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(57) Abstract: Systems, methods, devices, and other techniques for planning and re-planning robot motions. The techniques can include
obtaining a schedule that defines an execution order for a plurality of plans, each plan defining a sequence of tasks; providing instructions
to the robotic system to execute plans from the plurality of plans according to the schedule, obtaining measurements for one or more
parameters that represent a state of the robotic system or its environment that results from execution of at least one plan from the
plurality of plans; determining, based on the measurements, that a particular plan from the plurality of plans, which has not completed
execution, is to be revised; generating, using the measurements, a revised version of the particular plan; and adjusting the schedule so
as to resolve a conflict between the revised version of the particular plan and at least one other plan in the plurality of plans.
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LOCAL REPLANNING OF ROBOT MOVEMENTS

BACKGROUND
[0001] Robots have been employed in various settings and industries to automate
manufacturing and fabrication processes. Some systems have been developed that provide
multiple, individually functioning robots configured to operate concurrently in a shared
workspace. Multiple robots in a robotic system can be programmed to execute tasks to
achieve a goal, such as the production of an item of manufacture, the assembly of a device,
the fabrication of a component, or the inspection of an object. For example, in an automotive
assembly line, robots with articulating arms may surround a chassis of a vehicle and operate
in the workspace occupied by the chassis to attach components, apply machining operations
(e.g., drilling, spot welding, milling, or grinding one or more portions of the chassis), perform
measurements and inspections, or perform a combination of these and other operations. Each
robot, for example, may pivot about a base, and may extend from the base with one, two,
three, or more articulating segments, thereby allowing it to move and reach a portion or
entirety of the shared workspace. The base itself may be fixed, or may move in one or more
dimensions, as well. To complete a production goal, robots in a robotic system may perform
individual tasks serially and/or concurrently with other robots, and may be required to share
not only a common workspace, but also resources such as tools or supplies. A controller can

coordinate the movements and execution of tasks by robots that share such resources.

SUMMARY
[0002] This specification generally describes systems, methods, devices, and other
techniques for planning the movements of robots, and more specifically, to techniques for re-
planning the movements of the robots based on real-time feedback about the robots’
execution of a process.
[0003] In some implementations, a robotic system receives, from a scheduler system, a
schedule that defines an execution order for multiple plans, where each plan includes at least
one task to be performed by the robotic system. At least one particular plan of the schedule
includes a speculation point. In general, a speculation point of a plan can refer to a point in
which the robotic system requires or can accept one or more parameters in order to continue
executing the plan. The parameters can relate to or describe measurements that have been
taken during execution of the schedule up to the speculation point (e.g., measurements taken

during or following previously executed plans and/or measurements taken during the current
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plan based on previously executed tasks up to the speculation point). The measurements can
relate to results of previously executed tasks or plans, such as dimensions or locations of
features in a workplace, for example. One or more robots of the robotic system executes the
plans of the schedule until the scheduler system determines that the speculation point is
reached, at which time further execution of the particular plan is contingent on additional
input to the robotic system. The additional input may require the scheduler system to revise
the particular plan. If required, the scheduler system revises the particular plan to generate a
revised version of the particular plan. If the particular plan is revised, the scheduler system
checks the schedule to determine if the particular plan conflicts with any other plans of the
schedule. If there is no conflict detected, the robotic system resumes execution of the
schedule. If the scheduler system detects a conflict, then it adds a dependency between the
particular plan and the conflicting plan. The dependency requires the robotic system to
complete execution of the particular plan before beginning execution of the conflicting plan.
[0004] In general, a first aspect includes a computer-implemented method that includes:
obtaining a schedule that defines an execution order for a plurality of plans, each plan
defining a sequence of tasks to be executed by a robotic system; providing instructions to the
robotic system to execute plans from the plurality of plans according to the schedule;
obtaining measurements for one or more parameters that represent a state of the robotic
system or its environment that results from execution of at least one plan from the plurality of
plans; determining, based on the measurements for the one or more parameters that represent
the state of the robotic system or its environment, that a particular plan from the plurality of
plans, which has not completed execution, is to be revised; generating, using the
measurements for the one or more parameters that represent the state of the robotic system or
its environment, a revised version of the particular plan; and adjusting the schedule that
defines the execution order for the plurality of plans so as to resolve a conflict between the
revised version of the particular plan and at least one other plan in the plurality of plans.
[0005] In some embodiments, adjusting the schedule that defines the execution order for the
plurality of plans includes delaying execution of the at least one other plan that conflicts with
the revised version of the particular plan by adding a dependency between the at least one
other plan and the revised version of the particular plan. The dependency conditions
execution of the at least one other plan on completion of execution of the revised version of

the particular plan. In other embodiments, adjusting the schedule that defines the execution



WO 2020/154628 PCT/US2020/015003

order for the plurality of plans comprises enforcing a constraint that fixes the sequences of
tasks defined by each plan in the plurality of plans other than the particular plan.

[0006] In some embodiments, the computer-implemented method further includes providing
instructions to the robotic system to execute plans from the plurality of plans, including the
revised version of the particular plan, according to the adjusted schedule.

[0007] In some embodiments, the computer-implemented method further includes adjusting
the schedule that defines the execution order for the plurality of plans without revising any
plans in the plurality of plans other than the particular plan.

[0008] In some embodiments, the computer-implemented method includes determining
whether any conflicts in the schedule result from replacing the particular plan with the
revised version of the particular plan and, in response to determining that a conflict results
between the revised version of the particular plan and at least one other plan in the plurality
of plans, adding a dependency between the revised version of the particular plan and the at
least one other plan so as to resolve the conflict.

[0009] In some embodiments, the computer-implemented method of claim 3, wherein
determining whether any conflicts in the schedule result from replacing the particular plan
with the revised version of the particular plan comprises determining whether the schedule
would require concurrent execution of two or more plans that make use of a common
resource.

[0010] In some embodiments, the common resource is space, fuel, or a tool.

[0011] In some embodiments, an initial version of the particular plan and the revised version
of the particular plan have at least one of different execution times or different resource
requirements.

[0012] In some embodiments, the obtained schedule is an initial version of the schedule and
the method further includes generating the initial version of the schedule based on at least one
of expected execution times for the plurality of plans or expected resource requirements for
the plurality of plans. At least one of an expected execution time or an expected resource
requirement for the particular plan is based on expected values for the one or more
parameters that represent the current state of the robotic system or its environment.

[0013] In some embodiments, the measurements for the one or more parameters that
represent the current state of the robotic system or its environment are different from the

expected values for the one or more parameters.
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[0014] In some embodiments, the one or more parameters that represent the current state of
the robotic system or its environment include a first parameter that represents a result of
executing one or more tasks in the particular plan before the particular plan completes
execution.

[0015] In some embodiments, the result of the one or more tasks includes a location or a
dimension of a component that was made or placed on a product by a robotic system in the
course of execution of one or more plans.

[0016] In some embodiments, the robotic system includes a plurality of robots configured to
work cooperatively in an automated process to fabricate a product.

[0017] Other implementations of this and other aspects include corresponding systems and
one or more non-transitory computer-readable media having instructions stored thereon that,
when executed by one or more processors, cause performance of the actions of the computer
implemented methods.

[0018] Some implementations of the subject matter disclosed herein can, in certain instances,
achieve one or more of the following advantages. A schedule defining an execution order for
multiple plans can be pre-generated, without having to anticipate each potential conflict that
may arise during the execution of the multiple plans. The process of accounting for each
potential conflict may be computationally infeasible if there are a large number of plans.
Therefore, pre-generating a schedule represents a feasible alternative with greatly reduced
computational complexity. Furthermore, when input to the robotic system is received, the
disclosed subject matter allows for one particular plan to be revised locally, without requiring

a complex rescheduling of each plan in the schedule.

BRIEF DESCRIPTION OF THE DRAWINGS
[0019] FIG. 1A is a schedule of plans that can be executed by a robotic system including
plans A, B, C, and D.
[0020] FIG. 1B is a schedule that shows a revised version of plan C and a conflict arising
from plan C being revised.
[0021] FIG. 1C is a schedule that shows a dependency that is added between plans B and the
revised version of plan C.
[0022] FIG. 1D is a schedule free of the conflict shown in FIG. 1B.
[0023] FIG. 2 is a block diagram showing an example scheduler system and a robotic system.
[0024] FIG. 3 is an example flow diagram for adjusting a schedule to resolve conflicts

between plans.
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DETAILED DESCRIPTION
[0025] This specification generally describes systems, methods, devices, and other
techniques for planning the movements of robots, and more specifically, to techniques for re-
planning the movements of the robots based on real-time feedback about the robots’
execution of a process.
[0026] One or more robots can receive a schedule that describes an ordered sequence of
movements to be performed by the robots. In general, each schedule can describe one or
more plans, and each plan describes one or more tasks for the robots to perform. For
example, a schedule can include a set of plans related to assembling components of a car. A
first plan can relate to attaching the driver’s side door of the car, while a second plan can
relate to attaching the passenger’s side door. Following this example, the tasks of the first and
second plans can include a series of bolting actions that together attach the doors to their
respective sides. While the first and second plans may include the same or similar tasks, they
may be included in different plans. For example, the tasks may be separated into different
plans based on the relative location of tasks, e.g., a first plan may include one or more tasks
that are to be performed in a first location, while a second plan may include one or more tasks
that are to be performed in a second location. As another example, the tasks may be separated
because given two of the same tool, the two plans can be performed concurrently by two
different robots.
[0027] In some cases, a plan can include a speculation point, which represents a task or a
point in time in which further execution of the plan is contingent on additional input to the
robotic system. Based on the additional input received, the scheduler system may revise the
particular plan and then resolve any conflicts that may arise between the revised version of
the particular plan and other plans of the schedule, which have not yet finished/completed
execution.
[0028] Referring now to FIGS. 1A-1D, a series of schedules are depicted for an example
scenario that involves generating a revised version of a plan, detecting conflicts, and delaying
a plan to resolve a detected conflict.
[0029] Each of FIGS 1A-1D illustrates a different schedule, i.e., schedules 100A through
100D, respectively. Boxes A, B, C, D of FIGS. 1A-1D each represent a plan. The positions of
the plans along the horizontal axis shows the relative timing of each plan. Although not
explicitly shown with respect to each plan of the schedules 100A-100D, each plan includes a

series of tasks to be performed by the robotic system.
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[0030] Dependencies between plans are represented by arrows between boxes. Two plans are
said to be dependent, if the robotic system must execute one of the two plans before the other.
That is, if a second plan is dependent on a first plan, then the robotic system must execute the
first plan before executing the second plan. The dependencies between plans can be caused
by, for example, a resource requirement that is shared by two plans, e.g., if the execution of a
second plan requires a resource, which the execution of the first plan also requires, then the
robotic system cannot execute the second plan until it executes the first plan.

[0031] A resource used by the robotic system can include physical resources, such as
supplies or a tool. A resource can also include physical space, such as space in the
environment of the robot, for example, in a warehouse or production facility.

[0032] If instead two plans are independent of one another, then the robotic system can
execute the two plans in any order or at the same time. For example, two plans may be
independent of one another if they can each be executed independently of one another (e.g.,
with different robots of the robotic system and without conflicts that would arise from
concurrent use of a shared resource).

[0033] FIG. 1A is a schedule 100A of plans that can be executed by a robotic system.
Schedule 100A includes plans A, B, C, and D. Plan C includes two parts, Chead and Ctait. Plan
B is dependent on plan A, while plan D is dependent on plan C, as shown by the arrows that
connect the plans. Because plan B is dependent on plan A, the robotic system executes plan B
only after executing plan A. Similarly, plan D is dependent on plan C, with plan D executing
only after plan C is executed.

[0034] Schedule 100A also shows that plans A and B are independent of plans C and D. In
some cases, independent plans can be executed at the same time. For example, plan A can be
executed at the same time as plan C, as shown by an overlap between the two plans with
respect to their vertical positions. Similarly, schedule 100A shows that plans B and D are
executed concurrently.

[0035] In general, the starting and ending times of plans are not set in advance by a schedule.
Rather, the starting and ending times are based on the dependencies between plans, i.e., the
time at which a particular plan becomes executable by a robot based on, for example, what
plans are to be executed before the execution of the particular plan.

[0036] Plan C includes a speculation point 102, shown by a dashed line. In general, a
speculation point of a plan identifies a point in which the robotic system requires or can

accept one or more parameters in order to continue executing the plan. In some
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implementations, the one or more parameters represent a current state of the robotic system
or its environment. For example, the one or more parameters can represent an actual
dimension of a part or product being fabricated, which may be more or less than a nominal
dimension specified in a schematic for the part or product. In another example, the
parameters can represent a quantity of a particular resource that is required for the execution
of the tasks of a plan, e.g., a number of bolts available to a robot before the robot begins
executing a series of bolting tasks.

[0037] While the robotic system executes plan C, the robotic system uses one or more
sensors to determine measurements for one or more parameters that represent a current state
of the robotic system or its environment. The robotic system communicates the
measurements to a scheduler system, which determines the current state of the robotic system
or its environment. Speculation point 102 represents a time at which the scheduler system
determines, based on the current state of the robotic system or its environment, that plan C
may need to be re-planned.

[0038] In response to determining that plan C should be re-planned, the scheduler system
generates a revised version of plan C. FIG. 1B is a schedule 100B that shows plans A, B, and
D. Schedule 100B also shows plan C', which is the revised version of plan C. Like plan C,
plan C' includes Cread, because the robotic system executes the tasks included in Chead prior to
speculation point 102. Instead of including Cuil, C' includes Crail', which is the revised version
of Crail. Ctail' includes additional tasks, resulting in the plan taking longer to be executed than
Ctail, as shown by the plan's wider profile with respect to the horizontal axis. When the
scheduler system generates C', the dependencies that existed between C and the other plans of
schedule 100A, i.e., plan D, are inherited by plan C'.

[0039] In some implementations, an initial version of a plan and a revised version of the plan
differ in resource requirements. For example, if a first plan and a second plan both require the
use of a first paint sprayer, then a revised version of the second plan can differ from the initial
version of the second plan by requiring the use of a second paint sprayer.

[0040] FIG. 1B also shows a conflict arising from plan C being revised. Unlike plans A and
C, which can be executed concurrently, plan B cannot be executed at the same time as plans
C or C'. The portion of plan B which overlaps with plan C', with respect to the horizontal
positions of the two plans, is shown as conflict 104.

[0041] To ensure that the robotic system can execute both the tasks of plan B and the tasks of

plan C', the scheduler system resolves conflict 104 by adding a dependency between the
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conflicting plans. Referring to FIG. 1C, a schedule 100C includes a dependency 106, which
the scheduler system adds between plans B and C'. More specifically, dependency 106
illustrates that plan B depends on plan C'.

[0042] With the addition of dependency 106, plan B is dependent on plan A and plan C’.
Therefore, the robotic system must execute both plan A and plan C’* before executing plan B.
Because of the addition of dependency 106, the execution of plan B is delayed until after plan
C’. Referring to FIG. 1D, a schedule 100D after conflict 104 has been resolved by the
addition of dependency 106.

[0043] FIG. 1D also shows that no other plan, apart from plan C, is revised in light of the
scheduler system determining that plan C includes speculation point 102. That is, the
scheduler system can be configured to resolve conflicts without revising plans that do not
include a speculation point. Since the scheduler system can be configured to resolve conflicts
arising during execution of a process, the scheduler can avoid the expense of re-generating
optimized plans from scratch to resolve a conflict, and can instead perform more modest
scheduling adjustments that involve re-scheduling existing plans without revising the tasks or
sequence of tasks within each plan. For example, comparing schedules 100A and 100D, plans
A, B, and D are not affected by the local re-planning that that scheduler system performs in
response to conflict 104.

[0044] FIG. 2 shows a block diagram of an example scheduler system 200 in communication
with a robotic system 260. For example, robotic system 260 can include one or more robots
configured to work cooperatively in an automated process to fabricate a product. The
scheduler system 200 includes an execution manager 210, which is communicatively coupled
to a scheduler subsystem 220, a sensing and measurement subsystem 230, a re-scheduler
subsystem 240, and a conflict detector 250. In addition to showing the components of the
scheduler system 200 and the robotic system 260, FIG. 2 also shows stages A through G,
which illustrate a flow of data.

[0045] Scheduler subsystem 220 is configured to receive data representing a set of tasks to be
performed by robotic system 260, and to output a schedule to be executed by robotic system
260. As discussed above, each schedule includes one or more plans, while each plan includes
one or more tasks. Each task corresponds to an action to be completed by robotic system 260.
For example, a task of a plan can include performing a physical action, e.g., a first task can be
riveting components, while a second task can be spray painting the riveted components.

Accordingly, robotic system 260 may require a certain tool in order to complete a particular
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task. Following the previous example, robotic system 260 may require a rivet tool to
complete the first task, while the system may require a paint sprayer and paint to complete
the second task.

[0046] Scheduler system 200 also includes sensing and measurement subsystem 140, which
is configured to interface with one or more sensors of the robotic system 260. Sensing and
measurement subsystem 230 receives measurements for one or more parameters and
determines the current state of robotic system 260 based on the measurements. Sensing and
measurement subsystem 230 can communicate data representing the current state of robotic
system 260 to re-scheduler subsystem 240,

[0047] Re-scheduler subsystem 240 is configured to receive data representing the current
state of robotic system 260 and to generate a revised version of a plan based on the current
state. Re-scheduler subsystem 240 is also configured to generate a revised schedule that
includes one or more delayed plans.

[0048] The revised version of the plan generated by re-scheduler subsystem 240 may conflict
with one or more other plans in the schedule. Conflict detector 250 is configured to identify
conflicts between the revised plan and one or more other plans in the schedule. If conflict
detector 250 identifies a conflict, re-scheduler subsystem 240 adjusts the schedule to resolve
the conflict. For example, if the execution of a first plan would conflict with the execution of
a second plan, then re-scheduler subsystem 240 can generate a revised schedule in which the
second plan is delayed, so that the first and second plans no longer conflict.

[0049] In the example of FIG. 2, during stage A, scheduler system 220 generates a schedule,
which includes plans to be executed by robotic system 260, and communicates the schedule
to execution manager 210.

[0050] In stage B, execution manager 210 communicates the schedule to robotic system 260.
After receiving the schedule, robotic system 260 executes the schedule. That is, robotic
system 260 performs the tasks of the plans included in the schedule. Robotic system 260
performs the tasks until it arrives at a speculation point, at which point the robotic system can
accept additional information in order to proceed with the execution of the schedule. For
example, the robotic system may execute the tasks of a current plan while communicating to
scheduler system 220 measurements for one or more parameters that represent a current state
of the robotic system or its environment. In response to the measurements received at a
speculation point, scheduler subsystem 220 determines that the execution of the current plan

requires additional resources.
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[0051] In stages C/D, robotic system 260 uses one or more sensors to determine
measurements for one or more parameters that represent the current state of the robotic
system or its environment. Robotic system 260 communicates the measurements to scheduler
system 200, e.g., by communicating the measurements to execution manager 210. Sensing
and measurement subsystem 230 receives the measurements, e.g., from execution manager
210, and determines the current state of robotic system 260 or its environment. For example,
the measurements can indicate a quantity of the second resource available.

[0052] In stage E, sensing and measurement subsystem 230 communicates data representing
the current state of robotic system 260 or its environment to re-scheduler subsystem 240.
Using this information, re-scheduler subsystem 240 determines if the particular plan should
be revised, and if so, the re-scheduler subsystem generates a revised version of the particular
plan based on the measurements for the one or more parameters. The tasks of the revised
version of the particular plan replace the tasks of the particular plan at a speculation point of
the particular plan.

[0053] As an example, the measurements can indicate the current quantity of the second
resource available. Re-scheduler subsystem 240 can determine that the current quantity of the
second resource is insufficient to perform the tasks that follow the speculation point.
Therefore, re-cheduler subsystem 240 can revise the particular plan to include tasks such as
moving robotic system 260 to a resource repository, retrieving a quantity of the second
resource sufficient to perform one or more tasks, and returning the robotic system to a
workstation to perform the one or more tasks.

[0054] As another example, the particular plan may assume that a part required for the
execution of the particular plan, is at a first location. The measurements can indicate that the
part is not at the first location, but rather, at a second location. In response to determining that
the part is at the second location, re-scheduler subsystem 240 can generate a revised version
of the particular plan having a modified toolpath for the robotic system, to account for the
location of the part.

[0055] If, in stage E, re-scheduler subsystem 240 determines that the particular plan should
be revised, then it generates a revised version of the particular plan. In stage F, re-scheduler
subsystem 240 communicates the revised plan to conflict detector 250, which determines
whether the revised plan conflicts with any other plans in the schedule.

[0056] In stage G, conflict detector 250 communicates any conflicts detected to re-scheduler

subsystem 240. Prior to updating the schedule to include the revised plan, re-scheduler
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subsystem 240 adjusts the schedule based on the conflicts detected by re-scheduler subsystem
240. For example, if conflict detector 250 determines that there is a conflict between the
revised version of the particular plan and a conflicting plan, then re-scheduler subsystem 240
can resolve the conflict by adding a dependency between the revised version of the particular
and the conflicting plan so that the robotic system executes the conflicting plan only after
executing the revised version of the particular plan. Therefore, by modifying the dependency
structure of the schedule, re-scheduler system 240 can resolve a conflict without re-planning
plans other than the particular plan.

[0057] Once all conflicts are detected and resolved by conflict detector 250 and re-scheduler
subsystem 240, the reschedule subsystem communicates the conflict-free schedule to
execution manager 210. In turn, execution manager 210 communicates the schedule to
robotic system 260, which executes each plan of the schedule.

[0058] FIG. 3 is an example flow diagram of an example process 300 for adjusting a
schedule of plans to resolve a conflict between plans. The example process can be performed
by scheduler system 200 of FIG. 2.

[0059] The scheduler system obtains a schedule that defines an execution order for a plurality
of plans, each plan defining a sequence of tasks to be executed by a robotic system (305). For
example, the scheduler system can include a scheduler subsystem that is configured to
generate a schedule based on the tasks to be performed by a robotic system.

[0060] In some implementations, the scheduler subsystem can generate the schedule based on
at least one of expected execution times for the plurality of plans or expected resource
requirements for the plurality of plans. For example, the scheduler subsystem can determine
the expected execution times and/or expected resource requirements from historical data, e.g.,
execution of previous plans.

[0061] The scheduler system provides instructions to the robotic system to execute plans
from the plurality of plans according to the schedule (310). The scheduler system can
communicate the schedule to the robotic system, which can execute the plans according to
the schedule. That is, the robotic system can execute the tasks that make up the plans of the
schedule.

[0062] The scheduler system obtains measurements for one or more parameters that represent
a current state of the robotic system or its environment (315). The robotic system uses one or

more sensors to obtain the measurements, which it communicates to the scheduler system.

11



WO 2020/154628 PCT/US2020/015003

Using the measurements, the scheduler system determines the current state of the robotic
system or the current state of the environment of the robotic system.

[0063] The scheduler system determines that a particular plan requires adjustments based on
the measurements for the one or more parameters (320).

[0064] In some implementations, the one or more parameters that represent the current state
of the robotic system or its environment includes a first parameter that represents a result of
one or more tasks that were executed by the robotic system prior to or during the particular
plan. As an example, the action may be using a paint sprayer and the first parameter can
represent the amount of paint left in the paint sprayer, a measurement of how much paint was
applied, and an actual area of an object where the paint was applied. The scheduler system
can determine that the particular plan requires adjustments if the amount of paint is
insufficient to complete a task or if the area where the paint was applied was incorrect.
[0065] In some implementations, the result of the one or more tasks includes a location or a
dimension of a component that was made or placed on a product by a robotic system in the
course of execution of one or more plans. For example, if the robotic system was moving an
object prior to the particular plan, the first parameter can represent the location of the object
before the particular plan. As another example, if the robotic system was cutting a sheet of
metal, the first parameter can represent the dimensions of the sheet of metal after the robotic
system is finished cutting it. If the measured location or dimension differs from an expected
value that the scheduler system used to generate the particular plan, the scheduler system can
determine that the particularly plan requires adjustments in light of the measured parameters.
[0066] The scheduler system generates a revised version of the particular plan based on the
measurements for the one or more parameters (325). The scheduler system can include a
scheduler subsystem that is configured to receive the measurements for the one or more
parameters and determine the current state of the robotic system or the environment of the
robotic system. Using the current state of the robotic system or its environment, the scheduler
subsystem generates a revised version of the particular plan.

[0067] For example, the current state of the robotic system can include the positions of one or
more robots of the robotic system or the positions of one or more components of the one or
more robots, e.g., the position of an arm of a robot.

[0068] The current state of the robotic system can further include a quantity of a material or
resource required to perform one or more tasks of the schedule. The current state of the

environment of the robot can include the presence of one or more tools required by the
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robotic system. The current state of the environment can also include the presence of one or
more parts to be worked on by the robotic system, e.g., if the tasks of the schedule include
assembling an electronic device, then the current state of the environment can indicate the
presence of the electronic device.

[0069] The current state of the environment of the robot can further include information
related to the space occupied by other robots executing plans around the same time as a
particular plan that is to be re-planned. The current state of the environment during re-
planning may differ from the state of the environment that was initially used by the scheduler
system to generate an initial schedule.

[0070] In some implementations, the scheduler system generates at least one of an expected
execution time or an expected resource requirement for the particular plan based on expected
values for the one or more parameters that represent the current state of the robotic system or
its environment. The measurements for the one or more parameters, as obtained in stage 320,
may be different from the expected values for the one or more parameters.

[0071] The scheduler system determines whether any conflicts in the schedule result from
replacing the particular plan with the revised version of the particular plan (330). Replacing
the particular plan with the revised version of the particular plan may cause a conflict
between the revised version of the particular plan and a plan that is independent of the revised
version of the particular plan. For example, the schedule may require concurrent execution of
the particular plan and the revised version of the particular plan.

[0072] As another example, the revised version of the particular plan may include a different
starting position or ending position of the robotic system. Therefore, the revised version of
the particular plan may conflict with one or more other plans of the schedule.

[0073] As another example, a conflict may arise as a result of the schedule requiring
concurrent execution of two or more plans that make use of a common resource. In some
implementations, the common resource can be space, fuel, or a tool. For example, a conflict
would arise if two or more plans both require a paint sprayer, while both are scheduled to
execute at the same time.

[0074] The scheduler system adjusts the schedule that defines the execution order for the
plurality of plans so as to resolve a conflict between the revised version of the particular plan
and at least one other plan in the plurality of plans (335). For example, a re-scheduler
subsystem of the scheduler system can resolve a conflict between the revised version of the

particular plan and another, conflicting plan by delaying the start of the conflicting plan, as
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described in greater detail with regard to FIG. 4. As another example, adjusting the schedule
can include delaying execution of the conflicting plan by adding a constraint to the execution
order of the schedule such that the particular plan must be completed before the execution of
the conflicting plan.

[0075] While, in stage 325, the scheduler system revises the particular plan, the scheduler
system adjusts the schedule without revising any plans other than the particular plan.

[0076] Embodiments of the invention and all of the functional operations described in this
specification may be implemented in digital electronic circuitry, or in computer software,
firmware, or hardware, including the structures disclosed in this specification and their
structural equivalents, or in combinations of one or more of them. Embodiments of the
invention may be implemented as one or more computer program products, i.e., one or more
modules of computer program instructions encoded on a computer-readable medium for
execution by, or to control the operation of, data processing apparatus. The computer
readable medium may be a non-transitory computer readable storage medium, a machine-
readable storage device, a machine-readable storage substrate, a memory device, a
composition of matter effecting a machine-readable propagated signal, or a combination of
one or more of them. The term “data processing apparatus” encompasses all apparatus,
devices, and machines for processing data, including by way of example a programmable
processor, a computer, or multiple processors or computers. The apparatus may include, in
addition to hardware, code that creates an execution environment for the computer program
in question, e.g., code that constitutes processor firmware, a protocol stack, a database
management system, an operating system, or a combination of one or more of them. A
propagated signal is an artificially generated signal, e.g., a machine-generated electrical,
optical, or electromagnetic signal that is generated to encode information for transmission to
suitable receiver apparatus.

[0077] An “engine” as used herein refers to a data processing apparatus (e.g., one or more
computers, one or more processors) configured to perform operations. The data processing
apparatus can be provided in one or more locations, and can assume a centralized or
distributed architecture.

[0078] A computer program (also known as a program, software, software application, script,
or code) may be written in any form of programming language, including compiled or
interpreted languages, and it may be deployed in any form, including as a stand-alone

program or as a module, component, subroutine, or other unit suitable for use in a computing
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environment. A computer program does not necessarily correspond to a file in a file system.
A program may be stored in a portion of a file that holds other programs or data (e.g., one or
more scripts stored in a markup language document), in a single file dedicated to the program
in question, or in multiple coordinated files (e.g., files that store one or more modules, sub
programs, or portions of code). A computer program may be deployed to be executed on one
computer or on multiple computers that are located at one site or distributed across multiple
sites and interconnected by a communication network.

[0079] The processes and logic flows described in this specification may be performed by
one or more programmable processors executing one or more computer programs to perform
functions by operating on input data and generating output. The processes and logic flows
may also be performed by, and apparatus may also be implemented as, special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) or an ASIC (application specific
integrated circuit).

[0080] Processors suitable for the execution of a computer program include, by way of
example, both general and special purpose microprocessors, and any one or more processors
of any kind of digital computer. Generally, a processor will receive instructions and data from
aread only memory or a random access memory or both. The essential elements of a
computer are a processor for performing instructions and one or more memory devices for
storing instructions and data. Generally, a computer will also include, or be operatively
coupled to receive data from or transfer data to, or both, one or more mass storage devices for
storing data, e.g., magnetic, magneto optical disks, or optical disks. However, a computer
need not have such devices. Moreover, a computer may be embedded in another device, e.g.,
a tablet computer, a mobile telephone, a personal digital assistant (PDA), a mobile audio
player, a Global Positioning System (GPS) receiver, to name just a few. Computer readable
media suitable for storing computer program instructions and data include all forms of non-
volatile memory, media, and memory devices, including by way of example semiconductor
memory devices, e.g., EPROM, EEPROM, and flash memory devices; magnetic disks, e.g.,
internal hard disks or removable disks; magneto optical disks; and CD ROM and DVD-ROM
disks. The processor and the memory may be supplemented by, or incorporated in, special
purpose logic circuitry.

[0081] To provide for interaction with a user, embodiments of the invention may be
implemented on a computer having a display device, e.g., a CRT (cathode ray tube) or LCD

(liquid crystal display) monitor, for displaying information to the user and a keyboard and a
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pointing device, e.g., a mouse or a trackball, by which the user may provide input to the
computer. Other kinds of devices may be used to provide for interaction with a user as well;
for example, feedback provided to the user may be any form of sensory feedback, e.g., visual
feedback, auditory feedback, or tactile feedback; and input from the user may be received in
any form, including acoustic, speech, or tactile input.

[0082] Embodiments of the invention may be implemented in a computing system that
includes a back end component, e.g., as a data server, or that includes a middleware
component, e.g., an application server, or that includes a front end component, e.g., a client
computer having a graphical user interface or a Web browser through which a user may
interact with an implementation of the invention, or any combination of one or more such
back end, middleware, or front end components. The components of the system may be
interconnected by any form or medium of digital data communication, e.g., a communication
network. Examples of communication networks include a local area network (“LAN) and a
wide area network (“WAN?”), e.g., the Internet.

[0083] The computing system may include clients and servers. A client and server are
generally remote from each other and typically interact through a communication network.
The relationship of client and server arises by virtue of computer programs running on the
respective computers and having a client-server relationship to each other.

[0084] While this specification contains many specifics, these should not be construed as
limitations on the scope of the invention or of what may be claimed, but rather as descriptions
of features specific to particular embodiments of the invention. Certain features that are
described in this specification in the context of separate embodiments may also be
implemented in combination in a single embodiment. Conversely, various features that are
described in the context of a single embodiment may also be implemented in multiple
embodiments separately or in any suitable subcombination. Moreover, although features may
be described above as acting in certain combinations and even initially claimed as such, one
or more features from a claimed combination may in some cases be excised from the
combination, and the claimed combination may be directed to a subcombination or variation
of a subcombination.

[0085] Similarly, while operations are depicted in the drawings in a particular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated operations be performed, to achieve

desirable results. In certain circumstances, multitasking and parallel processing may be
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advantageous. Moreover, the separation of various system components in the embodiments
described above should not be understood as requiring such separation in all embodiments,
and it should be understood that the described program components and systems may
generally be integrated together in a single software product or packaged into multiple
software products.

[0086] In each instance where an HTML file is mentioned, other file types or formats may be
substituted. For instance, an HTML file may be replaced by an XML, JSON, plain text, or
other types of files. Moreover, where a table or hash table is mentioned, other data structures
(such as spreadsheets, relational databases, or structured files) may be used.

[0087] Thus, particular implementations of the invention have been described. Other
implementations are within the scope of the following claims. For example, the actions

recited in the claims may be performed in a different order and still achieve desirable results.
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CLAIMS

What is claimed is:

1. A computer-implemented method, comprising;

obtaining a schedule that defines an execution order for a plurality of plans, each plan
defining a sequence of tasks to be executed by a robotic system;

providing instructions to the robotic system to execute plans from the plurality of
plans according to the schedule;

obtaining measurements for one or more parameters that represent a state of the
robotic system or its environment that results from execution of at least one plan from the
plurality of plans;

determining, based on the measurements for the one or more parameters that represent
the state of the robotic system or its environment, that a particular plan from the plurality of
plans, which has not completed execution, is to be revised;

generating, using the measurements for the one or more parameters that represent the
state of the robotic system or its environment, a revised version of the particular plan; and

adjusting the schedule that defines the execution order for the plurality of plans so as
to resolve a conflict between the revised version of the particular plan and at least one other

plan in the plurality of plans.

2. The computer-implemented method of claim 1, further comprising providing
instructions to the robotic system to execute plans from the plurality of plans, including the

revised version of the particular plan, according to the adjusted schedule.

3. The computer-implemented method of any one of claims 1-2, further comprising:
determining whether any conflicts in the schedule result from replacing the particular
plan with the revised version of the particular plan; and
in response to determining that a conflict results between the revised version of the
particular plan and at least one other plan in the plurality of plans, adding a dependency
between the revised version of the particular plan and the at least one other plan so as to

resolve the conflict.
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4. The computer-implemented method of claim 3, wherein determining whether any
conflicts in the schedule result from replacing the particular plan with the revised version of
the particular plan comprises determining whether the schedule would require concurrent

execution of two or more plans that make use of a common resource.

5. The computer-implemented method of any one of claims 1-4, wherein determining
that the particular plan that has not completed execution is to be revised comprises arriving at
a speculation point in the particular plan and evaluating the measurements for the one or

more parameters that represent the state of the robotic system or its environment.

6. The computer-implemented method of any one of claims 1-5, wherein adjusting the
schedule that defines the execution order for the plurality of plans comprises delaying
execution of the at least one other plan that conflicts with the revised version of the particular
plan by adding a dependency between the at least one other plan and the revised version of
the particular plan, wherein the dependency conditions execution of the at least one other

plan on completion of execution of the revised version of the particular plan.

7. The computer-implemented method of any one of claims 1-6, wherein adjusting the
schedule that defines the execution order for the plurality of plans comprises enforcing a
constraint that fixes the sequences of tasks defined by each plan in the plurality of plans other

than the particular plan.

8. The computer-implemented method of any one of claims 1-7, further comprising
adjusting the schedule that defines the execution order for the plurality of plans without
revising any plans in the plurality of plans other than the particular plan.

9. The computer-implemented method of any one of claims 1-8, wherein an initial
version of the particular plan and the revised version of the particular plan have at least one

of different execution times or different resource requirements.
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10.  The computer-implemented method of any one of claims 1-9, wherein the obtained
schedule is an initial version of the schedule; and

the method further comprises generating the initial version of the schedule based on at
least one of expected execution times for the plurality of plans or expected resource
requirements for the plurality of plans,

wherein at least one of an expected execution time or an expected resource
requirement for the particular plan is based on expected values for the one or more

parameters that represent the current state of the robotic system or its environment.

11.  The computer-implemented method of claim 10, wherein the measurements for the
one or more parameters that represent the current state of the robotic system or its

environment are different from the expected values for the one or more parameters.

12.  The computer-implemented method of any one of claims 1-11, wherein the one or
more parameters that represent the current state of the robotic system or its environment
comprise a first parameter that represents a result of executing one or more tasks in the

particular plan before the particular plan completes execution.

13.  The computer-implemented method of claim 12, wherein the result of the one or more
tasks comprises a location or a dimension of a component that was made or placed on a

product by a robotic system in the course of execution of one or more plans.

14.  The computer-implemented method of any one of claims 1-13, wherein the robotic
system comprises a plurality of robots configured to work cooperatively in an automated

process to fabricate a product.

15. A system comprising one or more computers and one or more storage devices storing
instructions that are operable, when executed by the one or more computers, to cause the one

or more computers to perform the method of any one of claims 1 to 14.

16. One or more computer-readable storage media encoded with a computer program, the
program comprising instructions that are operable, when executed by data processing
apparatus, to cause the data processing apparatus to perform the method of any one of claims

1 to 14.
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310
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