and a z
axis perpendicular to the x and y axes. The cameras 52 are fixed with respect to the payload

frame of reference.

10
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[0043] In an embodiment, the azimuth frame of reference has an origin at the gimbal
point 22; a z axis along the azimuth direction; a y axis parallel to the zenith axis and

perpendicular to the z axis; and an x axis perpendicular to the y and z axes.

[0044] In an embodiment, the tracker-world frame of reference has an origin at the
gimbal point 22; a z axis along the azimuth axis; a y axis perpendicular to the z axis and
parallel to the zenith axis when the angle of the azimuth axis is set to zero degrees; and an x

axis perpendicular to the y and z axes.

[0045] In an embodiment, a camera frame of reference has an x axis that is the optical
axis of the lens system within the camera. The y axis and z axis are perpendicular to the x
axis and to each other and are aligned with the rows and columns, respectively, of the pixels

of the photosensitive array within the camera 52.

[0046] In the laser tracker 10, a zenith angle and an azimuth angle, which are angles
of rotation about the zenith and azimuth axes, respectively, are measured by the zenith
encoder and azimuth encoder, respectively. With knowledge of the zenith and azimuth angles
and the equations of the camera optical axes in the payload frame of reference, it is possible
to transform any one of the five frames of reference — payload frame of reference, azimuth
frame of reference, tracker-world frame of reference, and two camera frames of reference —
into any of the other frames of reference. This is usually done using a transformation matrix,
which is a 4 x 4 matrix including a 3 x 3 rotation matrix and a scaling component that enables
translation. The use of transformation matrices is well known to those of ordinary skill in the

art.

[0047] The cameras 52 and lights 54 are used to find the location of one or more
retroreflector targets 26 in the payload frame of reference or any other frame of reference.

Such targets can be automatically acquired, if desired, by the laser tracker 10.

[0048] The method for finding a retroreflective target in the payload frame of
reference will now be described. A first step in the method is to turn on the lights 54 to
illuminate the retroreflectors 26 and form an image on the cameras 52. In some cases, the
illumination may be turned off briefly and the difference taken between the illuminated and
non-illuminated scenes. In this way, background features can be removed, causing the
retroreflector target to be revealed more clearly. A second step is use a processor (¢€.g.,

processor 50) to calculate a center point for each retroreflector spot on the photosensitive

11
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array of the camera 52. The center point may, for example, be calculated as a centroid. A
third step is to establish a direction in the camera frame of reference for each of the center
points. With the simplest approximation, the direction is found by drawing a line between the
center point and the perspective center of the camera 52. A more sophisticated analysis may
consider aberrations of the lens system in determining the direction. A fourth step is to
convert into the payload frame of reference the coordinates of the perspective center and the
directions for each of the center points. A fifth step is to find a best estimate for the position
of the retroreflector target 26 in the payload frame of reference by solving simultaneous

equations, as explained hereinbelow.

[0049] For each retroreflector target 26, a center point will be formed on the
photosensitive arrays of each of the two cameras 52 and from these center points a line
indicating the direction from each of the cameras to the retroreflector target 26 will be
constructed. In the ideal case, the two lines intersect in a point, but in general, the two lines
will be skew lines that do not exactly intersect. The best estimate of the intersection position
for two skew lines is found by determining a line segment of closest approach. The line
segment of closest approach is perpendicular to each of the two skew lines and is shorter than
any other line segment perpendicular to the two skew lines. Ordinarily, the best estimate of
the position of the retroreflector target 26 is the midpoint of the line segment of closest

approach.

[0050] FIG. 3 illustrates a two-dimensional representation of a three-dimensional
vector diagram. Such a representation may be obtained, for example, in a top view wherein
the tracker and the retroreflector target are viewed looking down from above. The point O is
the origin of the payload frame of reference. The vectors P and R extend from the origin of
the laser tracker to a first camera and a second camera, respectively. The vector U represents
the line passing through the perspective center of the first camera and having a direction
calculated according to the third step in the method above. The vector V represents the line
passing through the perspective center of the second camera and having a direction calculated
according to the third step in the method above. The vector C represents the line segment that
extends from a first point on the vector U to a second point on the vector V. The vector C is

perpendicular to the vectors U and V.
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[0051] One way to find the endpoints of the vector C is by using the equation
P+uU+cC=R+vVvYV, (D)

which contains the scalar quantities u, ¢, and v and the vector quantities P, U, C, R,

and V.
[0052] In addition, the vector C is subject to the constraint
C=UxV, 2)

where x 1s the cross-product operator. Vector equation (1) can be written as a first
equation in x, a second equation in y, and a third equation in z. The vector C can be written in
terms of x, y, and z components of U and V using well known cross product formulas. The x,
y, and z components of C are substituted into the first, second, and third equations. The result
is three equations in X, y, and z, where all of the vector quantities are known and only the
three scalar quantities u, v, and ¢ remain to be found. Since there are three equations and

three unknowns, the three values can be found.

[0053] The three dimensional endpoint coordinates Q; and Q, of the line segment that

join the vectors U and V along the line of closest approach are given by
Qi=P+ul, 3)
Q:=R+vV. “)
[0054] The best estimate Q of the intersection points of the two lines is given by

Q=(Qi+Qy)/2. &)

[0055] If desired, other mathematical methods can be used to find a best estimate Q
of the intersection points. For example, an optimization procedure may be used to find the

values of Q; and Q,.

[0056] The methods above are described with respect to a laser tracker 10 having a
beam of light 46 launched from a payload 15 rotating about a zenith axis 18. However, other
types of mechanical steering mechanisms are possible. For example, the payload 15 may be
replaced by a steering mirror. With this approach, a beam of light is directed upward from the

azimuth base 16. The beam of light strikes the steering mirror and reflects out of the tracker
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enclosure. A motor attached to the zenith mechanical axis rotates the steering mirror to point
the beam in the desired direction. In this embodiment, the payload frame of reference is

replaced by the mirror frame of reference, but otherwise the analysis is the same.

[0057] 1t would also be possible to use one or more cameras not attached to the
payload of the laser tracker. Such cameras might be attached to the azimuth carriagel4 or
they might be mounted separate from the laser tracker altogether. The method for finding the
relationship between the frames of reference of the cameras and the laser tracker would be
found in a manner similar to that described above: some number of points would be measured
by the cameras and by the laser tracker and the measurement results would be used to

establish appropriate transformation matrices.

[0058] Referring again to FIG. 2, since in most cases the narrow FOV camera 58 will
have a smaller angular range covered by each pixel, it is advantageous to weight the reading
of the narrow FOV camera 58 more heavily. A simple way of doing this is to revise Eq. (5)
above. For example, if the FOV of the narrow FOV camera 58 is one quarter that of the wide

FOV camera 58, a reasonable equation to use in place of Eq. (5) above may be:

Q=0.2Q; +0.8Q: (6)

[0059] Another mathematical method that may be used is a least squares optimization
procedure to find the best estimate for the retroreflector target 26, but to weight the readings

of the narrow FOV camera 58 more heavily than the readings of the wide FOV camera 52.

[0060] Referring to FIGs. 4A and 4B, a locator camera 400 allows the laser tracker 10
to quickly determine the approximate location of multiple retroreflectors within a relatively
wide field of view of the laser tracker 10. A plurality of identical light sources 401 is
provided in a ring surrounding a lens 402. Alternatively, fewer lights or even a single light
may be used. The individual light sources emit overlapping cones of essentially incoherent
light 440 that collectively constitute a cone of light. Each of the retroreflectors reflects some
of the light from the cone of light back to the locator camera 400 as the bundles of light. One
of the bundles of light 457 is shown in FIG. 4B. Lens 402 focuses the bundle 457 down to a
spot on the surface of photosensitive array 404. The photosensitive array 404 is separated

from the front principal plane 403 of lens 402 by the focal length f of the lens.
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[0061] Electrical wires 441 provide power from a power source (e.g., auxiliary unit
50) within the laser tracker 10 to the emitters 401 and the photosensitive array 404. Electrical
wires 441 also transmit the pixel data from photosensitive array 404 to general purpose
computer 60, for example, for analysis. The computer 60 analyzes the pattern of light on
photosensitive array 404 to determine the location of a central point 452 on photosensitive
array 404. The computer 60 also performs this analysis of the pattern formed by the other
bundles of light returned by the retroreflectors. In other words, the reflected light bundles are
focused by lens 402 into patterns on photosensitive array 404. The computer 60 analyzes
these patterns to determine the central point of each pattern. From the location of the central

points, the approximate angular direction to each of the retroreflectors can be determined.

[0062] Suppose that the retroreflector of interest is a particular retroreflector among
the multiple retroreflectors. If the objective is to acquire the target and measure the target
positions with the laser tracker, then the following procedure may carried out. Motors are
activated to turn the payload until the laser beam points in the approximate direction of a
particular retroreflector. If the estimate of the target position is good enough, the light beam
directly locks onto the target and begins tracking of the target. If the estimate of the target
position is not good enough, one possibility is to initiate a search in which the direction of the
laser beam is changed in a systematic fashion. For example, the laser beam might be steered
along a spiral pattern. When the laser beam intersects the target, a position detector within the
laser tracker senses the reflected light. The signals from position detector provide enough
information to enable motors to point the payload directly to the center of the particular
retroreflector. Another possibility is for the operator to directly grab the mechanical
mechanism of the laser tracker, for example, the payload, and to manually direct the light
beam toward the retroreflector of interest. In one embodiment, if the operator directs the light
beam close enough to the center of the retroreflector, an LED begins to flash on the front of
the tracker. If the light beam is closer still, the light beam will lock onto the retroreflector
target. If the light beam is not quite close enough to the center of the retroreflector to lock

onto the target, a quick search procedure may be carried out to locate the retroreflector target.

[0063] In the case that two or more locator cameras 52 are on the laser tracker 10, it is
usually possible to directly establish, by means of the stereo camera calculation described
hereinabove, a one-to-one correspondence between the retroreflector targets 26 and the target

centers appearing on the photosensitive arrays of the cameras 52. Similarly, if a single camera
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52 is located within the laser tracker in such a way that the light reflected by the targets 26
travels to the camera on an optical axis of the laser tracker, then a parallax between the
camera and the camera is eliminated, and it is usually possible to establish a one-to-one
correspondence between the retroreflector targets and the target centers appearing on the
photosensitive array of the camera. If a single camera is used, alternative methods may be
used to establish a one-to-one correspondence between the target centers and the
retroreflector targets. One method involves turning the azimuth axis to different angles and
observing the change in position on the photosensitive array of the single camera 52. As the
azimuth angle is changed, the positions of the centers on the photosensitive array will change
by an amount that depends on the distance from the laser tracker 10 to the retroreflector 26.
For a given change in azimuth angle, as the distance to the retroreflector increases, the
change in between the two centers on the photosensitive array decreases. A similar procedure
can be carried out by changing the zenith angle, rather than the azimuth angle, of the of the
laser tracker. A more detailed description of this procedure is described in reference to FIG.

18 in U.S. Patent Application No. 2011/0260033 (‘033), incorporated by reference herein.

[0064] In some cases, the one or more cameras on the laser tracker are accurate
enough to direct the light beam from the laser tracker close enough to the center of a
retroreflector target so that the light beam reflected back into the laser tracker is picked up by
the position detector, thereby causing the laser beam to begin tracking the target. In such
cases, the software that controls the laser tracker may automatically direct the light beam
from the tracker to each of the targets so that the relatively high accuracies of the laser tracker
distance meter and angular encoders are transferred to the three dimensional coordinate
values. In other cases, the one or more cameras on the laser tracker may not be accurate
enough to immediately direct the light beam from the laser tracker close enough to the center
of the retroreflector target to enable the position detector to immediately detect the light beam
and begin tracking. In this case, the light beam from the laser tracker may be aimed at a target
and the beam directed in a search pattern to locate the target, as explained hereinabove. By
repeating this procedure for each of the targets within the measurement volume, relatively
accurate three dimensional coordinates can be obtained for each of the target points.
Relatively accurate three dimensional coordinates for the target points are important because
they enable the software that controls the laser tracker to efficiently carry out automatic

measurements of the target points without performing interim target searches.
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[0065] As suggested by the discussion hereinabove, some aspects of this invention
require the obtaining of a one-to-one correspondence between target points viewed by the one
or more cameras on the laser tracker and a list of three dimensional coordinates of
retroreflector target points. Some methods for obtaining a list of three dimensional
coordinates of the target points are described hereinbelow. The list may, in some cases, have
nominal three dimensional coordinates that differ by a relatively large amount from the actual
three dimensional coordinates. In other cases, the list may have relatively accurate three

dimensional coordinates.

[0066] In an embodiment, a list of three dimensional coordinates between the laser
tracker and the target points on an object under test is obtained from a CAD model describing

the positions of the targets on the object.

[0067] In another embodiment, the one-to-one correspondence between the target
points and the list of three dimensional coordinates is obtained by performing three
dimensional measurements on each of the points observed by the camera. Such three
dimensional measurements may have been carried out prior to the current measurement

session.

[0068] In some cases, the images of the target points on the one or more cameras may
be too closely spaced to immediately determine the one-to-one correspondence between the
target points and the spots on the camera images. In this case, the points may be measured
with the laser tracker using the methods described hereinabove. For example, the laser tracker
may direct the light beam toward the target. The laser tracker may then measure the target

position directly or with the assistance of a search procedure, if necessary.

[0069] An important aspect of this invention is the establishing of a relationship
between the frame of reference of the laser tracker and the frame of reference of the object
under test. Another way of expressing the same idea is to say that it is important to have a
method for transforming the laser tracker frame of reference into the object-under-test frame

of reference or vice versa.

[0070] Three methods are taught herein for the establishing of this relationship. In a
first method, at least three retroreflector target points are measured by the laser tracker. In a
second method, at least two target points are measured by the laser tracker and in addition at

least two angles of tilt are measured by inclinometers disposed on each of the laser tracker
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and the object under test. In a third method, a single six degree-of-freedom (DOF) camera is
measured by a laser tracker having six DOF measurement capability. By combining the
information obtained from any of the three methods, it is possible to put the laser tracker
within the frame of reference of the object under test. Equivalently, it is possible to put the

object under test within the laser tracker frame of reference.

[0071] A brief explanation will now be given on the method for putting the object
under test into the tracker frame of reference based on the obtaining of the measured
information described in the preceding paragraph. For the case in which the laser tracker
measures three retroreflector target points, a local coordinate system for the object under test
may be established by allowing one of the three measured points to be an origin point in the
local frame of reference of the object under test, a second of the measured points to establish
the x axis, and the third of the measured points to establish a component in the y direction.
The y axis is taken to pass through the origin and to be perpendicular to the x axis. The z axis
is taken to pass through the origin and to be perpendicular the x axis and the y axis and to
have a direction according to the right-hand rule, which is known to those of ordinary skill in
the art. The object under test may have its own reference coordinate system established by a
CAD drawing. For example, the CAD drawing may have datums that establish an origin, x
axis, y axis, and z axis. To put the CAD drawing within the frame of reference of the laser
tracker, or equivalently to put the laser tracker within the frame of reference of the CAD
drawing, usually three transformation matrices are obtained. Transformation matrices are
usually 4 x 4 matrices that include a 3 x 3 rotation matrix and a scaling component that
accounts for translations of the frames of reference relative to the other frames of reference.
In the situation described hereinabove, the three transformation matrices are multiplied
together in a particular order to obtain an overall transformation matrix to transform
measured values or CAD values into the desired frame of reference. The use of
transformation matrices is well known to one of ordinary skill in the art and will not be

described further here.

[0072] For the case in which the laser tracker measures the three dimensional
coordinates of at least two retroreflector target point in addition to angles of tilt of the laser
tracker and the object under test, a local coordinate system for the object under test may be
established by allowing a first retroreflector target point to be the local origin of the object

under test and the direction from the first target point to the second target point to establish a
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local x axis for the object under test. If an inclinometer located on the laser tracker and the
object under test each measures two perpendicular tilt angles and to the gravity vector, then it
is possible to rotate the object under test to align the two gravity vectors, again using rotation
methods that are well known to one of ordinary skill in the art. The ambiguity in the rotation
angle about the gravity vector can be removed since there is only possible rotation about the
gravity vector that provides that proper correspondence between the local x axis of the object
under test and the x axis as defined by the CAD model. This method will work as long as the
three dimensional coordinates of the two retroreflector target points, as measured by the laser

tracker, do not form a line that coincides with the gravity vector.

[0073] Another way of viewing the transformation between frames of reference is to
consider the number of degrees of freedom provided by the measured values. For example,
when the laser tracker measures a first retroreflector target point, it is said to have constrained
the possible movement of the object under test by three degrees of freedom because a first,
second, and third degree of freedom corresponding to x, y, and z coordinates have been
established for a point on the object under test. Physically, this constraint fixes the location
of the measured point in space but allows the object under test to rotate in any orientation
about this point. When the laser tracker measures the second retroreflector target point, it is
said to have constrained the possible movement of the object under test by an additional two
degrees of freedom because the object under test no longer has the ability to rotate in any of
three orientational angles but instead is constrained to rotate about the line connecting the
first and second retroreflector target points. Hence the three degrees of orientational freedom
have been reduced to one orientational degree of freedom. The first measured point
constrained three translational degrees of freedom, and the second measured point
constrained two orientational degrees of freedom for a total constraint of five degrees of
freedom. Since there is one unconstrained degree of freedom in this case, the total of the

constrained and unconstrained degrees of freedom is six.

[0074] For the case in which inclinometers on the laser tracker and the object under
test each measure two angles of tilt relative to the gravity vector and the laser tracker
measures the three dimensional coordinates of just one target point, there is not enough
information to fully constrain the object under test. The two inclinometers constrain two
angles but provide no information on rotation of the object under test about rotation about the

gravity vector. In other words, the two inclinometers constrain two degrees of freedom. The
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three dimensional coordinates of the single target measured by the laser tracker provides
constraint of three degrees of freedom, for a total constraint of five degrees of freedom. Since
six degrees of freedom are needed for complete constraint, the measured values do not

provide complete constraint, and the object is free to move around the gravity vector.

[0075] For the case in which inclinometers on the laser tracker and the object under
test each measure two angles of tilt relative to the gravity vector and the laser tracker
measures the three dimensional coordinates of two target points, there is enough information
to fully constrain the object under test as long as the two target points do not establish a line
along the direction of the gravity vector. By performing this measurement, the object under
test 1s said to be constrained in six degrees of freedom as long as the two target points do not

lie along the direction of the gravity vector.

[0076] For the case in which the two vectors lie along the gravity vector, the object
under test is said to be constrained by five degrees of freedom since there is not enough
information to determine the orientation of the object under test about the gravity vector.
Note that the number of degrees of freedom cannot be determined by simply adding the
number of degrees of freedom that would be obtained by individual measurements. For
example, measurement of a single point constrains three degrees of freedom, but the
measurement of two points constrains five degrees of freedom, not six degrees of freedom.
Also notice that the two angular degrees of freedom provided by the inclinometers on the
laser tracker and the object under test do not add to the five degrees of freedom obtained by
the laser tracker measurement of the two retroreflector target points to obtain six or seven
degrees of freedom. This is because the two degrees of freedom provided by the
inclinometers do not correspond to a basis set that is independent of the basis set of the two
target points measured by the laser tracker. In other words, complete constraint of a single
rigid body requires constraint of three translational degrees of freedom (e.g., X, y, z) and three
orientational degrees of freedom (e.g., pitch, roll, and yaw angles). In the case considered
above, there is no constraint for rotation about the gravity vector (often called the yaw angle).
In this application, the term degrees of freedom should be understood to mean independent

degrees of freedom.

[0077] It should be understood that the targets viewed by the cameras on the laser
tracker may be in a region beyond the field of view (FOV) of the cameras by rotating the

azimuth and zenith axes of the laser tracker. For example, the FOV of one of the cameras on
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the laser tracker may be 30 degrees in the azimuth direction. However, the azimuth axis of
the tracker may be rotated by 360 degrees, thus increasing the effective FOV of the camera to
360 degrees.

[0078] Embodiments of the present invention allow an operator with limited training
on the measurement system (e.g., laser tracker, target tooling, SMRs or other laser tracker
targets, computer system, measurement system software and optionally a remote control or
handheld device connected to the measurement software) optionally to follow a series of
prompts and instructions via a computer (e.g., the general purpose computer 60) to set up the
laser tracker, optionally to place the SMRs in the required tooling on the part to be measured,
and optionally to define the area of interest to be measured. The measurement system may

then automatically measure the target points and produce the results.

[0079] An embodiment of the present invention that helps enable simpler and faster
measurements for the operator is a method in which the laser tracker points the light beam at
a desired measurement location on the object to prompt the operator to place an SMR at the
desired location. For example, the operator might be prompted to place a retroreflector target
in a magnetic nest on an object under test. As another example, a retroreflector may be
located in the wrong position, and the operator may be prompted by the light beam from the
laser tracker to move the misplaced target to the correct location. The prompting might do
this, for example, by moving the light beam sequentially from a first position containing the

misplaced target to a second position where the target is to be placed.

[0080] The guidance given by the light beam from the laser tracker may also have an
advantage during a setup phase in which the operator places SMRs in specified locations
while the laser tracker measures the three dimensional coordinates of the target positions.
This advantage is seen when the nominal dimensions given on a CAD model do not
correspond to the actual dimensions of an object under test. If the accurate three dimensional
locations of the target points are determined during setup, measurement time and errors

occurring later in the process may be decreased.

[0081] The directing of the actions of the operator by pointing of the light beam can
help eliminate errors. For example, a test plan within software for a laser tracker test may
indicate that the operator is to measure points in a particular order. The results of such

measurements may be saved and used to obtain a desired relationship — for example, a
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relationship between two frames of reference, a length between two lines, or the angle
between two planes. If the operator has measured the initial points in the wrong order or has
measured the wrong points, then the software may fail to solve for the desired values or get

the wrong answers.

[0082] In the cases described thus far, the operator is directed to place a retroreflector
target in a fixed location, which might be a magnetic nest or a tooling hole, for example.
However, there is another important case in which the operator measures a surface profile.
Such a surface profile might be measured to determine the flatness of a surface or the
diameter of a sphere, for example, or two surfaces might be measured to determine the angle
between the surfaces. As another example, an operator might measure a portion of a tool
being built for use in assembling automobiles or airplanes. The laser tracker might be used to
measure the surface profile to see whether the profile is within the design tolerances. If not,
the operator might be directed to modify the tool in an appropriate manner — perhaps by
abrading material from a region, for example. In all of these cases in which the SMR is used
to measure the profile of a surface, the software that controls the laser tracker may greatly
simplify and speed the procedure by the operator by indicating the region that is to be
scanned. It may do this by causing the laser tracker to direct the light beam to delimit the
areas the operator is to scan. Alternatively, it might trace the actual path the operator is to

follow during the scan.

[0083] The laser tracker may also be used to assist in the assembly of complex
structures. For example, it may be necessary to affix a number of components to the cockpit
of an aircraft. In many cases, a cost effective way to do this is to point a light beam to instruct
the assembler to drill holes or perform other operations at the appropriate locations. After the
components have been attached, the operator may be instructed to scan the profile of the
installed items to confirm that the installation has been made properly. To facilitate this
measurement, one or more cameras may be used to identify retroreflectors on the object
under assembly. These retroreflectors would be used to move the laser tracker into the frame
of reference of the object under assembly, which would then enable the laser tracker to direct

the activities of the assembler using the light beam from the tracker.

[0084] The one or more cameras on the laser tracker have the ability to measure all of
the retroreflector targets within a large effective FOV by rotating the azimuth and zenith

axes, as explained hereinabove. If the only targets accessible to the laser tracker are those on
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the object under test, the laser tracker can automatically determine, by viewing the
retroreflector targets, the region of space to be measured. On the other hand, if targets occupy
several objects, not all of interest to the current measurement, it may in some cases be
necessary for the operator to indicate the region that is to be measured. In an embodiment, the
operator may indicate the region to be measured by using a retroreflector to delimit the region
of interest. The operator may do this, for example, by making four consecutive movements of
the retroreflector target to indicate the upper, lower, left, and right extent of the region. In
another embodiment, the operator may manually move the payload (or equivalent structure)
of the laser tracker to point the light beam in the upper, lower, left, and right edges of the
region of interest. The operator may be instructed to carry out these movements by software
that controls the laser tracker, or the operator may give gestures to give this information
without being directed to do so by the computer program. Such gestures may include, for
example, movement of a retroreflector target in predetermined patterns within specified time
intervals. As another example, the operator may indicate the desire to delimit a region by
grabbing the payload and moving the light beam from the laser tracker directly downward.
The operator could follow this initial movement by moving the payload to delimit the upper,
lower, left, and right edges of the desired measurement region. In other cases, it may be
possible for the software that controls the laser tracker to perform a target matching
procedure in which the software identifies a collection of retroreflector targets in

correspondence to a CAD model or to a list of three dimensional coordinates of targets.

[0085] In discussions above, the benefits of having the laser tracker using the light
beam to assist the operator in performing measurements has been emphasized. Now the
benefits of completely automating a measurement are considered. One potential benefit is
that, because of the speed with which a fully automated measurement can be performed,
additional targets may be added to the object under test without increasing the test time. By
providing more points in each set of data, the software may more quickly determine the
desired geometrical characteristics of the object under test with fewer potential errors. Also,
by measuring sets of points without having the user manually move the SMR, the chance of
having the object get shifted during the measurement session are reduced. This in turn

reduces the chance of measurement errors.

[0086] A potential advantage of a fully automated measurement is that the order in

which measurements are made can be optimized. In the case in which there are a large
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number of target positions on an object under test, an operator may measure the target
positions according to relative proximity of the points since this is the fastest procedure for
manual measurement. In a fully automated procedure, on the other hands, measurements may
be performed in an order which produces the most accurate and robust measurement results.
For example, two points on a datum line may be on opposite sides of a large object under test.
An automated test procedure can measure these widely separated datum points one after the

other, thereby avoiding drift and getting the most accurate measurement results.

[0087] Another potential advantage of automatic measurement is the possibility of
automatic refit. It is often desirable to periodically measure the characteristics of tools used in
the manufacture of products. Such periodic measurements help ensure that the tool has not
gotten bent, that the targets have not moved, and so forth. If an object under test has gotten
bumped, then during a periodic measurement this will be noticed by the software that
controls the laser tracker. The software may in response invoke an automatic refit procedure
in which the new location of the bumped target is re-established. The automatic refit
procedure may also reduce the requirement for rigid mounting to hold the object rigidly on
the tool. Reduced rigidity requirements results in reduced costs for building and operating a

very accurate, repeatable tool.

[0088] Another example of automatic refit is for the case in which the object under
test is on an assembly line. Such an object will probably not be in exactly the same location
after it has completed a circuit and has returned to the laser tracker for an inspection. The
laser tracker can measure the reference points to re-establish the relationship the frame of

reference of the laser tracker and the frame of reference of the object under test.

[0089] One capability made possible by the automated measurements described
above is the setting of a desired accuracy value, possibly by the user, to drive specific
operations and set thresholds for alerts and alarms. For example, the value set for desired
accuracy can drive: (1) the frequency and tolerance on stability checks; (2) self-compensation
versus full pointing comp requirement; (3) the frequency and tolerance of self-compensation;
(4) the threshold for number of measurement samples per point measured; (5) ambient
temperature change limits before compensation checks; (6) tolerance for acceptable results of

alignments and position moves; and (7) the frequency and tolerance of drift checks.
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[0090] Alternatively, each of these values can be set individually. A matrix of values
can be set based on different applications and operating conditions and these could be saved

and recalled as measurement profiles.

[0091] An example is now considered in which a setup procedure includes
cooperation by the operator rather than complete automation. For the desired measurement
locations, the laser tracker 10 aims at a desired position on the object to place an SMR. In a
first embodiment, the operator holds the SMR in hand while placing the SMR in the light
beam, thereby enabling the beam to lock onto the SMR. After the SMR is put onto the object
(e.g., on a magnetic nest), the laser tracker measures the three dimensional coordinates and
moves the light beam to the next target position. In a second embodiment, the operator places
the retroreflector immediately on the object, which might be on a magnetic nest, for example.
If the light beam does not immediately lock onto the retroreflector, the operator gives a signal
by, for example, passing a hand in front of the retroreflector target, thereby causing the target
to flash in the view of the camera. The tracker searches for the SMR and quickly measures
the SMR location. The tracker then advances to the next nominal point to guides the operator
as to where to place the target on the object. A third embodiment is like the second
embodiment except that the laser tracker does not do a search if the target is not immediately
found. Instead, when the operator passes a hand in front of the retroreflector target, the laser
tracker directs the light beam to the next target location. During an initial setup, it may be
acceptable to make all of the measurements relatively quickly by limiting each measurement

time to about 0.1 second, for example.

[0092] A large number of retroreflector targets, which may exceed 100, may be used
to measure points on a tool. In some instances, the operator may wish to put on only a portion
of the retroreflectors at a time (e.g., 25 retroreflectors at time) to save money on the purchase
of retroreflectors. A measurement cycle is defined as the cycle over which the available
retroreflector targets (e.g., 25 targets) are located on the tool and measurements are

performed by the laser tracker.

[0093] If the SMRs are not already affixed to the object under test, the operator places
the SMRs on the object either manually or by using the guidance provided by the laser
tracker 10. The tracker may then conduct a stability and reference system check. The stability
check may be conducted by measuring one or more points. In an embodiment, the tracker

measures two or more points at the extreme boundaries of the measurement volume along
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with one point nearest the center of the volume. The laser tracker 10 automatically takes a
series of points with shorter and progressively longer duration (more samples) to determine
the optimal number of samples to achieve the desired accuracy (the operator sets this number
in the system). The systems setting for samples per point are set to this value. The system will
have the option to recheck the stability after a certain period of time, a number of points
measured or at the beginning and/or end of each cycle. After the reference points (minimum
of three) have been measured the first time, they can be re-measured at the end of the cycle to
check movement or at the beginning of each cycle to re-orient the laser tracker to the part to
correct for any movement of the object that may have been introduced by the operator while
moving the SMRs. A simpler and faster method for checking possible movement is to place a
single point on the object and a second point somewhere else; e.g., on the floor. These
positions will have SMRs in them all the time and the measurement system can periodically
check them throughout the measurement session. One way is to check at specific intervals
during the measurement session in addition to the beginning and end of each cycle. A
minimal implementation would to measure these drift points at the beginning and end of each

measurement session.

[0094] The measurement system automatically measures all of the required points per
the system settings. The laser tracker’s user lights can flash a pattern of LEDs after each point
is measured to alert the operator as to a passing or failing point. If a point fails, the operator
can pause the automatic measurements by waving a hand in front of any target in the
tracker’s FOV. The camera system will register the break in the flashing of a single target
produced in response to the flashing light source 54 and pause the measurements. The
operator can hold a hand in front of the out-of-tolerance point so that it can be adjusted. The
laser tracker then aims at the desired point. A digital readout guides the operator to adjust that
portion of the tool that is out of tolerance. When the adjustment is complete, the operator may
give another gesture (e.g., moving a hand in front of the SMR) to command the laser tracker
to re-measure the point and continue measuring the rest of the points. By either flagging the
SMR or physically moving the azimuth or zenith axis of the systems, it will be possible to
execute the full measurement process so that the operator does not need to use a remote

control, mouse or keyboard.

[0095] Referring to FIGs. 5 and 6, there illustrated are perspective views of the laser

tracker 10 of FIGs. 1 or 2 in first and second orientations, respectively, with respect to an
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object 500 to be measured with the laser tracker 10 automatically taking measurements of
various target points 26 (e.g., SMRs 26) on the object 500. The object 500 can be any type of
relatively large object, such as a carriage that is part of an assembly line for automobiles.
However, this is purely exemplary; the object 500 can be any type of tooling or finished
product. As discussed hereinabove, the object 500 has multiple target points 26, for example
SMRs 26, placed on the object 500 at various locations in accordance with embodiments of
the present invention. SMRs may also be placed on the assembly being held by the object
500.

[0096] FIG. 5A illustrates a number of SMRs 26 at various locations on the object
500. Also shown is the laser tracker 10 having its laser beam 46 pointed at a number of these
SMRs 26. In addition, a cone 510 illustrated that represents the field of view of the one or
more cameras 52, 58 of the laser tracker 10 as the camera(s) are viewing a portion of the

object 500.

[0097] FIG. 5B is similar to FIG. 5A but now the laser tracker 10 is turned with
respect to the object 500 and also some of the SMRs 26 on the object 500 at specific locations
in FIG. 5A have been moved to other locations on the object 500 in FIG. 5B. Also, the cone
of the field of view of the camera(s) 52, 58 is in a different orientation with respect to the
object 500. This enables the camera(s) 52, 58 to capture other additional target points 26 on
the object 500. The movement of the target to two different positions may be achieved in
either of two ways. In an assembly line, the carriage may move a short amount to allow the
change in laser tracker perspective as seen in FIGs. 5 and 6. For a stationary tool, the laser
tracker may be moved to enable measurement of points that might be otherwise hidden from

view.

[0098] Due to the size of the object 500 being measured and the accuracies that may
be desired, the ambient temperature of the object 500 could become a source of measurement
error if not addressed. For example, metal structures may expand as they get warmer. Also,
the nominal values of the object (e.g., the CAD file) are often set at the temperature of a
controlled room in the range of 20 degrees C or 68 degrees F. If the object being measured is
warmer than this it will be physically larger. It is common practice to adjust for this
difference by applying a scale factor to the measurement job and adjusting the measurement
data back to the design temperature by knowing the part material and temperature or by

measuring reference points and applying a scale factor when transforming the job.
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[0099] In an automated measurement session, where reference points 26 are being
used and measured, the operator may indicate by a setting in the software to always apply a
scale factor when transforming the job. The problem with this practice is that if the geometry
of the object is changed, bent, etc., the automatic scale method will reduce this error by
changing the scale of the job. A second method may be to use a material sensor placed on the
object and have the operator enter the coefficient of expansion or material type and the
system can determine scale based on these inputs. However, a preferred method by which an
automated system may operate is to compare the two methods and alert the operator if any
variation exceeds the desired system accuracy. The operator would place one or more
material sensors on the object. The system can check the ambient temperature via an internal
tracker sensor or an external sensor. If the difference is great enough to cause the part to
expand or contract during the measurement session, the system would alert the operator to
allow the object to soak in the environment and delay the measurement until the object
temperature stabilizes. The measurement job may include the material type and/or the
coefficient of expansion of the material. The system measures the reference points on the

object and compares their values to nominal or desired values.

[0100] During the transformation process the system calculates the scale factor based
on the transformation of measured to nominal and calculates scale based on the material type
and material temperature sensor. If there is an unacceptable difference between the two scale
calculations the operator will be alerted and the measurement session is halted. This
difference may indicate that one of the following conditions has happened and the system
may not be able to measure the job as expected; (1) the material temperature sensor(s) and/or
the air temperature sensor(s) may be defective and producing the wrong values; (2) or the
more common cause may be that the object is geometrically deformed to the point where the
reference points 26 are no longer at the design location on the object. This is relatively
difficult to detect in current measurement sessions as the automatic scaling tends to hide these
errors and introduce uncertainties or errors across the entire job. If the reference points have
errors, traditionally the entire job will be shifted slightly off nominal and this can cause some
points to fail incorrectly. If the highest accuracy is desired, additional checks can be
performed by the system during the measurement session to minimize expansion or

contraction of the part.
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[0101] The relatively most automatic system may be to use the stereo cameras 52 on
the laser tracker 10 to determine depth and position to estimate the location of the SMRs 26.
In an embodiment, the operator places the SMRs 26 on the object 500 and manually aims
them in the direction of the laser tracker 10. The operator indicates the desired measurement
volume by manually moving the azimuth and zenith axes of the tracker 10 to the relatively
extreme points of the measurement volume as prompted by the software. The software
prompts the operator to move the tracker head and laser beam 46 to the furthest right point;
the operator then moves the tracker head. When the movement is stable for a specified
amount of time (e.g., two seconds), the system records the location. The software prompts the

user to move the tracker head to the furthest left, top and bottom of the intended volume.

[0102] If the indicated volume exceeds the range of the widest field of view of the
camera system 52 on the tracker 10, the tracker then executes a programmed sweep/survey of
the entire volume looking for SMRs 26 or targets. This programmed sweep/survey will be
repeated as required throughout the measurement session to monitor the status of the SMRs
or look for user input to the system. Using the stereo cameras 52 the laser tracker 10
estimates the XYZ location for every point within the measurement volume. The
measurement system software calculates a first approximation on the transformation between
the tracker and the set of points. The tracker then aims at the desired points. If any points are
not visible from the measurement set, the tracker 10 flashes an error with the LEDs on the
front of the tracker (not shown) and then aims at the location where the target 26 is missing,
miss-aimed or obscured by another object. The tracker can move in a fixed pattern to make
the location more visible for the operator. Once the point is corrected, the operator can flag
the SMR 26 and the system will know to measure the location and proceed with the process.
Again automatically, the tracker 10 aims at and uses the camera system 52 or traditional

search system to lock onto and measure each target 26.

[0103] As stated in the previous paragraph, when pointing a light beam toward a
target location, it can sometimes be a good idea to move the light beam in a pattern rather
than pointing it at a fixed angle. Consider, for example, the case in which a magnetic nest is
located off the top of an object under test. In this instance, a light beam pointed directly
toward the target location (i.e., the center of the retroreflector target when placed in the

magnetic nest) may be invisible to the operator since it may pass by the object without
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striking anything in its path. By moving the light beam in a pattern, the desired position of the
SMR can be made visible.

[0104] If the laser tracker 10 is equipped with one or more wide field of view
(WFOV) cameras and one or more narrow field of view (NFOV) cameras, the system can
locate the general position of the SMR 26 with the WFOV camera and aim at the point 26. If
the laser beam 46 does not hit the center of the target 26 close enough to enable the tracking
system to lock onto the target, one or more of the following processes can be executed. (1)
The tracker can reevaluate the position from the WFOV camera(s) and aim again at the
stationary point. (2) The tracker can switch to the NFOV camera(s) and recalculate the
optical center of the target and aim at this calculated center and attempt to acquire the target
with the tracking system. (3) If the tracker is equipped with an optical zoom function on the
NFOV camera(s) and the NFOV camera(s) cannot see the target after changing from the
WEFOYV cameras (the WFOV position calculation caused the tracker to aim at a position that
has enough error that the NFOV camera(s) cannot see the SMR), the NFOV camera can
zoom out to the point where the target is visible and then calculate the optical center and

properly aim the tracker.

[0105] Any of these processes can be repeated until the target is re-acquired, the
advantage is that using the combination of the WFOV and NFOV cameras (referred to as the
camera system herein) can be faster than the traditional aim and search method using the

laser beam and position sensor.

[0106] In other embodiments of the present invention, another measurement
procedure may be to compare, under the direction of software, measurement results to
allowable tolerances. The laser tracker 10 may compare the nominal (CAD model)
dimensions between target points on a tool and the dimensions as measured by the laser
tracker. If the error between a nominal dimension and a measured dimension exceeds a
tolerance value, the tracker may take action. This action may be as simple as re-measuring
the points or measuring the points for a longer time. The tracker may also perform a two-face
measurement to ensure that the problem is not with tracker accuracy. In the alternative, the
action taken by the tracker may be to send the operator an error message, sound a beep, flash
a light, or even shut down the production line until the operator checks the stability, makes an

adjustment, or replaces a defective target, for example.
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[0107] Embodiments of the two-face test are described in U.S. Patent No. 7,327,446
(‘446) to Cramer et al., which is incorporated by reference in its entirety. The tracker 10
makes a two-face measurement of one or more target points 26. If the two-face error obtained
exceeds the specified value (for example, as given in the manufacturer’s data sheet), a further
step might be for the tracker to carry out a compensation procedure to improve tracker
performance. There are two types of compensation procedures that are most commonly
carried out (although other procedures are possible). These two procedures are the self-
compensation procedure described in the ‘446 patent and the pointing compensation
procedure. The pointing compensation procedure includes making a number of two-face
measurements by pointing at targets that may be mounted on the floor, on pedestals, or on an
object. After collecting the data from the pointing compensation, the tracker automatically

corrects its internal parameters, thereby improving its measurement accuracy.

[0108] Another measurement procedure might be to check for stability of
measurements over time. For example, the tracker may measure a target point on a floor and
another target point on the tool. If the relative positions of these two target points change over
the course of a measurement, the tracker may send the operator a warning. Similarly, the
tracker may measure the distance between three points on a tool, and then come back at the
end of the measurement and measure these three points again. If the relative positions of
these points change, the validity of the entire measurement is called into questions, and

additional measurements may be required.

[0109] Although the discussion has mostly treated the case in which the one or more
cameras are located on the payload of the laser tracker, it will understood by one of ordinary
skill in the art that such cameras may be located internally to the laser tracker (e.g., coaxial
with the optical axis of the laser tracker), located on the azimuth carriage 14 of the laser

tracker 10, or entirely off the laser tracker.

[0110] FIG. 6 is a block diagram depicting a dimensional measurement electronics
processing system 1500 that includes a laser tracker electronics processing system 1510,
peripheral elements 1582, 1584, 1586, computer 1590, and other networked components
1600, represented here as a cloud. Exemplary laser tracker electronics processing system
1510 includes a master processor 1520, payload functions electronics 1530, azimuth encoder
electronics 1540, zenith encoder electronics 1550, display and user interface (Ul) electronics

1560, removable storage hardware 1565, radio frequency identification (RFID) electronics,
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and an antenna 1572. The payload functions electronics 1530 includes a number of
subfunctions including the six-DOF electronics 1531, the camera electronics 1532, the ADM
electronics 1533, the position detector (PSD) electronics 1534, and the level electronics 1535.
Most of the subfunctions have at least one processor unit, which might be a digital signal
processor (DSP) or field programmable gate array (FPGA), for example. The electronics
units 1530, 1540, and 1550 are separated as shown because of their location within the laser
tracker. In an embodiment, the payload functions 1530 are located in a payload, while the
azimuth encoder electronics is located in the azimuth assembly and the zenith encoder
electronics 1550 is located in the zenith assembly.

[0111] Many types of peripheral devices are possible, but here three such devices are
shown: a temperature sensor 1582, a six-DOF probe 1584, and a personal digital assistant,
1586, which might be a smart phone, for example. The laser tracker may communicate with
peripheral devices in a variety of means, including wireless communication over the antenna
1572, by means of a vision system such as a camera, and by means of distance and angular
readings of the laser tracker to a cooperative target such as the six-DOF probe 1584.

[0112] In an embodiment, a separate communications bus goes from the master
processor 1520 to each of the electronics units 1530, 1540, 1550, 1560, 1565, and 1570. Each
communications line may have, for example, three serial lines that include the data line, clock
line, and frame line. The frame line indicates whether or not the electronics unit should pay
attention to the clock line. If it indicates that attention should be given, the electronics unit
reads the current value of the data line at each clock signal. The clock signal may correspond,
for example, to a rising edge of a clock pulse. In an embodiment, information is transmitted
over the data line in the form of a packet. In an embodiment, each packet includes an address,
a numeric value, a data message, and a checksum. The address indicates where, within the
electronics unit, the data message is to be directed. The location may, for example,
correspond to a processor subroutine within the electronics unit. The numeric value indicates
the length of the data message. The data message contains data or instructions for the
electronics unit to carry out. The checksum is a numeric value that is used to minimize the
chance that errors are transmitted over the communications line.

[0113] In an embodiment, the master processor 1520 sends packets of information
over bus 1610 to payload functions electronics 1530, over bus 1611 to azimuth encoder

electronics 1540, over bus 1612 to zenith encoder electronics 1550, over bus 1613 to display
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and Ul electronics 1560, over bus 1614 to removable storage hardware 1565, and over bus
1616 to RFID and wireless electronics 1570.

[0114] In an embodiment, master processor 1520 also sends a synch
(synchronization) pulse over the synch bus 1630 to each of the electronics units at the same
time. The synch pulse provides a way of synchronizing values collected by the measurement
functions of the laser tracker. For example, the azimuth encoder electronics 1540 and the
zenith electronics 1550 latch their encoder values as soon as the synch pulse is received.
Similarly, the payload functions electronics 1530 latch the data collected by the electronics
contained within the payload. The six-DOF, ADM, and position detector all latch data when
the synch pulse is given. In most cases, the camera and inclinometer collect data at a slower
rate than the synch pulse rate but may latch data at multiples of the synch pulse period.

[0115] The laser tracker electronics processing system 1510 may communicate with
an external computer 1590, or it may provide computation, display, and UI functions within
the laser tracker. The laser tracker communicates with computer 1590 over communications
link 1606, which might be, for example, and Ethernet line or a wireless connection. The laser
tracker may also communicate with other elements 1600, represented by the cloud, over
communications link 1602, which might include one or more electrical cables, such as
Ethernet cables, and one or more wireless connections. An example of an element 1600 is
another three dimensional test instrument — for example, an articulated arm CMM, which
may be relocated by the laser tracker. A communication link 1604 between the computer
1590 and the elements 1600 may be wired (e.g., Ethernet) or wireless. An operator sitting on
a remote computer 1590 may make a connection to the Internet, represented by the cloud
1600, over an Ethernet or wireless line, which in turn connects to the master processor 1520
over an Ethernet or wireless line. In this way, a user may control the action of a remote laser

tracker.

[0116] FIG. 7 is a flow diagram showing steps 700 in an embodiment for measuring
with a system. Step 705 is to provide a system that includes a collection of retroreflector
targets and a laser tracker. The collection of retroreflector targets include at least three
retroreflector targets, a first target, a second target, and a third target, those targets not aligned
in a straight line. The laser tracker is in a first frame of reference, which is shown in FIGs. 1,
5, and 6 as a frame of reference 30. In an embodiment, the origin of the frame of reference of
the laser tracker is at a gimbal point 22 of the laser tracker. The x, y, and z axes of the first

frame of reference are fixed with respect to the tracker surroundings, but are usually
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referenced to tracker characteristics such as directions of rotation. The laser tracker includes a
structure, a first light source, an absolute distance meter, a first angular transducer, a second
angular transducer, a tracking system, a first camera, a second light source, and a processor.
The structure is rotatable about a first axis and a second axis. In an embodiment, the first axis
is an azimuth axis and the second axis is a zenith axis. In an embodiment, the structure is a
payload that holds optical components. In another embodiment, the structure is a mirror that
deflects light to send the light out of the laser tracker in a desired direction. The first light
source, which produces a first light beam, may be a laser, a superluminescent diode, or
another type of light source. The absolute distance meter cooperates with the first light source
to measure an absolute distance. The light from the first light source may be used to measure
the time taken for the light, traveling at the speed of light through air to a retroreflector target
and back to the tracker. The method of measuring the time of flight may include a phase-
measurement method, a pulsed time-of-flight method, or any other type of absolute distance
measurement method. In an embodiment, the first and second angular transducers may be
angular encoders that measure azimuth and zenith angles. The tracking system is used to keep
the first light beam centered on a retroreflector target. A retroreflector has a position about
which a beam of light reflects. For example, in a cube-corner retroreflector, light reflects
symmetrically about the vertex of the cube corner, which is the point about which the three
mutually perpendicular surfaces intersect. In many cases, the point at which light reflects
symmetrically is centered in a sphere. For example, in a type of spherically mounted
retroreflector, the vertex of an open-air cube corner is placed at the center of a steel sphere. In
this case, the tracking system of the laser tracker keeps the first beam of light centered on a
center of the retroreflector target. However, a retroreflector target is not necessarily centered
in a sphere. Rather a retroreflector may be directly attached to an object under test without
placing it in a sphere. In this case, the term “center” is meant to refer to the point of the
retroreflector about which the first beam of light reflects symmetrically, even if it does not
refer to a center of any object. The tracking system of the laser tracker may keep a portion of
the reflected light centered on a position detector within the laser tracker, the position
detector being, for example, a position sensitive detector or a photosensitive array. The laser
tracker includes a first camera, which in an embodiment is mounted on an exterior surface of
a payload of a tracker, the payload capable of rotation about the first axis and a second axis.
In other embodiments, the first camera may be located inside the laser tracker and may view
a scene external to the laser tracker, the scene centered about an optical axis of the laser

tracker. In other embodiments the first camera may be located at other positions relative on or
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within the laser tracker. The first camera includes a first lens and a first photosensitive array.
The first lens produces an image on the first photosensitive array of objects external to the
laser tracker. A second light source, which in most cases is proximate to the first camera,
emits a second beam of light. This light travels to retroreflector targets, which are a part of a
collection of retroreflector targets. A portion of the second beam of light reflects off the
retroreflectors and returns to the first camera, which images the reflected light on the first
photosensitive array. A processor may be located in the laser tracker, in a companion
electrical unit 50, in an external unit 60, or in a combination of locations. The processor may
include a combination of processing elements including microprocessors, digital processing
units, field programmable gate arrays, and memories. The processor is configured to operate

the laser tracker.

[0117] Step 710 is to store a list of nominal coordinates for the first target, the second
target, the third target, and at least one additional point. The nominal coordinates are three-
dimensional coordinates given in a second frame of reference. The second frame of reference
is associated with an object under test or with a structure to which the object under test is
attached. An examples of a second frame of reference 40 is shown in FIGs. 1, 5, and 6. In
general, the x, y, and z axes of the second frame of reference may be rotated with respect to

the x, y, and z axes of the first frame of reference.

[0118] Step 715 is to capture on the first photosensitive array a portion of the light
emitted by the second light beam and reflected off the first target, the second target, and the
third target.

[0119] Step 720 is to obtain spot positions on the photosensitive array from the
portion of light reflected off the first target, the second target, and the third target. The spot
positions may, for example, be centroids of the spots for the first target, the second target, and

the third target.

[0120] Step 725 is to determine a correspondence between a first spot position, a
second spot position, and a third spot position on the first photosensitive array and the
nominal coordinates of the first target, the second target, and the third target, respectively.
Such a correspondence may be obtained in a variety of ways, for example, according to the
methods of described in the claims herein below. One such method includes observing the

possible correspondences within an allowable range of orientations of the second frame of
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reference with the first frame of reference. Another method involves using a triangulation
method with two (stereo) cameras located on the laser tracker. Another method involves
using a single tracker camera but rotating the tracker to two different orientations. With this
method, the two images obtained on the camera photosensitive array are used to determine
the correspondence. Measurements can also be made with the first camera in frontsight and
backsight modes and the images obtained on the first photosensitive array used to determine
the correspondence. The relative positions of first and second frames of reference may be
changed, and the resulting pattern of spots on the first photosensitive array used to determine
the correspondence. For example, the second frame of reference may be associated with a
moving carriage, as shown in FIGs. 5 and 6, so that the first camera can obtain two different
images as at different relative positions of the first and second frames of reference. In an
embodiment, a general mathematical approach that may be undertaken to determine a
correspondence between the first, second, and third spots on a photosensitive array and the
nominal coordinates of first, second, and third targets involves constructing a transformation
matrix to transform coordinates from frame of reference 2 to frame of reference 1 or vice
versa, as discussed hereinabove and in the claims herein below. For an image obtained by a
photosensitive array, the points on the array, may be projected from a location on the
photosensitive array, through a perspective center of the lens, and into object space. In this
way, the spots on a first photosensitive array may be converted into angles. If a second
photosensitive array is available, with a known distance between the first and second
photosensitive arrays, a triangulation procedure may be used to determine the position of
each of the three targets, by methods that are well known to those skilled in the art. If only a
single camera is available, a triangulation method may still be applied by obtaining frontsight
and backsight images since the position of the camera is reversed to the opposite side of the
tracker optical axis in going from frontsight to backsight modes. The distance between the
camera positions in frontsight and backsight modes is known, so that the procedure is
equivalent to a stereo triangulation procedure. Similarly, but rotating the tracker structure to
two different angles (about the first axis, the second axis, or both), two different views can be
obtained, and a method similar to a triangulation procedure may be used, as explained
hereinabove and in ‘033. The method of constraints, in which the approximate relative
orientations between the first and second frames of reference are known does not in general
permit a direct solution for each of the three-dimensional coordinates of the first, second, and

third targets, but in most cases it enables to positions to be localized well enough to draw a
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correspondence between the three spots and the nominal coordinates of the first, second, and

third targets.

[0121] Step 730 is to direct the first beam of light to the first target based at least in
part on the nominal coordinates of the first target and the first spot position and to measure
the three-dimensional coordinates of the first target using the absolute distance meter, the first
angular transducer, and the second angular transducer. As explained in step 720, some of the
methods of obtaining correspondences yield three-dimensional coordinates with respect to the
first frame of reference so that directing the laser beam to the first, second, and third targets is
straightforward. In the case in which the directions are based on the constraints between the
first and second frames of reference, the optimal directions to the first, second, and third
targets may not be known to high precision; however, a direction can be obtained by
assuming a distance to the target. The resulting direction is generally close enough to the
optimal direction to enable the target to be captured, for example, by means of the methods
describe in claims herein below. The measured three-dimensional coordinates are in the first

frame of reference, which is the frame of reference of the laser tracker.

[0122] Step 735 is the same as step 730, only applied to the second target rather than
the first target. Step 740 is the same as step 735, only applied to the third target rather than
the first target.

[0123] Step 745 is to determine three-dimensional coordinates of the at least one
additional point in the first frame of reference based at least in part on the measured three-
dimensional coordinates of the first target, the second target, the third target, and the nominal
coordinates of the at least one additional point. This is a mathematical step, which may be
carried out, for example, by obtaining a transformation matrix that enables calculation of any
nominal coordinate (three dimensional coordinate within the second frame of reference) into
a three-dimensional coordinate within the first (tracker) frame of reference. The three-
dimensional coordinates obtained in steps 725, 730, and 735 are sufficient to determine the

transformation matrix, using methods that are well known to those skilled in the art.

[0124] Step 750 is to store the three-dimensional coordinates of the at least one
additional point. The coordinates may be stored in electronic readable media, in a computer
memory, or in a microprocessor, for example. Step 755 is the end of the method having the

steps 700.
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[0125] FIG. 8 is a flow diagram showing steps 800 in an embodiment for measuring
with a system. The steps of 800 follow at point A, labeled 755, in FIG. 7. Step 805 is to direct
a light beam to the at least one additional point. The laser tracker may carry out this step

automatically.

[0126] Step 810 is to place a selected retroreflector target to intercept the first light
beam. One way to do this is for the operator to move a handheld selected retroreflector target
into the first beam of light. A second way to do this is to place the selected retroreflector
target on a nest, for example, a magnetic nest, mounted on an object under test. If the three-
dimensional coordinates of the at least one additional point is the known accurately enough,
the first laser beam will be directed well enough that at least a portion of the beam will be

captured by the clear aperture of the selected retroreflector target.

[0127] Step 815 is to direct the first light beam to the center of the selected
retroreflector target. This step is performed by the tracking system of the laser tracker. Step
820 is to measure three-dimensional coordinates of the selected retroreflector target using the

absolute distance meter, the first angular transducer, and the second angular transducer. The

method 800 ends with step 825.

[0128] FIG. 9 is a flow diagram showing steps 900 in an embodiment for measuring
with a system. The steps of 900 follow at a point A, labeled 755, in FIG. 7. Step 905 is to

direct the first light beam to the at least one additional point.

[0129] The step 910 is to move the first light beam in a first pattern in space, the first
pattern proximate to the at least one additional point. Such a first pattern is usually referred to
as a search pattern. As an example, the light beam may begin at an initial position and then

move in a spiral pattern outward.

[0130] Step 915 is to detect the light beam with the tracking system of the laser
tracker. This may occur when a portion of the first beam of light reflected off a retroreflector
strikes a position detector. This detecting of light by the position detector indicates that the

first light beam has intercepted the clear aperture of the retroreflector target.

[0131] Step 920 is to direct the first light beam to a center of the selected

retroreflector target. As explained above, the center in this context refers to a position relative
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to the retroreflector target about which light beams reflect symmetrically. The term center in

this context does not necessarily refer to a physical center of the retroreflector target.

[0132] Step 925 is to measure three-dimensional coordinates of the selected
retroreflector target using the absolute distance meter, the first angular transducer, and the

second angular transducer. The method of step 900 ends with step 930.

[0133] FIG. 10 is a flow diagram showing steps 1000 in an embodiment for
measuring with a system. The steps of 1000 follow at a point A, labeled 755, in FIG. 7. Step
1005 is to provide a third camera and a fourth light source, the third camera including a third
lens system and a third photosensitive array, the third camera having a field of view smaller
than the field of view of the first camera, the fourth light source providing a fourth light

beam.

[0134] Step 1010 is to capture on the third photosensitive array a portion of the light
emitted by the fourth light source and reflected off the first target, the second target, and the
third target. Images of the first target, the second target and the third target were already
obtained with the first camera. Now additional measurements are collected using a third
camera. In some cases, the information obtained from the first camera may be used to steer
the laser tracker to a position enabling the second camera to view the first, second, or third

target.

[0135] Step 1015 is to obtain spot positions on the photosensitive array from the
portion of light reflected off each of the first target, second target, and the third target. Such

spot positions may be obtained, for example, as centroids of each of the spots.

[0136] Step 1020 is to determine a correspondence between a first spot position, a
second spot position, and a third spot position on the third photosensitive array and the
nominal coordinates of the first target, the second target, and the third target, respectively.
The methods for determining a correspondence are the same as those discussed herein above,
but relatively more accurate information provided by the third camera, which has a narrower

field of view than the first camera. The method 1000 ends with step 1025.

[0137] FIG. 11 is a flow diagram showing steps 1100 in an embodiment for
measuring with a system. The steps of 1100 follow at a point A, labeled 755, in FIG. 7. Steps
1105 is to direct the first light beam to a plurality of additional points, the plurality of
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additional points including the first additional point, the plurality of additional points
indicative of actions to be taken by an operator. In this way, the laser tracker is able to direct

the action of an operator.

[0138] FIG. 12 is a flow diagram showing steps 1200 in an embodiment for
measuring with a system. The steps of 1200 follow at a point B, labeled 825, in FIG. 8. Step
1205 is to measure according to an inspection plan. A typical inspection plan may include a
variety of points that are to be measured. Some of the points may be on the surface of an
object, while other points may be in nests. Some of the points may be measured discretely,

while other points are measured in a scan pattern over designated surfaces.

[0139] FIG. 13 is a flow diagram showing steps 1300 in an embodiment for
measuring with a system. The steps of 1300 follow at a point A, labeled 755, in FIG. 7. Step
1305 is to direct the first light beam to the at least one additional point. Step 1310 is to
perform an assembly operation at a position of the first light beam. An assembly operation
may include drilling screwing, sanding, puttying, milling, or any other operation intended to
modify the object or add to the object. For example, the first light beam might indicate a

location on the object for which a hole is to be drilled.

[0140] FIG. 14 is a flow diagram showing steps 1400 in an embodiment for
measuring with a system. The steps of 1400 follow at a point B, labeled 825, in FIG. 8. Step
1405 is to provide an inspection plan having inspection points to be measured by the laser
tracker. Step 1410 is to affix at least one retroreflector target to an object under test. Such a
retroreflector target serves in effect as a drift monument enabling a stability check of the
system. Step 1415 is to provide a maximum allowable movement for the three-dimensional
coordinates of the at least one retroreflector target affixed to the object under test. The
maximum allowable movement is a numerical value provided by the user based on the
required stability. The step 1020 is to measure the three-dimensional coordinates of the at
least one retroreflector target affixed to the object under test, the measuring performed at a
first time and at a second time. The step 1025 is to determine a first change in the three-
dimensional coordinates of the at least one retroreflector target from the first time to the
second time. In a highly stable system, these coordinates will change by a small amount. If
either the object under test or the laser tracker is bumped, the measurements can suddenly
change, thereby introducing errors. Similarly, if the temperature of the environment changes

significantly, the dimensions of the object may change, the performance of the tracker may
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degrade, or the properties of the air through which the first light beam propagates may
change. Any of these changes may degrade the accuracy of measurements. The step 1030 is
to take an action when the first change exceeds the maximum allowable movement. The
action may include measuring at least three retroreflectors on the object under test to re-
establish the three-dimensional coordinates of the inspection points. It may also include
notifying an operator that the first change has exceeded the maximum allowable movement.
This might prompt the operator to re-compensate the laser tracker, check the stability of the
object under test and the laser tracker, or take other steps. The method 1400 ends at step
1435.

[0141] FIG. 15 is a flow diagram showing steps 1700 in an embodiment for
measuring with a system. The steps of 1700 follow at a point A, labeled 755, in FIG. 7. Step
1705 is to provide a maximum allowable discrepancy. This is a value provided by the user.
Step 1710 is to provide a coefficient of thermal expansion (CTE) for the object under test and
a reference temperature. As an example, if the material is steel, a CTE of 11.5
micrometers/meter/°C may be provided. The reference temperature might be the widely used
value of 20 °C. Step 1715 is to place a first reference retroreflector and a second reference
retroreflector on the object under test, there being a first distance between the first reference
retroreflector and the second reference retroreflector at the reference temperature. Step 1720
is to measure a temperature of the object under test. Step 1725 is to calculate a first
temperature difference by subtracting the reference temperature from the measured
temperature of the object under test. Step 1730 is to calculate a scale factor by multiplying
the first temperature difference by the coefficient of thermal expansion. This gives a value in
units of micrometers/meter, for example. In other words, the scale factor is a dimensionless
quantity. Step 1735 is to measure the 3D coordinates of the first and second reference
retroreflectors using the absolute distance meter, the first angular transducer, and the second
angular transducer. Step 1740 is to calculate a second distance extending from the measured
3D coordinates of the first reference retroreflector to the measured 3D coordinates of the
second reference retroreflector. Step 1745 is to calculate a third distance by subtracting the
first distance from the second distance. Step 1750 is to calculate a fourth distance by
multiplying the first distance by the scale factor. Step 1755 is to calculate a discrepancy value
by subtracting the third distance from the fourth distance. Step 1760 is to take an action when
the discrepancy value exceeds the maximum allowable discrepancy, the action being either

issuing an alarm or measuring coordinates from among at least some retroreflector targets
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from among the collection of retroreflector targets and, from this data, re-establishing a frame
of reference for an object. The purpose of the steps 1700 is to check the consistency of
thermal length compensations to directly measured length differences. If the changes in
length do not match, there is the chance that the temperature measurement is not valid, the
CTE value is not given correctly, or there is some other problem. With this problem

identifies, additional steps can be taken.

[0142] As will be appreciated by one skilled in the art, aspects of the present
invention may be embodied as a system, method, or computer program product. Accordingly,
aspects of the present invention may take the form of an entirely hardware embodiment, an
entirely software embodiment (including firmware, resident software, micro-code, etc.) or an
embodiment combining software and hardware aspects that may all generally be referred to

29 <C

herein as a “circuit,” “module” or “system.” Furthermore, aspects of the present invention
may take the form of a computer program product embodied in one or more computer

readable medium(s) having computer readable program code embodied thereon.

[0143] Any combination of one or more computer readable medium(s) may be
utilized. The computer readable medium may be a computer readable signal medium or a
computer readable storage medium. A computer readable storage medium may be, for
example, but not limited to, an electronic, magnetic, optical, electromagnetic, infrared, or
semiconductor system, apparatus, or device, or any suitable combination of the foregoing.
More specific examples (a non-exhaustive list) of the computer readable medium would
include the following: an electrical connection having one or more wires, a portable computer
diskette, a hard disk, a random access memory (RAM), a read-only memory (ROM), an
erasable programmable read-only memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CD-ROM), an optical storage device, a magnetic
storage device, or any suitable combination of the foregoing. In the context of this document,
a computer readable storage medium may be any tangible medium that may contain, or store
a program for use by or in connection with an instruction execution system, apparatus, or

device.

[0144] Any combination of one or more computer readable medium(s) may be
utilized. The computer readable medium may be a computer readable signal medium or a
computer readable storage medium. A computer readable storage medium may be, for

example, but not limited to, an electronic, magnetic, optical, electromagnetic, infrared, or

42



WO 2012/125671 PCT/US2012/028984

semiconductor system, apparatus, or device, or any suitable combination of the foregoing.
More specific examples (a non-exhaustive list) of the computer readable medium would
include the following: an electrical connection having one or more wires, a portable computer
diskette, a hard disk, a random access memory (RAM), a read-only memory (ROM), an
erasable programmable read-only memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CD-ROM), an optical storage device, a magnetic
storage device, or any suitable combination of the foregoing. In the context of this document,
a computer readable storage medium may be any tangible medium that may contain, or store
a program for use by or in connection with an instruction execution system, apparatus, or

device.

[0145] A computer readable signal medium may include a propagated data signal
with computer readable program code embodied therein, for example, in baseband or as part
of a carrier wave. Such a propagated signal may take any of a variety of forms, including, but
not limited to, electro-magnetic, optical, or any suitable combination thereof. A computer
readable signal medium may be any computer readable medium that is not a computer
readable storage medium and that can communicate, propagate, or transport a program for

use by or in connection with an instruction execution system, apparatus, or device.

[0146] Program code embodied on a computer readable medium may be transmitted
using any appropriate medium, including but not limited to wireless, wireline, optical fiber

cable, RF, etc., or any suitable combination of the foregoing.

[0147] Computer program code for carrying out operations for aspects of the present
invention may be written in any combination of one or more programming languages,
including an object oriented programming language such as Java, Smalltalk, C++, C# or the
like and conventional procedural programming languages, such as the “C” programming
language or similar programming languages. The program code may execute entirely on the
user's computer, partly on the user's computer, as a stand-alone software package, partly on
the user's computer and partly on a remote computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be connected to the user's computer
through any type of network, including a local area network (LAN) or a wide area network
(WAN), or the connection may be made to an external computer (for example, through the
Internet using an Internet Service Provider).Aspects of the present invention are described

with reference to flowchart illustrations and/or block diagrams of methods, apparatus
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(systems) and computer program products according to embodiments of the invention. It will
be understood that each block of the flowchart illustrations and/or block diagrams, and
combinations of blocks in the flowchart illustrations and/or block diagrams, may be

implemented by computer program instructions.

[0148] These computer program instructions may be provided to a processor of a
general purpose computer, special purpose computer, or other programmable data processing
apparatus to produce a machine, such that the instructions, which execute via the processor of
the computer or other programmable data processing apparatus, create means for
implementing the functions/acts specified in the flowchart and/or block diagram block or
blocks. These computer program instructions may also be stored in a computer readable
medium that may direct a computer, other programmable data processing apparatus, or other
devices to function in a particular manner, such that the instructions stored in the computer
readable medium produce an article of manufacture including instructions which implement

the function/act specified in the flowchart and/or block diagram block or blocks.

[0149] The computer program instructions may also be loaded onto a computer, other
programmable data processing apparatus, or other devices to cause a series of operational
steps to be performed on the computer, other programmable apparatus or other devices to
produce a computer implemented process such that the instructions which execute on the
computer or other programmable apparatus provide processes for implementing the

functions/acts specified in the flowchart and/or block diagram block or blocks.

[0150] Any flowcharts and block diagrams in the FIGURES illustrate the
architecture, functionality, and operation of possible implementations of systems, methods,
and computer program products according to various embodiments of the present invention.
In this regard, each block in the flowchart or block diagrams may represent a module,
segment, or portion of code, which comprises one or more executable instructions for
implementing the specified logical function(s). It should also be noted that, in some
alternative implementations, the functions noted in the block may occur out of the order
noted in the FIGURES. For example, two blocks shown in succession may, in fact, be
executed substantially concurrently, or the blocks may sometimes be executed in the reverse
order, depending upon the functionality involved. It will also be noted that each block of the
block diagrams and/or flowchart illustration, and combinations of blocks in the block

diagrams and/or flowchart illustration, may be implemented by special purpose hardware-
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based systems that perform the specified functions or acts, or combinations of special purpose

hardware and computer instructions.

[0151] While preferred embodiments have been shown and described, various
modifications and substitutions may be made thereto without departing from the spirit and
scope of the invention. Accordingly, it is to be understood that the present invention has been

described by way of illustrations and not limitation.

[0152] 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 for measuring with a system, the method (700) comprising steps of:

providing the system (705) including a collection of retroreflector targets (26, 27, 28)
and a laser tracker (10), the collection of retroreflector targets including at least three non-
collinear retroreflector targets (27), the at least three non-collinear retroreflector targets
including a first target, a second target, and a third target, the laser tracker in a first frame of
reference (30) fixed with respect to tracker surroundings, the laser tracker having a structure
(15), a first light source, an absolute distance meter (1533), a first angular transducer (1540),
a second angular transducer (1550), a tracking system (1534), a first camera (52, 400), a
second light source (54, 401), and a processor (1520, 50, 60), the structure rotatable about a
first axis (20) and a second axis (18), the first light source producing a first light beam (46)
that cooperates with the absolute distance meter, the first angular transducer measuring a first
angle of rotation (71) about the first axis, the second angular transducer measuring a second
angle of rotation (72) about the second axis, the tracking system configured to move the first
light beam to a center of any retroreflector target from among the collection of retroreflector
targets, the first camera including a first lens system (402) and a first photosensitive array
(404), the second light source providing a second light beam (440), and the processor

configured to operate the laser tracker;

storing a list of nominal coordinates (710) for the first target, the second target, the
third target, and at least one additional point (26, 29), the nominal coordinates being three-

dimensional coordinates in a second frame of reference (40);

capturing on the first photosensitive array (715) a portion of the light emitted by the
second light beam and reflected off the first target, the second target, and the third target;

obtaining spot positions (720, 42)on the photosensitive array from the portion of light
reflected off each of the first target, second target, and the third target;

determining a correspondence (725) between a first spot position, a second spot
position, and a third spot position on the first photosensitive array and the nominal

coordinates of the first target, the second target, and the third target, respectively;
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directing the first beam of light to the first target (730) based at least in part on the

nominal coordinates of the first target and the first spot position;

measuring three-dimensional coordinates of the first target (730) using the absolute

distance meter, the first angular transducer, and the second angular transducer;

directing the first beam of light to the second target (735) based at least in part on the

nominal coordinates of the second target and the second spot position;

measuring three-dimensional coordinates of the second target (735) using the

absolute distance meter, the first angular transducer, and the second angular transducer;

directing the first beam of light to the third target based (740) at least in part on the

nominal coordinates of the third target and the third spot position;

measuring three-dimensional coordinates of the third target (740) using the absolute

distance meter, the first angular transducer, and the second angular transducer;

determining three-dimensional coordinates of the at least one additional point (745) in
the first frame of reference based at least in part on the measured three-dimensional
coordinates of the first target, the second target, the third target, and the nominal coordinates

of the at least one additional point; and

storing the determined three-dimensional coordinates of the at least one additional

point (750).

2. The method of claim 1, further including steps of:

directing the first light beam to the at least one additional point (805);

placing a selected retroreflector target to intercept at least a portion of the first light
beam, the selected retroreflector target selected from among any of the retroreflector targets

in the collection of retroreflector targets (810);

directing the first light beam to a center of the selected retroreflector target (815); and
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measuring three-dimensional coordinates of the selected retroreflector target using the

absolute distance meter, the first angular transducer, and the second angular transducer (820).

3. The method of claim 2, wherein the step of placing the selected retroreflector
target to intercept at least a portion of the first light beam includes one step selected from the

group consisting of:

moving the selected retroreflector target to intercept a least a portion of the first light

beam; and

placing the selected retroreflector target in a fixed nest positioned to intercept at least

a portion of the first light beam.
4. The method of claim 1, further including steps of:
directing the first light beam to the at least one additional point (905);

moving the first light beam in a first pattern in space, the first pattern proximate to the

at least one additional point (910);
detecting the presence of the first light beam by the tracking system (915);
directing the first light beam to a center of the selected retroreflector target (920); and

measuring three-dimensional coordinates of the selected retroreflector target using the

absolute distance meter, the first angular transducer, and the second angular transducer (925).
5. The method of claim 1, further including the steps of:

providing a third camera and a fourth light source (1005), the third camera (58)
including a third lens system and a third photosensitive array, the third camera having a field
of view smaller than the field of view of the first camera, the fourth light source (56)

providing a fourth light beam;

capturing on the third photosensitive array a portion of the light emitted by the fourth
light source and reflected off the first target, the second target, and the third target (1010);

obtaining spot positions on the photosensitive array from the portion of light reflected

off each of the first target, second target, and the third target (1015); and
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determining a correspondence between a first spot position, a second spot position,
and a third spot position on the third photosensitive array and the nominal coordinates of the

first target, the second target, and the third target, respectively (1020).

6. The method of claim 1, wherein the step of capturing on the first
photosensitive array a portion of the light emitted by the second light beam and reflected off
the first target, the second target, and the third target further includes one step selected from

the group consisting of:

positioning the laser tracker on a stand so that the first photosensitive array
simultaneously obtains spot positions for the first target, the second target, and the third

target;

rotating the first camera and the second light source to a plurality of orientations so
that the first photosensitive array obtains some spot positions at some of the plurality of

orientations for the first target, the second target, and the third target; and

moving a selected retroreflector from among the collection of retroreflectors to
delimit a region of space that contains the first target, the second target, and the third target,
the region of space determined by the laser tracker either by tracking the selected
retroreflector target or by following movement of the selected retroreflector target on the first

photosensitive array.

7. The method of claim 1, wherein the step of providing the system including a
collection of retroreflector targets and a laser tracker further includes providing a second
camera and a third light source, the second camera including a second lens system and a
second photosensitive array, the third light source providing a third light beam, the processor
within the laser tracker further configured to calculate three-dimensional coordinates of any
retroreflector targets from among the collection of retroreflector targets, the calculated three-
dimensional coordinates based at least in part on first images on the first photosensitive array
and on second images on the second photosensitive array, the first images and the second
images obtained in response to light emitted by the second light source and the third light
source, respectively, the light from the first light source and the second light source reflected

by retroreflector targets from among the collection of retroreflector targets.
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8. The method of claim 1, wherein the step of determining a correspondence
among the first spot position, the second spot position, and the third spot position on the first
photosensitive array and the nominal coordinates of the first target, the second target, and the

third target, respectively, includes one step selected from the group consisting of:

determining the correspondence based at least in part on a range of allowable relative
orientations between the first frame of reference and the second frame of reference and on the

nominal coordinates of the first target, the second target, and the third target;

collecting, at a first time, a first set of images from the first photosensitive array in
response to illumination of the first target, the second target, and the third target by light from
the second light source; changing one of the first angle of rotation and the second angle of
rotation and collecting, at a second time, a second set of images from the first photosensitive
array in response to illumination of the first target, the second target, and the third target by
light from the second light source; and determining the correspondence among the first spot
position, the second spot position, and the third spot position on the first photosensitive array
and the nominal coordinates of the first target, the second target, and the third target, the

determining based at least in part on the first set of images and the second set of images; and

collecting, at a third time, a third set of images from the first photosensitive array in
response to illumination of the first target, the second target, and the third target by light from
the second light source; changing the position the second frame of reference relative to the
first frame of reference and collecting, at a fourth time, a fourth set of images from the first
photosensitive array in response to illumination of the first target, the second target, and the
third target by light from the second light source; and determining the correspondence among
the first spot position, the second spot position, and the third spot position on the
photosensitive array and the nominal coordinates of the first target, the second target, and the
third target, the determining based at least in part on the third set of images and the fourth set

of images.

9. The method of claim 1, wherein the step of storing a list of nominal
coordinates for the first target, the second target, the third target, and at least one additional
point, the nominal coordinates being three-dimensional coordinates in a second frame of

reference, further includes one of the following steps:

extracting the nominal coordinates from a CAD model; and
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measuring the nominal coordinates with a 3D measurement instrument.

10. The method of claim 1, further including a step of directing the first light
beam to a plurality of additional points, the plurality of additional points including the first
additional point, the plurality of additional points indicative of actions to be taken by an

operator (1105).

11. The method of claim 10, wherein the actions to be taken by the operator

include at least one of:

picking up a selected retroreflector target, the selected retroreflector target designated

by the plurality of additional points;

moving a selected retroreflector target in a direction indicated by the plurality of
additional points, capturing the first light beam with the retroreflector, and measuring the
three dimensional coordinates of at least one point using the absolute distance meter, the first

angular transducer, and the second angular transducer;

observing a pattern formed by the plurality of additional points, capturing the first
light beam with the retroreflector, and measuring three-dimensional points along the pattern;

and

observing a pattern formed by the plurality of additional points, interpreting the points

as a gestural command, and taking action as indicated by the gestural command.

12. The method of claim 1, wherein the step of determining three-dimensional

coordinates of the at least one additional point further includes steps of:

calculating a transformation matrix to transform arbitrary three-dimensional
coordinates in the second frame of reference to arbitrary three-dimensional coordinates in the
first frame of reference, the calculating based at least in part on the nominal coordinates of

the first target, the second target, and the third target; and

calculating three-dimensional coordinates of the at least one additional point based at
least in part on the transformation matrix and the nominal coordinates of the at least one

additional point.
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13. The method of claim 1, wherein the step of providing the system including a
collection of retroreflector targets and a laser tracker includes providing at least one of the
retroreflector targets from among the collection of retroreflector targets with a cube-corner
retroreflector, the cube-corner retroreflector having three reflecting surfaces that are mutually

perpendicular.

14. The method of claim 1, wherein the step of providing the system including a
collection of retroreflector targets and a laser tracker includes providing at least one of the
retroreflector targets from among the collection of retroreflector targets as a spherically
mounted retroreflector, the spherically mounted retroreflector having a cube-corner

retroreflector embedded within a spherical surface.

15. The method of claim 1, wherein the step of providing the system including a
collection of retroreflector targets and a laser tracker includes providing at least one
retroreflector target from among the collection of retroreflector targets as a reflective dot

centered within a spherical surface.

16. The method of claim 2, further including a step of measuring according to an
inspection plan (1205).
17. The method of claim 16, wherein the step of measuring according to an

inspection plan further includes a step of measuring automatically without operator

intervention.

18. The method of claim 16, wherein the step of measuring according to an
inspection plan further includes a step of moving the first light beam to direct an operator to

move the selected retroreflector target to measure according to the inspection plan.

19. The method of claim 16, wherein the step of measuring according to an
inspection plan further includes detecting when an operator has placed the retroreflector
target in a wrong location and directing the operator to move the selected retroreflector target
to a correct location, the laser tracker moving the first light beam to indicate to the operator

the correct location of the selected retroreflector target.

20. The method of claim 1, further including steps of:
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directing the first light beam to the at least one additional point (1305); and

performing an assembly operation at a position of the first light beam (1310).

21. The method of claim 20, wherein the step of performing an assembly

operation includes drilling a hole in the object at the position of the first light beam.

22. The method of claim 2, further including steps of:

providing an inspection plan having inspection points to be measured by the laser

tracker (1405);

affixing at least one retroreflector target to an object under test (1410);

providing a maximum allowable movement for the three-dimensional coordinates of

the at least one retroreflector target affixed to the object under test (1415);

measuring the three-dimensional coordinates of the at least one retroreflector target
affixed to the object under test, the measuring performed at a first time and at a second time

(1420);

determining a first change in the three-dimensional coordinates of the at least one

retroreflector target from the first time to the second time (1425); and

taking an action when the first change exceeds the maximum allowable movement

(1430), the action being one of:

measuring at least three retroreflectors on the object under test to re-establish the

three-dimensional coordinates of the inspection points, and

notifying an operator that the first change has exceeded the maximum allowable

movement.

23. The method of claim 1, further including steps of:

providing a maximum allowable discrepancy (1705);

providing a coefficient of thermal expansion for an object under test (1710);

providing a reference temperature (1710);
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placing a first reference retroreflector and a second reference retroreflector on the
object under test, there being a first distance between the first reference retroreflector and the

second reference retroreflector at the reference temperature (1715);
measuring a temperature of the object under test (1720);

calculating a first temperature difference by subtracting the reference temperature

from the measured temperature of the object under test (1725);

calculating a scale factor by multiplying the first temperature difference by the

coefficient of thermal expansion (1730);

measuring the three-dimensional coordinates of the first reference retroreflector using
the absolute distance meter, the first angular transducer, and the second angular transducer

(1735);

measuring the three-dimensional coordinates of the second reference retroreflector
using the absolute distance meter, the first angular transducer, and the second angular

transducer (1735);

calculating a second distance extending from the measured three-dimensional
coordinates of the first reference retroreflector to the measured three-dimensional coordinates

of the second reference retroreflector (1740);

calculating a third distance by subtracting the first distance from the second distance

(1745);

calculating a fourth distance by multiplying the scale factor by the first distance
(1750);

calculating a discrepancy value by subtracting the third distance from the fourth

distance (1755); and

taking an action when the discrepancy value exceeds the maximum allowable
discrepancy, the action being either issuing an alarm or measuring the three-dimensional
coordinates at least some retroreflector targets from among the collection of retroreflector
targets and, from this data, re-establishing a frame of reference for an object under test

(1760).
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24. The method of claim 16, wherein the step of measuring according to an

inspection plan includes steps of:

obtaining nominal coordinates of a target point, the nominal coordinates derived from
data provided in a computer aided drawing (CAD), the CAD data transformed into the first

frame of reference;

providing the selected retroreflector target as a spherically mounted retroreflector, the
spherically mounted retroreflector having a cube-corner retroreflector embedded within a

spherical surface, the spherical surface having a first radius;

placing the selected retroreflector target at the position of the target point, the
retroreflector target either held against the target point or placed on a magnetic nest

representing the target point;

measuring three-dimensional coordinates of the selected retroreflector target using the

absolute distance meter, the first angular transducer, and the second angular transducer;

calculating the three-dimensional coordinates of the measured target point based at
least in part on the measured three-dimensional coordinates of the selected retroreflector

target and on the first radius;

calculating a first difference in three-dimensional coordinates of the measured target

point and the nominal coordinates of the target point; and
providing an indication of the first difference.

25. The method of claim 24, wherein the step of providing an indication of the
first difference includes providing a warning if the first difference exceeds a first allowable

difference.

26. The method of claim 16, wherein the step of measuring according to an
inspection plan includes steps of performing a two-face test to obtain a two-face error and

providing a warning if the two face error exceeds a maximum allowable two-face error value.

27. The method of claim 16, wherein the step of measuring according to an
inspection plan includes steps of measuring three-dimensional coordinates of two target

points and providing a warning if relative positions of the two target points exceed a
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maximum allowable target change value.
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A method of using a laser tracker having an overview camera,
an absolute distance meter and two angular encoders for
measuring an object marked with at least four
retro-reflecting marks, further comprising the use of the
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