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DETERMINING RELATIVE
POSITIONAL AND ROTATIONAL OFFSETS

BACKGROUND OF THE INVENTION

[03] The present application relates generally to registering a first image
device with a second image device. More particularly, the present invention relates to an
apparatus and a method for determining a relative positional and rotational offsets between a
first and second 1maging device of a wavefront system.

[04] Laser eye surgical procedures typically employ some éort of system
that may measure the optical characteristics of the patient’s eye. One promising eye
measurement system is the VISX WaveScan' " System, which uses a Hartmann-Shack
wavefront sensor assembly that may quantify higher-order aberrations throughout the entire
optical system, including first and second-order sphero-cylindrical errors and third through
sixth-order aberrations caused by coma and spherical aberrations. The wavefront
measurement of the eye creates a high order aberration map that permits assessment of
aberrations throughout the optical pathway of the eye, €.g., both internal aberrations and
aberrations on the corneal surface. Thereafter, the wavefront aberration information may be
saved and thereafter input into the laser system to compute a custom ablation pattern to
correct the aberrations in the patient’s eye.

[05] The WaveScan'" System also includes a camera ("pupil camera") that

takes images of the eye at the time the wavefront measurements are taken with the Hartmann-
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Shack wavefront sensor assembly. The images of the eye taken with the pupil camera may
be used to track the spatial position of the eye so as to properly align the ablative laser with
the eye during the corneal ablation treatment.

[06] Because the tracking and alignment of the eye during the laser ablation
is based on the image taken with the pupil camera, it is important that the wavefront data 1s
spatially aligned, both translationally and rotationally, with the image taken with the pupil
camera. If the pupil camera and wavefront sensor are not spatially aligned when the
wavefront measurements are obtained, the subsequent laser assisted corneal ablation, which
relies on the wavefront measurements, may not be properly registered with the patient’s eye.

[07] Consequently, what are needed are devices and methods which may
determine a relative positional and rotational offset between the two imaging devices of the

wavefront system.

BRIEF SUMMARY OF THE INVENTION

[08] The present invention measures the relative positional and rotational
offset between the Hartmann-Shack camera and pupil camera of the waveiront system and
calibrates the two cameras of the wavefront system.

[09] The present invention may ﬁse computer implemented software
algorithms to correct residual errors between the position and rotation of the Hartmann-Shack
sensor and the pupil camera so that the images taken with the two imaging devices may be
properly aligned, relative to each other. Once the positional and rotational offset of the
Hartmann-Shack sensor and pupil camera are determined, the offset values may be stored 1 a
memory of the system so that the software may correct the misalignment between the 1images
taken with the cameras. Typically, the methods of the present invention may be used to
calibrate the wavefront system during manufacturing or during periodic services of the
wavefront system to ensure that the two imaging devices are spatially aligned during use in
the field.

[10] It should be appreciated however, that while the following description
focuses on spatially aligning the Hartmann-Shack sensor and pupil camera of a waveiront
system, that the present invention may be used to spatially align any two (or more) imaging
devices which concurrently record images.

[11] In one aspect, the present invention provides a calibration apparatus for

determining a relative positional and rotational offset between a Hartmann-Shack camera and

a pupil camera. The apparatus comprises a body having an aperture. In some embodiments,
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the aperture is rotationally asymmetric. The rotationally asymmetrical aperture may take a
variety of asymmetric forms. In one useful embodiment, the asymmetrical aperture 1s in the
form of a cross or X. In some configurations, the apparatus may mnclude means for
preventing direct light reflections off of the body of the apparatus. In other configurations the
aperture may be movably coupled to the body so as to allow for rotation and translation of the
aperture relative to the body. The apparatus may be positioned in the imaging plane of the
Hartmann-Shack camera and pupil camera so that it is concurrently imaged by both of the
cameras. The image of the apparatus may be used to measure and compensate for the
positional and rotational offsets between the two cameras.

[12] In a further aspect, the present invention provides a method ot
registering or calibrating a first imaging device with a second imaging device. The methods
generally comprise positioning a calibration apparatus or fixture so that the fixture 1s imaged
by the first imaging device and second imaging device. The images of the fixture obtained
by the first imaging device and the second imaging device are analyzed to determine a
misalignment between the first imaging device and the second imaging device.

[13] A variety of fixtures may be used with the methods and systems of the
present invention to measure and correct the misalignment between the first and second
imaging devices. For example, in some embodiments a fixed, non-adujstable calibration
apparatus may be used. In other embodiments, a fully adjustable calibration api)aratus may
be used so as to allow a user to adjust a rotational orientation and translational position of at
least a portion of the calibration apparatus.

[14] In one embodiment, the method comprises providing a calibration
apparatus or fixture that includes a body having a rotationally asymmetric aperture. The
fixture is positioned in an optical path of the first imaging device and a second 1imaging
device. An image of the fixture is obtained by the first imaging device and second 1imaging
device. Light may be directed through the rotationally asymmetric aperture to the first
imaging device and second imaging device and the aperture 1s imaged with the first imaging
device and the second imaging device to determine the positional and rotational offsets. The
first imaging device may be a Hartmann-Shack camera that measures wavetront data.
Optionally, the aperture may be adjustable.

[15] A marker or overlay may be superimposed over at least one of the
images of the fixture taken with the first and second imaging device. The marker in the
image obtained with the first imaging device is moved from a nominal position (e.g., a center

of the image) to substantially align the marker with the fixture. The movement information
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(e.g., movement along the x-axis and y-axis and rotation about the z-axis) of the marker in
the first image is saved for future reference. The marker 1n the image obtained with the
second imaging device is moved from a nominal position (e.g., a center of the image) to
substantially align the marker with the fixture. The movement information of the marker in
the second image is also saved for future reference. Finally, the movement information of the
marker in the first image is compared with the movement information of the marker in the
second image to determine the rotational and positional offset between the first and second
imaging devices.

[16] In another embodiment, the fixture may be 1maged by the first imaging
device and the second imaging device. A translational position and rotational orientation of
the fixture may be adjusted until the fixture is positioned in a desired position in the image
obtained by the first imaging device, such as a center of the image. Once the fixture 1s in the
desired position, the image obtained by the second imaging device is analyzed to determine if
the fixture is in the same desired position (e.g., a center of the image obtained by the second
imaging device). If the fixture is not in the desired position, a marker that is overlayed over
the image that is obtained by the second imaging device may be moved from the desired
position until it is substantially aligned with the fixture. The movement information of the
marker may then be used to determine the rotational and positional offset between the first
and second imaging devices.

[17] In yet another aspect, the present invention provides a system which
comprises an imaging system that has a Hartmann-Shack camera and a pupil camera. A
calibration apparatus, such as a body comprising a rotationally asymmetric aperture may be
positioned in an optical path of the Hartmann-Shack camera and pupil camera. A control
system is coupled to the Hartmann-Shack camera and pupil camera to determine the relative
position of the calibration apparatus in the images taken with each ot the cameras so as to
determine the misalignment between the two cameras.

[18] In one embodiment, the control system has a first and a second mode.
The control system in the first mode may be configured to superimpose a marker in a nominal
position over an image of the calibration apparatus taken with the Hartmann-Shack camera
and an image taken with the pupil camera. The marker maybe allowed to be moved into
substantial alignment with the image of the asymmetric aperture. In the second mode, the
control system may compare the type ot nt’lovement of the marker in the image taken with the

Hartmann-Shack camera with the type of movement of the marker in the image taken with
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the pupil camera so as to determine the positional and
rotational offset between the Hartmann-Shack camera and the

pupll camera.

[19] In another aspect, the present invention
provides code modules and graphical user interfaces for
carrying out the methods of the present invention that are

described herein.

According to one aspect of the present invention,
there 1s provided an apparatus for determining a relative
positional and rotational offset between a Hartmann-Shack
camera and a pupll camera of a wavefront system, the

apparatus comprising: a body; and a rotationally asymmetric

shaped aperture that allows light to be transmitted from the
pody to the Hartmann-Shack camera therethrough, the shaped

aperture 1lmageable by the pupil camera.

According to another aspect of the present
invention, there 1s provided a method for measuring a
rotational and positional offset between a first imaging
device and a second 1maging device, the method comprising:
obtaining an 1mage of a fixture with the first and second
imaging device, wherein the first i1maging device comprises a

Hartmann-Shack camera; superimposing a marker in a nominal

position over the images of the fixture taken with the first

- N

and second 1maging device; moving the marker from the
nominal position 1n the i1mage obtained with the first
imaging device to a position that 1s substantially aligned
wlth the 1mages of the fixture; moving the marker from the
nominal position 1n the image obtained with the second
imaging device to a position that is substantially aligned
with the images of the fixture; and comparing movement

P

information of the marker in the first image with movement
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information of the marker 1n the second 1mage to determine

the rotational and positional offset between the first and

second 1magling devices.

According to still another aspect of the present
invention, there is provided a system comprising: an imaging
system comprising a Hartmann-Shack camera and a pupil
camera; a calibration apparatus comprilising an aperture that
1s positionable in an optical path of the Hartmann-Shack
camera and pupll camera; and a control system coupled to the
imaging system, wherein the control system 1s configured to
have a first mode and a second mode, wherein the control
system 1n the first mode superimposes a marker 1n a nominal
position over an image of the calibration apparatus taken
with the Hartmann-Shack camera through the aperture and an
image taken with the pupil camera of the aperture and allows
the marker to be moved into substantial alignment with the
image of the aperture, wherein the control system 1n the
second mode compares the movement of the marker in the 1image
taken with the Hartmann-Shack camera with the movement of
the marker in the image taken with the pupil camera so as to
determine the positional and rotational offset between the

Hartmann-Shack camera and the pupil camera.

According to yet another aspect of the present
invention, there is provided a method for determining
relative positional and rotational offsets between a first
imaging device and a second 1maging device of a system, the
method comprising: providing a body comprising a
rotationally asymmetric aperture in an optical path of the
first imaging device and the second i1maging device;
directing light through the rotationally asymmetric aperture
to the first imaging device and second imaglng device;
imaging the aperture with the first imaging device and the

second imaging device, the image obtained by the first
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imaging device comprising a spot pattern that corresponds to
a shape of the rotationally asymmetric aperture; and
comparing the rotational and positional offsets of the
images of the aperture to determine a relative positional

end rotational offset between the first and second imaging

devices.

According to a further aspect of the present
invention, there 1s provided a computer program product
stored on a computer readable storage medium for registering
a first imaging device with a second imaging device, the
computer program product comprising: code for obtaining
images with the first imaging device and second imaging
device; code for superimposing a marker over the images of a
fixture taken with the first and second imaging device; code
for moving the marker in the 1mage obtained with the first
imaging device to substantially align the marker with the
fixture; code for moving the marker in the image obtained
with the second imaging device to substantially align the
marker with the fixture; code for comparing movement
information of the marker in the first image with movement
information of the marker in the second image to determine

rotational and positional offset between the first and

second 1maging devices.

According to yet a further aspect of the present
invention, there 1is provided a method of registering a first
imaglng device with a second imaging device, the first
1magilng device comprising a Hartmann-Shack camera, the
method comprising: positioning a fixture so that the fixture
1s 1maged by the first imaging device and second imaging
device, the fixture comprising a body comprising an
aperture, an 1mage obtalned by the first imaging device

comprising a spot pattern that corresponds to a shape of the

aperture; and analyzing the i1mages of the fixture obtained
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by the first imaging device and the second imaging device to

determine a misalignment between the first i1maging device

and the second 1maging device.

According to still a further aspect of the present
invention, there 1s provided a method for measuring a
rotational and positional offset between a first 1maging
device and a second 1maging device, the method comprising:
obtaining an image of a fixture with the first and second
1imaging device, the fixture comprising a rotationally
asymmetric aperture having a shape, the 1mage obtained by
the first device comprising a spot pattern that corresponds
to a shape of the rotationally asymmetric aperture;
superimposing a marker 1in a nominal position over the images
of the fixture taken with the first and second 1maging
device, a shape of the marker substantially corresponding to
the shape of the rotationally asymmetric aperture 1in the
fixture; moving the marker from the nominal position in the
1mage obtained with the first 1maging device to a position
that is substantially aligned with the 1mages of the
fixture; moving the marker from the nominal position in the
image obtained with the second 1maging device to a position
that 1s substantially aligned with the 1images of the
fixture; and comparing movement information of the marker in
the first i1mage with movement i1information of the marker in
the second i1mage to determine the rotational and positional

offset between the first and second imaging devices.

[20] These and other aspects will be apparent 1in

the remainder of the figures, description and claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[21] Figure 1 schematically illustrates a wavefront system, calibration
apparatus, and a target embodied by the present invention;
[22] Figure 2 schematically illustrates a simplified wavefront system of the

present invention;

[23] Figure 3 schematically illustrates a simplified computer system of the

present invention;

[24] Figure 4 illustrates some modules which may carry out the methods of

the present invention.

[25] Figure 5 shows an embodiment of a calibration apparatus incorporating

the present invention;

[26] Figure 6 schematically illustrates a ssmplified method of the present

invention using the calibration apparatué of Figure 5;

[27] Figure 7 shows an mmage of the calibration apparatus of Figure 5 taken
with a pupil camera;

[28] Figure 8 shows an image of the calibration apparatus of Figure 5 taken

with a Hartmann-Shack camera;

[29] Figure 9 shows 2 modified Hartmann-Shack image of the calibration
apparatus of Figure 5;

[30] Figure 10 shows another embodiment of a calibration apparatus that

incorporates the present invention;

[31] Figure 11 schematically illustrates a simplified method of the present

invention using the calibration apparatus of Figure 10; and

[32] Figures 12 to 17 illustrate some graphical user interfaces of the present
invention that may be used to carry out the methods of the present invention using the

calibration apparatus of Figure 10.
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DETAILED DESCRIPTION OF THE INVENTION

[33] The present invention is particularly useful for enhancing the accuracy
and efficacy of laser eye surgical procedures, such as photorefractive keratectomy (PRK),
phototherapeutic keratectomy (PTK), laser in situ keratomileusis (LASIK), and the like.
Preferably, the present invention mayprovide enhanced optical accuracy of refractive
procedures by improving the methodology for deriving and aligning a corneal ablation or
other refractive treatment program with the patient's eye.

[34] While the system and methods of the present invention are described
primarily in the context of a laser eye surgery system, it should be understood that the
techniques of the present invention may be adapted for use in alternative eye treatment
procedures and systems such as radial keratotomy, intraocular lenses, corneal ring implants,
collagenous corneal tissue thermal remodeling, and the like.

[35] Figure 1 schematically illustrates a calibration system 10 of the present
invention. Calibration system 10 includes a reference object, such as a fixture or calibration
apparatus 12 that is positioned in an optical path 14 of wavefront system 16 between
wavefrént system 16 and a target 18. Wavefront system 16 may comprise inter alia a
Hartmann-Shack camera and a pupil camera for simultaneously obtaining wavefront data and
an image of the eye, respectively.

[36] Light maybe emitted from a light source (not shown) in waveiront
system 16, through an aperture 20 in calibration apparatus 12 and directed onto target 18.
Target 18 maybe used to create a point source for the Hartmann-Shack camera and the pupil
camera. A generated or reflected light may be directed from target 18 back through aperture
20 of calibration apparatus 12 and into the wavefront system 16. As the calibration apparatus
12 is placed in the imaging plane of the Hartmann-Shack camera, a spot pattern that
corresponds to a shape of the aperture 20 in calibration apparatus 12 appears in the image
obtained by the Hartmann-Shack camera. In one embodiment, aperture 20 1s rotationally
asymmetric. In other embodiments, however, the aperture may be rotationally symmetric, 1f
desired. The position and orientation of calibration apparatus 12 is determined in both of the
images to estimate the misalignment between the cameras.

[37] In one configuration, the target 18 may have matte white surface so as
to reduce the amount of unwanted light reflections. In another configuration, target 18
comprises Spectralon®, which may reflect optically diffuse light back through the calibration
apparatus 12. It should be appreciated however, that a variety of other materials may be used

as a target to reflect or to generate light back through the calibration apparatus 12.
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[38] Figure 2 schematically illustrates a simplified wavefront system 16 of
the present invention. Wavefront system 16 generally includes a Hartmann-Shack camera 22
that is configured to obtain a wavefront measurement of the optical tissues of a patient's eye.
Hartmann-Shack camera 22 has a lenslet array (not shown) that records a deviation of rays
from a point source on the retina. Wavefront system 16 also includes a pupil camera 24, such
as a CCD, that is configured to simultaneously records an image of the patient's eye at the
time of the wavefront measurement by the Hartmann-Shack camera. A controller, such as a
computer system 26 may be coupled to cameras 22, 24 for analyzing and calibrating the
images obtained by the cameras 22, 24. Computer system 26 may be incorporated into the
wavefront system 16, or it may be a separate computer that 1s coupled to cameras 22, 24.

[39] Figure 3 is a simplified block diagram of a computer system 26 that
may used to align and register the images obtained with cameras 22, 24 according to an
embodiment of the present invention. Computer system 26 includes at least one processor
28, which communicates with a number of peripheral devices via a bus subsystem 30. These
peripheral devices may include a storage subsystem 32, comprising 4 memory subsystem 34
and a file storage subsystem 36, user interface input devices 38, user interface output devices
40, and an optional network interface subsystem 42. The input and output devices allow user
interaction with computer system 26. A user may be a human user, a device, a process,
another computer, and the like.

[40] Network interface subsystem 42 provides an interface to other
computer systems and communication networks. Embodiments of network interface
subsystem 42 include an Ethernet card, a modem (telephone, satellite, cable, ISDN, etc.),
(asynchronous) digital subscriber line (DSL) units, and the like. The computer networks may
include the Internet, local area networks (LANSs), wide area networks (WAN), wireless
networks, intranets, private networks, public networks, switched networks, and the like.

[41] User interface input devices 38 may include a keyboard, pointing
devices such as a mouse, trackball, touchpad, or graphics tablet, a scanner, a barcode scanner,
a touchscreen incorporated into the display, audio input devices such as voice recognition
systems, microphones, and other types of input devices. In general, use of the term “input
device” is intended to include all possible types of devices and ways to input information
using computer system 26.

[42] User interface output devices 40 may include a display subsystem, a
printer, a fax machine, or non-visual displays such as audio output devices. The display

subsystem may be a cathode ray tube (CRT), a flat-panel device such as a liquid crystal
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display (LCD), or a projection device. In general, use of the term “output device” 1s intended
to include all possible types of devices and ways to output information from computer system
20.

[43] Storage subsystem 32 may be configured to store the basic software
programming and data constructs that provide the functionality of the present invention. For
example, according to an embodiment of the present invention, software modules
implementing the functionality of the present invention may be stored in storage subsystem
32. These software modules may be executed by processor(s) 28. In a distributed
environment, the software modules may be stored on a plurality of computer systems and
executed by processors of the plurality of computer systems. Storage subsystem 32 may also
provide a repository for storing various databases and data structures that may be used to
store information according to the teachings of the present invention. Storage subsystem 32
may comprise memory subsystem 34 and file storage subsystem 36.

[44] Memory subsystem 34 may include a number of memories including a
main random access memory (RAM) 44 for storage of instructions and data during program
execution and a read only memory (ROM) 46 in which fixed instructions are stored. File
storage subsystem 36 provides persistent (non-volatile) storage for program and data files,
and may include a hard disk drive, a floppy disk drive along with associated removable
media, a Compact Digital Read Only Memory (CD-ROM) drive, an optical drive, removable
media cartridges, CD, DVD, and other like storage media. One or more of the drives may be
Jocated at remote locations on other connected computers.

[45] Bus subsystem 30 provides a mechanism for letting the various
components and subsystems of computer system 26 communicate with each other as
intended. The various subsystems and components of computer system 26 need not be at the
same physical location but may be distributed at various locations. Although bus subsystem
30 is shown schematically as a single bus, alternative embodiments of the bus subsystem may
utilize multiple busses.

[46] Computer system 26 itself may be of varying types including a
personal computer, a portable computer, a workstation, a computer terminal, a network
computer, a mainframe, or any other data processing system. Due to the ever-changing
nature of computers, the description of computer system 26 depicted in Figures 2 and 3 1s
intended only as a specific example for purposes of illustrating one embodiment of the
present invention. Many other configurations of a computer system are possible having more

or fewer components than the computer system depicted 1n Figure 3.
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[47] Figure 4 depicts a simplitied block diagram of some modules that carry
out the methods of the present invention. The modules may be implemented in software,
hardware, or a combination thereof within waveiront system 16. In the embodiment depicted
in Figure 4, modules 80 comprise a user interface module 82, an image module 84, image
manipulation module 86, and a calibration module 88.

[48] User interface module 82 provides an interface via which a user may
input commands, view images, and view the results of the calibration. The user may input
commands to manipulate the images to assist in the determination of the rotational orientation
and position of the calibration apparatus in the images obtained by the Hartmann-Shack
camera 22 and pupil camera 24.

[49] According to an embodiment of the present invention, 1images of the
calibration module are obtained by image module 84 from cameras 22, 24. The images may
be stored in a database 90, which may be located in a storage subsystem 32, a remote server,
or the like. The user may specify which image 1s displayed by providing proper inputs into
the user interface module 82. Once the appropriate image 1s displayed, image manipulation
module 86 1s configured to recerve input commands via user interface module 82 to
manipulate the 1mage obtained by one of the cameras to determine the image parameters of
the image obtained by the camera (e.g., orientation and positional offsets of the calibration
apparatus). Once the first image 1s analyzed by image manipulation module 86, the image
and parameter information of the first image may be stored 1n database 90. User interface
module 82 may then be used to access image module 84 to view the second image (e.g., the
image obtained by the other camera). Image manipulation module 86 may then instructed by
the user through user interface module 82 to analyze and obtain the 1image parameters of the
second image and store the second 1mage and image parameters in database 90.

[S0] Once both of the images are analyzed by image manipulation module
86, calibration module 88 may be used to access the stored information in database 90 to
determine the misalignment between the images obtained by cameras 22, 24. Calibration
module 88 may be configured to output the calibration results of the calibration to user
interface module 82 and optionally, automatically save the results in database 90 and
automatically account for the misalignment. Alternatively, the results of the calibration may
only be output to user interface module 82. User may then instruct calibration module 88 to
save the calibration results in database 90. As can be appreciated, database 90 may be

accessed by other modules (either local modules or remote modules) to allow the calibration
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information to be used in the wavefront system and/or a laser surgery system to compensate
for any misalignment between cameras 22, 24.

[51] The present invention also provides specific methods of registering
images and compensating for a misalignment between a first imaging device (e.g., Hartmann-
Shack camera 22) and second imaging device (e.g., pupil camera 24). If (XP, YP) are the

pixel coordinates of the pupil camera 24, and (XHS, YHS

) are the pixel coordinates of the
Hartmann-Shack camera 22, then there may be a projective transformation that relates the
two coordinate systems of the Hartmann-Shack camera 22 and the pupil camera 24. A rigid

transformation has been found to be sufficient to describe the relationship between the two
cameras. Thus, the rigid transformation may be described by three parameters: Ax, Ay, and

0, in which Ax is the translation along an X-axis, Ay is a translation along a Y-axis, and O 1s a

rotation about the Z-axis. A scale factor "A" between the Hartmann-Shack camera 22 and

pupil camera 24 is a fixed value that is known. The transtormation becomes:

v ] c0s® sin(0) ] XHSL"Ax“
—sin(0 ) cos(6) YHS L | Ay

[52] In order to determine the values of the transformation parameters Ax,

Ay, and 0, a fixture or calibration apparatus 12 may be imaged by the Hartmann-Shack

camera 22 and pupil camera 24 to determine the apparatus' position and orientation in the
images of both cameras such that the spatial offsets of the cameras may be determined to
subsequently estimate the transformation parameters.

[53] Figure 5 illustrates one calibration apparatus 12 that incorporates the
present invention. Calibration apparatus 12 may be fixedly positioned on a WaveScan™™
calibration rail (not shown) so as to position the calibration apparatus 12 in optical axis 14 of
the wavefront system 16 (Figure 1). It should be appreciated however, that a variety of other
conventional attachment means may be used to posit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>