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(57) Abstract: A surgical system comprises a network accessible
database configured to store calibration data for an endoscopic im-
age capture device. The surgical system also comprises an image
processor configured to be communicatively coupled to the endo-
scopic image capture device to receive image data of a surgical site
during a surgical or diagnostic procedure. The image processor
is configured to retrieve the calibration data from the network ac-
cessible database via a network connection. The image processor
is further configured to process the received images based on the
retrieved calibration data. The surgical system further comprises
a user control system coupled to the image processor and config-
ured to receive the processed images from the image processor.
The user control system comprising a display configured to dis-
play the processed images. The calibration data is periodically or
dynamically updated on the database to account for changes in the
surgical system or new calibration methodologies.
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OFF-CAMERA CALIBRATION PARAMETERS FOR AN IMAGE CAPTURE
DEVICE

CROSS-REFERENCE TO RELATED APPLICATIONS
{0001 This application claims the benefit of U.S. Provisional Patent Application Serial
No. 62/722,314 filed August 24, 2018, the disclosure of which is expressly incorporated herein
by reference.
BACKGROUND
{0002} Image capture devices are typically factory calibrated before use in the field.
During the calibration process, one or more images of test patters are captured and used as a
reference to generate calibration data for an image capture device. For example, one or more
transforms are used to adjust a captured image from the image capture device to align with a
known tmage of test patterns. The calibration process may calibrate the captured image to
correct for color, optical, alignment, or other image sensor-induced or optical-induced errors or
variations in the image capture device. The calibration process generates a set of calibration
data that 1s stored with the image capture device and applied to correct images captured by the
image capture device in use.
SUMMARY
{0003] A first aspect of the disclosure includes a system comprising a network
accessible database configured to store calibration data for an image capture device. The
system also comprises a controller system comprising an image processor configured to receive
images captured by the image capture device. The image processor further configured to
retrieve the calibration data from the network accessible database via a network connection.
The tmage processor further configured to process the received umages based on the retrieved

calibration data.
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{0004] In some implementations of the first aspect of the disclosure, the system further
comprises a tool comprising the image capture device and electrically coupled to the controller
system. The tool has a unique identifier.

{0005 In some implementations of the first aspect of the disclosure, the calibration data
is indexed with the tmage capture device in the network accessible database based on the
unique identifier.

{0006} In some implementations of the first aspect of the disclosure, the unique
identifier 1s maintained by the tool, and wherein the image processor is further configured to
obtain the unigue identifier from the tool.

{0007} In some implementations of the first aspect of the disclosure, the unique
identifier 1s maintained by the tool ou a memory device of the tool or on a visual indicator on a
surface of the tool.

{0008] in some implementations of the first aspect of the disclosure, the image
processor further comprises an optical scanner configured to read the visual indicator trom the
surtace of the tool to obtain the unique identifier from the tool.

10009] In some implementations of the first aspect of the disclosure, the optical scanner
is a camera or a bar code reader.

{0010} In some implementations of the first aspect of the disclosure, the visual indicator
is printed, adhered, labeled, embossed, or stamped onto the surface of the tool.

{00111 In some implementations of the first aspect of the disclosure, the visual indicator
is an alphanumeric serial number, a linear barcode that encodes the unique identifier, a two-
dimensional barcode that encodes the unigue identifier, or image encoded with the unique

identifier.
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{0012] In some implementations of the first aspect of the disclosure, the tool comprises
an endoscope, and the image capture device comprises a pair of image sensors configured to
capture stereoscopic image data of a surgical site during a surgical procedure.

{0013] In some implementations of the first aspect of the disclosure, the calibration data
comprises data for processing the recetved images 1o correct the received images based on one
or more of a color of light emitted by an illuminator configured to illuminate a scene captured
by the received images, calibration images captured by the image capture device, optical
distortions introduced by an optical system of the image capture device, a stereoscopic image
calibration, or a color space mapping.

{0014} In some implementations of the first aspect of the disclosure, the system further
comprises a caltbration processor in communication with the network accessible database. The
calibration processor configured to receive calibration images captured by the image capture
device and generate the calibration data based on applying a calibration algorithm to one or
more of the calibration images.

{0015 In some implementations of the first aspect of the disclosure, the calibration
images are stored in the network accessible database with the calibration data.

{0016] in some implementations of the first aspect of the disclosure, the calibration
processor 15 configured to generate the calibration data upon receiving a request for the
calibration data from the controller system.

{00171 In some implementations of the first aspect of the disclosure, the calibration data
is different from a prior set of calibration data for the image capture device, wherein the prior
set of calibration data 1s generated by the calibration processor based on applying a different

calibration algorithro to one or more of the calibration images.
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{0018] In some implementations of the first aspect of the disclosure, the calibration
algorithm is selected based on a type of procedure in which the image capture device is to be
used or based on a configuration of the controlier system.

{0019] In some implementations of the first aspect of the disclosure, the calibration data
is generated to enhance an image feature significant to the type of procedure in which the
image capture device is to be used.

10020} In some implementations of the first aspect of the disclosure, the image feature
1s one or more of a focus level, sharpness, color fidelity, or color accuracy.

{00211 In some implementations of the first aspect of the disclosure, the calibration data
further adversely impacts a second image feature.

{0022] In some implementations of the first aspect of the disclosure, the configuration
of the controller system comprises one or more of an illumination source provided by the

controller system, a type of the image processor, or a software release version of the controller

system.
{0023] In some implementations of the first aspect of the disclosure, the calibration

processor is further configured to retrieve an operational image captured by the image capture
device during the procedure from the controller system and to adjust the calibration data based
on the operational images.

{0024] In some implementations of the first aspect of the disclosure, a lurninance value
of the operational image 13 compared to an expected huminance value determined based on a
known distance to an object captured in the operational image and a known power output to an
Hlumination source that is illuminating the object captured in the operational image.

{0025] In some implementations of the first aspect of the disclosure, a color space of

the operation image is compared to an expected color space of the image capture device to
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determine whether a center of the color space 1s offset from a center of the expected color
space.

{0026] In some implementations of the first aspect of the disclosure, a stereoscopic
alignment of the operational 1mage 1s evaluated to identity misalignment with a corresponding
operational image.

{60271 in some implementations of the first aspect of the disclosure, the calibration
processor 1s further configured to receive a user feedback survey evaluating the calibration data
in comparison to the prior set of calibration data.

{0028] In some implementations of the first aspect of the disclosure, the controller
system further comprises a calibration cache memory configured to store the calibration data
retrieved from the network accessible database.

{0029] In some implementations of the first aspect of the disclosure, the controller
system is further configured to store calibration data of image capture devices known to have
been shipped to a location associated with a location of the controller system.

6034] In some implementations of the first aspect of the disclosure, the controller
system ts further configured to store calibration data of a predetermined number of previcusly
used image capture devices.

0031} In some implementations of the first aspect of the disclosure, the controller
system 15 further configured to store defanlt calibration data for a type of the image capture
device.

10032} In some implementations of the first aspect of the disclosure, the controller
system is further configured to compare a cached set of calibration data for the image capture
device to the calibration data stored on the network accessible database prior to retrieving the

calibration data from the network accessible database.
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{0033] A second aspect of the disclosure includes a method comprising storing
calibration data for an image capture device in a network accessible database. The method also
comprises retrieving, by a controller system, the calibration data from the network accessible
database via a network connection. The method also comprises receiving, by the controller
system, images captured by the image capture device. The method alsc comprises processing,
by an image processor of the controller system, the received images based on the retrieved
calibration data.

{0034] A third aspect of the disclosure includes a surgical systern coraprising a network
accessible database configured to store calibration data for an endoscopic tmage capture device.
The surgical system also comprises an image processor configured to be communicatively
coupled to the endoscopic image capture device to receive image data of a surgical site during a
surgical procedure. The image processor is configured to retrieve the calibration data from the
network accessible database via a network connection. The image processor further configured
to process the received images based on the retrieved calibration data. The surgical system
further comprises a user countrol system coupled to the image processor and configured to
receive the processed images from the image processor. The user control system comprising a
display configured to display the processed images.

{0035] In some implementations of the third aspect of the disclosure, the surgical
system further comprises a manipulator system comprising a manipulator arm configured to
attach to the endoscopic image capture device and configured to physically alter a pose of the
endoscopic image capture device during the surgical procedure.

{0036] In some implementations of the third aspect of the disclosure, the user control
system further comprises a manipulation user interface. Upon actuation of the manipulation
user interface, the user control system is configured to issue commands to the manipulator

system to change the pose of the endoscopic image capture device.
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{00371 A fourth aspect of the disclosure includes a method of processing images of a
surgical procedure captured by an endoscopic image capture device. The method comprises
receiving, by an image processor, the tmages captured by the endoscopic image capture device.
The method also comprises retrieving, by the image processor, calibration data for the
endoscopic image capture device from a network accessible database. The method also
comprises processing, by the image processor, the received images from the endoscopic image
capture device based on the retrieved calibration data. The method also comprises transmitting,
by the image processor, the processed images to a user control system. The method also
comprises displaying, on the user control system, the processed images on a display.

{0038} These and other features will be more clearly understood from the following

detailed description taken in conjunction with the accompanying drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS
{0039] For a more complete understanding of the present disclosure, reference is now
made to the following brief description, taken in connection with the accompanying drawings

and detailed description, wherein like reference numerals represent like parts.

{00407 Fiz. 1 is a plan view of a minimally invasive teleoperated surgical system.
{0041} FIG. 2 15 a perspective view of a user control system.

{0042] FIG. 3 1s a perspective view of an electronics cart.

{0043] FI(3. 4 15 a diagrammatic illustration of a teleoperated surgical system.

10044} FI1G. 5 1s a perspective view of an endoscopic image capture device.

{0045] FIG. 6 is a diagrammatic illustration of an image capture device calibration tool.
{0046} FIG. 7 15 a flowchart llustrating an example process of obtaining calibration

data for an image capture device.
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{00471 FI(. B 1s a flowchart illustrating an example process of sending calibration data
in response to a request.

{0048] FIG. 9 is a flowchart illustrating an example process of determining changed
calibration parameters or maintenance conditions based on field images captured by an image
capture device.

{0049] FIGS. 10A-10D are chromaticity diagrams generated from processed field
images showing a shift in a center of the color space of an image capture device.

{0056} FIG. 11 1s a flowchart dlustrating an example process of conducting a
calibration parameter survey.

{0051} FiGG. 12 illustrates an exemplary computer system.

DETAILED DESCRIPTION

10052} it should be understood at the cutset that although illustrative implementations
of one or more embodiments are tlustrated below, the disclosed systems and methods may be
implemented using any number of techniques, whether currently known or in existence. The
disclosure should in no way be limited to the illustrative implementations, drawings, and
techniques illustrated below, but may be modified within the scope of the appended claims
along with their full scope of equivalents. Use of the phrase “and/or” indicates that any one or
any combination of a list of options can be used. For example, “A, B, and/or €7 means “A”, or
B orC” or“Aand B, or“Aand 7, or "B and C7, or “Aand B and C”.

{0053} Elements described in  detaill with reference to one embodiment,
implementation, or application may, whenever practical, be included in other embodiments,
implementations, or applications in which they are not specifically shown or described. For
example, if an element is described in detail with reference to one embodiment and is not

described with reference to a second embodiment, the element may nevertheless be claimed as
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included in the second embodiment. Thus, to avoid unnecessary repetition in the following
description, one or more elements shown and described in association with one embodiment,
implementation, or application may be incorporated into other embodiments, implementations,
or aspects unless specifically described otherwise, unless the one or more elements would make
an embodiment or implementation non-functional, or unless two or more of the elements
provide conflicting functions.

{0054] Aspects of the invention are described primarily in terms of an implementation
using a da Vinci® Surgical System (specifically, a Model 184000, marketed as the da Vinci®
Xit™ HD™ Syreical System), commercialized by Intuitive Surgical, Inc. of Sunnyvale,
Calitormia. Knowledgeable persons will understand, however, that inventive aspects disclosed
herein may be embodied and implemented in various ways, including robotic and, if applicable,
non~-robotic embodiments and implementations.  Implementations on da Vinci® Surgical
Systems fe.g., the Model 184000 da Vinci® Xi™ Surgical System, the Model 183000 da Vinci
Si® Surgical System) are merely exemplary and are not to be considered as limiting the scope
of the inventive aspects disclosed herein.

10055] In accordance with various aspects, the present disclosure describes a system
and method for off-camera calibration of an image capture device. Calibration data is typically
maintained in a read-only memory of the image capture device and is not able to be changed or
updated after the 1mage capture device leaves the factory. Calibration data for image capture
devices typically does not take into account wear of the device over time. Therefore, the
calibration data stored on the image capture device may become less accurate over time and
result in processed images from the image capture device with more errors.

{0056] For example, an endoscopic image capture device includes a camera housing
that comprises a flexible cable with a fiber optic bundle. The cable comprises a connector

configured to couple the fiber optic bundle to a light source. The camera housing also
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comprises a read-only memory that stores calibration data for the endoscopic image capture
device. The camera housing also comprises a rigid camera shaft with a camera tip on a distal
end. The camera tip includes one or more image sensors and associated optics systems. The
camera shaft also comprises a second fiber optic bundle configured to convey light received
from the fiber optic bundle in the flexible cable to the camera tip to illuminate a scene being
imaged by the one or more image sensors, such as a diagnostic or surgical procedure. Images
captured by the one or more image sensors in the camera tip are conveyed via a wired or
wireless electrical connection to the camera housing and in turn conveyed via a wired or
wireless electrical connection in the flexible cable o the connector.

{0057} A controller system comprises a socket configured to accept the connector. The
countroller system cormprises a light source coupled to the socket and configured to supply light
to the fiber optic bundle tn the flexible cable. The controller system also comprises an image
processor coupled to socket and configured to receive the images conveyed via the electrical
connection in the flexible cable. The image processor is configured to read the calibration data
from the read-only memory in the camera housing upon the connector being inserted to the
socket. The image processor processes the received tmages based on the read calibration data
to generate one or more processed images. As the endoscopic image capture device s used, the
optical transmission properties of the fiber optic bundle in the flexible cable may change over
time. Additionally, the camera tip may wear over time due to use in medical procedures.
Therefore, at least the optical properties of the endoscopic image capture device will change
over time, resulting in calibration data that is not optimized to the current condition of the
endoscopic image capture device.

{0038] Additionally, the endoscopic image capture device may be coupled to different
controller systems at different times, where one or more of the controller systems may have a

different configuration. Different controller systems may have different system contigurations,
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such as different image processors, vision systems, or other hardware variations, different
software release versions, and/or different light sources with different spectral responses.
Therefore, the calibration data may not be optimized for the particular controlier system to
which the endoscopic image capture device is currently coupled.

{0059] Moreover, advances in the transforms used to generate the calibration data from
the captured test patterns are not able to be retroactively applied to existing surgical endoscopic
image capture devices. Accordingly, the calibration data stored on the surgical endoscopic
image capture device may not be optimized according to current knowledge and technology.
{0060] In various implementations of the pending disclosure, the calibration data is
moved off-camera and is obtained by the controller system from a central calibration server.
Upon an image capture device, such as an endoscopic image capture device, being connected to
the controller system, the controller system obtains a unique identifier of the tmage capture
device. While the various examples provided herein are described with respect to an
endoscopic image capture device, the pending disclosure 1s not so limited and 1s intended to
encompass any device coupled to the controller system that has corresponding calibration data
to control the operation of the device or processing of data received from the device. Likewise,
the pending disclosure is intended to encompass any image capture device that is coupled to a
controller system for processing images captured by the tmage capture device. For example,
the pending disclosure may equally apply to a borescope or other such inspection camera.
{0061} The unique identifier may be maimntained in a memory of the image capture
device. Alternatively, a reader coupled to the controller system reads the unique identifier from
the 1mage capture device. For example, the reader may be a radio frequency identifier (RFID),
Bluetooth® low energy (BLE), Wi-Fi®, or other wireless tag reader and the unique wdentifier

may be stored in a wireless tag, such as an RFID, BLE, Wi-Fi®, or other wireless tag.
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{0062] In another example, the unique identifier is provided as an optically readable
label on the housing of the image capture device. The label may include an alphanumeric
string, symbol, or code in an encrypted or non-encrypted format. The label may be embossed,
glued, adhered, printed, or otherwise affixed to the housing of the image capture device. The
unique identifier may be read from a camera, barcode reader, or other optical scanner coupled
to or otherwise in communication with the controller system.

{0063} Using the obtained unique identifier of the image capture device, the controller
system obtains calibration data for the image capture device from the central calibration server,
The controller system then processes images received from the image capture device based on
the retrieved calibration data. In some implementations, the unique identifier 15 a universally
unique identifier (UUID) for a medical device.

{0064] By off-loading the calibration data from the image capture device, the memory
requirements of the image capture device may be reduced, leading to less expensive image
capture devices. For example, newly produced image capture devices may omit the read-only
calibration memory or otherwise reduce the size of the read-only memory to only store the
unique identifier of the image capture device.

{0065] The calibration data may be periodically or dynamically generated at the central
calibration server. Therefore, the methodology for calculating one or more of the calibration
parameters may be changed based on the type of procedure to be performed, based on the
current equipment configuration, and/or based on improvements to the calibration
methodology.  Moreover, obtaining the calibration data from the central calibration server
extends the life and/or functionality of existing equipment in the field, which may otherwise
store outdated calibration data or calibration data not optimized for a particular procedure.
10066} Because the controller system is in regular communication with the central

calibration server, additional functionality may be enabled. For example, images captured from
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the image capture device may be pertodically communicated to the central calibration server.
These field images may be processed to identify improvements to the calibration data for a
particular image capture device over time or flag the image capture device for maintenance.
For example, the field captured images may reveal spectral atienuation in the captured images
over time due to wear of the fiber optic bundie tn the flexible cable. The spectral attenuation
may be corrected by adjustments to the calibration data or adjustments to the light source
provided to the image capture device. Likewise, shifts in the color space of the one or more
image sensors over tirne may be corrected by adjustments to the calibration data or adjustments
to the light source provided to the image capture device. Additionally, alignment issues in
stereoscopic images may be identified and tlagged for maintenance.

{0067] As another example, preference studies may be conducted with end-users of the
image capture device with different sets of calibration data. For example, different color
mappings or distortion corrections may be used in different sets of calibration data and
feedback from end-users may be obtained to inform an optimized set of calibration data.
Additional controls may be added to prevent use of the controller systern with non-registered
image capture devices, facilitate recall control of image capture devices, and limit a total
number of uses of image capture devices before requiring refurbishing,

{0068} Referring now to the drawings, in which like reference numerals represent like
parts throughout the several views, FIG. 1 15 a plan view of a minimally invasive teleoperated
surgical system 10, typically used for performing a minimally invasive diagnostic or surgical
procedure on a patient 12 who is lying on a mobile operating table 14. The system includes a
user control system 16, such as a mobile surgeon's console for use by a surgeon 18 during the
procedure. One or more assistants 20 may also participate in the procedure. The minimally
invasive teleoperated surgical system 10 further includes a manipulating system 22, such as a

mobtle patient-side cart, and a mobile electronics cart 24. In some embodiments, the table 14,
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user control system 16, manipulating system 22, and the electronics cart 24 are wheel mounted
to provide mobility.

{0069] The manipulating systemn 22 or other such manipulating system includes
multiple segmented mechanical support arms 72, each having one end portion rotatably
mounted to a vertical support structure 74 and having anocther end mounting a removably
coupled surgical instrument 26. In some of embodiments, each mechanical support arm 72
includes a first segment 72-1, a second segment 72-2 and a third segment 72-3. During setup
for a procedure, the multiple segments of at least one support arm 72 are rooved to position a
surgical instrument for insertion within a minimally invastve incision 1n the body of the patient
12.

{0676] Durning the procedure, while instruments are mserted within a patient's body
cavity, the surgeon 18 views the surgical site through the user control system 16. An image of
the surgical site can be obtained by an endoscope 28, such as a stereoscopic endoscope, which
can be manipulated by the manipulating system 22 to orient the endoscope 28. Computer
processor(s) tocated on the electronics cart 24 can be used to process the images of the surgical
site for subsequent display to the surgeon 18 through the user control system 16, The computer
processor(s) may alternatively be referred to herein as an image processor or video processor.
{0071} One or more illumination sources or illuminators may also be provided on the
electronics cart 24 to provide hight for use by the endoscope 28 for iHluminating the surgical
site. The illuminators may include a white light source, a colored light source (e.g, red, green,
blue, cyan, magenta, yellow, etc.), an infrared light source, a laser light source, or any other
type of light source or combination thereof. Different illuminators may be used at different
points in time in a surgical or diagnostic procedure. For example, the electronics cart 24 may

be controtled, such as through a selection on the user control system 16, to provide light from a
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first set of one or more of the illuminators at a first time and provide light from a second set of
one or more of the illuminators at a second time.

{0072} The number of surgical instruments 26 used at one time will generally depend
on the diagnostic or surgical procedure and the space constraints within the operating room
among other factors. If it is necessary to change one or more of the surgical tnstruments 26
being used during a procedure, an assistant 20 can remove the surgical instrument 26 from the
manipulating system 22, and replace it with another surgical instrument 26 from a tray 30 in the
operating room.

{0073] FI(3. 2 is a perspective view of the user control system 16, The user control
system 16 includes a display area 31 with a left eve display 32 and a right eye display 34 for
presenting the surgeon 18 with a coordinated stereoscopic view of the surgical site that enables
depth perception,

10074} The console 16 further includes one or more control inputs 36. One or more
surgical instruments installed for use on the manipulating system 22 (shown in FIG. 1) move in
response to surgeon 18's manipulation of the one or more control inputs 36. The control inputs
36 can provide the same mechanical degrees of freedom as their associated surgical instruments
26 (shown in FIG. 1) to provide the surgeon 18 with telepresence, or the perception that the
control inputs 36 are integral with the instruments 26 so that the surgeon has a strong sense of
directly controlling the instruments 26. To this end, position, force, and tactile feedback sensors
{not shown} may be employed to transmit position, force, and tactile sensations from the
surgical instruments 26 back to the surgeon's hands through the control inputs 36. A height of
the control inputs 36 may be adjusted with a height adjustment lever 38.

{007 5] The user control system 16 1s usually located 1n the same room as the patient s0
that the surgeon can directly monitor the procedure, be physically present if necessary, and

speak to a patient-side assistant directly rather than over the telephone or other communication
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medium. But, the surgeon can be located in a different room, a completely different building, or
other remote location from the patient allowing for remote surgical procedures.

{06076] FIG. 3 is a perspective view of the electronics cart 24. The electronics cart 24
can be coupled with the endoscope 28 and includes a computer processor to process captured
images for subsequent display, such as to a surgeon on the user conirol system 16, or on
another suitable display located locally and/or remotely. For example, if a sterecscopic
endoscope is used, a computer processor on electronics cart 24 can process the captured images
to present the surgeon with coordinated stereo images of the surgical site. Such coordination
can include alignment between the opposing images and can include adjusting the stereo
working distance of the stereoscopic endoscope.

{0077] As another example, image processing can include the use of previously or
dynamically determined camera calibration parameters to compensate for imaging errors of the
image capture device, such as optical aberrations. The calibration data may be obtained by the
electronics cart 24 from a central calibration server as discussed in more detail below.

{067 8] Because the calibration data is obtained from the central calibration server
instead of from the image capture device tiself, new calibration data may be used with existing
image capture devices that may store current calibration data on a local memory of the image
capture device. Therefore, the useful life or functionality of the existing image capture devices
may be extended by remotely obtaining calibration data for the existing image capture device.
Likewise, the memory requirements of new image capture devices may be reduced, leading to
less expensive image capture devices. For example, newly produced image capture devices
may omit a memory for storing calibration data or otherwise reduce the size of the memory to
only store a umique identifier of the image capture device. Additionally, the methodology for

calculating one or more of the calibration parameters may be changed based on the type of
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procedure to be performed, based on the current equipment configuration, and/or based on
improvements to the calibration methodology.

{0079] The electronics cart 24 may also maintain the obtained calibration data in a local
cache. In addition to raintaining the obtained calibration data in the local cache, the
electronics cart 24 may also maintain calibration data for one or more image capture devices
anticipated to be used with the electronics cart 24, For example, upon a new image capture
device being ordered, delivered, or received at a location with the electronics cart 24, the
electronics cart 24 may obtain or receive calibration data for the new image capture device. In
some implementations, the central calibration server may push the calibration data for the new
image capture device to be maintained on the local cache of the electronics cart 24. The local
cache of the electronics cart 24 may also maintain a default set of calibration data for use when
there is limited or no connectivity with the central calibration server,

{0080} Optionally, equipment in electronics cart 24 may be integrated into the user
control systermn 16 or the manipulating system 22, or it may be distributed in various other
locations in the operating room. More generally, the electronics cart 24 or user control system
16 with the integrated equipment from the electronics cart 24 may be referred to herein as a
controller system for obtaining calibration data and processing images from the image capture
device based on the retrieved calibration data.

{0081] FIG. 4 diagrammatically illustrates a teleoperated surgical system 50 (such as
the minimally invasive teleoperated surgical system 10 of FIG. 1), A user control system 52
(such as user control system 16 in FIG. 1) can be used by a surgeon to control a manipulating
system 54 (such as manipulating system 22 in FIG. 1) during a nunimally invasive procedure.
The manipulating system 54 can use an image capture device, such as a stercoscopic
endoscope, to capture images of a surgical site and output the captured images to a computer

processor located on an electronics cart 56 (such as the electronics cart 24 in FIG. 1) The
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computer processor typically includes one or more data processing boards purposed for
executing computer readable code stored in a non-volatile memory device of the computer
processor. As with the electronics cart 24, the electronics cart 56 also includes one or more
illununation sources for supplying light to the image capture device. The electronics cart 56
may also comprise a calibration cache for maintaining a local cache of calibration data similar
to the electronics cart 24.

{0082} In one aspect, the computer processor can process the captured images in a
variety of ways prior to any subsequent display. For example, the computer processor can use
of previously or dynamically determined camera calibration parameters to compensate for
imaging errors of the image capture device prior to displaying the processed images to the
surgeon via the user control systern 32, Additionally or in the alternative, the captured images
can undergo image processing by a computer processor located outside of electronics cart 56.
in one aspect, teleoperated surgical system 50 includes an optional computer processor 58 (as
indicated by dashed line) similar to the computer processor located on electronics cart 56, and
manipulating systern 54 outputs the captured irmages to computer processor 58 for image
processing prior to display on the user control system 52, In another aspect, captured images
first undergo image processing by the computer processor on electronics cart 56 and then
undergo additional image processing by computer processor 58 prior to display on the user
coutrol systern 52, In some implementations, the electronics cart 56 and/or computer processor
58 are collectively referred to as a controller system for obtaining calibration data and
processing images from the image capture device based on the retrieved calibration data. In
some implementations, the controller system also supplies light to the image capture device
from one or more illumination sources.

{0083} Teleoperated surgical system 50 can include an opticnal display 60, as indicated

by dashed line. Display 60 is coupled with the computer processor located on the electronics
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cart 56 and with computer processor 58, and captured images processed by these computer
processors can be displayved on display 60 in addition to being displayed on a display of the
user control system 52, In various implementations, the display 60 may be located on the
electronics cart 56, such as with a display 25 on the electronics cart 24, In some
implementations, the display 60 may be separate from the user control system 52 and the
electronics cart 58,

{0084} FI1G. 5 1s a perspective view of an endoscopic image capture device 500, The
endoscopic fruage capture device 500 includes a connector 502, a flexible cable 506, a camera
housing 508, a rigid camera shaft 512, and a camera tip 514, The connector 502 comprises an
optical port 504 and an electrical port {(not shown}. The connector 502 is sized and shaped to
be inserted 1nto a socket on the electronics cart 56, such as in a socket 27 or other mating
receptacle of the electronics cart 24,  The optical port 504 is configured to receive light
supplied by the electronics cart 24 to the socket 27.

{0085] The flexible cable 506 is coupled between the connector 502 and the camera
housing 508. The flexible cable 506 includes a fiber optic bundle configured to convey light
received from the optical port 504 of the connector 502 to the camera housing 508 The
flexible cable 506 also includes an electrical connection configured to provide electrical
comrmurnication between the electrical port of the connector 502 and the camera housing 508.
The electrical connection may be a wired or wireless conuection. In some iroplementations, the
wired connection is a wire, ladder line, twisted wire pair, umiversal serial bus {(USB) cable,
Ethernet cable, or other wired communication line.

{6086] The camera housing 508 receives the distal end of the fiber optic bundle from
the flexible cable 506, The camera housing 508 also receives a proximal end of the nigid
camera shaft 512, A distal end of the rigid camera shaft 512 includes the camera tip 514 with

one of more image sensors and associated optics systems. For example, the camera tip 514
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may tnclude two image sensors with respective optical components for capturing stereoscopic
images of a scene, such as a surgical or diagnostic procedure. The rigid camera shaft 512 may
also include a second fiber optic bundie configured to convey light received at the camera
housing 508 from the fiber optic bundle 1n the flexible cable to the camera tip 514 to illuminate
a scene being imaged by the one or more image sensors.

{00871 The rigid camera shatt 512 may also include a second electrical connection
configured to provide electrical communication between the one or more image sensors of the
camera tip 514 and the camera housing 508. Images captured by the one or more image
sensors in the camera tip 514 are conveyed via the electrical connection in the rigid camera
shatt 512 to the camera housing 508. The electrical connection may be a wired or wireless
connection. In some implementations, the wired connection is a wire, ladder line, twisted wire
pair, universal serial bus (USB) cable, Ethernet cable, or other wired communication line.
{0088} The camera housing 508 may also comprise one or more camera control units
{(not shown) configured to supply power and provide control signals for capturing images from
the one or more image sensors in the camera tip 514, For example, when the camera tip 514
comprises two image sensors for capturing stereoscopic images, the camera housing 508 may
have a respective camera control unit for controlling each of the two image sensors. The one or
more camera control units are also configured to communicate the captured images to the
electrical port of the connector 502 for processing by the electronics cart 56 and/or computer
processor 38,

{0089} The camera housing 508 may also comprise a display 510 for displaying one or
more operational controls of the endoscopic image capture device 500,

6094] The camera housing 508 may also comprises a read-only memory (not shown)
that stores a unique identifier of the endoscopic image capture device 500. In some

implementations, the unique identifier is a universally unique identifier (UUID) for a medical
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device. The read-only memory does not store calibration data for the endoscopic tmage capture
device 500. The read-only memory 1s smaller and cheaper than the read-only memory used in
prior endoscopic image capture devices that additionally stored calibration data.

{0091 ] In some implementations, the read-only memory in the camera housing SO8
may be omitted entirely. lnstead a wireless identification tag installed on or in the camera
housing 508 or an optically readable label on an exterior surface of the camera housing 508
may provide the unique identifier of the endoscopic image capture device 500. For example,
the wireless identification tag may be an RFID, BLE, Wi-Fi®, or other wireless tag. The label
may include an alphanumeric string, symbol, or code in an encrypted or non-encrypted format.
The label may be embossed, glued, adhered, printed, or otherwise affixed to the camera
housing 508.

{00921 When an optically readable label is used to provide the unique identifier on the
camera housing 508, an optical scanner coupled to or otherwise in communication with the
controller syster 1s used to read the label to obtain the unique identifier. The optical scanner
may be a camera, barcode reader, or other optical scanner. For example, any of the
manipulating system 54, the electronics cart 56, and/or the computer processor 58 may
comprise an optical scanner configured to read the label on the camera housing 508 to obtain
the unique identifier of the endoscopic image capture device 500.

{0093] In one iroplementation, the roanipulating systero 54 comprises a camera (not
shown) configured to capture an image of the camera housing 508 of the endoscopic image
capture device 500 when installed thereon. The image captured by the camera on the
manipulating system 54 is processed by the electronics cart 56 and/or computer processor 58 to
identify the unique identifier 1 the captured image.

10094} in ancther implementation, the socket 27 or other mating receptacle of the

electronics cart 24 comprises the optical scanner. A surface of the connector 502 or the optical
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port 504 comprises the optically readable label and is configured to be in a field of view or
otherwise face the optical scanner when the connector 502 is inserted into the socket 27. The
optical scanner of the electronics cart 24 is configured to read the label to obtain the unique
identifier of the endoscopic 1mage capture device 500 upou insertion of the connector 502 into
the socket 27. Therefore, a user is not required to perform any additional action to scan the
unique tdentifier other than insert the connector 502 inmto the socket 27. Some users may
attempt “spooting” the electronics cart 24 in which a photo or other copy of the optically
readable label is scanned for an unauthorized tool or endoscopic image capture device 500. By
having the optical scanner in the socket 27, spoofing the electronics cart 24 is made harder due
to the difficulty in providing both the copy of the optically readable label and the connector 502
to the socket 27 at the sarne time.

16095] In a further tmplementation, the electronics cart 24 comprises the optical
scanner at a location other than in the socket 27 or other mating receptacle. For example, the
optical scanner may be located on a surface of the electronics cart 24 adjacent to the socket 27
or in a hand-held scanner device coupled to the electronics cart 24. The optical scanner may
also be located on other devices than the electronics cart 24, such as the manipulating system
54 and/or the computer processor 58 as noted above. By positioning the optical scanner at a
location outside of the socket 27, a corresponding set of calibration data for an endoscopic
image capture device 500 or other tool can be retrieved prior to use or insertion into the socket
27. In this way, the corresponding set of calibration data is retrieved without counting as a use
of the endoscopic image capture device 500 or other tool upon the optical scanner scanning the
optically readable label.  Also, additional endoscopic image capture devices 500 or other tools
may be scanned to retrieve corresponding sets of calibration data while an endoscopic mage

capture device 500 or other tool is in use or otherwise already inserted into the socket 27.
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{0096] FI(3. 6 1s a diagrammatic iilustration of an image capture device calibration tool
600. The tmage capture device calibration tool 600 includes a first teleoperated surgical system
604 and a second teleoperated surgical system 606 in data communication with a central
calibration server 602. Teleoperated surgical systerns 604, 606 are similar to teleoperated
surgical system 50 shown at FIG. 4 and described above  In some implementations, the
teleoperated surgical systems 604, 606 have the same system configuration. In some
implementations, the teleoperated surgical systems 604, 606 have different system
configurations. For example, the teleoperated surgical systems 604, 606 may have a difference
in one or more of an image processor, vision system, or other hardware system, a software
release version, and/or a light source with a ditferent spectral response. Other differences that
impact the calibration of an image capture device are contemplated by this disclosure.

160697] While only two teleoperated surgical systems 604, 606 are shown in FIG. 6,
more or fewer systems may be in data communication with the central calibration server 602.
In some implementations, the teleoperated surgical systems 604, 606 may be located at the
same or different health care provider locations. For example, the first teleoperated surgical
system 604 may be located at a first health care provider location and the second teleoperated
surgical system 606 may be located at a second health care provider location.

{0098} The central calibration server 602 comprises or 18 in communication with one or
more databases that store calibration records. Each calibration record is indexed against a
unique identifier of a corresponding image capture device. A calibration record includes one or
more sets of calibration data and a set of test pattern images. Different sets of calibration data
may be optimized for different procedures or controller system configurations. Each set of
calibration data comprises calibration parameters for adjusting captured tmages based on one or
more of an optical distortion, color mapping correction, a color of light iHluminating a scene,

and/or stereoscopic image alignment. Other calibration parameters may be used. For example,
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calibration parameters may include image sensor characteristics, such as dead or stuck pixels, a
cropping region, analog gains, digital gains, or other such image sensor characteristics.

{0099] In some implementations, different sets of calibration parameters may increase
performance in areas of interest during a particular procedure, while potentially reducing
performance in other areas of functionality. For example, if a particular procedure has a need
for a very fine close up image, the calibration parameters for the set of calibration data for the
procedure may be optimized for sharpness of images processed using the calibration data.
Such optimization for the sharpness of images may come at the expense of color accuracy or
fidelity. Similarly, the functionality of a lower-capability image capture device may be
extended through a set of calibration data that increases performance of the lower-capability
image capture device in a certain area. The use of sets of calibration data with particular
performance enhancements may be based on requirements for a particular procedure,
preferences of an end-user (e.g, surgeon), or any other basis.

{00100} The set of test pattern images includes images captured by the corresponding
image capture device in a calibration enviromment, such as at a factory calibration of the
corresponding tmage capture device. Fach image in the set of test pattern images may capture
a different test pattern and/or a different lighting condition. In some implementations, a subset
of the test pattern images may be captured for calibrating the image capture device for a
patticular procedure, a particular lighting condition, or a particular controller systern
configuration.

{00101} The central calibration server 602 also comprises or is in communication with a
calibration processor. The calibration processor 1s configured to generate a set of calibration
data from one or more images in the set of test patiern images. The calibration processor may

dynamically generate a set of calibration data in response to a request for calibration data from
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a controtler system, such as a request from the electronics cart 56 or the processor 58 in one of
the teleoperated surgical systems 604, 6006.

{06102} Alternatively or additionally, the calibration processor may generate a set of
calibration data in response to a change in a calibration condition. For example, the change in a
calibration condition may be based on a change n a system configuration of one of the
teleoperated surgical systems 604, 606 or a change in a transtorm used to generate the
calibration data.

{00163} A change in the system configuration may include a change in one or more of
an image processor, vision system, or other hardware component, a software release version,
and/or a light source 1 a controller system. The change in the system configuration may be
caused from an upgrade or maintenance on one of the teleoperated surgical systems 604, 606
The change in the system configuration may alsc be caused by connecting an image capture
device to a different controller system.

{00104} For example, an image capture device may initially be connected to a first
electronics cart 56 with a first systern configuration and a first set of calibration data is provided
for the first system configuration. At a later time, the image capture device may be connected
to a second electronics cart 56 with a second system configuration that is different than the first
system configuration. The second system configuration may have a different image processor,
vision system, or other hardware component, a different software release version, and/or a
different light source than the first system configuration. Accordingly, the calibration processor
may generate a second set of calibration data for the image capture device that is optimized for
the second system configuration.

{60105} The change in the systern configuration of a controller system may be identified
by the calibration processor as part of processing the request for calibration data from the

controller system. For example, the request from the controller system may include
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information about a current system configuration of the controller system. Alternatively, upon
implementation of a system configuration change of the controller system, a notification may
be sent from the controller system to the central calibration server 602.

{00106} Other calibration events may also trigger the calibration processor to generate a
set of calibration data. For example, a calibration event may be received by the central
calibration server 602 upon a new image capture device being ordered, delivered, or received at
a health care provider location of one of the teleoperated surgical systems 604, 606. For
example, upon a new image capture device being ordered, delivered, or received at the first
health care provider location of the teleoperated surgical system 604, the central calibration
server receives a calibration notification of the new image capture device. The calibration
processor generates a set of calibration data for the new image capture device for use with the
electronics cart 56 and/or processor 58, The central calibration server 602 may deliver or
otherwise push the newly generated set of calibration data to the electronics cart 56 and/or
processor S8 in the first teleoperated surgical system 604.

{00107} FIG. 7 is a flowchart illustrating an example process 700 of obtaining
calibration data for an image capture device. The process 700 is executed by the controller
system, such as the electronics cart 56 and/or processor 58. Other components or systems of a
teleoperated surgical system may execute the process 700. In the interest of simplicity, the
process 700 18 described below as being executed by the electronics cart 56, but 18 not hmiting
to the sprit or scope of the disclosure,

{00108} At 702, the electronics cart 56 obtains a unigue identifier of an image capture
device. For example, upon the connector 502 of the endoscopic image capture device 500
being inserted into the socket 27 of the electronics cart 56, the electronics cart 56 obtains the

unique identifier of the endoscopic image capture device 500, As discussed above, the unique
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identifier may be obtained from reading a memory, a wireless tag, or an optical label by the
electronics cart 56 or an external reader in communication with the electronics cart 56.

{06109} At 704, the electronics cart 56 checks a local calibration cache against the
obtained unique i1dentifier for calibration data for the image capture device. At 706, if a local
copy of the calibration data for the image capture device is maintained in the cache, the
electronics cart 56 sends a request to the central calibration server 602 to verify that the cached
version of the calibration data is current.

{60116} For example, the electronics cart 56 may request a hash of a current version of
the calibration data from the central calibration server 602. The electronics cart 56 may also
determine or read a hash of the local copy of the calibration data for comparison against the
hash received from the central calibration server 602, Alternatively, the electronics cart 56 may
send a hash of the local copy of the calibration data to the central caltbration server 602 and
receive a result of a comparison performed by the central calibration server 602.

{00111} At 708, the electronics cart 56 determines whether the local copy of the
calibration data 15 current. For example, based on a result of the comparison of the hash of the
focal copy against the hash received from the central calibration server 602 or based on the
received result of the comparison performed by the central calibration server 602.

{00112} At 710, if the electronics cart 56 determines that the local copy of the calibration
data is current, then the local copy of the calibration data is used to process images received
from the tmage capture device.

{00113} Otherwise, at 712, the electronics cart 56 sends a request to the central
calibration server 602 for calibration data based on the obtained unmique identifier of the image
capture device. Likewise, it at 704, it is determined that a local copy of the calibration data 13
not present in the cache, the electronics cart 56 sends a request to the central calibration server

602 tor calibration data based on the obtained unique identifier of the image capture device.
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{00114} At 714, the electronics cart 56 receives the requested calibration data. At 716,
the electronics cart 56 uses the received calibration data to process images received from the
image capture device. At 718, the received calibration data is stored in the local calibration
cache and indexed against the unique identifier of the image capture device.

{00115} Une or more of the features of process 700 may be optional or performed in a
different order. For example, if the electronics cart 56 does not have a local calibration cache,
then the features performed at 704-710 may be omitted. As another example, the feature
performed at 718 may be performed prior to the feature performed at 716. Other additions or
variations of the process 700 are contemplated by this disclosure.

{00116} FIG. 8 1s a flowchart iHustrating an example process 800 of sending calibration
data in response to a request. The process 800 18 executed by the central calibration server 602
and/or one or more processors in communication with the central calibration server 602, In the
interest of simplicity, the process 800 is described below as being executed by the central
calibration server 602, but is not limiting to the sprit or scope of the disclosure.

{00117} At 802, the central calibration server 602 receives a request for calibration data
from a controller system, such as the electronics cart 56 and/or processor 58 The request
includes a unique identifier of an image capture device. The request may additionally include
information about the controller system, a configuration of the controlier system, or a procedure
to be performed with the controller system.

{60118} At 804, using the received unique identifier, the central calibration server 602
retrieves a set of calibration data for the image capture device trom a database on or in
communication with the central calibration server 602. For example, the central calibration
server 602 performs a look-up operation for one or more tables of calibration data indexed
against the unique identifier. Additional data received from the request or otherwise obtained

by the central calibration server 602 may be used to retrieve a particular set of calibration data
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from among a plurality of sets of calitbration data. For example, upon receiving an indication
that the image capture device will be used for a particular procedure, the central calibration
server 602 may retrieve a set of calibration data optimized for the performance of the particular
procedure.

100119} At 800, the central calibration server 602 determines if any error conditions
exist associated with the image capture device. For example, the central calibration server 602
may enforce policies to prevent use of the controller system with non-registered image capture
devices, limit a number of uses of the image capture device before maintenance or
refurbishment is required, or fock out image capture devices subject 1o a recall.

100120} At 808, if an error condition exists, the central calibration server 602 replies to
the received request for calibration data with an error message. For example, the error message
may indicate that the image capture device is incompatible with the controller system, that
maintenance or refurbishment of the image capture device is required, or that the image capture
device 1s subject to a recall. Other error conditions and error messages are contermplated by this
disclosure.

{00121} At 810, if the central calibration server 602 determines that no error condition
exists for the image capture device, a reply is sent to the controlier system with the retrieved set
of calibration data.

{00122} One or more of the features of process 800 may be optional or performed in a
different order. Other additions or variations of the process 800 are conternplated by this
disclosure.

{60123} FIG. 9 is a flowchart illustrating an example process 900 of determining
changed calibration parameters or maintenance conditions based on field images captured by an
image capture device. In use, a controller system, such as the electronics cart 56 and/or

processor 58, may periodically provide field images captured by an image capture device

29



WO 2020/041717 PCT/US2019/047932

during a procedure to the central calibration server 602. For example, the controller system
may provide at least one image captured by the image capture device for each lighting
condition used during a procedure. Other numbers of images and frequency of providing
images to the central calibration server 602 may be used.

{00124} At 902, the central calibration server 602 receives a field image from a
controller system. The field image may be received along with a unique identifier of an image
capture device that captured the field image  Additional information regarding the
configuration of the controller system, a current lighting condition, or other context intormation
for the conditions in which the field image was captured may also be provided.

{00125} At 904, the central calibration server 602 processes the received field image to
evaluate one or more calibration parameters for the irnage capture device. For example, a
plurality of received field images may be processed to identify changes over time. For
example, processing of the field images may reveal spectral attenuation in the captured images
over time due to wear of the fiber optic bundle in the flexible cable 506, Likewise, processing
of the field images may reveal shifts in the color space over time of one or more image sensors
in the image capture device. Additionally, processing of the field images may reveal alignment
iSSUEs in Stereoscopic images.

{00126} At 906, the central calibration server 602 determines if one or more calibration
parameters of the calibration data should be changed based on processing the field images. It
so, at 908, the central calibration server 602 determines and sends updated calibration
parameters to the controller system.  For example, the updated calibration parameters may
adjust a brightness, a color space, an alignment or other features of images process by the
updated calibration data. The central calibration server 602 may also send one or more updated
operational parameters for the controller system or image capture device. For example, in

response to detecting spectral attenuation in the field images, the central calibration server may
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send operational parameters to increase a power of a hight source provided by the controller
system oOr to increase a gain of an image sensor of the image capture device. Other variations
of operational parameters may be used.

{00127} At 910, the central calibration server 602 stores the updated calibration
parameters of the calibration data in the calibration record associated with the image capture
device. For example, calibration records associated with the unique identifier on one or more
databases maintained by or in communication with the central calibration server 602 are
updated.

{00128] it the central calibration server 602 determines that no calibration parameters
are to be changed at 906, the central calibration server 602 determines whether any
maintenance conditions exist at 912, For example, upon detecting a stereoscopic alignment
issue in the processed field images, the central calibration server may determine that the image
capture device requires maintenance. Other maintenance conditions are contemplated by this
disclosure.

{00129] At 914, the central calibration server 602 sends a maintenance message to the
controller system. For example, the maintenance message may provide instructions for
adjusting one or more operational parameters, sending the image capture device for
maintenance or refurbishment, or otherwise providing a notification of required maintenance.
Otherwise, if the central calibration server 602 determines that no maintenance conditions exist,
the process 900 ends at 916,

{00130} One or more of the features of process 900 may be optional or performed in a
different order. Other additions or vanations of the process 900 are contemplated by this
disclosure.

{00131} FIGS. 10A-10D are chromaticity diagrams generated from processed field

images showing a shift in a center of the color space of an image capture device. Each of the
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chromaticity diagrams may be generated from a set of field images received and processed by
the central calibration server 602.

{00132} For example, as shown in FIG. 10A, a first chromaticity diagram 1002 is
generated by the central calibration server 602 upon processing a first set of received field
images of an image capture device. The chromaticity diagram 1002 shows a first color space
1004 and a center of the first color space 1006 determined from the first set of received field
images. FIG 10B shows a second chromaticity diagram 1008 is generated by the ceniral
calibration server 602 upon processing a second set of received field images of the image
capture device. The chromaticity diagram 1008 shows a second color space 1010 and a center
of the second color space 1012 determined trom the second set of received field images. FIG.
10C shows a third chromaticity diagram 1014 is generated by the central calibration server 602
upon processing a third set of received field images of the image capture device. The
chromaticity diagram 1014 shows a third color space 1016 and a center of the third color space
1018 determined from the third set of received field images. The first, second, and third set of
received filed iroages may be recetved at different times.

{00133} FIG. 10D shows a chromaticity diagram 1020 with the first, second, and third
color spaces 1004, 1010, 1016 overlaid upon each other and showing a track of the center of
the first, second, and third color spaces 1006, 1012, 1018, As shown in FIG. 10D, the center of
the of the first, second, and third color spaces 1006, 1012, 1018 shows a shift in the color space
of the tmage capture device over time. As discussed above, updated calibration parameters
may be generated by the central calibration server 602 based on this detected shift in the color
space of the image capture device.

{00134} FIG. 11 is a flowchart illustrating an example process 1100 of conducting a
calibration parameter survey. At 1102, the central calibration server 602 sends a first set of

calibration parameters to a first controller system, such as the electronics cart 56 and/or
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processor 58 of the first teleoperated surgical system 604, At 1104, the central calibration
server 602 receives one or more survey results from the first controller system based on user
feedback provided in response to the first set of calibration parameters.

[00135] At 1106, the central calibration server 602 sends a second set of calibration
parameters to a second controller system, such as the electronics cart 56 and/or processor S8 of
the second teleoperated surgical system 606. At 1108, the central calibration server 602
receives one or more survey results from the second controller system based on user feedback
provided in response to the second set of calibration parameters.

{00136} At 1110, the central calibration server 602 processes the surveys received in
response to the first and second set of calibration parameters and determines an optimized set of
calibration parameters based on the received surveys. For example, the central calibration
server 002 may select from highest rated calibration parameters from among the first and
second set of calibration parameters to determine the optimized set of calibration parameters.
Other methods of processing the survey results to determine the optimized set of calibration
parameters may be used.

{00137} One or more of the features of process 1100 may be optional or performed in a
different order. For example, the features performed at 1106-1108 may be performed prior to
the features performed at 1102-1104. Other additions or variations of the process 1100 are
contemplated by this disclosure.

{00138] It should be appreciated that the logical operations described herein with respect
to the various figures may be implemented (1) as a sequence of computer implemented acts or
program modules (1.¢., software) running on a computing device {e.g., the computing device
described in FIG. 12}, (2) as interconvected machine logic circuits or circuit roodules (e,
hardware) within the computing device and/or (3} a combination of software and hardware of

the computing device. Thus, the logical operations discussed herein are not limited to any
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specific combination of hardware and software. The implementation is a matter of choice
dependent on the performance and other requirements of the computing device. Accordingly,
the logical operations described herein are referred to variously as operations, structural
devices, acts, or modules. These operations, structural devices, acts and modules may be
implemented in software, in firmware, in special purpose digital logic, and any combination
thereof. It should also be appreciated that more or fewer operations may be performed than
shown in the figures and described herein. These operations may also be performed in a
different order than those described herein.

{60139} Referring to FIG. 12, an example computing device 1200 upon which
embodiments of the invention may be implemented 1s illustrated. For example, each of the
computer processor located on an electronics cart 56 or electronics car 24, computer processor
58, and central calibration server 602 described herein may each be implemented as a
computing device, such as computing device 1200, It should be understood that the example
computing device 1200 is only one example of a suitable computing environment upon which
embodiments of the invention may be implemented. Optionally, the computing device 1200
can be a well-known computing system including, but not limited to, personal computers,
servers, handheld or laptop devices, multiprocessor systems, microprocessor-based systems,
network personal computers (PCs), minicomputers, mainframe computers, embedded systems,
and/or distributed computing environments including a plurality of any of the above systems or
devices. Duistributed computing environments enable remote computing devices, which are
connected to a communication network or other data transmission medium, to perform various
tasks. In the distnibuted computing environment, the program modules, applications, and other
data may be stored on local and/or remote computer storage media.

{00140} in an embodiment, the computing device 1200 may comprise two Or more

computers in communication with each other that collaborate to perform a task. For example,
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but not by way of limitation, an application may be partitioned n such a way as to permit
concurrent and/or paraliel processing of the instructions of the application. Alternatively, the
data processed by the application may be partitioned in such a way as to permit concurrent
and/or paraliel processing of different portions of a data set by the two or roore computers. In
an embodiment, virtualization software may be employed by the computing device 1200 to
provide the functionality of a number of servers that is not directly bound to the number of
computers in the computing device 1200, For example, virtualization software may provide
twenty virtual servers on four physical coroputers. In an embodiment, the functionality
disclosed above may be provided by executing the application and/or applications in a cloud
computing environment. Cloud computing may comprise providing computing services via a
network connection using dynamically scalable computing resources. Cloud computing may
be supported, at least in part, by virtualization software. A cloud computing environment may
be established by an enterprise and/or may be hired on an as-needed basis from a third-party
provider. Some cloud computing environments may comprise cloud computing resources
owned and operated by the enterprise as well as cloud computing resources hired and/or leased
from a third-party provider.

{00141} In its most basic configuration, computing device 1200 typically includes at
least one processing umt 1220 and system memory 1230, Depending on the exact
configuration and type of computing device, system memory 1230 may be volatile (such as
random-access memory (RAM)), non-volatile (such as read-only memory (ROM), flash
memory, etc.), or some combination of the two. This most basic configuration 1s illustrated in
FIG. 12 by dashed line 1210, The processing unit 1220 may be a standard programmable
processor that performs arithmetic and logic operations necessary for operation of the
computing device 1200, While only one processing unit 1220 is shown, multiple processors

may be present. Thus, while mstructions may be discussed as executed by a processor, the
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instructions may be executed stmultaneously, serially, or otherwise executed by one or multiple
processors.  The computing device 1200 may also include a bus or other communication
mechamsm for communicating information among various components of the computing
device 1200.

{00142} Computing device 1200 may have additional features/functionality. For
example, computing device 1200 may include additional storage such as removable storage
1240 and non-removable storage 1250 including, but not hinuted to, magnetic or optical disks
or tapes. Computing device 1200 may also contain network connection(s) 1280 that allow the
device to communicate with other devices such as over the communication pathways described
herein. The network connection(s) 1280 may take the form of modems, modem banks,
Ethernet cards, universal serial bus (USB) interface cards, serial interfaces, token ring cards,
fiber distributed data interface (FDDI) cards, wireless local area network (WLAN} cards, radio
transceiver cards such as code division multiple access (CDMA), global system for mobile
communications (GSM), long-term evolution (LTE), worldwide interoperability for microwave
access (WiMAX), and/or other atr interface protocol radio transceiver cards, and other well-
known network devices. Computing device 1200 may also have input device(s} 1270 such as a
keyboards, keypads, switches, dials, mice, track balls, touch screens, voice recognizers, card
readers, paper tape readers, or other well-known input devices. Output device(s) 1260 such as
a printers, video monitors, hiquid crystal displays (LCDs), touch screen displays, displays,
speakers, etc. may also be included. The additional devices may be connected to the bus in
order to facilitate communication of data among the components of the computing device 1200.
All these devices are well known 1n the art and need not be discussed at length here.

{00143} The processing unit 1220 may be configured to execute program code encoded
in tangible, computer-readable media. Tangible, computer-readable media refers to any media

that is capable of providing data that causes the computing device 1200 (i.e, a machine) to
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operate in a particular fashion. Various computer-readable media may be utilized to provide
mstructions to the processing unit 1220 for execution. Example tangible, computer-readable
media may include, but is not limited to, volatile media, non-volatile media, removable media
and non-removable media implemented in any method or technology for storage of information
such as computer readable instructions, data structures, program modules or other data. System
memory 1230, removable storage 1240, and non-removable storage 1250 are all examples of
tangible, computer storage media. Example tangible, computer-readable recording media
mchude, but are not limited to, an integrated circuit {e.g., field-programmable gate array or
application-specific 1C}, a hard disk, an optical disk, a magneto-optical disk, a floppy disk, a
magnetic tape, a holographic storage medium, a solid-state device, RAM, ROM, electrically
erasable program read-only memory (EEPROM), flash memory or other memory technology,
CD-ROM, digital versatile disks (DVD) or other optical storage, magnetic cassettes, magnetic
tape, magnetic disk storage or other magnetic storage devices.

{00144} It is fundamental to the electrical engineering and software engineering arts that
functionality that can be implemented by loading executable software into a computer can be
converted to a hardware implementation by well-known design rules. Decisions between
implementing a concept in software versus hardware typically hinge on considerations of
stability of the design and numbers of units to be produced rather than any issues involved in
translating from the software domain to the hardware domain. Generally, a desigo that is stil]
subject to frequent change may be preferred to be mmplemented in software, because re-
spinning a hardware implementation is more expensive than re-spinning a software design.
Generally, a design that is stable that will be produced in large volume may be preferred to be
implemented in hardware, for example in an application specific integrated circuit (ASIC),
because for large production runs the hardware implementation may be less expensive than the

software implementation. Often a design may be developed and tested in a software form and
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fater transtormed, by well-known design rules, to an equivalent hardware implementation 10 an
application specific integrated circuit that hardwires the instructions of the software. In the
same manner as a machine controlled by a new ASIC is a particular machine or apparatus,
likewise a computer that has been programmed and/or loaded with executable instructions may
be viewed as a particular machine or apparatus.

[00145] in an example implementation, the processing unit 1220 may execute program
code stored in the system memory 1230, For example, the bus may carry data to the system
memory 1230, from which the processing unit 1220 receives and executes instructions. The
data received by the system memory 1230 may optionally be stored on the removable storage
1240 or the non-removable storage 1250 before or after execution by the processing unit 1220,
{00146} It should be understood that the various techniques described herein may be
implemented in connection with hardware or software or, where appropriate, with a
combination thereof Thus, the methods and apparatuses of the presently disclosed subject
matter, or certain aspects or portions thereof, may take the form of program code (ie,
instructions) embodied in tangible media, such as floppy diskettes, CD-ROMs, hard drives, or
any other machine-readable storage medium wherein, when the program code is loaded into
and executed by a machine, such as a computing device, the machine becomes an apparatus for
practicing the presently disclosed subject matter. In the case of program code execution on
prograrmamable computers, the computing device generally includes a processor, a storage
medium readable by the processor (including volatile and non-volatile memory and/or storage
elements), at least one input device, and at least one output device. One or more programs may
implement or utilize the processes described in connection with the presently disclosed subject
matter, e.g., through the use of an application programming interface (API), reusable controls,
or the like. Such programs may be implemented in a high level procedural or object-oniented

programming language to communicate with a computer system. However, the program(s) can

38



WO 2020/041717 PCT/US2019/047932

be implemented in assembly or machine language, if desired. In any case, the language may be
a compiled or interpreted language and it may be combined with hardware implementations.
{00147} Embodiments of the methods and systems may be described herein with
reference to block diagrams and flowchart ilustrations of methods, systems, apparatuses and
computer program products. It will be understood that each block of the block diagrams and
flowchart illustrations, and combinations of blocks in the block diagrams and flowchart
illustrations, respectively, can be implemented by computer program instructions. These
computer program instructions mway be loaded onto a general-purpose computer, special
purpose computer, or other programmable data processing apparatus to produce a machine,
such that the instructions which execute on the computer or other programmable data
processing apparatus create a means for implementing the functions specified in the flowchart
block or blocks.

{00148} These computer program instructions may also be stored in a computer-readable
memory that can direct a computer or other programmable data processing apparatus to
function in a particular manuver, such that the instructions stored in the computer-readable
memory produce an article of manufacture i1ncluding computer-readable instructions for
implementing the function specified in the flowchart block or blocks. The computer program
instructions may also be loaded onto a computer or other programmable data processing
apparatus 1o cause a series of operational steps to be performed on the computer or other
programmable apparatus to produce a computer-implemented process such that the instructions
that execute on the computer or other programmable apparatus provide steps for implementing
the functions specified in the flowchart block or blocks.

{00149} Accordingly, blocks of the block diagrams and flowchart iHustrations support
combinations of means for performing the specified functions, combinations of steps for

performing the specified functions and program instruction means for performing the specified
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functions. It will also be understood that each block of the block diagrams and flowchart
dlustrations, and combinations of blocks in the block diagrams and flowchart illustrations, can
be implemented by special purpose hardware-based computer systems that perform the
specified functions or steps, or combinations of special purpose hardware and computer
instructions.

{00150] While several embodiments have been provided in the present disclosure, it
should be understood that the disclosed systems and methods may be embodied in many other
spectfic forms without departing from the spirit or scope of the present disclosure. The present
examples are to be considered as illustrative and not restrictive, and the intention 1s not to be
limited to the details given herein. For example, the varicus elements or components may be
combined or integrated in another systern or certain features may be omitied or not
implemented.

{00151} Also, techniques, systems, subsystems, and methods described and illustrated in
the various embodiments as discrete or separate may be combined or integrated with other
systems, modules, techniques, or methods without departing from the scope of the present
disclosure. (ther items shown or discussed as directly coupled or communicating with each
other may be indirectly coupled or communicating through some interface, device, or
intermediate component, whether electrically, mechanically, or otherwise. Other examples of
changes, substitutions, and alterations are ascertainable by one skilled in the art and could be

made without departing from the spirit and scope disclosed herein.
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CLAIMS

What is claimed is:
I A system, Comprising:

a network accessible database contigured to store calibration data for an image capture
device; and

a controlier system comprising an tmage processor configured to receive images
captured by the image capture device, the image processor further configured to retrieve the
calibration data from the network accessible database via a network connection, and the image
processor further configured to process the received images based on the retrieved calibration

data.

2. The system of claim 1, further comprising:
a tool comprising the image capture device and electrically coupled to the controller

system, wherein the tool has a unigue identifier,

3. The system of claim 2, wherein the calibration data is indexed with the image capture
device in the network accessible database based on the unique identifier.
4. The system of claim 3, wherein the unique identifier is maintained by the tool, and

wherein the image processor 1s further configured to obtain the unique 1dentifier from the tool.

5. The system of claim 4, wherein the unique identifier is maintained by the tool on a
memory device of the tool, on a wireless tag of the tool, or on a visual indicator on a surface of

the tool.

6. The system of claim 5, wherein the image processor further comprises an optical
scanner configured to read the visual indicator from the surface of the tool to obtain the unique

identifier from the tool.

7. The system of claim 6, wherein the optical scanner is located in a mating receptacle

configured to couple the tool to the controller system.

8. The system of claim 6, wherein the optical scanner is a camera or a bar code reader.
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9. The system of any of claims 5-8, wherein the visual indicator ts printed, adhered,

labeled, embossed, or stamped onto the surface of the tool.

10. The system of any of claims 5-8, wherein the visual indicator is an alphanumeric serial
number, a hinear barcode that encodes the unique 1dentifier, a two-dimensional barcode that

encodes the unique identifier, or image encoded with the unique identifier.

It The system of any of claims 2-8, wherein the tool comprises an endoscope, and the
image capture device comprises a pair of image sensors configured to capture stereoscopic

image data of a surgical site during a surgical procedure.

12. The system of any of claims 1-8, wherein the calibration data comprises data for
processing the received images to correct the received images based on one or more of a color
of light emitted by an illuminator configured to illuminate a scene captured by the received
images, calibration images captured by the image capture device, optical distortions introduced
by an optical system of the image capture device, a stereoscopic image calibration, a color

space mapping, or an image sensor characteristic of the image capture device.

13. The system of any of claims 1-8, further comprising:

a calibration processor in communication with the network accessible database, the
calibration processor configured to receive calibration images captured by the image capture
device and generate the calibration data based on applying a calibration algorithm to one or

more of the calibration tmages.

14. The system of claim 13, wherein the calibration images are stored in the network

accessible database with the calibration data.

15. The system of claim 13, wherein the calibration processor is configured to generate the

calibration data upon receiving a request for the calibration data from the controller system.

16. The system of claim 13, wherein the calibration data is different from a prior set of
calibration data for the image capture device, wherein the prior set of calibration data is
generated by the calibration processor based on applying a different calibration algorithm to
one or more of the calibration 1mages.
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17. The system of claim 13, wherein the calibration algorithm is selected based on a type of
procedure in which the image capture device 1s to be used or based on a configuration of the

controller system.

18, The system of claim 17, wherein the calibration data i1s generated to enhance an image

feature significant to the type of procedure in which the image capture device is to be used.

19. The system of claim 18, wherein the image feature is one or more of a focus level,

sharpness, color fidelity, or color accuracy.

20. The system of claim 18, wherein the calibration data further adversely impacts a second

image feature.

21 The systern of claim 17, wherein the configuration of the controller system comprises
one or more of an illumination source provided by the controller system, a type of the image

processor, or a software release version of the controller system.

22. The system of claim 17, wherein the calibration processor is further configured to
retrieve an operational image captured by the image capture device during the procedure from

the controller system and to adjust the calibration data based on the operational images.

23. The system of claim 22, wherein a luminance value of the operational image is
compared to an expected luminance value determined based on a known distance to an object
captured in the operational image and a known power output to an illumination source that is

lurninating the object captured in the operational image.

24. The system of claim 22, wherein a color space of the operation image is compared to an
expected color space of the image capture device to determine whether a center of the color

space 1s offset from a center of the expected color space.

25. The system of claim 22, wherein a stereoscopic alignment of the operational 1mage is

evaluated to identify misalignment with a corresponding operational image.
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26. The system of claim 16, wherein the calibration processor is further configured to
receive a user feedback survey evaluating the calibration data in comparison to the prior set of

calibration data.

27. The system of any of claims 1-8, wherein the controller systemn further comprises a
calibration cache memory configured to store the calibration data retrieved from the network

accessible database.

28. The system of claim 27, wherein the controller system is further configured to store
calibration data of image capture devices known to have been shipped to a location associated

with a location of the controller system.

29. The system of claim 27, wherein the controller system is further configured to store

calibration data of a predetermined number of previously used image capture devices.

30. The system of claim 27, wherein the controller systern is further contigured to store

default calibration data for a type of the image capture device.

31 The system of claim 27, wherein the controlier system is further configured to compare
a cached set of calibration data for the image capture device to the calibration data stored on the
network accessible database prior to retrieving the calibration data from the network accessible

database.

32. A method, comprising:
storing calibration data for an irnage capture device in a network accessible database;
retrieving, by a controller system, the calibration data from the network accessible
database via a network connection;
receiving, by the controller system, images captured by the image capture device; and
processing, by an image processor of the controller systern, the received images based

on the retrieved calibration data.
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33 A surgical system, comprising

a network accessible database configured to store calibration data for an endoscopic
image capture device,

an image processor configured to be communicatively coupled to the endoscopic image
capture device to receive image data of a surgical site during a surgical procedure, wherein the
image processor is configured to retrieve the calibration data from the network accessible
database via a network connection, and the image processor further configured to process the
received images based on the retrieved calibration data; and

a user control system coupled to the image processor and configured to receive the
processed images from the umage processor, the user control system comprising a display

configured to display the processed images.

34 The surgical system of claim 33, further comprising:
a manipulator system compnsing a manipulator arm configured to attach to the
endoscopic image capture device and configured to physically alter a pose of the endoscopic

image capture device during the surgical procedure.

35 The surgical system of claim 34, wherein the user control system further comprises a
manipulation user interface, wherein upon actuation of the manipulation user interface, the user
control system is configured to 1ssue commands to the manipulator system to change the pose

of the endoscopic image capture device.

36. A method of processing images of a surgical procedure captured by an endoscopic
image capture device, the method comprising:

receiving, by an image processor, the images captured by the endoscopic image capture
device;

retrieving, by the image processor, calibration data for the endoscopic image capture
device from a network accessible database;

processing, by the image processor, the received images from the endoscopic image
capture device based on the retrieved calibration data; and

transmitting, by the image processor, the processed images to a user control system; and

displaying, on the user control system, the processed images on a display.
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