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FIGURE 1

(57) Abstract: Anaugmented reality (AR) system for diagnosis, troubleshooting and repair of industrial robots. The disclosed diagnosis
guide system communicates with a controller of an industrial robot and collects data from the robot controller, including a trouble code
identifying a problem with the robot. The system then identifies an appropriate diagnosis decision tree based on the collected data, and
provides an interactive step-by-step troubleshooting guide to a user on an AR-capable mobile device, including augmented reality for
depicting actions to be taken during testing and component replacement. The system includes data collector, tree generator and guide
generator modules, and builds the decision tree and the diagnosis guide using a stored library of diagnosis trees, decisions and diagnosis
steps, along with the associated AR data.
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AUTOMATIC DYNAMIC DIAGNOSIS GUIDE WITH AUGMENTED REALITY

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of the priority date of
U.S. Provisional Patent Application Serial No. 62/690,045, titled AUTOMATIC
DYNAMIC DIAGNOSIS GUIDE WITH AUGMENTED REALITY, filed June 26,
2018.

BACKGROUND
Field

[0002] This invention relates to the field of robot troubleshooting
and diagnosis and, more particularly, to a system for quickly and efficiently
diagnosing a problem with an industrial robot which collects data from the
robot controller, identifies an appropriate diagnosis decision tree based on the
collected data, and provides an interactive step-by-step troubleshooting guide
to a user on a mobile device, including augmented reality for depicting actions
to be taken during testing and component replacement.

Discussion of the Related Art

[0003] Industrial robots are very complex machines which are
capable of performing many different functions precisely and reliably.
However, when a problem occurs in a robot, it can be difficult to determine the
root cause and correct the problem.

[0004] Currently there are several obstacles in the way of fast
alarm diagnosis, including: troubleshooting is not well documented; existing
troubleshooting documentation is spread out among various manuals;
manuals are not quickly and easily accessible by the customer; many alarms
can have multiple root causes, and working through all of them can waste
time, effort, and cost without providing the solution; and the troubleshooting
instructions can be difficult to execute due to the complexity of controller and
robot hardware. Furthermore, customers typically do not have a high level of
expertise in robot troubleshooting and repair.

[0005] Other existing diagnostic systems require that a user
watch a video or listen to an audio recording with instructions about
diagnosing the problem. This requires the user to look first at a screen on a

computing device and then to the real system, which requires extra time.
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Moreover, if the video or audio doesn’t describe the exact system or problem
the user is working on but some variant, the user may become confused.

[0006] In light of the circumstances described above, it is
desired to provide an interactive tool for quickly and efficiently guiding a user
through the troubleshooting process to get the robot back in operation as
soon as possible.

SUMMARY

[0007] In accordance with the teachings of the present
disclosure, an augmented reality system for diagnosing a problem indicated
by an alarm code on a robot is disclosed. The disclosed diagnosis guide
system communicates with a controller of an industrial robot and collects data
from the robot controller. The system then identifies an appropriate diagnosis
decision tree based on the collected data, and provides an interactive step-by-
step troubleshooting guide to a user on a mobile device, including augmented
reality for depicting actions to be taken during testing and component
replacement. The system includes data collector, tree generator and guide
generator modules, and builds the decision tree and the diagnosis guide using
a stored library of decisions and diagnosis steps, along with the associated
AR data.

[0008] Additional features of the presently disclosed devices will
become apparent from the following description and appended claims, taken
in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Figure 1 is an illustration of a system for automatic guided
diagnosis of robot trouble codes using augmented reality, according to an
embodiment of the present disclosure;

[0010] Figure 2 is an architecture diagram showing the modules
of the automatic guided diagnosis application of Figure 1, according to an
embodiment of the present disclosure;

[0011] Figure 3 is a block diagram illustrating a diagnosis tree
from the automatic guided diagnosis application architecture of Figure 2,

according to an embodiment of the present disclosure;
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[0012] Figure 4 is a block diagram comparing a partial diagnosis
tree from the application architecture of Figure 2 with a traditional straight-
through part replacement approach;

[0013] Figure 5 is an illustration of decision library components
from the application architecture of Figure 2, according to an embodiment of
the present disclosure;

[0014] Figure 6 is an Iillustration of the diagnosis guide
application displaying a diagnosis step (action) and a decision point (question)
to a user, along with a supporting augmented reality (AR) display, according
to an embodiment of the present disclosure; and

[0015] Figure 7 is a flowchart diagram of a method for automatic
guided diagnosis of robot trouble codes using augmented reality, employing
the system of Figure 1, according to an embodiment of the present disclosure.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0016] The following discussion of the embodiments of the
disclosure directed to a method and system for automatic troubleshooting and
diagnosis of industrial robots using augmented reality is merely exemplary in
nature, and is in no way intended to limit the disclosed devices and
techniques or their applications or uses.

[0017] Due to the complexity and flexibility of robot systems,
alarms can be notoriously difficult to understand and troubleshoot. There are
many examples of simple problems taking a long time to fix due to lack of
understanding of the customer and poor documentation. A system which
makes alarm diagnosis efficient and user-friendly would be valuable for any
robot customer, especially with an emphasis on general industry. Whereas
robot customers in some industries such as automotive have resources to
employ robot experts and the experience of many years dealing with robots,
general industry customers may not have this luxury and will likely find alarm
troubleshooting intimidating. An interactive diagnosis guide system would be
an attractive feature for these customers just starting in robotic applications.

[0018] Recognizing the need described above, an improved
system has been developed to provide fast and efficient troubleshooting of a

problem with an industrial robot. The diagnosis guide system collects data
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from a robot controller, identifies an appropriate diagnosis decision tree based
on the collected data, and provides an interactive step-by-step
troubleshooting guide to a user on a mobile device, including augmented
reality for depicting actions to be taken during testing and component
replacement.

[0019] A mobile application (“app”) is designed to be the
customer interface to the diagnosis guide system. Through the mobile app,
the customer is able to select a controller that needs a diagnosis and the
application provides a systematic tutorial for how to diagnose the alarm. The
guide includes an interactive step-by-step walkthrough with diagrams,
pictures, and videos. In addition, an Augmented Reality (AR) enabled device
is able to overlay relevant data and highlight parts in the real world.
Depending on the capabilities of the device, the user may be able to get the
multimedia diagnosis guide only (without AR), or the user may be able to
make use of the AR features as well.

[0020] Figure 1 is an illustration of a system 100 for automatic
guided diagnosis of robot trouble codes using augmented reality, according to
an embodiment of the present disclosure.  An industrial robot 110
communicates with a robot controller 112, typically via a cable 114, as is
known in the art. The robot 110 may be any type of industrial robot — such as
a welding robot, a painting robot, or a robot configured and programmed to
perform any other task. Because of the complexity of the robot 110 and the
sometimes extreme environments in which they work, problems occur from
time to time. Many different types of alarms and information signals (visual,
audible, display screen messages, and combinations thereof) could be
provided by the robot or the robot controller to indicate a problem, and each of
these results in a trouble code or alarm code or data message which identifies
the problem and which is used as the basis of the diagnosis process. The
alarms or trouble codes are indicated by the controller 112, and may require
either immediate attention or attention sometime soon.

[0021] When the alarm or trouble code is indicated by the
controller 112, a mobile device 120 running a diagnosis guide app 130 may

be used to diagnose and resolve the trouble code. At this point, the robot 110
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has stopped running its motion program, and the robot 110 and the controller
112 are in a mode where diagnosis and troubleshooting can be performed. A
“snapshot” of controller data is provided from the controller 112 to the mobile
device 120 for use by the app 130. The data is preferably provided over a
wireless communication connection — which may be made possible by both
the controller 112 and the mobile device 120 wirelessly communicating with a
local area network (LAN), for example. The controller snapshot includes all
data related to the performance of the robot 110 which may be relevant to the
diagnosis and troubleshooting. This data will include the alarm or trouble
code identifier, which identifies the type of problem to which the code applies
(such as a joint motor problem). The snapshot data may also include time
history data and maximum value data for parameters such as joint loads and
torques, motor currents, etc.

[0022] Using the controller snapshot data (if available), the
diagnosis guide app 130 prepares a diagnosis guide with optional augmented
reality (AR) content for use by a user 140. The user 140 answers questions
and performs diagnosis steps, and the diagnosis guide progressively leads
the user 140 to the next question or step in a diagnosis tree. The AR content
(if available) is used to clearly show the user 140 how to identify a particular
part on the robot 110, or perform a certain action (such as unplugging a cable
or replacing a part). The AR feature allows the user 140 to aim the camera of
the mobile device 120 at a part of the robot 110, and the AR content (such as
highlighting and other virtual graphics) are overlaid on the camera images of
the real world view. Ultimately, an action will be taken which resolves the
trouble code, the root cause will be recorded in the app 130, and the robot
110 will be placed back in service.

[0023] The wusers actions in the guide and information
downloaded from the controller 112 can then flow to a web server or other
server having a knowledge database (indicated as cloud 150), such that the
data can be aggregated and analyzed for potential future improvements to the
diagnosis or other information. The diagnosis guide app 130 can also
upgrade itself with the latest guides and information by downloading items

from the server/database in the cloud 150. The controller 112 may also be in
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communication directly with the server/database in the cloud 150 using
communication infrastructure clearly understood by those skilled in the art,
such as the controller 112 being connected to a LAN which in turn has
Internet connectivity.

[0024] The process followed by a user is essentially as follows;
using the diagnosis guide app 130, identify a robot controller from a list, upon
which the diagnosis guide app 130 will download a controller data “snapshot”;
identify an alarm condition being experienced by the controller (which may be
performed automatically based on the controller snapshot); and follow steps
as instructed in the user guide, including answering questions, performing
diagnostic tests, and replacing components as necessary.

[0025] The output of the diagnosis guide app 130 is a guide
instructing the user what steps to take and what information to observe, to get
to the root cause of the alarm. The guide may have diagrams, photos, or
videos as appropriate and will ask questions from the user to decide how best
to proceed. The guide may also include AR data which will highlight items and
information in the real world on a live feed (in the case of tablet or phone) or
as a hologram (in the case of an AR headset).

[0026] Figure 2 is an architecture diagram 200 showing the
modules of the diagnosis guide application 130 of Figure 1, according to an
embodiment of the present disclosure. As discussed above, the diagnosis
guide app 130 preferably receives a “snapshot” from the controller 112. The
controller snapshot includes data recorded by the controller 112 describing
recent operating conditions in the robot 110. The diagnosis guide app 130
can be used without the controller snapshot data, in which case the user 140
begins by indicating what alarm or trouble code was indicated by the
controller 112, and then following the diagnosis tree presented by the app
130. However, the controller snapshot data is helpful in providing data about
the robot 110 which can expedite the troubleshooting and diagnosis, and the
snapshot data is normally available for download to the diagnosis guide app
130 on the mobile device 120.

[0027] The architecture of the diagnosis guide app 130 calls for

each supported problem to be represented by a diagnosis tree. Information
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about the state of the actual system to be diagnosed (from the controller
snapshot) as well as user responses to questions determine the user’s path
through the tree to an ultimate diagnosis. The architecture includes data
libraries separate from software modules, where this design allows supported
fault conditions to be added or modified in the data libraries without requiring
software module changes. Moreover, the architecture allows the diagnosis
guide app 130 to be executable on many different types of devices by
encapsulating communication and guide display features.

[0028] A decision library 210 includes many different decision
points and automatic decision functions which may be used in diagnosis
trees. A diagnosis tree library 220 includes a diagnosis tree for each
supported alarm or trouble code. A diagnosis steps library 230 includes many
different diagnosis steps which may be used in the diagnosis trees. An AR
data library 240 includes augmented reality (AR) data files which may be
associated with diagnosis steps or decision points when presenting the steps
to the user. Each of the items in the libraries 210-240 is contained in a file
(such as XML or HTML), and will be discussed further below.

[0029] Figure 3 is a block diagram illustrating a diagnosis tree
300 from the diagnosis tree library 220 of the diagnosis guide application
architecture of Figure 2, according to an embodiment of the present
disclosure. The diagnosis tree 300 is an example diagnosis tree for a
supported fault condition for the diagnosis guide app 130. Each diagnosis
tree is contained in an XML file in the tree library 220. The diagnosis trees
are created by expert service technicians of the robot manufacturer. Each
diagnosis tree is made up of nodes each having only one parent. There are
four different types of nodes, each discussed below.

[0030] A root node 302 designates the supported fault condition
which is being diagnosed. The root node 302 is the starting point for the
diagnosis, based on a particular alarm or trouble code. The diagnosis tree
300 is uniquely defined for the particular alarm or trouble code identified in the
root node 302.

[0031] An action node (or Diagnosis Step) 304 is an example of

a step in the diagnosis where a user is asked to perform a diagnosis step
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relevant to the problem, such as unplugging a cable or replacing a
component. The actions can have associated guide instructions as well as
augmented reality data. Each action node (or diagnosis step) is contained in
an HTML or XML document in the diagnosis steps library 230, where the
document may contain multimedia (audio &/or video), and may also have
linked AR data. Each action in the diagnosis steps library has a description
and a path identifier which uniquely identifies the document in the diagnosis
steps library 230. An action node (such as the node 304) may lead to another
action node (node 306), or an action node may lead to a decision point (such
as a decision node 308), where these relationships are defined in the
structure of the decision tree 300.

[0032] Diagnosis steps are discrete actions taken as part of the
diagnosis. Each diagnosis step is an atomic unit, able to be re-used in
multiple different diagnosis trees (i.e., for different alarms or trouble codes).
The diagnosis steps are manifested as HTML documents (web pages) and
can include pictures, animated pictures (gifs), videos, and text, which explain
clearly how to perform the step.

[0033] Certain steps in the diagnosis tree will have AR data
associated with them. This AR data will essentially identify what information
to overlay, what real-world objects (robot components) to anchor on, and what
shapes to draw to call the user’s attention to certain areas on the robot where
an action needs to be performed.

[0034] The decision node 308 is an example of a point in the
diagnosis where a user is asked to answer a question, or alternatively the
system automatically answers the question based on data from the controller
snapshot. Decision points determine which of the two or more paths is
followed and therefore the path taken through the diagnosis tree 300 in a
particular diagnosis session. Each decision node is contained in an XML
document in the decision library 210. Decision nodes may have yes/no
answers, or may have multiple choice answers, where the output path is
dependent upon the answer. In the decision tree 300, the decision node 308
is shown with two possible answers (answer node 310 and answer node 312).

Figure 3 shows the decision node 308 and the answer nodes 310 and 312
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each as a node; however, in a flowchart diagram, these would typically be
combined and displayed as a decision diamond.

[0035] A leaf node represents the final determined cause of the
fault condition, and is a node with no children. In the diagnosis tree 300,
action nodes 314, 324 and 328 are leaf nodes, where each of the leaf nodes
is reached via a different route or path through the tree 300. Specifically, from
the decision node 308, an answer of Yes (2) at the node 312 leads to the
action node 314 as the leaf node. On the other hand, an answer of No (1) at
the node 310 leads to action nodes 316 and 318 followed by decision node
320, where an answer of No at node 322 leads to the action leaf node 324,
and an answer of Yes at node 326 leads to the action leaf node 328.

[0036] Each alarm or trouble code supported by the diagnosis
guide app 130 has a corresponding diagnosis tree similar to the diagnosis
tree 300. An expert technician or customer support representative creates the
tree structure, using decisions contained in the decision library 210 and
diagnosis steps (actions) contained in the diagnosis steps library 230. Each
tree contains all of the possible steps needed to diagnose the alarm. Starting
from the root of the tree, the progression through the tree to get to the final
cause can vary depending on decision points. The tree is pruned as much as
possible, before being presented to the user in the diagnosis guide app 130,
using the controller snapshot data.

[0037] Figure 4 is a block diagram comparing a partial diagnosis
tree from the application architecture of Figure 2 with a traditional straight-
through part replacement approach. Shown at 400 is an example of a partial
diagnosis tree from the diagnosis guide app 130. Using this approach,
answers to decision points 402 and 408 dictate the subsequent steps, which
may include an intermediate action node 406 and ultimately leading to a leaf
action node 404, 410 or 412. In the diagnosis guide app 130, the interactive
diagnosis tree leads the user through a sequence of tests and component
replacements which can more quickly identify and correct the root cause,
without the time and expense of replacing components which are not the

cause of the problem. This approach results in the components only being
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replaced when that particular component is likely the root cause of the alarm
code, as indicated by previous diagnosis steps.

[0038] Shown at 420 is an example of a traditional straight-
through part replacement approach. In the traditional approach, components
are replaced one at a time at boxes 422, 424 and 426 until the problem is
solved, where the replacement order may be based on what is most likely to
solve the problem or easiest to perform. The traditional approach, used
before the availability of the diagnosis guide app 130, often results in a
lengthy diagnosis process and robot components being replaced
unnecessarily.

[0039] Figure 5 is an illustration of decision library components
from the decision library 210 of the application architecture of Figure 2,
according to an embodiment of the present disclosure. A decision point 510
is a point where the decision tree branches based on the user’'s answer to a
question. The decision point 510 is shown as having three possible answers,
where each answer leads down to different path in the decision tree. Each
path may lead to another decision point, or to an action (diagnosis step).
Decision points in the decision library commonly have two possible answers
(such as yes or no), each leading to a different path.

[0040] An automatic decision function 520 is a function
embedded in a decision tree which is automatically evaluated based on data
from the controller snapshot. The automatic decision function 520 is not
presented to the user. Instead, the diagnosis guide app 130 automatically
evaluates the automatic decision function 520 either before the decision tree
is presented to the user (in which case the tree is pruned based on the
automatic decision function 520) or during the user’s interaction with the app
130 (in which case a next decision or action is presented to the user based on
the resulting output path). Automatic decision functions may have two or
more possible output paths depending on the input diagnosis data.

[0041] Figure 6 is an illustration of the diagnosis guide app 130
displaying a diagnosis step (action) and a decision point (question) to a user,
along with a supporting augmented reality (AR) display, according to an

embodiment of the present disclosure. The diagnosis guide app 130 appears
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on the screen of the mobile device 120, as explained previously. The
diagnosis guide app 130 is divided in split-screen fashion into a user dialog
section 610 on the right and an AR display 620 on the left. The user may
select, or the app 130 may automatically determine, what portion of the
screen to use for the user dialog section 610 and the AR display 620. For
example, the user dialog section 610 may occupy 100% of the display screen
when no AR data is available, and the user dialog section 610 may be shrunk
to only 10% of the display screen when the AR display 620 is actively being
used by the user. For situations where the mobile device 120 is a headset-
type AR apparatus, the user dialog section 610 may be “parked in space” for
viewing, while the real-world elements and the virtual elements are viewed in
the AR display 620 which occupies the entire viewing area.

[0042] The user dialog section 610 includes a combination of
diagnosis steps (actions) and a decision point (question). As shown in Figure
6, a previously-performed diagnosis step is indicated at 612, and a decision
point (question) is indicated at 614. The user dialog section 610 also includes
an encapsulated video window 616, where a video is displayed which depicts
the current step that the user is being instructed to perform (such as
unplugging a motor). The window 616 may include pictures, illustrations,
animated illustrations (GIFs), videos, or other media. The diagnosis steps
(actions) and decision point (question) displayed in the user dialog section
610 are part of a diagnosis tree as shown in Figure 3 and discussed earlier.
Based on the answer to the question 614, the diagnosis tree will move along a
path to the appropriate node, and the action or decision associated with that
node will be displayed in the user dialog section 610.

[0043] In addition to the video window 616, an AR display 620 is
shown in the diagnosis guide app 130 of Figure 6. As mentioned earlier,
some diagnosis steps (actions) and decision points (questions) have
associated AR data. The AR display 620 is designed to provide interactive
visualization assistance which is helpful to the user in completing the
diagnosis step. The AR display 620 includes a virtual feature display 622,
which is an arrow illustrating a direction of motion or a direction of viewing,

and a virtual feature display 624, which is an outline indicating a location of a

11
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part on the robot. The virtual feature displays 622 and 624 are overlaid on
images 626 of the real-world scene (the robot and surroundings) as viewed by
the camera of the mobile device 120. The virtual feature displays 622 and
624 are computed by the processor in the mobile device 120 and displayed in
the proper size and orientation based on the position and orientation of the
mobile device 120 relative to the robot. The position and orientation of the
mobile device 120 relative to the robot (or the robot work cell) may be
determined by analyzing images of a visual marker in the work cell, and
continuously tracked via visual and/or inertial odometry techniques, as would
be understood by one skilled in AR technology. The mobile device 120 may
be a tablet computing device, a smart phone, or an AR headset/goggles
apparatus.

[0044] Returning to the architecture diagram 200 of Figure 2, the
data libraries 210-240 have been discussed above and their contents
illustrated in Figures 3-5. The data libraries 210-240 may be updated on an
ad hoc basis; that is, elements within the data libraries 210-240 may be added
or updated whenever a new version of the element is available. For example,
a new diagnosis tree may be created for an alarm or trouble code which was
previously unsupported, or AR data may be added for a particular diagnosis
step. When this new AR data is available on the web server in the cloud 150,
it will be downloaded to the mobile device 120 and added to the AR data
library 240 in the app 130. Additions and updates to the data libraries 210-
240 do not require software upgrades.

[0045] The diagnosis guide app 130 also includes software
modules 250, 260, 270 and 280. The software modules 250-280 are updated
when a new version of the diagnosis guide app 130 is released, in which case
the new version of the app 130 may be downloaded from the web server in
the cloud 150. The data libraries 210-240 communicate with the software
modules 250-280 as shown in Figure 2 and discussed below.

[0046] The diagnosis guide app 130 includes a diagnosis data
collector module 250 which serves as the data download interface to the robot
controller 112. The data collector module 250 establishes communication

with the controller 112 and requests and receives the controller snapshot
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data. The snapshot data, including the alarm or trouble code and all relevant
data, is stored in memory on the mobile device 120, and is available to and
used by the diagnosis guide app 130 as discussed below.

[0047] The user 140 starts the diagnosis by identifying the
controller 112 which needs to be diagnosed. If a connection to the faulted
controller 112 is possible, the app 130 downloads a controller snapshot from
the controller 112. The controller snapshot contains data that may help to
diagnose the alarm. This could include: alarm history, servo status, system
variables, special trend data, and more. The generation and downloading of
the snapshot is automatic and invisible to the user.

[0048] The diagnosis data collector module 250 communicates
to the controller 112 using any appropriate method (USB drive, direct hard-
wire connection, connection to a common LAN, etc.), where the preferred
method is a wireless connection.

[0049] The diagnosis data collector module 250 requests servo
diagnostics, and collects any other files from the controller 112 that may help
with alarm diagnosis. The diagnosis data collector module 250 parses
relevant data from the snapshot file(s) and puts everything into an internal
diagnosis data structure available to and used by the diagnosis guide app
130.

[0050] The diagnosis guide app 130 also includes a tree
generator module 260. The tree generator module 260 retrieves a diagnosis
tree from the diagnosis tree library 220 for the particular alarm or trouble
code, if it is available. The tree generator module 260 parses the diagnosis
tree XML data and makes an internal tree structure for the particular trouble
code. The tree generator module also “prunes” the diagnosis tree based on
diagnosis data received from the controller in the data collector module 250.
For example, automatic decision functions may be called, and data from the
controller snapshot used, to decide how to build the rest of the tree, where
one or more branches of the tree can be pruned off based on the automatic
decision function.

[0051] If the diagnosis guide app 130 is not able to acquire

diagnosis data via the controller snapshot, no questions are answered
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automatically and instead each decision point in the diagnosis tree becomes a
potential question to the user 140. In this case, the user 140 simply enters
the alarm or trouble code identifier, and the diagnosis guide app 130 retrieves
the appropriate diagnosis tree from the diagnosis tree library 220.

[0052] In addition, if a diagnosis tree does not exist for a
particular alarm or trouble code, but statistical diagnostic data does exist
(indicating statistical percentages of different root causes for the trouble
code), then a diagnosis tree is constructed by the tree generator module 260
as a chain of actions in order of highest probability of solving the problem. If
statistical diagnostic data does not exist or is ambiguous, actions may ordered
in the chain of actions based on time to perform the step, where steps with the
shortest time to perform are ordered first. When a “tree” is constructed as a
chain of actions, the diagnosis guide app 130 still serves as a useful tool,
asking the user to replace the most likely components in order until one fixes
the alarm. These component replacement steps may still offer augmented
reality (AR) assistance, even in the absence of a diagnosis tree.

[0053] If neither a diagnosis tree nor statistical diagnostic data
exist for a particular alarm or trouble code, then the tree generator module
260 of the diagnosis guide app 130 returns a message indicating this status to
the user 140. In such a case, the need for the creation of a diagnosis tree for
the particular alarm or trouble code may be recorded on the web server in the
cloud 150, so that service technicians at the robot manufacturer can create
and distribute such a diagnosis tree in the near future. Also, if the diagnosis
guide app 130 is not able to provide a diagnosis to the alarm (no diagnosis
tree and no statistical diagnostic data is available), the app 130 allows the
user 140 to submit pictures, video, and controller snapshots for analysis by an
expert technician. The user 140 simply presses a button within the app 130 to
package the images and data and submit them to an email address or web
server location where a customer service representative reviews the data and
responds to the user 140 with assistance.

[0054] The diagnosis guide app 130 further includes a guide
generator module 270. The guide generator module 270 receives the

decision tree generated by the tree generator module 260, whether that tree
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was retrieved from the diagnosis tree library 220 or the tree was built by the
tree generator module 260 based on the statistical diagnostic data. The guide
generator module 270 traverses through the diagnosis tree, loading the
appropriate diagnosis steps (from the diagnosis steps library 230) and AR
data (from the AR data library 240) to create a complete diagnosis guide
based on the diagnosis tree.

[0055] The diagnosis guide app 130 additionally includes a
guide user interface (Ul) module 280. The guide Ul module 280 receives the
fully fleshed-out guide from the guide generator module 270 and presents the
diagnosis guide to the user on the mobile device 120. The guide Ul module
280 also receives the user’'s answers to questions and provides the answers
to the guide generator module 270 so that the appropriate subsequent node
can be presented to the user by the guide Ul module 280.

[0056] As mentioned above, it is sometimes necessary to create
a new diagnosis tree which addresses an alarm or trouble code which was not
previously supported. To do this, the technician starts by creating a diagnosis
tree for the particular alarm. Many actions and decision points needed in the
new diagnosis tree may already exist in the decision library 210 and the
diagnosis step library 230. For any new actions, new HTML pages are
generated, and new AR data where appropriate. For any new decision points,
a new XML is needed defining the question to ask and possible answers. If
an automatic decision is possible, a new function must be written defining how
to answer the question based on diagnosis data. If additional diagnostic data
is needed, software modifications are needed to the diagnosis data collector
to parse additional data and add it to the internal data structure.

[0057] Figure 7 is a flowchart diagram of a method for automatic
guided diagnosis of robot trouble codes using augmented reality, employing
the system of Figure 1, according to an embodiment of the present disclosure.
At box 702, a controller of a robot needing diagnosis is identified. The robot in
question typically will have stopped operating and the controller will be
displaying an alarm condition or trouble code. At box 704, communications
are established between the identified controller and a mobile device

(preferably AR-capable) running the diagnosis guide application, and a

15



WO 2020/006142 PCT/US2019/039340

“snapshot” of controller data is downloaded from the controller to the device
running the diagnosis guide app.

[0058] At box 706, a diagnosis tree is created for the particular
trouble code identified by the controller. Creating the diagnosis tree includes
selecting an existing diagnosis tree from a diagnosis tree library if one exists,
or building a diagnosis tree based on statistical root cause data if the
diagnosis tree library does not contain a diagnosis tree for the particular
trouble code. Creating the diagnosis tree also includes pruning the tree
(selecting some paths and eliminating others) based on automatic decision
functions in the tree which are evaluated using data from the controller
snapshot.

[0059] At box 708, the diagnosis tree is interactively traversed,
including displaying a diagnosis guide including diagnosis steps for the user to
perform and questions for the user to answer, where the answers to the
questions determine which path to follow in the diagnosis tree. The diagnosis
tree is traversed at the box 708 until a root cause of the trouble code is
determined and resolved through performance of the diagnosis steps.
Traversing the diagnosis tree includes providing pictures, descriptions and
video to the user, where any or all of these forms of media may be used to
explain and illustrate to the user what action needs to be taken, how to do i,
and where to find the particular item(s) on the robot or the controller. An AR
display may also be provided, in addition to the other forms of media, where
the AR display provides virtual overlays such as pointers and highlighters on
top of images of the real-world scene, and the AR display allows the user to
move around to different points of view while properly portraying the virtual
overlay items.

[0060] Slightly different user experiences are provided
depending on whether the mobile device is a tablet computing device (where
a split screen may be used for the AR display and the user dialog section) or
an AR headset apparatus (where the entire viewing area may be the AR
display, with the user dialog section being “parked in space” for the user to

view and interact with).
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[0061] The diagnosis guide application on the mobile device
may communicate with a web server or knowledge database “in the cloud” —
either for real-time creation of a diagnosis tree after capturing the controller
snapshot, or for periodic updates to available diagnosis trees and steps, AR
data, etc. which are stored in libraries in the application.

[0062] Throughout the preceding discussion, various controllers
are described and implied — for controlling motions and tasks of a robot, for
running the diagnosis guide application on the mobile device, etc. It is to be
understood that the software applications and modules of these controllers
are executed on one or more computing devices having a processor and a
memory module, including algorithms configured in non-volatile memory. In
particular, this includes processors in the robot controller 112 and the mobile
device 120 discussed above. The communication between the robots, their
controllers and the mobile device may be over a hard-wire network, or may
use any suitable wireless technology — such as a cellular phone/data network,
Wi-Fi, Bluetooth, broadband Internet, etc.

[0063] As outlined above, the disclosed techniques for an
automatic robot diagnosis guide with augmented reality offer several
advantages over prior art techniques. The ability of a user to easily and
intuitively perform diagnosis steps and answer questions, with embedded
pictures, descriptions, videos and augmented reality views of the robot and
other real-world items, is far superior to prior iterative techniques for
sequentially replacing components.

[0064] While a number of exemplary aspects and embodiments
of the method and system for automatic robot alarm diagnosis using
augmented reality have been discussed above, those of skill in the art will
recognize modifications, permutations, additions and sub-combinations
thereof. It is therefore intended that the following appended claims and claims
hereafter introduced are interpreted to include all such modifications,
permutations, additions and sub-combinations as are within their true spirit

and scope.
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CLAIMS

What is claimed is:

1. A system for diagnosing and repairing a problem with a

machine, said system comprising:

a machine controller in communication with a machine, said controller
including a processor and memory and being configured with
machine control software for controlling operation of the
machine and recording trouble codes for the machine; and

an augmented reality (AR) device, said AR device having one or more
cameras, position tracking sensors and a display, said AR
device further including a processor and memory configured to
run a diagnosis guide software application;

where the diagnosis guide software application provides features
including;

providing data from the machine controller to the AR device including
data indicating a problem with the machine;

establishing and continuously tracking a position and orientation of the
AR device relative to a work cell coordinate frame;

creating a diagnosis tree including diagnosis steps and decision points
which will diagnose a root cause of the problem; and

providing a diagnosis guide which traverses the diagnosis tree by
interacting with a user at the diagnosis steps and the decision
points until the root cause of the problem is determined and

resolved.

2. The system according to Claim 1 wherein the AR device is a

headset apparatus worn by a user.

3. The system according to Claim 2 wherein a portion of the
diagnosis tree including the pictures, videos and descriptions are displayed in
a user dialog window which is positioned at a fixed location in space for

viewing by the user.
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4. The system according to Claim 1 wherein the AR device is a
smart phone or a tablet computing device held by a user, and an AR display

and a user dialog window are displayed in a split screen mode.

5. The system according to Claim 1 wherein establishing the
position and orientation of the AR device relative to the work cell coordinate
frame includes analyzing images of a visual marker having a known design

and placed at a known location in the work cell coordinate frame.

6. The system according to Claim 1 wherein providing data from
the machine controller includes establishing communications between the AR
device and the controller and downloading data about the machine including
alarm history, robot joint loads and torques, servo motor status, motor

currents, and trend data.

7. The system according to Claim 1 wherein providing data from
the machine controller includes generating and displaying a two-dimensional
barcode (QR code) by the machine controller and reading the QR code by the

AR device, where the QR code identifies the trouble code.

8. The system according to Claim 1 wherein creating a diagnosis
tree includes selecting a diagnosis tree previously created for the problem
from a diagnosis tree library and, when a diagnosis tree for the problem does
not exist in the diagnosis tree library, constructing the diagnosis tree as a
chain of actions including replacing machine components in order of likelihood

of resolving the problem.
9. The system according to Claim 1 wherein creating a diagnosis
tree includes pruning the tree by automatically answering questions at one or

more decisions points using the data from the machine controller.

10. The system according to Claim 1 wherein the user guide

presents the diagnosis steps with pictures, videos, descriptions and AR data
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designed to assist the user in completing the diagnosis steps, asks the user to
answer a question at each of the decision points, and follows a branch of the

tree based on the answer.

11.  The system according to Claim 1 wherein the position tracking
sensors include one or more gyroscopes and one or more accelerometers,
where the sensors provide signals to the processor in the AR device enabling
continuous computation of changes in position and orientation of the AR

device.

12.  The system according to Claim 11 wherein the AR data includes
virtual features superimposed on camera images of the machine, where the
virtual features are designed to provide visual assistance to the user in
completing the diagnosis steps, and display of the virtual features is
continuously updated based on the changes in position and orientation of the
AR device.

13.  The system according to Claim 1 further comprising a web
server including a knowledge database, where the AR device communicates
with the web server and downloads diagnosis trees and AR data from the
knowledge database, and uploads root cause information to the knowledge

database.

14.  The system according to Claim 1 wherein the machine is an

industrial robot.

15.  An apparatus for diagnosing and repairing a problem with an
industrial robot, said apparatus comprising an augmented reality (AR) device
in communication with a robot controller, said AR device having one or more
cameras, inertial sensors and a display, said AR device further including a
processor and memory configured to run a diagnosis guide software
application, where the diagnosis guide software application is configured to

download data from the robot controller including data indicating a problem
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with a robot, create a diagnosis tree including diagnosis steps and decision
points which will diagnose a root cause of the problem, and provide a
diagnosis guide which traverses the diagnosis tree by interacting with a user

at the diagnosis steps and the decision points until the root cause is resolved.

16. A method for diagnosing and repairing a problem with a
machine, said method comprising:

providing a machine and a machine controller in communication with
the machine,

providing an augmented reality (AR) device, said AR device having one
or more cameras, position tracking sensors and a display, said
AR device further including a processor and memory configured
to run a diagnosis guide software application;

establishing and continuously tracking a position and orientation of the
AR device relative to a work cell coordinate frame;

providing machine diagnostic data from the machine controller to the
AR device, including data identifying a problem with the
machine;

determining a diagnosis tree based on the diagnostic data, where the
diagnosis tree includes diagnosis steps and decision points
which will diagnose a root cause of the problem;

presenting a diagnosis guide to a user of the AR device, where the
diagnosis guide follows the diagnosis tree; and

following the diagnosis guide, by the user, until the root cause of the
problem is identified and corrected, including performing testing
and component replacement actions at the diagnosis steps and

answering questions at the decision points.

17. The method according to Claim 16 wherein presenting the
diagnosis guide to the user includes providing AR data on the AR device, said
AR data depicting at least one testing or component replacement activity

which is included in the diagnosis tree.

21



WO 2020/006142 PCT/US2019/039340

18.  The method according to Claim 17 wherein the AR device is a
headset apparatus worn by the user, where the AR data is superimposed on
real-time images of the machine and its surroundings, and where a portion of
the diagnosis tree including pictures, videos and descriptions are displayed in
a user dialog window which is positioned at a fixed location in space for

viewing by the user.

19.  The method according to Claim 18 wherein the AR data includes
virtual features superimposed on the real-time images of the machine, where
the virtual features are designed to provide visual assistance to the user in
completing the diagnosis steps, and display of the virtual features is
continuously updated based on changes in position and orientation of the AR

device.

20. The method according to Claim 16 wherein determining a
diagnosis tree includes selecting a diagnosis tree previously created for the
problem from a diagnosis tree library or, when a diagnosis tree for the
problem does not exist in the diagnosis tree library, constructing the diagnosis
tree as a chain of actions including replacing machine components in order of

likelihood of resolving the problem.

21.  The method according to Claim 16 wherein determining a
diagnosis tree includes pruning the tree by automatically answering questions
at one or more decisions points using the diagnostic data from the machine

controller.

22. The method according to Claim 16 further comprising
communicating with a web server including a knowledge database, by the AR
device, including downloading diagnosis trees and AR data from the
knowledge database, and uploading root cause information to the knowledge

database.
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23.  The method according to Claim 16 wherein the machine is an

industrial robot.

24.  The method according to Claim 16 wherein the data identifying a

problem with the machine is an alarm code or a trouble code.
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