SYSTEMS AND METHODS FOR ALIGNING AND LOCALIZING A TOOL

Technical Field

[0001] This disclosure relates generally to a tool and an alignment system for aligning a tool
relative a component within a workspace. More particularly, the present disclosure relates to a
tool for alignment and localization within the workspace, wherein the localization occurs without
requiring depth sensing relative to one or more components of the workspace. The workspace

may be within a machine such as, but not limited to, an aircraft, or aircraft engine.

Background
[0002] Conventional tools and alignment systems for aligning a tool within a workspace may

be limited by a need to determine the relationship or influence between a camera used in
conjunction with the tool while the camera and the tool occupy or operate in different locations
from one another. These conventional tools and alignment systems may be used for or as a
localization system. Conventional tools and alignment systems may additionally or alternatively
be limited by a need to determine a depth estimation between the tool, the camera, and/or the

workspace.

[0003] These conventional tools and alignment systems used for localization may rely on
depth estimation to establish a location of a center of the system and may further necessitate
visible features within the workspace or on a component for registration. These conventional
systems may also utilize a general structured light sensor, which may further necessitate depth
estimation to establish a center location of the system. Relying on depth estimation to localize
the tool within the workspace may be undesirable or difficult when the position of the tool within

the workspace is unknown.

[0004] Finally, some systems may rely on two intersecting laser planes. These systems
relying on two intersecting planes commonly display a cross-hair onto a target work area to
perform alignment but also rely on a human operator who visualizes the projected cross-hair
either directly or through a camera, which may require at least one camera or visualization access

and two non-co-located laser projections to confirm and ensure alignment has occurred.



Brief Description of the Drawings

[0005] Disclosed herein are embodiments of systems, apparatuses, and methods pertaining to
tool alignment for performing localization without requiring depth sensing. This description

includes drawings, wherein:

[0006] FIG. 1 is a block diagram of a system for aligning a tool within a workspace of a

machine in accordance with some embodiments.

[0007] FIG. 2 is an illustration of an exemplary spray tool having a camera as a first optical

device and a laser as a second optical device.

[0008] FIG. 3A is a perspective view of the spray tool of FIG. 2 and a calibration device

coupled to the spray nozzle.
[0009] FIG. 3B is a perspective view of a portion of the calibration device.

[0010] FIG. 3C is a perspective view of the spray tool of FIG. 2, illustrating a field of view

of the first optical device and the viewing plane of the second optical device.

[0011] FIG. 3D is a perspective view of the spray tool of FIG. 2, illustrating the field of view

of the first optical device and the viewing plane of the first optical device.

[0012] FIG. 4 is flow diagram of a method for aligning the tool.

[0013] FIG. 5 is an illustration of the localization of a component within the workspace.
[0014] FIG. 6 is a flow diagram of a method of localizing a tool within a workspace.

[0015] Elements in the figures are illustrated for simplicity and clarity and have not
necessarily been drawn to scale. For example, the dimensions and/or relative positioning of
some of the elements in the figures may be exaggerated relative to other elements to help to
improve understanding of various embodiments of the present disclosure. Also, common but
well-understood elements that are useful or necessary in a commercially feasible embodiment are
often not depicted in order to facilitate a less obstructed view of these various embodiments of
the present disclosure. Certain actions and/or steps may be described or depicted in a particular
order of occurrence while those skilled in the art will understand that such specificity with
respect to sequence is not actually required. The terms and expressions used herein have the

ordinary technical meaning as is accorded to such terms and expressions by persons skilled in the



technical field as set forth above except where different specific meanings have otherwise been

set forth herein.

Detailed Description

[0016] Generally speaking, pursuant to various embodiments, tools and systems are provided
herein for producing a human or machine interpretable alignment point, without a reliance on a
depth estimation. The systems provided herein may utilize optical devices that may not occupy

interfering with the tool in a workspace.

[0017] The following description is not to be taken in a limiting sense but is made merely for

the purpose of describing the general principles of exemplary embodiments. Reference

99 ¢ 99 ¢ 99 ¢

throughout this specification to “one embodiment,” “an embodiment,” “some embodiments”, “an

implementation”, “some implementations”, “some applications”, or similar language means that
a particular feature, structure, or characteristic described in connection with the embodiment is
included in at least one embodiment of the present disclosure. Thus, appearances of the phrases
“in one embodiment,” “in an embodiment,” “in some embodiments”, “in some
implementations”, and similar language throughout this specification may, but do not

necessarily, all refer to the same embodiment.

[0018] A tool for performing an operation in a workspace is provided having a first optical
device with a field of view and a first viewing plane, a second optical device located adjacent to
the first optical device. The second optical device having a second viewing plane. At least one of
the first optical device and second optical device is a camera. The first viewing plane and second
viewing plane may be projected, virtually or visibly, into the workspace. The tool may align an
intersection or intersection point of the first viewing plane and second viewing plane to a desired
location to align the tool. An alignment system may utilize the tool. The tool having the first
optical device and second optical device may be communicatively coupled to a control device
via a processor. The control device may determine a location of the intersection of the first
viewing plane and second viewing plane. The control device may adjust a position of the tool to

align the tool such that the intersection is aligned with the desired location.

[0019] FIG. 1 is block diagram of a system 100 for aligning a tool within a workspace of a

machine including a display 121 and an image 123 of the workspace in accordance with some



embodiments. The system 100 includes a tool 110 for performing a function or operation, such

as inspection, repair, maintenance, or diagnostic function, and/or spraying, painting, or treating a
surface within a workspace 120 within a machine 130. The machine 130 may be, for example, an
aircraft, or component of the aircraft such as an engine, an aircraft wing, or some other portion of
the aircraft. The workspace 120 may be located within the machine 130, such as a specified area
of the machine 130, a component within the machine 130, or a particular space within the
machine 130. In some embodiments, the workspace 120 may be on an inner surface of the
machine 130, or component, an outer surface of the machine 130, or some combination of inner

and outer surface thereof.

[0020] The tool 110 includes a first optical device 112 and a second optical device 114. The
first and second optical devices 112, 114 may both be cameras. Cameras may be, for example
monocular cameras, or other suitable optical devices. Alternatively, the optical devices 112, 114
may also be one camera and one laser, or one laser and one camera, respectively. The optical
devices 112, 114 may be mounted on the tool adjacent to one another. In some embodiments, the
first and second optical devices 112, 114, may be located inside the tool 110. The optical devices
112 and 114 may be mounted or located relative to the tool 110 such that they do not occupy the
same space as the tool 110. Occupying the same space as the tool 110 may include the optical
devices 112 and 114 not occupying the immediate vicinity or space the tool 110 is functioning or
operating in. This may allow for the optical devices 112 and 114 to not interfere with the
function or operation of the tool 110. Further, the first and second optical devices 112, 114, may
be mounted, housed, and/or oriented substantially parallel to the body of the tool 110. The tool
110 may be, for example, a maintenance tool, such as a spray nozzle, or some other tool for

inspection, repair, maintenance, or diagnosis.

[0021] The first optical device 112 may be a camera having a field of view. The first optical
device 112 may be configured to define, include, or project a first viewing plane 122 or reference
plane defined within the field of view. The first viewing plane 122 may be defined as the center
of an image (e.g., the field of view in image space) of the first optical device 112. The first
viewing plane 122 may be virtual and invisible to the human eye. The first viewing plane 122
may also be derived by using a calibration tool discussed below with reference to FIG. 3A. The

first viewing plane 122 may also be referred to as an image-space plane projected virtually, or



overlaid on the image 123, such that the first viewing plane 122 is visible when shown on an
image generated by the first optical device and displayed on a display of the tool 110, but is not

visible on the workspace 120 when the workspace 120 is viewed directly with the human eye.

[0022] The second optical device 114 may be a laser and may be configured to project a
second viewing plane 124 which may be seen on the image 123. The second viewing plane 124
is transverse, at any non-parallel angle, relative to the first viewing plane 122 and the viewing
planes 122, 124 define an axis of intersection that is shown as a point or intersection in an image
123 of the field of view of the first optical device 112. The second viewing plane 124 may be a
virtual projection via a second camera or visible projection via a laser in the workspace 120 such
that it is projected onto the workspace 120 in operation. The first viewing plane 122 and second
viewing plane 124 may define an intersection 126 in the image, or intersection point, of the
planes, such as a cross point. In a two camera system, the second viewing plane 124 is defined as
described above with reference to the camera and the first viewing plane 122. The first viewing
plane 122 is derived but the second camera would be from a different location allowing the
second viewing plane 124 from the second camera to intersect with the first viewing plane 122
from the first camera at a line that passes through the tool (e.g., a tool alignment ray). Each
camera defines a plane that is tied to the physical location of the camera, so each plane must be

derived by the camera used.

[0023] The intersection 126 may be aligned to a desired location within the workspace 120,
without requiring distance estimation of the tool 110 relative to the workspace 120. The first
viewing plane 122 and the second viewing plane 124 may both be projected, virtually or visibly,
from the tool 110. Further, the second optical device 114 may be integrated or coupled to a
portion of the tool 110 such that the second viewing plane 124 intersects the first viewing plane
122, which may occur substantially in the center of the image of the field of view. This may, for
example, be the center of operation of the tool 110, such as the center or approximate center of a
spray area for a nozzle of a spray tool (e.g., a point where an axis of the nozzle intersects a

component or workspace).

[0024] In two camera systems, each camera may be located in distinct positions with regard
to the alignment ray (e.g., the center line coming from the tool 100). Both cameras would

generate a line in image space which passes through the optical center of one designated camera,



as well as through the center of the tool alignment ray. Because each camera is in a different
location from the tool, these two lines in image space may be superimposed by superimposing
the images themselves with the lines drawn on the images. The point of intersection between the

two lines in image space in the superimposed images may result in the point for alignment.

[0025] In other embodiments there may be a plurality of optical devices such as a third
additional optical device. These additional optical devices are optional and may provide
additional information to the system 100. The third optical device 115 may be a camera or a
laser. The combinations of the first and second optical devices 112, 114, with the third optical
device 115 may be two cameras and one laser, one camera and two lasers, and in further

embodiments a fourth optical device 117 may be used having two cameras and two lasers.

[0026] In other embodiments, where more than two optical devices are utilized, there is at
least one camera, and the at least one camera defines a camera field of view, similar to that
described with reference to FIG. 1. The at least two other optical devices define the first viewing
plane 122 and the second viewing plane 124, as described with reference to FIG. 1, being virtual
or visible. These viewing planes define the intersection 126 of the viewing planes 122, 124. To
align the tool 110 to the desired location within the workspace 120, the intersection 126 of the
viewing planes 122, 124 in an image is aligned with the desired or target location to perform the

task in the image.

[0027] In an embodiment where two lasers in connection with one camera are utilized, the
intersection 126 of the first viewing plane 122 and the second viewing plane 124 may be visible
independent of a display. In this embodiment it is possible for a human operator to manually
align the tool 110 to the desired location within the workspace 120, without requiring a distance
estimation of the tool 110 relative to the workspace 120. The alignment of the tool 110 may be
done without requiring the distance estimation by observing the intersection 126 of the viewing
planes 122, 124 visibly projected by the lasers to the workspace through the camera. In this

embodiment, the viewing planes are transverse to one another.

[0028] The tool 110 may further include one or more processors 118. The one or more
processors 118 or processing units may be provided within the tool 110 and/or on the tool 110.

The one or more processors 118 may also be situated similarly to the optical devices 112, 114,



such that the one or more processors 118 do not occupy the same space or interfere with the
function or operation of the tool 110. The one or more processors 118 may further be configured

to communicate and exchange data with a control device 140.

[0029] The control device 140 or system may be located remotely from the workspace 120.
The control device 140 may also be located remotely from the machine 130 as illustrated in FIG.
1. The control device 140 may also be located remotely from the tool 110. Alignment may occur

after localization and/or after calibration.

[0030] The control device 140 and/or the one or more processors 118 are configured to
communicate with the tool 110 across a communication network 150 (e.g., LAN, WAN,
Internet). The virtual and/or visible planes may be interpretable by the camera, the one or more
processors 118, and/or the control device 140. The control device 140 may send commands to
the processor 118 based on the processing of signals containing information regarding the
location of the intersection 126 or a cross pattern received from the processor 118. Such signals
may be communicated across the network 150 and used to align the tool 110 to a desired location
within the workspace 120, without requiring a distance estimation of the tool 110 relative to the

workspace 120.

[0031] By way of example, the system 100 may further comprise the one or more processors
118, the control device 140, or the network 150. The control device 140 can be implemented
through one or more processors, microprocessors, central processing unit, logic, local digital
storage, firmware, software, and/or other control hardware and/or software, and may be used to
execute or assist in executing the steps of the processes, methods, functionality and techniques
described herein, and control various communications, decisions, programs, content, listings,
services, interfaces, logging, reporting, etc. Further, in some embodiments, the control device
140 can be part of control circuitry and/or a control system, which may be implemented through
the one or more processors 118 with access to one or more memory that can store tool paths,
specific location in, on, and/or around the aircraft component, or the desired location. In some
applications, the one or more processors 118, and/or the control device 140, may be distributed
over a communications network (e.g., LAN, WAN, Internet) providing distributed and/or
redundant processing and functionality. Further, the one or more processors 118, the control

device 140, and/or the network 150 can be configured for wired, wireless, optical, fiber optical



cable, satellite, or other such communication configurations or combinations of two or more of

such communications.

[0032] In use, the first optical device 112 may display the field of view as an image. Within
the image, the first viewing plane 122 may be displayed (e.g., overlaid) or visible. The first
viewing plane 122 may be considered the centerline shown substantially in the center of the
image corresponding to the field of view. The second viewing plane 124 may be displayed (e.g.,
overlaid) or visible. In the image, the viewing planes 122 and 124 intersect one another at an
intersection 126. To align the tool 110, the intersection 126 is aligned with a desired location of
the workspace 120 in the field of view of the first optical device 112. Once aligned, the tool 110
may complete the function or operation intended, as discussed above. The function or operation
intended may include functions inspection, repair, maintenance, or diagnostic function and/or
spraying, painting, or treating the surface of the component. If the tool 110 is being used in the
interior of the component, the tool 110 may be inserted into an access port such as a borescope or

other access port before alignment and completion of the intended function.

[0033] The system 100 may further include a display 121. The display 121 may be part of
the control device 140 or in communication with the control device 140, the tool 110, and/or the
network 150. In some embodiments, the image 123 of the field of view 116 may be shown on the
display 121. Within the image 123, the first viewing plane 122 from the first optical device 112
may be overlaid on the image 123, but not visibly on the component independent of the display
121. The image 123 of the field of view 116 may come from the first optical device 112. The
second optical device 114 may display, project, or define the second viewing plane 124 in the
image 123 shown on the display 121, resulting in the intersection 126. In some embodiments
when the second viewing plane 124 is virtual, the system 100 may overlay the second viewing
plane 124 on the display 121. In other embodiments, the second viewing plane 124 may be
visibly shown on the component independent of the display 121, and thus visible on the display

using the first optical device 112.

[0034] The system 100 may align the tool 110 without requiring a distance estimation of the
tool 110 in the workspace 120. Using a known first viewing plane 122, a known second viewing
plane 124, and a known intersection 126, the system 100 is capable of aligning the tool 110

within the workspace 120 without requiring a distance estimation between the tool 110 and the



desired location or component. The first viewing plane 122 may be defined as the center of the
image of the field of view (or another image-space plane), thereby allowing for the system 100 to
have a known first viewing plane 122. The system 100 may also utilize the second viewing plane
124. The system 100 may determine the intersection 126 without a reliance on a depth
estimation. Without a reliance on the estimate of a depth to align the tool 110 within the
workspace 120 allows for a reduction in size of the tool 110 allowing for the tool 110 to perform
the desired function in a potentially smaller or more confined space. This may further allow for

the desired function or operation to be done faster and/or more efficiently.

[0035] FIG. 2 is an illustration of an exemplary tool 210 including an image of a workspace
in accordance with an embodiment. For illustrative purposes only, a spray tool 210 is illustrated,
and may be associated with spraying, painting, or treating the surface of a component within an
aircraft, such as an aircraft engine or aircraft wing, or inside of an aircraft component. In this
embodiment, the first optical device is a camera 212, and the second optical device is a laser 214.
The camera 212 and the laser 214 may be located or mounted within the tool 210, on the tool
210, and/or in a way such that they do not occupy the same space or interfere or operation with

the function of the tool 210.

[0036] The camera 212 generates an image of a field of view 216 within a workspace 220.
Within the center of the image of the field of view 216, the camera 212 has a first viewing plane
222, or a reference plane, that is virtually projected in the field of view 216. The first viewing
plane 222 may be referred to as an image-space plane which is virtually defined (e.g., overlaid
on the image) as the center of the field of view 216 projected to a workspace 220. In this
illustrative embodiment, the laser 214 projects a visible plane, a second viewing plane 224,
within the field of view 216. The second viewing plane 224 is transverse to, at any non-parallel
angle, relative the first viewing plane 222 creating an intersection 226, or cross pattern in the
image. The relative angle of the viewing planes 222 and 224 may or may not be perpendicular
and may be at an acute angle. The intersection 226 is an end view of an axis (viewed as a point)
where the first viewing plane 222 and second viewing plane 224 intersect. The intersection 226

occurs in the image of the field of view 216.

[0037] To align the tool 210 within the workspace 220, a user or alignment procedure done

by a control device may align the intersection 226 with the desired location (e.g., on a



component). In this embodiment, because the first viewing plane 222 is virtual (e.g., shown
overlaid on the image) and the second viewing plane 224 is visible on the workspace 220, only
the second viewing plane 224 may be visible by a human when projected onto the workspace
220 independent of the display. In other embodiments, both the first viewing plane 222 and the

second viewing plane 224 may be visibly projected from the tool 210 onto the workspace 220.

[0038] In operation, the tool 210 may be utilized on the surface of an aircraft component
(e.g., see FIG. 5), defining the machine and workspace 220. In other operations, the tool 210 may
be implemented for uses inside an aircraft component. In these operations, the tool 210 is
inserted through an opening, such as a borescope port to perform the task relative to the
workspace 220 inside. Because the camera 212 and the laser 214 are configured to not interfere
with the function or operation of the tool 210, such as spraying, painting or treating the
workspace, the tool 210 has the advantage of being capable of utilization in smaller areas within

a machine, such as an aircraft component.

[0039] FIGS. 3A-3D illustrate the tool 210 of FIG. 2 having a calibration device 300 coupled
thereto. FIG. 3A illustrates the calibration device 300, or tool, inserted into a nozzle receptacle
215 of the tool 210. In this illustration, the calibration device 300 is shown, rotated at an angle
relative to the tip of the tool 210. FIG. 3B illustrates the calibration device 300 having alignment
features 302 on the surface thereof. FIG. 3C illustrates the calibration device 300 inserted into
the nozzle receptacle 215 of the tool 210. In this illustration the calibration device 300 is shown
rotated perpendicular to the second viewing plane 224 created by the laser 214. While the angle
is illustrated as perpendicular, the angle of rotation of the calibration device 300 is not limited to
90 degrees. FIG. 3D illustrates the calibration device 300 inserted into the tool 210 and rotated

perpendicular to the first viewing plane 222 created by the camera 212.

[0040] In this embodiment, the calibration device 300 is a removable paddle or wand.
However, other suitable shapes, dimensions and types of components devices may be used
having an appropriately shaped surface for performing the projection and calibration for
embodiments of the tools described herein. In the illustrated embodiment, the calibration device
300 1s inserted into the nozzle receptacle 215 of the tool 210. The calibration device 300 may
include a plurality of alignment features 302 on a surface 304 that provide visual cues to

calibrate the first and/or second viewing planes 222, 224 from the camera 212 and the laser 214,
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respectively. One or more line markings 306 may also be provided on the surface of the
calibration device 300 for further confirmation of alignment of one or both of the first and
second viewing planes 222, 224. In particular, the line markings 306 and the alignment features
302 may define points on the surface 304 that, along with the location of the camera 212 or laser

214, define the viewing planes 222, 224, respectively.

[0041] In some embodiments, the first viewing plane 222 may be aligned relative to the tool
by overlaying a line representing the first viewing plane 222 on an image of the surface 304 of
the calibration device 300 (see FIG. 3D). Once overlaid, the line representing the first viewing
plane 222 is be aligned with the alignment features 302 (e.g., aligned with the line markings 306
and/or two points where the line markings 306 meeting the alignment features 302). Once
aligned, the first viewing plane 222 may define an image space projection relative to a focal
point of the camera 212. This may allow the system, in some embodiments, to define the first
viewing plane 222 relative to the tool 210 and thus the workspace 220 without requiring an
estimation of a distance between the tool 210 and the desired location. In other embodiments, the
first viewing plane 222 may be selected, chosen, and/or defined as the center line of the field of

view 216.

[0042] Similarly, this alignment and calibration can be done for the second viewing plane
224 such that the second viewing plane 224 is defined relative to the tool 210 without requiring
an estimation of a distance between the tool 210 and the desired location, described in more

detail below.

[0043] In operation, the alignment features 302 and/or line marking 306 of the calibration
device 300 may be used to give a human interpretable alignment confirmation for the first
viewing plane 222 and the second viewing plane 224, however the calibration device 300 may
also provide a machine interpretable alignment confirmation as well. In some embodiments, the
alignment features 302 and/or line marking(s) 306 of the calibration device 300 may also be used
to assist with determining, calculating, or measuring the rotation of the calibration device 300
and the positioning of the tool 210. The alignment features 302 may provide two known
locations on the calibration device. Utilizing those two known locations, as well as the known

location of the camera 212 and/or the laser 214, and the line marking 306 aligned with the
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viewing planes 222, 224, the tool 210 can define a plane utilizing the known locations and

markings such that the plane is known to the tool 210.

[0044] Embodiments herein also include methods for aligning a tool, such as the tool 210
from FIG. 2 within a workspace 220. The first viewing plane 222 and the second viewing plane
224 are shown in the image (e.g., in the image space) of the field of view 216 respectively. The
first viewing plane 222 and the second viewing plane 224 create an intersection 226. This
intersection is interpretable by a machine, such as the one or more processors 118, the control
device 140, and/or the network 150 as described in FIG. 1 using feature recognition techniques
with image processing. When the tool 210 is directed at a workspace 220, the intersection 226
defines a point on an image of the workspace 220, and the intersection 226 is used to determine
the alignment of the tool 210 relative to a desired location within the workspace 220, without

requiring an estimation of a distance of the tool 210 relative to the workspace 220.

[0045] The location of the tool 210 is determined using the localization method discussed
below with reference to FIG. 5, and the intersection 226 is used to align the tool 210. Because of
this, the system does not rely on the use of a depth measurement to determine the alignment of
the tool 210 relative to the workspace 220. This allows the system to be utilized when the
distance to desired locations cannot be measured or measured with adequate accuracy. This
method may further allow for fewer devices coupled to or used in conjunction with the tool 210

that are needed to measure distance.

[0046] Further, in embodiments that utilize more than one laser, such as a system with two
lasers and one camera, or two lasers and two cameras, the intersection may be visually displayed
on the component or desired location and a human operator may manually align the tool 210 in
the workspace 120. The processing means, such as the one or more processors 118, the control
device 140, described above with reference to FIG. 1, may automatically and remotely align the

tool 210 with the desired location within the workspace 120.

[0047] The exemplary system 100 and tools 210 and 300 described herein may be
implemented using a number of components including sensors, circuits, systems, functionality,
apparatuses, processes, or devices not shown, but would be understood by one of ordinary skill

in the art.
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[0048] FIG. 4 illustrates a method 400 for calibrating a tool. In step 402, a calibration device
300 is inserted into the tool 210. The calibration device 300 may be inserted into the end of the

tool 210 (e.g., into a spray nozzle of the tool 210).

[0049] In step 404, the calibration device 300 is rotated perpendicular to the first viewing
plane 222.

[0050] In step 406, a first viewing plane 222 associated with a first optical device 212 may
be defined using the calibration device 300. Where the first optical device 212 is a camera, the
calibration device 300 is in an image of a field of view 216 of the first optical device 212. The
tool 210, via a processor or control device, similar to that described in FIG. 1, calculates the line
by selecting two points in the image of the calibration device 300 where the two points are
defined by the alignment features 302. The line is overlaid on the image. The line representing
the first viewing plane 222 may be in the center of the image of the field of view 216 but may

also be at any location within the image of the field of view 216.

[0051] In step 408, the calibration device 300 is rotated perpendicular to the second viewing
plane 224. A second viewing plane 224 is projected onto the calibration device 300 by a second

optical device 214. For example, the second optical device 214 is a laser.

[0052] In step 410, the tool via a processor or control device, similar to that described in
FIG. 1, calculates a second plane by selecting two alignment features 302 using the first optical

device 212, as described above.

[0053] Embodiments of methods for localizing tools herein such as the tool 210 from FIG. 2
in the workspace 220 are also provided. The tool 210 may have a first unknown actual location
or position and a second known target or final location or position. To localize the tool 210
within the workspace 220 the actual position of the tool 210 is determined relative to the
workspace 220 (e.g., including a component). Once localized, actual location of the tool 210 is
determined and the tool 210 may be moved from the first actual location to a second target

location.

[0054] The tool 210 may further include a proximal body 225, a distal body 229, and a wrist
227 having two degreed of freedom connecting the proximal body 225 and distal body 229, the

wrist 227 further includes two rotating actuators. The angles of the two rotating actuators define
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an angular heading of the tool 210 described below. The location of the tool 210 is determined at
the wrist 227 with the method below as the proximal body 225 does not move (e.g., remains
stationary once inserted), however the distal body 229 moves to align the intersection 226 with

the known points on the component.

[0055] During the localization process, the proximal body 225 of the tool 210 may remain
stationary and the wrist 227 of the tool 210 may be controlled to point, target, and/or re-orientate
distal body 229 such that the intersection 226 is aligned with different known locations within
the workspace 220. The proximal body 225 of the tool 210 remains in the same location such
that a first actual location of the wrist 227 or proximal body 225 can be determined while the
wrist 227 can move to target different points as part of the localization of a stationary portion of

the tool 210.

[0056] The known locations are defined by a computer aided design (CAD) model of a
particular component 500. This may include knowing the coordinates of known locations (502,
504, 506, 508) within the workspace. The tool 210, utilizing the method described above to align
the tool within the workspace, targets each of the known locations on the component manually
by an operator and/or utilizing machine vision and visual servoing algorithms. For example, the
tool 210 and/or an operator may align or overlay the intersection 226 with the first location 502
on the aircraft component. Once aligned, the tool 210 may determine an orientation of the tool
210, such as an angular heading between the tool 210 and the first location 502 on the aircraft
component. Determining the orientation of the tool 210, such as an angular heading, is repeated

for each known location (502, 504, 506, and 508).

[0057] The tool 210, via the camera 212 as described in FIG 2, and/or the one or more
processors 118, the control device 140, as described in FIG. 1, and/or an operator, may determine
if the targeted first location has been identified. If the first location has not been identified, the
alignment step may be repeated until the first known location has been identified. The
identification of the first known location may be accomplished using a computer vision
algorithm. For identifying the subsequent known locations, the system determines expected
values of the subsequent known locations to compare. Once identified, the tool 210 aligns itself
with the first location. If the tool 210 is not aligned with the first known location, the one or

more processors 118, the control device 140, and/or the network 150 as described in FIG. 1 may
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calculate a command to align the tool 210 with the first known location and repeat this step until
the tool 210 is aligned with the first location. The user may also manually align the tool 210 with

the first known location.

[0058] Once the first known location has been identified and aligned, the tool 210 may
record or register a tool path, such as an angular heading, or ray from the tool 210 to the first
known location. The recorded tool path allows the system to record the angle between the known
point and the actual location of the tool 210 within the workspace 220. This process of targeting,
identifying, and aligning the known locations relative to the tool 210 and registering a tool path
between the tool 210 and the known location may be repeated n times for n different known

targeted locations, where n is greater than or equal to 3.

[0059] In determining the angular heading from the tool 210 to a known location, the tool
210 may include a 3-axis accelerometer, a 3-axis gyro and a 3-axis magnetometer that provide
data which may be used to estimate the angular heading. Additionally, the roll and pitch motions
of the tool 210 may be created using stepper motors. The stepper motor motions are typically
regular and deterministic, so a command of n steps will result in m degrees of motion as long as

there were no external interferences such as collisions.

[0060] Once the tool paths for each known location have been registered, the system and/or
the tool 210, via the one or more processors 118 and/or the control device 140, as described in
FIG. 1, may use an iterative process to minimize the root-mean-square-error (“RMSE”) of the
current position of the tool 210 or camera 212 using the registered tool paths and the coordinates
of the known locations. The minimization process is repeated until the RMSE is below a pre-set
or pre-defined threshold. If the RMSE is below the threshold, the system 100 has determined the
actual position of the tool within the workspace 220 within an acceptable amount of error, and
subsequently may move the tool 210 to another position such as the final position. If the RMSE

is above the threshold, the system may start over and repeat the method.

[0061] The minimization process discussed above may be accomplished by using the
coordinate sets of the known locations and comparing those to the corresponding tool paths or
rays from the tool 210 targeting and aligning with the known locations. In the comparison, a

transformation matrix results which defines the position and orientation of the tool relative to the
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final position and orientation. This may be accomplished by minimizing the distance between the
known locations and the tool paths. To minimize the distance between the known locations and
the tool paths, the system may find the closest location on the individual tool paths to the known
coordinates of the corresponding known locations, these points may be projected onto the tool
paths. This process may be iterative. Once the projected points on the tool paths have a threshold
lower than the pre-defined RMSE as compared to the coordinates of the known locations, the
actual position of the tool 210 relative to the workspace 220 and final position may be

determined.

[0062] FIG. 5 is an illustration of the localization of the tool relative to a component 500
within the workspace. A component 500 is shown with a first point 502 illustrating a first known
location. The tool 210, as described in FIG. 2, locates and identifies the first point 502. The tool
210 aligns the intersection 226 with the first point 502. Once aligned, the system and/or the tool
210 determines a tool path or ray between the tool 210 and the first point 502. The tool may
target a second point 504 and repeats the alignment process and determines a second tool path
between the actual location of the tool 210 and the second point 504. This is repeated for a third
point 506 and a fourth point 508, and may be repeated for n known points, where n is greater

than or equal to 3.

[0063] Once the tool has aligned with each point and determined a tool path relative to the
corresponding known points, the system utilizes an iterative approach of comparing the known
locations of the points, the known location of the target position, and the tool paths. The system
creates an n-by-n transform, in the present illustrative embodiment a four-by-four transform. The
system minimizes the distance between the tool paths and the known locations of the points. To
minimize the distance between the known locations and the tool paths, the system may find the
closest location on the individual tool paths to the known coordinates of the corresponding
known locations, these points may be projected onto the tool paths. This may be achieved by
using singular value decomposition. The system compares the coordinates of the projected points
to the coordinates of the known locations and determines if the RMSE between the points is
below a pre-set or predefined threshold. If above the threshold, the system may repeat the
method. If below the threshold, the system and/or the tool may determine the actual location of

the tool relative to the workspace. Once the tool has determined the actual location of the tool
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relative to the workspace, the tool may move to the known target location. This may allow for

six degrees of freedom localization of the tool within the workspace.

[0064] FIG. 6 illustrates an embodiment of a method 600 for localizing a tool to a location.
In step 602, the system and/or the control device targets known locations. The tool targets a first
known location with a first optical device coupled to the tool, and using a processor or control
device, similar to that described in FIG. 1, confirms detection of the first known location. In step
604 the system aligns the tool with the first known location using the intersection. In step 606,
the system registers tool paths to the first location. These above-described steps may be repeated
for n known locations where n is greater than or equal to 3. In step 608, the system, using the
tool paths and coordinates of the known locations, projects points onto the tool paths that have
the minimized distance between the tool paths and known locations. In step 610, the system
compares the minimized distance between the projected points and their corresponding
coordinates to the coordinates of the known locations. In step 612, the system compares the
distance between the projected points and the known locations to determine if the distance is
below an RMSE threshold that is pre-set or pre-defined. If the distance is below the threshold,
the system determines its actual location and moves the tool to a final target position. If the
distance is above the threshold, the system repeats the method 600 as an iterative process until

the distance between the projected points and known locations is below the RMSE threshold.

[0065] Further aspects of the disclosure are provided by the subject matter of the following

clauses:

[0066] A tool for performing an operation in a workspace, the tool comprising: a camera
configured to generate an image of a field of view of the camera; a first viewing plane defined in
the image; and a second optical device located adjacent to the camera, the second optical device
configured to define a second viewing plane in the image; wherein the first viewing plane and

the second viewing plane intersect to define an intersection point on the image.

[0067] The tool of any preceding clause, wherein the second optical device projects a visible

line corresponding to the second viewing plane.

[0068] The tool of any preceding clause, wherein the second optical device is a laser that

projects the visible line in the field of view of the camera.
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[0069] The tool of any preceding clause, wherein the second viewing plane is defined by the
second optical device and the second viewing plane is superimposed over the image of field of

view.

[0070] The tool of any preceding clause, wherein the first viewing plane and the second

viewing plane intersect to define an axis and the intersection point is on the axis.

[0071] The tool of any preceding clause, wherein at least one processor coupled to the tool

detects the intersection point in the image.

[0072] The tool of any preceding clause, further comprising a control device that controls the

orientation of the tool to align the intersection point with a desired location.

[0073] The tool of any preceding clause, wherein the tool includes a spray nozzle and the

axis defines an axis of the spray nozzle.

[0074] The tool of any preceding clause, further comprising a calibration device that is

configured to be removably coupled to the tool so as to be in the field of view of the camera.

[0075] The tool of any preceding clause, wherein the calibration device is configured to be

received in the spray nozzle.

[0076] The tool of any preceding clause, wherein the calibration device includes markings

that define at least two points in the field of view of the camera.

[0077] The tool of any preceding clause, wherein the tool includes a proximal body, a distal

body, and a wrist connecting proximal body and distal body.

[0078] The tool of any preceding clause, wherein the wrist includes at least two rotating

actuators and the tool is configured to determine the angles of the at least two rotating actuators.

[0079] The tool of any preceding clause, wherein the at least two rotating actuators are
configured to align the distal body with known points on a component while the proximal body

remains stationary.

[0080] The tool of any preceding clause, wherein the tool is configured to determine a
current position of the tool based on angles of the at least two rotating actuators and a plurality of

known locations on a component, where the angles of the at least two rotating actuators are
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determined each when the distal body is aligned with each of the plurality of the known
locations. The tool of any preceding clause, wherein the tool is configured to move to a desired

position after determining the current position.

[0081] An alignment system comprising: a control device communicatively coupled to a
tool; the tool comprising: at least one processor communicatively coupled to the control device; a
first optical device having a field of view and a first viewing plane; and a second optical device
located adjacent to the first optical device, the second optical device having a second viewing
plane; wherein the alignment system determines a location of an intersection of the first viewing
plane and the second viewing plane within a workspace, wherein the at least one processor
communicates the location of the intersection in an image proximate to a known point on a
component to the control device over a communication network, and wherein the control device

adjusts a position of the tool such that the intersection aligns with a desired location.

[0082] The alignment system of any preceding clause, wherein the control device and the at

least one processor communicate wirelessly over the communication network.

[0083] The alignment system of any preceding clause, wherein at least one of the control
device and the at least one processor communicate over the communication network via a wired

connection.

[0084] The alignment system of any preceding clause, wherein the control device is remote

from the tool.

[0085] The alignment system of any preceding clause, wherein the at least one processor
communicates wirelessly over the communication network with at least one of the first optical

device and the second optical device.

[0086] The alignment system of any preceding clause, wherein the at least one processor
communicates with at least one of the first optical device and the second optical device over the

communication network via a wired connection.

[0087] The alignment system of any preceding clause, further comprising a removable plane
calibration device coupled to the tool and usable as a surface for projection of the first viewing

plane and the second viewing plane.
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[0088] The alignment system of any preceding clause, further comprising a display to

display the field of view and at least one of the first viewing plane and the second viewing plane.

[0089] The alignment system of any preceding clause, wherein the intersection of the first
viewing plane and the second viewing plane occurs at any point along the first viewing plane

within the field of view.

[0090] Those skilled in the art will recognize that a wide variety of other modifications,
alterations, and combinations can also be made with respect to the above described embodiments
without departing from the scope of the disclosure, and that such modifications, alterations, and

combinations are to be viewed as being within the ambit of the disclosed concept.
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CLAIMS

WHAT IS CLAIMED IS:

1. A tool for performing an operation in a workspace, the tool comprising:

a camera configured to generate an image of a field of view of the camera;

a first viewing plane defined in the image; and

a second optical device located adjacent to the camera, the second optical device
configured to define a second viewing plane in the image;

wherein the first viewing plane and the second viewing plane intersect to define an

intersection point on the image.

2. The tool of claim 1, wherein the second optical device projects a visible line

corresponding to the second viewing plane.

3. The tool of claim 2, wherein the second optical device is a laser that projects the visible

line into the field of view of the camera.

4. The tool of claim 1, wherein the second viewing plane is defined by the second optical

device and the second viewing plane is superimposed over the image of field of view.

5. The tool of claim 1, wherein the first viewing plane and the second viewing plane

intersect to define an axis and the intersection point is on the axis.

6. The tool of claim 1, wherein at least one processor coupled to the tool detects the

intersection point in the image.

7. The tool of claim 6, further comprising a control device that controls the orientation of

the tool to align the intersection point with a desired location.
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8.

The tool of claim 7, wherein the tool includes a spray nozzle and the axis defines an axis

of the spray nozzle.

0.

The tool of claim 8, further comprising a calibration device that is configured to be

removably coupled to the tool so as to be in the field of view of the camera.

10.

1.

12.

13.

14.

15.

16.

17.

The tool of claim 9, wherein the calibration device is configured to be received in the spray
nozzle.
The tool of claim 10, wherein the calibration device includes markings that define at least

two points in the field of view of the camera.

The tool of claim 1, wherein the tool includes a proximal body, a distal body, and a wrist

connecting proximal body and distal body.

The tool of claim 12, wherein the wrist includes at least two rotating actuators and the tool is

configured to determine the angles of the at least two rotating actuators.

The tool of claim 13, wherein the at least two rotating actuators are configured to align the

distal body with known points on a component while the proximal body remains stationary.

The tool of claim 14, wherein the tool is configured to determine a current position of the
tool based on angles of the at least two rotating actuators and a plurality of known locations
on a component, where the angles of the at least two rotating actuators are determined each

when the distal body is aligned with each of the plurality of the known locations.

The tool of claim 15, wherein the tool is configured to move to a desired position after

determining the current position.

An alignment system comprising:

a control device communicatively coupled to a tool;
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the tool comprising:

at least one processor communicatively coupled to the control device;

a first optical device having a field of view and a first viewing plane; and

a second optical device located adjacent to the first optical device, the second
optical device having a second viewing plane;

wherein the alignment system determines a location of an intersection of the first
viewing plane and the second viewing plane within a workspace,

wherein the at least one processor communicates the location of the intersection in
an image proximate to a known point on a component to the control device over a
communication network, and

wherein the control device adjusts a position of the tool such that the intersection

aligns with a desired location.

18. The alignment system of claim 17, wherein the control device and the at least one

processor communicate wirelessly over the communication network.

19. The alignment system of claim 17, further comprising a removable plane calibration
device coupled to the tool and usable as a surface for projection of the first viewing plane and the

second viewing plane.

20. The alignment system of claim 17, further comprising a display to display the field of

view and at least one of the first viewing plane and the second viewing plane.
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