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TITLE

Optical Digitizer with Improved Distance Measurement Capability

RELATED APPLICATIONS

[0001] This application claims the benefit of priority to U.S. Provisional Application
No. 61/475,034, filed April 13, 2011, and U.S. Application 13/445,284. The entire
contents of Applications 61/475,034 and 13/445,284 are incorporated herein by

reference.
FIELD

[0002] The present invention relates generally to three-dimensional digitizer systems,
and more particularly to three-dimensional digitizers with optical sensors that further

include an additional distance measuring device.

BACKGROUND

[0001] Various systems and methods exist for using optical instruments to measure
position in a three-dimensional space. These systems and methods may convert the
position measurements into digital form and plot the measurements over time to trace
various shapes and forms. For example, these systems may operate as a digitizing
pointer held by hand and used to trace structures for reverse-engineering, sizing

purposes, medical procedures, or motion tracking.

[0002] A variety of commercially available optical digitizer systems are available that
determine X, y, z coordinates of markers in 3D space. These markers can be reflective
markers, reflecting light waves back to the sensors of the system, or active markers
actively directing light waves to the sensors. These systems also determine directional

vectors of rigid bodies when the markers are attached to them.

[0003] A three-dimensional optical digitizer (such as the 3D Creator™ system from

Boulder Innovations Group, Inc. of Boulder, CO) obtains x, y, z, coordinates of a
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marker by triangulation using optical sensors arrayed along a baseline. When the
distance to the marker is much greater than the length of the baseline, the accuracy of
the distance coordinate (typically the z coordinate) is diminished over that of the

transverse coordinates (typically the x and y coordinates).
SUMMARY

[0004] Various embodiments include a method of determining spatial coordinates in
three dimensional space that includes obtaining initial spatial coordinate values for at
least two dimensions using an optical sensor system, measuring a distance to an object
using a non-contact distance measurement device, and combining the initial spatial
coordinate values with the measured distance to obtain spatial coordinate values for
three dimensions. The spatial coordinate values may correspond to a point on a body,
such as a probe, a human, an animal or any other body to be tracked, and the distance
to the object may comprise a distance to a point on the body. The initial spatial
coordinate values may be obtained via triangulation, and the distance to the object

may be measured by direct ranging.

[0005] In further embodiments, the initial spatial coordinate values may be obtained
for two dimensions that are transverse to the optical sensor system (e.g., X and y
dimensions), and a coordinate value for a third dimension (e.g., the z dimension),
which may be a distance from the optical sensor system, may be determined by

combining the initial spatial coordinate values with the measured distance.

[0006] In further embodiments, the initial spatial coordinate values may be obtained
for three dimensions (e.g., X, y and z dimensions), and combining the initial spatial
coordinate values with the measured distance may include replacing an initial spatial
coordinate value for one dimension (e.g., the z dimension) with a new spatial

coordinate value based on the measured distance.

[0007] In further embodiments, an ambiguity in the distance measurement may be
resolved by using an initial spatial coordinate value to determine a distance
measurement value. The distance measurement value may then be used to replace the
initial spatial coordinate value with a new spatial coordinate value.

2
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[0008]In further embodiments, the distance measurement may include directing a first
electromagnetic signal (e.g., an optical and/or radio frequency signal) into the
measurement volume, receiving a second electromagnetic signal from the
measurement volume, and determining a distance to the object based on the received
second electromagnetic signal. The distance measurement may be based on time-of-
flight, phase shift and/or an interferometry-based technique. In some embodiments,
the second signal may be a reflected signal, and the reflected signal may be reflected
by the object, or by a reflective element provided in a known position relative to the
optical sensor system. In some embodiments, the second signal may be a
retransmitted signal, where the first signal may be received, optionally amplified, and
retransmitted to provide the second signal. The second signal may be retransmitted at
a different frequency than the frequency of the first signal. In various embodiments,
both the first signal and the second signal may be transmitted from and received at a
known position relative to the optical sensor system. In other embodiments, both the
first signal and the second signal may be transmitted from and received at a position

located on the object.

[0009]In further embodiments, the distance measurement may include referencing the
relative positions of the object and the optical sensor system, transmitting an
electromagnetic signal into a measurement volume, receiving the signal, and
determining a distance to the object based on the received signal. In some
embodiments, the signal may be transmitted from a known position relative to the
optical sensor system and received at the object. In other embodiments, the signal
may be transmitted from the object and received at a known position relative to the

optical sensor system.

[0010] Various embodiments further include a system for determining spatial
coordinates in three dimensional space that include an optical system configured to
obtain initial spatial coordinate values for at least two dimensions, a non-contact
distance measuring device configured to measure a distance to an object located in the
three dimensional space, and a processing device configured to combine the initial

spatial coordinate values with the measured distance to obtain spatial coordinate
3
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values for three dimensions. The optical sensor system may comprise at least one
optical sensing element for obtaining spatial coordinate data of a marker, which may
be located on the object, such as a probe. The marker may be configured to emit or
reflect optical radiation, and the at least one optical sensing element, which may be a
CCD or CMOS based sensing element, may be photosensitive to the radiation from

the marker.

[0011]In further embodiments, the distance measuring device may include a time-of-
flight detector configured to determine a time delay between a transmitted signal and
the same signal remotely received and transmitted or reflected back to the detector. In
further embodiments, the distance measuring device may include a phase-shift
detector configured to determine a phase shift difference between a transmitted signal
and the same signal remotely received and transmitted or reflected back to the
detector. In further embodiments, the distance measuring device may include an
interferometer-type detector configured to determine an interference between a
transmitted signal and the same signal remotely received and transmitted or reflected

back to the detector.

[0012] In further embodiments, the distance measuring device may include a first
portion in a known position relative to the optical sensor system and a second portion
on the object. In some embodiments, the first portion may include a transmitter of
electromagnetic radiation and the second portion may include a receiver of
electromagnetic radiation. In some embodiments, the second portion may include a
transmitter of electromagnetic radiation and the first portion may include a receiver of
electromagnetic radiation. In some embodiments, the first portion may include both a
transmitter and a receiver of electromagnetic radiation, and the second portion may

also include both a transmitter and a receiver of electromagnetic radiation.

[0013] Various embodiments further include a system for determining spatial
coordinates in a three dimensional space that includes a non-contact distance
measuring device having at least one transmitter configured to direct a first

electromagnetic radiation signal into the three-dimensional space, at least one marker

4
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affixed to an object in the three-dimensional space, the marker being configured to
receive the first signal and to transmit a second electromagnetic radiation signal, a
plurality of receiver devices in a known fixed geometric relation, wherein each
receiver device is configured to receive the second signal from the at least one marker
and based on the received second signal measure a distance from the receiver device
to the at least one marker, and a processing device configured to determine spatial
coordinate values for the marker in three dimensions based on the measured distances.
The first signal and the second signal may be radiofrequency signals, and the spatial
coordinate values may be determined when a light of sight between the marker and at

least one receiver device is obstructed.
BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The accompanying drawings, which are incorporated herein and constitute part
of this specification, illustrate example embodiments of the invention, and together
with the general description given above and the detailed description given below,

serve to explain the features of the invention.

[0015] FIG. 1 is a schematic illustration of an embodiment optical system for

determining spatial coordinates having a distance measuring device.

[0016] FIG. 2 is a process flow diagram of an embodiment method for determining

spatial coordinates.

[0017]FIG. 3 is a process flow diagram of an embodiment method for determining

spatial coordinates in which ambiguities in a distance measurement may be resolved.

[0018]FIG. 4 is a schematic view of an embodiment optical system for determining
spatial coordinates having a distance measuring device using a wide angle optical

radiation beam to measure a distance.

[0019]Fig. 5 is a schematic view of an embodiment optical system for determining

spatial coordinates using at least three distance measuring devices.

[0020] FIG. 6 is a component block diagram of an example computer suitable for use

with various embodiments.
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DETAILED DESCRIPTION

[0021] The various embodiments will be described in detail with reference to the
accompanying drawings. Wherever possible, the same reference numbers will be
used throughout the drawings to refer to the same or like parts. References made to
particular examples and implementations are for illustrative purposes, and are not

intended to limit the scope of the invention or the claims.

[0022] The word “exemplary” is used herein to mean “serving as an example,
instance, or illustration.” Any implementation described herein as “exemplary” is not

necessarily to be construed as preferred or advantageous over other implementations.

[0023] Various embodiments include systems and methods for improving the accuracy
of spatial coordinate measurements by optical digitizers by obtaining a separate
distance measurement, which may be via direct ranging rather than triangulation, and
combining the distance measurement with the spatial coordinate measurements to

improve the accuracy of the three-dimensional spatial coordinate measurement.

[0024] An embodiment system 100 for determining spatial coordinates and/or
orientation in three-dimensional space, indicated at 10, is illustrated in FIG. 1. In
general, the system 100 may use optical instruments to measure position (including
location and/or orientation) in a three-dimensional space. In exemplary embodiments,
the system 100 includes a three-dimensional digitizer that converts the position
measurements into digital form and plots the measurements over time in order to, for
example, trace various shapes or forms or to track the motion of objects, including

humans, instruments and such, in 3D space.

[0025] The optical system 100 illustrated in FIG. 1 includes one or more markers 118
that may be affixed to a body 112 to be measured and are configured to emit and/or
reflect electromagnetic radiation, and a sensor system 130 having at least two optical
sensors 131, which may be, for example, cameras, charge coupled devices (CCDs) or
active pixel sensor (APS) devices such as CMOS sensors, and which are photo-
sensitive to the radiation from the marker(s) 118. A processing device 132 may be

electronically coupled to the sensor system 130 and may be configured to receive
6
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input of data from the sensor system 130 and from these data, the processing device
132 may calculate the x, y, z coordinates of each marker 118 that appears as a
substantial point source of radiation In some cases, the processing device 132 may
calculate x, y, z and vector data, and use these data for further processing and/or
display. In certain embodiments, the processing device 132 may use the computed
coordinates of each marker 118 and a known geometry of the body 112 to compute
the location and orientation of the body 112, as well as any point on the body 112,
such as a tip 114. The processing device 132 may also determine the unit 3D vector
describing the longitudinal direction of the body 112 (which is one aspect of the
orientation of the body). If more than two non-collinear markers 118 are disposed on
the body 112, a transverse 3D vector can also be computed to describe the rotational

orientation of the body or its yaw-pitch-and-roll angles.

[0026] In embodiments, the processing device 132 may be a dedicated processing
device having hardware, software and/or firmware components configured to perform
the various functions described above. The processing device 132 may also include a
control module for controlling the operation of the imaging system 100. The
processing device 132 may be combined with the sensor system 130 in a single device
or housing. In some embodiments, some or all of the functions described above in
connection with the processing device 132 may be performed by a computer, such as a
general-purpose computer having a memory and programmable microprocessor as is
well-known in the art. In some embodiments, the processing device 132 may be a
computer. In other embodiments, a dedicated processing device 132 may be
electronically coupled to a computer, such a laptop, tablet, or other computing device,
to display calculated position data or otherwise process the data for use in a software
application, such as a CAD program or custom-designed medical or tracking

application.

[0027]In the embodiment shown in FIG. 1, the body 112 may be a probe, which may
be a handheld probe, having one or more markers 118 fixed at one or more known
position(s) on the probe. The marker(s) 118 may be energy emitters, and may

comprise active light emitting elements, such as light emitting diodes (LEDs). The
7
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marker(s) 118 and/or the body 112 (e.g., probe) to which the marker(s) are attached
may include a power source (e.g., a battery) and circuitry configured to cause the light
emitting element(s) of the marker(s) to emit light, and the light may be emitted in a

pre-defined sequence of light flashes.

[0028] In alternative embodiments, one or more marker(s) 118 may be passive
elements that may reflect radiation (e.g., light) directed from an external source (not
shown) into the 3D space 10, where the reflected radiation from the marker(s) 118

may be detected by the sensor system 130.

[0029] The radiation emitted/reflected by the marker(s) 118 may be optical radiation,
and may have any suitable wavelength that may be detected by the sensor system 130.
In embodiments, the optical radiation may be visible light. In some embodiments,
such as where flashing visible light would cause disturbance to human operators, the

optical radiation may be infrared light.

[0030] In embodiments, a body 112 in the form of a probe may have attached to it a
rigid tip (e.g., for touch measurements), a laser ranger (e.g., for non-contact
measurements), and/or a laser scanner (e.g., for surface modeling). The body 112 may
be mechanically manipulated and orientated under software control by, for example,
mounting it on a robotic arm or other manipulator. In addition to a probe, the one or
more markers 118 may also be attached to any other body to be tracked, such as a

human or animal body or any other suitable moving or stationary object.

[0031] The sensor system 130 in optical digitizer systems typically consists of charge-
coupled devices (CCD) or CMOS sensor elements 131 that detect the incident light
and determine the pixel numbers the light falls on. Very often the center of the light
beam detected is determined to sub-pixel values. The value so obtained may used to
determine the angle to the source of the light energy (e.g., marker 118), whether the
energy is reflected or actively emitted, by knowing the geometry of the sensor optics.
The angles are then used to determine the location of the light source (e.g., marker

118) in the x, y and z dimensions through triangulation.
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[0032] In order for the system to be able to triangulate, multiple sensor elements 131
may be used that are physically separated from each other by known distances. When
area array CCDs or image sensors made with the Complementary metal-oxide—
semiconductor (CMOS) process (referred to herein as “CMOS sensors”) are used (i.e.,
sensors that have two dimensions with multiple pixels in both rows and columns), a
minimum of two sensor elements 131 are conventionally needed. When line sensors
are used (single dimensional device with a single row of pixels), a minimum of three

sensor elements 131 are typically needed.

[0033] A shortcoming of conventional optical digitizer systems is that the two
dimensions in a plane in front of the sensors (up and down and left and right,
commonly denoted the x and y dimensions) are measured by angles incident to the
sensors. The distance from the sensor (commonly denoted the z dimension) is derived
from the x and y measurement by calculating the angle to the outer-most sensor
elements 131. In a three-sensor, single dimensional system for instance, the three
sensor elements 131 are commonly built into a sensor array with the three sensor
elements 131 in line with each other along a “baseline.” The z-value of the marker is
determined by the x and y measurements and the angle of the incident radiation to the
two outside sensor elements 131 on the sensor array. The shortcoming of a system
like that is that the accuracy of the z measurement depends heavily on the distance
between the two outside sensor elements 131. Outside sensor elements 131 that are
very close together result in an angle between them and the marker 118 that is very
narrow, limiting system accuracy. This effect is exaggerated as the distance to the
marker 118 increases. The result is that for distant markers 118, the measurement
error is mostly due to the error in the z dimension. In order to decrease this z-error,
the distance between the two outside sensor elements 131 has to be increased, which

may be impractical due to the very large sensor array that would result.

[0034] The various embodiments include systems and methods of reducing the z error,
and thus greatly reducing the total Euclidean error of the measuring system, without
having to increase the distance between the outside sensors. The various

embodiments include a separate distance measuring system 140 that is added to the
9
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existing optical digitizer system 100. The existing digitizer system 100 may obtain its
regular X, y and z measurements, such as via triangulation. A separate distance
measurement (e.g., z dimension distance measurement) may be obtained by the
distance measuring system 140. The separate distance measurement may be
combined with the optical digitizer measurements, and in some embodiments the
separate distance measurement may replace the original, error-prone z measurement,

to improve overall system accuracy.

[0035] As shown in FIG. 1, a distance measuring device 140 in various embodiments
may include a first portion 141 that may be provided in a known fixed geometric
relation to the sensor system 130, and a second portion 141 that may be provided on
the body 112 having one or more markers 118 affixed thereto. The second portion
130 may be in a known fixed geometric relation to the one or more markers 118
and/or to the body 112 or a portion thereof, such as tip 114 of the body 112. As
described in further detail below, various embodiments of the distance measuring
device 140 may be used to measure a distance between the first portion 141 and the
second portion 143 of the device 140. The measured distance value may be provided
to the processing device 132 which may use the measured distance value to improve

the accuracy of the calculated spatial coordinates.

[0036] FIG. 2 is a process flow diagram illustrating an embodiment method 200 for
determining spatial coordinates in a three dimensional space. The spatial coordinates
may correspond to one or more points on a body 112, such the location of a marker
118 or a tip 114 or other portion of the body 112. In block 202 of embodiment
method 200, initial spatial coordinate values may be obtained for at least two
dimensions with an optical digitizer device, such as optical digitizer device 100
described above with reference to FIG. 1. The optical digitizer device 100 may
determine, for example, x and y coordinate values of a point, and in preferred
embodiments may determine x, y, and z coordinate values for one or more points on
the body 112 in a conventional manner (e.g., via triangulation using optical sensors).
In block 204, a distance to an object in the three-dimensional space may be measured

using a non-contact measuring device, such as the distance measuring device 140
10
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shown in FIG. 1. The distance measurement may be via direct ranging as opposed to
triangulation, and may be performed generally concurrently with the obtaining of
initial spatial coordinate values by the optical digitizer. The distance to an object may
correspond to a distance from the sensor system 130 of the optical digitizer to the
body 112 being simultaneously tracked by the digitizer. In block 206, the initial
spatial coordinate values from the optical digitizer may be combined with the
measured distance to obtain spatial coordinate values in three dimensions. In
embodiments, the measured distance value may be the spatial coordinate value in at
least one dimension, such as the z dimension, or may be used to calculate the spatial
coordinate value in at least one dimension (e.g., the z dimension). In embodiments,
the measured distance value may be used to replace the z dimension coordinate value

in the initial spatial coordinate values.

[0037] The distance measuring device 140 described above in connection with FIGS. 1
and 2 may be any suitable device for non-contact measurement of a distance to an
object. Laser distance measurement devices using time-of-flight, phase shift and
interferometer distance measurement have been known for some time and commercial
devices are available. U.S. Patent 3,733,129, now expired, describes such a time-of-
flight system. Such systems may include a laser source transmitting a laser beam that
is reflected off a target. The reflected beam is received by the sensor, and the distance
to the reflective target may be determined by one of at least three methods: time-of-
flight, phase shift, and inteferometery. Such a laser-based system may provide a
distance measurement that may be used to replace the z-measurement of an optical
digitizer, although existing systems typically utilize a focused laser that has to be
pointed at the target, which may not be practical in an optical digitizer system, where
the position of the target (e.g., marker 118) may be unknown and/or moving within

the measurement volume 10.

[0038] Existing optical digitizers determine the X, y, z coordinates of markers 118, or
rigid bodies 112 containing the markers 118 anywhere in the 3D space 10 in front of
the sensor elements 131, without the restriction of a beam having to know where the

markers are in order to shine light onto them. Typically the body 112 is a measuring
11



WO 2012/142376 PCT/US2012/033466

probe, or an object or human with markers attached to it that is moving in the 3D
field. A narrow laser or light beam would have to be moved to always hit the body in
order to detect the reflected light. Systems do exist where rotating scanner heads are
used to project laser beams in all directions in order to cover the entire volume of
which distances are to be measured, so-called LIDAR devices. However, such
systems obtain distances from all the surfaces off of which the beams are reflected.
Since only the distance to a distinct point on a body or a few distinct points on the
body are to be determined, such scanners may not be desirable for such applications.
Further, a need exists for such a measurement to be taken when the optical beam could

be obstructed by a non-transparent object.

[0039] Various embodiments of a distance measuring device 140 may include a
system in which a wide-angle beam of electromagnetic radiation (e.g., in optical or
radio frequencies) is directed into the 3D measurement space 10, preferably over the
entire volume of the measurement space 10. Referring to FIG. 1, a first portion 141 of
the distance measuring device 140 may include a transmitter that may generate the
wide-angle beam of electromagnetic radiation. The first portion 141 may also include
a receiver that may detect electromagnetic signals returning from the measurement
space 10 such that the detected signals may be used to calculate a distance
measurement value using a suitable technique, such as time-of-flight, phase-shift or
interferometry techniques as are known in the art. A second portion 143 of the
distance measuring device 140 may include a receiver that is configured to receive the
electromagnetic signal sent from the first portion 141, to amplify the signal and then
retransmit the signal using a transmitting device, such as a transponder, that may be
included in the second portion 143. The receiver in the first portion 140 may thus
receive both reflections from objects within the measurement space 10 as well as the
retransmitted signal from the second portion 143 of the distance measuring device
140. Such a retransmitted signal may be much stronger than the background
reflections. The difference in intensity may be used by the system to discriminate
between the reflected signals and the signal retransmitted from the second portion
143. The detected signal from the second portion 143 may be used to measure the

12
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distance between the first portion 141 and the second portion using any suitable
technique (e.g., time-of-flight, phase-shift, interferometry, etc.). Since the first portion
141 may be in a known fixed geometric relation with respect to the optical digitizer
sensor system 130, and the second portion 143 may be in a known fixed geometric
relation with respect to the body 112 being tracked by the optical digitizer, the
measured distance may thus be used to accurately measure the distance between the

optical digitizer sensor system 130 and the body 112 being tracked.

[0040] In some embodiments which may be useful for applications in which more
distinct discrimination is required, the electromagnetic signal used for the distance
measurement may be transmitted by the first portion 141 of the distance measuring
device 140 on a first frequency and may be retransmitted by the second portion 143 on
a second, different frequency. This may enable the first portion 141 to receive
reflected signals on the transmitted frequency and the retransmitted signals on the
different frequency, which may aid in identifying the retransmitted signal-of-interest.
In embodiments, the distance measuring device 140 may include multiple second
portions 143, which may be located on different positions on a body 112. Each of the
second portions 143 may receive the signal from the first portion 141 and retransmit
the signal using a different frequency, and each frequency may be unique to a
particular position on the body 112. The retransmitted signals may be received at the
first portion 141, which may be used to measure the distances to each of the particular
positions on the body 112. This embodiment may also enable distance measurements
to be made to more than one body 112 in the measurement field 10 at the same time
by providing multiple second portions 143, each using different frequencies for

retransmitting the signal from the first portion 140 from each of the rigid bodies 112.

[0041] The electromagnetic signals transmitted from the first portion 141 and/or
retransmitted from the second portion 143 of the distance measuring device 140 may
be any suitable electromagnetic signal that may be directed over a relatively wide area
or volume, and may be, for instance, radio signals and/or optical signals (e.g., visible,

IR signals, etc.). A focused beam of electromagnetic radiation, such as a focused laser

13
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beam, may not be practical in some embodiments, although laser-based optical

systems using divergent beams may be utilized as described in further detail below.

[0042]In embodiments using a time-of-flight distance measuring technique, the first
portion 141 may include a time-of-flight detector configured to determine a time delay
between a transmitted signal and the same signal remotely received and transmitted or
reflected back to the first portion 141. In embodiments using a phase-shift distance
measuring technique, the first portion 141 may include a phase-shift detector
configured to determine the phase shift difference between a transmitted signal and
the same signal remotely received and transmitted or reflected back to the first portion
141. In embodiments using an interferometry distance measuring technique, the first
portion 141 may include an interferometer-type detector configured to determine the
interference between a transmitted signal and the same signal remotely received and

transmitted or reflected back to the first portion 141.

[0043] Various embodiments may also include methods for resolving ambiguity in the
measured distance from the distance measuring device 140. In laser-based systems,
for example, phase-shift and interferometry based distance measurement methods may
result in ambiguities when the measured distance is increased and the phase shift in
these systems crosses over zero. In those cases, the systems are incapable of
measuring the distance without ambiguity. In order to solve such problems, existing
systems send out signals with different wavelengths which result in the phase shifts
crossing zero at different distances. In various embodiments, the ambiguities may be
resolved by using the z-measurement of the optical digitizer, which even though it
may not be accurate enough for the desired spatial coordinate measurement, may be

accurate enough to resolve the ambiguity in the distance measurement.

[0044] FIG. 3 is a process flow diagram illustrating an embodiment method 300 for
determining spatial coordinates in a three dimensional space in which an ambiguity in
a distance measurement value may be resolved using a value obtained from an optical
digitizer system. In block 302, initial spatial coordinate values may be obtained in

three dimensions using an optical digitizer device 100, as described above. In block
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304, the distance to an object in the 3D measuring space may be measured using a
non-contact distance measuring device 140. The distance measuring device may a
laser-based distance measuring device (e.g., laser ranger), and may use a phase shift
and/or interferometry technique for measuring the distance to the object. As described
above, these types of distance measurement techniques may result in ambiguities,
such as when the measured distance is increased and the phase shift in these systems
crosses over zero. In block 306 of method 300, a determination is made whether an
ambiguity is present in the measured distance. If there is no ambiguity (i.e.,
determination block 308 = “No”), the initial spatial coordinate values from the optical
digitizer may be combined with the measured distance to obtain spatial coordinate
values in three dimensions in block 312. As described above, the measured distance
value may be used to replace the spatial coordinate value in at least one dimension
(e.g., the z dimension) to provide spatial coordinate values in three dimensions with
improved accuracy. If it is determined that there is an ambiguity in the measured
distance (i.e., determination block 308 = “Yes”), an initial spatial coordinate value
obtained by the optical digitizer may be used to resolve the ambiguity in block 310.
For example, where the distance measurement calculation indicates that there is an
ambiguity (e.g., there exist two or more potentially valid solutions to the distance
measurement computation), the initial spatial coordinate value obtained by the optical
digitizer may be used to determine which potential solution is actually the correct
distance measurement. In some embodiments, the initially-obtained coordinate value
in the z dimension may be sufficiently accurate to serve as a useful proxy for the
distance measurement value. Thus, when there is ambiguity in the measured distance
computation, the ambiguity may be resolved by selecting the value of the measured
distance that is closest to the z dimension value initially obtained with the optical
digitizer. In block 312, the initial spatial coordinate values from the optical digitizer
may be combined with the selected measured distance value to obtain spatial
coordinate values in three dimensions. In some embodiments, the measured distance
value may be used to replace the initial z dimension coordinate value with a more

accurate value.

15



WO 2012/142376 PCT/US2012/033466

[0045] Referring once again to FIG. 1, in further embodiments the direction of signal
travel in the distance measuring device 140 may be reversed so that the first portion
141 may be located on the body 112, which may be a probe, and the second portion
143 may be located on, or in a known fixed geometric relationship with, the optical
sensor system 130. Thus, the first portion 141 on the body 112 may initiate the
distance measurement by transmitting an electromagnetic signal, and the second
portion 143, which may be positioned on or fixed relative to the optical sensor system
130, may receive and retransmit the signal back to the first portion 141 on the body
112. The first portion 141 may receive the retransmitted signal and determine a
distance measurement using any suitable technique (e.g., time-of-flight, phase shift,
interferometry, etc.). In this embodiment, the optical sensor system 130 may obtain
the initial x, y and z optical measurement and the body 112 or probe may obtain the
distance measurement that may be used to replace or modify the z value in the final
coordinate values. Some means of communication between the body 112 or probe
and processing device 132, such as a wired or wireless communication link, may be

used to consolidate the measurements.

[0046] FIG. 4 schematically illustrates a further embodiment of a system 400 for
determining spatial coordinates and/or orientation in three-dimensional space. As in
the system illustrated in FIG. 1, the system 400 may include an optical digitizer
having one or more markers 118 affixed to a body 112 that emit and/or reflect
electromagnetic radiation, and an optical sensor system 130 having one or more
optical sensor elements 131 which are photo-sensitive to the radiation from the
marker(s) 118. In some embodiments, the optical sensor system 130 may comprise a
sensor bar having two or more sensor elements 131 arranged along a baseline 135. In
an alternative embodiment, the sensor system 130 may include a single 2D sensor
element 131, such as a 2D CCD sensor with a focusing lens. A processing device 132
may be electronically coupled to the sensor system 130 and may calculate the x, y, z
coordinates of each marker 118 that appears as a substantial point source of radiation

via triangulation, for example.
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[0047] The system 400 illustrated in FIG. 4 may further include a distance measuring
device 440 that may utilize a wide beam 406 of optical radiation, which may be a
wide angle laser beam, to measure the distance between the body 112 and the optical
sensor 130. The body 112, which may be a probe, such as a handheld probe, may
include an optical transmitter/receiver device 402. The transmitter/receiver device
402 may include a radiation source, such as a laser, which may be of a type used in
conventional laser ranging devices (e.g., the Fluke 416D Laser Distance Meter from
Fluke Corp. of Everett, WA). The radiation source may be optically coupled to a
beam diverger 404, which may be a lens or holographic diffuser, for example. In one
embodiment, the beam diverger 404 may be a plano-concave lens (e.g., 25 mm
diameter, 50 mm focal length). A reflective element 408, which may be a
retroreflector such as a corner cube, a corner cube array, a piece of retroreflective
tape, etc., may be provided on, or in a known fixed relation to, the optical sensor array

130.

[0048] In operation, optical radiation, which may be a laser beam, from
transmitter/receiver device 402 may be passed through the beam diverger 404 to
generate a diverged beam 406. The diverged beam 406 may be easily directed or
aimed in the direction of reflective element 408. The ease of aiming may be further
enhanced if the optical radiation is of a visible wavelength. Ease of aiming may be
particularly important, for example, when the body 112 is a handheld probe. A
portion of the beam 406 is reflected by the reflective element 408 and the reflected
portion of the beam may be received by receiver of the transmitter/receiver device 402
located on the body 112. The reflected beam received at transmitter/receiver device
402 may be used to measure a distance from the body 112 to the reflective element
408 using any suitable technique, such as time-of-flight, phase shift, interferometry,
etc. The measured distance may be provided to a processing device 132 using a
communication link 450, which may be a wireless communication link. The distance
measurement may be made substantially concurrent with the measurement of the x, y,
z spatial coordinates of the marker(s) 118 in three-dimensional space by the optical
sensing system 130. As in the embodiments described above with reference to FIGS.
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1-3, the separate distance measurement may be combined with the optical digitizer
measurements, and in some embodiments the separate distance measurement may be
used to replace the original, error-prone z measurement, to improve overall system

accuracy.

[0049]In various embodiments, the body 112 may be in the form of a probe that may
have attached to it a rigid tip (e.g., for touch measurements), a second laser ranger
(e.g., for non-contact measurements of another object or surface in the measurement
space 10), and/or a laser scanner (e.g., for surface modeling). The probe may be
mechanically manipulated and orientated under software control by, for example,

mounting it on a robotic arm or other manipulator.

[0050]In an alternative embodiment of the distance measuring device 440, the
reflective element 408 may be provided on the body 112, and the optical
transmitter/receiver device 402 and beam diverger 406 may be located on, or in a
known fixed relation to, the optical sensor system 130. This configuration may be
similar to the configuration shown in FIG. 1, and a wide beam of optical radiation
may be transmitted from a fixed position relative to the optical sensor system 130 into
the measurement volume 10, where a portion of the beam may be reflected back from
the reflective element 408 on the body 112, detected by the transmitter/receiver device

402, and the detected reflected signal may be used to measure a distance to the body.

[0051] In various embodiments, the optical digitizer may obtain spatial coordinate
values in two dimensions (e.g., x and y dimensions), and the spatial coordinate value
for the third dimension (e.g., the z dimension) may be obtained by the distance
measuring device 140, 440. Such a system may allow the number of optical sensor
elements 131 in the optical sensor system 130 to be reduced from a minimum of three
to two for a single-dimensional sensor element (e.g., a CCD or CMOS sensor
element), and from two to one for a 2D area sensor. In order to resolve ambiguities
due to phase shift overrun, signals with different wavelengths may be transmitted by

the distance measuring device

18



WO 2012/142376 PCT/US2012/033466

[0052] In various embodiments, a simplified distance measuring device 140, 440 may
transmit electromagnetic (optical or radio frequency) signal in only one direction. For
example, a transmitter may be provided on the body 112 being tracked and a receiver
may be provided on, or in a known fixed geometric relation with, the optical sensor
system 130. Alternatively, the transmitter may be provided on or in fixed relation to
the optical sensor system 130, and the receiver may be provided on the body 112. In
either case, a reference is required in order to reference the signal received at the
receiver, which is used to provide the distance measurement. The reference may be
established before the distance measurement begins by bringing the receiver and
transmitter into physical or close contact with each other. The two objects may be
referenced by having them at a known and fixed location to each other, e.g., distance 0
mm apart. This reference may start the distance measurement and the distance may be
noted as 0, or whatever other distance the reference is set at. As the two objects
(receiver and transmitter) are moved apart the receiver will measure the distance to the

transmitter and deduct the reference distance.

[0053]FIG. 5 schematically illustrates a further embodiment of a system 500 for
determining spatial coordinates and/or orientation in three-dimensional space using
radio frequency signals. If measurements to markers that are obscured from view
(such as via obstruction 502 shown in FIG. 5) are to be obtained, radio frequency
signals may be used instead of light frequencies. In such embodiments, only the z-
measurement will be able to be obtained to obscured markers, since the existing
optical digitizers relying on a clear optical path from the markers will still require
visible line-of-sight. In order to obtain x, y and z measurements to obscured markers,
a system including three or more distance measurement devices 540 in a known fixed
geometry using at least one radio frequency transmitter 541 may be utilized. In one
embodiment, an electromagnetic transmitter 541, which may be installed on a
measuring device 540, transmits a signal to one or more markers 543 on a body 112 of
which the x, y, z coordinates and directional vectors are to be obtained. For example,
as described above with reference to FIG. 1, the marker 532 on the body 112 may
comprise a transponder that is configured to receive, amplify, and retransmit the signal
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to the measuring devices 140. Each of the measuring devices 140 may contain a
receiver that receives the retransmitted signals from the marker(s) 543, and may
determine the distance to each marker 543 using known distance measuring
technique(s). In embodiments, the system 500 may contain no optical sensor elements
(e.g., CCDs or CMOS sensor elements) and the measured bodies 112 may contain no
optical markers that are imaged. Instead, the x, y and z coordinates and derived
directional vectors may be calculated based on triangulation. Visible light may also
be used in such systems, but measurement would be limited to non-obscured

receivers.

[0054] A number of the embodiments described above may also be implemented using
a variety of commercially available computers, such as the computer 600 illustrated in
FIG. 6. Such a computer 600 typically includes a processor 601 coupled to volatile
memory 602 and a large capacity nonvolatile memory, such as a disk drive 603. The
computer 600 may also include a USB memory device and/or a compact disc (CD)
drive 606 coupled to the processor 601. The computer 600 may also include network
access ports 604 coupled to the processor 601 for establishing data connections with
receiver devices and/or a network 605, such as a local area network for coupling to the

receiver devices and controllable elements within a digitizing or tracking system.

[0055] Computers and processing devices used in the digitizing system for
implementing the operations and processes described above for the various
embodiments may be configured with computer-executable software instructions to
perform the described operations. Such computers may be any conventional general-
purposes or special-purpose programmable computer, server or processor.
Alternatively, some steps or methods may be performed by circuitry that is specific to

a given function.

[0056] In one or more exemplary aspects, the functions described may be implemented
in hardware, software, firmware, or any combination thereof. If implemented in
software, the functions may be stored on or transmitted over as one or more

instructions or code on a computer-readable medium. The steps of a method or
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algorithm disclosed herein may be embodied in a processor-executable software
module which may reside on a non-transitory computer-readable storage medium.
Non-transitory computer -readable storage media may be any available media that
may be accessed by a computer. By way of example, and not limitation, such non-
transitory computer -readable media may include RAM, ROM, EEPROM, CD-ROM
or other optical disk storage, magnetic disk storage or other magnetic storage devices,
or any other medium that may be used to store desired program code in the form of
instructions or data structures and that may be accessed by a computer. Disk and disc,
as used herein, includes compact disc (CD), laser disc, optical disc, digital versatile
disc (DVD), floppy disk, and blu-ray disc where disks usually reproduce data
magnetically, while discs reproduce data optically with lasers. Combinations of the
above should also be included within the scope of non-transitory computer -readable
media. Additionally, the operations of a method or algorithm may reside as one or
any combination or set of codes and/or instructions on a non-transitory machine
readable medium and/or non-transitory computer -readable medium, which may be

incorporated into a computer program product.

[0057] The previous description of the disclosed embodiments is provided to enable
any person skilled in the art to make or use the present invention. Various
modifications to these embodiments will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to other embodiments
without departing from the spirit or scope of the invention. Thus, the present
invention is not intended to be limited to the embodiments shown herein but is to be
accorded the widest scope consistent with the principles and novel features disclosed

herein.
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CLAIMS
What is claimed is:

1. A method of determining spatial coordinates in three dimensional space,
comprising
obtaining initial spatial coordinate values for at least two dimensions using
an optical sensor system;
measuring a distance to an object using a non-contact distance measurement
device; and
combining the initial spatial coordinate values with the measured distance

to obtain spatial coordinate values for three dimensions.

2. The method of claim 1, wherein the spatial coordinate values correspond to a point

on a body.

3. The method of claim 2, wherein the distance to an object comprises a distance to a

point on the body.

4. The method of claim 1, wherein the initial spatial coordinate values are obtained

via triangulation.

5. The method of claim 1, wherein the distance to the object is measured via direct

ranging.

6. The method of claim 1, wherein combining the initial spatial coordinate values
with the measured distance comprises determining a coordinate value for a third

dimension using the measured distance value.

7. The method of claim 6, wherein obtaining the initial spatial coordinate values

comprises obtaining initial spatial coordinates for two dimensions that are
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transverse to the optical sensor system, and wherein the third dimension is a

distance from the optical sensor system.

8. The method of claim 1, wherein obtaining the initial spatial coordinate values
comprises obtaining initial spatial coordinate values for three dimensions, and
wherein combining the initial spatial coordinate values with the measured distance
comprises replacing an initial spatial coordinate value for one dimension with a

new spatial coordinate value based on the measured distance.

9. The method of claim 8, further comprising:
determining the presence of an ambiguity in the distance measurement; and
resolving the ambiguity using an initial spatial coordinate value to determine a

distance measurement value.

10. The method of claim 9, further comprising:
replacing the initial spatial coordinate value with a new spatial coordinate value

based on the distance measurement value.

11. The method of claim 1, wherein measuring a distance to an object comprises:
directing a first electromagnetic radiation signal into a measurement volume;
receiving a second electromagnetic signal from the measurement volume; and
determining a distance to the object based on the received second

electromagnetic signal.

12. The method of claim 11, wherein the distance to the object is determined using at

least one of a time of flight, a phase shift and an interferometry technique.

13. The method of claim 11, wherein the second electromagnetic signal comprises

reflected electromagnetic radiation.
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14. The method of claim 11, wherein the electromagnetic radiation is reflected by the

object.

15. The method of claim 11, wherein the electromagnetic radiation is reflected by a
reflective element provided in a known position relative to the optical sensor

system.

16. The method of claim 11, further comprising:
receiving the first electromagnetic signal; and
retransmitting the first electromagnetic signal to provide the second

electromagnetic signal.

17. The method of claim 16, further comprising:

amplifying the first electromagnetic signal prior to retransmitting the signal.

18. The method of claim 16, wherein retransmitting the first electromagnetic signal
comprises transmitting an electromagnetic signal at a different frequency than the

first electromagnetic signal to provide the second electromagnetic signal.

19. The method of claim 11, wherein the first and second electromagnetic signals

comprise radiofrequency signals.

20. The method of claim 11, wherein the first and second electromagnetic signals

comprise optical signals.

21. The method of claim 11, wherein the first and second electromagnetic signals are

transmitted and received from a known position relative to the optical sensor.

22.The method of claim 11, wherein the first and second electromagnetic signals are

transmitted and received from a position located on the object.

23. The method of claim 1, wherein measuring a distance to an object comprises:
24
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referencing the relative positions of the object and the optical sensor system;
transmitting an electromagnetic radiation signal into a measurement volume;
receiving the electromagnetic radiation signal; and

determining a distance to the object based on the received electromagnetic

radiation signal.

24. The method of claim 23, wherein the electromagnetic radiation signal is
transmitted from a known position relative to the optical sensor system and is

received at the object.

25. The method of claim 23, wherein the electromagnetic signal is transmitted from

the object and received at a known position relative to the optical sensor system.

26. A system for determining spatial coordinates in a three-dimensional space,
comprising:
an optical sensor system configured to obtain initial spatial coordinate values for
at least two dimensions;
a non-contact distance measuring device configured to measure a distance to an
object located in the three-dimensional space; and
a processing device configured to combine the initial spatial coordinate values

with the measured distance to obtain spatial coordinate values for three dimensions.
27. The system of claim 26, wherein the optical sensor system comprises at least one
optical sensing element for obtaining spatial coordinate data of a marker located in

the three dimensional space.

28. The system of claim 27, wherein the marker is configured to be located on the

object.
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29. The system of claim 28, wherein the marker is configured to emit or reflect optical
radiation, and the at least one optical sensing element is photosensitive to the

radiation from the marker.

30. The system of claim 28, wherein the at least one optical sensing element comprises

a CCD or CMOS based sensing element.

31. The system of claim 26, wherein the distance measuring device comprises a time
of flight detector configured to determine a time delay between a transmitted
signal and the same signal remotely received and returned via at least one of

transmission and reflection.

32.The system of claim 26, wherein the distance measuring device comprises a phase-
shift detector configured to determine a phase shift difference between a
transmitted signal and the same signal remotely received and returned via at least

one of transmission and reflection.

33. The system of claim 26, wherein the distance measuring device comprises an
interferometer-type detector configured to determine an interference between a
transmitted signal and the same signal remotely received and returned via at least

one of transmission and reflection.

34.The system of claim 26, wherein the distance measuring device comprises a first
portion in a known position relative to the optical sensor system and a second

portion on the object.

35. The system of claim 26, wherein the first portion comprises a transmitter of
electromagnetic radiation and the second portion comprises a receiver of

electromagnetic radiation.
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36. The system of claim 26, wherein the second portion comprises a transmitter of
electromagnetic radiation, and the first portion comprises a receiver of

electromagnetic radiation.

37.The system of claim 36, wherein the first portion comprises a transmitter and
receiver of electromagnetic radiation, and the second portion comprises a

transmitter and receiver of electromagnetic radiation.

38. The system of claim 26, wherein the object comprises a probe.

39. A system for determining spatial coordinates in a three-dimensional space,
comprising:

a non-contact distance measuring device, comprising at least one transmitter
configured to direct a first electromagnetic radiation signal into the three-dimensional
space;

at least one marker affixed to an object in the three-dimensional space, the
marker being configured to receive the first signal and transmit a second
electromagnetic radiation signal;

a plurality of receiver devices in a known fixed geometric relation, wherein
each receiver device is configured to receive the second signal from the at least one
marker and based on the received second signal measure a distance from the receiver
device to the at least one marker; and

a processing device configured to determine spatial coordinate values for the

marker in three dimensions based on the measured distances.

40. The system of claim 39, wherein the first signal and the second signal comprise

radiofrequency signals.

41. The system of claim 39, wherein the spatial coordinate values are determined
when a line of sight between the marker and at least one receiver device is

obstructed.
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