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APPARATUS AND METHOD FOR CALIBRATING AN ENDOSCOPE

Field of the Invention

The present invention relates to an apparatus method for calibrating lens
position and field of view in an endoscope, with respect to a tracking element on

the endoscope.
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Background of the Invention

Computer-assisted methods now provide real-time navigation during
surgical procedures, including analysis and inspection of three-dimensional (3-D)
diagnostic images from magnetic resonance (MR) and computed tomography
(CT) data (Viergaver). Endoscopic technology has also undergone rapid
development, providing lightweight endoscopes able to be used in small body
cavities. Endoscopes are however able to display only visible surfaces, and are
also limited by their inability to provide views of the interior of opaque tissue.
The combination of both endoscopic and computer-generated 3-D images has
the potential to provide the previously unavailable capability of overlaying
volumetrically reconstructed patient images onto the endoscopic view of the
surgical field. This technique could permit surgeons to look beyond visible
surfaces and provide "on-the-fly" 3-D and two-dimensional (2-D) information for
planning and navigational purposes (Shahidi, Vining). Due to the many
parameters involved in the function of an endoscope, however, multiple small
errors in the settings of the device may have relatively large and cumulative
effects on the final discrepancy between the position of the overlaid endoscopic
images and the patient's anatomy. For this reason, precise calibration of the
endoscope and accuracy testing of the calibrated endoscope is necessary to
ensure surgical quality. The present invention is directed toward this goal.

Summary of the Invention

The invention includes, in one aspect, apparatus for use in calibrating lens
position and field of view in an endoscope having an elongate shaft and a distal-
end lens. The apparatus includes a plurality of tracking elements mounted at
fixed positions on the endoscope’s shaft, a holder having a guide in which the
endoscope can be received to align the endoscope shaft in the holder and
position the endoscope lens for viewing a three-dimensional object contained at
a target area in the holder, positional elements mounted on the holder at known
positions with respect to the guide and three-dimensional object or pattern, and a
sensing device for sensing the tracking and positional elements. These
elements are used in viewing a known three-dimensional object at known object

and endoscope positions in space.
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A processor in the apparatus is operably connected to the sensing device
and to a display device for carrying out the following operations: (i) determining
the positions of the tracking and positional elements, with the endoscope shaft
received in the holder guide, (ii) using the determined positions of the tracking
and positional elements to place the endoscope and the holder in a common
frame of reference, (iii) projecting on the display device, a video image of the
three-dimensional holder object as seen by the endoscope with the endoscope
shaft received in the holder guide, (iv) projecting a model image of the three
dimensional object on the display device, representing the three dimensional
object as seen from a known lens position and field of view, and

(V) using information about the relative sizes, positions, and orientations of the
two images to calculate the coordinates of the endoscope lens with respect to
the tracking elements, and the field of the view of the lens.

In a preferred embodiment, using information about the relative sizes,
positions, and orientations of the two images includes manually matching the
endoscopic and model images, by translating, rotating and/or scaling one or both
images, and from the direction and extent of such adjustments, determining the
coordinates of the endoscopic lens with respect to the tracking elements, and the
field of view of the lens. The information may be further used to correct for lens
distortion.

The holder includes a structure, such as a bore, for receiving the
endoscope therein or thereon, to place the endoscope at a known axial position
with respect to the holder, and preferably includes a stop for arresting the axial
position of the endoscope in the holder structure at a known, selected
endoscope position.

The apparatus is used in calibrating lens position and field of view in the
endoscope, in accordance with another aspect of the invention. The method
includes the steps of (a) positioning the endoscope in a holder of the type
described above, and (b) employing a sensing device to sense the positions of
the endoscope tracking and halder positional elements, with the endoscope shaft

received in the holder.



10

15

20

25

30

WO 01/74267 PCT/US01/10513

A processor operatively connected to the sensing device and to a display
device functions to (i) determine from input provided by the sensing device, the
positions of the tracking and positional elements, with the endoscope shaft
received in the holder guide, (ii) use the determined positions of the tracking and
positional elements to place the endoscope and the holder in a common frame of
reference, (iii) project on a display device, a video image of the three-
dimensional holder object as seen by the endoscope with the endoscope shaft
received in the holder guide, and (iv) project a model image of the three
dimensional object on the display device, representing the three dimensional
object as seen from a known lens position and field of view, and (v) use
information about the relative sizes, positions, and orientations of the two images
to calculate the coordinates of the endoscope lens with respect to the tracking
elements, and the field of the view of the lens.

Preferably, the two images are aligned by the user, and from the
alignment adjustments, the processor calculates the coordinates of the
endoscope lens with respect to the tracking elements, and the field of the view of
the lens. The display device may include a split screen or two screens for
displaying the video and model images separately on first and second screen
regions, and the aligning steps may include: (i) rotating one of the images to the
rotational position of approximate orientation of the other image, (ii) sizing one of
the images to the approximate size of the other image, (iii) superimposing the
two images, and (iv) making final adjustments in image orientation and size until
the two images overlap.

In another aspect, the calibration apparatus is designed for automated
calibration of endoscope lens position, field of view and, optionally, view vector
and/or lens distortion. The apparatus includes a plurality of tracking elements
mounted at fixed positions on the endoscope’s shaft, a pattern support having a
feature pattern contained in a target region of the holder, positional elements
mounted on the pattern support at known positions with respect to said pattern,
and a sensing device for sensing the tracking and positional elements.

A processor in the apparatus functions to (i) determine the positions of the

tracking and positional elements, with the endoscope placed at a selected
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position for viewing features in said pattern in three dimensions, (ii) use the
determined positions of the tracking and positional elements to place the
endoscope and the holder in a common frame of reference, (jii) determine the
image coordinates of features in the pattern, as seen by the endoscope at the
selected position, and (iv) use a lens projection algorithm to calculate from the
image coordinates of the pattern features, and the known positions of the pattern
features in said common reference frame, the coordinates of the endoscopic
lens with respect to said tracking elements and the lens’ field of view. The
processor may be further operable to correct for lens distortion effects, such that
the endoscope image displayed on the display device is a true perspective
image.

The apparatus may include a user control which, when activated,
simultaneously signals the sensing device to sense the tracking and positional
elements, and the processor, to record the image seen by the endoscope. This
control allows the user to place an endoscope at a selected viewing position with
respect to the holder and take a simultaneous snapshot of the endoscope view
and endoscope and holder positions, whether or not the endoscope is physically
held in the holder.

Where the holder pattern is planar, the endoscope view vector-should be
at least about 30° off the normal to the pattern plane, to provide view depth
information to the processor. Alternatively, the holder may include a curved
surface, such as a hemispherical shell, on which the pattern is placed, such that
the pattern provides pattern depth information at any selected position at which
the endoscope can view the pattern. An exemplary pattern consists of an array
of relatively small and relatively large spots, arranged so that each region of the
array can be uniquely identified by the pattern of small and large spots therein.

In a related aspect, the invention includes a method for automated
calibration of endoscope lens position, field of view and, optionally, view vector
and/or lens distortion, employing the above apparatus. The method includes the
steps of (a) positioning the endoscope at a selected position with respect to a
pattern support, and (b) employing a sensing device to sense the positions of the

endoscope tracking and holder positional elements, with the endoscope
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positioned at the selected position. A processor operatively connected to the
sensing device and to a display device operates in the method to: (i) determine
the positions of the tracking and positional elements, with the endoscope placed
at a selected position for viewing features in said pattern in three dimensions, (ii)
use the determined positions of the tracking and positional elements to place the
endoscope and the holder in a common frame of reference, (iii) determine the
image coordinates of features in the pattern, as seen by the endoscope at the
selected position, and (iv) use a camera calibration algorithm to calculate from
the image coordinates of the pattern features, and the known positions of the
pattern features in the common reference frame, the coordinates of the
endoscopic lens with respect to said tracking elements and the lens’ field of
view.

These and other objects and features of the invention will become more
fully apparent when the following detailed description of the invention is read in
conjunction with the accompanying drawings.

Brief Description of the Figures

Figs. 1A and 1B illustrate an endoscope-calibration apparatus constructed
according to a first general embodiment of the invention, shown in use with an
endoscope before (1A) and after (1B) placement of the endoscope in the holder
in the apparatus;

Figs. 2A and 2B illustrate a solid object provided by the apparatus holder
and as seen by endoscope when positioned in the holder;

Fig 3A-3E illustrate various exemplary images during a matching of model
and video images, in accordance with the method of the invention;

Fig. 4 is a flowchart of the image matching steps of Figs. 3A-3E;

Fig. 5 is a flowchart of the calibration operations carried out by the
apparatus, in the first embodiment;

Fig. 6 illustrates an endoscope-calibration apparatus constructed
according to another general embodiment of the invention, shown with an

endoscope shaft shat cradled in a holder in the apparatus;
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Fig. 7A and 7B illustrate a planar dot pattern provided by the apparatus
holder (7A) and as seen by the endoscope (7B) when positioned in the holder to
view the pattern at an angle of greater than about 30°%;

Fig. 8A and 8B illustrate a hemispherical dot pattern (8A) provided by the
apparatus holder, in another embodiment, as seen by endoscope when
positioned in the holder (8B);

Fig. 9 is a flowchart of the calibration operations carried out by the
apparatus, in the second embodiment; and

Fig. 10 is a flowchart of an additional step in the calibration operation for

adjusting the FOV, if no lens distortion correction is desired.

Detailed Description of the Invention

The apparatus and method of the invention will be described with
reference to two general embodiments. The first embodiment employs image
matching, e.g., by the user, to align an actual endoscopic image with a model
image. The endoscope image is of a three-dimensional object provided by an
endoscope holder, as seen by the endoscope when the latter is held in the
holder at a selected orientation and position. The model image is a displayed
image of the three-dimensional object as it would be seen by an endoscope
having a known field of view and positioned at a given distance from the object.
From the adjustments made by the user to align the two images, and from the
known position of the endoscope with respect to the holder object, a processor
calibrates the endoscope's lens coordinates and rotational coordinates with
respect to tracking elements on the endoscope, and the endoscope's field of
view and optionally, lens distortion. This general embodiment is referred to
herein as First Calibration Apparatus and Method.

In the second general embodiment, the holder provides a feature pattern
that can be viewed in three dimensions, e.g., with depth features, when the
endoscope is placed at a selected position with respect to the holder. The
endoscope image of the pattern is then matched by a camera calibration
algorithm with a model pattern, as seen from a given endoscope position and

orientation, to calibrate endoscope lens position and orientation with respect to
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tracking elements on the endoscope, and endoscope field of view and lens
distortion. This embodiment is also referred to herein as Second Calibration
Apparatus and Method.

A. First Calibration Apparatus and Method
Figs. 1A and 1B illustrate an endoscope calibration apparatus constructed

in accordance with the invention. An exemplary endoscope 8 has an elongate
shaft 16 defining a central axis 10, and a distal lens 12 whose view vector, i.e.,
the direction of view, is aligned with axis 10.

The calibration procedure involves, in part, establishing a geometric
relationship between a positional tracking assembly 14 attached to the
endoscope, and shatft 16 and the tip 18 of the endoscope. During use of
endoscope 8 in surgery, a tracking system 20 tracks the position and orientation
of the tracking assembly only. Therefore, the relative position between tracking
assembly 14 and the shaft and tip of the endoscope must be determined before
use of the endoscope in order to (1) correctly select the position, orientation, and
field-of-view (FOV) angle of the 3D volumetric perspective image to be displayed

and (2) correctly fuse actual images obtained from the endoscope with 3D

- volumetric perspective images obtained from the pre-operative 2D scans..

Figs. 1A and 1B show tracking assembly 14 attached to endoscope 8.
The assembly can be attached by use of a detachable device such as a clip 22.
As shown in Figs. 1A and 1B, the assembly is preferably attached to a proximal
end 24 of endoscope 8, e.g., to a handle 26 of the endoscope. The assembly
provides at least three linear tracking elements 28, such as light emitting diodes
(LEDs), located at fixed linear positions on the assembly. The tracking elements
are arranged non-colinearly in a plane, as shown in Figs 1A and 1B. This
arrangement is exemplary only. Other types of tracking assemblies capable of
providing information relating to movement of a device having six degrees of
freedom are suitable, so as to determine the three-dimensional coordinates of
the device as well as the angle of attack 62 and the angle of twist o of the

attached endoscope (as described below).



10

15

20

25

30

WO 01/74267 PCT/US01/10513

In the illustrated embodiment, tracking elements 28 (e.g., LEDs) emit
continuous streams of pulsed infrared signals which are sensed by a plurality of
infrared detectors 30 mounted in a sensing device 32 in view of endoscope 8.
The endoscope and the sensing device are both in communication with a
tracking controller 31 which controls the timing and synchronization of the puise
emissions by the LEDs and the recording and processing of the infrared signals
received by the detectors 30. The tracking controlier is in communication with a
CPU 34 which processes the digital signals received from the tracking controller.
Tracking device 14, sensing device 32 and tracking controller 31 form part of an
optical tracking system (OTS). The OTS may be controlled by software which
resides in memory 56 and is executed by the CPU for processing the incoming
signals from the tracking controller to generate data and images indicating the
location and orientation of the endoscope. The OTS can generate location and
orientation data on a continuous, real-time basis, so that during calibration, as
described herein, or as endoscope 8 is moved during surgery, its position and
orientation are continually tracked by sensing device 32 and recorded in memory
56. The OTS may be of the type known as the "FlashPoint 3-D Optical
Localizer,” which is commercially available from Image Guided Technologies of
Boulder, Colorado, similar to the systems described in U.S. Patent Nos.

5 617,857 and 5,622,170. However, as previously noted, the invention is not
limited to any particular OTS; other position tracking systems, such as sonic

position detecting systems, magnetic tracking systems, or radio transmitters,
may also be utilized.

In Figs 1A and 1B there is also shown a holder 36 including a base plate
38. The holder includes positional elements 40, which may be in the form of
LEDs, mounted at known positions with respect to a guide 42. In the
embodiment shown, the guide has a channel 44 therethrough for slidably
receiving the endoscope, as shown in Fig. 1A. When endoscope 8 is held within
guide 42, as in Fig. 1B, a selected reference point on the endoscope is placed at
a known position within guide 42. For example, when the position of a lower end
46 of the guide in relation to positional elements 40 is predetermined, and

endoscope 8 is inserted into the guide, the location of its tip 18 becomes a
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known reference point. This position can be established, for example, by
including a stop in the holder which arrests axial movement of the endoscope at
a selected position, or by placing a ring or other stop member on the endoscope,
to likewise arrest axial movement of the endoscope within the holder guide.

It is therefore important for the calibration and compensation procedures
that the instrument fit snugly in the guide so that the tip or other reference point
on the instrument is fixed relative to positional elements 40. Preferably, the
instrument tip is centered within the guide. Thus, the channel may be of a
dedicated-diameter in order to accommodate a specific instrument or type of
instrument. Alternatively, the channel holder may have a variable diameter that
may be adjusted manually (e.g., with a screw, chuck or equivalent device) or
automatically (e.g., with a motor-gear assembly).

In one of the illustrated embodiments, the channel may be of a fixed
diameter large enough to accommodate many different types of medical
instruments which require calibration. In this case, a smaller-diameter
instrument may be calibrated using a larger-diameter channel holder by
employing a sheath or the like over the endoscope shaft. Such a sheath would
have an outer diameter just less than the diameter of the holder channel and an
inner diameter just greater than the diameter of the endoscope shaft.

Before calibration, the endoscope-sheath assembly is inserted into guide
42 in the direction of arrow 48 and is snugly retained within the guide at an angle
02 which has been predefined in relation to positional elements 40. The angle of
attack 0 is shown in Fig 1C, in which endoscope 8 is represented by an arrow
50 within a coordinate system.

The calibration procedure is initiated by user command which can be
implemented by any convenient input device 54 such as a foot pedal, voice
command, mouse, stylus, or keyboard.

During calibration, the endoscope remains seated within guide 42, during
which time the LEDs 28 and 40 are tracked by detectors 30 mounted overhead
on sensing device 32 in view of both positional elements 40 and tracking device
14 on the endoscope. These signals are then relayed to the tracking controller,

which is in communication with sensing device 32 as shown in Figs. 1 and 2,

10
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where the relative positions and orientations of tracking device 14 and positional
elements 40 are determined. More specifically, the tracking controller or the
CPU determines the relative positions and orientations of the tracking and
positional elements 28 and 40 respectively, and determines from these relative
positions, the positions of tracking elements 28 with respect to the reference
point on endoscope 8. For example, the tracking system or CPU determines the
position and orientation of fracking device 14 in relation to the position of tip 18
and the orientation of shaft 16 of the endoscope. These relationships are stored
in memory 56 for later use during surgery. The geometric data relating the
tracking device and the endoscope is stored in computer memory 56 and
remains invariant throughout the subsequent surgical procedure. If the same
tracking device 14 is removed and placed on another medical instrument, then
another calibration procedure is performed.

Calibrating the medical instrument, as described above, not only enables
more accurate tracking of the instrument during a subsequent surgical
procedure, but also improves a process of establishing the FOV angle 64 of the
endoscope lens 12 to enable accurate fusing during the surgical procedure of
the endoscopic image with 3D perspective volumetric images constructed from
preoperative or intraoperative scan data. In fusing these two types of images, it
is important to use the same FOV angle by both the endoscope and the
computer generated images so that the images can be registered together.

To this end, holder 36 includes a three-dimensional calibration pattern or
object 60--here a regular pyramid--supported on a stage 62 in the holder, for
viewing by endoscope lens 12 when the endoscope is placed in holder 38. That
is, the object or pattern is positioned in a cavity formed at the base of the
channel and is preferably centered so that it is aligned with central axis 10 of the
inserted endoscope when it is inserted in channel 44 and aimed at the pattern
whose position and orientation is precisely known in relation to positional
elements 40. In one preferred embodiment, the object is a three-dimensional
geometric object, such as a regular pyramid. In another, the object is a grid of
raised objects. In either case, the endoscopic image of the object has three-

dimensional of depth features.

11
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Fig. 2A is a top view of a regular pyramid 60 supported on the stage 62,
as the object would be seen by the endoscope, when placed at a selected
position within holder. The image as seen by the lens, called the "video image"
or "endoscope image" is shown at 60a in Fig. 2B. In carrying out the invention,
and with reference to Figs. 3A-3E, this video image is displayed on one screen A
of a two-screen display device, that is either a single split screen with split
regions A and B, or two separate display screens A and B. A model image 65a
of the same object is displayed on a second screen or screen portion B, and is a
screen image of the same object as viewed through a lens with a known field of
view, and at a known lens position with respect to the object, and known view
vector (typically aligned the endoscope shaft). In the method illustrated and
described below, the user will manipulate one of both images to bring them into
alignment. These manipulation will involve (i) translating one or both images,
i.e., moving the images in a side-to-side (x) or up/down (y) direction; (ii) rotating
one or both images about a fixed axis; and (iii) scaling one or both images, e.g.,
to expand or contract the images in either or both of the x and y directions. The
extent of adjustments made to both images to bring them into alignment is then
used to determine appropriate transforms for position, rotation, and field-of-view
transforms between the model image-and video image, thus to determine the
lens position and endoscope rotational position with respect to the tracking
elements and the endoscope lens field of view, as will be described with
reference to Figs. 4 and 5.

Figs. 3A-3E illustrate the types of image adjustments employed by the
user to align a video image 60a with a model image 65a. Initially, the video
image, such as shown in Fig. 3A, is moved by x,y adjustments toward the center
of the screen, as in Fig. 3B. The image is then expanded to fill a large portion of
the screen, indicated by the expanded image 60a’ in Fig. 3C. Screen B in Fig.
3D shows a model image 65a at the center of the screen, and at a given
rotational position. The user rotates this image to a position like that of image
60a' in Fig. 3C, then expands the image to approximate the size of image 60a,
giving the rotated expanded image 652’ seen in Fig. 3E. The two images, which

are now roughly matched in x,y position, rotational position, and scale, are
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superimposed, allowing the user to make final position and scaling adjustments
to bring the two images into alignment, as indicated in the figure.

The image matching operations just described are shown in flow diagram
form in Fig.4. Initially, the video image centered, as at 82, by controlling x,y
adjustments in screen (Figs. 3A and 3B), then scaled to maximize the video field,
as at 84, and illustrated in Fig. 3C. One of the two images, in this case, the
model image, is then rotated to match the other, as at 86, scaled as at 88 to give
the two images roughly the size, and translated, as at 90, to place the two
images in the center of the screen. The two images, which now have roughly
the same screen position, size and orientation, are now superimposed, as at 92,
allowing further fine adjustment until the two images are precisely aligned.

Fig. 5 illustrates steps in carrying out the calibration method, employing
the apparatus of the invention. Preferably, calibration, including determination of
the FOV angle, are performed at the same time along with any other such pre-
surgical instrument adjustment procedures, while the endoscope is retain in
holder 36.

After the pattern and endoscope are appropﬁately positioned, as indicated
at 66 in Fig. 5, the positions of the tracking elements on the endoscope and the
position elements on the holder are recorded by the sensing device and stored in
the CPU (or processor), as at 68. At the same time, the endoscope captures an
image of the pattern which is transmitted to the CPU through an appropriate
video cable schematically shown in Fig. 1A. This video image is processed and
displayed on a display screen 62 side-by-side with a computer-generated model
of the same object or pattern, as described above, and indicated at 72 in Fig. 5.
As noted above, the model image simulates a camera image in which optical
properties, such as focal length, FOV angle, and distance to the pattern or object
can be varied. The data for the computer-generated perspective model is
retrieved from computer memory 56. An example of a suitable display device is
a CRT monitor 64, as shown in Fig. 1A.

The two images are adjusted, as at 74, following the method described
above and illustrated with respect to Figs. 3 and 4. From these adjustments, the

x,y position of the lens, the field of view, and optionally, lens distortion are
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calculated, as at 76, for use by an image reconstruction system, as at 78, for
reconstructing images as would be seen by an endoscope having the calculated
x,y coordinates and FOV angle.

The positions of the tracking and position elements recorded by the
sensing device are used to determine the z position of the endoscope lens (the
position along the endoscope axis), as at 80. From the amount of rotation
needed to bring the video image into alignment with the model image, the
rotational position of the endoscope of with respect to the tracking elements is
also determined. The view vector, if it is not aligned with the endoscope shaft
can also be determined with respect to the tracking elements.

With the abdve combined calibration, the system now know the
endoscope lens coordinates, rotational position, and view vector with respect to
the endoscope tracking elements, and the field of view of the endoscope lens.
Thus, with the endoscope placed at any given position in space, and knowing
the coordinates of the tracking elements, the system can reconstruct a virtual
image, e.g., a subsurface image, as this would be seen by the endoscope,
based on the known, calibrated lens coordinates, rotational position, view vector,
and field of view of the endoscope.

The image matching can be performed manually or can include
automated procedures, as described with respect to the Second Apparatus and
Method below. As discussed above, manual matching of the images involves
changing the FOV angle of the simulated camera, such that the video appears
the same size as the model image. Automatic matching involves a calculation or
counting by the CPU of the number of grids visible in image and a determination
of the FOV angle based on the number of grids and the distance between the
pattern and the endoscope. After the matching, the FOV angle of the 3D
perspective image is determined and is stored in memory 56, and is applied to
all appropriate subsequently displayed 3D perspective images.

In another aspect of the invention, the CPU is further operable, by user
matching of the size and orientation of the two images, to correct for endoscope

lens distortion effects, such that endoscope image displayed is a true
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perspective image. It is known, for example, that the images produced by all real
lenses are spherically distorted due to the curved surface of the lens.

For example, the image 60 obtained by endoscopic lens 12 may appear
distorted in ways such as fish eye distortion or pincushion distortion. To
compensate for this distortion effect, in accordance with the invention, 3D
perspective image can be modified morphed so that it matches distorted image
60 obtained by the endoscope 8.

In the described embodiment, 3D perspective image is adjusted to match
the video image produced by the endoscope. However, in an alternative
embodiment, image 60 produced by the endoscope can itself be adjusted by
image processing means known to those skilled in the art. The image obtained
by the endoscope can be adjusted to minimize or eliminate spherical distortion,
e.g., to appear as seen in a Gaussian coordinate system (planar image), prior to
matching with the 3D perspective image.

The lens distortion correction may be performed by determining and
recording the coordinates of each of the grid points in image 60, and by
iteratively minimizing a cost function for the updated distortion model. The cost
function may be the root-mean-squared (RMS) value of the error between the
recorded coordinates and predicted coordinates for the current distortion model.
A distortion model may include radial distortion, astigmatism distortion, angular
distortion, etc.

The compensations made during the calibration procedures described
herein are retained within memory 56 and applied to all appropriate
subsequently displayed 3D perspective images or endoscopic images.

As previously noted, various aspects of the invention may be
implemented by a program of instructions (e.g., software) executed by CPU 34.
One such aspect includes processing user input data and the data to determine
the relative positions and orientations of the tracking and positional elements 28
and 40 respectively, and to determine from these relative positions, the positions
of the tracking elements 28 with respect to the reference point (i.e., the tip 18) on
the endoscope. Another aspect of the invention which may be software-

implemented is the processing of data to generate and render images in

15



10

15

20

25

30

WO 01/74267 PCT/US01/10513

connection with the determination of the FOV angle 64 and the distortion and
offset compensation procedures.

The software for such task(s) may be fetched for execution by the CPU
from memory 56 which is in communication with the CPU and which may include
random-access memory (RAM) and/or read-only memory (ROM). The software
may be conveyed to the memory, or alternatively may be transmitted directly to
the CPU for execution, through an appropriate disk drive, modem or the like in
communication with CPU 34. More broadly, the software may be conveyed by
any medium that is readable by the CPU. Such media may include, for example,
various magnetic media such as disks or tapes, various optical media such as
compact disks, as well as various communication paths throughout the
electromagnetic spectrum including signals transmitted through a network or the
internet including a carrier wave encoded to transmit the software.

As an alternative to software implementation, the above-described
aspects of the invention may be implemented with functionally equivalent
hardware using discrete components, application specific integrated circuits
(ASICs), digital signal processing circuits, or the like. Such hardware may be
physically integrated with the CPU or may be a separate element which may be
embodied on a computer card that can be inserted into an available card slot in
the computer.

Thus, the above-described aspects of the invention can be implemented
using software, hardware, or combination thereof. The description and drawings
provide the functional information one skilled in the art would require to

implement a system to perform the processing required.

B. Second Calibration Apparatus and Method

Fig. 6 shows an endoscope calibration apparatus constructed according
to another general embodiment of the invention, for calibrating the lens position,
orientation, field of view and optionally, lens distortion, of an endoscope 82. As
above, endoscope 82 includes an elongate shaft 84 terminating at a distal-end
lens 86 which may be mounted for viewing along the endoscope shaft axis, or
may have an angled view vector, e.g., angled 30° with respect to the shaft axis.
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According to an important feature of this embodiment of the invention, and as will
be seen below, the endoscope can be calibrated without being physically
connected to the holder when the view vector is aligned with the shaft axis.

A handle 88 in the endoscope is used to guide the scope, conventionally,
and includes a control button (not shown) that the user activates to initiate a
calibration operation, when the endoscope is placed on the apparatus or heid by
the user at a selected position with respect to the apparatus. This button
connects to control elements of the apparatus as shown. Finally, the endoscope
includes a tracking assembly 90 having four tracking elements, such as
elements 95, for tracking the position of the endoscope in the coordinate system
of the surgical environment, as described above. As above, at least three-non-
linear tracking elements are required.

Apparatus 80 includes, in addition to the just-mentioned endoscope
tracking assembly, a holder 94 which provides a cradie 96 in which the shaft of
the endoscope can be placed, for holding the shaft at a known orientation with
respect to the holder, and a feature pattern 98 which is the calibration pattern
used in the method, similar to the three-dimensional object employed in the first
embodiment. Various planar and curved-surface patterns will be described
below with respect to Figs. 7 and 8. At this point, it is noted only that the pattern
preferably has an array of features, such as a pattern of dots or different sizes,
that allows any region of the pattern to be uniquely identified by the pattern in
that region, and (ii) the pattern is viewed by the endoscope lens so as to provide
pattern depth information. As will be seen below, this may be accomplished by
viewing a planar pattern (Figs. 7A and 7B) at an angle, or by viewing a pattern
formed on a curved surface, such as a hemispherical shell (Figs. 8A and 8B).

Holder 94 is also provided with a tracking assembly 100 having four
positional elements, such as elements 102, for tracking the position of the holder
in the coordinate system of the surgical environment, also as described above.
The positions of the holder and endoscope are tracked, during an endoscope-
calibration operation, by sensing device 104 which is secured at a fixed position
suitable for receiving signals form or emitting signals to the two tracking

assemblies, as described for the first embodiment of the invention. The sensing
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device is operably connected to a tacking controller 106 which in turn is operably
connected to a processor 106 having a CPU 108 and memory 108, and
connected to a display device or monitor 114, and receiving selected user inputs
from input devices 112. The operational features of the processor, in carrying
out the calibration method of the invention, will be apparent from the method
operation described below.

Fig. 7A shows a planar feature pattern 120 suitable for use in the
invention, and supported on a planar surface in a holder of the type described
above. In particular, the pattern is carried on a planar surface at an angle
preferably at least about 30° from the axis of the endoscope's view vector, when
the endoscope shaft is placed in the holder cradle. Thus, for example, when the
view vector is aligned with the endoscope handle, the axis of the handle makes
an angle of at least about 30° with a line normal to the pattern surface. The
pattern is composed of an array of relatively small dots or spots 122, and
relatively large dots 124, it being recognized that the two classes of dots may be
characterized by different sizes (as shown), different colors, or different shapes.

Fig. 7B shows the same pattern 120a of large and smali dots 124a, 122a,
respectively, as seen through an endoscope lens, e.g., when an endoscope is
cradled in the holder and the view vector is aligned with the endoscope shaft. As
can be appreciated, the pattern of small and large dots allows each the particular
region being viewed, and each pattern spot being viewed, to be identified with a
particular dot in the planar pattern. In addition, the spacing between adjacent
dots provides both pattern-depth and lens distortion information, as will be seen.

Fig. 8A shows a feature pattern 130 formed on the interior of a
hemispherical shell 132 in a holder. The pattern consists of large and small
dots, such as dots 134, 136, having a unique arrangement of the two different
sized dots in each region of the pattern. The same pattern as seen through an
endoscope lens in shown at 130a in Fig. 8B. As can be appreciated, based on
the arrangement of different sized dots, such as large dots 136a and smaller
spots and in the image, the correspondence between each dot in the pattern
and dot spot in the image can be readily determined, and thus the distance

relationships between and among dots in the image, as seen through the
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endoscope lens, and also as affected by lens distortion, can be readily
quantitated.

Fig. 9 is a flow diagram of the steps in the method of the invention, as
carried out by the user and processor in the apparatus. Initially, the user places
the endoscope at a selected position with respect to the holder, as at 150, for
endoscope viewing of the feature pattern in the holder. As indicated above,
where the view vector is aligned with the endoscope shaft, it is not necessary to
place the endoscope shaft in the cradle of the holder, only to place the
endoscope for viewing the holder pattern at a position which provides depth
information. If the holder provides a planar pattern, the endoscope should be
positioned at an angle of at least 30° with respect to a line normal to the pattern
plane; for a pattern formed on a curved surface, a variety of view angles may be
selected. For an endoscope having a view vector that is not coincident with the
endoscope, the endoscope shaft should be placed in the holder cradle, to
provide a known endoscope shaft orientation.

Next, the user signals the apparatus to record the positions of the
endoscope tracker elements and holder positional elements, as at 152, and at
the same time, record the endoscope image at the recorded position, as at 154.
The video image produced, such as indicated in Figs. 7A and 8B, may be
automatically enhanced by the processor, as at 156, and the processor than
records the size (feature detection) and x,y coordinates of each of the dots in the
image, as at 158. The signaling may also be designed to occur when the
endoscope and holder are held at fixed calibration position for some given period
of time.

The video image is processed, by a processor camera-calibration
algorithm indicated at 160, to determine (i) the x,y,z coordinates of the
endoscope lens and the orientation of the endoscope view vector with respect to
the endoscope tracking elements, and (i) the field of view and optionally, lens
distortion in the endoscope lens. The algorithm used is a so-called camera-
calibration algorithm, such as the one reported by Tsai (Tsai). The input
parameters to the algorithm are the world coordinates (x, y, z) of a set of known

points and their corresponding u, v coordinates in the endoscope video image.
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The features are identified in the camera image and mapped to the reference
pattern; in this way, the real-world coordinates of the features can be found. The
best resuits are obtained when the collection of points are distributed across x, v,
and z in world coordinates, and fill as much of the camera image as possible.

For example, in an apparatus having the planar dot pattern of Figs. 7A
and 7B, the world coordinates of the dots are defined with respect to a tracking
tool rigidly attached to the calibration unit. The endoscope, equipped with the |
universal tracker, is then placed into the holder with its lens a selected distance,
e.g., 15 mm, from the center of the pattern. In order to achieve a sufficient
distribution of the points in the z-direction, the telescope lens view direction is
constrained to an angle of 30° from the normal of the pattern plane.

As seen in Fig. 9, the algorithm first calculates a number of camera
parameters in the camera coordinate system, as at 160. Using position
information from the tracking feature of the apparatus, the lens coordinates and
viewing direction are then placed in the coordinate system of the tracking
system, as at 162. As an additional feature, the angle of the viewing vector with
the pattern normal is calculated, and if less than 30°, (for a planar pattern) the
user the user may have the choice of a second recording to achieve a more
accurate and reliable calibration. The calibration information from the system is
then supplied to the image system for use in an image-guided endoscopic
procedure that allows 3-D image reconstruction from the position and FOV of the
endoscope.

One of the parameters determined by this algorithm is the lens distortion
parameter x4, a coefficient of the cubic radial lens distortion model.

Incorporating this nonlinear model into the 3D perspective rendering engine
results in a drop in performance; if this lens distortion compensation is omitted, a
choice has to be made about the effective FOV of the virtual endoscope. If this
FOV is set to match that of the physical endoscope, the result is that the center
part of the virtual image is smaller than that in the video image. This effect is
undesirable because this is the primary region of interest for the surgeon. An

alternative method, here named “constant-radius linear compensation” is to
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scale the virtual FOV such that the radii of the region of interest in each image
are made equal.

Fig. 10 is a flow chart showing steps in the linear compensation method.
As a first step, the user finds a point P1 closest to the center of the image, as at
170, then selects a circle within the image field that represents the image area of
main interest for the endoscopic images, as at 172, and a second point P2
closest o the edge of the circle. For example, one may locate a point P2
whose distance from P1 is about half the total radius of the image. Using the
actual coordinates of the two points physical points P1 and P2, as at 74, the
calibration algorithm is used to calculate the physical position of the camera, and
from this the angle between the camera and the two selected physical points, as
at 176. The endoscopic field of view is then calculated as the ratio of the full
image radius/R times twice the calculated angle, as at 178.

For example, assume that the initially calculated FOV is 60°, the radius of
the full image is 10 inches, that of the condensed image, 5 inches, and the FOV
between points P1 and P2 is 12°. The corrected or compensated FOV is thus
10/5 times 24°, or 48°. By reconstructing an image as seen by an endoscope
with a 48° FOV, rather than the actual 60° FOV, the reconstructed an actual
images can be closely matched in the center region of the images.

It can be appreciated from the foregoing how various objects and features
of the invention are met. In both embodiments, an endoscope is readily
calibrated so that (i) its position is space, as determined by tracking elements,
can be accurately correlated with the three-dimensional coordinates of the lens,
the view angle and twist of the endoscope, and the lens’ FOV. This allows a
physician, using a 3-D image reconstruction system of the type described, to
view reconstructed surface of subsurface images as these would be seen by the
endoscope, with the endoscope positioned and oriented at a desired view
location, either outside the body or within a body orifice. The separate
endoscopic and virtual images can be superimposed or viewed side-by-side,
allowing the user to use virtual surface images to augment or replace
endoscopic images, when the endoscope lens is clouded or blocked, and to "see

beyond" an actual endoscopic view with subsurface views, e.g., perspective
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views as would be seen by the endoscope through x-ray vision. Further, both
embodiments allow for lens distortion correction, to more accurately fit
endoscopic and virtual views, particularly at the center region of the field of view.

In addition, the second embodiment provides several unique advantages
which facilitate and speed up the calibration process. The method is rapid and
requires little of no user input, e.g., for image matching, in order to determine all
six lens coordinates, view vector, FOV, and Ieps distortion effects.

Because the camera-calibration algorithm employed is able to find all
three (x,y,z) coordinates of the endoscope lens, and all three rotational
coordinates of the endoscope, the endoscope does not have to be placed in a
holder, e.g., holder cavity or cradle, that constrains two of its rotational
coordinates (if the endoscope view vector is aligned with the shaft axis) or to be
placed against a spot in the holder that constrains its z position. Thus, the user
can simply hold the endoscope in one hand, the holder in the other, and bring
the two into a desired view relationship, for initiating the calibration process.

Correcting for lens distortion effects, particularly in the central region of
the image is readily accomplished by using FOV adjustments from the algorithm
at full view and a reduced-field view.

Although the invention has been described with respect to various
embodiments, it will be apparent to those skilled in the art in light of the foregoing
description that mény further alternatives, modifications and variations are
possible. The invention described herein is intended to embrace all such
alternatives, modifications and variations as may fall within the spirit and scope

of the appended claims.
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WHAT IS CLAIMED:

1. Apparatus for use in calibrating lens position and field of view in an
endoscope having an elongate shaft and a distal-end lens, comprising:

a plurality of tracking elements mounted at fixed positions on the
endoscope’s shaft,

a pattern support having a feature pattern contained in a target region of
the holder,

positional elements mounted on the pattern support at known positions
with respect to said pattern,

a sensing device for sensing the tracking and positional elefnents, and

a processor operably connected to the sensing device and the display
device for carrying out the following operations:

(i) determining the positions of the tracking and positional elements, with
the endoscope placed at a selected position for viewing features in said pattern
in three dimensions,

(i) using the determined positions of the tracking and positional elements
to place the endoscope and the holder in a common frame of reference,

(iii) determining the image coordinates of features in the pattern, as seen
by the endoscope at the selected position,

(iv) using a camera calibration algorithm to calculate fr?m the image
coordinates of the pattern features, and from the known positions of the pattern
features in said common reference frame, the coordinates of the endoscopic

lens with respect to said tracking elements and the lens’ field of view.

2. The apparatus of claim 1, wherein said holder includes a cradle in
which the endoscope can be placed, to hold the endoscope at an axially aligned

position with respect to the target pattern.
3. The apparatus of claim 1, wherein said holder includes a substantially
planar feature pattern which is viewed at an angle of at least about 30° with

respect to the endoscope shaft, with the shaft held in the holder.
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4. The apparatus of claim 1, wherein said holder includes a curved
surface on which said pattern is placed, such that the pattern provides pattern
depth information at any selected position at which the endoscope can view the

pattern.

5. The apparatus of claims 3 or 4, wherein said pattern includes an array

of dots made up of two classes of dots with distinguishable features.

6. A method of calibrating lens position and field of view in an endoscope
having an elongate shaft and a distal-end lens, comprising:

(a) positioning the endoscope at a selected position with respect to a
pattern support, for viewing features in a feature pattern in the support in three
dimensions, where the endoscope has a pluralify of tracking elements mounted
at fixed positions on the endoscope’s shaft, and the holder has positional
elements mounted thereon at known positions with respect to the feature pattern
in the support,

(b) employing a sensing device to sense the positions of the tracking and
positional elements, with the endoscope positioned at the selected position,

(c) by means of a processor operatively connected to the sensing device
and to a display device: (i) determining the positions of the tracking and
positional elements, with the endoscope placed at a selected position for viewing
features in said pattern in three dimensions, (i) using the determined
positions of the tracking and positional elements to place the endoscope and the
holder in a common frame of reference, (iii) determining the image coordinates
of features in the pattern, as seen by the endoscope at the selected position, (iv)
using a lens projection algorithm to calculate from the image coordinates of the
pattern features, and the known positions of the pattern features in said common
reference frame, the coordinates of the endoscopic lens with respect to said

tracking elements and the lens’ field of view.

7. The method of claim 6, wherein said positioning includes a user

holding the endoscope at a selected position with respect to the pattern support,
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and activating a control which simultaneously signals the sensing device to
sense the tracking and positional elements, and the processor, to record the

image seen by the endoscope.

8. The method of claim 6, wherein said positioning includes placing the
endoscope in a cradle in said support, thus to position the endoscope at a

selected shaft orientation with respect to the feature pattern.
9. The method of claim 6, which further includes adjusting the determined

field of view of the endoscope image, to minimize lens distortion effects in a

center region of the endoscopic image.
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