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SINGLE-CAMERA TRACKING OF AN OBJECT

BACKGROUND AND SUMMARY

The present invention relates to methods and systems for determining the
position and orientation of an object in 3-dimensional space.

There are many applications where detection and tracking of the location and
orientation of an object is desired. One approach for accomplishing this involves
using multiple cameras to determine the location of a specific point in space via
triangulation. The orientation of an object can be determined using triangulation by
finding the position of multiple points that have a known geometry on the object. A
drawback to the multiple-camera procedure is the increase in cost. Another is the
physical space requirements of the system.

Another procedure for finding the position of a point in space involves the use
of magnetic fields and magnetic field detectors to sense the location of the detectors.
Another method uses sonic wave sources located on the object and multiple detectors
to locate the sources in 3D space. Another approach involves the use of an extendable
multi-segment arm that is planted at one end at a fixed location. Rotation sensors
measure the rotation of each segment relative to the adjacent segment thus enabling
calculation of the position and orientation of the end of the arm. In this approach, the
object to be tracked is attached to the end of the extendable arm. The sonic
approaches suffer from unstable calibration that drifts regularly with ambient air
conditions such as temperature and humidity. The magnetic field approach has
inaccurate calibration because of changeable geometry of large metallic objects that
distort the magnetic fields. All of these approaches including the mechanical arm
require tethering the sensors, i.e., electrical and/r mechanical connection from the
sensor to a processing unit. This contrasts with optical tracking such as the subject of
this invention that are non-contact and measure the location and orientation of an

object from a stand-off position.
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A specific application where the position and orientation of an object is
desired is in the insertion of surgical instruments, such as a biopsy needle into a
patient or positioning of an ultrasound imaging probe on the patient. During many of
these procedures, the practitioner cannot visualize the position of the instrument or the
image produced by the probe in a known reference that would allow position sensing
relative, for example, to an internal organ.

According to one embodiment, the invention provides improved methods and
systems for the detection and tracking of objects in 3-dimensional space. Reference
points of known distances and geometries relative to each other are located, allowing
for the determination of the location of any point or orientation of any line whose
location and orientation is known relative to the reference points. In an embodiment,
an optical-based system employing the use of one or more cameras is used to locate
the reference points. An aspect of this embodiment involves placing markers at the
reference points and using a computing device to compute the location of the markers
and the orientation of a device on which the markers are fixed. According to an
embodiment, a method for determining the location of the markers comprises viewing
the markers with at least one camera, producing an image of the markers, finding
pixel coordinates of the markers, and using reference data to compute the locations of
the markers from the pixel coordinates.

An embodiment of the invention also provides a method and system for the
digitization of a 3-dimensional curve that is traced with a pointer device. In a specific
application, the pointer device can be used for patient profiling.

Another embodiment of the invention provides a method and system for
digitizing the position and orientation of a surgical instrument. According to an
embodiment, the position and orientation of the surgical instrument is determined in
the same coordinate system as an image of a patient internal organs produced by a 3D
imaging method such as CT, MRI or PET.

These and other aspects, objects, and advantages of the invention are

described below in the detailed description, drawings, and claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a further understanding
of the invention and, together with the Detailed Description, serve to explain the
principles of the invention.

Fig. 1 depicts the components of a system for single-camera object position
and orientation tracking according to an embodiment of the invention;

Figs. 2a and 2b depict examples of image frames showing a marker block at
different orientations according to an embodiment of the invention;

Figs 3a and 3b are flowcharts showing process actions performed in an
embodiment of the invention,;

Fig. 4 shows an application of the invention to detect the position and
orientation of an ultrasound imaging probe;

Figs. Sa-c, 6, and 7 depict marker blocks according to embodiments of the
invention;

Fig. 8 depicts an image guided surgery according to an embodiment of the
invention; and

Fig. 9 shows an application of the invention to a surgical instrument

embodiment of the invention.

DETAILED DESCRIPTION

Fig. 1 depicts components of an embodiment of a system for detecting the
position and orientation of an object or instrument 102. The object 102 comprises or
1s rigidly attached to a marker block 150 having three or more markers 104 located
thereon or therein. An optical or video image apparatus, such as video camera 108, is
aimed such that at least part of the marker block 150 is within the camera’s field of
view. Surfaces on marker block 150 include a combination of three or more markers
that is or can be rendered visible to camera 108. The output data from camera 108 is
sent to an image processing unit 110, which in one embodiment, comprises an
analog/digital converter to generate digital pixel data, as well as a processor and
storage components to manipulate, process, and store the image data.

According to an embodiment, camera 108 is placed on the ceiling, wall, or
other support structure with its pointing angle adjusted to cover the working volume

of interest. For purposes of illustration only, a single camera 108 is shown in Fig. 1.
-3
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However, the number of cameras 108 employed in the present invention can exceed
that number to increase the field of view.

As stated above, the object 102 is rigidly attached to or is formed as part of
the marker block 150. Therefore, the position of any point of object 102 can be
absolutely known or measured relative to the marker block 150. By identifying the
position and orientation of marker block 150, the position or orientation of any point
on object 102 can also be calculated.

A high level description of an embodiment of the invention will now be
provided. The camera 108 is used to capture a video image of the marker block 150.
When a single camera approach is employed, a subset of at least three markers 104
should be visible to the camera 108. However, the specific combination of markers
104 that is visible at any moment in time may change between images obtained by the
camera 108. This principle is illustrated in Figs. 2a-b. Fig. 2a illustrates an image
frame that captures an image of marker block 150, at a moment in which the marker
block 150 is oriented relative to the camera 108 such that only the top surface of
marker block 150 is visible. Therefore, only the markers on the top surface of marker
block 150 can be clearly identified in the image frame. Fig. 2b illustrates an image
frame that captures an image of marker block 150, at a moment in which the marker
block 150 is oriented relative to the camera 108 such that only two sides of the marker
block 150 are visible. Therefore, only the markers on the two visible sides of the
marker block 150 can be clearly identified in the image frame.

The combinations of locations of markers 104 on the marker block 150 can be
surveyed to provide information about the relative positioning of markers 104 on
marker block 150. The position and orientation of the camera 108 can also be
calibrated. By identifying the specific combinations and locations of markers 104 that
are visible in a given image frame, the present invention can be used to determine the
position and orientation of the marker block 150. The position and orientation of the
marker block can be identified using six degrees of freedom (6 DOF), i.e., x-
coordinate, y-coordinate, z-coordinate, pitch, yaw, and roll. With this information,
the position and orientation of any point on the object 102 rigidly attached to the
marker block 150 can also be identified. As previously noted, this approach allows

only a single camera 108 to be used to track the position and orientation of the object
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102, rather than requiring triangulation using multiple cameras from different
positions.

Figures 3a and 3b taken together show a flowchart of a process for object 6
DOF estimation according to one embodiment of the invention. At 202, the
coordinates of the markers 104 are accurately surveyed in a reference coordinate
system (Xo, Yo, Zo) Specific to the marker block 150. This survey data is stored as
reference data, and provides the known relative positioning and distances between
markers 104 on the marker block 150. The known relative positioning and distances
between relevant portions of object 102 and one or more markers 104 or marker block
150 can also identified at this stage.

At 203, The position and orientation of the camera 108 is calibrated using
coordinate data related to the 6 DOF for camera 108. Thus, the coordinates (X, Y, Zc)
for camera 108 can be translated and rotated relative to the coordinates (x, y, z) for the
entire system. The system coordinates can be derived based upon any frame of
reference, e.g., relative to the system isocenter of an appropriate medical
treatment/imaging device or of the room coordinates. One approach for performing
this calibration is to use the camera to image a structure at a known location having
one or more structures of known relative dimensions/distances, e.g., a block structure
having rods of known heights and relative positions. The size, orientation, and
position of the known structure in the image frame captured by the camera can be
used to extrapolate and calibrate the 6 DOF values for the camera.

At 204, the geometric calibration model of the overall imaging chain is
obtained and stored. The parameters of this model relate the position of a point in a
3-dimensional measurement coordinate system to the 2-dimensional pixel coordinates
of an image obtained by the camera 108. In one embodiment, this reference data and
geometric calibration model for steps 202, 203 and 204 can be derived offline, e.g.,
after the camera 108 is mounted rigidly in a room, and can be repeated for accuracy
verification.

At 205, an initial set of image data is obtained. The initial set of data provides
an initial estimate of the location and orientation for the marker block 150. Thus, the
initial set of data can be obtained from a prior image frame. Alternatively, the initial
set of data can be manufactured based upon an initial estimate of the expected image

frame data for the marker block 150.
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At 206, the marker information for the initial set of data is projected to the
pixel domain. Using the information obtained from the process shown in Fig. 3a, the
position and distance in pixel coordinates between the markers 104 in the initial set of
image data is compared with the calibration model, such that the absolute positions of
the markers 104 in the measurement coordinate system can be estimated with a high
degree of accuracy. The estimated image frame, the geometric calibration model, and
the marker reference data are used to mathematically project the center of each marker
104 and obtain estimated pixel coordinates of each marker 104 in the image frame.
This provides the pixel coordinates for the estimated 6 DOF values for the marker
block 150 in the initial set of data.

At 207, a new image frame is digitized from the camera 108 video stream.
The digitized image frame is analyzed to detect and locate the markers 104 in pixel
coordinates. If the previous tracking was successful, the projected centers can be used
to limit the search area for each marker 104 to increase computational efficiency. If
processing the first image frame, or recovering from lost track, then the whole frame
can be analyzed to find and locate markers 104.

A determination is made at 208 whether at least three markers 104 can be
identified in the acquired image frame. If not, then 207 is repeated to obtain another
image frame.

A difference vector is formed between the projected marker coordinates (of
step 206) and the marker coordinates found in the grabbed image frame. At 210, the
absolute value of the difference vector, e.g., measured in mean of squared distances in
pixel domain, is analyzed to determine if it falls within an acceptable threshold
amount. In effect, a determination is made whether the 6 DOF for the initial estimate
is close enough to the actual 6 DOF for the marker data in the grabbed image frame.
If so, then the 6 DOF data from the initial estimate is accepted as the coordinates for
the marker block (212). Thereafter, the position and orientation of the object 102 can
be extrapolated based upon the computed positions for markers 104. As mentioned
above, the position and orientation of the object 102 can be quantified in 6 DOF, e.g.,
x-coordinate, y-coordinate, z-coordinate, pitch, yaw, and roll in the measurement
coordinate system. The process then returns to step 205 for the next image frame in

the video stream.
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If the difference between the mathematically projected pixel coordinates and
the actual marker 104 pixel coordinates exceeds a defined threshold, then the process
revises the estimated coordinates for the markers 104. The new estimated coordinates
can be estimated based upon incremental changes to the assumed marker block 150 6
DOF that would result in a closer match between the mathematically projected points
and the marker 104 coordinates found in the actual digitized image. One approach for
this estimation uses the Gauss method based on computing the inverse Jacobian
matrix of pixel positions as a function of the marker block 150 6 DOF. A A 6 DOF
can be determined and applied to revise the estimated 6 DOF values for the markers.
The revised estimated 6 DOF values are again projected to the pixel domain at 216.
The process loops back to 209/210 to generate another difference vector and to make
another determination whether the difference vector is within an acceptable threshold.
If not, then the loop is repeated until the difference vector satisfies the defined
threshold value. Ifit is detected convergence is not happening, a failed 6 DOF
estimation is declared and the process goes to Step 6 (207) for a new image frame.

Fig. 4 depicts a particular application of the invention, in which a marker
block 450 is rigidly attached to an ultrasound probe 402. Using the process described
with respect to Figs. 3a and 3b, the position and orientation of ultrasound probe 402
can be identified with precision, even while it is flexibly being used to image a patient
or object. In an embodiment, particular structures that are being imaged by the
ultrasound probe can also be translated into the system measurement coordinate
system. This can be accomplished by pre-calibrating the ultrasound probe to translate
positions for measured voxels 470 in the image data to the coordinate system being
used by the ultrasound probe. One way of accomplishing this is to apply the
ultrasound probe to image a set of reference objects of known position relative to the
ultrasound probe. The resultant mapping information is used as reference data to later
translate voxel positional information into the coordinate system used by the
ultrasound probe. Once the process of Figs. 3a and 3b has determined the position
and orientation of ultrasound probe 402, the invention can further extrapolate the
position and orientation of particular voxels 470 and structures within field of view
460 of the ultrasound probe 402.

Fig. 9 depicts another application of the invention, in which object 102

comprises a surgical instrument. In this embodiment, a relevant portion of the patient

-7-
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904 is first imaged, e.g., with an instrument 906 that utilizes a 3D imaging method,
€.g., computed tomagraphy (CT), magnetic resonance imaging (MRI), or positron
emission tomagraphy (PET). The 3D imaging method produces a 3-dimensional
image of at least a portion of the patient’s 904 body in an imaging coordinate system.
The geometric calibration model that defines the measurement coordinate system (i.e.
“room coordinates’) obtained in step 204 is defined such that it coincides with the
imaging coordinate system. The image of the patient’s body allows precise planning
for a surgical procedure. The surgical instrument 102 can be guided during a surgical
procedure based upon either a pre-determined treatment plan or in real-time based
upon knowledge of absolute and/or relative positions for relevant positions of the
patient’s body. As long as the position of the patient’s 904 body is appropriately
similar to the position utilized during the 3D imaging method, the position and
orientation of the surgical instrument determined in the measurement coordinate
system will accurately reflect the position and orientation relative to the portion of the
patient’s 904 body that was imaged by instrument.

It is noted that the invention can be applied to determine the position and
orientation of the patient’s 904 body using only a single camera. For example, during
the 3D imaging method, the position and orientation of the patient 904 can be
accurately determined by utilizing one or more marker blocks 908 affixed or attached
to the patient’s 904 body. Each marker block 908 contains a plurality of markers that
can be imaged with camera 108. Using a procedure as described with respect to
Figs. 3 a-b, the position and orientation of the marker block 908 can be determined
from images taken by camera 108. The position and orientation of patient 904 can be
extrapolated using the determined position and orientation of marker block(s) 908.

The invention can further be used to determine if the patient 904 has moved
from a previous position or orientation. For example, it is possible that the date of the
3D imaging procedure is different than the date at which the patient undergoes a
surgical procedure reliant upon that imaging information. However, if the treatment
plan was created with the assumption that the patient would be in the same position or
orientation, then the treatment effectiveness could be compromised if the patient is
actually in a different position or orientation during the later date of the surgical
procedure. If the patient 904 has moved after the 3D imaging method and prior to a

surgical procedure to be performed with surgical instrument, the patient 904 and/or
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the patient table 910 can be repositioned so that the patient’s 904 body is returned to
the same position. The repositioning is accomplished by placing one or more marker
blocks 908 on the same body landmarks, and moving the patient 904 and/or the
patient table 910 until the position and orientation of the marker blocks 908 as
determined from images taken by camera 108 match the position and orientation
recorded during the 3D imaging method. A procedure for manipulating a patient into
a correct position and orientation is described U.S. Patent No. 6,279,579, which is
hereby incorporated by reference in its entirety.

Fig. 8 depicts an embodiment of a system in which internal images of the
patient 906 can be captured during the surgical procedure. The images can be
captured in real-time or periodically. The system shown in Fig 8 includes an x-ray
source device 1502 and an x-ray imaging device 1504. Image-guided surgery can be
performed in which the positions of surgical instrument 802 is determined using the
optical approach described above, and in which real-time internal images are obtained
simultaneously or in a coordinated fashion to guide the use of the surgical instrument
802.

Even if the patient’s 904 body maintains the same position as that assumed
during the 3D imaging method, locations within the patient’s 904 body can move with
variations in the patient’s 904 physiological activities, such as breathing. Such
movement will cause a deviation in internal positions within the patient’s 904 body
from the positions recorded in the image obtained with the 3D imaging method. The
tracking of the position and orientation of marker blocks 908 can provide monitoring
of physiological activities such as by tracking chest movement or movement of
internal structures. In the system shown in Fig. 8, a first switch 1504 or alarm can be
operatively coupled to the surgical instrument 802. A second switch 1506 is
operatively coupled to a radiation source 1502. Either switch can be operated to
suspend its corresponding surgical/medical procedure if excessive movement of the
patient 906 is detected. In an embodiment, switch 1506 is part of the mechanical and
electrical structure of radiation beam source 1502, and switch 1504 is part of the
mechanical and electrical structure of the control arm for the surgical instrument 802.
Alternatively, switches 1504 and 1506 comprise external apparatuses that are
connected to the control electronics/mechanics of their associated instruments.

Switches 1504 and 1506 may also comprise software-based control mechanisms.

9.
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While the processes of Figs. 3a and 3b is usable with only a single camera
108, multiple cameras can also be used to expand the viewing volume, or to allow
continued operation of the system when the view of one camera 108 is obstructed.
When multiple cameras are used, the above process can be employed for each camera
108, independently, or triangulation of image data can alternatively be used to provide
coordinates for the markers 104.

A possible inefficiency in locating the markers 104 is that the markers 104
may appear anywhere on the video frame, and all of the image elements of the video
frame may have to be examined to determine the location of the markers 104. Thus,
in an embodiment, the initial determination of locations for the markers 104 involves
an examination of all of the image elements in the video frame. If the video frame
comprises 640 by 480 image elements, then all 307200 (640 x 480) image elements
are initially examined to find the location of the markers 104.

For real-time tracking of the markers 104, examining every image element for
every video frame to determine the location of the markers 104 in real-time could
consume a significant amount of system resources. Thus, in an embodiment, the real-
time tracking of markers 104 can be facilitated by processing a small region of the
video frame, referred to herein as a “tracking gate”, that is placed based on estimation
of the location of the already identified markers 104 in a previous video frame. The
previously determined location of a marker 104 defined in the previous video frame is
used to define an initial search range (i.e., the tracking gate) for that same marker 104
in real-time. The tracking gate is a relatively small portion of the video frame that, in
one embodiment, is centered at the previous location of the marker 104. The tracking
gate is expanded only if the tracking algorithm can not locate the marker 104 within
the gate. As an example, consider the situation when the previously determined
location of a particular marker 104 is image element (50,50) in a video frame. If the
tracking gate were limited to a 50 by 50 area of the video frame, then the tracking gate
for this example would comprise the image elements bound within the area defined by
the coordinates (25,25), (25,75), (75,25), and (75,75). The other portions of the video
frame are searched only if the marker 104 is not found within this tracking gate.

According to one embodiment, the pixel coordinates of each marker in the
video frame are tracked. The distance in the pixel domain between the two markers

for each video frame is thereafter measured. The known physical distance of the two
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markers is divided by the measured distance to provide the scale factor for
transforming the incremental motion of the block in the direction of the line
connecting the two markers. This scale factor is updated for each new video frame
and is used to transform the incremental motion of each marker from pixel domain to
the physical domain. The transformation accounts for changes in the camera viewing
angle, marker block orientation, and its distance to the camera during motion tracking.

The output of the process of Figs. 3a and 3b comprises position and
orientation data for the object 102. In another embodiment, the position and
orientation of a specific part of the object 102, such as the tip of a biopsy needle, is
obtained. The position and orientation of a specific part of the object 102 is
determined by using previously surveyed reference data that provides the position of
the specific part of the object 102 relative to the markers 104 in the reference
coordinate system. A geometric transformation can be conducted that uses the
reference data for the specific part of the object 102 in combination with the positions
of the markers 104 accepted to determine the position and orientation of the specific
part of the object 102 in the measurement coordinate system.

In an embodiment of the invention, the device 102 comprises a pointer device
having a pointer tip 308. The position of the pointer tip 308 in the measurement
coordinate system is determined as described above. The 3-dimensional path traced
out by the pointer tip 308 can then be determined by monitoring the position of
pointer tip 308 in successive images taken by camera 108. In an embodiment of the
invention, this method and device can be used in 3-dimensional profiling of a patient,
which involves measuring 3-dimensional contours on the surface of a patient. The
pointer tip can be traced over the patient’s skin in a desired path to determine the
contours of the patient along that path. Patient profiling is useful, for example, for
radiation treatment planning. It should be apparent to those skilled in the art that the
invention can be used for any application requiring the determination of the locations
and geometries of points, contours, or surfaces in three dimensions.

In another embodiment of the invention, the device 102 comprises a surgical
instrument such as a biopsy needle. The position and orientation of the tip of the
instrument 308 is monitored in the measurement coordinate system. This monitoring
allows a practitioner to know the position of the tip 308 when it is inside a patient’s

body and cannot be seen. The monitoring of the tip’s 308 orientation allows a
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practitioner to know the direction that the tip 308 will proceed as it is inserted into a
patient’s body.

In an embodiment, an illumination source is used with camera 108 (which is
an infrared source in an embodiment) that projects light at the object 102. The
generated light is reflected from one or more markers 104 on or attached to the
marker block 150. The camera 108 captures and detects the reflected light from the
one or more markers 104. The position, number, and orientation of the markers 104
are selected based upon the particular device 102 or system configuration being used.

In one embodiment, each marker 104 comprises a reflective or retro-reflective
material that reflects light, whether in the visible or invisible wavelengths. If the
illumination source is co-located with camera 108, then marker 104 preferably
comprises a retro-reflective material that reflects light mostly in the direction of the
illumination source. Alternatively, each marker 104 comprises its own light source.
The marker 104 is used in place of or in conjunction with physical landmarks on the
device 102 that is imaged by the camera 108 to detect position and movement.
Markers 104 are preferably used instead of landmarks because such markers 104 can
be detected and tracked more accurately via the video image generated by camera
108. Because of the reflective or retro-reflective qualities of the preferred markers
104, the markers 104 inherently provide greater contrast in a video image to a light
detecting apparatus such as camera 108, particularly when the camera 108 and
illumination source are co-located.

According to an embodiment, digital video recordings of the patient in a
session can be recorded via camera 108. The same camera 108 used for tracking
patient movement can be used to record video images of the patient for future
reference. A normal ambient light image sequence of the patient can be obtained in
synchronization with the measured movement signals of markers 104.

In one embodiment, a marker block is employed having a plurality of
reference locations or markers 104 on one or more of its surface. Each reference
location on the marker block preferably comprises a retro-reflective or reflective
material that is detectable by an optical imaging apparatus, such as camera 108. One
embodiment of the marker block 1471 utilizes multiple markers 1475 on a rigid

hollow and light plastic block 1477 as shown in Figure 5c.
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A marker block can be formed into any shape or size, as long as the size,
spacing, and positioning of the reference locations are configured such that a camera
or other optical imaging apparatus can view and generate an image that accurately
shows the positioning of the marker block.

Figs. 5a and 5b depict other embodiments of marker blocks 1402 and 1406
usable in the invention. Marker block 1402 includes a rectangular shape having
multiple reflective or retro-reflective marker elements 1404 located on it. Marker
block 1402 supports a rigidly mounted set of markers. The markers should appear as
high contrast features in a real-time imaging device such as a video camera whose
images are digitized and processed by a computer system. This realization of the
marker block employs retro-reflective material covering a set of diameter spheres
glued or otherwise attached to a rigid plastic box or platform. Marker block 1406
includes a non-rectangular structure having multiple reflective or retro-reflective
marker elements 1408 located on it.

Fig. 7 depicts alternate embodiment of a marker block 1100 having a
cylindrical shape with multiple reference locations comprised of retro-reflective
elements 1102 located on its surface. Marker block 1100 can be formed as a rigid
block (e.g., from plastic). Blocks made in this fashion can be reused a plurality of
times, even with multiple patients, e.g., if the normal hospital anti-infection
procedures are followed. Fig. 6 depicts an alternate marker block 1000 having a
hemispherical shape comprised of a plurality of retro-reflective elements 1002
attached to its surface.

The marker block can be formed with shapes to fit particular devices and
instruments. For example, marker blocks can be implemented using molds or casts
that match to specific locations on a device/instrument. Alternatively, the marker
blocks can be formed to fit certain fixtures that are attached to a device or instrument.
In yet another embodiment, the devices and instruments are formed with integral
marker block(s) having reflective or retro-reflective markers on them.

In the foregoing specification, the invention has been described with reference
to specific embodiments thereof. It will, however, be evident that various
modifications and changes may be made thereto without departing from the broader
spirit and scope of the invention. For example, the operations performed by image

processing unit 110 can be performed by any combination of hardware and software

-13-



WO 2004/023783 PCT/US2003/027552

within the scope of the invention, and should not be limited to particular embodiments
comprising a particular definition of “image processing unit”. The specification and
drawings are, accordingly, to be regarded in an illustrative rather than restrictive

sense.
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CLAIMS
‘What is claimed is:

1. A method for tracking a location and orientation of an object in three-
dimensional space, comprising:

(a) surveying a plurality of markers on an object;

(b) calibrating an imaging device that is used to image the object;

(c) obtaining a first set of object position and orientation data;

(d) projecting the markers to an image domain to obtain coordinates of
projected markers;

(e) obtaining an image frame data set using the imaging device, the image
frame data set comprising image data for at least three markers from the plurality of
markers;

(f) analyzing the image frame data set against the projected marker
coordinates;

(g) adjusting the first set of object position and orientation data if results of (f)
are not within acceptable threshold tolerances; and

(h) accepting the first set of object position and orientation data for the object

if results of (f) are within the acceptable threshold tolerances.

2. The method of claim 1 in which the act of surveying the plurality of markers is

performed in a reference coordinate space specific to the object.

3. The method of claim 2 in which survey data provides known relative

positioning between the plurality of markers on the object.

4. The method of claim 1 in which the act of calibrating the imaging device is
performed by translating and rotating the coordinate system for the imaging device

relative to a measurement coordinate system.

5. The method of claim 4 in which the measurement coordinate system is derived

relative to a system isocenter of a medical device.

6. The method of claim 4 in which the act of calibrating is performed by imaging

a structure of known location and dimensions.
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7. The method of claim 1 in which the first set of object position and orientation

data comprises an initial estimate of expected object position and orientation.

8. The method of claim 1 in which the act of projecting the markers uses position

and orientation estimate from a prior image frame.

9. The method of claim 1 in which the first set of object position and orientation

data comprises of six degrees of freedom (6 DOF) data values relating to the object.

10.  The method of claim 1 in which the act of obtaining the image frame data set

is repeated until at least three markers can be identified in the image frame data set.

11.  The method of claim 1 in which marker coordinates are derived by image

analysis from the image frame data set.

12. The method of claim 11 in which the act of (f) comprises forming a difference
vector between projected marker coordinates of (d) and a second set of marker

coordinates derived from (¢).

13.  The method of claim 12 in which the difference vector is compared against an

acceptable threshold tolerance.

14.  The method of claim 11 in which (g) comprises adjusting object 6 DOF
estimate using the difference vector in such a manner to reduce the difference vector

length.

15.  The method of claim 1 in which the first set of object position and orientation

data comprises a prior set of object position and orientation data.

16.  The method of claim 1 further comprising:
surveying relative positioning between the object and a device rigidly attached

to the object.

17. The method of claim 2 in which an ultrasound probe is attached to the object,

wherein positioning is determined for a structure imaged by the ultrasound probe.

18.  The method of claim 17 in which the structure imaged by the ultrasound probe
is translated and rotated into the measurement coordinate space.
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19.  The method of claim 18 in which mapping information is employed to

perform the act of translating.

20.  The method of claim 19 in which the mapping information is obtained by

calibrating the ultrasound probe into the system coordinate space.

21.  The method of claim 19 in which the mapping information is obtained by

imaging a known structure using the ultrasound probe.

22.  The method of claim 17 in which voxels generated by the ultrasound probe are

mapped to object reference coordinates.

23.  The method of claim 2 in which only a single imaging device is used to track

the location and orientation of the object.

24.  The method of claim 2 in which the coordinates of (d) comprise pixel

coordinates.
25.  The method of claim 2 in which the object comprises a marker block.

26.  The method of claim 2 in which (g) is repeated until (h) is performed to accept

the first set of object position and orientation data.

27.  The method of claim 2 in which a surgical instrument with a tip is attached to
the object, wherein tip position is calculated based upon object position and

orientation.

28.  The method of claim 28 in which the tip is traced over a structure, wherein the

structure 1s profiled based upon the tip position during tracing.
29.  The method of claim 28 in which the structure comprises a patient.

30. A method for digitizing a location of a point on a device in three-dimensional
space, comprising:

defining a plurality of reference points on the device;

optically determining coordinates of the point and the plurality of reference
points in a local reference coordinate system which is fixed relative to the device;

detecting a first subset of the plurality of reference points;
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determining coordinates in a measurement coordinate system of the first
subset of the plurality of reference points; and
performing a geometric transformation to determine first coordinates of the

point in the measurement coordinate system.

31.  The method of claim 30 further comprising placing a plurality of markers at

the plurality of reference points.

32.  The method of claim 30 wherein the device comprises a surgical instrument

tip on which the point resides.

33.  The method of claim 32 wherein the surgical instrument tip comprises a

biopsy needle tip.

34.  The method of claim 30 in which the plurality of reference points comprises

markers on a object.

35.  The method of claim 30 in which the first subset comprises at least three

markers.

36.  The method of claim 28 in which a single imaging device is used to digitize

the location of the point.

37. A method for three-dimensional profiling of a patient, comprising:
tracing a pointer device tip along a path on a surface of the patient;
optically detecting measured coordinates for a set of marker positions

associated with the pointer device tip;
determining coordinates of the pointer device tip in a measurement coordinate

system; and
repeatedly updating and storing coordinates of the pointer device tip as it is

traced along the path on the surface of the patient.

38.  The method of claim 37 in which the set of marker positions are optically

detected with a single camera.

39.  The method of claim 37 in which the set of marker positions are located on a

marker block.
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40. A method for determining position and orientation of a surgical instrument
relative to a location at a body of a patient, comprising:

performing an imaging procedure to acquire imaging data for an internal
region of the patient;

determining the location in the body of the patient in an imaging coordinate
system;

optically determining position and orientation of the surgical instrument in a
measurement coordinate system; and

determining position and orientation of the surgical instrument in the imaging

coordinate system.

41. The method of claim 40 wherein the imaging procedure is selected from the

group consisting of CT procedure, MRI procedure, PET procedure.

42.  The method of claim 40 wherein a plurality of markers and the surgical
instrument are fixed on a rigid device and the act of determining position and
orientation of the surgical instrument in the measurement coordinate system
comprises:

viewing at least a subset of the markers with at least one camera;

generating image data of the at least subset of the markers; and

determining position and orientation in the measurement coordinate system of

the surgical instrument from the image data of the at least subset of the markers.

43.  The method of claim 40 further comprising:

moving the patient between the step of performing the imaging procedure on
the patient and the step of determining position and orientation of the surgical
instrument in the measurement coordinate system; and

repositioning the patient prior to determining position and orientation of the
surgical instrument to match patient position determined at completion of the step of

performing the imaging method.

44.  The method of claim 40 further comprising:

monitoring a physiological activity in the patient;

providing feedback of the monitoring of the physiological activity to the
patient.
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45.  The method of claim 40 in which the imaging procedure is performed to

acquire images in real-time.

46. A single camera method for tracking a location and orientation of an object,
comprising:

surveying a set of markers on an object;

obtaining an estimate of the position and orientation of the object;

using a single camera to image the object to obtain an image frame to generate
actual coordinate information, wherein at least three markers in the image frame are
identifiable;

analyzing the actual coordinate information; and

accepting the estimate of the position and orientation of the object if the result
of analyzing the actual coordinate information is within an acceptable threshold

tolerance.
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