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ELIMINATION OF ARTIFACTS IN THE CALIBRATION OF X-RAY IMAGERS

Field of the Invention

This invention relates generally to x-ray imaging systems, and more specifically,
to the calibration of x-ray imaging systems.

Background of the Invention

Modern diagnostic medicine has benefitted significantly from radiology, which is
the use of radiation, such as x-rays, to generate images of internal body structures. In
general, to create an x-ray image, x-ray beams are passed through the body and absorbed,
in varying amounts, by tissues in the body. An x-ray image is created based on the
relative differences in the transmitted x-ray intensities.

Fig. 1A is a diagram illustrating a fluoroscopic C-arm x-ray imaging device.
Imaging device 100 includes C-arm 103 attached to mobile base 102. X-ray source 105 is
located at one end of C-arm 103 and x-ray receiving section 106 is located at the other
end of C-arm 103. Receiving section 106 generates an image representing the intensities
of received x-rays. Typically, receiving section 106 comprises an image intensifier that
converts the x-rays to visible light and a charge coupled device (CCD) video camera that
converts the visible light to digital images.

Images taken at the mobile base 102 are transmitted to control unit 120 for
analysis. In particular, control unit 120 typically provides facilities for displaying, saving,
digitally manipulating, or printing a hard copy of the received images. Control unit 120
additionally includes controls for controlling base unit 102.

In operation, the patient is positioned in area 110, between the x-ray source 105
and the x-ray receiving section 106. In response to an operator’s command input at
control unit 120, x-rays emanating from source 105 pass through patient area 110 and into
receiving section 106, which generates a two-dimensional image of the patient.

Although each individual image taken by base unit 102 is a two-dimensional

image, techniques are known in the art through which multiple two-dimensional images
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taken from multiple perspectives can be used to infer the three-dimensional location of an
anatomical projection. To change image perspective, C-arm 103 rotates as shown, for
example, in Fig. 1B. By taking multiple two-dimensional images of point 124, but from
different perspectives, the three-dimensional position of point 124 may be determined.

Raw images generated by receiving section 106 tend to suffer from undesirable
distortion caused by a number of factors, including inherent image distortion in the image
intensifier and external electromagnetic fields. An example of a true and a distorted
image is shown in Fig. 2. Checkerboard 202 represents the true image of a checkerboard
shaped object placed in image taking area 110. The image taken by receiving section
106, however, suffers significant distortion, as illustrated by distorted image 204.

Intrinsic calibration, which is the process of correcting image distortion in a
received image and learning the projective geometry of the imager, involves placing
“calibration markers” in the path of the x-ray, where a calibration marker is an object
opaque to x-rays. The calibration markers are rigidly arranged in predetermined patterns
in one or more planes in the path of the x-rays and are visible in the recorded images.

Because the true relative position of the calibration markers in the recorded
images is known, control unit 120 is able to calculate an amount of distortion at each
pixel in the image (where a pixel is a single point in the image). Accordingly, control
unit 120 can digitally compensate for the distortion in the image and generate a
distortion-free, or at least a distortion improved image. A more detailed explanation of a
method for performing intrinsic calibration is described in U.S. Patent No. 5,442,674 to
Picard et al, the contents of which are incorporated by reference herein.

A notable disadvantage in the conventional method of compensating for image
distortion, as described above, is that although there is significantly less distortion in the
image, projections of the calibration markers are present in the image. This is
undesirable, as the projections of the markers may occlude important portions of the
patient’s anatomy and/or act as a visual distraction that prevents the clinician from
concentrating on important features of the image.  There is, therefore, a need in the art

to improve the intrinsic calibration process.
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Summary of the Invention

Objects and advantages of the invention will be set forth in part in the
description which follows, and in part will be obvious from the description, or may be
learned by practice of the invention. The objects and advantages of the invention will
be realized and attained by means of the elements and combinations particularly
pointed out in the appended claims.

To achieve the objects and in accordance with the purpose of the invention, as
embodied and broadly described herein, a first aspect consistent with the present
invention includes a method for causing a computer processor to perform the steps of:
storing a digital image
representing anatomy of a patient, the digital image including representations of
calibration markers that at least partially occlude portions of the patient anatomy; and
performing image processing operations on the digital image to de-emphasize the
representations of the calibration markers.

Additional aspects of the present invention, related to the first aspect, are
directed to a computer readable medium and a computer system.

A second aspect of the present invention is directed to a medical imaging
system comprising a combination of elements, including: an x-ray source for
generating X-rays; semi-transparent calibration markers positioned in a path of the x-
rays; and an x-ray receiving device for receiving the generated x-rays and deriving a
digital image representing objects through which the generated x-rays have passed, the
digital image including representations of the calibration markers. A processor is
coupled to the x-ray receiving device and performs image processing operations on
the digital image, the digital processing operations removing distortion from the
image by performing intrinsic calibration on the image based on projections of the
semi-transparent calibration markers in the image.

A third aspect of the present invention is directed to a method of creating an
image of an object. The method comprises the steps of: transmitting x-rays in a path

including a target object and calibration markers arranged in a predetermined pattern;
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receiving the transmitted x-rays; deriving a digital image representing the object and
the calibration markers; and de-emphasizing the representations of the calibration
markers in the digital image.

Additional aspects of the present invention, related to the third aspect, are

directed to a computer readable medium and a computer system.

Brief Description of the Drawings

The accompanying drawings, which are incorporated in and constitute a part of
this specification, illustrate several embodiments consistent with this invention and,
together with the description, help explain the principles of the invention. In the
drawings,

Figs. 1A and 1B are diagrams illustrating a fluoroscopic C-arm x-ray imaging
device;

Fig. 2 is a diagram illustrating a true and a distorted image taken with a
fluoroscopic C-arm x-ray imaging device;

Fig. 3 is a block diagram illustrating a control unit of an imaging device;

Fig. 4 is an image illustrating two-dimensional circular artifacts projected from
spherical calibration markers;

Fig. 5 is a flow chart of image processing methods consistent with the present
invention for reducing the artifacts caused by calibration markers;

Fig. 6 is an image of an expanded view of a calibration marker projection;

Fig. 7A is an image illustrating two-dimensional circular artifacts projected
from spherical calibration markers;

Figs. 7B and 7C are versions of the image shown in Fig. 7A after application
of methods consistent with the present invention;

Fig. 8 is an image of a calibration marker projection divided into four regions;

Fig. 9 is a flow chart of image processing methods consistent with the present
invention
for eliminating artifacts caused by semi-transparent calibration markers; and

Fig. 10 is a flow chart of image processing methods consistent with a second
aspect of the present invention for eliminating artifacts caused by semi-transparent

calibration markers.
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Detailed Description

As described herein, image processing operations are used to improve images
that include visual artifacts generated by calibration markers used in intrinsic
calibration of the image. Artifacts introduced by opaque or semi-transparent
calibration markers may be completely or partially removed from the image.

Referring to the accompanying drawings, detailed description of embodiments
consistent with the present invention will now be described.

System Overview

Methods consistent with the present invention may be implemented on images
taken with an x-ray imaging device in which intrinsic image calibration is
implemented. One such imaging device is the “Series9600 Mobile Digital Imaging
System,” from OEC Medical Systems, Inc., of Salt Lake City, Utah. The “Series9600
Mobile Digital Imaging System” is structurally similar to imaging system 100.
Alternatively, methods consistent with the present invention may be implemented on
images at a computer system not associated with the imaging device.

Fig. 3 is a block diagram illustrating control unit 120 in more detail.
Communications between base unit 102 and control unit 120 are performed via
transmission medium 302, which may be, for example, a radio or cable link. Digital
images may be received from base unit 102 and commands transmitted to base unit
102. Control unit 120 may include an additional external connection, such as network
connection 315. Through network connection 315, data, such as images stored in
memory 304, may be transmitted to additional computing resources, such as
computer 305.

Control unit 120 further comprises a computer processor 303 and a memory
304 coupled to processor 303 through a bus 306. Processor 303 fetches computer
instructions from memory 304 and executes those instructions. Processor 303 also (1)
reads data from and writes data to memory 304, (2) sends data and control signals
through bus 306 to one or more peripheral output devices 312 and 313; and (3)
receives data and control signals through bus 306 from input device(s) 314.

Memory 304 can include any type of computer memory, including, without

limitation, random access memory (RAM), read-only memory (ROM), and storage
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devices that include storage media such as magnetic and/or optical disks. Memory
304 includes a computer process 310 that processor 303 executes. A computer
process in this description is a collection of computer instructions and data that
collectively define a task performed by control unit 120.

Input device 314 is used by an operator to enter commands to control unit 120.
The commands may be executed directly by control unit 120 or transmitted to base
unit 102. Input device 314 may be, for example, a keyboard, a pointing device such as
a mouse, or a combination thereof.

Output devices 312 and 313 are preferably a display and a printer, respectively.
Display 312 is typically used to exhibit images taken by base unit 102 and printer 313
is used to create hard copies of the images.

In operation, images stored in memory 304 may be processed by processor 303
to perform various image processing operations. For example, processor 303 may
perform intrinsic calibration on an image or generate the location of a three-
dimensional point from a series of two-dimensional images. Consistent with the
present invention, processing section 303 also removes artifacts caused by calibration
markers used in the intrinsic calibration process. Computer 305, instead of processing
section 303, may alternatively perform image processing operations consistent with
the present invention.

The above-described architecture of control unit 120 is exemplary only. One
of ordinary skill in the art will recognize that many modifications could be made to
the described architecture and still achieve the described functionality.

Intrinsic Calibration

As previously discussed, intrinsic calibration uses calibration markers placed
at fixed, predetermined positions in the x-ray imaging path to either obtain an image
transformation that removes distortion from the original image generated by receiving
section 106 or to learn the projective geometry of the imager (i.e., to discern how a
pixel in the image projects into three-dimensional space). Typically, each calibration
marker is a three-dimensional shape that appears in the image as a two-dimensional
object, although calibration markers can also be constructed using thin films that are

essentially two-dimensional in nature. Many possible shapes, such as spheres and
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cylindrical rods can be used to implement the calibration markers. Spheres appear in
the two-dimensional image as circles and cylindrical rods appear as lines. Throughout
this disclosure, spherical calibration markers are illustrated, although one of ordinary
skill in the art will recognize that calibration markers of any shape could be used.

A typical C-arm calibration target contains a large set of calibration markers
(e.g., 25+) with the markers positioned over one or more depth planes.

Artifact Reduction

Consistent with a first aspect of the present invention, artifacts introduced into
an x-ray image by radio-opaque markers are reduced.

Fig. 4 is an image having two-dimensional circular artifacts projected from
spherical calibration markers. Two different calibration marker patterns were used to
generate image 400. Large circles 402 represent a first spherical pattern of the
calibration markers and smaller circles 404 represent a second spherical pattern of the
calibration markers. Preferably, each spherical pattern is rigidly fixed in a separate
plane traversed by the x-rays. As shown, markers 402 and 404 were opaque to the x-
rays used to take the image, thus the two-dimensional projection of the markers
appears as solid black circles.

Fig. 5 is a flow chart of image processing methods consistent with the present
invention for reducing the artifacts caused by calibration markers, such as artifacts 402
and 404 of image 400. The methods illustrated in Fig. 5 may be performed after a
received image has been intrinsically calibrated to reduce image distortion.

For each digitized image that is to be processed, processor 303 begins by
identifying the calibration marker projections in the image (step 502). As the shape,
general pixel intensity, and relative position of the markers are known a priori,
detection of the marker projections is a straightforward image processing operation
well within the skill of one of ordinary skill in the art, and therefore will not be
described further. Identification of the marker projections classifies the image pixels
into those corresponding to the marker projections and those corresponding to
anatomy or other non-marker objects.

For each marker projection in the image, processor 303 identifies pixels

surrounding the identified marker artifacts, (steps 503 and 504), and reads the values
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(intensities) of the surrounding pixels (step 506). Finally, the processor changes the
pixel values of the marker projections to values based on that of the pixels
surrounding the marker (step 508). The modified pixels of the marker projections
tend to blend in more smoothly with the actual image, thereby reducing the visual
distraction caused by the marker artifacts.

Because the new marker projection values are only estimates of the intensities
of the true underlying image data, it is possible that the new marker projection values
will not accurately reflect the true image and will mislead the clinician. Accordingly,
processor 303 may modify the marker pixels so that they are visible to the clinician
but yet are still visibly less distracting than the original marker projections (optional
step 509). Preferably, this step is achieved by supplementing the new marker
projection values with a small constant offset (e.g., 5% of the maximum pixel value),
thus causing the new marker projections to be visibly distinct but not visually
distracting.

Fig. 6 is an image of an expanded view of one of calibration marker
projections 404. Small squares 601 highlight pixels defined as surrounding pixels in
step 504. As shown, the “surrounding pixels” are not necessarily limited to just those
pixels that immediately border marker projection 404, but may include additional
neighboring pixels. For example, the surrounding pixels may include all the pixels
with a certain radius of the outer border of the marker projection (e.g., a radius of five
pixels) or all the non-marker pixels within a square aligned with the center of the
marker projection.

There are many possible approaches to appropriately modifying the pixel
values within the marker projections as performed in step 508. The best approach
used by processor 303 in any particular situation may vary depending on the
circumstances, and may be selectable by the user or selected automatically by
processor 303. Exemplary ones of these approaches will now be discussed.

In a first method, processor 303 simply calculates the average intensity value
of surrounding pixels 601 (i.e., the sum of the surrounding pixel values divided by the
number of surrounding pixels in the sample) and sets each of the pixels in marker

projection 604 to that intensity value. Fig. 7A is an image, similar to image 400,
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having two-dimensional circular artifacts projected from spherical calibration
markers. Fig. 7B is an image after application of the averaging method applied to the
image of Fig. 7A. Fig. 7C is the image shown in Fig. 7B after application of the
averaging method and the addition of a small constant offset chosen to make the
marker projection visibly distinct but not visibly distracting.

In a second method, processor 303 divides marker projection 604 into multiple
regions and separately calculate average intensity values of surrounding pixels for
each region. An example of a marker projection divided into four regions (quadrants)
is shown in Fig. 8. Marker projection 804 is surrounded by pixels 801. Processor 303
separately calculates the average value of the surround pixels in each of quadrants
810-813 and then sets the marker projection pixels in that quadrant to the calculated
value.

Other methods, in addition to the average and multiple region averaging
methods discussed above, may also be used to calculate new marker projection pixel
values. In particular, a second general class of approaches for determining underlying
marker projection intensity values uses estimators that optimize a criterion function in
order to derive the pixel intensities. This class of methods involves maximum
likelihood estimators such as the Expectation Maximization (EM) algorithm, neural
networks, fuzzy systems, and other methods which estimate a set of parameters (i.e.,
the new marker projection intensity values) by maximizing a criterion function. For
example, an EM algorithm could estimate underlying pixel intensities in a statistically
optimal sense given the measured image and the current marker location. Any of
these approaches may incorporate statistical models of the image that mathematically
describe the expected image structure (e.g., measures of image texture or image
variation, measures of feature orientation, etc.).

Artifact Elimination

Consistent with a second aspect of the present invention, artifacts introduced
into an x-ray image by semi-transparent markers may be substantially eliminated
while preserving much of the true underlying image.

The semi-transparent calibration markers should be opaque enough so that

they are visible enough to be automatically identified in the x-ray images, and
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transparent enough so that the features underlying the markers (i.e., the features along
the x-ray projection path passing through the markers) will also influence the image
intensity. When these conditions are satisfied, the marker projections may be
completely eliminated while preserving the underlying image features by subtracting
offset values from the detected marker projections.

The semi-transparent calibration markers may be made from a material such as
a thin layer of copper (e.g., .5-2 mm thick) or a solid ceramic layer.

Fig. 9 is a flow chart of image processing methods consistent with the present
invention for substantially eliminating artifacts caused by semi-transparent calibration
markers.

Essentially, artifact elimination is performed by subtracting a pre-measured
offset from each pixel in the marker projections. The appropriate offset value to
subtract is initially determined by processor 303 by acquiring an intensity image of a
calibration marker projection in which no anatomy or other material is visible (step
901). That is, a preselected calibration marker is placed in an x-ray imaging path in
which the x-rays pass only through the calibration marker. If all the pixels
corresponding to the preselected calibration marker are of the same intensity, then the
offset is simply that intensity value. If the intensity values of the pixels corresponding
to the preselected calibration marker projection vary, whether by design or because of
consistent variance in the calibration marker’s material composition, then a separate
offset value may be saved for each pixel.

Once the offset for a particular image has been determined, processor 303
proceeds with eliminating the artifacts by identifying the calibration marker
projections, (step 902), and, for each identified projection, (step 903), subtracting the
acquired offset(s) from the pixels of the projection (step 904). Ideally, steps 901-904
will completely eliminate the artifacts from the image while leaving the true
underlying image (e.g., the patient anatomy). Practically, image noise may prevent a
perfect result. In these situations, processor 303 refines the result by applying an
estimator function, such as the EM algorithm described above, to further improve the
result (optional step 905). The input to the EM algorithm is the output of step 904,

while the output is a refined estimate of the true underlying pixel intensities.
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Fig. 10 is a flow chart of image processing methods consistent with a second
aspect of the present invention for substantially eliminating artifacts caused by semi-
transparent calibration markers. The process illustrated in Fig. 10 is similar to that
illustrated in Fig. 9, except that instead of subtracting offset intensities from the pixels
of the marker projections, an estimator optimizing a criterion function, such as the EM
function, is used to modify the marker projections. More specifically, processor 303
eliminates, or substantially eliminates, the artifacts by identifying the calibration
marker projections, (step 1002), and, for each identified projection, (step 1003),
applies the estimator function (step 1005).

As described in this disclosure, artifacts present in x-ray images are de-
emphasized. More particularly, artifacts may either be reduced in prominence (artifact
reduction) or eliminated all together (artifact elimination), thereby improving the
image presented to the clinician.

While there has been illustrated and described what are at present considered
to be preferred embodiments and methods of the present invention, it will be
understood by those skilled in the art that various changes and modifications may be
made, and equivalents may be substituted for elements thereof without departing from
the true scope of the invention. For example, although described in the context of a
medical imaging system using x-rays, methods consistent with the present invention
can be performed on any digitized input image.

In addition, many modifications may be made to adapt a particular element,
technique or implementation to the teachings of the present invention without
departing from the central scope of the invention. Therefore, it is intended that this

- invention not be limited to the particular embodiments and methods disclosed herein,
but that the invention include all embodiments falling within the scope of the

appended claims.
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What is Claimed

1. A medical imaging system comprising:

an x-ray source for generating x-rays;

calibration markers positioned in a path of the x-rays;

an x-ray receiving device for receiving the generated x-rays and deriving a
digital image representing objects through which the generated x-rays have passed, the
digital image including representations of the calibration markers; and

a processor coupled to the x-ray receiving device for performing image
processing operations on the digital image, the image processing operations de-
emphasizing the visual presence of the representations of the calibration markers.

2. The system of claim 1, wherein the x-ray receiving device further
comprises an image intensifier and a charge coupled device (CCD) array for deriving
the digital image from the x-rays.

3. The system of claim 1, wherein the calibration markers are opaque to the x-
rays.

4. The system of claim 1, wherein the calibration markers are semi-transparent
to the x-rays.

5. The system of claim 3, wherein the processor further includes means for
identifying pixels in the digital image that surround the calibration markers and means
for modifying the representations of the calibration markers based on the values of the
pixels that surround the representations of the calibration markers.

6. The system of claim 5, wherein the processor further includes means for
adding a constant offset to the modified representations of the calibration markers to
enhance the visibility of the representations.

7. The system of claim 4, wherein the processor further includes means for
acquiring an offset value corresponding to an intensity of one of the calibration marker
representations in which the x-rays have not traversed the objects.

8. The system of claim 7, wherein the processor further includes means for

subtracting the offset value from each of the calibration marker representations.
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9. The system of claim 8, wherein the processor further includes means for
refining the subtracted versions of the calibration marker representations by using an
estimator algorithm that optimizes a criterion function.

10. The system of claim 1, wherein the processor de-emphasizes the visual
presence of the representations of the calibration markers using a maximum likelihood
estimator that maximizes a criterion function.

11. The system of claim 10, wherein the maximum likelihood estimator is an
Expectation Maximizing algorithm.

12. A method of creating an image of an object comprising the steps of:

transmitting x-rays in a path including a target object and calibration markers
arranged in a predetermined pattern;

receiving the transmitted x-rays;

deriving a digital image representing the object and the calibration markers;
and

de-emphasizing the representations of the calibration markers in the digital
image.

13. The method of claim 12, wherein the step of transmitting the x-rays
further includes the substep of transmitting the x-rays through semi-transparent
calibration markers arranged in the predetermined pattern.

14. The method of claim 13, wherein the step of de-emphasizing the
representations of the calibration markers includes the substep of eliminating the
representations of the calibration markers by subtracting an offset from pixels in the
digital image that comprise the calibration marker representations.

15. The method of claim 12, wherein the step of transmitting the x-rays
further includes the substep of transmitting the x-rays to calibration markers opaque to
the x-rays.

16. The method of claim 15, wherein the step of de-emphasizing the
representations of the calibration markers includes the substep of identifying pixels in
the digital image that surround the calibration markers and modifying the
representations of the calibration markers based on the values of the pixels that

surround the representations of the calibration markers.
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17. The method of claim 16, further including the substep of adding an offset
to the modified representations of the calibration markers to enhance the visibility of
the representations.

18. A computer readable medium containing computer instructions for
causing a processor to perform the steps of:

storing a digital image representing anatomy of a patient, the digital image
including representations of calibration markers that at least partially occlude portions
of the patient anatomy; and

performing image processing operations on the digital image to de-emphasize
the representations of the calibration markers.

19. The computer readable medium of claim 18, wherein the instructions for
causing the processor to perform the step of de-emphasizing the representations of the
calibration markers further include instructions for eliminating the representations of
the calibration markers by subtracting an offset from pixels in the digital image that
comprise the calibration marker representations.

20. The computer readable medium of claim 18, wherein the instructions for
causing the processor to perform the step of de-emphasizing the representations of the
calibration markers further include instructions for identifying pixels in the digital
image that surround the calibration markers and modifying the representations of the
calibration markers based on the values of the pixels that surround the representations
of the calibration markers.

21. The computer readable medium of claim 20, further including instructions
for adding an offset to the modified representations of the calibration markers to
enhance the visibility of the representations.

22. The computer readable medium of claim 18, wherein the instructions for
causing the processor to perform the step of de-emphasizing the representations of the
calibration markers further include instructions for de-emphasizing the visual presence
of the representations of the calibration markers using a maximum likelihood
estimator that maximizes a criterion function.

23. The computer readable medium of claim 22, wherein the maximum

likelihood estimator is an Expectation Maximizing algorithm.
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24. A computer system comprising:

a first computer memory storing a digital image representing anatomy of a
patient, the digital image including representations of calibration markers that at least
partially occlude portions of the patient anatomy;

a second memory storing instruction for performing image processing
operations on the digital image to de-emphasize the representations of the calibration
markers; and

a processor coupled to the first and second memory for executing the
instructions stored in the second memory.

25. The computer system of claim 24, wherein the processor further includes
means for identifying pixels in the digital image that surround the calibration markers
and means for modifying the representations of the calibration markers based on the
values of the pixels that surround the representations of the calibration markers.

26. The computer system of claim 25, wherein the processor further includes
means for adding a constant offset to the modified representations of the calibration
markers to enhance the visibility of the representations.

27. The computer system of claim 24, wherein the processor de-emphasizes
the visual presence of the representations of the calibration markers using a maximum
likelihood estimator that maximizes a criterion function.

28. The computer system of claim 27, wherein the maximum likelihood
estimator is an Expectation Maximizing algorithm.

29. A method for causing a computer processor to perform the steps of:

storing a digital image representing anatomy of a patient, the digital image
including representations of calibration markers that at least partially occlude portions
of the patient anatomy; and

performing image processing operations on the digital image to de-emphasize
the representations of the calibration markers.

30. The method of claim 29, wherein the step of de-emphasizing the
representations of the calibration markers includes the substep of eliminating the
representations of the calibration markers by subtracting an offset from pixels in the

digital image that comprise the calibration marker representations.
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31. The method of claim 29, wherein the step of de-emphasizing the
representations of the calibration markers includes the substep of identifying pixels in
the digital image that surround the calibration markers and modifying the
representations of the calibration markers based on the values of the pixels that
surround the representations of the calibration markers.

32. The method of claim 31, further including the substep of adding an offset
to the modified representations of the calibration markers to enhance the visibility of
the representations.

33. A medical imaging system comprising:

an x-ray source for generating x-rays;

semi-transparent calibration markers positioned in a path of the x-rays;

an x-ray receiving device for receiving the generated x-rays and deriving a
digital image representing objects through which the generated x-rays have passed, the
digital image including representations of the calibration markers; and

a processor coupled to the x-ray receiving device for performing image
processing operations on the digital image, the digital processing operations removing
distortion from the image by performing intrinsic calibration on the image based on

projections of the semi-transparent calibration markers in the image.
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