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ASSEMBLY SEQUENCE GENERATION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 17/467,945 entitled “ASSEMBLY

SEQUENCE GENERATION?”, filed Sep. 7, 2021, which
claims the benefit of U.S. Provisional Apphcatlon No.

63/075,738, entitled “ASSEMBLY SEQUENCE GENERA-
TION” and filed on Sep. 8, 2020, which 1s assigned to the
assignee hereol and expressly incorporated by reference
herein 1n 1ts entirety.

BACKGROUND

Field

[0002] The present disclosure relates generally to robotic
systems and methods; and, more particularly, to one or more
techniques for determining an assembly sequence for parts
to be assembled 1n a robotic cell containing one or more
robofts.

INTRODUCTION

[0003] A vehicle such as an automobile, truck or aircraft
1s made of a large number of individual structural compo-
nents joined together to form the body, frame, iterior and
exterior surfaces, etc. These structural components provide
form to the automobile, truck, and aircraft, and respond
appropriately to the many different types of forces that are
generated or that result from various actions like accelerat-
ing and braking. These structural components also provide
support. Structural components of varying sizes and geom-
etries may be integrated in a vehicle, for example, to provide
an interface between panels, extrusions, and/or other struc-
tures. Thus, structural components are an integral part of
vehicles.

[0004] Most structural components must be joined with
another part, such as another structural component, 1n
secure, well-designed ways. Modern automobile factories
rely heavily on robotic assembly of structural components.
However, robotic assembly of automobile components typi-
cally requires the use of fixtures. In conventional automobile
tactories, for example, each part of the automobile that will
be robotically assembled typically requires a unique fixture
that 1s specific to that part. Given the large number of
individual parts 1 an automobile that are robotically
assembled, an equally large number of fixtures are typically
required. In fact, a modern automobile chassis can consist of
thousands of assembled parts, each part typically requiring
a specially designed fixture for assembly. However, fixtures
can be extremely expensive. In fact, 1t 1s not unusual for a
single fixture for an automobile part to cost $300,000 to
$500.000. The cost of the fixtures used in an automobile
factory 1s a large portion of the cost of the entire factory. As
a result, building a modern automobile factory requires a
massive capital investment, making 1t necessary to build and
sell hundreds of thousands of cars just to recapture the 1nitial
investment and break even, let alone make a profit.

[0005] In addition to their enormous cost, fixtures can
typically only be used for the specific part for which they are
designed. Therefore, 11 a part 1s changed 1n some way, for
example, 1f the car model’s design 1s updated, an entirely
new lixture must be designed and built. This adds significant
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cost and time to the process of changing or updating car
models. As a result, automobiles models are updated only
inirequently, for example, every five or six years or more. In
addition, the cost and 1ntlexibility of fixtures has caused the
automobile industry to look towards using common struc-
tures across diflerent vehicle models, such as using the same
subframe for a car model and an SUV model. However, this
commonality can severely limit the design of each vehicle
forced to share the structure. As a result, vehicles on the road
begin to look more and more the same, and consumers are
lett with fewer distinct choices.

SUMMARY

[0006] Several aspects of robotic systems, methods, and
apparatuses will be described more fully heremafter.
[0007] In an aspect of the present disclosure, a method 1s
presented. The method may include receiving, by a first
processor, assembly parameters. The assembly parameters
may include part information relating to a plurality of parts.
The part information may include geometry information for
cach part of the plurality of parts. The method may include
generating, by the first processor, a first assembly sequence
for the plurality of parts based on the assembly parameters.
The first assembly sequence may define a first order 1n which
the plurality of parts 1s to be joined to form an assembly. The
method may include generating, by the first processor, first
simulation performance information for the first assembly
sequence. The first simulation performance information may
be associated with a robotic cell configuration that includes
a plurality of robots. The first stmulation performance infor-
mation may include first robot utilization information and at
least one of: first cycle time information corresponding to
the plurality of robots or first assembly accuracy information
corresponding to the assembly. The method may include
selecting the first assembly sequence based on (1) the first
simulation performance information corresponding to the
first assembly sequence or (1) a first score corresponding to
the first assembly sequence. The first score may be based on
the first stmulation performance information corresponding,
to the first assembly sequence. The method may include
generating, by the first processor, first program information
and second program information for the selected first assem-
bly sequence. The first program information may be con-
figured to be imported into a first program and the second
program 1mnformation may be configured to be imported nto
a second program.

[0008] In an aspect of the present disclosure, a system 1s
presented. The system may include a memory and a first
processing system communicatively coupled to the memory.
The first processing system may be configured to receive
assembly parameters from the memory. The assembly
parameters may include part information relating to a plu-
rality of parts. The part information may include geometry
information for each part of the plurality of parts. The first
processing system may be configured to generate a first
assembly sequence for the plurality of parts based on the
assembly parameters. The {first assembly sequence may
define a first order 1n which the plurality of parts 1s to be
joined to form an assembly. The first processing system may
be configured to generate first stmulation performance nfor-
mation for the first assembly sequence. The first simulation
performance information may be associated with a robotic
cell configuration that includes a plurality of robots. The first
simulation performance information may include first robot
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utilization information and at least one of: first cycle time
information corresponding to the plurality of robots or {first
assembly accuracy information corresponding to the assem-
bly. The first processing system may be configured to select
the first assembly sequence based on (1) the first simulation
performance information corresponding to the first assembly
sequence or (1) a first score corresponding to the first
assembly sequence. The first score may be based on the first
simulation performance information corresponding to the
first assembly sequence. The first processing system may be
configured to generate first program information and second
program 1nformation for the selected first assembly
sequence. The first program imnformation may be configured
to be imported 1nto a first program and the second program
information may be configured to be imported 1into a second
program.

[0009] Other aspects will become readily apparent to those
skilled 1n the art from the following detailed description,
wherein 1s shown and described only several exemplary
embodiments by way of illustration. As will be realized by
those skilled in the art, concepts described herein are capable
of other and different embodiments, and several details are
capable of modification 1n various other respects, all without
departing from the present disclosure. Accordingly, the
drawings and detailed description are to be regarded as
illustrative 1n nature and not as restrictive.

BRIEF DESCRIPTION OF THE

[0010] Various aspects of the concepts described herein
will now be presented in the detailed description by way of
example, and not by way of limitation, 1n the accompanying
drawings, wherein:

[0011] FIG. 1 illustrates an example processing system 1n
which one or more techniques described herein may be
employed.

[0012] FIG. 2 illustrates an example algorithm that may be
performed by an assembly sequence generator, simulator,
and simulation performance information processor 1 accor-
dance with one or more techniques of this disclosure.

[0013] FIGS. 3A-B illustrate an example algorithm 1n
accordance with one or more techniques of this disclosure.

[0014] FIG. 4 1llustrates an example method in accordance
with the techniques disclosed herein.

DRAWINGS

DETAILED DESCRIPTION

[0015] The detailed description set forth below 1n connec-
tion with the appended drawings 1s mtended to provide a
description of various exemplary embodiments of the con-
cepts disclosed herein and 1s not intended to represent the
only embodiments 1n which the disclosure may be practiced.
The terms “example” and “exemplary” used in this disclo-
sure mean “‘serving as an example, instance, or illustration,”
and should not necessarily be construed as preferred or
advantageous over other embodiments presented in this
disclosure. The detailed description 1includes specific details
for the purpose of providing a thorough and complete
disclosure that fully conveys the scope of the concepts to
those skilled in the art. However, the disclosure may be
practiced without these specific details. In some instances,
well-known structures and components may be shown in
block diagram form, or omitted entirely, in order to avoid
obscuring the various concepts presented throughout this
disclosure.
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[0016] In contrast to conventional automobile manufac-
turing, fixtureless assembly eliminates or significantly
reduces reliance on fixtures as part of a new approach to
assembling vehicle structures and other multi-part struc-
tures. Such assembly operations may include joining two or
more structures (e.g., additively manufactured structures
such as nodes), parts, components, and the like. In joining
multiple structures, at least a portion of a vehicle may be
assembled. For example, joining multiple structures may
result 1n assembly of at least a portion of a body, frame,
chassis, panel, etc. of a vehicle. Advantageously, such
assembly operations can be executed through controlling a
set of robots to join structures without the use of fixtures. For
example, a part may include a robot engagement feature as
described herein that may reduce or eliminate the need for
use of a fixture with respect to the part. Structures joined by
the set of robots may be additively manufactured.

[0017] One or more techniques described herein may
reduce development costs, reduce processing resources con-
sumption (e.g., by selecting an assembly sequence according,
to one or more criteria, which may cause the processing
system to stop, halt, pause, or prevent further generation of
one or more assembly sequences associated with the plu-
rality of parts for which the selected assembly sequence was
generated, thereby saving processing resources resulting n
increased computing efliciency), optimize assembly
sequence generation (e.g., reducing the number of assembly
sequences generated and simulated thereby saving process-
ing resources resulting in increased computing efliciency),
or any combination thereof.

[0018] FIG. 1 1illustrates an example assembly system 100,

which may be a processing system as described herein, in
which one or more techniques described herein may be
employed. In some examples, the assembly system may
include a processing system 101 and a robotic cell 130.
Processing system 101 may include an assembly sequence
planner 102 and a memory 120. Assembly system 100 may
generate one or more assembly sequences for a plurality of
parts, select one of the assembly sequences, and assemble
the parts according to a selected assembly sequence. Each
assembly sequence may define a respective order in which
the plurality of parts 1s to be joined, combined, or assembled
to form an assembly. For example, a first assembly sequence
may define a first order 1n which the plurality of parts 1s to
be joined to form an assembly, and a second assembly
sequence may define a second order in which the plurality of
parts 1s to be joined to form an assembly. The first order may
be the same as or different from the second order. While the
order may be the same or different across the first and second
generated assembly sequences 1n this example, the first and
second generated assembly sequences may still be difierent.
For example, while the order may be the same, the parts may
have different starting positions in robotic cell 130. As used
herein, a part may refer to any physical structure that may be
combined, joined, or assembled with (1) one or more other
parts to form an assembly or (11) a sub-assembly to form an
assembly. An assembly may refer to a final assembly or a
sub-assembly of the final assembly. A sub-assembly may be
combined, joined, or assembled with another part to form an
assembly, which may be a final assembly or another sub-
assembly. Whether an assembly 1s a sub-assembly or a final
assembly, both a sub-assembly and a final assembly include
a plurality of previously unassembled parts that are com-
bined, joined, or assembled to form the sub-assembly or the
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final assembly, respectively. A final assembly may refer to an
assembly where all parts of a plurality of parts are joined,
combined, or assembled together.

[0019] In the example shown in FIG. 1, assembly system
100 includes assembly sequence planner 102, memory 120,
one or more user iput devices 140, and robotic cell 130. The
one or more user input devices 140 may include any user
iput device, such as a mouse, keyboard, touchscreen,
smartphone, computer, or any other input device. Assembly
sequence planner 102 may be communicatively coupled
with one or more robotic cell components of robotic cell
130. Assembly sequence planner 102 may be communica-
tively coupled to memory 120 configured to store informa-
tion. The information stored on memory 120 may include
assembly parameters, such as part-specific information (e.g.,
part mnformation 122) and robot-specific information (e.g.,
robotic cell configuration information 124 and simulation
information 126).

[0020] Assembly sequence planner 102 may be commu-
nicatively coupled to the one or more user input devices 140,
which may generate user mput information in response to
interaction by a user of assembly system 100. Assembly
sequence planner 102 may receive user mput mformation
from the one or more user mput devices 140. Assembly
sequence planner 102 may store user input information
received from the one or more user input devices 140 in
memory 120. Part information 122, robotic cell configura-
tion information 124, simulation mmformation 126, or any
combination thereof may include user mput information.
Assembly sequence planner 102 may obtain information
stored on memory 120, including, for example, part infor-
mation 122, robotic cell configuration information 124, and
simulation information 126.

[0021] Robotic cell 130 may include one or more robotic
cell components of robotic cell 130, which are depicted as
robotic cell components 132-1 through 132-N, where N 1s an
integer greater than or equal to 1 and represents the Nth
robotic cell component of robotic cell 130 m examples
where robotic cell 130 includes more than one robotic cell
component. A robotic cell component can be, for example,
a robotic arm, an automated guided vehicle (AGV), a
motorized slide for moving a robot (e.g., linear translation),
a part table, a computer processor, etc. For example, the one
or more components of robotic cell 130 may include one or
more robots and a processing system commumnicatively
coupled to the one or more robots. A processing system of
robotic cell 130 may provide information to the one or more
robots and recetve information from the one or more robots.
Similarly, the one or more robots of robotic cell 130 may
provide information to the processing system and receive
information from the processing system. The information
communicated between the one or more robots and the
processing system of robotic cell 130 may include, for
example, robot position information, robot movement infor-
mation, robot state information, PLC state information,
robot control information, or robot program run information.
In some examples, a processing system of robotic cell 130
may be a programmable logic controller (PLC).

[0022] Robotic cell 130 may include more than one pro-
cessing system. For example, robotic cell 130 may include
a first processing system corresponding to a first robotic cell
component and a second processing system corresponding
to a second robotic cell component. The first processing
system may be a PLC and the second processing system may
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be a metrology system configured to measure various nfor-
mation regarding one or more robots of robotic cell 130. In
some examples, the processing systems may provide and
receive mformation between each other. For example, the
first processing system may provide information to the
second processing system and receive information from the
second processing system. Similarly, the second processing
system may provide information to the first processing
system and receive information from the first processing
system. The information communicated between processing,
systems ol robotic cell 130 may include, for example, robot
position information, robot movement information, robot
state information, PLC state information, robot control
information, or robot program run information. Information
described as being provided, transmitted, obtained, received,
or the like may be communicated 1n accordance with one or
more communication protocols. For example, obtaiming
information from a memory may be accomplished by 1ssu-
ing an instruction compliant with a communication protocol
with which the memory 1s configured to comply. As another
example, information communicated between robotic cell
components may utilize one or more communication pro-
tocols, which may depend on whether any intermediary
components reside between the robotic cell component
providing information and the robotic cell component des-
tined to recetve the information.

[0023] FEach robotic cell component of robotic cell 130
may include a memory and a program stored on the memory
that, when executed by a component of the robotic cell
component, causes the cell component to perform one or
more functions. For example, robotic cell component 132-1
may include a memory 134-1 with program 136-1 stored
thereon, and robotic cell component 132-N may include a
memory 134-N with program 136-N stored thereon. In an
example where robotic cell component 132-1 1s a robot and
robotic cell component 132-2 (1.e., an example of a robotic
cell component where N>0) 1s a processing system, the
program 136-1 may be a robot program and the program
136-2 may be a processing system program, such as a PLC
program 1n an example where the processing system 1s a

PLC.

[0024] Assembly sequence planner 102 may cause pro-
gram information generated by assembly sequence planner
102 to be imported 1nto a program stored on a memory of a
robotic cell component of the one or more robotic cell
components of robotic cell 130. For example, assembly
sequence planner 102 may generate program information
138-1 and cause program information 138-1 to be imported
into the program 136-1. Similarly, assembly sequence plan-
ner 102 may generate program information 138-N and cause
program information 138-1 to be imported 1nto the program
136-N. To cause program information to be imported into a
program, assembly sequence planner 102 may provide the
program information to the robotic cell component that 1s
configured to run the program with which the program
information 1s associated. The robotic cell component may
receive the program information and import the recerved
program information into the program. In some examples,
the importation of program information into a program may
refer to storing the program information on a memory
accessible by the robotic cell component which 1s configured
to run the program. In other examples, the importation of
program information into a program may refer to modifying
the program to include the program information.
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[0025] In some examples, assembly parameters, such as
part information 122, may include part information that
relates to the plurality of parts. Part information may include
geometry mformation for each part of the plurality of parts.
Geometry information may include three-dimensional infor-
mation regarding the part. For example, geometry informa-
tion may include length, width, and height information,
CAD information, etc. As another example, geometry infor-
mation may include three-dimensional contour information
regarding the part. As another example, geometry imforma-
tion can include three-dimensional information that repre-
sents the part 1 three-dimensional space. Assembly
sequence planner 102 may derive geometry information
from a three-dimensional model of any part that 1s defined
in a three-dimensional rendering program file. In such an
example, the three-dimensional rendering program file may
include a three-dimensional model for one or more parts of
a plurality of parts. The three-dimensional rendering pro-
gram file may be stored in memory 120. In some examples,
the assembly sequence planner may receive the three-di-
mensional rendering program file from the one or more user
input devices 140 and store the three-dimensional rendering
program {ile 1n memory 120.

[0026] Geometry mnformation may include joint informa-
tion for each respective part of the plurality of parts. Joint
information may include the number of joints that each part
of the plurality of parts includes. As used herein, a joint may
refer to a join or assembly location of a part to which another
part or a sub-assembly may be joined. The join or assembly
location may be any structural feature of the part. Joint
information may include the location of each joint of each
part. For example, the location of a joint may 1dentity where
on the part the joint 1s positioned. The location of a joint
may, for example, be i1dentified relative to an engagement
feature, such as a quick connect (QC) feature. Joint infor-
mation may specily, for example, a relative position and
orientation of a joint location relative to an engagement
feature. Joint mnformation may identity the type of joint for
cach joint of each part. For example, the type of joint may
be a surface, a protrusion, or any other structural feature that
1s combined or joined with another structural feature of a
sub-assembly or a part.

[0027] Geometry mformation may include robot engage-
ment feature information for each respective part of the
plurality of parts. Robot engagement feature information
may include the number of robot engagement features that
cach part of the plurality of parts includes. As used herein,
a robot engagement feature may refer to any structural
teature of the part that 1s configured to be engaged by one or
more robots. For example, a robot engagement feature may
refer to a structural feature that 1s configured to enable a
robot to grab, hold, pick-up, move, or mampulate the part via
engagement with the structural feature. As another example,
a robot engagement feature may refer to a structural feature
that enables a robot to apply adhesive to the part via the
structural feature. Robot engagement feature information
may 1nclude the location of each robot engagement feature
of each part. For example, the location of a robot engage-
ment feature may 1dentily where on the part the robot
engagement feature 1s positioned. Robot engagement feature
information may 1dentity the type of robot engagement
teature for each robot engagement feature of each part. For
example, the type of robot engagement feature may be a
surface, a protrusion, an additively manufactured structural

Aug. 29, 2024

feature (e.g., a three-dimensional printed structural feature),
a QC feature, or any other structural feature that 1s config-
ured to be engaged by one or more robots.

[0028] Part information may include sub-assembly infor-
mation the plurality of parts. Sub-assembly information may
identily one or more sub-assemblies and the parts associated
with such one or more sub-assemblies. A sub-assembly may
be an assembly of a number of parts that 1s less than the
plurality of parts. In some examples, a sub-assembly may be
an assembly required to be assembled from the plurality of
parts. In such examples, the sub-assembly may include a
joit, a robot engagement feature, or any other structural
feature that may be used during the assembly process of the
plurality of parts to achieve or build the final assembly.
Sub-assembly information may include geometry informa-
tion, such as joint mnformation and robot engagement feature
information, for a sub-assembly.

[0029] In some examples, assembly parameters, such as
robotic cell configuration information 124, may include part
delivery information that relates to how the parts are deliv-
ered to the robotic cell. For example, part delivery informa-
tion can include information of a plurality of part delivery
structures on which one or more parts may be positioned
before assembly with another part or a sub-assembly. For
example, a part delivery structure may be a table on which
a part may be positioned prior to being engaged, such as
picked up, by a robot for assembly with another part or a
sub-assembly. Part delivery information may include robotic
cell location information for each respective part delivery
structure relative to robotic cell 130 that identifies where,
relative to robotic cell 130, each respective part delivery
structure 1s located. For example, one or more part delivery
structures may be positioned within robotic cell 130, on the
perimeter of robotic cell 130, outside of robotic cell 130, or
any combination thereof. Part delivery information may
include a part delivery structure 1dentifier for each respective
part that 1dentifies which respective part delivery structure
cach respective part 1s to be positioned on before assembly.
Part delivery information may include part location infor-
mation and/or orientation information for each respective
part that identifies where each respective part 1s to be
positioned and/or oriented on a respective part delivery
structure before assembly. Part delivery information may
identify the type of part delivery structure. For example, a
part delivery structure may be a table, a bin, a wall, a
conveyor belt, an AGV, or any other structure on which one
or more parts may be located belfore assembly.

[0030] In some examples, assembly parameters, such as
robotic cell configuration information 124, may include
information that identifies the number of robotic cell com-
ponents, such as the number of robots, 1n robotic cell 130.
The robotic cell configuration information 124 may include
information that identifies the location of robotic cell com-
ponents, such as the locations of robots 1n a robotic cell
layout, 1n robotic cell 130. The robotic cell configuration
information 124 may include information that identifies the
location of robotic cell components, such as the locations of
robots in a robotic cell layout and locations at which any part

delivery structures access the robotic cell, 1n robotic cell
130.

[0031] In some examples, assembly parameters, such as
simulation mformation 126, may include information that
enables simulation of robotic cell 130. For example, the
simulation information 126 may include one or more robot
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cell simulation parameters and/or rules corresponding to
robotic cell 130 that enable simulator 106 to simulate
assembling a plurality of parts 1n robotic cell 130 in accor-
dance with an assembly sequence generated by assembly
sequence generator 104. Robotic cell stmulation parameters
may include, for example, robot speeds, robot power usages,
robot accuracies, robot reach, part delivery structure speeds,
etc.

[0032] Assembly sequence planner 102 may include
assembly sequence generator 104, which may generate one
or more assembly sequences for a plurality of parts. Assem-
bly sequence generator 104 may generate the one or more
assembly sequences based on part mformation 122. For
example, the assembly sequence generator may be config-

ured to recerve part information 122, such as from memory
120.

[0033] Assembly sequence generator 104 may assign
information to each part of the plurality of parts, such that
an assembly sequence includes mapped information, such as
a data structure, that maps each part in the assembly
sequence to information, where such information may
include any part information 122. For example, a plurality of
parts may include a first part, a second part, and a third part.
In a first example, assembly sequence generator 104 may
assign part information 122 to each of the first, second, and
third parts 1n a first assembly sequence. In this ﬁrst example,

the first assembly sequence may define the order of assem-
bly as the first part 1s to be assembled with the second part
and then the third part 1s to be assembled with the second
part, which 1s already assembled with the first part. The
generated first assembly sequence may include first part
delivery information assigned to the first part, second part
delivery information assigned to the second part, and third
part delivery information assigned to the third part. How-
ever, 1n a second example including the same plurality of
parts as the first example, assembly sequence generator 104
can assign part mnformation 122 to each of the first, second,
and third parts 1n a second assembly sequence. In this second
example, the second assembly sequence may define the
order of assembly as the second part 1s to be assembled with
the third part and then the first part 1s to be assembled with
the second part, which 1s already assembled with the third
part. The generated second assembly sequence may include
the first part delivery imnformation assigned to the first part,

the second part delivery information assigned to the second
part, and the third part delivery information assigned to the
third part. In these two examples, the first, second, and third
part delivery information may, for example, be a first,
second, and third part delivery structure i1dentifier, respec-
tively.

[0034] As another example, an assembly sequence gener-
ated by assembly sequence generator 104 may include part
delivery location information assigned to each part of the
plurality of parts within the assembly sequence. For
example, 1n generating the one or more assembly sequences
for the plurality of parts based on the assembly parameters,
assembly sequence generator 104 may assign respective part
delivery location information to each respective part of the
plurality of parts for each respective assembly sequence of
the one or more assembly sequences.

[0035] In some examples, assembly sequence generator
104 may generate one or more assembly sequences by using
a computer program(s). For example, the assembly sequence
generator may generate one or more assembly sequences by
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executing computer code on the assembly parameters. As an
example, one or more assembly sequences may be generated
by applying a first computer code to the assembly param-
cters, and one or more assembly sequences may be gener-
ated by applying a second computer code to the assembly
parameters. The first and second computer codes may be
different. For example, the first computer code may use a
genetic method and the second computer code may use a
mixed integer linear program (MILP). Other example meth-
ods could include satisfiability methods (such as satisfiabil-
ity modulo theories (SMT)). As another example, the first
and second computer codes may use different genetic meth-
ods. In another example, the first and second computer codes
can be any combination of the methods above. In various
embodiments, these methods may be used 1n simulator 106
and/or simulation performance information processor as
well.
[0036] Example Genetic Method: Genetic algorithms
(GAs) are an optimization methodology that may be
employed or otherwise performed by assembly sequence
planner 102, such as by assembly sequence generator 104.
(GAs are a subset of evolutionary algorithms. In GA termi-
nology, a population 1s the group of candidates (chromo-
somes) at any given iteration, a chromosome 1s a set of
design variables (genes) which make up the search space,
and a gene 1s a design variable which 1s attempted to be
optimized. A generation 1s each new population 1n this
iterative process. The design varnables are encoded into a
suitable format for the GA operators, such as a flat one-
dimensional array of genes or a two-dimensional array of
genes. The population of chromosomes evolves via mating
of elite (best scored) parents via crossover and mutation
operators. The GA performance may be enhanced by utiliz-
ing different types of mutation and crossover operators to
define various search characteristics.

[0037] In order to reduce the time 1t takes to find a local
optima and/or global optima candidate solutions, meta-
heuristic knowledge may be built into the GA to reduce the
search space. The part delivery structures and parts encoded
in the assignments may not be independent. The search
space may be reduced by exploiting some problem specific
knowledge for positioning parts on the tables.

[0038] Part Delivery Structure Adjacency: In some
examples, part delivery structures may be considered adja-
cent 1f they are within one or two shared handlers reach from
cach other. This may be a reasonable definition since parts
from any two part delivery structures must be joined by at
least two handlers. A handler may refer to a robot.

[0039] Sub-assembly Tree: In some examples, sub-assem-
blies group parts that should enter the system on adjacent
part delivery structures. The leal sub-assemblies may be
particularly useful since they contain the parts.

[0040] Part Joints: May define which parts are connected
to each other. This information may be partially redundant
with the sub-assembly tree since all parts 1n a sub-assembly
may be connected.

[0041] How this information 1s used 1n the GA operators
1s described below.

[0042] Example Chromosome Constructor: New chromo-
somes may be first mitialized with empty part delivery
structures. Then each leal sub-assembly may be randomly
selected and its parts may be randomly placed on random
part delivery structures. Part delivery structure adjacency
may be utilized by placing the next part on a part delivery




US 2024/0288852 Al

structure adjacent to the previously placed part. This proce-
dure may result in grouping sub-assemblies mnto compact
part delivery structure neighborhoods in the cell.

[0043] Example Mutation Operators: Mutation operators
may select a chromosome from the current generation, and
may alter the chromosome by rearranging some of 1ts genes.
Mutation operators may add new chromosomes to the popu-
lation. Mutation operators may leave the original chromo-
some unchanged and create a new one with the alterations.
[0044] Example Two Part Swap: Two random parts may
be selected from a chromosome and swap positions.
[0045] Example Two Part Delivery Structure Swap: Two
random part delivery structures may be selected from a
chromosome and swap parts.

[0046] Example All Part Delivery Structure Swap: All part
delivery structures from a chromosome may be randomly
selected and swap parts.

[0047] Example Crossover (Mating) Operators: Crossover
operators may select two chromosomes (parents) from the
current generation, and may create new chromosomes (chil-
dren or oflspring) by interchanging genes between the
parents.

[0048] Example Multipoint (Random Parts): The same set
of random parts may be selected and relocated cross the
parent chromosomes.

[0049] Example Multipoint (Non-homologous Parts):
Homologous genes may be parts that appear in the same
position (part delivery structure and part index) in both
parents. This crossover operator may find all non-homolo-
gous genes between two parents, and may relocate them to
create two new children chromosomes. Since early genera-
tions (e.g., early generations of assembly sequences) may be
more diverse and therefore have more non-homologous
genes, this operator may broaden the search range by
relocating a larger set of genes. In later generations (e.g.,
later generations of assembly sequences), as chromosomes
start to converge, the number of non-homologous genes
reduce, and this operator then helps speed up convergence.
The non-homologous genes may be randomly placed at the
end of tables.

[0050] Example Horizontal Split with Repair: A random
position (part delivery structure and part index) may be
selected, and two parent chromosomes may be split and
crossed over by swapping part delivery structures above and
below the position. This may create two children chromo-
somes. Since the crossover can result 1n missing or duplicate
parts, a repair step may be performed to fix mvalid chro-
mosomes.

[0051] Example Vertical Split with Repair: A random
position (part delivery structure and part index) may be
selected, and two parent chromosomes may be split and
crossed over by swapping parts from the left and right of the
position. This may create two children chromosomes. Since
the crossover can result in missing or duplicate parts, a
repair step may be performed to fix mvalid chromosomes.

[0052] Referring back to FIG. 1, for each assembly simu-
lation of a generated assembly sequence, simulator 106 may
generate simulation performance information. The simulator
performance information may be associated with the con-
figuration of robotic cell 130, which may be defined by the
robotic cell configuration information 124. The simulator
performance information may include robot resource allo-
cation, robot utilization information, task scheduling and
cycle time information, assembly accuracy information, etc.,
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corresponding to the simulated sequence and performance of
the one or more robots in robotic cell 130 during the
simulated assembly of the plurality of parts 1n accordance
with a generated assembly sequence. In some examples,
robot utilization mformation may identify how many of the
robots among the plurality of robots of the simulated robotic
cell are utilized by the generated assembly sequence. For
example, the number of robots may be the number robots
used during the simulation performed by simulator 106 for
a particular assembly sequence. In some examples, cycle
time mnformation may i1dentify a cycle time corresponding to
the robotic cell simulated for the generated assembly
sequence. For example, the cycle time may be the cycle time
of the simulation performed by simulator 106 for a particular
assembly sequence. In some examples, the simulator per-
formance information may include assembly accuracy infor-
mation. For example, simulator 106 can determine (e.g.,
predict) a dimensional accuracy of the final assembly for a
particular assembly sequence. Dimensional accuracy may
include, for example, predicted length and/or rotation mea-
surements of the assembly that may be diflerent than the
desired lengths and/or rotations. For example, simulator 106
may determine that, 1f the assembly 1s assembled according
to a particular assembly sequence, the length of assembly 1n
a particular direction (e.g., an x-direction) may be up to 1
mm too long or short. Similarly, simulator 106 may deter-
mine that one end of the assembly may be rotated up to 2
degrees from the desired orientation.

[0053] Simulator 106 may provide the simulated assembly
sequences (1.e., assembly sequences that have undergone
simulation by simulator 106) and simulator performance
information generated for each simulated assembly
sequence to the simulation performance information proces-
sor 108. The simulation performance information processor
108 may perform one or more processes 110 on the simu-
lation performance information generated by simulator 106.
For example, the one or more processes 110 may include
storing simulation performance information in memory 120.
As another example, the one or more processes 110 may
include enabling user interaction with simulation perfor-
mance information. To enable user interaction with simula-
tion performance information, the simulation performance
information processor 108 may cause simulation perfor-
mance information to be displayed on a display of assembly
system 100. As another example, the one or more processes
110 may include determiming whether a simulated assembly
sequence 1s valid or should be discarded. In such an
example, the simulation performance information processor
108 may make such a determination based on the stmulation
performance information corresponding to a simulated
assembly sequence. For example, the simulation perfor-
mance information processor 108 may compare simulation
performance information with one or more validity criteria.
In some examples, 1n the event of at least one validity
criterion of the one or more validity criteria not being
satisfied, the simulation performance iformation processor
108 may discard the assembly sequence.

[0054] The validity criternia may include checking the
simulation performance information for simulation com-
plete information, which may indicate either that the assem-
bly sequence can be completed by robotic cell 130 or cannot
be completed by robotic cell 130. If the simulation perfor-
mance information processor 108 determines that the assem-
bly sequence with which the simulation performance infor-
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mation 1s associated cannot be completed by robotic cell
130, then the simulation performance mformation processor
108 may discard the assembly sequence. If the simulation
performance information processor 108 determines that the
assembly sequence with which the simulation performance
information 1s associated can be completed by robotic cell
130, then the simulation performance mnformation processor
108 may accept the assembly sequence.

[0055] The validity criteria may include a threshold num-
ber of robots criterion, such as a maximum number or a
mimmum number of robots used during the simulation to
assemble the parts 1n accordance with the assembly
sequence. In this example, the simulation performance infor-
mation processor 108 may discard or accept the assembly
sequence based on whether this validity criterion 1s satisfied
based on the robot utilization information of the simulation
performance information. For example, the simulation per-
formance information processor 108 may compare the
threshold number of robots criterion to robot utilization
information to determine whether an assembly sequence
should be accepted or discarded. An assembly sequence may
be discarded if the threshold number of robots criterion 1s
not satisfied, and may be accepted if the threshold number
of robots criterion 1s satisfied.

[0056] The validity criteria may include a cycle time
criterion. The cycle time criterion may be a minimum cycle
time criterion or a maximum cycle time criterion. In this
example, the simulation performance information processor
108 may discard or accept the assembly sequence based on
whether this validity criterion 1s satisfied based on the cycle
time information of the simulation performance information.
For example, the simulation performance information pro-
cessor 108 may compare the cycle time criterion to cycle
time 1nformation to determine whether an assembly
sequence should be accepted or discarded. An assembly
sequence may be discarded or accepted based on whether
the simulation cycle time for the simulated assembly
sequence satisfies or does not satisiy the cycle time criterion.
In some examples, the cycle time criterion may 1nclude the
cycle time of the simulation performance information being
less than the cycle time criterion, less than or equal to the
cycle time criterion, equal to the cycle time criterion, greater
than the cycle time criterion, or greater than or equal to the
cycle time criterion.

[0057] The validity criteria may include an assembly
accuracy criterion. The assembly accuracy criterion may be,
for example, a minimum assembly accuracy criterion, such
as a maximum acceptable dimensional deviation from nomi-
nal dimensions of the assembly. In various embodiments, the
mimmum assembly accuracy criterion may be on the order
of millimeters or microns. In this example, the simulation
performance mformation processor 108 may discard or
accept the assembly sequence based on whether this validity
criterion 1s satisfied based on the assembly accuracy infor-
mation of the simulation performance information. For
example, the simulation performance information processor
108 may compare the assembly accuracy criterion to assem-
bly accuracy information to determine whether an assembly
sequence should be accepted or discarded. An assembly
sequence may be discarded or accepted based on whether
the simulation assembly accuracy for the simulated assem-
bly sequence satisfies or does not satisty the assembly
accuracy criterion. In some examples, the assembly accu-
racy criterion may include the assembly accuracy of the
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simulation performance information being less than the
assembly accuracy criterion, less than or equal to the assem-
bly accuracy criterion, equal to the assembly accuracy
criterion, greater than the assembly accuracy criterion, or
greater than or equal to the assembly accuracy criterion.

[0058] Example Objective Function For Generation of
Candidate Fitness Score: Each candidate solution may be
run through the sequence simulator. Based on the results of
the simulation, an objective function may be used to calcu-
late a scalar valued fitness score. Information generated by
the simulator may be mput into the objective function to
generate the score. This score may be used to rank the
candidates. The objective function may be formulated to
indicate optimal performance when minimized. The number
of parts on a particular robot may indicate assembly
sequence completeness. The number of closed joints may
indicate the progress of the assembly sequence simulation.
The average robot utilization may indicate tull usage of the
robotic cell with minimal idle time.

[0059] In the event the simulation performance informa-
tion processor 108 determines to discard an assembly
sequence, the simulation performance information processor
108 may provide feedback information to assembly
sequence generator 104. The feedback information may
include the discarded assembly sequence and the simulation
performance information associated therewith. In the event
the simulation performance information processor 108
determines that an assembly sequence 1s valid, the simula-
tion performance information processor 108 may provide
teedback information to assembly sequence generator 104.
The feedback information may include the accepted assem-
bly sequence and the simulation performance information
associated therewith. Assembly sequence generator 104 may
adjust generation of subsequent assembly sequences based
on feedback mformation received from the simulation per-
formance mformation processor 108. For example, based on
feedback information, assembly sequence generator 104
may adjust, modily, or change one or more methods applied
to the assembly parameters, such as part information 122,
robotic cell configuration mformation 124, and simulation
information 126. As another example, based on feedback
information, assembly sequence generator 104 may prevent
inclusion of any sequence 1n any subsequently generated
assembly sequences, such as a sequence associated with a
sub-assembly, that satisfies one or more criterion, such as the
sequence being unable to be completed during simulation of
a previously generated assembly sequence, or the sequence
took too long to complete during simulation of a previously
generated assembly sequence. As another example, based on
feedback information, assembly sequence generator 104
may target inclusion 1 any subsequently generated assem-
bly sequences of any sequence, such as a sequence associ-
ated with a sub-assembly, that was determined by the
simulation performance information processor 108 as hav-
ing an associated cycle time and/or assembly accuracy that
satisfied an optimized criterion.

[0060] As another example, the one or more processes 110
may include determining a score for assembly sequences
based on simulation performance information. For example,
the simulation performance information processor 108 may
receive a lirst assembly sequence and first simulation per-
formance information associated therewith and a second
assembly and second simulation performance information
associated therewith from simulator 106. The simulation
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performance information processor 108 may determine a
first score for the first assembly sequence based on the first
simulation performance information, and a second score for
the second assembly sequence based on the second simula-
tion performance information.

[0061] As another example, the one or more processes 110
may 1include selecting an assembly sequence based on
selection information. Selection information may include at
least one selection criterion relative to one or more scores.
The one or more scores may 1nclude a comparison score or
one or more generated scores respectively corresponding to
different assembly sequences. The comparison score may be
a numerical value. The comparison score may be a score
different from any score generated or otherwise determined
by the simulation performance information processor 108.
The comparison score may be a default value or a user input
value, erther of which may constitute a threshold value. The
comparison score may be user input imnformation stored in
memory 120, which a user may have mput mto assembly
system 100 by interacting with the one or more user input
devices 140. A score generated for an assembly sequence
based on simulation performance information may be a
numerical value.

[0062] In some examples, the simulation performance
information processor 108 may compare a score of an
assembly sequence with the comparison score. The simula-
tion performance mformation processor 108 may select the
assembly sequence based on the comparison of the score of
the assembly sequence to the comparison score. For
example, the simulation performance information processor
108 may determine whether a score of an assembly sequence
satisfies selection information, such as at least one selection
criterion relative to the comparison score. In some examples,
the at least one selection criterion may include the score of
an assembly sequence being less than the comparison score,
less than or equal to the comparison score, equal to the
comparison score, greater than the comparison score, or
greater than or equal to the comparison score. The simula-
tion performance information processor 108 may select the
assembly sequence based on the determination that the score
of the assembly sequence satisfies the selection information,
such as at least one selection criterion relative to the com-
parison score.

[0063] The simulation performance information processor
108 may generate a respective score for each respective
assembly sequence among a plurality of assembly
sequences. In some examples, the simulation performance
information processor 108 may compare the scores gener-
ated for the plurality of assembly sequences to determine
which score satisfies selection information. In some
examples, the selection mmformation may include at least one
selection criterion that includes the highest score or the
lowest score. The simulation performance information pro-
cessor 108 may select the assembly sequence based on the
determination that the score of the assembly sequence
satisfies the selection information, such as the assembly
sequence that has the highest score or the lowest score
among the scores generated for the plurality of assembly
sequences.

[0064] As another example, the one or more processes 110
may include selecting an assembly sequence based on the
simulation performance information corresponding to the
assembly sequence. In such an example, the simulation
performance information processor 108 may compare the
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simulation performance information corresponding to vari-
ous assembly sequences to selection information, which
may include at least one selection criterion. The simulation
performance information processor 108 may select the
assembly sequence based on the comparison of the simula-
tion performance information corresponding to the assembly
sequence with the selection information. In some examples,
the at least one selection criterion may include a selection
cycle time and/or assembly accuracy. In this example, the
simulation performance information processor 108 may
select an assembly sequence if the cycle time and/or assem-
bly accuracy set forth in the cycle time and/or assembly
accuracy 1nformation corresponding to the assembly
sequence satisfies the selection cycle time and/or assembly
accuracy, such as being less than the selection cycle time
and/or being greater than the selection assembly accuracy.

[0065] The program information generator 112 may gen-
crate program 1nformation for one or more assembly
sequences. The one or more assembly sequences may
include one or more selected assembly sequences. The
program information may include program information for
one or more programs. For example, the program informa-
tion generator 112 may generate program information for a
processing system program for a processing system of
robotic cell 130 and respective program information for each
respective robot utilized by simulator 106 during simulation
of the assembly sequence for which the program information
1s being generated. For example, program information may
include off-line programs (OLPs) for robots in the cell,

process task dependencies for the programable logic con-
troller (PLC) of the robots, etc.

[0066] The program information processor 114 may per-
form one or more processes 116 on the program information
generated by the program information generator 112. For
example, the one or more processes 116 may include storing
program 1nformation 1 memory 120. As another example,
the one or more processes 116 may include enabling user
interaction with program information, such as enabling the
user to modily program information. Modification of pro-
gram information may include adding information to gen-
erated program information. To enable user interaction with
program 1nformation, the program information processor
114 may cause program information to be displayed on a
display of assembly system 100. As another example, the
one or more processes 116 may include causing program
information to be imported into a program stored on a
memory of a robotic cell component of the one or more
robotic cell components of robotic cell 130. To cause pro-
gram information to be imported into a program, the pro-
gram information processor 114 may provide the program
information to the robotic cell component that 1s configured
to run the program with which the program information 1s
associated. The robotic cell component of robotic cell 130
may receive the program information and import the
received program information into the program.

[0067] FIG. 2 illustrates an example of a method that
assembly sequence generator 104, simulator 106, and simu-
lation performance information processor 108 may use to
generate one or more assembly sequences. Referring to FIG.
2, at block 202, assembly sequence generator 104 may
obtain assembly parameters. In some examples, the assem-
bly parameters may be received from memory 120. Some
examples ol assembly parameters can include part-specific
information, such as part geometry in CAD or finite element
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mesh format, a partial or complete metadata file containing
part-to-part joint information related to install information
(c.g., the location of the joint on the part, the translation
vector used to move the part towards 1ts counterpart part
during joining), bonding information relating to the bond
used to join (e.g., cure time of an adhesive used to bond,
welding locations), part handler information (e.g., gripper
engagement feature information, compatible end eflfector
geometry), part metrology landmark information (e.g.,
metrology feature locations), part machining surface infor-
mation, part mass and center-of-gravity information, subas-
sembly groupings (e.g., preferred subassembly orders), and/
or part material information (e.g., part material composition
(e.g., aluminum, plastic, composite)). Assembly parameters
may include robot-specific information, such as robot model
information (e.g., robot specifications including robot task
timing parameters, robotic arm reach, robot connectivity
information), robotic cell iformation (e.g., cell layout,
metrology system information, AGV path information, part
table specifications, robot end eflector specifications and
locations, PLC information). Assembly parameters may
include sequence generation parameters, such as termination
criteria, search policies, meta-heuristics, etc. At block 204,
assembly sequence generator 104 may generate a plurality
of candidate assembly sequences that defines an 1nitial
search set of candidate assembly sequences that enumerates
a portion of a search space. At block 206, assembly sequence
generator 104 may perform the processes described with
respect to blocks 208, 210, 212, 214, 216, 218, 220, 222,
224, 226, and 250 for each candidate assembly sequence 1n
the 1itial search set.

[0068] At block 208, assembly sequence generator 104
may sort sub-assemblies for the particular assembly
sequence, e.g., determining possible subassembly scenarios
and sorting by inherent order based on assembly join geom-
etry. For example, various subassembly combinations may
be sorted based on the metadata defining the parts’ joints.
For example, assembly sequence generator 104 may ran-
domly sort remaining level 1 sub-assemblies (e.g., a group
of parts that are associated with a particular robot 1n the cell)
in reverse order starting from the sub-assembly on the
automated guided vehicle (AGV). At block 210, assembly
sequence generator 104 may backwards split the sub-assem-
blies for the particular assembly sequence. For example,
assembly sequence generator 104 may backwards split (that
1s, simulate disassembly) the first level 1 sub-assembly over
the robot graph onto the part delivery structures. At block
212, each candidate assembly sequence may be processed
by stmulator 106 to perform a simulation of each candidate
to determine simulation performance information, such as
resource allocation and task schedule information. For
example, FIGS. 3A-B show an example method performed
by simulator 106. The simulation performance information
can be used be the remaining process as shown in the
remainder of FIG. 2. At block 214, assembly sequence
generator 104 may allows 208, 210, and 212 to be performed
on all candidate assembly sequences from 206.

[0069] Blocks 216, 218, and 220 may be performed by the

simulation performance information processor 108. At block
216, simulation performance information processor 108 may
receive the simulation performance information of each
candidate assembly sequence from block 214 and may
determine, based on the information received from block
214, whether the particular assembly sequence 1s a new best
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assembly sequence, for example, by comparing the assem-
bly sequence’s simulation performance information with the
validity criteria as described above with respect to FIG. 1. At
block 218, simulation performance information processor
108 may save (e.g., store) the particular assembly sequence
in memory 120 1f 1t 1s determined at block 216 that the
particular assembly sequence 1s the new best assembly
sequence. From block 218, simulation performance infor-
mation processor 108 may proceed to block 220. Simulation
performance information processor 108 may proceed to
block 220 11 1t 1s determined at block 216 that the particular
assembly sequence 1s not the new best assembly sequence.
At block 220, simulation performance information processor
108 may determine whether termination criteria 1s satisfied.
Termination criteria may include, for example, exhaustion of
all possible candidate assembly sequences, a time limit, a
number of candidates limit, convergence criteria (e.g., an
indication of no further improvement), etc. Simulation per-
formance information processor 108 may proceed to block
250 11 1t 1s determined that the termination criteria 1s satisfied
at block 220. At block 250 the simulation performance
information processor 108 may output the best candidate
assembly sequence, which was saved 1n block 218, as the
selected assembly sequence and terminate the process. 11 the
termination criteria 1s not satisfied at block 220, simulation
performance information processor 108 may provide feed-

back to assembly sequence generator 104 as shown in blocks
222, 224, and 226.

[0070] At block 222, assembly sequence generator 104
may remove a portion of assembly sequences from the 1nitial
search set of candidate assembly sequences. In some
examples, removal of a portion of assembly sequences may
include removal of a portion of worst performing assembly
sequences. At block 224, after removal of an assembly
sequence at block 222, assembly sequence generator 104
may add one or more new assembly sequences to the
plurality of assembly sequences that are to be analyzed in the
method 1llustrated 1 FIG. 2. At block 226, assembly
sequence generator 104 may remove unsuccessiul sub-
assemblies. In some examples, removal of unsuccessiul
sub-assemblies may include removing assembly sequences
that fail to achieve successiul assembly of the plurality of
parts or fail to satisiy one or more different criterion. From
block 226, assembly sequence generator 104 may proceed to
block 206 and loop through the blocks described above 1n
the same manner but for a different respective assembly
sequence of the plurality of assembly sequences.

[0071] Example Architecture: An assembly sequence
simulation may utilize an 1nitial assignment of parts to part
delivery structures, such as tables, for robots to pick-up and
assemble through the robotic cell. As the number of parts
increases, for a given number of tables, the number of
permutations increase exponentially. This search space may
consist of all infeasible and feasible solutions. In some
examples, heuristic-based optimization may be 1mple-
mented by assembly system 100 by generating many pos-
sible candidates (e.g., multiple assembly sequences for a
particular plurality of parts) 1n the search space, evaluating
cach candidate’s fitness score based on an objective func-
tion, and then using the candidates with the best score to
generate new candidates. A candidate or candidate solution
may refer to an assembly sequence generated for a plurality
of parts, such as an assembly sequence generated by assem-
bly sequence generator 104. Iterating in this fashion may
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drive the candidates to optimal solutions 1n the search space.
Care may be taken to avoid premature convergence to local
optima to find global optima. Therefore, any advances 1n
performance may be amplified when running the optimiza-
tion routine, which may be performed by assembly sequence
planner 102. This includes, for example, sequence simula-
tion execution time, dispatch and retrieval from storage,
generation of new candidates 1n the search space, evaluation
of fitness score for each candidate, or any combination
thereof.

[0072] FIGS. 3A-B illustrate an example of a simulation
method that simulator 106 may use to perform a simulation
on a candidate assembly sequence based on the robotic cell
configuration mformation 124 and simulation information
126. A keystone may refer to a robotic cell component of
robotic cell 130, such as a robot. In some examples, key-
stone may refer to a centrally located robot relative to other
robots 1n robotic cell 130, or a robot that interacts with or
within reach of a plurality of other robots 1n robotic cell 130.
In some embodiments, a keystone robot may be a robot that
executes the final step 1n the assembly and passes the final
assembly out of the robotic cell. In some embodiments, a
keystone robot may utilize a fixture to hold the final assem-
bly. While FIGS. 3A-B show the engagement and disen-
gagement of a fixture, other examples may include engage-
ment and disengagement of a robot engagement feature in
addition to or 1n lieu of a fixture (that 1s, mn some embodi-
ments a fixture and/or a keystone robot might not be used).
In this regard, blocks 306, 314, 316, and 310 may be
optional. Handlers may refer to robots different from the
keystone robot.

[0073] Referring to FIGS. 3A-B, at block 302, simulator
106 may 1nitialize state. For example, an 1nitial state may be
robots of the cell 1n their 1mitial poses, and the parts are not
engaged by the robots. At block 304, simulator 106 may start
the next tick. A tick refers to a time step in the simulation.
In some embodiments, a tick may equal 1 second. In other
embodiments, a tick may be a value less than 1 second. In
alternate embodiments, a tick may be a value greater than 1
second. At block 306, simulator 106 may determine whether
a keystone of the robotic cell 1n the simulation 1s engaged
with a fixture. Simulator 106 may proceed to block 314 if it
1s determined that the keystone does not have a fixture. At
block 314, simulator 106 may cause the keystone to engage
a fixture as part of the stmulation. From block 314, simulator
106 may proceed to block 316 where simulator 106 may go
the next tick. Simulator 106 may proceed to block 308 11 it
1s determined that the keystone has a fixture. At block 308,
simulator 106 may determine whether the simulated assem-
bly 1s complete. If the assembly held by the keystone 1s not
complete, then the assembly held by the keystone may be
referred to as a sub-assembly. Simulator 106 may to proceed
to block 318 i1 1t 1s determined that the simulated assembly
1s not complete. Simulator 106 may proceed to block 310 1f
it 1s determined that the simulated assembly 1s complete. At
block 310, simulator 106 may cause the keystone to disen-
gage the fixture as part of the simulation. From block 310,
simulator 106 may proceed to block 312 where simulator
may finish or otherwise end the simulation. During the
example simulation method illustrated in FIGS. 3A-B, simu-
lator 106 may generate simulation performance information.

[0074] At block 318, simulator 106 may perform the
illustrated processes for each handler corresponding to the
simulated robotic cell configuration. At block 320, simulator
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106 may determine whether the particular handler has a
particular task, e.g., moving to engage a part, engaging a
part, moving a part, disengaging a part, holding a part for
adhesive application, joining parts, or other task. Simulator
106 may proceed to block 322 if 1t 1s determined that the
particular handler has a task. At block 322, simulator 106
may go to the next tick. Stmulator 106 may proceed to block
324 if 1t 1s determined that the particular handler does not
have a task. At block 324, simulator 106 may determine 1
the particular handler 1s engaging one or more parts. Simu-
lator 106 may proceed to block 326 if 1t 1s determined that
the particular handler 1s not engaged with one or more parts.
Simulator 106 may proceed to block 332 11 1t 1s determined
that the particular handler 1s engaged with one or more parts.

[0075] At block 326, simulator 106 may determine
whether a part delivery structure (PDS) has one or more
parts available for engagement by the particular handler. A
PDS may include, e.g., a parts table on which parts are
positioned for picking by robots, an AGV that delivers parts
to robots, etc. In some examples, the part delivery structure
may be assigned or associated with the particular handler. In
some embodiments, at block 326 simulator 106 may deter-
mine 11 the handler needs to equip an end effector to engage
(e.g., pick) the part, 1n which case the simulator may cause
the handler to equip the appropriate end effector. Simulator
106 may proceed to block 328 11 1t 1s determined that the part
delivery structure has one or more parts available. At block
328, simulator 106 may cause the particular handler to
engage (e.g., pick-up) one or more parts as part of the
simulation. Simulator 106 may proceed to block 330 from
block 328. Simulator 106 may proceed to block 330 11 1t 1s
determined that the part delivery structure does not have one
or more parts available for engagement by the particular
handler. At block 330, stmulator 106 may go to the next tick.

[0076] At block 332, simulator 106 may determine
whether the particular handler has a plan. For example, 11 the
handler 1s engaging a part, the plan may include a coordi-
nation plan between the handler and another handler to join
parts. Simulator 106 may proceed to block 340 if 1t 1s
determined that the particular handler has a plan. Simulator
106 may proceed to block 334 if 1t 1s determined that the
particular handler does not have a plan. At block 334,
simulator 106 may determine whether the particular can
make a plan. Sitmulator 106 may proceed block 336 11 1t 1s
determined that the particular handler can make a plan. At
block 336, simulator 106 may make (e.g., set) a plan.
Simulator 106 may proceed to block 338 from block 336. At
block 338, simulator 106 may go to the next tick.

[0077] At block 340, simulator 106 may determine
whether the sub-assembly and/or the one or more parts
engaged by the particular handler needs adhesive for assem-
bly thereof. Stmulator 106 may proceed to block 342 1f it 1s
determined that adhesive 1s needed. Simulator 106 may
proceed to block 348 11 1t 1s determined that adhesive 1s not
needed. At block 342, simulator 106 may determine whether
an adhesive robot 1s available. In some examples, an adhe-
s1ve robot may be a robot configured to apply adhesive to the
one or more parts engaged by the particular handler and/or
the sub-assembly. In some embodiments, at block 342
simulator 106 may determine 11 an adhesive robot needs to
equip an adhesive applicator to apply adhesive, in which
case the simulator may cause the adhesive robot to equip the
appropriate applicator. Simulator 106 may proceed to block
344 11 1t 1s determined that an adhesive robot 1s available
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with the appropriate adhesive applicator. At block 344,
simulator 106 may cause the adhesive robot to apply adhe-
sive 1n the simulation, and then simulator 106 may proceed
to block 346. Simulator 106 may proceed block 346 11 1t 1s

determined that an adhesive robot 1s not available at block
342. At block 346, stmulator 106 may go to the next tick.

[0078] At block 348, simulator 106 may determine
whether the particular handler 1s 1n a join position. In some
examples, being 1n a join position may refer to the position
in which the particular handler 1s configured to perform a
joimng process, which may involve remaining stationary or
moving to join the one or more parts engaged by the
particular handler with the sub-assembly. Simulator 106
may proceed to block 350 if 1t 1s determined that the
particular handler 1s not in a join position. Simulator 106
may proceed to block 356 if 1t 1s determined that the
particular handler 1s in a join position. At block 350,
simulator 106 may determine whether the particular handler
can get 1n a join position. Simulator 106 may proceed to
block 352 i1 1t 1s determined that the particular can get into
a jo1n position. At block 352, simulator 106 may cause the
particular handler to move to or otherwise enter the join
position 1n the simulation. Stmulator 106 may proceed to
block 354 from block 352. Simulator 106 may proceed block
354 i1 1t 1s determined that the particular handler cannot get
into a join position. At block 354, simulator 106 may go to
the next tick.

[0079] At block 356, simulator 106 may determine
whether the position 1s confirmed. Simulator 106 may pro-
ceed to block 3358 11 1t 1s determined that the position 1s not
confirmed. Simulator 106 may proceed to block 364 1f it 1s
determined that the position 1s confirmed. At block 358,
simulator 106 may determine whether a metrology system 1s
available for the particular handler. Simulator 106 may
proceed to block 360 11 i1t 1s determined that a metrology
system 1s available. At block 360, simulator 106 may
simulate a measurement by the metrology system in the
simulation and to correct the position of the particular
handler based on the simulated measurement. Stmulator 106
may proceed to block 362 from block 360. Simulator 106
may proceed block 362 11 it 1s determined that a metrology
system 1s unavailable. At block 362, simulator 106 may go
to the next tick.

[0080] At block 364, simulator 106 may determine
whether the sub-assembly and/or the one or more parts
engaged by the particular handler needs retention, e.g., 1f the
handler needs to hold the part still while a retaining adhesive
1s quick-cured. Simulator 106 may proceed to block 366 1f
it 1s determined that the sub-assembly and/or the one or more
parts engaged by the particular handler needs retention for
assembling the one or more parts engaged by the particular
handler 1n accordance with the plan determined in block
336. Simulator 106 may proceed to block 372 1t it 1s
determined that the sub-assembly and/or the one or more
parts engaged by the particular handler does not need
retention for assembling the one or more parts engaged by
the particular handler in accordance with the plan deter-
mined i block 336. At block 366, simulator 106 may
determine whether a retention robot 1s available. A retention
robot may include, for example, a robot that applies a
quick-cure adhesive and/or cures the quick-cure adhesive to
retain the joined parts. In some examples, a retention robot
may be a robot configured to apply retention to the one or
more parts engaged by the particular handler and/or the
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sub-assembly. Simulator 106 may proceed to block 368 11 it
1s determined that a retention robot 1s available. In some
embodiments, at block 366 simulator 106 may determine 1f
a retention robot needs to equip an end eflector to execute
retention of the parts, 1n which case the simulator may cause
the retention robot to equip the appropriate end effector. At
block 368, simulator 106 may cause the retention robot to
apply retention in the simulation, and then simulator 106
may proceed to block 370. Simulator 106 may proceed to
block 370 1f 1t 1s determined that a retention robot 1s not
available at block 366. At block 370, simulator 106 may go
to the next tick.

[0081] At block 372, simulator 106 may cause the par-
ticular handler to disengage the one or more engaged parts
aiter the one or more parts are joined with the subassembly
engaged by the keystone or other handler in of the simula-
tion 1n accordance with the plan determined 1n block 336.
Simulator 106 may proceed to block 374 from block 372. At
block 374, simulator 106 may go to the next tick.

[0082] FIG. 4 1illustrates an example method 1n accordance
with the techniques disclosed herein. The method may be
performed by a processing system as described herein, such
as assembly system 100.

[0083] At block 402, the method may include receiving
assembly parameters. As described above, the assembly
parameters may include part-specific information relating to
a plurality of parts and robot-specific information relating to
multiple robots, e.g., part handlers, AGVs, adhesive appli-
cators, retention robots, etc. At block 404, the method may
include generating a first assembly sequence for the plurality
of parts based on the assembly parameters. The first assem-
bly sequence may include a first order in which the plurality
of parts 1s to be jomed to form an assembly. The first
assembly sequence may also include, for example, resource
allocation and task schedule information (e.g., robot 1 1s
scheduled to pick part X from part table T at time t1, robot
2 15 scheduled to move its arm from location A to location
B at time t2, etc.). At block 406, the method may include
generating first simulation performance information for the
first assembly sequence. The first simulation performance
information may be associated with a robotic cell configu-
ration that includes a plurality of robots. The first simulation
performance imnformation may include first robot utilization
information and at least one of: first cycle time information
corresponding to the plurality of robots or first assembly
accuracy information corresponding to the assembly. At
block 408, the method may include selecting the first assem-
bly sequence. Selecting the first assembly sequence may be
based on the first simulation performance information
(which may include, for example, a first score of the first
assembly sequence) corresponding to the first assembly
sequence. At block 410, the method may include generating,
assembly program information for the selected first assem-
bly sequence, which characterizes an assembly of the
selected first assembly sequence in the corresponding
robotic cell. In various embodiments, the assembly program
information may include, for example, data that can be
imported into a robotic cell program, such as PLC of the
robotic cell, to control the robots 1n the cell to assemble the
parts according to the selected first assembly sequence. In
various embodiments, the assembly program information
may include, for example, executable code downloadable to
a controller of the robotic cell to control the robots in the cell
to assemble the parts according to the selected first assembly
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sequence. Generally speaking, the assembly program infor- [0091] Example 8. The method of example 1, wherein
mation may include any data, code, etc., that can be used by the geometry mformation for each part includes joint
the robotic cell to assemble the parts according to the information and robot engagement feature information.

selected first assembly sequence. [0092] Example 9. The method of example 1, wherein

[0084] Example 1. An example method comprising:
receiving, by a first processor, assembly parameters,
wherein the assembly parameters includes part infor-
mation relating to a plurality of parts, wherein the part
information includes geometry information for each
part of the plurality of parts; generating, by the first
processor, a first assembly sequence for the plurality of
parts based on the assembly parameters, wherein the
first assembly sequence defines a first order in which
the plurality of parts 1s to be joined to form an assem-
bly; generating, by the first processor, first stmulation
performance information {for the first assembly
sequence, wherein the first simulation performance
information 1s associated with a robotic cell configu-
ration that includes a plurality of robots, and wherein
the first stmulation performance mnformation includes
first robot utilization information and first cycle time
information corresponding to the plurality of robots
and/or a first assembly accuracy information corre-
sponding to an assembly; selecting the first assembly
sequence based on (1) the first simulation performance
information corresponding to the {first assembly
sequence or (1) a first score corresponding to the first
assembly sequence, wherein the first score 1s based on
the first simulation performance information corre-
sponding to the first assembly sequence; and generat-
ing, by the first processor, first program information
and second program information for the selected first
assembly sequence, wherein the first program 1nforma-
tion 1s configured to be imported 1nto a first program
and the second program information is configured to be
imported into a second program.

[0085] Example 2. The method of example 1, wherein
P p
generating the first assembly sequence based on the

assembly parameters comprises: applying an algorithm
to the assembly parameters.

[0086] Example 3. The method of example 2, wherein
the algorithm includes a genetic algorithm.

[0087] Example 4. The method of example 1, wherein
generating the first assembly sequence based on the
assembly parameters comprises: assigning, by the first

processor, location information to each part of the
plurality of parts.

[0088] Example 5. The method of example 4, wherein
the location mnformation for each part of the plurality of
parts includes a respective part delivery structure iden-
tifier corresponding to a respective part delivery struc-
ture associated with the robotic cell configuration on
which the respective part 1s to be positioned before
assembly.

[0089] Example 6. The method of example 5, wherein
the part delivery structure 1s a table.

[0090] Example 7. The method of example 5, wherein
the location information for each part of the plurality of
parts includes respective part delivery structure loca-
tion information indicative of where the respective part
1s to be positioned on the respective part delivery
structure before assembly.

the geometry information 1s three-dimensional.

[0093] Example 10. The method of example 1, wherein
the geometry information 1s derived from a three-
dimensional model defined i a three-dimensional ren-
dering program file.

[0094] Example 11. The method of example 1, wherein
the first robot utilization information identifies how
many of the robots among the plurality of robots of the
robotic cell configuration are utilized by the first assem-
bly sequence, and wherein the first cycle time nfor-
mation identifies a first cycle time corresponding to the
robotic cell configuration for the {first assembly
sequence and/or the first assembly accuracy informa-
tion 1dentifies a first assembly accuracy corresponding
to the assembly for the first assembly sequence.

[0095] Example 12. The method of example 1, further
comprising: performing, by the first processor, a simu-
lation based on the robotic cell configuration for the
first assembly sequence to generate the first simulation
performance 1nformation for the first assembly
sequence.

[0096] Example 13. The method of example 1, further
comprising: causing, by the first processor, the first
program information to be imported into the first pro-
gram; and causing, by the {first processor, the second
program information to be imported into the second
program.

[0097] Example 14. The method of example 13,
wherein: causing the first program information to be
imported nto the first program comprises importing the
first program information into the first program; and
causing the second program information to be imported
into the second program comprises importing the sec-
ond program information into the second program.

[0098] Example 15. The method of example 1, wherein
the first program 1s a first robot program configured to
be executed by a first robot of the plurality of robots
associated with the robotic cell configuration, wherein
the second program 1s configured to be executed by a
second processor, and wherein the second processor 1s
configured to communicate with one or more of the
plurality of robots associated with the robotic cell
coniliguration.

[0099] Example 16. The method of example 13,
wherein the second processor 1s a programmable logic
controller (PLC) and the second program i1s a PLC
program.

[0100] Example 17. The method of example 13,
wherein the one or more of the plurality of robots
includes the first robot.

[0101] Example 18. The method of example 1, wherein
the first program 1s a {irst robot program configured to
be executed by a first robot of the plurality of robots
associated with the robotic cell configuration, wherein
the second program 1s configured to be executed by a
second processor, and wherein the second processor 1s
configured to communicate with a plurality of compo-
nents associated with the robotic cell configuration.
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[0102] Example 19. The method of example 18,
wherein the plurality of components includes one or
more of the plurality of robots.

[0103] Example 20. The method of example 19,
wherein the one or more of the plurality of robots
includes the first robot.

[0104] Example 21. The method of example 18,
wherein the second processor 1s a programmable logic
controller (PLC) and the second program 1s a PLC
program.

[0105] Example 22. The method of example 1, further
comprising: determining, by the first processor, the first
score fTor the first assembly sequence based on the first
simulation performance iformation for the first assem-
bly sequence; and comparing, by the first processor, the
first score with a second score, and wherein selecting
the first assembly sequence based on the first score
corresponding to the first assembly sequence comprises
selecting the first assembly sequence based on the
comparison of the first score with the second score.

[0106] Example 23. The method of example 22,
wherein the second score 1s a default value.

[0107] Example 24. The method of example 23, further
comprising: generating, by the first processor, a plural-
ity of assembly sequences, wherein the plurality of
assembly sequences includes the first assembly
sequence, and wherein each respective assembly
sequence of the plurality of assembly sequences defines
a respective order 1n which the plurality of parts 1s to be
joined to form the assembly; determining, by the first
processor, a respective score for each assembly
sequence of the plurality of assembly sequences,
wherein the first score 1s the respective score for the
first assembly sequence, and wherein the default value
1s not one of the respective scores determined for the
plurality of assembly sequences.

[0108] Example 25. The method of example 24,
wherein the default value 1s a numerical value and the
respective scores determined for the plurality of assem-
bly sequences are numerical values.

[0109] Example 26. The method of example 24,
wherein each respective score for each assembly
sequence of the plurality of assembly sequences 1s
determined based on respective simulation perfor-
mance information associated with the robotic cell
configuration generated for each respective assembly
sequence of the plurality of assembly sequences.

[0110] Example 27. The method of example 22,
wherein the second score corresponds to a second
assembly sequence for the plurality of parts.

[0111] Example 28. The method of example 2°7, wherein
the second assembly sequence 1s based on the assembly
parameters.

[0112] Example 29. The method of example 27,
wherein the second assembly sequence defines a sec-
ond order in which the plurality of parts 1s to be joined
to form an assembly, and wherein the first order 1is
different from the second order.

[0113] Example 30. The method of example 27, further
comprising: generating, by the first processor, a plural-
ity of assembly sequences, wherein the plurality of
assembly sequences includes the first assembly
sequence and the second assembly sequence, and
wherein each respective assembly sequence of the
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plurality of assembly sequences defines a respective
order 1n which the plurality of parts 1s to be joined to
form the assembly; determining, by the first processor,
a respective score for each assembly sequence of the
plurality of assembly sequences, wherein the first score
1s the respective score for the first assembly sequence
and the second score 1s the respective score for the
second assembly sequence.

[0114] Example 31. The method of example 30,
wherein the respective scores determined for the plu-
rality of assembly sequences are numerical values.

[0115] Example 32. The method of example 30,
wherein each respective score for each assembly
sequence of the plurality of assembly sequences 1s
determined based on respective simulation perfor-
mance nformation associated with the robotic cell
configuration generated for each respective assembly
sequence of the plurality of assembly sequences.

[0116] Example 33. The method of example 22,
wherein comparing the first score with the second score
comprises determining whether the first score satisfies
at least one criterion relative to the second score.

[0117] Example 34. The method of example 33,
wherein the at least one criterion includes the first score
being less than the second score, less than or equal to
the second score, equal to the second score, greater than
the second score, or greater than or equal to the second
score.

[0118] Example 35. The method of example 33,
wherein selecting the first assembly sequence based on
the comparison of the first score with the second score
comprises selecting the first assembly sequence based
on the determination of whether the first score satisfies
the at least one criterion relative to the second score.

[0119] Example 36. The method of example 33,
wherein the selecting the first assembly sequence based
on the determination of whether the first score satisfies
the at least one criterion relative to the second score
comprises selecting the first assembly sequence when
the first score satisfies the at least one criterion relative
to the second score.

[0120] Example 37. The method of example 33,
wherein the selecting the first assembly sequence based
on the determination of whether the first score satisfies
the at least one criterion relative to the second score
comprises selecting the first assembly sequence when
the first score does not satisiy the at least one criterion
relative to the second score.

[0121] Example 38. The method of example 1, further
comprising: generating, by the processor, a second
assembly sequence for the plurality of parts based on
the assembly parameters, wherein the second assembly
sequence defines a second order 1n which the plurality
of parts 1s to be joined to form an assembly, wherein the
first order 1s different from the second order; generat-
ing, by the first processor, second simulation perfor-
mance mformation for the second assembly sequence,
wherein the second simulation performance informa-
tion 1s associated with the robotic cell configuration,
and wherein the second simulation performance infor-
mation includes second robot utilization information
and second cycle time information corresponding to the
plurality of robots and/or a second assembly accuracy
information corresponding to an assembly; and
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wherein selecting the first assembly sequence com-
prises selecting the first assembly sequence from a
plurality of assembly sequences, wherein the plurality
of assembly sequences includes the first assembly
sequence and the second assembly sequence.

[0122] Example 39. The method of example 38,
wherein generating the first assembly sequence based
on the assembly parameters comprises applying a {irst
algorithm to the assembly parameters, and wherein
generating the second assembly sequence based on the
assembly parameters comprises applying a second
algorithm to the assembly parameters.

[0123] Example 40. The method of example 39,
wherein the first algorithm and the second algorithm
are different.

[0124] Example 41. The method of example 39,
wherein the first algorithm includes a first genetic
algorithm and the second algorithm includes a second
genetic algorithm.

[0125] Example 42. The method of example 38,
wherein generating the first assembly sequence based
on the assembly parameters comprises assigning, by
the first processor, first respective location information
to each part of the plurality of parts, and wherein
generating the second assembly sequence based on the
assembly parameters comprises assigning, by the first
processor, second respective location information to
cach part of the plurality of parts.

[0126] Example 43. The method of example 42,
wherein the first respective and second respective loca-
tion information for each part of the plurality of parts
includes a respective part delivery structure i1dentifier
corresponding to a respective part delivery structure
associated with the robotic cell configuration on which
the respective part 1s to be positioned before assembly.

[0127] Example 44. The method of example 43,
wherein the part delivery structure 1s a table.

[0128] Example 45. The method of example 43,
wherein the first respective and second respective loca-
tion 1mformation for each part of the plurality of parts
includes respective part delivery structure location
information indicative of where the respective part 1s to
be positioned on the respective part delivery structure
before assembly.

[0129] Example 46. The method of example 38,
wherein the geometry information for each part
includes joint information and robot engagement fea-
ture information.

[0130] Example 47. The method of example 38,
wherein the geometry information 1s three-dimen-
s1onal.

[0131] Example 48. The method of example 38,
wherein the geometry information 1s derived from a
three-dimensional model defined 1n a three-dimen-
stional rendering program f{ile.

[0132] Example 49. The method of example 38,
wherein robot utilization information identifies how
many of the robots among the plurality of robots of the
robotic cell configuration are utilized by the respective
assembly sequence of the plurality of assembly
sequences, and wherein cycle time information 1denti-
fies a cycle time corresponding to the robotic cell
configuration for the respective assembly sequence of
the plurality of assembly sequences and/or the assem-
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bly accuracy information i1dentifies an assembly accu-
racy corresponding to the assembly for the respective
assembly sequence.

[0133] Example 50. The method of example 38, further
comprising: performing, by the first processor, a
respective simulation based on the robotic cell configu-
ration for each respective assembly sequence of the
plurality of assembly sequences to generate respective
simulation performance information for each respec-
tive assembly sequence of the plurality of assembly
sequences.

[0134] Example 51. The method of example 38, further
comprising: causing, by the {first processor, the first
program information to be imported into the first pro-
gram; and causing, by the first processor, the second
program information to be imported into the second
program.

[0135] Example 352. The method of example 51,
wherein: causing the first program information to be
imported into the first program comprises importing the
first program information into the first program; and
causing the second program information to be imported
into the second program comprises importing the sec-
ond program information into the second program.

[0136] Example 33. The method of example 38,
wherein the first program 1s a first robot program
configured to be executed by a first robot of the
plurality of robots associated with the robotic cell
configuration, wherein the second program 1s config-
ured to be executed by a second processor, and wherein
the second processor 1s configured to communicate
with one or more of the plurality of robots associated
with the robotic cell configuration.

[0137] Example 54. The method of example 53,
wherein the second processor 1s a programmable logic
controller (PLC) and the second program 1s a PLC
program.

[0138] Example 55. The method of example 53,
wherein the one or more of the plurality of robots
includes the first robot.

[0139] Example 56. The method of example 38,
wherein the first program 1s a first robot program
configured to be executed by a first robot of the
plurality of robots associated with the robotic cell
configuration, wherein the second program is config-
ured to be executed by a second processor, and wherein
the second processor 1s configured to communicate
with a plurality of components associated with the
robotic cell configuration.

[0140] Example 357. The method of example 56,
wherein the plurality of components includes one or
more of the plurality of robots.

[0141] Example 58. The method of example 57,
wherein the one or more of the plurality of robots
includes the first robot.

[0142] Example 59. The method of example 56,
wherein the second processor 1s a programmable logic
controller (PLC) and the second program i1s a PLC
program.

[0143] Example 60. The method of example 38, further
comprising: determining, by the {first processor, a
respective score for each assembly sequence of the
plurality of assembly sequences based on respective
simulation performance information for each respec-
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tive assembly sequence of the plurality of assembly
sequences; and comparing, by the first processor, the
scores corresponding to the plurality of assembly
sequences with each other, wherein the scores corre-
sponding to the plurality of assembly sequences
includes the first score, and wherein selecting the first
assembly sequence comprises selecting the first assem-
bly sequence from the plurality of assembly sequences
based on the comparison.

[0144] Example 61. The method of example 60,

wherein comparing the scores corresponding to the
plurality of assembly sequences with each other com-
prises determining which respective score from the
scores 15 the highest or lowest score among the scores.

[0145] Example 62. The method of example 61,

wherein the first score 1s the respective score deter-
mined to be the highest or lowest score among the
SCOres.

[0146] Example 63. The method of example 1, wherein
the first processor includes a memory, wheremn the
memory includes structions stored thereon, that when
executed by the first processor, cause the first processor
to perform any function recited with respect to the first
Processor.

[0147] Example 64. The method of example 1, wherein
the first processor comprises a plurality of processing
components distributed across one or more networks,
wherein one or more processing components of the first
processor are configured to perform any function
recited with respect to the first processor.

[0148] Example 65. The method of example 1, wherein
the first processor comprises a single processor or
multiple processors.

[0149] Example 66. The method of example 1, wherein
the first processor comprises a computing system.

[0150] Example 67. The method of example 66,
wherein the computing system includes one or more
computing components distributed across one or more
networks, wherein one or more computing components
of the computing system are configured to perform any
function recited with respect to the first processor.

[0151] Example 68. A method comprising one or more
techniques described 1n this disclosure.

[0152] Example 69. A method comprising any combi-
nation of features recited by examples 1-68.

[0153] Example 70. A method comprising any combi-
nation of examples 1-69.

[0154] Example 71. Any apparatus, device, processor,
or system described 1n this disclosure.

[0155] Example 72. A processor configured to perform
one or more techniques described in this disclosure.

[0156] Example 73. A processor configured to perform
any combination of features recited by examples 1-70.

[0157] Example 74. A processing system configured to
p p g Sy gu
perform one or more techniques described i this

disclosure.

[0158] Example 75. A processing system configured to
P P g Sy gu
perform any combination of features recited by

examples 1-70.

[0159] Example 76. A processing system comprising
one or more means for performing one or more tech-
niques described in this disclosure.
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[0160] Example 77. A processing system comprising
one or more means for performing the method of any
of examples 1-70 or any combination of examples
1-70.

[0161] Example 78. The processing system of example
76 or 7’7, wherein the one or more means comprises one
Or MOre Processors.

[0162] Example 79. A non-transitory computer-read-
able medium having code stored thereon that, when
executed, causes an apparatus to: perform one or more
techniques described 1n this disclosure.

[0163] Example 80. A non-transitory computer-read-
able medium having code stored thereon that, when
executed, causes an apparatus to: perform the method
of any of examples 1-70 or any combination of
examples 1-70.

[0164] Example 81. A non-transitory computer-read-
able medium having code stored thereon that, when
executed, causes at least one processor of an apparatus
to: perform one or more techniques described 1n this
disclosure.

[0165] Example 82. A non-transitory computer-read-
able medium having code stored thereon that, when
executed, causes at least one processor of an apparatus
to: perform the method of any of examples 1-70 or any
combination of examples 1-70.

[0166] Example 83. The method of any of example 81
or 82, wherein the apparatus 1s a processing system.

[0167] Example 84. The method of example 83,

wherein the processing system includes one or more
components distributed across one or more networks.

[0168] Example 85. The method of example 84,
wherein one or more components of the processing
system are configured to perform any function
described 1n this disclosure.

[0169] Example 86. An example method comprising:
receiving, by a first processor, assembly parameters,
wherein the assembly parameters includes part infor-
mation relating to a plurality of parts, wherein the part
information includes geometry information for each
part of the plurality of parts; generating, by the first
processor, a plurality of assembly sequences for the
plurality of parts based on the assembly parameters,
wherein each respective assembly sequence of the
plurality of assembly sequences defines a respective
order 1n which the plurality of parts 1s to be joined to
form an assembly; generating, by the first processor,
simulation performance information for each assembly
sequence of the plurality of assembly sequences,
wherein the simulation performance information 1s
associated with a robotic cell configuration that
includes a plurality of robots, and wherein the simula-
tion performance information includes robot utilization
information and cycle time information and/or assem-
bly accuracy information; selecting a first assembly
sequence from the plurality of assembly sequences
based on (1) the simulation performance information
corresponding to the first assembly sequence or (11) a
first score corresponding to the first assembly sequence
relative to other respective scores corresponding to
other assembly sequences of the plurality of assembly
sequences, wherein the first score 1s based on the
simulation performance information corresponding to
the first assembly sequence; and generating, by the first
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processor, first program information and second pro-
gram 1nformation for the first assembly sequence,
wherein the first program information 1s configured to
be 1mported 1nto a first program and the second pro-
gram information 1s configured to be imported into a
second program.

[0170] Example 87. The method of example 86,
wherein generating the plurality of assembly sequences
based on the assembly parameters comprises: applying
an algorithm to the assembly parameters.

[0171] Example 88. The method of example 87,
wherein the algorithm includes a genetic algorithm.

[0172] Example 89. The method of example 1, wherein
generating the plurality of assembly sequences based
on the assembly parameters comprises: assigning, by

the first processor, location information to each part of
the plurality of parts.

[0173] Example 90. The method of example 89,
wherein the location information for each part of the
plurality of parts includes a respective part delivery
structure 1dentifier corresponding to a respective part
delivery structure associated with the robotic cell con-
figuration on which the respective part 1s to be posi-
tioned before assembly.

[0174] Example 91. The method of example 90,
wherein the part delivery structure 1s a table.

[0175] Example 92. The method of example 90,
wherein the location information for each part of the
plurality of parts includes respective part delivery
structure location imnformation indicative of where the
respective part 1s to be positioned on the respective part
delivery structure before assembly.

[0176] Example 93. The method of example 86,
wherein the geometry information for each part
includes joint information and robot engagement fea-
ture information.

[0177] Example 94. The method of example 86,

wherein the geometry information i1s three-dimen-
stonal.

[0178] Example 95. The method of example 86,
wherein the geometry information 1s dernived from a
three-dimensional model defined in a three-dimen-
stonal rendering program f{ile.

[0179] Example 96. The method of example 86,
wherein the robot utilization information identifies how
many of the robots among the plurality of robots of the
robotic cell configuration are utilized by the respective
assembly sequence of the plurality of assembly
sequences, and wherein the cycle time information
identifies a cycle time corresponding to the robotic cell
configuration for the respective assembly sequence of
the plurality of assembly sequences and/or the assem-
bly accuracy information identifies an assembly accu-
racy corresponding to the assembly for the respective
assembly sequence of the plurality of assembly
sequences.

[0180] Example 97. The method of example 86, further
comprising: performing, by the first processor, a simu-
lation based on the robotic cell configuration for each
assembly sequence of the plurality of assembly
sequences to generate the simulation performance
information for each assembly sequence of the plurality
ol assembly sequences.
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[0181] Example 98. The method of example 86, further
comprising: causing, by the first processor, the first
program information to be imported into the first pro-
gram; and causing, by the {first processor, the second
program information to be imported into the second
program.

[0182] Example 99. The method of example 98,
wherein: causing the first program information to be
imported into the first program includes importing the
first program information into the first program; and
causing the second program information to be imported
into the second program includes importing the second
program information into the second program.

[0183] Example 100. The method of example 86,
wherein the first program 1s a first robot program
configured to be executed by a first robot of the
plurality of robots associated with the simulation per-
formance information, wherein the second program 1s
configured to be executed by a second processor, and
wherein the second processor 1s configured to commus-
nicate with the plurality of robots associated with the
simulation performance information.

[0184] Example 101. The method of example 100,
wherein the second processor 1s a programmable logic
controller (PLC) and the second program 1s a PLC
program.

[0185] Example 102. The method of example 86, fur-
ther comprising: determining, by the first processor, a
respective score for each assembly sequence of the
plurality of assembly sequences based on the respective
simulation performance information for each respec-
tive assembly sequence of the plurality of assembly
sequences; and comparing, by the first processor, the
scores corresponding to the plurality of assembly
sequences, wherein the scores corresponding to the
plurality of assembly sequences includes the first score,
and wherein selecting the first assembly sequence of
the plurality of assembly sequences based on the first
score corresponding to the first assembly sequence
relative to other respective scores corresponding to
other assembly sequences of the plurality of assembly
sequences comprises selecting the first assembly
sequence of the plurality of assembly sequences based
on the comparison of the scores corresponding to the
plurality of assembly sequences.

[0186] Example 103. The method of example 86,
wherein the first processor includes a memory, wherein
the memory 1ncludes instructions stored thereon, that
when executed by the first processor, cause the first
processor to perform any function recited with respect
to the first processor.

[0187] Example 104. The method of example 86,
wherein the first processor comprises a plurality of
processing components distributed across one or more
networks, wherein one or more processing components
of the first processor may perform any function recited
with respect to the first processor.

[0188] Example 105. The method of example 86,
wherein the first processor comprises a single processor
or multiple processors.

[0189] Example 106. The method of example 86,
wherein the first processor comprises a computing
system.
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[0190] Example 107. The method of example 106,
wherein the computing system has one or more com-
puting components distributed across one or more
networks, wherein one or more computing components
of the computing system may perform any function
recited with respect to the first processor.

[0191] Example Implementation: In some examples, a
user of assembly system 100 may create a new assembly
sequence simulation by selecting, using one or more 1nput
devices 140, a robot cell layout and uploading the parts to
assembly. This may include building the joint connectivity
matrix, and sub-assembly tree grouping for the parts. The
user may adjust any robotic timing parameters used in the
assembly sequence simulation, and optionally can begin
seeding the tables with parts as an initial first guess. To start
running the optimizer (e.g., the assembly sequence planner
102), the user sets some optimizer specific parameters and
submits the job. As the optimizer finds new candidate
solutions based on fitness score, the results may be stored 1n
the database record for the simulation and be displayed for
analysis. The user can analyze one or more candidates
generated by the optimizer, such as all of the candidates or
one or more selected candidates.

[0192] Example Optimizer Parallelization: The optimiza-
tion strategy may include running the sequence simulation
for a plurality of independent candidate table assignments.
This can be exploited by running the sequence simulation
for each candidate, such as in parallel. A master-slave
parallelization architecture may be utilized. The master node
may run the optimizer and create all the candidates. It may
then dispatch (IN/P) candidates to each slave node, where N
1s the number of current candidates and P 1s the number of
slave nodes. The slave nodes may run the sequence simu-
lator for each candidate, collect the results including the
fitness score, and return the results to the master node. After
all slave nodes have finished and reported back the results,
the master may use all the results to determine the next set
of candidates. This 1s an example of an 1terative process
which may continue until termination criteria 1s satisfied.

[0193] The various techniques described herein may be
performed by any suitable means capable of performing the
operations, such as various hardware and/or software com-
ponent(s). A hardware component may include circuitry
configured to perform one or more techniques described
herein.

[0194] The methods disclosed herein comprise one or
more steps or actions for achieving the described method.
The method steps and/or actions may be interchanged with
one another without departing from the scope of the claims.
In other words, unless a specific order of steps or actions 1s
explicitly specified as being required, the order and/or use of
specific steps and/or actions may be modified without
departing from the scope of the claims.

[0195] Various aspects of systems, apparatuses, computer
program products, and methods are described more fully
with reference to the accompanying drawings. This disclo-
sure may, however, be embodied 1n many different forms
and should not be construed as limited to any specific
structure or function presented throughout this disclosure.
Rather, these aspects are provided so that this disclosure will
be thorough and complete, and will fully convey the scope
of this disclosure to those skilled 1n the art. Based on the
teachings herein, one skilled 1n the art should appreciate that
the scope of this disclosure 1s intended to cover any aspect
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and any combination of aspects of the systems, apparatuses,
computer program products, and methods disclosed herein.
In addition, the scope of the disclosure 1s not limited to the
structure or functionality disclosed herein. Any aspect dis-
closed herein may be embodied by one or more elements of
a claim.

[0196] Although particular aspects are described herein,
many variations and permutations ol these aspects {fall
within the scope of this disclosure. Although some potential
benelits and advantages of aspects of this disclosure may be
mentioned, the scope of this disclosure 1s not limited to
particular benefits, advantages, uses, or objectives. Rather,
aspects of this disclosure are intended to be broadly appli-
cable to any system, apparatus, computer program product,
and method that may employ one or more aspects of this
disclosure.

[0197] Several aspects are disclosed herein and are
described and illustrated by various systems, blocks, com-
ponents, functions, processes, algorithms, etc. (collectively
referred to as “components™). For example, each block in
FIG. 1 may constitute a component. Components of this
disclosure may be implemented using or otherwise include
hardware, software, or any combination thereof configured
to perform one or more aspects described with respect to the
component. Whether such components are implemented as
hardware or software may depend upon the particular appli-
cation and design constraints imposed on the overall system.
Components may be separate components or sub-compo-
nents ol a single component. By way of example, a com-
ponent, any portion ol a component, or any combination of
components may be implemented as a “processing system”™
that includes one or more processors (which may also be
referred to as processing units). Examples of processors may
include microprocessors, microcontrollers, graphics pro-
cessing units (GPUs), central processing units (CPUs),
application processors, digital signal processors (DSPs),
reduced 1nstruction set computing (RISC) processors, sys-
tems on a chip (SoC), baseband processors, field program-
mable gate arrays (FPGAs), programmable logic devices
(PLDs), state machines, programmable logic controllers
(PLCs), gated logic, discrete hardware circuits, and other
suitable hardware, configured to perform the various func-
tionality described throughout this disclosure. The one or
more processors of a processing system may be communi-
catively coupled 1n accordance with the techniques
described herein. Any functional aspect disclosed herein
may be performed by one or more components disclosed
herein. The functionality performed by one or more com-
ponents may be combined into a single component. For
example, assembly sequence planner 102 and memory 120
may be mmplemented 1 a single processor or multiple
processing systems. As another example, various aspects of
assembly sequence planner 102 and memory 120 may be
spread across multiple communicatively coupled processing
systems, where each processing system may include one or
more processors.

[0198] One or more processors, such as one or more
processors ol a processing system, may be configured to
execute software stored on one or more memories comimu-
nicatively coupled with the one or more processors. As an
example, a processor may access soitware stored on a
memory and execute the software accessed from the
memory to perform one or more techniques described
herein. Software may refer to instructions, code, efc.
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[0199] Functionality described herein may be embodied or
encoded as hardware, software, or any combination thereof.
For example, if implemented in soitware, a function may be
stored on or encoded as one or more instructions or code on
a computer-readable medium. Computer-readable media
includes computer storage media. Storage media may be any
available media/memory that can be accessed by processor,
such as random-access memory (RAM), read-only memory
(ROM), electrically erasable programmable ROM (EE-
PROM), optical disk storage, magnetic disk storage, other
magnetic storage devices, any other medium that may be
used to store software, and any combination thereof. Com-
puter-reasonable media may be non-transitory computer
readable media.

[0200] Any component herein may be configured to com-
municate with one or more other components. Communi-
cation may include the transmission and/or reception of
information. The information may be carried 1n one or more
messages. As an example, a {first component in communi-
cation with a second component may be described as being
communicatively coupled to or otherwise with the second
component. For example, assembly sequence planner 102
may be communicatively coupled with one or more com-
ponents of robotic cell 130. As another example, assembly
sequence planner 102 may be communicatively coupled
with memory 120. As another example, one or more com-
ponents of assembly sequence planner 102 may be commu-
nicatively coupled with one or more other components of
assembly sequence planner 102. As another example, one or
more components of robotic cell 130 may be communica-
tively coupled with one or more other components of robotic
cell 130. As another example, any component described
herein configured to perform one or more techniques of this
disclosure may be communicatively coupled to one or more
other components configured to perform one or more tech-
niques of this disclosure. In some examples, when commu-
nicatively coupled, two components may be actively trans-
mitting or receiving information, or may be configured to
transmit or receive information. If not communicatively
coupled, any two components may be configured to com-
municatively couple with each other, such as 1n accordance
with one or more communication protocols compliant with
one or more communication standards. Reference to “any
two components” does not mean that only two devices may
be configured to communicatively couple with each other;
rather, any two devices 1s inclusive of more than two
devices. For example, a first component may communica-
tively couple with a second component and the first com-
ponent may communicatively couple with a third compo-
nent.

[0201] In some examples, the term “communicatively
coupled” may refer to a communication connection, which
may be direct or indirect. A communication connection may
be wired, wireless, or a combination thereof. A wired
connection may refer to a conductive path, a trace, or a
physical medium (excluding wireless physical mediums)
over which information may be communicated. A conduc-
tive path may refer to any conductor of any length, such as
a conductive pad, a conductive via, a conductive plane, a
conductive trace, or any conductive medium. A direct com-
munication connection may refer to a connection 1n which
no intermediary component resides between the two com-
municatively coupled components. An indirect communica-
tion connection may refer to a connection i which at least
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one mtermediary component resides between the two com-
municatively coupled components. Two components that are
communicatively coupled may communicate with each
other over one or more diflerent types of networks (e.g., a
wireless network and/or a wired network) in accordance
with one or more communication protocols. In some
examples, a communication connection may enable the
transmission and/or receipt of information. For example, a
first component communicatively coupled to a second com-
ponent may be configured to transmit information to the
second component and/or receive information from the
second component 1n accordance with the techniques of this
disclosure. Similarly, the second component 1n this example
may be configured to transmit information to the first
component and/or receive mformation from the first com-
ponent 1n accordance with the techniques of this disclosure.
The term “communicatively coupled” may refer to a tem-
porary, itermittent, or permanent communication connec-
tion.

[0202] As described herein, a processing system may refer
to any combination of any number (one or more more) of
components configured to perform one or more techniques
described herein. A processing system may include one or
more devices on which one or more components of the
processing system reside, such as a server, base station, user
equipment, client device, station, access point, a computer,
an end product, apparatus, smart phone, or system config-
ured to perform one or more techniques described herein.
[0203] The claims are not limited to the precise configu-
ration and components 1llustrated herein. Various modifica-
tions, changes and variations may be made in the arrange-
ment, operation and details of the methods and apparatus
described above without departing from the scope of the
claims. Combinations such as “at least one of A, B, or C’;
“one or more of A, B, or C”; “at least one of A, B, and C”’;
“one or more of A, B, and C”; and “A, B, C, or any
combination thereof” include any combination of A, B,
and/or C, and may 1nclude multiples of A, multiples of B, or
multiples of C. Specifically, combinations such as “at least
one of A, B, or C”; “one or more of A, B, or C”’; “at least one
of A, B, and C”’; “one or more of A, B, and C”’; and “A, B,
C, or any combination thereof” may be A only, B only, C
only, Aand B, A and C, B and C, or A and B and C, where
any such combinations may contain one or more member or
members of A, B, or C. All structural and functional equiva-
lents to the various aspects described throughout this dis-
closure that are known or later come to be known to those
of ordinary skill in the art are expressly incorporated herein
by reference and are intended to be encompassed by the
claims.

[0204] While the foregoing 1s directed to aspects of the
present disclosure, other and further aspects of the disclosure
may be devised without departing from the basic scope
thereof, and the scope thereof 1s determined by the claims
that follow.

1. A system comprising:
a memory; and
a processing system communicatively coupled to the
memory, wherein the processing system 1s configured
to:
receive assembly parameters from the memory;
generate an assembly sequence for a plurality of parts
based on the assembly parameters, wherein the
assembly sequence includes an order in which the
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plurality of parts 1s to be joined by one or more
robots to form an assembly;

evaluate the assembly sequence based on dimensional
accuracy information;

select the assembly sequence based on the evaluation of
the assembly sequence; and

generate  assembly program information for the
selected assembly sequence, wherein the assembly
program information characterizes an assembly of
the selected assembly sequence.

2. The system of claim 1, wherein to generate the assem-
bly sequence based on the assembly parameters, the pro-
cessing system 1s configured to apply an algorithm to the

assembly parameters.

3. The system of claim 2, wherein the algorithm includes
at least a genetic algorithm, a mixed integer linear algorithm,
or a satisfiability modulo theories algorithm.

4. The system of claim 1, wherein to generate the assem-
bly sequence based on the assembly parameters, the pro-

cessing system 1s configured to assign location information
to each part of the plurality of parts.

5. The system of claim 4, wherein the location informa-
tion for each part of the plurality of parts includes a
respective part table 1dentifier corresponding to a respective
part table on which the respective part 1s to be positioned
before assembly.

6. The system of claim 3, wherein the location informa-
tion for each part of the plurality of parts includes respective
part table location information indicative of where the
respective part 1s to be positioned on the respective part table
before assembly.

7. The system of claim 30, wherein the geometry infor-
mation for each part includes joint information and robot
engagement feature mnformation.

8. The system of claim 30, wherein the geometry infor-
mation 1s derived from a three-dimensional model defined in
a three-dimensional rendering program file.

9. The system of claim 1, further comprising:

robot utilization information, wherein the robot utilization
information identifies how many of the one or more
robots are utilized by the assembly sequence, and
wherein the dimensional accuracy information i1denti-
fies an assembly accuracy corresponding to the assem-
bly for the assembly sequence.

10. The system of claim 1, wherein the processing system
1s configured to:

perform a simulation based on a robotic cell configuration
for the assembly sequence to generate simulation per-
formance information for the assembly sequence.

11. The system of claim 1, further comprising:

a computer-executable program configured to import the
assembly program mformation and to control a robotic
cell to assemble the plurality of parts based on the
assembly program information, wherein the robotic cell
includes the one or more robots.

12. The system of claim 11, wherein the computer-
executable program includes a programmable logic control-

ler (PLC).

13. The system of claim 1, wherein the processing system
1s configured to:

generate an additional assembly sequence for the plurality
of parts based on the assembly parameters, wherein the
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additional assembly sequence includes an additional
order 1n which the plurality of parts 1s to be joined to
form an assembly, and

generate simulation performance information for the
assembly sequence and the additional assembly
sequence, wherein generating the simulation perfor-
mance information includes determining a first score
for the assembly sequence and a second score for the
additional assembly sequence, and selecting the assem-
bly sequence includes comparing the first and second
SCOres.

14. The system of claim 13, wherein the first and second
scores are determined based on respective simulation per-
formance information associated with a robotic cell con-
figuration generated for each of the assembly sequence and
the additional assembly sequence.

15. The system of claim 13, wherein the order 1s di
from the additional order.

16. The system of claim 13, wherein comparing the first
score with the second score includes determining whether
the first score satisfies at least one criterion relative to the
second score.

17. The system of claim 16, wherein the at least one
criterion includes the first score being less than the second
score, less than or equal to the second score, equal to the
second score, greater than the second score, or greater than
or equal to the second score.

18. The system of claim 1, wherein the processing system
comprises a plurality of processing components distributed
across one or more networks.

19. The system of claim 1, wherein the processing system
comprises a single processor or multiple processors.

20. The system of claim 1, wherein the processing system
comprises a computing system.

21. The system of claim 20, wherein the computing
system 1ncludes one or more computing components dis-
tributed across one or more networks.

22. The system of claim 1, further comprising implement-
ing an optimization routine configured to generate a plurality
of assembly sequences for the plurality of parts 1n a search
space, evaluate each sequence, and then use the sequence
with a best evaluation to generate one or more new assembly
sequences.

23. The system of claim 1, wherein the dimensional
accuracy information 1s based on a final assembly of the
assembly.

24. The system of claim 1, wherein the dimensional
accuracy information includes at least a predicted length
measurement of the assembly or a predicted rotation mea-
surement of the assembly.

25. The system of claim 1, further comprising a simula-
tion performance imformation processor, wherein the simu-
lation performance information processor 1s configured to
compare an assembly accuracy criterion to the dimensional
accuracy information to determine whether the assembly
sequence should be accepted or discarded.

26. The system of claim 1, wherein the assembly sequence
includes resource allocation and task schedule information.

277. The system of claim 1, wherein the assembly sequence
1s generated by a computer code.

28. The system of claim 27, wherein the computer code 1s
configured to provide for placement of the plurality of parts
on one or more part tables.
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29. The system of claim 1, wherein the assembly param-
cters include part information relating to the plurality of
parts.

30. The system of claim 29, wherein the part information
includes geometry information for each part of the plurality
ol parts.

31. The system of claim 1, further comprising an assem-
bly sequence generator configured to assign information to
cach part of the plurality of parts for at least the assembly
sequence.

32. The system of claim 31, wherein the assigned infor-
mation 1s part delivery location iformation.

33. The system of claim 1, further comprising a stmulator
configured to determine whether a part table of has one or
more parts of the plurality of parts available for engagement
by a robot of the one or more robots.

34. The system of claim 33, wherein when the simulator
determines the part table has the one or more parts available
for engagement by the robot, the simulator 1s configured to
cause the robot to engage the one or more parts.

35. The system of claim 1, further comprising a simulator
configured to determine 11 a robot of the one or more robots
needs an end eflector from a plurality of end eflectors to
engage a part of the plurality of parts.

36. The system of claim 35, wherein when the simulator

determines the robot needs the end eflector to engage the
part, the stmulator 1s configured to cause the robot to equip

the end eflector with the part.

37. The system of claim 7, wherein the robot engagement
feature 1information comprises a robot engagement feature
configured to enable a robot of the one or more robots to
apply adhesive to at least one part of the plurality of parts.

38. A non-transitory computer-readable medium storing
computer readable 1nstructions, which when executed by at
least one processor, causes the at least one processor to:

receive assembly parameters;

generate an assembly sequence for a plurality of parts
based on the assembly parameters, wherein the assem-
bly sequence includes an order 1n which the plurality of
parts 1s to be jomed by one or more robots to form an
assembly;

cvaluate the assembly sequence based on dimensional
accuracy information;

select the assembly sequence based on the evaluation of
the assembly sequence; and

generate assembly program information for the selected
assembly sequence, wherein the assembly program
information characterizes an assembly of the selected
assembly sequence.

39. A non-transitory computer-readable medium storing
computer readable mstructions, which when executed by at
least one processor, causes the at least one processor to:

receive assembly parameters;

generate an assembly sequence for a plurality of parts
based on the assembly parameters, wherein the assem-
bly sequence includes a placement of the plurality of
parts on one or more part tables and wherein the
assembly sequence includes an order in which the
plurality of parts 1s to be joined by one or more robots
to form an assembly;

evaluate the assembly sequence;

select the assembly sequence based on the evaluation of
the assembly sequence; and
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generate assembly program information for the selected
assembly sequence, wherein the assembly program
information characterizes an assembly of the selected
assembly sequence.

40. A system comprising:

a memory storing instructions; and

a processing system communicatively coupled to the
memory, wherein the processing system 1s configured
to execute the 1nstructions to:

receive assembly parameters from the memory;

generate an assembly sequence for a plurality of parts

based on the assembly parameters, wherein the
assembly sequence includes a placement of the plu-
rality of parts on one or more part tables and wherein
the assembly sequence includes an order in which
the plurality of parts is to be joined by one or more
robots to form an assembly;
evaluate the assembly sequence;
select the assembly sequence based on the evaluation of
the assembly sequence; and
generate  assembly program information for the
selected assembly sequence, wherein the assembly
program information characterizes an assembly of
the selected assembly sequence.

41. The system of claim 40, further comprising 1mple-
menting an optimization routine configured to generate a
plurality of assembly sequences for the plurality of parts in
a search space, evaluate each sequence, and then use the
sequence with a best evaluation to generate one or more new
assembly sequences.

42. The system of claim 40, wherein the assembly
sequence 1ncludes resource allocation and task schedule
information.

43. The system of claim 40, wherein the processing
system 1s configured to:

perform a simulation based on a robotic cell configuration

for the assembly sequence to generate simulation per-
formance information for the assembly sequence.

44. The system of claim 40, wherein the processing
system includes a plurality of processing components dis-
tributed across one or more networks.

45. The system of claim 40, wherein the processing
system 1ncludes a single processor or multiple processors.

46. The system of claim 40, wherein the assembly
sequence 1s generated by a computer code.

4'7. The system of claim 46, wherein the computer code 1s
configured to provide for placement of the plurality of parts
on the one or more part tables.

48. The system of claim 40, wherein the assembly param-
cters include part information relating to the plurality of
parts.

49. The system of claim 48, wherein the part information
includes geometry information for each part of the plurality
ol parts.

50. The system of claim 49, wherein the geometry infor-
mation 1s derived from a three-dimensional model defined in
a three-dimensional rendering program file.

51. The system of claim 49, wherein the geometry infor-
mation for each part includes joint information and robot
engagement feature information.

52. The system of claim 51, wherein the robot engage-
ment feature information includes a robot engagement fea-
ture configured to enable a robot of the one or more robots
to apply adhesive to at least one part of the plurality of parts.
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53. The system of claim 40, further comprising an assem-
bly sequence generator configured to assign imnformation to
cach part of the plurality of parts for at least the assembly
sequence.

54. The system of claim 53, wherein the assigned infor-
mation 1s part delivery location mformation.

55. The system of claim 40, further comprising a simu-
lator configured to determine whether a part table of the one
or more part tables has one or more parts of the plurality of
parts available for engagement by a robot of the one or more
robots.

56. The system of claim 55, wherein when the simulator
determines the part table has the one or more parts available
for engagement by the robot, the simulator 1s configured to
cause the robot to engage the one or more parts.

57. The system of claim 40, further comprising a simu-
lator configured to determine if a robot of the one or more
robots needs an end eflector from a plurality of end eflectors
to engage a part of the plurality of parts.

58. The system of claim 37, wherein when the simulator
determines the robot needs the end eflector to engage the
part, the simulator 1s configured to cause the robot to equip
the end eflector with the part.

59. The system of claim 40, wherein the processing
system 1s configured to apply an algorithm to the assembly
parameters.

60. The system of claam 39, wherein the algorithm
includes at least a genetic algorithm, a mixed integer linear
algorithm, or a satisfiability modulo theories algorithm.

61. The system of claim 40, wherein the processing
system 1s configured to assign location information to each
part of the plurality of parts.

62. The system of claim 61, wherein the location infor-
mation for each part of the plurality of parts includes a
respective part table identifier corresponding to a respective
part table on which the respective part 1s to be positioned
before assembly.

63. The system of claim 62, wherein the location infor-
mation for each part of the plurality of parts includes
respective part table location information indicative of
where the respective part 1s to be positioned on the respec-
tive part table before assembly.

64. The system of claim 40, wherein the processing
system 1ncludes a computing system.

65. The system of claim 64, wherein the computing
system 1ncludes one or more computing components dis-
tributed across one or more networks.

66. The system of claim 40, further comprising:

generate simulation performance information for the

assembly sequence, wherein the evaluation of the
assembly sequence 1s based on the simulation perfor-
mance information.

67. The system of claim 66, wherein the simulation
performance information 1s associated with a robotic cell
configuration that includes the one or more robots.

68. The system of claim 67, wherein the simulation
performance information includes robot utilization informa-
tion and assembly accuracy information corresponding to
the assembly.

69. The system of claim 68, wherein the robot utilization
information i1dentifies how many of the one or more robots
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are utilized by the assembly sequence, and wherein the
assembly accuracy information identifies an assembly accu-
racy corresponding to the assembly for the assembly
sequence.

70. The system of claim 68, further comprising a simu-
lation performance information processor, wherein the
simulation performance information processor 1s configured
to compare an assembly accuracy criterion to the assemby
accuracy information to determine whether the assembly
sequence should be accepted or discarded.

71. The system of claim 68, wherein the assembly accu-
racy information includes dimensional accuracy informa-
tion.

72. The system of claim 71, wheremn the dimensional
accuracy information 1s based on a final assembly of the
assembly.

73. The system of claim 71, wherein the dimensional
accuracy information includes at least a predicted length
measurement of the assembly or a predicted rotation mea-
surement of the assembly.

74. The system of claim 40, further comprising;:

a computer-executable program configured to import the
assembly program information and to control a robotic
cell to assemble the plurality of parts based on the
assembly program information, wherein the robotic cell
includes the one or more robots.

75. The system of claim 74, wherein the computer-
executable program includes a programmable logic control-
ler (PLC).

76. The system of claaim 40, wherein the processing
system 1s configured to:

generate an additional assembly sequence for the plurality
of parts based on the assembly parameters, wherein the
additional assembly sequence includes an additional
order 1n which the plurality of parts 1s to be joined to
form an assembly, and

generate simulation performance information for the
assembly sequence and the additional assembly
sequence, wherein generating the simulation perfor-
mance mnformation includes determining a first score
for the assembly sequence and a second score for the
additional assembly sequence, and selecting the assem-
bly sequence includes comparing the first and second
SCOres.

77. The system of claim 76, wherein the first and second
scores are determined based on respective simulation per-
formance information associated with a robotic cell con-
figuration generated for each of the assembly sequence and
the additional assembly sequence.

78. The system of claim 76, wherein the order 1s di
from the additional order.

79. The system of claim 76, wherein comparing the first
score with the second score includes determining whether
the first score satisfies at least one criterion relative to the
second score.

80. The system of claim 79, wherein the at least one
criterion 1ncludes the first score being less than the second
score, less than or equal to the second score, equal to the
second score, greater than the second score, or greater than
or equal to the second score.
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