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SYSTEM AND METHOD OF DISPLAYING IMAGES FROM IMAGING DEVICES
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001 ]

This application is related to and claims priority to U.S. Provisional Application No.

62/714,326 filed August 3, 2018, entitled “System and Method for Displaying Images from
Imaging Devices,” the contents of which are incorporated herein by reference.
TECHNICAL FIELD
[0002]

The present disclosure relates generally to control of devices with repositionable

imaging devices and more particularly to displaying images from the imaging devices.
BACKGROUND
[0003]

More and more devices are being replaced with computer-assisted electronic devices.

This is especially true in industrial, entertainment, educational, and other settings. As a medical

example, the hospitals of today with large arrays of electronic devices being found in operating
rooms, interventional suites, intensive care wards, emergency rooms, and/or the like. For

example, glass and mercury thermometers are being replaced with electronic thermometers,

intravenous drip lines now include electronic monitors and flow regulators, and traditional handheld surgical and other medical instruments are being replaced by computer-assisted medical
devices.
[0004]

These electronic devices provide both advantages and challenges to the personnel

operating them. Many of these electronic devices may be capable of autonomous or semiautonomous motion of one or more repositionable arms and/or end effectors. It is also common
for personnel to control the electronic devices using one or more input devices located at a user
control system to control the motion and/or operation of the repositionable arms and/or the end

effectors. When the electronic device is operated remotely from the user control system and there
is a discrepancy between a command to the electronic device issued by the operator, and the

electronic device’s execution of the command, the operator or other personnel may have
incomplete or inaccurate perceptions of electronic device operation. Providing the operator or
other personnel with appropriate feedback would help improve the usability and intuitive
operation of the electronic device. As a specific example, providing feedback about imaging

devices that provide images to operators or other personnel can aid accurate use of the imaging
devices and any other devices used with the imaging devices.
[0005]

Accordingly, improved methods and systems for providing feedback from electronic

devices, including for those associated with imaging devices, are desirable.

SUMMARY
[0006]

Consistent with some embodiments, a computer-assisted device includes a display

device and one or more processors coupled to the display device. The one or more processors are
configured to track movement of an imaging device, determine a display-device-to-imagingwindow transform based on the tracked movement of the imaging device and a corresponding
command to move the imaging device, and render an image received from the imaging device on
the display device at a position and orientation on the display device based on the displaydevice-to-imaging-window transform.
[0007]

Consistent with some embodiments, a method includes tracking movement of an

imaging device determining a display-device-to-imaging-window transform based on the
tracked movement of the imaging device and a corresponding command to move the imaging
device, and rendering an image received from the imaging device on a display device of a

computer-assisted device at a position and orientation on the display device based on the displaydevice-to-imaging-window transform.
[0008]

Consistent with some embodiments, a non-transitory machine-readable medium

includes a plurality of machine-readable instructions which when executed by one or more
processors are adapted to cause the one or more processors to perform any of the methods
described herein.
[0009]

It is to be understood that both the foregoing general description and the following

detailed description are exemplary and explanatory in nature and are intended to provide an

understanding of the present disclosure without limiting the scope of the present disclosure. In
that regard, additional aspects, features, and advantages of the present disclosure will be apparent
to one skilled in the art from the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010]

Figure 1 is a simplified diagram of a computer-assisted system according to some

embodiments.
[001 1]

Figure 2 is simplified diagram of an imaging and display environment according to

some embodiments.
[0012]

Figure 3 is a simplified diagram of a method of displaying images from an imaging

device according to some embodiments.
[0013]

Figure 4 is a simplified diagram of a method of displaying images from an imaging

device according to some embodiments.
[0014]

In the figures, elements having the same designations have the same or similar

functions.
PET ATT, D DESCRIPTION
[0015]

This description and the accompanying drawings that illustrate inventive aspects,

embodiments, implementations, or modules should not be taken as limiting—the claims define
the protected invention. Various mechanical, compositional, structural, electrical, and operational
changes may be made without departing from the spirit and scope of this description and the
claims. In some instances, well-known circuits, structures, or techniques have not been shown or

described in detail in order not to obscure the invention. Like numbers in two or more figures
represent the same or similar elements.
[0016]

In this description, specific details are set forth describing some embodiments

consistent with the present disclosure. Numerous specific details are set forth in order to provide
a thorough understanding of the embodiments. It will be apparent, however, to one skilled in the
art that some embodiments may be practiced without some or all of these specific details. The
specific embodiments disclosed herein are meant to be illustrative but not limiting. One skilled in
the art may realize other elements that, although not specifically described here, are within the
scope and the spirit of this disclosure. In addition, to avoid unnecessary repetition, one or more

features shown and described in association with one embodiment may be incorporated into

other embodiments unless specifically described otherwise or if the one or more features would
make an embodiment non-functional.
[0017]

Further, this description's terminology is not intended to limit the invention. For

example, spatially relative terms-such as “beneath”, “below”, “lower”, “above”, “upper”,

“proximal”, “distal”, and the like-may be used to describe one element's or feature's relationship
to another element or feature as illustrated in the figures. These spatially relative terms are
intended to encompass different positions (i.e., locations) and orientations (i.e., rotational
placements) of the elements or their operation in addition to the position and orientation shown
in the figures. For example, if the content of one of the figures is turned over, elements described
as “below” or “beneath” other elements or features would then be “above” or “over” the other

elements or features. Thus, the exemplary term “below” can encompass both positions and
orientations of above and below. A device may be otherwise oriented (rotated 90 degrees or at
other orientations) and the spatially relative descriptors used herein interpreted accordingly.
Likewise, descriptions of movement along and around various axes include various special
element positions and orientations. In addition, the singular forms “a”, “an”, and “the” are
intended to include the plural forms as well, unless the context indicates otherwise. And, the
terms “comprises”, “comprising”, “includes”, and the like specify the presence of stated features,
steps, operations, elements, and/or components but do not preclude the presence or addition of

one or more other features, steps, operations, elements, components, and/or groups. Components

described as coupled may be electrically or mechanically directly coupled, or they may be
indirectly coupled via one or more intermediate components.
[0018]

Elements described in detail with reference to one embodiment, implementation, or

module may, whenever practical, be included in other embodiments, implementations, or
modules 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 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.
[0019]

In some instances, well known methods, procedures, components, and circuits have

not been described in detail so as not to unnecessarily obscure aspects of the embodiments.
[0020]

This disclosure describes various devices, elements, and portions of computer-assisted

devices and elements in terms of their state in three-dimensional space. As used herein, the term
“position” refers to the location of an element or a portion of an element in a three-dimensional
space (e.g., three degrees of translational freedom along Cartesian x-, y-, and z-coordinates). As

used herein, the term “orientation” refers to the rotational placement of an element or a portion
of an element (three degrees of rotational freedom - e.g., roll, pitch, and yaw). As used herein,
the term “shape” refers to a set positions or orientations measured along an element. As used
herein, and for a device with repositionable arms, the term “proximal” refers to a direction
toward the base of the computer-assisted device along its kinematic chain and “distal” refers to a
direction away from the base along the kinematic chain.
[0021]

Aspects of this disclosure are described in reference to computer-assisted systems and

devices, which may include systems and devices that are teleoperated, remote-controlled,
autonomous, semiautonomous, robotic, and/or the like. Further, aspects of this disclosure are
described in terms of an implementation using a surgical system, such as the da Vinci® Surgical
System commercialized by Intuitive Surgical, Inc. of Sunnyvale, California. 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 are merely exemplary and are
not to be considered as limiting the scope of the inventive aspects disclosed herein. For example,
techniques described with reference to surgical instruments and surgical methods may be used in
other contexts. Thus, the instruments, systems, and methods described herein may be used for
humans, animals, portions of human or animal anatomy, industrial systems, general robotic, or
teleoperational systems. As further examples, the instruments, systems, and methods described
herein may be used for non-medical purposes including industrial uses, general robotic uses,
sensing or manipulating non-tissue work pieces, cosmetic improvements, imaging of human or
animal anatomy, gathering data from human or animal anatomy, setting up or taking down

systems, training medical or non-medical personnel, and/or the like. Additional example
applications include use for procedures on tissue removed from human or animal anatomies
(without return to a human or animal anatomy) and for procedures on human or animal cadavers.
Further, these techniques can also be used for medical treatment or diagnosis procedures that
include, or do not include, surgical aspects.
[0022]

Figure 1 is a simplified diagram of a computer-assisted system 100 according to some

embodiments. As shown in Figure 1, computer-assisted system 100 includes a device 110 with
one or more repositionable arms 120. Each of the one or more repositionable arms 120 may
support one or more end effectors 125. In some examples, device 110 may be consistent with a
computer-assisted surgical device. The one or more end effectors 125 may include instruments,
imaging devices, and/or the like. In some medical examples, the instruments may include
medical instruments, such as clamps, grippers, retractors, cautery tools, suction tools, suturing
devices, and/or the like. In some medical examples, the imaging devices may include
endoscopes, cameras, ultrasonic devices, fluoroscopic devices, and/or the like. In some
examples, each of the one or more end effectors 125 may be inserted into a worksite (e.g.,
anatomy of a patient, a veterinary subject, and/or the like) through a respective cannula mounted
to a respective one of the one or more repositionable arms 120. In some examples, a direction of
view of an imaging device may correspond to an insertion axis of the imaging device and/or may
be at an angle relative to the insertion axis of the imaging device. In some examples, a field of
view of the imaging device may not be aligned with the roll and/or pitch degrees of freedom of a
shaft coupling the imaging device to a corresponding one of the one or more repositionable arms
120. In some examples, input control mechanisms used to manipulate the imaging device may

not include a one-for-one match between degrees of freedom of the imaging device.
[0023]

Device 110 is coupled to a control unit 130 via an interface. The interface may include

one or more cables, connectors, and/or buses and may further include one or more networks with
one or more network switching and/or routing devices. Control unit 130 includes a processor 140
coupled to memory 150. Operation of control unit 130 is controlled by processor 140. And
although control unit 130 is shown with only one processor 140, it is understood that processor
140 may be representative of one or more central processing units, multi-core processors,

microprocessors, microcontrollers, digital signal processors, field programmable gate arrays

(FPGAs), application specific integrated circuits (ASICs), graphics processing units (GPUs)
and/or the like in control unit 130. Control unit 130 may be implemented as a stand-alone
subsystem and/or as a board added to a computing device or as a virtual machine.
[0024]

Memory 150 may be used to store software executed by control unit 130 and/or one or

more data structures used during operation of control unit 130. Memory 150 may include one or
more types of machine readable media. Some common forms of machine readable media may
include floppy disk, flexible disk, hard disk, magnetic tape, any other magnetic medium, CDROM, any other optical medium, punch cards, paper tape, any other physical medium with
patterns of holes, RAM, PROM, EPROM, FLASH-EPROM, any other memory chip or
cartridge, and/or any other medium from which a processor or computer is adapted to read.
[0025]

As shown, memory 150 includes a control module 160 that may be used to control

and/or track the position and/or orientation of an imaging device (e.g., one of the one or more
end effectors 125) of device 1 10 and an imaging module 170 that may be used to receive images
from the imaging device and display them on a display device 180 as is described in further
detail below. And although Figure 1 shows control module 160 and imaging module 170 in a
same memory 150 of a same control unit 130, control module 160 and imaging module 170 may
alternatively be associated with different control units.
[0026]

Control unit 130 is further coupled to display device 180 via the interface. In some

examples, display device 180 may be a repositionable display device, such as an adjustable
monitor, a tablet, a smart phone, a head-mounted display, and/or the like. Display device 180
may be used by computer-assisted system 100 and imaging module 170 to display one or more
images from the imaging device in an imaging window 190 rendered on display device 180. In
some examples, a position, size, aspect ratio, orientation, and/or the like of imaging window 190
may be controlled by an operator.
[0027]

According to some embodiments, different arrangements and approaches may be used

to control the position and/or orientation of the imaging device. In some examples, when display
device 180 is a head-mounted display, movement and/or reorientation of the operator’s head may
be tracked and used to generate movement commands for the imaging device. As an example,
when the operator’s head is rotated to the left and/or the operator’s torso is rotated to the left and

the head-mounted display moves accordingly, the direction of view of the imaging device may
be panned left. In some examples, when display device 180 is hand-held, motion of display
device 180 may be used to control the position and/or orientation of the imaging device (e.g., via
teleoperation). As an example, when display device 180 is moved upward, a field of view of the
imaging device may be moved upward via a corresponding movement of the imaging device. In
some examples, position and/or orientation of the imaging device may be controlled
independently of display device 180, such as by tracking one or more hands of the operator,
tracking one or more input devices (e.g., via teleoperation). In some examples, a tracking system
(not shown) may be used to determine the position and orientation of display device 180 and/or
the operator. In some examples, the tracking system include one or more optical fiducial sensors,
optical fiducial sensors, magnetic fiducial sensors, position sensors, velocity sensors, inertial
sensors (e.g., accelerometers), and/or the like to track one or more fiducial markers, a kinematic
chain, , and/or the like associated with display device 180 and/or the operator (e.g., when display
device 180 is maintained in a fixed relative position to the operator, such as for a head-mounted
and/or hand-mounted display). In some examples, the tracking system may be included as part of
display device 180 or may be separate from display device 180.
[0028]

In some examples, when there is a no discrepancy between an actual position and/or

orientation of the imaging device and the position and/or orientation of the imaging device
commanded by the operator and/or control module 160, displaying the images from the imaging
device as full-screen images and/or within a static imaging window (e.g., imaging window 190)
does not tend to provide confusing and/or disorienting information regarding the imaging device
to the operator.
[0029]

However, when the actual position and/or orientation of the imaging device is not able

to closely follow the commanded position and/or orientation of the imaging device, displaying
the images from the imaging device in a static way may result in confusing and/or disorienting
information being provided to the operator. In some examples, the actual position and/or
orientation of the imaging device may differ from the position and/or orientation as commanded
by the operator (such as due to the movement of display device 180, tracking of the operator,
monitoring of operator input devices used to control the imaging device, and/or like) because the
imaging device is not able to move as quickly as the operator is able to command movement of

the imaging device, the imaging device may reach a range of motion limit, the imaging device
may have fewer degrees of freedom (DOFs) (e.g., 4 - pan, tilt, roll, and insert/retract) than the
mechanism used to command movement of the imaging device (e.g., 6 - pan, tilt, roll,
forward/back, up/down, and left/right), and/or the like. In some examples, the confusing and/or
disorienting information may include providing the operator with incorrect information regarding
the actual position and/or orientation of the imaging device and thus an incorrect indication of
where and/or what the images the imaging device are showing. In some examples, this may
result in lack of change in the images from the imaging device even though continued movement
of the imaging device is being commanded, continued motion/change in the images from the
imaging device as the imaging device continues to move after commands to move the imaging
device have stopped, providing little or no indication that the imaging device is not able to move
to accommodate the position and/or orientation being commanded, and/or the like. In some
examples, the lag and/or differences in motion may also cause the operator to experience
something akin to VR sickness.
[0030]

In some embodiments, the problems associated with the static imaging window may

be addressed by using a dynamic imaging window (e.g., imaging window 190) whose position
and/or orientation changes based on tracking differences between the commanded position
and/or orientation of the imaging device and the actual position and/or orientation of the imaging
device. In some examples, as actual position and/or orientation of the imaging device begins to

lag behind (temporally and/or spatially) the its commanded position and/or orientation (e.g., due
to slower movement of the imaging device, a range of motion limit, a DOF mismatch, and/or the
like), imaging module 170 may alter a position and/or orientation of imaging window 190 to
indicate the lag. As an example, when the imaging device is commanded to pan left and the
imaging device begins to lag behind the command, imaging window 190 may be moved to the
right on display device 180 to show this. When the command to pan the imaging device to the
left is complete and the imaging device is able to catch up, imaging window 190 may be moved
back to the left on display device 180 to show this.
[0031]

Figure 2 is simplified diagram of an imaging and display environment 200 according

to some embodiments. In some embodiments, imaging and display environment 200 corresponds
to a scenario where tracking of a head-mounted and/or hand-held display device, such as display

device 180 is used to provide movement commands for an imaging device. As shown in Figure
2, imaging and display environment 200 includes a workspace coordinate system (WS) 210. In

some examples, workspace coordinate system 210 corresponds to a base frame of reference for a
workspace that contains a computer-assisted device, such as computer-assisted device 110. In
some examples, workspace coordinate system 210 may correspond to a base of the computerassisted device and oriented relative to the computer-assisted device, to another piece of
equipment in the workspace, to an inertial reference such as the Earth, or to any other appropriate
reference. In some examples, workspace coordinate system may correspond to a patient
coordinate system, such as corresponding to a coordinate system statically located and oriented
relative to a part of the patient, when the computer-assisted device is used to perform a procedure
on a patient.
[0032]

In the example of Figure 2, an imaging device 220 is mounted near a distal end of a

repositionable arm (not shown) of the computer assisted device. In some examples, imaging
device 220 may be consistent with one of the one or more end effectors 125 mounted to one of
the one or more repositionable arms 120. In some medical examples, imaging device 220 may be
an endoscope, a camera separate from an endoscope, an ultrasonic device, a fluoroscopic device,

and/or the like. In some examples, imaging device 220 may be inserted into a worksite (e.g.,
anatomy of a patient, a veterinary subject, and/or the like) through a cannula mounted to the
repositionable arm. A camera coordinate system (CAM) 225 is associated with imaging device
220. In some examples, camera coordinate system 225 is described by a direction of view, a

view up vector, and a view horizontal vector orthogonal to the direction of view and the view up
vector. In some examples, the direction of view may correspond to an insertion axis of the
imaging device 220, and/or may be at an angle relative to the insertion axis of the imaging device
220.

[0033]

A view plane 230 is defined relative to imaging device 220 and has an associated view

plane coordinate system (VP) 235. In some examples, view plane 230 may be located at a known
distance from imaging device 220 along the direction of view and have view up and view
horizontal vectors that correspond to the view up and view horizontal vectors, respectively, of
camera coordinate system 225. In some examples, the known distance may be a user
configurable distance, a distance based on a focal length of imaging device 220, a working

distance from imaging device, an expected distance of a workspace from the imaging device,
and/or the like. In some examples, view plane coordinate system 235 may be located at a center
point of view plane 230.
[0034]

In some embodiments, Equation 1 may be used to describe the relationships between

workspace coordinate system 210, camera coordinate system 225, and view plane coordinate
system 235, where

ATB

represents a coordinate transform (e.g., a homogenous transform) from

coordinate system A to coordinate system B (e.g., a position and orientation of coordinate system
B in coordinate system A). In some examples,

W S TCAM

may be determined by tracking a

kinematic chain of the computer-assisted device and the repositionable arm to which imaging
device 220 is mounted (e.g., by using information from one or more joint sensors of the
computer-assisted device and the repositionable arm and applying one or more kinematic models
of the computer-assisted device and the repositionable arm). In some examples,

CAM

TVP

may be

determined based on the defined relationship between imaging device 220/camera coordinate
system 225 and view plane 230/view plane coordinate system 235.
[0035]
[0036]

W S TVP

=

W S TCAM CAM

TVP

Equation 1

Imaging and display environment 200 further includes an operator coordinate system

(OP) 240. In some examples, operator coordinate system 240 corresponds to a base frame of
reference for an operator. In some examples, operator coordinate system 240 may correspond to
a base and/or other portion of an operator console (not shown), a base of an operator input
device, a location and orientation of the operator, an inertial frame of reference, and/or the like.
[0037]

An operator point of view 250 is used to indicate a location and direction of view of

the operator. In some examples, operator point of view 250 may correspond to an eye and/or an
approximation of both eyes of the operator. In some examples, operator coordinate system 240
may be located and/or oriented based on the operator point of view 250.
[0038]

A display device 260 is located within operator coordinate system 240. In some

examples, display device 260 may be consistent with display device 180. In some examples,
display device 260 may be a repositionable display device, such as a tablet, a smart phone, a
head-mounted display, and/or the like. A screen coordinate system (SCREEN) 265 is associated

with display device 260. In some examples, screen coordinate system 265 may b e positioned at a
center point of display device 260. In some examples, screen coordinate system 265 may b e
oriented based on horizontal and vertical axes and a view out vector of display device 260. In
some examples, the relationship (e.g., transform) locating screen coordinate system 265 relative
to operator coordinate system 240 may b e determined based on tracking of display device 260
similar to the tracking of display device 180.

[0039]

An imaging window 270 is displayed on display device 260. In some examples,

imaging window 270 may b e consistent with imaging window 190. An imaging coordinate
system (IMAGE) 275 is associated with imaging window 270. In some examples, imaging
coordinate system 275 may b e positioned at a center point of imaging window 270. In some
examples, imaging coordinate system 275 may b e oriented based on horizontal and vertical axes
of images being displayed and a view out vector of the display screen of display device 260. In
some examples, where display device 260 supports three-dimensional

viewing (e.g., display

device 260 is a stereoscopic display) the view out vector may correspond to a direction from
which the displayed image is captured relative to a plane defined by the horizontal and vertical
axes. In some examples, an angular width of imaging window 270 may b e determined based on
an angular width of the field of view of imaging device 220 to help reduce issues associated with
aspect ratio problems, misleading motion cues, and/or the like.

[0040]

In some embodiments, Equation 2 may b e used to describe the relationships between

operator coordinate system 240, screen coordinate system 265 and imaging coordinate system
275. In some examples,

OP TSCREEN

may b e determined by tracking display device 260 as it moves

within operator coordinate system 240.

[0041 ]
[0042]

OP TIMAGE

= 0 P T SCREEN SCREEN TIMAGE

Equation 2

In some embodiments, in order to support intuitive control of the computer-assisted

device, it is helpful to render images received from imaging device 220 on display device 260
(e.g., in imaging window 270) at a position and orientation relative to operator point of view 250
that is consistent with the location of view plane 230 within workspace coordinate system 210. In
some examples, the consistency in the display of the images may b e obtained by equating the
transform

W S TVP

between workspace coordinate system 210 and view plane coordinate system

235 as equivalent to the transform

OP TIMAGE

between operator coordinate system 240 and

imaging coordinate system 275.

[0043]

As described previously with respect to Equation 1, W S TVP, may be determined from

the actual position and orientation of imaging device 220 (e.g., from the kinematic chain of the
computer-assisted device) and the relationship between imaging device 220 and view plane 230.
Further, as described previously with respect to Equation 2, O P TSCREEN may be determined by
tracking display device 260 within operator coordinate system 240. Thus, Equation 3 may be
used to determine

SCREEN

TIMAGE,

which may also be used to position and orient imaging window

270 (and thus the images from imaging device 220 being rendered) relative to display device
260. Thus, when the movement of imaging device 220 does not lag from the movement

commanded by movement of display device 260,

SCREEN

is a unity transform and imaging

TIMAGE

window 270 and the images being rendered are displayed centered on display device 260 and
aligned with display device 260. However, when imaging device 220 begins to lag (e.g., due to a
slower motion, range of motion limits, DOF mismatches, and/or the like) the actual position and
orientation of imaging device 220, as captured by
for

SCREEN

TIMAGE

SCREEN

TIMAGE,

results in a non-unity transform

so that imaging window 270 and the rendered images are adjusted to reflect the

lag in movement of imaging device 220.
[0044]
[0045]

SCREEN

TIMAGE = (^TSCREEN) ' 1 O TIMAGE

Equation 3

As discussed above and further emphasized here, Figure 2 is merely an example which

should not unduly limit the scope of the claims. One of ordinary skill in the art would recognize
many variations, alternatives, and modifications. According to some embodiments, Equations 13 may be altered so as to conceal tracking issues associated with the imaging device that the
operator cannot address. In some examples, Equations

1-3 may be altered to remove

discrepancies caused by degree of freedom differences between the mechanism used to
command the imaging device and actual degrees of freedom of the display device (e.g.,
discrepancies due to commanding a 4 DOF display device with a 6 DOF control mechanism)
while still addressing discrepancies from other sources (such as range of motion limits, lag,
and/or the like).

[0046]

In some embodiments, where position and/or orientation of the imaging device is not

controlled by movement of the display device and/or some sources of discrepancy are to be
removed from the position and/or orientation of the imaging window other computations may be
used. In some examples, when the position and/or orientation of the imaging device is not
controlled by movement of the display device, the

SCREEN

TIMAGE

transform may be determined

according to Equation 4, where the transform is based on differences between the actual position
and orientation of the imaging device and the commanded position and orientation of the
imaging device, where the actual position and orientation are determined using the actual
position and orientation of the kinematic chain used to control the imaging device.
[0047]
[0048]

SCREEN

TIMAGE

=

CommandPOS

TActuaiPOS

Equation 4

In some examples, control of whether to remove discrepancies due to lag and/or range

of motion and degree of freedom differences may be addressed by using a virtual slave
estimation of the position and orientation of the imaging device. In some examples, the
commanded position and/or orientation for the imaging device , which is based on the input
command provided by, for example, the operator, may not be completely obtainable by the
kinematic chain used to control the imaging device (e.g., due to differences in degrees of
freedom, range of motion limits, collisions, and/or the like). The virtual slave estimation of the
position and/or orientation of the imaging device may be determined from the commanded
position and/or orientation for the imaging device using the inverse kinematics of the kinematic
chain used to control the imaging device as an indicator of a closest reasonable position and/or
orientation of the imaging device subject to the practical limitations of differences in degrees of
freedom, range of motion limits, collisions, and/or the like. In some examples, when the imaging
window is to be positioned and oriented to address only discrepancies due to lag in the ability of
the imaging device to keep up with the commanded position and orientation and not
discrepancies due to range of motion limits and degree of freedom differences, Equation 6 may
be used. In some examples, when the imaging window is to be positioned and oriented to address
only discrepancies due to range of motion limits and degree of freedom differences and not
discrepancies due to lag in the ability of the imaging device to keep up with the commanded
position and orientation, Equation 5 may be used, where the actual position and orientation of the

imaging device may be determined from the forward kinematics of the kinematic chain used to
control the imaging device.
[0049]
[0050]
[0051]

SCREEN'

SCREEN

TIM AGE

TIMAGE

_ CommandPOS'

=

VlrtualSlave

TvirtualSlave

TActualPOS

Equation 5
Equation 6

Figure 3 is a simplified diagram of a method 300 of displaying images from an

imaging device according to some embodiments. One or more of the processes 310-350 of
method 300 may be implemented, at least in part, in the form of executable code stored on nontransitory, tangible, machine-readable media that when run by one or more processors (e.g., the
processor 140 in control unit 130) may cause the one or more processors to perform one or more
of the processes 310-350. In some embodiments, method 300 may be performed by one or more
modules, such as control module 160 and/or imaging module 170. In some embodiments,
method 300 may be used to render images from an imaging device (e.g., imaging device 220) on
a display device (e.g., display device 180 and/or 260) in an imaging window (e.g., imaging
window 190 and/or 270) so as to provide visual cues to an operator when the imaging device is
not able to match movement commands caused by movement of the display device. In some
embodiments, method 300 may be used to reduce something akin to VR sickness in an operator
using the display device to teleoperate the imaging device. In some embodiments, method 300
may allow an operator to provide rapid movement commands to an imaging device without
having to wait for the imaging device to complete the movement commands while still providing
cues to the operator regarding the completion status of the movement commands.
[0052]

At a process 3 10, a command for an imaging device is determined. In some examples,

when the imaging device is controlled via movement of the display device (e.g., the display
device is head-mounted, hand-held, and/or the like), the command may be determined based on
the movement of the display device. In some examples, the command may be determined by
tracking movement of the operator (e.g., motion of one or more hands of the operator),
monitoring one or more operator input devices, and/or the like. In some examples, the movement
of the display device and/or movement of the operator may be detected using a tracking system,
such as the tracking system described with respect to Figures 1 and 2 .

[0053]

At a process 320, an imaging device is teleoperated based on the command. In some

examples, when the imaging device is controlled via movement of the display device, changes in
position and/or orientation of the display device may be used to make a corresponding change in
position and/or orientation of the imaging device. As an example, when the display device is
moved upward, a field of view of the imaging device is moved upward via a corresponding
upward movement of the imaging device. As another example, when the display device is moved
along a leftward arc (e.g., due to rotation of a torso of the operator, rotation of a head of the
operator for a head mounted display, and/or the like), the imaging device may be panned to the
left causing a corresponding change in the field of view of the imaging device. In some
examples, the imaging device may be moved by sending one or more signals to one or more
actuators associated with joints of a computer-assisted device (e.g., computer-assisted device
110) and a repositionable arm (e.g., one of the one or more repositionable arms 120) to which the
imaging device is mounted.
[0054]

At a process 330, movement of the imaging device is tracked. In some examples,

movement of the imaging device may be tracked by tracking a kinematic chain of the computerassisted device and the repositionable arm to which the imaging device 220 is mounted. In some
examples, information from one or more joint sensors of the computer-assisted device and the
repositionable arm and one or more kinematic models of the computer-assisted device and the
repositionable arm may be used to track the kinematic chain. In some examples, the tracked
movement of the imaging device may provide an actual position and/or orientation of the
imaging device in a workspace coordinate system, such as workspace coordinate system 210. In
some examples, the inverse kinematics of the kinematic chain may be used to determine the

virtual slave position and/or orientation of the imaging device.
[0055]

At a process 340, a display device to imaging window transform is determined. In

some examples, when the imaging device is controlled via movement of the display device, the

display device to imaging window transform may be determined according to Figure 2 and
Equations 1-3. In some examples, the display device to imaging window transform may
alternatively be determined based on any one of Equations 4-6. In some examples, the display
device to imaging window transform may describe differences between a position and/or

orientation of the imaging device determined by the movement of the display device and an
actual position and orientation of the imaging device.
[0056]

At a process 350, an image from the imaging device is rendered on the display device

based on the display device to imaging window transform. In some examples, the image is
displayed in an imaging window, such as imaging window 190 and/or 270) at a position and
orientation on a display screen of the display device according to the display device to imaging
window transform. In some examples, the image may be projected onto the imaging window. In
some examples, the position and orientation of the image and the imaging window on the display
screen may provide visual cues to the operator when the imaging device is not able to follow its
commanded movement determined during process 310. In some examples, rendering the image
from the imaging device on the display device based on the display device to imaging window
transform may provide one or more visual cues regarding an inability of the imaging device to
track the commanded movement of the imaging device due to lag in the movement of the
imaging device, a range of motion limit of the imaging device, issues associated with a degreeof-freedom differences between the imaging device and the display device, and/or the like.
[0057]

Upon completion of process 350, method 300 may repeat processes 310-350 to detect

further movement of the display device, teleoperate the imaging device accordingly, and render
additional images from the imaging device in a dynamically positioned and oriented imaging
window on the display device.
[0058]

Figure 4 is a simplified diagram of a method 400 of displaying images from an

imaging device according to some embodiments. In some embodiments, method 400 is
consistent with method 300. One or more of the processes 410-470 of method 400 may be
implemented, at least in part, in the form of executable code stored on non-transitory, tangible,
machine-readable media that when run by one or more processors (e.g., the processor 140 in
control unit 130) may cause the one or more processors to perform one or more of the processes
410-470. In some embodiments, method 400 may be performed by a module, such as imaging
module 160. In some embodiments, method 400 may be used to render images from an imaging
device (e.g., imaging device 220) on a display device (e.g., display device 180 and/or 260) in an
imaging window (e.g., imaging window 190 and/or 270) so as to provide visual cues to an
operator when the imaging device is not able to match movement commands caused by

movement of the display device. In some embodiments, method 400 may be used to reduce
something akin to VR sickness in an operator using the display device to teleoperate the imaging
device. In some embodiments, method 400 may allow an operator to provide rapid movement
commands to an imaging device without having to wait for the imaging device to complete the
movement commands while still providing cues to the operator regarding the completion status
of the movement commands.
[0059]

At a process 410, movement of a display device is detected. In some examples, the

movement of the display device may be detected using a tracking system, such as the tracking
system described with respect to Figures 1 and 2 . In some examples, the tracking system may
track one or more fiducial markers, a kinematic chain, one or more inertial sensors (e.g.,
accelerometers), and/or the like associated with the display device and/or an operator (e.g., when
the display device is maintained in a fixed relative position to the operator, such as for a headmounted display). In some examples, the tracking system may be included as part of the display
device and/or separate from the display device. In some examples, the movement detected may
include changes in position, orientation, or both position and orientation of the display device.
[0060]

At a process 420, a display device transform is determined. In some examples, the

display device transform may be determined relative to an operator coordinate system, such as
operator coordinate system 240. In some examples, the display device transform may correspond
to the transform
[0061]

O P TSCREEN

and be determined as described with respect to Figure 2 .

At a process 430, an imaging device is teleoperated based on the detected movement

of the display device. In some examples, process 430 may be substantially similar to process 320
where the command is determined based on the detected movement of the display device.
[0062]

At a process 440, movement of the imaging device is tracked. In some examples,

process 440 may be substantially similar to process 330.
[0063]

At a process 450, an imaging device transform is determined. In some examples, the

imaging device transform may correspond to a transform between the workspace coordinate
system to a view plane coordinate system associated with the imaging device. In some examples,
the imaging device transform may correspond to W S TVP as described with respect to Figure 2 . In

some examples, the imaging device transform may be determined by combining information
associated with the tracked movement of the imaging device from process 440 combined with
information describing the relationship between the imaging device and a representative view
plane for the imaging device. In some examples, Equation 1 may be used to determine the
imaging device transform.

[0064]

At a process 460, a display device to imaging window transform is determined. In

some examples, the display device to imaging window transform may be determined based on
the display device transform determined during process 420 and the imaging device transform
determined during process 450. In some examples, the display device to imaging window
transform may correspond to

SCREEN

TIMAGE

as described with respect to Figure 2 . In some

examples, the display device to imaging window transform may b e determined according to
Equation 3 . In some examples, the display device to imaging window transform may describe
differences between a position and/or orientation of the imaging device determined by the
movement of the display device and an actual position and orientation of the imaging device.

[0065]

At a process 470, an image from the imaging device is rendered on the display device

based on the display device to imaging window transform. In some examples, process 470 may
be substantially similar to process 350.

[0066]

ETpon completion of process 470, method 400 may repeat processes 410-470 to detect

further movement of the display device, teleoperate the imaging device accordingly, and render
additional images from the imaging device in a dynamically positioned and oriented imaging
window on the display device.

[0067]

As discussed above and further emphasized here, Figures 3 and 4 are merely an

example which should not unduly limit the scope of the claims. One of ordinary skill in the art
would recognize many variations, alternatives, and modifications. According to some
embodiments, methods 300 and/or 400 may be adapted to handle a stereoscopic imaging device
and a stereoscopic display device. In some examples, the stereoscopic imaging device may
correspond to a stereoscopic endoscope and/or the like capturing left and right images. In some
examples, the stereoscopic display device may correspond to a pair of head-mounted VR or AR
goggles and/or the like displaying left and right images on left and right display devices. In some

examples, processes 340, 350, 460, and/or 470 may include dual sub-processes for determining
separate left and right display device to imaging window transforms. In some examples, the
separate left and right display device to imaging window transforms may be used to separately
render left images from the stereoscopic imaging device in a left imaging window on the left
display device and right images from the stereoscopic imaging device in a right imaging window
on the right display device. In some examples, separate left and right transforms are not used, but

separate left and right images are rendered.
[0068]

Some examples of control units, such as control unit 130 may include non-transitory,

tangible, machine readable media that include executable code that when run by one or more
processors (e.g., processor 140) may cause the one or more processors to perform the processes
of methods 300 and/or 400. Some common forms of machine readable media that may include
the processes of methods 300 and/or 400 are, for example, floppy disk, flexible disk, hard disk,
magnetic tape, any other magnetic medium, CD-ROM, any other optical medium, punch cards,
paper tape, any other physical medium with patterns of holes, RAM, PROM, EPROM, FLASHEPROM, any other memory chip or cartridge, and/or any other medium from which a processor
or computer is adapted to read.
[0069]

Although illustrative embodiments have been shown and described, a wide range of

modification, change and substitution is contemplated in the foregoing disclosure and in some
instances, some features of the embodiments may be employed without a corresponding use of
other features. One of ordinary skill in the art would recognize many variations, alternatives, and
modifications. Thus, the scope of the invention should be limited only by the following claims,
and it is appropriate that the claims be construed broadly and in a manner consistent with the

scope of the embodiments disclosed herein.

WHAT IS CLAIMED IS:
1.

A computer-assisted device comprising:
a display device; and
one or more processors coupled to the display device, the one or more processors being

configured to:
track movement of an imaging device;
determine a display-device-to-imaging-window transform based on the tracked

movement of the imaging device and a corresponding command to move the imaging
device; and

render an image received from the imaging device on the display device at a
position and orientation on the display device based on the display-device-to-imagingwindow transform.
2.

The computer-assisted device of claim

1,

wherein the display-device-to-imaging-window

transform is determined based on at least one of: a difference between a commanded position
and an actual position of the imaging device, or a commanded orientation and an actual

orientation of the imaging device.
3.

The computer-assisted device of claim

1,

wherein the display-device-to-imaging-window

transform is determined based on at least one of: a difference between a commanded and an
estimated position of the imaging device, or a commanded and an estimated orientation of the

imaging device.
4.

The computer-assisted device of claim 3, wherein the estimated position or the estimated

orientation of the imaging device is determined using a virtual slave, and wherein the one or
more processors is further configured to model the virtual slave based on inverse kinematics of a
kinematic chain used to move the imaging device.
5.

The computer-assisted device of claim

1,

wherein the display-device-to-imaging-window

transform is determined based on at least one of: a difference between an estimated and an actual
position of the imaging device, or an estimated and an actual orientation of the imaging device.

6.

The computer-assisted device of claim 5, wherein the estimated position or the estimated

orientation of the imaging device is determined using a virtual slave, and wherein the one or
more processors is further configured to model the virtual slave based on inverse kinematics of a
kinematic chain used to move the imaging device.
7.

The computer-assisted device of claim

1,

wherein the one or more processors are further

configured to:
determine a command for moving the imaging device; and

command movement of the imaging device based on the determined command.
8.

The computer-assisted device of claim 7, wherein the one or more processors being

configured to determine the command for moving the imaging device includes the one or more
processors being configured to determine the command for moving the imaging device based on
detected motion of the display device.
9.

The computer-assisted device of claim 8, wherein the display-device-to-imaging-window

transform is determined based on a display device transform, wherein the display device
transform is based on the detected motion of the display device.
10.

The computer-assisted device of claim 8, further comprising:

a tracking system comprising a sensor selected from the group consisting of: an optical
fiducial sensor, a magnetic fiducial sensor, an inertial sensor, a position sensor configured to
provide position information of a kinematic chain associated with the display device, and a
velocity sensor configured to provide velocity information of the kinematic chain, wherein the
one or more processors is further configured to: use the tracking system to acquire the detected

motion of the display device.
11 .

The computer-assisted device of any of claims 1 to 10, wherein the one or more

processors are further configured to determine an imaging device transform based on the tracked
movement of the imaging device.
12.

The computer-assisted device of claim 11, wherein the imaging device transform is

determined based on a kinematic model of a repositionable arm to which the imaging device is
mounted.

13.

The computer-assisted device of claim 11, wherein the imaging device transform is

determined based on a position and an orientation of a view plane of the imaging device relative
to the imaging device.
14.

The computer-assisted device of any of claims 1 to 10, wherein the one or more

processors are further configured to:
determine a display device transform based on detected movement of the display device;
determine an imaging device transform based on the tracked movement of the imaging
device; and

determine the display-device-to-imaging-window transform based on the display device
transform and the imaging device transform.
15.

The computer-assisted device of any of claims 1 to 10, wherein the one or more

processors being configured to render the image received from the imaging device on the display
device comprises: the one or more processors being configured to render the image on an
imaging window displayed on the display device.
16.

The computer-assisted device of claim 15, wherein the one or more processors are further

configured to project the image onto the imaging window.
17.

The computer-assisted device of claim 15, wherein the one or more processors are further

configured to: display the imaging window at a position and an orientation on the display device
based on the display-device-to-imaging-window transform.
18.

The computer-assisted device of any of claims 1 to 10, wherein the imaging device

comprises a camera.
19.

The computer-assisted device of any of claims 1 to 10, wherein a direction of view of the

imaging device is at an angle relative to an insertion axis of the imaging device into a workspace.
20.

The computer-assisted device of any of claims 1 to 10, wherein the display device

comprises a tablet, a smart phone, or a head-mounted display.
21.

The computer-assisted device of any of claims 1 to 10, wherein:

the display device is a stereoscopic device; and

the imaging device is a stereoscopic device; and
the one or more processors being configured to render the image received from the
imaging device on the display device includes rendering left and right images received from the
imaging device.
22.

The computer-assisted device of any of claims 1 to 10, wherein:

the display device has six degrees of freedom; and
the imaging device has four degrees of freedom.
23.

The computer-assisted device of any of claims 1 to 10, wherein the position and

orientation of the rendered image on the display device provides one or more cues to an operator
regarding at least one of: an inability of the imaging device to follow the corresponding
command to move the imaging device, a range of motion limit of the imaging device, and a
mismatch in degrees of freedom between the imaging device and the display device.
24.

A method comprising:
tracking movement of an imaging device;
determining a display-device-to-imaging-window transform based on the tracked

movement of the imaging device and a corresponding command to move the imaging device;
and

rendering an image received from the imaging device on a display device of a computerassisted device at a position and orientation on the display device based on the display-device-toimaging-window transform.
25.

The method of claim 24, wherein determining the display-device-to-imaging-window

transform comprises at least one of: determining a difference between a commanded position and
an actual position of the imaging device, or a commanded orientation and an actual orientation of

the imaging device.
26.

The method of claim 24, wherein determining the display-device-to-imaging-window

transform comprises at least one of: determining a difference between a commanded and an
estimated position of the imaging device, or determining a commanded and an estimated

orientation of the imaging device.

27.

The method of claim 26, wherein determining the estimated position or the estimated

orientation of the imaging device comprises using a virtual slave, and wherein the method further
comprises modeling the virtual slave based on inverse kinematics of a kinematic chain used to
move the imaging device.
28.

The method of claim 24, wherein determining the display-device-to-imaging-window

transform comprises at least one of: determining a difference between an estimated and an actual
position of the imaging device, or determining an estimated and an actual orientation of the
imaging device.
29.

The method of claim 28, wherein determining the estimated position or the estimated

orientation of the imaging device comprises using a virtual slave, and wherein the method further
comprises modeling the virtual slave based on inverse kinematics of a kinematic chain used to
move the imaging device.
30.

The method of claim 24, further comprising:

determining a command for moving the imaging device; and
commanding movement of the imaging device based on the determined command.
31.

The method of claim 30, wherein determining the command for moving the imaging

device comprises determining the command for moving the imaging device based on detected
motion of the display device.
32.

The method of claim 31, wherein determining the display-device-to-imaging-window

transform comprises determining a display device transform, wherein the display device
transform is based on the detected motion of the display device.
33.

The method of claim 31, wherein:

tracking movement of the imaging device comprises acquiring the detected motion of the
display device using a tracking system; and

the tracking system comprises a sensor selected from the group consisting of: an optical
fiducial sensor, a magnetic fiducial sensor, an inertial sensor, a position sensor configured to
provide position information of a kinematic chain associated with the display device, and a
velocity sensor configured to provide velocity information of the kinematic chain.

34.

The method of claim 24, further comprising determining an imaging device transform

based on the tracked movement of the imaging device.
35.

The method of claim 34, wherein determining the imaging device transform comprises

using a kinematic model of a repositionable arm to which the imaging device is mounted.
36.

The method of claim 24, further comprising:

determining a display device transform based on detected movement of the display
device;

determining an imaging device transform based on the tracked movement of the imaging
device; and

determining the display-device-to-imaging-window transform based on the display
device transform and the imaging device transform.
37.

The method of claim 24, wherein rendering the image received from the imaging device

on the display device comprises rendering the image on an imaging window displayed on the

display device.
38.

The method of claim 37, further comprising projecting the image onto the imaging

window.
39.

The method of claim 37, further comprising displaying the imaging window at a position

and an orientation on the display device based on the display-device-to-imaging-window

transform.
40.

The method of claim 24, wherein the imaging device comprises a camera.

41.

The method of claim 24, wherein the display device comprises a tablet, a smart phone, or

a head-mounted display.
42.

The method of claim 24, wherein:

the display device is a stereoscopic device; and
the imaging device is a stereoscopic device; and
rendering the image received from the imaging device on the display device comprises
rendering left and right images received from the imaging device.

43.

The method of claim 24, wherein the position and orientation of the rendered image on

the display device provides one or more cues to an operator regarding at least one of: an inability
of the imaging device to follow the corresponding command to move the imaging device, a range
of motion limit of the imaging device, and a mismatch in degrees of freedom between the
imaging device and the display device.
44.

A non-transitory machine-readable medium comprising a plurality of machine-readable

instructions which when executed by one or more processors are adapted to cause the one or
more processors to perform the method of any of claims 24-33.
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