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(57) Abstract: A laser based tracking unit communicates with a target to obtain position information about the target. Specifically,
the target is placed at the point to be measured. The pitch, yaw and roll of the target, and the spherical coordinates of the target
relative to the tracking unit are then obtained. The target can be, for example, an active device incorporated into a moveable device

such a remote controlled robot.
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SIX DIMENSIONAL LASER TRACKING SYSTEM AND METHOD

Backeround of the Invention

Field of the Invention

[0001] In general, the systems and methods of this invention relate to a laser tracking
system. In particular, the systems and methods of this invention are directed toward a six

dimensional (6-D) laser tracking system.

Description of Related Art

[0002] Precision measuring systems have a wide variety of applications. For example, in
robotics, accurate positioning and orientation of a robot is often required. To achieve a high
degree of precision, a robot position measuring system can be used. Such a system typically
uses a laser beam interferometer to determine the position and/or orientation of an end-
effector of the rob;)t. This system can monitor the position and orientation of the robot end-

effector in real-time while providing accuracy, speed and measurement data.

[0003] For example, a Three and Five Access Laser Tracking System is discussed in
Applicant’s Patent No. 4,714,339 and a Five-Access Six-Access Laser Measuring System is
discussed in U.S. Patent No. 6,049,377, both of which are incorporated herein by reference in

their entirety.

Summary of the Invention

[0004] The systems and methods of this invention employ a combination of a tracking
unit and an active target to accomplish six-dimensional laser tracking. In particular, the six

dimensions are pitch, yaw, and roll of the active target, and the spherical coordinates, i.e., the
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2 angles a, 8 and the radial distance, of the target relative to the tracking unit. By using an
active target, the active target coordinates maintain a relatively perpendicular relation to the
incoming beam. Additionally, by employing an absolute distance measurement technique,

absolute ranging is possible.

[0005] In general, the pitch and yaw based measurements can be derived from an encoder
present on the active target. The roll measurements can be based on, for example, a
polarization or an electronic level technique (discussed hereinafter). The absolute distance
measurements (ADM) can be accomplished using, for example, repetitive time of flight

pulses, a pulsed laser, phase/intensity modulation, or the like.

[0006]  Specifically, a repetitive time of flight (RTOF) based system comprises a
photodetector, such as a PIN photodetector, a laser amplifier, a laser diode and a frequency
counter. A first laser pulse is fired to the target. Upon detecting the return pulse, the detector
triggers the laser amplifier and causes the laser diode to fire a second pulse, with the pulses
being detected by the frequency counter. However, it is to be appreciated that the reverse
logic will also work with equal success. The distance (D) of the target from the tracking unit

would then be given by:

D=£(1_Lj
A\f £

such that:
D=0; f=f
where C is the speed of light, f; is a reference frequency and fis the frequency of the pulses.

[0007]  The systems and methods of this invention have various applications. In general,
the systems and methods of this invention allow the monitoring of six degrees of freedom of
an object. For example, the systems and methods of this invention can be used for structural

assembly, real-time alignment and feedback control, machine tool calibration, robotic
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position control, position tracking, milling machine control, calibration, parts assembly, or

the like.

[0008] Additionally, the systems and methods of this invention, using the 6-D tracking
system, lend themselves to use in the robotic arts. For example, the 6-D laser tracking system
can be incorporated into a robot, that is, for example, capable of scaling various objects such
that, for example, precise measurements can be taken of those objects and/or various

functions performed at specific locations on the object.

[0009] In accordance with an exemplary embodiment of the invention, aspects of the

invention relate to a 6-D laser tracking system.

[0010]  An additional aspect of the invention relates to determining roll based on

measurements from a polarized laser head.

[0011]  Additionally, aspects of the invention relate to the design and use of an active

target in conjunction with a tracking unit.

[0012]  Additionally, aspects of the invention relate to the use of the active target on a

robotic device.

[0013]  Additional aspects of the invention also relate to a remotely controlled robot that

incorporates active target technology.

[0014]  These and other features and advantages of this invention are described in or are

apparent from the following detailed description of the embodiments.

Brief Description of the Drawings

[0015] The embodiments of the invention will be described in detail, with reference to the

following figures wherein:

[0016] Fig. 1 illustrates an exemplary 6-D tracking system according to this invention;

INVALD/004.1
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[0017] Fig. 2 is a block diagram illustrating a roll determination system according to this

invention;

[0018]  Fig. 3 is a block diagram illustrating an exemplary pitch, yaw, roll and distance

measuring system according to this invention;

[0019] Fig. 4 is an exemplary remote controlled robot incorporating the active target

system according to this invention;

[0020] Fig. 5 is a cross-sectional view of the remote controlled robot according to this

invention; and

[0021]  Fig. 6 is a flowchart illustrating an exemplary method of taking measurements

according to this invention.

Detailed Description of the Invention

[0022] Fig. 1 illustrates an exemplary 6-D laser tracking system. In particular, the laser
tracking system comprises a tracking unit 100 and an active target 150. The tracking unit 100
emits one or more lasers 110 that communicate with the active target 150 to determine the six -
dimensional measurements which are output on output device 200. In particular, the six
dimensions illustrated are pitch, yaw and roll of the active target and the spherical, and once

converted Cartesian, coordinates of the tracking unit 100.

[0023]  As discussed in Applicant’s previous patents, the pitch, yaw and spherical
coordinate measurements can be based on various technologies. For example, the pitch and

yaw measurements can be based on, for example, a rotary encoder.

[0024] Additionally, the distance measurements can be based on, for example, a pulsed
laser configuration, a repetitive time of flight pulse, phase and/or intensity modulation of the
laser beam, or the like. These various systems can provide absolute ranging of the active
target. Thus, the active target need not be returned to a known position, such as with a

passive target, before distance measurements can commence. Specifically, an absolute

NVALI 1041
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distance measurement technique can be used to determine an approximate initial distance and

then an interferometer based technique used to refine the initial distance measurement.

[0025]  The tracking unit 100 and the active target 150 can be, for example, motorized
units that allow one or more portions of the tracking unit 100 and the active target 150 to
maintain a perpendicular orientation to the incoming laser beam 110 emitted from the
tracking unit 100. Thus, through a combination of rotary encoders and motors that employ
position signals from one or more photodetectors, as discussed hereinafter, the active target is
capable of remaining perpendicular to the incoming laser beam 110. For example, through
the use of a gimbal type mount and corresponding position motors, such as stepping motors,
servo motors and/or encoders, the active target “tracks” the tracking unit 100. Based upon
the relationship of the active target to the incoming laser, the 6-D laser tracking system 101is
able to determine the orientation of the active target. Alternatively, the target can be a
passive device, for example, a hand-held device such as a corner cube, for which a user
would be responsible for maintaining a line of site between the target and the tracking unit

100.

[0026]  The tracking unit 100 is also capable of being miniaturized by incorporating both
the absolute distance measurement and interferometer electronics in, for example, the
gimbaled portion of the tracking unit 100. This provides various exemplary advantages
including reduced weight, reduced size, minimization of external connections, quicker

tracking speeds, and the like.

[0027] The output device 200, éonnected to one or rﬁore of the tracking unit 100 and
target 150 via a wired or wireless link 5, outputs position information about the target 150,
For example, the output device 200 can be a computer, a feedback input for a position control
device, a display, a guidance system, or the like. In general, the output device can be any

device capable of outputting target position information.

[0028]  Additionally, the one or more lasers 110 can be used to communicate position
information about the target 150 back to the tracking unit 100. For example, after an initial

distance is determined, the laser used for the absolute distance measurement can be used for

NYALIIVIS. L
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data communication and the interferometer based laser used for the radial distance
measurements. Alternatively, a dedicated laser can be incorporated into the system that

would allow full time communication between the target and the tracking unit.

[0029]  Fig. 2 illustrates an exemplary system for determining roll in accordance with this
invention. In particular, the system comprises a laser source, such as a laser head, (not
shown) located in the tracking unit 100, a polarized laser beam 210, a polarizing beam splitter
220, a first photodetector 230, a second photodetector 240 and a roll determination circuit

250, such as a differential amplifier.

[0030] Inoperation, the laser source 100 emits a polarized laser beam 210 that is received
by the polarizing beam splitter 220. The polarizing beam splitter splits the incoming beam
into two paths. A first path is directed toward the first photodetector 230 and a second path
of the polarized laser beam 210 is directed toward the second photodetector 240. When the
polarized laser beam encounters the polarizing beam splitter 220, the polarized laser beam
210 is split into horizontally polarized and vertically polarized components as a result of the
properties of the beam splitter 220. The horizontally polarized portion of the beam passes
through the polarized beam splitter 220 to the photodetector 240 that generates an output
signal corresponding to the intensity of the horizontally polarized portion of the beam. The
vertically polarized portion of the beam is directed by the beam splitter 220 onto the
photodetector 230 that also produces a signal corresponding to the intensity of the vertically
polarized portion of the beam. The intensity rﬁeasurements of the photodetectors 230 and 240
can be connected to, for example, the positive and negative inputs, respectively, of a high-
gain differential amplifier 250, which provides an output signal representative of the roll

between the laser source 100 and the active target 150.

[0031]  The polarized laser beam 210 is split into two different polarized portions based
on the exact roll orientation between the tracking unit 100 and the active target 150. At a 45°
roll orientation, the photodetectors 230 and 240 will receive the same intensity. However, as
the active target 150 is rolled in either direction, one of the detectors will receive a greater
intensity of the polarized laser beam than the other. The difference between these outputs is

measured by, for example, the differential amplifier 250, to provide an indication of the roll.

INVALI/IUIT.
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This subtraction operation of the differential amplifier 250 also advantageously compensates
for background and extraneous noise, such as that produced by fluctuations in the beam

intensity and/or background light.

[0032]  Specifically, variations in the beam output, as well as other signal noise that may
be present, can be measured by both the photodetector 230 and photodetector 240. These
variations can be negated by the differential amplifier’s operation. This, for example,

increases the sensitivity and accuracy of the system.

[0033]  The signal representative of the roll can be output to, for example, a computer (not
shown) provided with software that is capable of recording, analyzing or initiating further

action based on the roll measurement.

[0034]  Alternatively, other techniques may be used for roll determination. These
techniques include, but are not limited to, electronic levels, such as pendulum based
techniques, conductive fluid capillary tube techniques, liquid mercury reflective sensors, or,

in general, any technique that allows the roll of the target to be determined.

[0035] Fig. 3 illustrates the exemplary orientation determining components used for the
6-D laser tracking system. In particular, the components of the 6-D laser tracking system 10
comprise a laser source present in the tracking unit 100, a polarized laser beam 310, a beam
splitter 320, a corner cube 330, a concentrator lens 340, a two-dimensional photodetector
350, the first photodetector 230, the second photodetector 240, the polarizing beam splitter
220 and the roll signal determination device 250.

[0036] In operation, the laser source in the tracking unit 100 emits a polarized laser beam
310 that is split by the beam splitter 320 into three paths directed toward the concentrator lens
340, the corner cube 330 and the polarizing beam splitter 220, respectively.

[0037] The path directed toward the concentrator lens 340 is focused onto the two-
dimensional photodetector 350 from which the pitch and yaw signals that drive the motors for
the active target are derived. In particular, as the active target 150 moves relative to the laser

source 100, the laser path directed through the concentrator lens 340 moves relative to the 2-

INVALS/O0I4.1
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D photodetector 350. This movement can be detected and a corresponding signal
representative of the pitch and/or yaw measurement obtained. Then, as discussed above, the
pitch and/or yaw measurements can be used to control one or more motors on the active
target 150 to maintain the perpendicular orientation of the active target 150 to the tracking
unit 100.

[0038]  The path of the polarized laser beam 310 passing directly through the beam
splitter 320 is reflected by the corner cube 330 and returned to the tracking unit 100. The
tracking unit 100, as discussed in Applicants’ related patents, is then able to determine the
distance between the active target 150 and the tracking unit 100. However, it is to be
appreciated that any method of determining an absolute distance measurement can be used

with equal success with the systems and methods of this invention.

[0039]  The path of the beam reflected by the beam splitter 320 and directed toward the
polarized beam splitter 220 is used to determine the roll measurements, as discussed above.
The combination of the roll, the pitch and the yaw measurements made by the active target,
along with the spherical coordinates made the tracking unit 100, allows the tracking system to

obtain the six-dimensional tracking of the active target.

[0040]  Fig. 4 illustrates an exemplary robotic active target 400. The robotic active target
400 comprises a plurality of suction cup type devices 410, a drive mechanism 420, a
controller 430, an accessory 440, a suction device 450 and the active target 460. The robotic
active target 400 also comprises various other components such as a power supply, battery,
solar panels, or the like that have been omitted for sake of clarity and would be readily

apparent to those of ordinary skill in the art.

[0041] In operation, the combination of the active target 460 in conjunction with the

robotic active target 400 allows, for example, precise movement and location tracking of the
robot. While a particular robotic active target is discussed below, it is to be appreciated that
in general the active target can be fixably attached to any object to allow monitoring of up to
six degrees of freedom of the object, or, alternatively, the active target attached to a movable

device and the position of that device monitored.

INVALS/0D4.1
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[0042] The suction cup type devices 410 are connected to the suction device 450 via, for
example, hoses (not shown) that enable the robot 400 to remain affixed to a surface. For
example, the controller 430, in conjunction with the suction device 450 and the suction cup
type devices 410 can cooperate with the drive systems 420 such that the robot 400 is able to
traverse a surface. For example, the suction cup type devices 410 and the drive mechanism
420 can cooperate such that sufficient suction is applied to the suction cup type devices 410
to keep the robot 400 affixed to a surface, while still allowing the drive mechanism 420 to
move the robot 400 over the surface. For example, the drive mechanism 420 can be four
wheels, and associated drive and suspension components (not shown), as illustrated. The
wheels allow the traversal of the robot 400 over a surface while maintaining the rotational
orientation of the robot relative to the tracking unit 100. However, in general, while it is
simpler to operate the robot 400 such that the rotational orientation remains constant relative
to the tracking unit 100, the system can be modified in conjunction with the use of the
polarized laser to account for any rotational movement which may occur. Specifically, for
example, the rotational movement of the robot 400 can be algorithmically “backed-out” of
the orientation measurements based on the polarized laser to account for any rotation of the

robot 400.

[0043]  Furthermore, it should be appreciated that while exemplary robot 400 comprises a
suction device 450 and suction cup type devices 410, any device, or combination of devices,
that are capable of movably fixing the robot to a surface would work equally well with the
systems and methods of the invention. For example, depending on the surface type, a

magnetic, gravitational, resistive, or the like type of attachment system could be employed.

[0044]  The controller 430, which can, for example, be in wired or wireless
communication with a remote controller (not shown), allows for navigation of the robot 400
in cooperation with the drive mechanism 420. For example, the drive mechanism can be a

plurality of electric motors connected to the drive wheels 420, or the like.

[0045] The accessory 440, can be, for example, a marking device, a tool, such as a drill, a

painting attachment, a welding or cutting device, or any other known or later developed

LNV AL IuTT
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device that needs precise placement on a surface. The accessory can be activated, for

example remotely, in cooperation with the controller 430.

[0046]  Since the accessory 440 is located a known distance from the active target 460,
the exact position of the accessory 440 is always known. Thus, a user can position the
accessory 440 in an exact location such that the accessory 440 can perform an action at that
Jocation. For example, a local effect sensor like a strip camera, a Moire' fringe patent sensor,
or a touch probe can be attached to the end of the target. The tracking unit combined with
the active target can provide the orientation of the local sensor in a spatial relationship with
the part to be measured while the local sensor is measuring the contours of apart, such as a

car body, a building, a part in an environmentally hazardous area, or the like.

[0047] Fig. 5 illustrates an exemplary cross-sectional view of the robot 400. In addition
to position sensing equipment associated with the active target 460, a movable distance
determining device 540 extends from the base of the robot 400 to a surface 510. The distance
determining device 540 measures the exact distance between the active target 460 and the
surface 510 such that the exact location of the surface 510 relative to the active target 460 is

always known.

[0048]  As illustrated in Fig. 5, the suction cup type devices 410 are located a fixed
distance above the surface 510 via the spacers 530. For example, the spacers 530 can be a
bearing, or other comparable device that allows for the suction cup type devices 410 to
remain a fixed distance above the surface 510 while still allowing the air 520 to create a

suction between the robot 400 and the surface 510.

A[0049] Given the mobility of the robot 400, it is foreseeable that the robot may not always
be in communication with the tracking unit 100. In the event the robot 400 loses line-of-sight
with the tracking unit 100, the 6-D laser tracking system can then enter a target acquisition
mode. In this mode, a user can, for example, with a joystick, aim the tracking unit generally
in the vicinity in the robot 400. The tracking unit 100 then commences a target acquisition
process in which the tracking unit begins a spiral type pattern that spirals outward to locate

the active target. Upon acquisition of the target, communication between the tracking unit

NVAZ3/004.1
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and the active target 150 is established and the six-dimensional measurements are again

available.

[0050]  Alternatively, for example, the active target 150 can maintain communication with
the tracking unit 100 via, for example, a radio communication link, or other known or later
developed system that allows the tracking unit 100 to track the relative position of the active
target 150 regardless of whether line-of-sight is present. Thus, when line-of-sight is

reestablished, as discussed above, the six-dimensional measurements are available.

[0051] Fig. 6 illustrates an exemplary method of making measurements according to an
exemplary embodiment of this invention. In particular, control begins in step S100 and
continues to step S110 where communication between the tracking unit and target are
established. For example, for an interferometer based system, the target can be placed at a
known position to both establish communication with the tracking unit as well as to initialize
the system. For an absolute distance measurement system the target is placed in
communication with the laser and an approximate radial distance (R) obtained. Next, in step
S120, the target is placed at the point(s) to be measured. Then, in step S130, the pitch, yaw,

roll and spherical coordinates obtained. Control the continues to step S140.

[0052] Instep S140, the spherical coordinates are converted to Cartesian (%,y,2)
coordinates, where x is the horizontal position, y the in/out position and z the up/down
position of the target. Then, in step S150, the position measurements are output. Control

then continues to step S160 where the control sequence ends.

[0053]  Asillustrated in Figs. 1-5, the 6-D laser tracking system 10 can be implemented
either on a single programmed general purpose computer, or a separate pro grammed general
purpose computer and associated laser generating and detecting, motor and rotary encoder
components. However, various portions of the 6-D laser tracking system can also be
implemented on a special purpose computer, a programmed microprocessor or
microcontroller and peripheral integrated circuit element, an ASIC or other integrated circuit,
a digital signal processor, a hard-wired electronic or logic circuit such as a discrete element

circuit, a programmable logic device such as a PLD, PLA, FPGA, PAL, or the like. In

NVAZ37054.1
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general, any device capable of implementing a state machine that is in turn capable of
implementing the measurement techniques discussed herein and illustrated in Fig. 6 can be

used to implement the 6-D laser tracking system according to this invention.

[0054]  Furthermore, the disclosed methods may be readily implemented in software
using object or object-oriented software development environments that provide portable
source code that can be used on a variety of computer or workstation hardware platforms.
Alternatively, the disclosed 6-D laser tracking system may be implemented partially or fully
in hardware using standard logic circuits or VLSI design. Whether software or hardware is
used to implement the systems in accordance with this invention is dependent on the speed
and/or efficiency requirements of the system, the particﬁlar function, and the particular
software and/or hardware systems or microprocessor or microcomputer systems being
utilized. The 6-D laser tracking system and methods illustrated herein, however, can be
readily implemented in hardware and/or software using any known or later-developed
systems or structures, devices and/or software by those of ordinary skill in the applicable art
from the functional description provided herein and a general basic knowledge of the

computer and optical arts.

[0055] Moreover, the disclosed methods may be readily implemented as software
executed on a programmed general purpose computer, a special purpose computer, a
microprocessor, or the like. In these instances, the methods and systems of this invention can
be implemented as a program embedded on a personal computer such as a Java® or CGI
script, as a resource residing on a server or graphics workstation, as a routine embedded ina
dedicated 6-D laser tracking system, or the like. The 6-D laser tracking system can also be
implemented by physically incorporating the system and method into a software and/or

hardware system, such as the hardware and software systems of a 6-D laser tracking system.

[0056] It is, therefore, apparent that there has been provided, in accordance with the
present invention, systems and methods for 6-D laser tracking. While this invention has been
described in conjunction with a number of exemplary embodiments, it is evident that many

alternatives, modifications and variations would be or are apparent to those of ordinary skill

WNVALSIOO4.1
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in the applicable arts. Accordingly, the invention is intended to embrace all such alternatives,

modifications, equivalents and variations that are within the spirit and scope of this invention.

NVAZ37654.1



WO 03/019231 PCT/US02/26628

-14 -

I Claim:

1. A multi-dimensional measurement system comprising:
a tracking unit that emits a laser and has spherical coordinates;
a target in communication with the tracking unit, the target having a pitch, a
yaw and a roll;
a distance determihing module that determines a distance between the tracking
unit and the target; and
an output device that outputs position information about the target relative to

the tracking unit based on the pitch, yaw, roll and spherical coordinates.

2. The system of claim 1, further comprising an output module that outputs the

position information about the target.

3. The system of claim 1, wherein the roll is based on at least one of a comparison
between a horizontally polarized and a vertically polarized portion of the laser and an

electronic level.

4. The system of claim 3, further comprising a first photodetector that detects the
horizontally polarized portion of the laser and a second photodetector that detects the

vertically polarized portion of the laser.

5. The system of claim 4, further comprising a differential amplifier that receives

an output of the first photodetector and an output of the second photodetector.

6. The system of claim 1, wherein the target is an active target that is capable of

moving relative to the laser.

7. The system of claim 6, wherein the active target is at least one of incorporated
into a robotic device, fixably attached to an object, used for feedback control, used for
calibration, used for machine tool control, used for parts assembly, and used for structural

assembly.

NVALS /0241
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8. The system of claim 7, wherein the robotic device comprises a drive system

and one or more traction devices that allow the robotic device to adhere to a surface.

9. The system of claim 8, wherein the traction devices are suction cup type

devices.

10. The system of claim 7, further comprising a vacuum system.

11. The system of claim 7, wherein the robotic device is remotely controlled.

12.  The system of claim 7, further comprising on or more accessories that allow a

function to be performed based at least on the position of the target.

13. A method of measuring the position of an object comprising:
monitoring spherical coordinates of a laser emitting tracking unit;
monitoring a pitch, a yaw and a roll of a target in communication with the
tracking unit;
determining a distance between the tracking unit and the target; and
outputting position information about the target relative to the tracking unit

based on the spherical coordinates, pitch, yaw and roll.

14. The method of claim 13, wherein the roll is based on at least one of a
comparison between a horizontally polarized and a vertically polarized portion of the laser

and en electronic level.
15. The method of claim 14, wherein a differential amplifier performs the
comparison between the horizontally polarized and the vertically polarized portion of the

laser.

16. The method of claim 13, wherein the target is an active target that is capable of

moving relative to the laser.

v e amesivuTea



WO 03/019231 PCT/US02/26628

-16 -

17. The method of claim 16, wherein the active target is at least one of
incorporated into a robotic device, fixably attached to an object, used for feedback control,
used for calibration, used for machine tool control, used for parts assembly, and used for

structural assembly.

18. The method of claim 17, wherein the robotic device comprises a drive system

and one or more traction devices that allow the robotic device to adhere to a surface.

19. The method of claim 18, wherein the traction devices are suction cup type

devices used in conjunction with a vacuum system

20. The method of claim 18, wherein the robotic device is remotely controlled.

21. The method of claim 17, further comprising allowing a function to be

performed by an accessory based at least on the position of the target.

22. A system for measuring the position of an object comprising:
means for monitoring spherical coordinates of a laser emitting tracking unit;
means for monitoring a pitch, a yaw and a roll of a target in communication
with the tracking unit;
means for determining a distance between the tracking unit and the target; and
means for outputting position information about the target relative to the

tracking unit based on the spherical coordinates, pitch, yaw, and roll.

23.  The system of claim 22, wherein the roll is based on at least one of a
comparison between a horizontally polarized and a vertically polarized portion of the laser

and an electronic level.

24. The system of claim 23, wherein a differential amplifier performs the
comparison between the horizontally polarized and the vertically polarized portion of the

laser.
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25.  The system of claim 22, wherein the target is an active target that is capable of

moving relative to the laser.

26. The system of claim 25, wherein the active target is at least one of incorporated
into a robotic device, fixably attached to an object, used for feedback control, used for
calibration, used for machine tool control, used for parts assembly, and used for structural

assembly.

27. The system of claim 26, wherein the robotic device comprises a drive system

and one or more traction devices that allow the robotic device to adhere to a surface.

28.  The system of claim 27 wherein the one or more traction devices are suction

cup type devices used in conjunction with a vacuum system

29.  The system of claim 27, wherein the robotic device is remotely controlled.

30. The system of claim 22, further comprising means for allowing a function to be

performed based at least on the position of the target.
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