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(57) ABSTRACT 

An intelligent sheet metal bending System is disclosed, 
having a cooperative generative planning System. A plan 
ning module interacts with Several expert modules to 
develop a bending plan. The planning module utilizes a 
State-space Search algorithm. Computerized methods are 
provided for Selecting a robot gripper and a repo gripper, and 
for determining the optimal placement of Such gripperS as 
they are holding a workpiece being formed by the bending 
apparatus. Computerized methods are provided for Selecting 
tooling to be used by the bending apparatus, and for deter 
mining a tooling Stage layout. An operations planning 
method is provided which allows the bending apparatus to 
be set up concurrently while time-consuming calculations, 
Such as motion planning, are performed. An additional 
method or System is provided for positioning tooling Stages 
by using a backstage guide member which guides placement 
of a tooling Stage along the die rail of the bending apparatus. 
A method is provided for learning motion control offset 
values, and for eliminating the need for Superfluous Sensor 
based control operations once the motion control offset 
values are known. The planning System may be used for 
facilitating functions Such as design and assembly System, 
which may perform designing, costing, Scheduling, and/or 
manufacture and assembly. 
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INTELLIGENT SYSTEM FOR GENERATING AND 
EXECUTING ASHEET METAL BENDING PLAN 

1. RELATED APPLICATION DATA 

0001. This is a Continuation application of U.S. applica 
tion Ser. No. 09/930,252 filed Aug. 16, 2001, which was a 
Continuation of U.S. application Ser. No. 09/207,268 filed 
Dec. 8, 1998, which was a Continuation of U.S. patent 
application Ser. No. 08/386,369, filed Feb. 9, 1995, which 
was a Continuation of U.S. application Ser. No. 08/338,113, 
filed Nov. 9, 1994, the contents of which are expressly 
incorporated by reference herein in their entireties. The 
present disclosure is also related to the disclosure provided 
in the following U.S. applications filed on even date here 
with: “Method for Planning/Controlling Robot Motion”, 
U.S. patent application Ser. No. 08/338,115, filed on Nov. 9, 
1994; “Methods for Backgaging and Sensor-Based Control 
of Bending Operations”, U.S. patent application Ser. No. 
08/338,153, filed on Nov. 9, 1994; and “Fingerpad Force 
Sensing System”, U.S. patent application Ser. No. 08/338, 
095, filed on Nov. 9, 1994, and the disclosures of all of these 
applications are expressly incorporated by reference herein 
in their entireties. 

2. COMPUTER PROGRAM LISTING APPENDIX 

0002 This application includes a computer program list 
ing appendix for Appendices A-D. The computer program 
listing appendix consists of one CD-ROM including 30 
images. 

3. COPYRIGHT NOTICE 

0003) A portion of the disclosure of this patent document 
contains material which is Subject to copyright protection. 
The copyright owner has no objection to the facsimile 
reproduction by anyone of the patent disclosure, as it 
appears in the Patent and Trademark Office patent files or 
records, but otherwise reserves all copyright rights whatso 
CWC. 

BACKGROUND OF THE INVENTION 

0004) b 1. Field of the Invention 
0005 The present invention is directed to methods and 
Subsystems which may be provided in an intelligent bent 
sheet metal designing, planning and manufacturing System 
and the like. 

0006 2. Discussion of Background Information 
0007 FIGS. 1-3 illustrate, in a simplified view, an 
example conventional bending WorkStation 10 for bending a 
sheet metal part (workpiece) 16 under the control of a 
manually created program downloaded to various control 
devices provided within the workstation. The illustrated 
bending workstation 10 is a BM100 Amada workstation. 
0008 (a) The Hardware and its Operation 
0009 FIG. 1 shows an overall simplified view of bend 
ing workstation 10. FIG. 2 shows a partial view of a press 
brake 29, positioned to perform a bend an a workpiece 16. 
The elements shown in FIG.2 include a robot arm 12 having 
a robot arm gripper 14 grasping a workpiece 16, a punch 18 
being held by a punch holder 20, and a die 19 which is 
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placed on a die rail 22. A backgage mechanism 24 is 
illustrated to the left of punch 18 and die 19. 
0010. As shown in FIG. 1, bending workstation 10 
includes four Significant mechanical components a press 
brake 29 for bending workpiece 16; a five degree-of-free 
dom (5 DOF) robotic manipulator (robot) 12 for handling 
and positioning workpiece 16 within press brake 29, a 
material loader/unloader (L/UL) 30 for loading and posi 
tioning a blank workpiece at a location for, robot 12 to grab, 
and for unloading finished workpieces, and a repositioning 
gripper 32 for holding workpiece 16 while robot 12 changes 
its grasp. 

0011 Press brake 29 includes several components as 
illustrated in FIGS. 1-3. Viewing FIG. 3, press brake 29 
includes at least one die 19 which is placed an a die rail 22, 
and at least one corresponding punch tool 18 which is held 
by a punch tool holder 20. Press brake 29 further includes a 
backgage mechanism 24. 

0012. As shown in FIG. 2, robot arm 12 includes a robot 
arm gripper 14 which is used to grasp Workpiece 16. AS 
shown in FIG. 1, material leader/unloader 30 includes 
Several Suction cups 21 which create an upwardly directed 
Suction force for lifting a sheet metal workpiece 16, thereby 
allowing L/UL 30 to pass workpiece 16 to gripper 14 of 
robot 12, and to Subsequently retrieve a finished workpiece 
16 from gripper 14 and unload the finished workpiece. 

0013) In operation, loader/unloader (L/UL) 30 will lift a 
blank workpiece 16 from a receptacle (not shown), and will 
raise and move workpiece 16 to a position to be grabbed by 
gripper 14 of robot 12. Robot 12 then maneuvers itself to a 
position corresponding to a particular bending Stage located 
within bending workstation 10. Referring to each of FIGS. 
1 and 3, Stage 1 comprises the Stage at the leftmost portion 
of preSS brake 29, and Stage 2 is located to the right of Stage 
1 along die rail 22. 

0014. If the first bend is to be made at stage 1, robot 12 
will move workpiece 16 to stage 1, and as shown in FIG. 2, 
will maneuver workpiece 16 within press brake 29, at a 
location between punch tool 13 and die 19, until it reaches 
and touches a backStop portion of backgage mechanism 24. 
With the aid of backgage mechanism 24, the position of 
workpiece 16 is adjusted by robot arm 12. Then, a bend 
operation is performed an workpiece 16 at Stage 1. In 
performing the bend operation, die rail 22 moves upward 
(along a D axis), as indicated by the directional arrow A in 
FIG. 2. As punch tool 18 and die 19 simultaneously contact 
Workpiece 16, So that workpiece 16 assumes a relatively 
stable position within press brake 29, gripper 14 will release 
its grasp on workpiece 16, and robot 12 will move gripper 
14 away from workpiece 16. Press brake 29 will then 
complete its bending of workpiece 16, by completing the 
upward movement of die 19 until the proper bend has been 
formed. 

0015. Once die 19 is engaged against punch tool 13, 
holding workpiece 16 in its bent State, before disengaging 
die 19 by lowering press brake 29, robot arm 12 will 
reposition its robot arm gripper 14 to hold workpiece 16. 
Once gripper 14 is holding workpiece 16, die 19 will be 
disengaged by releasing press brake 29. Robot 12 then 
maneuvers and repositions workpiece 16 in order to perform 
the next bend in the particular bend Sequence that has been 
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programmed for workpiece 16. The next bend within the 
bend Sequence may be performed either at the Same Stage, 
or at a different Stage, Such as Stage 2, depending upon the 
type of bends to be performed, and the tooling provided 
within press brake 29. 
0016 Depending upon the next bend to be performed, 
and the configuration of workpiece 16, the gripping position 
of gripper 14 may need to be repositioned. Repositioning 
gripper 32, shown in FIG. 1, is provided for this purpose. 
Before performing the next bend, for which repositioning of 
robot gripper 14 is needed, workpiece 16 will be moved by 
robot 12 to repositioning gripper 32. Repositioning gripper 
32 will then grasp Workpiece 16 So that robot gripper 14 can 
regrip workpiece 16 at a location appropriate for the next 
bend or Sequence of bends. 
0017 (b) The Control System 
0018. The bending workstation 10 illustrated in FIG. 1 is 
controlled by several control devices which are housed 
separately, including an MM20-CAPS interface 40, a press 
brae controller 42, a robot controller 44, and a lead/unload 
unit controller 46. Press brake controller 42 comprises an 
NC9R press brake controller, and robot controller 44 com 
prises a 25B robot controller, which are each supplied by 
Amada. Each of preSS brake controller 42 and robot con 
troller 44 have their own CPU and programming environ 
ments Load/unload unit controller 46 comprises a Stand 
alone Programmable Logic Controller (PLC), and is wired 
to respective consoles provided for preSS brake controller 42 
and robot controller 44. 

0.019 Each of controllers 42, 44, and 46 has a different 
Style bus, architecture, and manufacturer. They are coordi 
nated primarily by parallel I/O Signals. Serial interfaces are 
provided far transporting bending and robot programs to the 
controllers, each of which is programmed in a different 
manner. For example, logic diagrams are used to program 
the PLC of the load/unload controller 46, and Re is used to 
program robot controller 44. 
0020 (c) The Design/Manufacture Process 
0021. The overall design/manufacture process for bend 
ing Sheer metal includes Several Steps. First, a part to be 
produced is typically designed using an appropriate CAD 
System. Then, a plan is generated which defines the tooling 
to be used and a Sequence of bends to be performed. Once 
the needed tooling is determined, an operator will begin to 
Set up the bending WorkStation. After the WorkStation is Set 
up, the plan is executed, i.e., a workpiece is loaded and 
operation of the bending WorkStation is controlled to execute 
the complete Sequence of bends an a blank sheet metal 
workpiece. The results of the initial runs of the bending 
WorkStation are then fed back to the design Step, where 
appropriate modifications may be made in the design of the 
part in View of the actual operation of the System. 
0022. In the planning step, a plan is developed for bend 
ing WorkStation 10 in order to configure the System to 
perform a Sequence of bending operations. Needed hardware 
must be selected, including appropriate dies, punch tools, 
grippers, and So on. In addition, the bending Sequence must 
be determined, which includes the ordering and Selection of 
bends to be performed by bending workstation 10. In 
Selecting the hardware, and in determining the bending 
Sequence, along with other parameters, Software will be 
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generated to operate bending WorkStation 10, So that bend 
ing WorkStation 10 can automatically perform various opera 
tions of the bending process. 
0023) A plan for a BM100 bending workstation includes 
generated Software Such as an NC9R press brake program 
and a 25B RML robot program. Each of these programs may 
be created with the use of an initial part design created from 
a CAD system. Both the robot program and the bending 
program must be developed manually, and are quite labor 
intensive Previously developed program are classified by the 
nether of bends and/or by the directions of the bends. 
Engineers examine each part Style to determine if previously 
developed and classified programs may be used or whether 
a new program must he written. However, Since each 
classified program typically Supports only a narrow range of 
acceptable part dimensions, new programs must frequently 
be written by the engineers. The final RML robot program, 
when complete, is compiled and downgraded by the MM20 
CAS system 40 to robot controller 44. The bending program 
is entered and debugged on a control pendant provided on 
preSS brake controller 42. After entering the robot and 
bending programs into the System, an operator performs 
Several manual operations to walk the System through the 
Several operations to be performed. For example, an opera 
tor will manually operate a hand-held pendant of the robot 
controller to manually move the robot to the loading and 
unloading positions, after which the interface console 40 
will store the appropriate locations into the final RML 
program to be compiled and down-loaded to robot controller 
44. In addition, in producing the bending program, the 
operator may control the System to follow the planned bend 
Sequence, in order to determine the values for the backgage 
position (L axis) and the die rail position (D axis). 
0024 (d) Intelligent Manufacturing Workstations 
0025 Various proposals have been made in order to 
overcome many of the drawbacks with prior Systems. Such as 
the BM100 Amada bending workstation, and research has 
been conducted in the area of intelligent manufacturing 
WorkStations. Some proposed features of intelligent sheet 
metal bending WorkStations included features Such as open 
architecture, including open System configurations and dis 
tributed decision making, and enhanced computer aided 
design and geometric modeling Systems. 
0026. A paper entitled “Intelligent Manufacturing Work 
stations” was presented at the 1992 A Winter Annual Meet 
ing regarding Knowledge-Based Automation of Processes 
an Nov. 13, 1992 by David Alan Bourne; the content of the 
Paper is expressly incorporated herein by reference in it 
entirety. In the Paper, an intelligent manufacturing WorkSta 
tion is defined as a Self-contained System that takes a new 
design for a part and manufactures it automatically. The 
process is Stated to include automated Setup, part program 
ming, control, and feedback to design. 
0027. The Paper discusses several components of an 
overall intelligent manufacturing WorkStation, including fea 
tures Such as open architecture, the use of Software modules 
that communicate Via a query-based language, part design, 
operations planning, WorkStation coal, and geometric mod 
eling. 
0028 (1) Open Architecture 
0029. It has been recognized that an effective intelligent 
manufacturing WorkStation should have open Software, open 
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controller and open mechanism architecture. That is, a 
machine tool user operating Such a WorkStation should be 
able to add onto the Software, the controller, and the mecha 
nism architectures of the WorkStation in order to improve 
their functions. 

0030) (2) Soft-Ware Modules Using Query-Based Lan 
guage 

0.031 Software modules have been suggested, in the 
above-noted paper by David Bourne, for use in an intelligent 
manufacturing WorkStation. Such modules would be split 
along knowledge boundaries which have been defined in 
industrial practice, including, e.g., tooling, operations, pro 
gramming, planning and design. The Software modules 
would be responsible for understanding commands and data 
Specifications, and for answering questions in their own area 
of Specialty. A particular module might be configured to 
request information from other modules So that it has 
adequate information to Solve its designated problems, to 
communicate in a Standard language, and to work on Several 
problems at once. In addition, each module would know 
which other module to ask far information and provide 
assistance in formulating a question for the receiving mod 
ule. The general Software architecture proposed in the 
above-noted Paper is illustrated in FIG. 4. The proposed 
architecture includes a designer 50, a bend Sequence planner 
52, a module 54 for Sequence planning, execution and error 
handling, a modeler 56, a module 58 for sensor interpreta 
tion, and modules 60, 62 for proceSS control and holding, 
and fixturing. Each of the modules for Sensor interpretation 
58, process control 60, and holding and fixturing 62 are 
coupled to external machine and Sensor drives 64. A control 
Subsystem 68 is formed by several of the modules, including 
Sequence planning, execution and error handling module 54, 
modeler 56, and the modules for sensor interpretation 58, 
process control 60 and holding and fixturing 62. Control 
Subsystem 68 is shown as being implemented within a 
Chimera operating System. All of the modules may be 
connected to other factory Systems 66, including, e.g., 
Systems for Scheduling, operations, and process planning. 

0032 (3) Design Tools 
0.033 Experimentation has been conducted with design 
tools that constantly manage the relationship between a 
Stock part and a final part as it is applied to sheet metal 
bending, as noted in the above-referenced Paper, and as 
disclosed by C. Wang in “A Parallel Designer for Sheet 
Metal Parts,” Mechanical Engineering Master's Report, 
Carnegie Mellon (1992), the content of which is expressly 
incorporated herein by reference in its entirety. The design 
information, which may be described in 3D, or as a 2D flat 
pattern, is automatically maintained (in parallel) with 
another representation of the developing part. In this way, a 
connection between each of the features of the initial Stock 
part and the final part is maintained. 
0034) (4) The Planning System 
0035. Once the design is complete, a planner typically 
then produces a plan which will later be used to execute the 
manufacturing process. The plan includes Several instruc 
tions regarding the Sequencing of machine operations to 
produce the desired part. An optimal plan will result in a 
reduction of Setup time, a reduction in the existence of Scrap 
after production of the parts, an increase in part quality, and 
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an increase in production rate. To promulgate Such advan 
tages, the above-noted Paper recommends that as much 
Specific knowledge as possible be separated from the plan 
ner So that the planner can be easily adapted to different 
machines and processes. A "query-based planning System 
is thus proposed which shifts the emphasis of the planner to 
asking expert questions, rather than attempting to act as a 
Self-contained expert. 
0.036 (5) Workstation Control 
0037. The above-noted Paper proposes that the controller 
use an off-the-shelf engineering UNIX workstation as the 
core computing resource. The WorkStation may include in its 
back-plane an extension rack of Special-purpose boards and 
an additional CPU, that runs with a real-time version of the 
UNIX operating system, called CHIMERA-II. See, e.g., 
STEWART et al., Robotics Institute Technical Report, 
entitled “CHIMERA II: A Real-Time UNIX-Compatible 
Multiprocessor Operating System for Sensor Based Control 
Applications; Carnegie Mellon, CMU-RI-TR-89-24 
(1989), the content of which is expressly incorporated by 
reference herein in its entirety. 
0.038 (6) Geometric Modeling 
0039 Geometric modeling is an important component in 
intelligent machining WorkStations. Several modelers have 
been experimented with during a project in the Robotics 
Institute at Carnegie Mellon University. A geometric mod 
eler called “NOODLES” has been proposed for use as a 
modeler in an intelligent manufacturing WorkStation. The 
NOODLES modeler is discussed by GURSOZ. et al., in 
“Boolean Set operations on non-manifold boundary repre 
sentation objects,” in Computer Aided Design, Butterworth 
Heinenmann LTD., Vol. 23, No. 1, January, 1991, the 
content of which expressly incorporated by reference herein 
in its entirety. The NOODLES system makes far fewer 
assumptions about what constitutes valid edge topologies, 
and thus overcomes problems with other modeling Systems, 
which would enter into infinite loops when the edge topol 
ogy of a geometric model would violate System assump 
tions. 

0040. 6. Term Definitions 
0041. For purposes of clarification, and to assist readers 
in an understanding of the present invention, the following 
terms and acronyms used herein are defined. 
0042 bending apparatus/bending workstation-a work 
Station or apparatus for performing modern sheet metal 
working functions, including bend operations. 
0043 bending sheets of malleable material-working of 
sheets of malleable material, Such as sheet metal, including, 
and not limited to, up-action air bending, V bending, R 
bending, hemming, Seaming, coining, bottoming, forming, 
wiping, folding type bending, custom bending, and So on. 
0044) operations plan—a sequence of operations to be 
performed by a part forming apparatus in order to form a 
finished part from a piece of unfinished material. In the 
context of bend Sequence planning, an operations plan (bend 
Sequence plan) comprises a sequence of operations to be 
performed by a bending apparatus for bending workpieces 
comprising sheets of malleable material, the Sequence of 
operations including a bend Sequence which includes all of 
the bends needed to form a finished-bent workpiece 
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0.045 subplan-a portion of a complete operations plan. 
In the context of bend Sequence planning, a Subplan com 
prises a part of the information needed to Set up and/or 
control a bending WorkStation/apparatus. 

SUMMARY OF THE INVENTION 

0046. In view of the above, the present invention, through 
one or more of its various aspects and/or embodiments, is 
thus presented to bring about one or more objects and 
advantages, Such as those noted below. 
0047 Generally speaking, it is an object of the present 
invention to provide an intelligent bending WorkStation 
environment/System which may be easily upgraded and 
integrated with additional or alternate hardware and Soft 
ware modules. A further object is to provide Such a System 
which can he used to economically produce very Small batch 
sizes (of one or more workpieces) with high quality, and in 
a short amount of time. In addition, an abject is to provide 
Such a System that is flexible and that is able to accommo 
date new and different part Styles in the design and manu 
facture process. The System of the present invention is 
intended to operate efficiently in large Volume production, 
and to learn from initial production runs in order to maxi 
mize efficiency. 

0.048. An additional object of the invention is to maintain 
quality of the produced parts throughout the process, and to 
avoid errors and collisions during execution of the proceSS 
by the bending workstation. It is a further abject of the 
present invention to provide an intelligent sheet metal bend 
ing WorkStation which makes Small batches of Sheet metal 
parts from CAD descriptions. In this regard, a proceSS 
planner is provided that selects the necessary hardware (e.g., 
dies, punches, grippers, Sensors) to be utilized by the bend 
ing WorkStation, determines bending Sequences, and gener 
ates the necessary Software to operate the bending machine. 
0049. It is a further object of the present invention to 
provide Such an intelligent, automated bending WorkStation 
which first generates a process plan and then executes the 
generated plan using a real-time Sensor-based control 
method. When the process is executed, the results thereof 
may be recorded for later review, So that the process may be 
refined to make it more efficient, and to reduce the occur 
rence of errors during execution. 
0050. An additional object of the present invention is to 
provide a System which can produce a plan for bending a 
sheet metal workpiece, in which the Smallest number of 
tooling Stages will be utilized to make the part A further 
object is to provide a system that will efficiently and 
automatically produce the plan to be utilized by the bending 
WorkStation, Set up the WorkStation, and execute the plan. 
0051. The present invention, therefore, is directed-to sev 
eral Systems, methods and Sub-components provided in 
connection with a System for generating a plan which 
comprises a Sequence of operations to be performed by a 
bending apparatus for bending workpieces comprising 
sheets of malleable material. The bending apparatus has a 
gripper for gripping a workpiece while performing a bend, 
and the Sequence of operation includes a set of N bends for 
forming a finished workpiece from a Stock sheet of mal 
leable material. The System includes a proposing mechanism 
for proposing, for an mth operation within the Sequence of 
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operations, a plurality of proposed operations including a 
plurality of proposed bends to be performed by the appara 
tus. In addition, the System includes a Subplan mechanism 
for providing a proposed Subplan that accompanies each 
proposed bend, and a generating mechanism for generating 
a plan including a sequence of bends from a first bend 
through an Nth bend, by choosing each bend in the Sequence 
of operations based upon the proposed bends and the pro 
posed Subplan that accompanies each proposed bend. 

0052 The proposing mechanism may be designed so that 
it proposes bends among the complete Set of N bends that are 
Still remaining, or proposes bends among the complete Set of 
bends that are still remaining leSS bends blacked due to 
constraints. In addition, the proposing mechanism may 
propose, for an mth operation, a repositioning of a gripper's 
hold an the workpiece. 

0053. In accordance with a specific aspect of the inven 
tion, the generated plan further includes at least part of the 
proposed Subplans that accompany the chosen bends. The 
System may further include a mechanism for representing 
the mth operation as an mth level of a Search tree. The 
proposed Subplans may include Setup and control informa 
tion for the bending apparatus, and may further comprise 
final locations on the workpiece at which the gripper will 
grip the workpiece while performing the bends of the bend 
Sequence. The proposed Subplans may further include 
ranges of locations on the workpiece at which the gripper 
can grip the workpiece while performing the bends of the 
bend Sequence. In addition, the proposed Subplans may 
comprise: numbers representing a predicted number of repo 
Sitionings of the gripper needed to complete the Sequence of 
bends, indications that the next bend in the Sequence cannot 
be performed unless the gripper is first repositioned, and/or 
locations on the workpiece at which a repositioning gripper 
(i.e., a repo gripper) will grip the workpiece while perform 
ing a repositioning operation. Additionally, the proposed 
Subplans nay include: tooling Stages to be utilized to perform 
the bends in the bend Sequence, positions along a tooling 
Stage at which the workpiece will be loaded into the bending 
apparatus in order to perform the bends, and/or motion plans 
for maneuvering around tooling Stages in performing the 
bends. 

0054. In accordance with a further aspect of the system, 
an estimating device is provided for estimating a cost to be 
asSociated with each proposed bend. In this regard, the 
generating mechanism may generate a plan including a 
sequence of bends from a first through an Nth bend, by 
choosing each bend in the Sequence of operations based 
upon the proposed bend, the proposed Subplan that accom 
panies each proposed bend, and the estimated costs associ 
ated with each proposed bend. The estimated costs associ 
ated with an nth bend in the sequence of N bends may 
comprise a k cost calculated based upon an estimated 
amount of time it will take the bending apparatus to com 
plete one or more operations of the bend. The estimated 
costs associated with an nth bend in a Sequence of N bends 
may comprise an h cost calculated based upon an estimated 
total amount of time it will take the bending apparatus to 
complete one or more operations of each of the rest of the 
bends in the bend sequence that follow the nth bend. 

0055. The one or more operations of the bend which will 
be timed in order to calculate the k and h costs may comprise 
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moving the workpiece from a tooling Stage location of a 
preceding bend to a tooling Stage location of the given bend. 
The one or more operations of a given bend may also 
comprise installing, when Setting up the bending apparatus, 
an additional tooling Stage needed to perform the given 
bend. The one or more operations of a given bend may also 
comprise repositioning of the gripper's hold on the work 
piece before performing the given bend. 
0056. In accordance with a other aspect of the present 
invention, the proposing mechanism and the generating 
mechanism collectively comprise a bend Sequence planning 
module, and the Subplan mechanism and the estimating 
mechanism collectively comprise a plurality of expert mod 
ules. The expert modules may each operate the Subplan 
mechanism and the estimating mechanism when the pro 
posing mechanism proposes a proposed operation for per 
formance as the mth operation within the Sequence of 
operations. The plurality of expert modules may comprise a 
holding expert module which is capable of operating the 
Subplan mechanism to provide a proposed Suplan, including 
information regarding a location on the workpiece at which 
the gripper can hold the workpiece while performing the 
bends of the bend Sequence. The plurality of expert modules 
may comprise a holding expert module which is capable of 
operating the estimating mechanism to estimate a holding 
cost, calculated based upon whether a gripper's hold on the 
Workpiece is to be repositioned before performing a given 
bend. In addition, the plurality of expert modules may 
comprise a tooling expert module which is capable of 
operating the Subplan mechanism to provide a proposed 
tooling Subplan that includes information regarding a posi 
tion along a tooling Stage at which the workpiece will be 
loaded into the bending apparatus in order to perform a 
given bend. The tooling expert may also be capable of 
operating the estimating mechanism to estimate a cost based 
upon an amount of time to install, when Setting up the 
bending apparatus, an additional tooling Stage needed to 
perform a given bend. The motion expert module may also 
be capable of operating the estimating mechanism to esti 
mate a cost based upon a calculated travel time for moving 
the workpiece from a tooling Stage location of one bend to 
a tooling Stage location of a next bend. 
0057. In accordance with an additional aspect of the 
invention, the bend Sequence planning module may be 
capable of querying each of the expert modules for a Subplan 
and estimated costs. In addition, each of the expert modules 
may be capable of responding to a query by returning a 
Savelist to the bend Sequence planning module, whereby the 
Savelist includes a list of names of attributes, and values 
respectively corresponding to the attributes, to be Saved by 
the bend Sequence planning module. 
0.058 As a further aspect of the invention, the system 
includes a prioritizing mechanism for prioritizing proposed 
bends in accordance with bend heuristics determined based 
upon the geometry of the workpiece. The generating mecha 
nism may generate a plan, including a Sequence of bends 
from a first through an Mth bend, by choosing each bend in 
the Sequence of operations based upon the prioritized pro 
posed bends and the proposed Subplan that accompanies 
each proposed bend. The prioritizing mechanism may be 
provided with a mechanism far discounting an estimated 
cost of a bend having a high priority and increasing an 
estimated cost for a bend having a low priority. 
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0059. In accordance with a further aspect of the inven 
tion, a determining mechanism may be provided for deter 
mining the time needed for, and the feasibility of, producing 
one or more parts with the bending apparatus based upon the 
generated plan. In addition, the System may be provided 
with a mechanism for performing calculations of the costs of 
producing a given batch of parts, based upon the time 
determined by the determining mechanism. In addition, or in 
the alternative, the System may he provided with a mecha 
nism for redesigning the part based upon the time and the 
feasibility determinations made by the determining mecha 
nism. The system may be further provided with a mecha 
nism for Scheduling manufacturing with the bending appa 
ratus defending upon the determined amount of time for 
producing one or more parts. 
0060. In addition to the above-described system, the 
present invention is further directed to a computerized 
method for Selecting a gripper for holding a workpiece. The 
gripper is Selected for use in a bending apparatus for bending 
unfinished workpieces comprising sheets of malleable mate 
rial. The method includes reading information describing the 
geometry of a library of grippers to be chosen from, forming 
a Set of available gripperS eXcluding grippers that have 
certain undesired geometric features, and choosing a gripper 
from a set of available grippers. The gripper is chosen as a 
function of the width of the gripper, the length of the gripper, 
and the knuckle height of the gripper. The gripper may 
include a gripper for holding the workpiece while loading 
and unloading the workpiece into and from a die Space of the 
bending apparatus. In this regard, the method may include a 
Step of predicting, for each gripper within the Set of available 
grippers, a repo number equal to an estimated number of 
times the bending apparatus will need to change the position 
at which the gripper is holding the workpiece in order to 
perform a complete Sequence of bending operations on the 
Workpiece. The Smallest predicted repo number is then 
determined, and the Set of available gripperS is adjusted to 
include the available gripperS having a repo number equal to 
the Smallest predicted repo number, before choosing (from 
among the Set of available grippers) a gripper as a function 
of the gripper's width, length, and knuckle height. 
0061 The gripper may alternatively comprise a repo 
gripper for holding the workpiece while a robot changes its 
grip an the workpiece. In this regard, the method may be 
further provided with a step of constructing data represen 
tations of the respective intermediate Shapes of the work 
piece when repo operations are to be performed by the 
bending apparatus, and utilizing the intermediate shapes to 
determine which gripperS are excluded from the Set of 
available grippers. The grippers that cannot Securely grasp 
the workpiece, considering all of the constructed interme 
diate shape representations, are excluded from the Set of 
available gripperS. 

0062. In addition to the above-described system and 
method, the present invention is further directed to a com 
puterized method for determining a location at which a 
gripper can hold a malleable sheet workpiece while a 
bending apparatus performs an mth operation an the work 
piece. The bending apparatus performs a Sequence of opera 
tions, including the mth operation, in accordance with a 
bending plan. The Sequence of operations includes a 
sequence of bends from a first bend through an Nth bend, 
and the shape of the workpiece changes to Several interme 
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diate shapes as the bending apparatus progresses through the 
Sequence of a bends. A set of topographic representation is 
formed by repeatedly generating, along edges of the work 
piece, as a variable i is varied, a graphic representation of 
areas on the workpiece within which the gripper location can 
be without hindering performance of an ith operation. A 
determination is made as to whether or not the performance 
of the ith operation will be hindered by taking into consid 
eration the intermediate shape of the workpiece when the ith 
operation is performed. The method further includes the Step 
of determining the interSection of all the geographic repre 
Sentations within the Set to thereby determine the areas 
common to the given plurality of operations in the Sequence 
of operations. The mth operation may include changing a 
robot's grip an the workpiece between bends in the Sequence 
of bends, and/or performing a bend within the Sequence of 
bends. 

0.063. In addition to the above, the present invention may 
be directed to a computerized method for Selecting tooling 
to be used in a bending apparatus for bending a workpiece 
comprising a sheet of malleable material. The tooling 
includes at least a die and a punch, and the bending 
apparatus performs, utilizing the Selected tooling, a 
Sequence of operations comprising a Sequence of bends from 
a first bend through an Nth bend. The method comprises 
Steps of reading information describing in the geometry of 
dies and punches, and forming Sets of feasible dies and 
punches excluding dies and punches that have an insufficient 
force capacity to bend the workpiece and that are incapable 
of forming desired bends in the workpiece resulting in 
desired angles and desired inside radii. In addition, the 
method includes a Step of choosing an appropriate die and 
appropriate punch that most closely Satisfies force, bend 
angle, and inside radii requirements, excluding punches that 
will likely collide with the workpiece as determined by 
failure of a geometric collision test. 
0064. The geometric collision test may be performed by 
modeling a finished 3D workpiece and, for each bend in the 
Sequence of bends, aligning the modeled finished 3D work 
piece between a model of each feasible punch and a model 
of a chosen die. 

0065. In addition to the above, the present invention may 
be directed to a computerized method for determining a 
layout of tooling Stages along a die rail of a bending 
apparatus. The bending apparatus is adapted to bend work 
pieces comprising sheets of malleable material, by perform 
ing a Sequence of operations comprising a Sequence of bends 
from a first bend through an Nth bend. The method includes 
a step of deciding on an arrangement of a plurality of Stages 
along the die rail and calculating lateral limits based upon 
the amount by which the workpiece extends beyond a side 
edge of a tooling Stage for the bends of the Sequence of 
bends. In addition, the method includes determining a larg 
est lateral limit for each Side of the Stage, and spacing 
adjacently arranged Stages to have a gap between adjacent 
Side edges that is greater than or equal to the larger of the 
determined largest lateral limits of the adjacent Side edges. 

0.066. In addition to the above-described system and 
methods, the present invention may be directed to a System 
far generating a plan and for controlling a bending appara 
tus. AS described above, the plan comprises a Sequence of 
operations to be performed by the bending apparatus, and 
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the bending apparatus is adapted to bend workpieces com 
prising Sheets of malleable material. The Sequence of opera 
tions includes a Sequence of bends, from a first through an 
Nth bend, for forming a finished workpiece from a stock 
sheet of malleable material. The System includes a Setup 
planning mechanism for generating the Sequence of bends 
and a Setup Subplan that includes information regarding the 
manner in which the bending apparatus is to be set up before 
commencing the first bend in the Sequence of bends. In 
addition, the System includes a forwarding mechanism for 
forwarding the Setup Subplan, once generated, to a Signalling 
device for Signalling commencement of Setup operations to 
be performed in accordance with the Setup Subplan. A 
finalize mechanism is further provided for generating 
detailed Subplan information to complete the plan after the 
Setup Subplan has been generated. At least part of the 
detailed Subplan information is generated after the com 
mencement of Setup operations has been Signalled by the 
Signalling device. The Setup Subplan may include one or 
more of the following types of information: information 
regarding the layout of tooling Stages, information regarding 
tooling die and punch profiles to be utilized in the bending 
apparatus, positions of tooling Stages along a die rail of the 
bending apparatus, information regarding what type of grip 
per to use for manipulating the workpiece through the bend 
Sequence; and information regarding what type of rep grip 
per to use for holding the workpiece while a gripper changes 
its grasp on the workpiece in between bends of the bend 
Sequence. 

0067. The forwarding device may include a device for 
forwarding instructions to a Sequencer module which directs 
performance of automated Setup operations on the bending 
apparatus. In addition, or in the alternative, the forwarding 
device may also, or in the alternative, create a visual 
representation of Setup operations to be performed an the 
bending apparatus So that a human operator can thereby 
perform the Setup operations. 

0068. In addition to the above-described systems and 
methods, the present invention may be directed to a System 
for performing Setup operations an a bending apparatus So 
that the bending apparatus can be utilized to perform bend 
ing operations an workpieces comprising Sheets of malleable 
material. The bending apparatus includes a die, a tool punch 
holding mechanism, and one or more tooling Stages. Each 
tooling Stage includes a die mounted on the die rail and a tool 
punch held by the punch holding mechanism. The System 
further includes a mechanism for receiving information 
regarding a location of each of the one or more tooling 
Stages along the die rail, and a control mechanism for 
controlling a position of a guide member along at least one 
of a die rail and the tool punch holding mechanism based 
upon the received information So that at least one of the die 
and the tool punch can be aligned with reference to the guide 
member and So that the resulting tooling Stage will be at a 
desired location along the die rail. 

0069. The control mechanism may be capable of posi 
tioning the guide member to be at a specified position along 
the die rail and to be within a certain distance from the die 
rail, whereby a die of a tooling Stage to be aligned can be 
abutted against the guide member in order to properly 
position the tooling Stage along the die rail. The guide 
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member may include a backgage finger of a mechanism for 
performing backgaging when loading a workpiece into the 
bending apparatus. 

0070. In addition to the above-described systems and 
methods, the present invention may be directed to a System 
for executing a plan for controlling a bending apparatus for 
bending workpieces comprising sheets of malleable mate 
rial. The plan includes a Sequence of operations to be 
performed by the bending apparatus. A Sensor-based control 
mechanism is provided for performing an operation, includ 
ing moving a workpiece from one position to another, with 
the bending apparatus utilizing a Sensor output to modify the 
movements of the workpiece. A measuring device measures 
an amount by which the movement of the workpiece was 
modified due to the Sensor output, and a learned control 
mechanism performs, the operation, including moving the 
Workpiece from one position to another, without modifying 
the movement of the workpiece utilizing a Sensor output. 
The learned control mechanism controls performance of the 
operation based upon the amount measured by the measur 
ing device. 
0071. The above-listed and other objects, features, and 
advantages of the present invention will be more fully Set 
forth hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.072 The present invention is further described in the 
detailed description which follows, by reference to the noted 
plurality of drawings by way of non-limiting examples of 
illustrative embodiments of the present invention, in which 
like reference numerals represent Similar parts throughout 
the Several views of the drawings, and wherein: 
0073) 
0.074 FIG. 2 illustrates part of a side view of a prior art 
bend press, 

FIG. 1 illustrates a prior art bending workstation; 

0075 FIG. 3 illustrates a partial front view of a prior art 
bend press, 
0.076 FIG. 4 illustrates a prior art bend planning and 
control System; 
0077 FIG. 5A illustrates a bend planning and control 
System provided in accordance with an illustrated embodi 
ment of the present invention; 
0078 FIG. 5B illustrates a stage setup controlling sys 
tem, 

007.9 FIG. 5C illustrates a top view of a die rail with a 
Stage Setup operation being performed thereon; 

0080 FIG. 6 illustrates a bend planing and control sys 
tem with a detailed diagram of control system 75 as illus 
trated in FIG. 5A; 

0081 FIG. 7 illustrates a high level flow chart of an 
overall planning process to be performed by the illustrated 
planning System; 

0082 FIG. 8 illustrates a flat workpiece provided for 
purposes of describing labeled geometric bend-related fea 
tures, 

0083 FIG. 9 illustrates a flat workpiece and a corre 
sponding Search tree; 
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0084 FIG. 10 illustrates a thickness transformation of a 
Single workpiece; 

0085 FIG. 11 illustrates a thickness transformation of an 
assembly of workpieces, 

0086 FIG. 12 illustrates a geometric modeling file struc 
ture with and without a thickness transformation; 

0087 FIG. 13A illustrates a plurality of functions of a 
design System for intelligent bend planning, 

0088 FIG. 13B illustrates a part modeler for modeling 
parts based upon a design System's output shape file; 

0089 FIG. 13C and FIG. 13D respectively illustrate a 
2D representation and a 3D representation of a workpiece; 

0090 FIGS. 14A-14E illustrate an example graphic user 
interface of the CAD system provided in the illustrated 
embodiment, and the Steps of designing a part utilizing Such 
a graphic interface; 

0091 FIG. 15A illustrates a side view of a bent work 
piece with thickness, 
0092 FIG. 15B illustrates a top view of an undeveloped 
flat 2D workpiece representation; 

0093 FIG. 15C illustrates a top view of a developed flat 
2D workpiece representation; 

0094 FIG. 16 illustrates a 2D drawing corresponding to 
a bend graph listing; 

0.095 FIG. 17A illustrates a BM100 geometric modeling 
filing Structure, 
0096 FIG. 17B illustrates a tooling modeling file struc 
ture, 

0097 FIG. 18A illustrates a gripper modeling file struc 
ture, 

0098) 
0099 FIG. 19 illustrates an FEL planning message to be 
Sent from a bend Sequence planner to a motion expert; 
0100 FIG. 20A presents an example of a workpiece and 
a Search tree generated in accordance with the workpiece; 
0101 FIG. 20B illustrates an example workpiece and 
search tree with bend twin nodes; 

0102 FIG. 20O illustrates an example workpiece and 
Search tree with a constrained bend twin node, 

0103 FIGS. 20D and 20E illustrate: example work 
pieces with co-linear bends, 
0104 FIG. 21 illustrates a general example flow chart of 
A applied to Sheet metal bending, 

0105 FIGS. 22A-22D illustrate the main flow of an 
embodiment of the bend Sequence planner illustrated herein; 
0106 FIGS. 23A-22D illustrate a process for performing 
Subplanning and cost assignment; 

FIG. 18B illustrates a part modeling file structure; 

0107 FIG. 24 illustrates an example workpiece and 
Search tree, with calculated costs illustrated; 

0108) 
tab; 

FIG. 25A is an example workpiece having an inner 
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0109 FIG. 25B is an example workpiece with outer and 
inner bend lines, 
0110 FIG. 25C is an example workpiece with short and 
long bend lines, 
0111 FIG. 25D is an example portion of a bent work 
piece, with abutting inside and outside corner edges, 
0112 FIG. 25E represents an example cutaway portion 
of a workpiece with co-linear bends, 
0113 FIGS. 26A, 26B, 27A-27C show example work 
pieces used to explain constraint expressions, 
0114 FIG. 28 comprises a graph comparing the histories 
of nodes b6' and b6; 
0115 FIG. 29 comprises a chart of a dialogue between 
the bend Sequence planner and the holding expert; 
0116 FIG. 30 illustrates a chart of a dialogue between 
the bend Sequence planner and the tooling expert; 
0117 FIG. 31 illustrates a chart of a dialogue between 
the bend Sequence planner and the motion expert; 
0118 FIG. 32 illustrates a process of the selection of a 
robot gripper; 
0119 FIG. 33A illustrates a flat 2D workpiece with 
discretized X points illustrated thereon; 
0120 FIG. 33B illustrates a bent 3D workpiece with 
discretized X points placed thereon; 
0121 FIGS. 34A-34B illustrate a process for predicting a 
minimum number of repos to be performed before the 
Search; 
0122 FIGS. 35A-35B illustrate a process for predicting a 
minimum number of repoS to be performed during the 
Search; 
0123 FIGS. 36A-36B illustrate a process for determining 
the robot's grasp locations an the workpiece; 
0124 FIG. 37 illustrates a 2D workpiece having both 
sheet and edge coordinate Systems, 
0125 FIG. 38 illustrates a 2D workpiece and the illus 
trated generation of available Y grasp locations, 
0.126 FIG. 39 is a diagram representing the intersections 
grasp regions to determine of a final grasp region before a 
repo is performed; 
0127 FIG. 40 comprises examples of grasp regions in 
different levels of the search; 
0128 FIG. 41 illustrates a process for determining the 
repo gripper location; 
0129 FIG. 42 illustrates a process for selecting a repo 
gripper before performance of a State-space Search; 
0130 FIGS. 43A-43B illustrate a process for selecting a 
repo gripper to be performed after a State-space Search; 
0131 FIG. 44 illustrates a bin-packing process to be 
performed before a Search; 
0132 FIG. 45 illustrates a graphic representation of the 
StepS utilized to determine an initial tooling h-cost (based 
upon the total predicted Stages which will be needed to 
perform the complete bend Sequence); 
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0.133 FIG. 46 illustrates the steps of a process for 
determining the initial tooling h-costs, 
0.134 FIG. 47A illustrates a process of selecting tooling 
to be used; 
0135 FIGS. 47B-47C illustrate a process for performing 
Stage planning, 
0.136 FIGS. 48A-48C are graphic representations of a 
modeled bend press and workpiece which will be utilized 
during Stage planning, 

0.137 FIG. 49 illustrates a process of fine motion plan 
ning, 

0138 FIG. 50 illustrates process steps performed by the 
motion expert to calculate k and h costs, 
0.139 FIG. 51 is a graphic representation of models of a 
bend press, a robot, and a workpiece, the models being used 
for determining a groSS motion plan; 

0140 FIG. 52 is a black diagram which illustrates the 
Structure of the controller Software of the planning System 
illustrated herein; 
0141 FIG. 53 illustrates the main process steps of the 
Sequencer task provided within the Sequence of the planning 
System illustrated herein; 
0.142 FIG. 54 illustrates the steps performed in execut 
ing a bend in accordance with a developed plan; 

0143 FIG.55 illustrates a robot task which forms part of 
the control System; 
014.4 FIG. 56 illustrates a press and loader/unloader 
(L/UL) task of the control system; 
014.5 FIG. 57 illustrates a backgage task of the control 
System; and 

0146 FIG. 58 is a flow chart demonstrating the main 
Steps performed in a learning process that may be performed 
by the planning System illustrated herein. 

BRIEF DESCRIPTION OF THE APPENDICES 

0147 The present invention is further exemplified by a 
plurality of listings which are provided in the Appendices, 
wherein: 

0.148. Appendix A is an output shape file produced 
by a CAD System which includes a geometric/ 
topological data Structure of a workpiece as illus 
trated in FIG. 14E; 

0149 Appendix B comprises an example bend pp p p 
graph listing formed from the geometric/topological 
data Structure provided in the listing of Appendix A, 

0150. Appendix C is an exemplary listing represent 
ing the FEL messages that may be generated and 
forwarded between the bend Sequence planner and 
various experts during the planning process, and 

0151. Appendix D is an example specification for a 
listing which represents the final plan in FEL which 
is forwarded from bend Sequence planner to the 
Sequencer of the planning and control System 71 
illustrated herein 
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DETAILED DESCRIPTION OF THE 
ILLUSTRATED EMBODIMENTS 

0152 1. Planning, Setup and Control 
0153. Referring now to the Figures in greater detail, FIG. 
5 illustrates a block diagram of an embodiment of a planning 
and control System 70 for an intelligent manufacturing 
bending WorkStation. In the illustrated embodiment, plan 
ning and control system 70 includes a CAD system 74, a 
bend sequence planner 72, a plurality of experts (Sub 
planners), and a sequencer 76. Planning and Control System 
70 is connected to hardware and sensors 78 via an interface 
77. 

0154) The experts include a tooling expert go, a holding 
expert 82 and a motion expert 84. Additional experts may be 
30, provided, such as sensing expert 85 illustrated in dotted 
lines. Bend sequence planner 72, experts 80, 82, and 84, and 
CAD system 74 may be implemented within a UNIX 
compatible environment on a WorkStation computer Such as 
a Sparc 10 Sun OS V.4.1.3. Sequencer 76 may be imple 
mented within an additional CPU coupled to the Sun work 
Station via a bus adaptor. The bus adaptor may comprise a 
BIT3 VME-to-VME bus adaptor which extends between the 
Sun workstation and a revote VME bus passive back-plane. 
The passive back-plane may hold Several interface mecha 
nisms such as VME (Virtual Memory Extension) boards, 
which together form part of interface 77 as illustrated in 
FIG. 5. Sequencer 76 may be implemented within a real 
time UNIX-compatible multiprocessor operating System 
Such as C and may be run by the additional CF which is 
provided in the computer WorkStation's back-plane. Accord 
ingly, in the illustrated embodiment (shown in FIG. 5), CAD 
system 74, bend sequence planner 72, experts 80, 82, 84 
(and 85) and sequencer 76 are each implemented primarily 
with Software which controls the operations of a computer 
utilizing a UNIX-compatible operating System. Sequencer 
76 is implemented within a real-time UNIX-compatible 
multiprocessor operating system such as CHIMERA. 
O155 CAD system 74 is utilized to design a sheet metal 
configuration, by defining the shape of a Stock (flat) sheet 
metal part and the bends to be performed on the Stock part 
to form a desired three-dimensional finished part. In design 
ing the sheet metal part, CAD system 74 forms one or more 
information files which describe the part. As a three-dimen 
Sional part is designed, in a preferred embodiment, the CAD 
System maintains in memory, and Visually, a three-dimen 
Sional representation of the sheet metal part in parallel with 
a two-dimensional representation of the part. The designer 
may modify the design by adding or removing details to or 
from either representation CAD system 74 may also perform 
functions Such as gathering and/or generating information 
needed for geometric modeling and requesting advice from 
bend Sequence planner 72 as to whether certain design 
features (an be implemented by the bending workStations 
0156 Bend sequence planner 72 operates in cooperation 
with tooling expert 80, holding expert 82, motion expert 84, 
and any other experts (e.g., Sensing expert 85) to produce a 
plan for complete part production by a bending WorkStation 
of the part designed with the use of CAD system 74. Bend 
Sequence planner 72 performs functions Such as proposing a 
particular bend in a hypothetical bend Sequence, and deter 
mining what initial Steps must be performed by the System 
in order to execute Such a bend having a position within the 
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hypothetical bend Sequence. In determining the conse 
quences of the proposed bend, bend Sequence planner 72 
may query tooling expert 80 as to what tooling would be 
needed to execute the proposed bend, querying holding 
expert 82 as to how the workpiece can be held while 
performing the proposed bend, and querying the motion 
expert 84 as to whether and to what extant the robot (which 
is holding the workpiece) can be manipulated to assist in 
making the bend. If a sensing expert 85 is provided, bend 
Sequence planner 72 might query Sensing expert 85 as to 
whether a particular Sensor-based control Strategy is needed 
in order to facilitate the execution of the proposed bend by 
the WorkStation and the costs associated with a particular 
Sensor-based control Strategy. Bend Sequence planner 72 
may be configured to continually propose bends from a first 
bend consecutively to a last bend in a complete bend 
Sequence, thus resulting in a complete Set of bends to 
perform the final workpiece. Once the successful final bend 
Sequence has been generated in this manner, bend Sequence 
planner 72 may be configured to generate a final plan (which 
includes a general list of Steps and accompanying informa 
tion needed to control execution of the various hardware 
elements of the workstation), and forward the plan to 
Sequencer 76. 
O157 Sequencer 76 directs execution of the plan devel 
oped by bend Sequence planner 72. Sequencer 76 interprets 
commands given by bend Sequence planner 72 in the result 
ing plan, and controls timing of the various commands by 
parsing the commands and information accompanying the 
commands and placing them into queues provided for each 
of the main hardware elements of the sheet metal bending 
WorkStation. 

0158 Controller 75 comprises a plurality of tasks which 
correspond to the various hardware elements of the work 
Station. Each task is activated by the Sequencer in an 
appropriate manner in accordance with the plan forwarded 
by the planner. 
0159 (a) The Planning System Operations: Planner and 
Sub-Planners 

0160 Bend sequence planner 72, and the several Sub 
planners including, e.g., tooling expert 80, holding expert 82 
and motion expert 84, (and Sensing expert 35), form a 
planning System 71. 
0.161 Bend sequence planner 72 analyzes the designed 
part (Sheet metal workpiece), provided by CAD system 74, 
and offers a bend Sequence to be performed by the bending 
WorkStation. Planner 72 utilizes a State-space Search method 
in order to determine an efficient Sequence of bend opera 
tions that can be utilized by the bending workstation. Plan 
ner 72 converses with tooling expert 80, holding expert 82 
and motion expert 84 in order to obtain the information it 
needs to make its decisions. 

0162 Tooling expert 80 responds to queries made by 
planner 72, and provides information to the bend Sequence 
planner Such as which tools will be needed for a particular 
bend operation or bend Sequence. In addition, tooling expert 
80 may inform bend sequence planner 72 of the arrangement 
of tools within the WorkStation. Tooling expert, in conjunc 
tion with planner 72, will attempt to design a Setup of tooling 
So that the fewest number of Stages/toolings are utilized to 
make a particular part, i.e., to execute a complete bend 
Sequence for making the part. 
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0163 Holding expert 82 makes holding-related determi 
nations, Such as, e.g., whether the robot can hold the 
Workpiece while a particular bend, Specified by bend 
Sequence planner 72, is being performed. Holding expert 82 
may also determine the location at which the robot should 
hold the workpiece So that the workpiece may be maneu 
Vered through a Series of bends, without collision, and 
without the need to change the robot's grasp on the work 
piece. In addition, holding expert 82 may determine the 
position at which the repositioning gripper should hold the 
Workpiece when the robot's grasp is being changed, and 
where suction cups 31 of loader/unloader (L/UL) 30 should 
be placed during unloading and loading of the workpiece. 

0164 Motion expert 84 is responsible for generating a 
motion plan, i.e., the manner in which the robot should be 
maneuvered in order to move the workpiece through various 
Spaces and along various routes as needed to execute the 
bends. 

0.165 Bend sequence planner 72 and the respective 
experts may be modular to communicate with each other in 
a query-based manner. For example, before deciding to 
include a particular bend as part of the bend Sequence, bend 
Sequence planner 72 may query tooling expert 80 as to 
whether there are Sufficient tools to handle the bend. Bend 
Sequence planner 72 will then await a response from tooling 
expert 80. Tooling expert 80 will recognize the query from 
bend Sequence planner 72, and will return with a response, 
e.g., indicating that there are Sufficient tools to handle that 
particular bend noted by bend Sequence planner 72. By way 
of example, bend Sequence planner 72 may, also ask holding 
expert 82 if robot arm gripper 14 can remain holding onto 
the workpiece during a particular bend operation without 
repositioning its grasp of the workpiece. Holding expert 82 
will then respond to the query made by bend Sequence 
planner 72, and bend sequence planner 72 will then utilize 
the information to perform its next determination. 
0166 Each of the modules of planning system 71 utilizes 
one or more functions provided by a geometric modeling 
library (not shown) in order to model the relative interac 
tions and positions of each of the hardware components of 
the System as may be needed in making their determinations. 
0167 (b) System Setup 
0168 Once a plan is generated by the planning System, 
the System will perform a Setup process. The Setup proceSS 
can be performed completely manually, or it may be auto 
mated in full or in part with the use of automated tool 
changers. The manual activities to be performed during the 
Setup proceSS may include downloading program data to 
dedicated controllers such as those illustrated in FIG. 1. 

0169. As shown in FIG.5D, each stage (stage 1 and stage 
2 as illustrated in FIG. 5D) must be set up by placing a 
plurality of die segments 810a, 810b, and 310c in stage 1, 
and 811a, 811b, and 811c for stage 2 along die rail 22. In 
order to gauge the location at which die Segments for each 
Stage will be placed, a human operator will typically mea 
Sure the distance from the edge of the die rail 22 to a 
particular edge of the die corresponding to each Stage. For 
Sample, a measurement may be made from the left edge of 
die rail 22 to the left edge of each die Set for each Stage in 
order to position the die Segments corresponding to each 
Stage. Pursuant to a particular embodiment of the present 
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invention, a mechanism may be provided for automatically 
providing a guide that can be used by the Setup operator to 
place the die Segments at the appropriate location along die 
rail 22. Such a mechanism may comprise a backgage finger 
88 which can be automatically positioned at a particular 
edge of each Stage along die rail 22. For example, backgage 
finger 83 may be first located at location. A for purposes of 
abutting first die Segment 810a against backgage finger 88, 
and Subsequent installment of Second and third die Segments 
810b and 810c. After aligning die segments for stage 1, 
backgage finger 88 may be automatically positioned to the 
next stage, i.e., Stage 2. More particularly, backgage finger 
88 may be positioned at one Side of the die corresponding to 
Stage 2. In the illustrated example, backgage finger 88 is 
positioned at the left edge of die 811. While backgage finger 
88 is at that position, first die segment 811a may be placed 
along die rail 22 and abutted against backgage finger 88 for 
alignment. Thereafter, die segments 811b and 817c may be 
placed on and Secured to die rail 22. 

0170 FIG. 5c illustrates the main components for con 
trolling the backgage finger 88 to assist in positioning an 
alignment of dies 810 and 811. The Subsystem comprises an 
input control module 87a which includes a mechanism for 
instructing backgage Servo controller 87b to move backgage 
finger 88 to one or more particular Stage locations. 

0171 According to FIG. 5A, alignment control module 
87a may be provided in control portion 75 of planning and 
control system 70a while backgage servo controller 87b may 
be provided with an interface 77. More specifically, con 
troller 75 may be provided with a backgage task module. 
The backgage task module may be provided with a backgage 
finger die-alignment function which may be, called by the 
backgage task module. In calling the die-alignment function, 
the backgage task module may activate and control a back 
gage Servo controller through the use of a Second level 
backgage device driver 206 (see FIG. 6), which in turn 
interacts with an appropriate level 1 device driver Such as an 
I/O device driver 220 which interacts with a parallel I/O card 
connected to the backgage hardware of the bending work 
Station. 

0172 Another manual step that can be performed is 
positioning and/or adjusting of the punch holders 20. In 
addition, Standard Steps may be performed to align tool 
punch Segments So that they are properly Seated within each 
punch bolder 20 and correspond to the associated die 
Segments is may comprise operating the preSS So that the die 
Segments and corresponding tool punch Segments are-com 
pressed against each other with a set amount of force. In 
addition, other Standard adjustments and procedures, known 
to those skilled in the art, may be performed during Setup. 
For example, loader/unloader 30 may need to be adjusted so 
that Suction cups 31 are properly positioned with respect to 
the workpiece 16. 

0173 Workstation 10 may be configured to be controlled 
automatically by the planning System, without any need for 
human intervention. In the event that certain control mod 
ules are Still maintained as Separate, e.g., Separate robot 
control module 44 as shown in FIG. 1, along with separate 
press brake controller 42 and load/unload controller 46, the 
planning System may be configured to download appropriate 
components of the plan to the appropriate control modules. 
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0174 (c) Sequencing and Control 
0.175. In the illustrated embodiment, sequencer 76 is 
implemented within a real-time UNIX-compatible shell 
such as an Ironics IV-3230 computer with a CHIMERA II 
operating System. Additional information regarding possible 
implementations of a real-time Scheduler Such as Sequencer 
76 is provided in the CHIMERA manual by Stewart, 
Schmitz and Khosla, entitled “CHIMERA II Real-Time 
programming Environment, Version 1.02” (Oct. 29, 1990), 
the content of which is incorporated by reference herein in 
its entirety. Sequencer 76 Schedules the general execution ol 
the generated plan by control system 75, which utilizes 
interface architecture 77 to communicate with various hard 
ware elements and Sensors within the System, depicted as 
hardware and Sensors 78 in FIG. 5. 

0176 FIG. 6 depicts in greater detail, sequencer 76, 
control system 75, and interface architecture 77. As illus 
trated in FIG. 6, sequencer 76 is connected to bend 
Sequencer planner 72 and is further connected to a plurality 
of modules which comprise control system 75. The modules 
of control system 75 include a robot task 92, a press and 
L/UL task 94, a backgage task 96, a motion library 98, a 
speed control module 102 and a collision detection module 
100. Interface architecture 77 comprises a set of level 2 
device drivers and another set of level 1 device drivers. The 
level 2 device drivers (DD’s) may include robot DD 202, 
press and L/ULDD 204, backgage DD 206, gripper DD 208, 
gripper Sensor DD 210, drop Sensor DD 212, backgage 
sensor DD214, and angle sensor DD216. The level 1 device 
drivers may include respective device drivers 220, 222 and 
224 for one or more parallel I/O VME cards, one or more 
A/D VME converter cards, and a robot servo control card. 

0177 Accordingly, as illustrated by interface architecture 
77, a two-level device driver format is recommended for 
interfacing the various tasks and control modules of control 
system 75 to the various hardware elements of the bending 
workstation. The first level device drivers comprise a UNIX 
like interface, with commands Supported including open (), 
close (), read (), write (), ioctl (), and mnap () commands. 
The first level device drivers standardize the interface to the 
I/O ports to which the hardware devices are attached, such 
as parallel I/O ports, analog/digital converters and a robot 
servo control mechanism. The second level device drivers 
form an interface between the various modules of the control 
system 75 and the first level device driver. Although there is 
no Standard interlace routines provided for the Second level 
device drivers, the second level device drivers may be 
implemented with the use of a Standard farm as disclosed in 
the above-noted CHIMERA manual. With the use of a 
two-level device driver format, a Software interface System 
may be provided which is reliable, portable, and has code 
which is easily readable. Specific details regarding the 
device drivers, and examples implementations thereof, are 
provided in the above-noted CHIMERA manual, which has 
been incorporated by reference herein. 

0178 As to the VME cards which are the actual I/O parts 
connecting the computer to the hardware elements, Such 
cards may include, as noted above, one or more parallel I/O 
cards, Such cards preferably having optically isolated con 
nections between the commuter and the various hardware 
elements connected thereto. In addition, the VME cards may 
include one or more Geonics motion two axis Servo control 
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cards II MCCII and one or more A/D converters having 
Sufficient a number of channels and bit resolution, e.g., an 
A/D converter with 16 channels and 12 bit resolution, Such 
as the IXV-1645 Ironics (Pentland-Burr-Brown MV 950S). 
The parallel I/C cards may include an 80-channel (with 64 
usable channels) Xycom XVME-240 card and/or 32-chan 
nel digital output boards such as the Xycom XVME-220 
and/or XVME-212 boards. One or more A/D converters can 
be provided for inputting information Such as reading vari 
ouS data produced by the Sensors included in the WorkSta 
tion, Such as a gripper Sensor, droop Sensor, backgage Sensor, 
and/or angle Sensor. 
0179 Each of the robot task 92, press and L/UL task 94, 
and backgage task 96, control the appropriate device drivers 
for controlling the corresponding hardware elements of the 
bending work-station. Several functions which must be 
performed during execution of various motion-related func 
tions may be provided in motion library 98. Such functions 
may include kinematics, trajectory calculations and filtering. 
Any control functions relating to speed control, i.e., con 
trolling the Speed with which various physical elements 
(Such as the robot) of the bending workStation are moved, 
may be implemented within speed control module 102. 
Collision detection module 100 is provided in order to 
perform collision detection which is needed in certain 
motion control processes during execution of the bend 
proceSS. 

0180 Motion library 98 may further include dynamic 
motion control and Sensor-based motion control modules 
which directly communicate with the second-level device 
drivers for dynamically controlling the movement of various 
components of the bending WorkStation and for changing 
Such control in accordance with Sensor-based signals pro 
duced by the various Sensors provided in this System. 
0181. It is noted that in the parallel I/O cards it is 
preferred that the computer be optically isolated from the 
actual hardware connections to prevent damage that may be 
caused by Surges present at the hardware components. Other 
reasons for optically isolating the parallel I/a cards is to 
protect the computer and the car and to prevent the occur 
rence of ground loops. However, it is not necessary that the 
A/D converters be optically isolated from the sensors. 
0182) 2. Bend Sequence Planner 
0183 Bend sequence planner 72 of the embodiment 
shown in FIG. 5A performs three main functions. It gener 
ates a bend Sequence, including accompanying operations 
asSociated with each bend, queries experts as to the conse 
quences of the bend Sequence as it is generated, and as to 
further plan details (Subplans) needed to accomplish the 
generated bend Sequence, and compiles all gathered/gener 
ated information in order to form an overall plan. The plan 
Specifies the-Steps needed to execute the bend Sequence by 
a control System which controls operations of the sheet 
metal bending WorkStation. Each of the experts of the 
illustrated planning System 71 performs three main functions 
when requested by planner 72. They each determine an 
incremental cost for performing an individual Step within the 
bend Sequence, develop proposed/intermediate plan infor 
mation, and communicate the incremental cost and plan 
information to bend Sequence planner 72. The proposed/ 
intermediate plan information includes two types of infor 
mation: definite information and indefinite information. For 
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example, at a certain paint in time during planning, holding 
expert 82 will know which regions of the workpiece may be 
grasped by the robot grasper to perform a given bend within 
a bend Sequence (the grasp regions being definite), but will 
not yet know the exact grasp location (the precise grasp 
location being indefinite). A temporary (indefinite) grasp 
location will be assigned by the holding expert 82, which 
can be verified at a later time. AS noted above, Sequence 
planner will query each expert as to the consequences of a 
bend Sequence as it is generated. 
0184 The consequences of the bend sequence are repre 
Sented in terms of cost. The costs of the bend Sequence as it 
is generated may be determined as a function of one or more 
of the amount of time that it takes to perform a particular 
operation within the bend Sequence, the extent to which an 
operation within the bend Sequence will affect the accuracy 
of the operation and the quality a the resulting workpiece, 
whether or not there are any Safety concerns associated with 
performing a particular operation at a particular point in a 
bend Sequence, and whether there are any heuristics which, 
if taken into account, would Suggest performing one opera 
tion instead of another at a particular point in the bend 
Sequence. 

0185 Bend sequence planner 72 may query experts for 
information such as what tool profile should be utilized to 
perform certain bends of the bend Sequence, what Stage 
Segments will be needed to farm a given Stage which will be 
needed to perform a bend, and where can/should the robot 
gripper grasp the workpiece in performing one or more 
bends of the bend sequence. In addition, planner 72 may 
query the experts as to when a repositioning of the work 
piece should be performed in the bend Sequence, and how 
should the robot and the workpiece be moved in order to 
execute various operations throughout the Sequence, Such as 
a bend, repositioning, WorkStation load, and/or a WorkStation 
upload. FIG. 7 represents, in a high level flow chart, the 
major Steps performed by an example embodiment of bend 
Sequence planner 72. In a first Step S1, parallel design 
processing is performed by CAD system 74. The parallel 
design processing may comprise, among other functions, 
labeling various geometries corresponding to respective 
portions of the workpiece, the resulting labels being used 
later (in step S3) by the bend sequence planner to determine 
whether heuristics should be considered in generating the 
bend Sequence plan. Subsequently, in Step S2, a heuristics 
framework is produced to guide the bend Sequence planner 
in choosing the bends that will form the bend Sequence. In 
producing the heuristics framework for the bend Sequence in 
Step S2, a partial order of bending StepS is computed that 
complies with certain Specified heuristics. Subsequently, in 
Step S3 a State-space Search algorithm is performed which 
will be influenced by the heuristics framework. The state 
Space Search algorithm performs an analysis of the impli 
cations of performing various bends in a prescribed order, by 
assigning costs to each bend in Step S4. In order to help with 
the assignment of costs, in Step S5, geometric reasoning is 
utilized, e.g., to determine the physical implications a Par 
ticular bend will have by modeling the machine and the 
resulting workpiece as theft relate to each other during the 
execution of each bend. 

0186 The heuristics are taken into account by either 
reducing the assigned costs for a particular bend (if it is 
preferred due to heuristics) or by increasing the assigned 
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costs (if the bend is not preferred due to heuristics). A 
particular Sequence of bends is thus developed in Step S3, 
which can be executed to produce the desired finished 
Workpiece. Once the State-space Search algorithm is per 
formed in Step. S3, a determination is made in Step S6 as to 
whether or not a complete plan, including a complete bend 
Sequence, has been generated. If a plan cannot be formed for 
the design that has been Specified, the process returns to Step 
S1, where the workpiece may be redesigned to form a part 
design for which an operational plan can be created. 
0187. If a determination is made in step S6 that a com 
plete plan was produced, the process will proceed to Step S7, 
and the complete plan will be forwarded, using FEL, to the 
Sequencer, or the plan may be Stored in a file for later 
retrieval and execution by the Sequencer. The State-space 
Search algorithm will preferably comprise an A* algorithm, 
such as disclosed, e.g., by Nils J. Nilsson in “Problem 
Solving Methods in Artificial Intelligence” McGraw-Hill 
Back Company, 1971, pages 43-67, the content of which is 
expressly incorporated herein by reference in its entirety. 
0188 It is noted that the cost assignment step S4 may 
consider variables Such as robot motion, gripping positions, 
the need for regripping, the need to change the gripper, 
tooling positions, and the need to change the tools sign costs 
are assigned for variables that will be time consuming, 
Sacrifice quality, and/or expose the System to high risk. 
0189 The above-described operations planning method 
can be termed generative planning (since it automatically 
generates a bending plan), with weak heuristics and state 
Space Searching. In performing the method, a human inputs 
the design. A heuristics framework is defined using heuris 
tics which are called “weak heuristics' because they com 
prise only a limited set of rules. Possible bends are consid 
ered, and costs are assigned to each considered bend. The 
costs assigned to the bends are influenced by the heuristics 
framework by augmenting or discounting the cost of a 
particular bend. A sequence of bends of the least total cost 
is chosen utilizing a State-space Searching algorithm. 

0.190 Generative planning with weak heuristics as dis 
closed herein should be contrasted with other approaches to 
operations planning. One Such approach includes variant 
planning with case-based reasoning. In variant planning, a 
hand inputs a design of a new part, and the design is coded 
according to an index. The indeX is used to lack up an old 
design which best resembles the current part to be designed 
and the problems to be solved Ahuman operator edits the old 
plan to Solve the new problems, e.g., by editing an MM 
program. One of the problems noted with variant planning 
is that a similar design may require different or divergent 
solutions, which will not be discovered by comparison to old 
plans. 
0191 Another approach to operations planning is gen 
erative planning with Strong heuristics. With generative 
planning with Strong heuristics, the human inputs the design 
and Several labeled features of the new part. Heuristics are 
then used to determine the total ordering of bends and 
machine operations, thus being called “strong heuristics. A 
generative planning System with Strong heuristics lacks the 
flexibility and intelligence of a generative planning System 
with weak heuristics, and will likely be unable to handle 
unorthodox problems. Such a System has no understanding 
as to what heuristics work better in a particular situation, and 
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which heuristics should be discarded. Moreover, Such a 
System will be incapable of developing a plan in many cases. 

0192 (a.1) Heuristics 
0193 Sheet metal bending heuristics can be taken into 
account by the bend Sequence planner of the present inven 
tion. Several exemplary bend heuristics will be described as 
follows. One heuristic is to bend internal tabs early. FIG. 
25A illustrates a workpiece 16 having an internal tab 33 
which is to be bent along bend line 34a. In accordance with 
this heuristic, although there are other bends to be performed 
along bend lines 34b, 34c, and 34d, it is preferred that the 
internal tab 33 be bent along bend line 34a first. 
0194 In accordance with another heuristic, it is desired 
that the bends along the outermost bend lines be performed 
before the bends along the inner bend lines. For example, 
referring to FIG. 25B, a workpiece 16 is shown which 
includes outer bend lines 35a, 35b, 35c, and 35d, along with 
inner bend lines 36a, 36b, 36c, and 36d. In this illustrated 
example, in accordance with the heuristic, it is desired that 
the outer bends corresponding to outer bend lines 35a-35d 
be performed before the bends corresponding to inner bend 
lines 36a-36d. 

0.195. In accordance with a third heuristic, it is preferred 
that shorter bends be performed before longer bends. FIG. 
25C illustrates a workpiece having shorter bends along bend 
lines 37a and 37b, and longer bends along bend lines 38a 
and 38h. Accordingly, it is preferred that the bends along 
bend lines 37a and 37b be performed before the bends along 
bend lines 38a and 38b. 

0196. In accordance with a fourth heuristic, it is preferred 
that bends which form an outside face, of a corner of a 3D 
Workpiece, be performed before the abutting inside corner 
fase. FIG. 25D illustrates a workpiece 16 having an outside 
face 39a and an inside face 39b which each abut each other 
at a corner 390. If the bend corresponding to the inside face 
was done first, then, when performing the bend correspond 
ing to the outside face 39a, the press would not be able to 
cause the flange to be bent beyond its intended 90 angle. 
Accordingly, when the outside face Springs back, it will not 
be flush with the end portion of inside face 39h. 

0197). In accordance with an additional heuristic, co 
linear bends are performed simultaneously. AS shown in 
FIG.25E, a workpiece 16 is shown to include two tabs 26a 
and 26b, which are each to be bent along bend lines 27a, 
27b, respectively. Since the bend lines 27a and 27b are 
co-linear, in accordance with the heuristic, it is preferred that 
the bends along those bend lines will be performed simul 
taneously. 

0198 The above-described heuristics are only examples 
of the types of heuristics which may be taken into account 
by the bend Sequence planner of the present invention. A 
larger or Smaller Set of heuristics, including all or a portion 
of the above-listed heuristics, may he utilized by the bend 
Sequence planner. 

0199. In order to recognize when certain heuristics may 
apply to a given workpiece in developing the plan, a list of 
key features may be created which describe various geo 
metric features of the workpiece which can then be utilized 
by the bend Sequence planner in applying the heuristic rules. 
A list of key features may be described with respect to the 
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example workpiece 16 illustrated in FIG.8. Several features 
may be deduced from workpiece 16, while it is still in its 2D 
State. An example of Such features may include the flange 
number, the width of the flange, and the height of that flange. 
Referring, e.g., to flange 7, the flange number of the flange 
would be 7, a value w would he assigned-to the width of that 
flange, and a value h would be assigned as the height of that 
flange. In addition, values may be defined which specify an 
angle-class, i.e., a class of flanges which all have the same 
bend angle. 

0200 Additional features which may be labeled to avoid 
extra Searching in the Search Space include an indication that 
the part that is Symmetric around one or more axes. 

0201 FIG. 8 illustrates a workpiece 16 and a search tree 
15 corresponding thereto. Workpiece 16 has an axis of 
symmetry Y which is divided down the middle, running 
longitudinally through workpiece 16. Accordingly, at the 
first level of the Search, the nodes corresponding to bends 3 
and 5 have been eliminated (as indicated by the circles 
Surrounding these bends) because they are symmetrical with 
nodes 2 and 4. There is no need to also evaluate and Search 
through bends 3 and 5 at the first level, since the same 
effective results would be obtained if the search started with 
the bend corresponding to those nodes as opposed to either 
of bends 2 and 4. If the first bend chosen is bend 1, at the 
next level of the search, bends 2 and 4 are still symmetrical 
with bends 3 and 5. Thus, the nodes corresponding to bends 
3 and 5 are again eliminated due to the fact that they are 
symmetrical with bends 2 and 4. However, if the node 
corresponding to bend 4 is the first chosen node in the 
Sequence, this eliminates the Symmetry of workpiece 16. 
Thus, at the next level of the Search Stemming from the node 
of bend 4, there are no nodes eliminated due to Symmetry. 

0202 (a.2) Constraints 
0203 Depending upon the geometric features associated 
with a part to be formed, there may be bend-related opera 
tions which cannot be performed at certain points in the 
operations Sequence being planned. These bend-related 
operations can be constrained to (or excluded from) certain 
locations in the bend Sequence by using a mechanism 
referred to as a “constraint'. A feature extraction module 
(not shown) may be provided to automatically label geo 
metric features from geometric models produced by the 
design System (e.g., using data structures similar to those 
indicated above), and the geometric feature labels can be 
used to form legal phrases (called constraints) in an interface 
communication language, Such as FEL. 

0204 Constraints may be defined by using a data struc 
ture that allows a particular arrangement of bend operations 
to be specified, in varying degrees of flexibility. For 
example, for a four-sided part 16 as illustrated in FIG. 26A, 
the following constraint Statement can be used to Specify the 
order in which bends 1, 2, 3, and 4 are performed: 

0205 (constraints (1 2 3 4))) 
0206. This statement signifies that the first bend must be 
performed before the second, which must be performed 
before the third, which must be performed before the fourth. 
Further, Since there are no operators included in the State 
ment, there may not be any other bend operations performed 
before, between, or after any of bends 1-4. 
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0207) If the bend 2 must be performed before bend 3, but 
there are no other constraints on the arrangement of the bend 
operations in the bend Sequence, the following constraint 
Statement may be used: 

0208 (constraint ((*2*3*))) 
0209. The operator “*” acts as a “wild card”, and allows 
either no bend operations or any number of bend operations 
to be performed at its location in the bend Sequence, and the 
type of bend operations which may be performed at its 
location can be among any of the remaining bend operations 
not Specified in the constraint Statement. 
0210 Another wild card operator, "2" can also be used, 
and it signifies that exactly one bend operation, among those 
not specified in the constraint Statement, must be performed 
at its location in, the bend Sequence. Thus, if precisely one 
bend operation must be performed before bend 2 in the part 
shown in FIG. 26A, but there is no limitation an the number 
or type of bend operations following bend 2 (except that they 
may not include bend 2), the following constraint Statement 
can be used: 

0211 (constraint((22))). 
0212. The constraint Statements may also include group 
ing operators, which require that certain bend operations be 
grouped together with no limitation an the order of the bend 
operations with the grump. For example, the following 
constraint Statement requires that bends 2 and 3 be before 
bend 4 in the bend sequence, and that bends 2 and 3 be 
grouped together with no bend operations therebetween: 

0213 (constraints(* 23}*4*))). 
0214) More than one constraint expression can be 
included within a constraint Statement. Far example, the 
following constraint Statement includes the above grouping 
constraint expression, as well as an additional constraint 
expression which further specifies that bend 1 must be 
before bend 4 without any additional limitations as to the 
inclusion and arrangement of the other operations with 
respect to bends 1 and 4: 

0215 (constraints(* 23}*4*) 
0216) (* 1*4*))). 

0217. There can be any number of bend operations within 
a group, and groups can be nested in order to specify that 
there is no requirement that a plurality of groups be in a 
Specific order. For example, the following expression Speci 
fies that bends 1 and 2 must be next to each other in the bend 
Sequence, and bends 3 and 4 must be next to each other in 
the bend Sequence. However, there are no other constraints 
as to the inclusion and arrangement of other bend operations 
due to this constraint expression. 

0219. Some additional example constraint expressions 
may include (*7) which means that bend operation 7 must be 
performed as the last bend operation in the Sequence, and 
(*72), which means that bend operation 7 must be performed 
as the Second to last bend operation in the Sequence. 
0220. The types of operators that can the used to define 
constraints may be expanded to include boolean operators 
such as NOT, CR, and AND. For example, a constraint 
which uses a NOT operator could be (* NOT 7), which 
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would mean that the seventh bend operation could not be the 
last operation of the Sequence. 
0221) There is virtually no limit to the types of con 
Straints that can be specified, and any entity in the planning 
System, including the various experts as well as a human 
operator of the bend Sequence planner, can define con 
Straints. A constraint manager may be provided, e.g., within 
the bend Sequence planner, in order to help maintain the 
consistency of constraints and resolve conflicts that arise 
between constraints. 

0222 By way of example, the types of constraints may 
include constraints for (1) channels (e.g., as shown in FIG. 
26B), (2) angle bends, where the bend line for the flange to 
be bent intersects and is close to a non-end point portion of 
a bend line of another bend (and both of the bends are to be 
performed in the same direction, e.g., they are both positive 
bends) (e.g., as shown in FIG.27A), and (3) flanges which 
when bent form a corner with an outside flange and an inside 
abutting flange (e.g., as shown in FIG. 27C). 
0223) The constraint expression far the channel illus 
trated in FIG. 26B usually must be (*2* 1*2*), even though 
a common heuristic prefers that bends an outer bend lines be 
performed before those of inner bend lines, which might 
suggest a constraint of (3*2*1*). This conflict in constraint 
expressions, if it existed, would have to be resolved in favor 
of the channel constraint (*2* 1*3*). 
0224. The constraint expression for the pair bends shown 
in FIG. 27A may be as follows: 

0225 (2*1*). 
0226. If the order of bends were different, i.e., if bend 1 
was performed before bend 2, the flange of bend 2 would not 
be bendable beyond 90 degrees, and thus could not be 
properly performed (since when bending malleable materi 
als with elastic tendencies Such as Sheet metal the part must 
be bent slightly beyond the goal angle of the bend). 
0227. The constraint expression far the pair of bends 
shown in FIG. 27C may be as follows: 

0228) (* 2*1*). 
0229. The importance of complying with this constraint 
is explained above with respect to FIG. 25D. 
0230. Where appropriate, a human operator of the bend 
Sequence planner (or another expert/Subplanner of the Sys 
tem) may define a constraint expression which groups all 
bends on each side of a part together, So that leSS time will 
he spent by Switching between Sides of the part when 
performing a search for a solution bend sequence. FIG.27B 
shows a part with Several bends on each side of the part, 
where it may be appropriate to group the bends for each Side, 
e.g., by using the following constraint expression: 

0232 Since constraints may conflict, a mechanism 
should be provided for resolving conflicts. As noted above, 
a constraint manager may be provided within the bend 
Sequence planner for this purpose. A possible prioritization 
Scheme could simply discard or ignore constraint expres 
Sions that have a higher assigned priority. The priority 
assigned to constraint expressions could depend upon what 
type of constraint it is. For example, human input constraints 
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could be assigned the highest priority, with machine con 
Straints, part constraints, and optimization constraints being 
assigned respective lower priorities. Accordingly, machine 
constraints would have the Second to highest priority, part 
constraints would have the third highest priority, and opti 
mization constraints would have the fourth highest (i.e., the 
lowest) priority. 
0233. A human input constraint is a constraint input by a 
human operator controlling the bend Sequence planner 
through a human interface. A machine constraint is a con 
Straint dictated by limitations of the machines and tooling 
(e.g., a channel constraint). A part constraint is a constraint 
dictated by the features of the part (e.g., a constraint dictated 
by the presence of inside and outside abutting corners). 
Optimization constraints are constraints that are created in 
order to speed up the Search for a bend Sequence (e.g., a 
constraint to group bends together that are on a particular 
Side of the part). 
0234. In order to determine if there is a conflict between 
constraint expressions, an algorithm may be provided which 
first checks for the presence of common operations within a 
given pair of constraint expressions. If there is a common 
operation among the constraint expressions, they may then 
be merged together in order to determine if they conflict. For 
example, if (* 1*2) was merged with (* 23*), the resulting 
merged constraint expression would be (*1*23*). If 
(*12) was merged with a conflicting expression Such as 
(*2*1*), a null would be the result, thereby indicating that 
the constraint expressions conflict with each other. 
0235 (a.3) Co-Linear (and Compatible) Bends 
0236. If two bends have bend lines that are co-linear, e.g., 
bends 5 and 6 in FIG. 8, and they are compatible (i.e., they 
have the same bend angles, the same bend radius, and other 
features which allow the bends to be performed simulta 
neously), it is preferred to have the bends performed simul 
taneously. For this purpose, heuristics may be provided in 
order to influence the search performed by the bend 
Sequence planner So that Simultaneous bending of co-linear 
bends is preferred and thus mare likely to become part of the 
bend Sequence formed by the Search. In addition, or alter 
natively, constraints may be specified using constraint 
expressions to require that certain compatible co-linear 
bends be performed simultaneously if possible (i.e., if the 
constraint expression does not conflict with a constraint 
expression of higher priority). 
0237 (b) The Bend Sequence Planner's State-Space 
Search Algorithm 
0238. In a state-space Search algorithm, a Solution is 
obtained by applying operators to State-descriptions until an 
expression describing a goal State is obtained. In performing 
a State-space Search method, a start node is associated with 
an initial State-description, and Successors of the Start node 
are calculated using operators that are applicable to the 
State-description associated with the node. By calculating all 
of the Successors of a node, the node is thereby expanded. 
0239 Pointers are set up from each successor node back 
to its parent node. The pointerS may later be used to indicate 
a Solution path back to the Start node, when a goal node is 
finally found. 
0240 The successor nodes are checked to see if they are 
goal nodes by checking the associated State-descriptions 
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corresponding to the Successor nodes to see if they describe 
the goal State. If a goal node has not yet been found, the 
process of expanding the nodes, and Setting up correspond 
ing pointers, continues. When a goal node is found, the 
pointers are traced back to the Start node to produce a 
Solution path. The State-description operators associated 
with the arcs of the path are then assembled into a Solution 
Sequence. 

0241 The above-described steps form a state-space 
Search algorithm. Variations of the above-described algo 
rithm may be defined by the order in which the nodes are to 
be expanded. If the nodes are expanded in an order in which 
they are generated, the Search method is called a breadth 
first method. If the most recently generated nodes are 
expanded first, the method is called a depth-first method. 
Breadth-first and depth-first methods are blind-search algo 
rithms, Since the order in which the nodes are expanded is 
unaffected by the location of the goal node. 
0242 Heuristic information, about the overall nature of 
the graph and the general direction of the goal, can be 
utilized to modify the Search process. Such information can 
be used to help direct the Search toward the goal, in an 
attempt to expand the most promising nodes first one type of 
heuristic search method is described, e.g., by Nils C. Nilsson 
in “Problem-Solving Methods in Artificial Intelligence.” 
noted previously. 
0243 Blind-search algorithms, such as breadth-first or 
depth-first, are exhaustive in their approach to find a Solution 
path to a goal node. In application, it is often impractical and 
time-consuming to use Such methods, because the Search 
will expand an excessive number of nodes before a Solution 
path is found. Such an exhaustive expansion of nodes 
consumes more computer memory in order to Store the 
information associated with each node, and more time, e.g., 
to calculate node expansions and points. Accordingly, effi 
cient alternatives to blind-Search methods are preferred. 
Heuristics may be applied to help focus the Search, based 
upon Special information that is available about the problem 
being represented by the graph. One way to focus the Search 
is to reduce the number of Successors of each expanded 
node. Another way to focus the Search is to modify the order 
in which the nodes are expanded So that the Search can 
expand outwardly to nodes that appear to be most promising. 
Search algorithms which modify the ordering of node 
expansion are called ordered Search algorithms. Ordered 
Search algorithms use an evaluation function to rank the 
nodes that are candidates for expansion to determine the 
node which is most likely to be an the best path to the goal 
node. In operation of the ordered Search algorithm an f value 
is determined at each node navailable for expansion, where 
f is an estimate of the cost of a minimal cost path from the 
Start node to the goal node constrained to go through node 
nt. Each Succeeding node having the Smallest f value is then 
Selected in Sequence for expansion. 
0244 FIG.20A illustrates a tree produced by an ordered 
Search algorithm applied to a blank workpiece that has four 
sections, which are to be bent upward to form four sides of 
a box, each side being represented in FIG. 20A by a 
corresponding number 1, 2, 3, and 4. Each numbered Side of 
the box corresponds to a particular bend, including bend 1, 
bend 2, bend 3, and bend 4. 
0245 The blank workpiece (stock part) corresponds to 
Start node no which may also be called the root node 
asSociated with the initial State-description of the workpiece. 
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The Successors of the Start node no may be calculated by 
expanding the start node (the root node) to form Successor 
nodes n, n, n, and n. At this level of the Search, nodes 
n-na correspond respectively to bend 1, bend 2, bend3, and 
bend 4 

0246 Node 1 is Sanded to include Successor nodes ns, n, 
and n7 which correspond respectively to bend2, bend3 and 
bend4, and an additional Successor node ns which corre 
sponds to a repositioning (i.e., a repo) of the robot gripper's 
hold on the workpiece. Node 5 is expanded to include 
Successor nodes no and no, which correspond respectively 
to bend3 and bend4, and an additional Successor node ns 
which corresponds to a repo. Node n is expanded to have 
Successor nodes n and n which correspond respectively 
to bend4 and a repo. Node n is expanded to have a 
Successor node in which is the goal node, because it results 
in the final bend for the workpiece. 

0247 Bend sequence planner 72 preferably is configured 
to perform a best-first State-ace Search in order to develop a 
complete bend Sequence to be performed by the bending 
WorkStation. An ordered Search algorithm utilizes an evalu 
ation function to rank nodes that are candidates for expan 
sion to deter ne the node which is most likely to be on the 
best path to the goal node, i.e., the node which is the best. 
The first node corresponds to the flat part, e.g., as illustrated 
in FIG.20A. At each level of the search, the best node which 
is on an OPEN list will be expanded, and the expanded node 
will be taken off OPEN. Depending an whether or not there 
are constraints concerning the ordering of certain operations, 
all or a portion of the expanded nodes will be placed an 
OPEN. The expanded nodes which are placed an OPEN will 
correspond to the remaining bend operations, minus those 
eliminated due to constraints. 

0248. In accordance with a particular embodiment of the 
present invention, there will be twin nodes corresponding to 
each bend, including a first twin node corresponding to 
operation of the bend while holding the workpiece from one 
Side of the workpiece, and a Second twin node corresponding 
to performing the same bend, but while holding the work 
piece from the other Side of the workpiece. The expanded 
nodes which are placed an OPEN may also include one node 
that represents a repositioning of the robot gripper's grasp an 
the workpiece (i.e., a “repo’). In accordance with a further 
feature of the present invention, certain levels of the Search 
may be constrained So that they do not include a node for a 
repo. This is because it would not make Sense to perform a 
repo at one level of the Search and again perform a repo at 
the very next level. Accordingly, if a repo is performed at an 
immediate parent node, then bend Sequence planner 72 will 
constrain the placement of a repo node on OPEN. 

0249 FIGS. 20A and 20B each illustrate a simple 
example workpiece 16 having two faces 262, and one bend 
line 260. In addition, each of FIGS. 20A and 20B includes 
an accompanying diagram of a node expansion from the root 
node no to the first level of a search tree which includes two 
expanded nodes. FIG. 20B shows two expanded nodes, 
while FIG.20C shows one expanded node and indicates that 
the other node has been constrained. Referring to FIG. 20B, 
Since only one bend is to be performed an workpiece 16, 
only two nodes are shown. The bend may be performed in 
accordance with node A, whereby bend 1 is performed with 

Jan. 29, 2004 

face 2 being inserted into the die Space of the bending 
WorkStation, or bend 1 may be performed in accordance with 
n, whereby bend 1 is performed with face 1 being inserted 
into the die space. Referring to FIG. 20C, once workpiece 
16 is bent along bend line 260, it is apparent that face 1 will 
result in a flange having a height which is too Small to allow 
grasping of workpiece 16 at that Side of the workpiece when 
performing the bend. Accordingly, in order to perform bend 
1 along bend line 260, workpiece 16 must be grasped by a 
robot gripper from the Side of workpiece 16 corresponding 
to face 2. In other words, bend 1 must be performed with 
face 1 being inserted into the die Space. Thus, the Search tree 
illustrated in FIG. 20O only-includes one node n, and 
shows that while the parent node no might normally be 
expanded to include a Second node, the Second node has 
been constrained. 

0250) A node may be constrained by eliminating it from 
consideration as a possible operation within the bend 
Sequence. Such elimination of a node may be accomplished 
by preventing an expansion from including thy node, or by 
simply failing to place the node on the OPEN list. 

0251 FIG. 20D illustrates an example workpiece 15 
having two co-linear bends, with bend lines 1 and 2. The 
nodes that may be generated from this workpiece include the 
following: (1,2), (1,1), (2.2 (2,1), ((12),1), and ((12).2). By 
convention, the holding faces are defined an each side of the 
first bend line of the co-linear bend. FIG. 20E illustrates 
another example workpiece 16. The holding sides for this 
co-linear bend (bending at lines 1 and 2 simultaneously) are 
defined in the following twin nodes: (12)1), (12)2). Note 
that the bend twin holding face is face 1, even though face 
1 also extends to the other side of the bend line (i.e., even 
though it extends to a position which would be behind the 
die Space during a bend). This is because of the convention 
noted above, which is used to choose the bend twin holding 
face. 

0252 FIG. 21 illustrates, in a simplified flow chart, an 
example embodiment of a State-Search algorithm, compris 
ing an ordered Search algorithm, based on the algorithm 
disclosed by Nils J. Nilsson in “Problem-Solving Methods 
in Artificial Intelligence”, which may be utilized by the bend 
Sequence planner of the present invention in order to form a 
bend Sequence to be utilized by a bending WorkStation. After 
the algorithm is started, at Step S10, a start node no is placed 
on a list called OPEN, and a function value f is set equal to 
0. Thereafter, in Step S12, a determination is made as to 
whether there is anything in the OPEN list. If the OPEN list 
is empty, the proceSS is forwarded to Step S14, and an error 
indication is given. If the OPEN list is not empty, as 
determined at step S12, the process will proceed to step S18. 

0253) At step S18, the nodes placed within the OPEN list 
are checked, and the node having the Smallest f value is 
removed from OPEN and placed on a CLOSED list. This 
node is called ni. Thereafter, in Step S20, a determination is 
made as to whether the node n is a goal node. If it is a goal 
node, the process is forwarded to stem 522, where a Solution 
path is generated by tracing back from node n, through its 
pointer and the pointers of the previous nodes, to the Start 
node no. However, if node n is not the goal node, as 
determined at step S20, the process will be forwarded to step 
S24. In Step S24, node n is expanded to generate all of its 
Successor nodes, called n. If there are no successors nodes 
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ni, the process will return to step S12. For each Successor 
node n; that is generated, a computation will be made for a 
corresponding f value f(n)=k'(n)+h(n), where k is equal to 
the Sum of the k costs of performing each node from the 
Starting node to the current node, and h is equal to the 
projected cost from the current node to the goal node. Also, 
in Step S24, each of the computed f values will be associated 
with their corresponding Successor nodes n; that are not 
already on either the OPEN or CLOSED lists. Such succes 
sor nodes n are then placed an the OPEN list, and pointers 
are directed from those successor nodes n back to n; For 
each successor node n; that was already on an OPEN or 
CLOSED list, an f value is associated with that Successor 
node n; that is equal to the Smaller of the f value just 
computed for that node node and the f value already asso 
ciated with that node. The Successor nodes n on the 
CLOSED list who have their associated f values made 
smaller are placed on the OPEN list, and the pointers for 
those Successor nodes n are redirected to nr. After execution 
of step 24, the process will return to step S12. 
0254 (c) Illustrated Example Bend Sequence Planner 
0255 FIGS. 22A-22C illustrate a particular example 
embodiment of a bend Sequence planning process to be 
performed by bend sequence planner 72 illustrated in FIG. 
5A. The bend Sequence planning process is started upon 
receipt of a command to commence operation, e.g. as 
indicated in Step S26, by proceeding on receipt of an FEL 
command to Start planning. Once the proceSS Starts, and 
proceeds in Step S28, one or more files corresponding to the 
parts to be produced are read by the bend sequence planner. 
Such files may be in he forms of a shape file including 
information Such as geometric and topological information 
(a 3D data description of the part and a parallel 2D data 
description of the part corresponding to 3D data description) 
labeled geometric features which are pertinent to determi 
nations to be made by bend Sequence planner and a bend 
graph correlating bends to be performed with geometric and 
topological information. 
0256 Once the part file has been read in step S28, the 
process proceeds the steps S30, S32, and S34, during which 
each expert is initialized. More particularly, the holding 
expert, the tooling expert and the motion expert are each 
initialized. Once the various experts have been initialized, in 
step S36, a list of bends is built, and calculations are 
performed regarding the various features of the parts. For 
example, a computation may be performed regarding what 
the lengths of bends are and which bends are co-linear. 
Thereafter, in step S38, an A* algorithm is initiated, includ 
ing StepS. Such as putting a root node r on an OPEN list, and 
Setting an f value equal to 0. A determination is then made 
at step S40 as to whether the OPEN list is empty. If the list 
is empty, the process will proceed to Step S42, and exit with 
an error indication. Otherwise, if the OPEN list is not empty, 
the process will proceed to step S44, in which the node on 
the OPEN list with the Smallest f value will be taken and 
placed on a CLOSED list. The chosen node will be called ni 
for purposes of explaining the Steps of the flow charts of 
FIG. 22A-FIG. 22D. 

0257. In step S46, a determination is made as to whether 
node n is a goal node. If node n is a goal node, the proceSS 
proceeds to Step S48, where a Solution path is generated. 
Otherwise, if n is not a goal node, the process proceeds to 
step S50 which is shown at the top of FIG. 22C. 
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0258. After generating a solution path in step S48, the 
process will proceed to step S56 which is shown at the top 
of FIG. 22D. In step S56, a finalize message is sent along 
with the bend Sequence to each of the experts and each of the 
experts is queried for final detailed information which is 
needed to complete the bend Sequence plan. Thereafter, in 
Step S58, the bend Sequence planner will await a response 
from the tooling expert. Once all the final information has 
been received from the tooling expert, in step S60, the setup 
of the bending workstation will be started. In the meantime, 
while the Setup of the WorkStation is being performed, in 
Step 362, the process will await a response from the motion 
expert and the holding expert. Once the complete motion 
expert and holding expert plans have been received, at Step 
S64, the final plan will be forwarded to the sequencer of the 
System. 

0259 Assuming that n is not determined in step S46 to 
be the goal node, the process will continue at step S50 at the 
top of FIG. 22C. At this step, node n will be expanded to 
obtain its successor nodes n. The successor rides will 
include bend twin nodes for each bend, i.e., two nodes 
corresponding to each bend, and an additional node for a 
repo, minus any nodes which are constrained from being 
Successor nodes at the present level of the Search. 
0260 Once the successor nodes have been generated in 
Step S50, a Subplanning and cost assignment proceSS is 
performed in step S52. Thereafter, in step S54, successors n, 
are each placed on the OPEN list, with the Subplan infor 
mation and cost information corresponding to each node 
being associated with each node in the OPEN list (e.g., by 
using pointers). The process will then return to step S40 
where a determination will be made as to whether the OPEN 
list is empty. If the OPEN list is empty, the process will exit 
with an error indication at Step S42; otherwise the proceSS 
will proceed to again execute steps S44, S46, S48, S50, 552 
and S54. 

0261 FIGS. 23A-23D illustrate the subplanning and cost 
assignment process which corresponds to Step S52 in the 
bending Sequence planning process illustrated in FIGS. 
22A-22D. The Subplanning and cost assignment proceSS 
determines or formulates a Subplan and incremental costs 
which correspond to each of the expanded/Successor nodes 
n; which have not been eliminated as a viable node at the 
present level of the Search due to constraints. For each Such 
expanded/Successor node, the process illustrated in FIGS. 
23A-23D will be performed. In a first step S66, a test will be 
performed for the permutability of node n; regarding the 
Subplan and costs of the holding expert. More particularly, 
a test will be performed to determine whether the Subplan 
and costs which will be determined by the holding expert 
will be the same as that already determined for another 
“equivalent node if Such is the case, the Subplan and costs 
will be identical to that “equivalent” node, and it is unnec 
essary to again query the holding expert for Such informa 
tion which would result in an unneeded use of time. If it is 
determined at step S68 that an equivalent node was found, 
then the process proceeds to step S70, where the subplan and 
costs are copied and associated with that Successor node n. 
However, if an equivalent node is not found in step S63, the 
process proceeds to Step S72, where the bend Sequence 
planner will query the holding expert for a proposed Sub 
plan, the incremental k cost, and the incremental h cost. In 
performing Step S72, as Soon as a cost of infinity has been 
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evaluated by the holding expert, the present Successor node 
n; will be aborted. Thus, the successor node n, will be 
discarded at the present level of the Search, and the Sub 
planning and cost assignment process will again start with 
the next available Successor node n; 
0262. Once the subplan and costs have been obtained 
either by step S70 or step S72, the process will proceed to 
step S76 (at the top of FIG. 23B), where another test far 
permutability will be performed regarding the tooling expert 
Subplan and costs. If an equivalent node is found, as deter 
mined at step S78, the bend sequence planner will copy the 
Subplan and costs corresponding to the equivalent node and 
associate the same with the present Successor node n. In the 
alternative, if an equivalent node is not found, the proceSS 
will proceed to step S82 where the tooling expert will be 
queried for a proposed Subplan, a k cost and an h cost. If a 
cost of infinity is evaluated, the present Successor node will 
be aborted at step S84. Once the proposed subplan and costs 
have been determined, the process will proceed to step S36, 
where the bend Sequence planner will await the results from 
the holding expert and the tooling exert. The process will 
wait far the results of the holding expert and tooling expert 
queries, Since Such information is needed by the motion 
expert to do its Subplanning and cost assignment computa 
tions. 

0263. In step S88, a test will be performed for the 
permutability regarding the motion expert Subplan and costs. 
That is, a test will be performed to determine if the subplan 
and costs that would be assigned by the motion expert are 
identical to those which have already been assigned to 
another node, the other node thereby being deemed an 
“equivalent" node to the present Successor node n, being 
evaluated. If, at step S90, it is determined that an equivalent 
node has been found, the process will proceed to step S92, 
where the Subplan and costs of the equivalent node will be 
copied and thereby associated with the present Successor 
node n. However, if an equivalent node is not found, the 
process will proceed to step S94, where the motion expert 
will be queried for a proposed Subplan, a k cost and an h 
cost. If any of the costs are infinity, the present Successor 
node will be aborted, proceeding to a next Successor node 
and again commencing Subplanning and cost assignment for 
the next Successor node. ASSuming that the proposed Sub 
plan and costs have been obtained the process will proceSS 
to step S98, where the results will be awaited from the 
motion expert. Additional processing may be performed to 
obtain a Subplan and costs regarding different aspects of the 
system which will be related to performance of the overall 
bend Sequence proposed by the bend Sequence planner. In 
this regard, additional experts may be provided as indicated 
by the reference numeral S100. For example, FIG. 5A 
shows a Sensing expert. The Subplanning and cost assign 
ment process could be appropriately modified to include 
StepS Such as testing for permutability, querying the addi 
tional expert (e.g., Sensing expert) for a proposed Subplan 
and costs, and, at an appropriate location within the process, 
awaiting the results from the additional expert. 
0264. Once the results from the motion experts have been 
obtained, as determined at step S98, the process will proceed 
to step S102 which is shown at the top of FIG.23D. In step 
S102 the f value for node n will be calculated in accordance 
With the formula: fi-(k+h)-r--(k+h)re--(k+h)ME. Then, in 
step S104, the f value will be adjusted based upon any 
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heuristics which pertain to the Successor node n. In this 
regard, if it is a desired node, i.e., it has beneficial or desired 
heuristics which say that this node is preferable over other 
nodes, a value will be added to the f value. However, if the 
node is undesired, a value with be subtracted from the f 
value. 

0265 FIG. 24 illustrates an example flat workpiece 16, 
and Several nodes expanded during the performance of a 
State-space Search by the bend Sequence planner illustrated 
herein. Various costs are shown which are assigned to the 
nodes throughout the Search process. AS shown, flat work 
piece 16 has two portions a, b which are to be bent to form 
flanges. First flange a is placed in between two tabs c, d. First 
flange a is to be bent along bend line 1, and Second flange 
b is to be bent along bend line 2. The first node no, i.e., the 
root node, of the Search tree corresponds to flat workpiece 
16. Successor nodes of node no include nodes n and n, 
which correspond, respectively, to bend lines 1 and 2. In the 
illustrated example, it is assumed that a bend along bend line 
1 would be performed with flange a inserted into the die 
Space of the bend preSS, and that a bend along bend line 2 
would be performed with flange b inserted into the die Space. 
Thus, there are no bend twins illustrated in the tree of FIG. 
24. There is only one node per bend line. 

0266. In the event that the bend sequence planner is 
designed to assign bend twin nodes for each bend, the 
alternate node would likely be constrained in the present 
example. For example, it would likely not be possible to 
perform a bend along bend line 1 by inserting flange b into 
the bend press, Since flange a is very short, and thus cannot 
be grasped by a robot gripper during execution of the bend. 

0267 At the first level of the search, two successor modes 
and n are generated as Successor nodes. In forming these 
two nodes, the bend Sequence planner may ask each of the 
holding expert, tooling expert, and motion expert for the 
incremental cost (i.e., h and k costs) corresponding to that 
made. For example, the costs that are assigned to node n are 
illustrated in the box corresponding thereto as, shown in 
FIG. 24. Aholding expert assigned a k cost (i.e., the cost that 
it takes to move from the parent node no to the present node) 
of 0. This signifies that a grip location can easily be found 
an Workpiece 16, and that there is need to reposition the grip 
of the robot an the workpiece before performing bend 1 as 
a first bend in the bend sequence. The holding expert further 
assigned an h cost of 30. The number 30 represents an 
approximate amount of time (30 seconds) which it will take 
to reposition the gripper's grasp an the workpiece 16 (i.e., to 
perform a repo). This value represents that the holding 
expert has predicted that one repo will be needed in order to 
complete the bend Sequence associated with workpiece 16. 
The h cost is a predicted cost to complete the bend Sequence 
from the present node 4 to the final goal node. 

0268. The costs assigned by the tooling expert include a 
k cost of 600 and an h cost of 600. The k cost is the 
incremental amount of time (due to tooling) associated with 
performing the bend of that node. In this case, in order to 
perform the bend of bend line 1, a first Stage must be placed 
an the die rail of the bending WorkStation. An approximated 
time for installing the first Stage is 600. Accordingly, the 
incremental k cost (for tooling) from no to n is 600 seconds. 
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The predicted additional cost from node n to the goal node 
(i.e., the h cost for tooling) is calculated to be the time 
needed to install one additional Stage, and thus is 600 
Seconds. 

0269. The costs assigned by the motion expert include an 
incremental k cost of 5 (an estimated 5 Seconds), equal to an 
approximated robot travel time in moving from no to node 
n. The costs assigned by the motion expert further include 
a predicted future h cost of 15 Seconds, which is equal to a 
running average of all k costs evaluated So far (since no) 
multiplied by a Summation of the number of remaining 
bends and twice the number of predicted repos: h=kAv 
number of remaining bends--(number predicted repos) (2). 
The nether of predicted repos is multiplied by 2, since two 
movements are required per repositioning. One movement is 
required to take the robot from a present Stage to the repo 
gripper, and a Second movement is required to reposition the 
robot gripper's hold on the part. The k value for the next 
node is calculated based upon the amount of time that it 
takes to move from the repo gripper to the appropriate Stage 
for the next bend. 

0270. The alternate node at the first level of the search is 
node n. This node corresponds to bend line 2. The incre 
mental costs include k and h costs assigned by the holding 
expert, k and h costs assigned by the tooling expert, and k 
and h costs assigned by the motion expert. The k and h costs 
assigned by the holding expert are 0 and 30 respectively. The 
holding expert assigns a k cast of 0, because no repositioning 
is necessary to go from node no to node n. However, a 
holding h cost of 30 is assigned because one repo is 
predicted to be necessary in order to complete all of the 
bends of the bend Sequence, i.e., to get to the goal node. This 
becomes apparent when Viewing workpiece 16. Depending 
an which bend is done first, Since the bends are on opposite 
Sides of the workpiece 16, it will be necessary to reposition 
the robot's grasp an workpiece to be at the other Side of 
workpiece 16 in order to perform the other bend. Further, 
Since the workpiece is Somewhat arrow, it would not be 
possible to locate the robot gripper at either the left or right 
Sides of workpiece 16 So that the workpiece can be grasped 
at the same location for both bends. If the robot gripper was 
positioned at one of the Sides of workpiece 16, robot gripper 
would likely collide with the tooling (the punch tool) of the 
bend press when the die is raised to perform the bend. 
0271 The k cost assigned by the tooling expert again is 
600, since the bend, being the first bend introduced in the 
Search, will require at least one Stage. 600 Seconds is an 
approximated time for installing a Stage, and thus is assigned 
as the incremental k cost to go from node no to node n. The 
h cost assigned by the tooling expert is 600, Since a predicted 
additional Stage will be necessary to go from node n to the 
goal node. The motion expert assigns a k cost of 4, and an 
estimated h (future) motion cost of 12. The k cost assigned 
by the motion expert for node n is less than the k cost 
assigned for node n. This is because bend line 2 is longer 
than bend line 1, and thus requires a larger Stage. In a typical 
bending workstation, such as the Amada EM100 worksta 
tion illustration in FIG. 1, it is preferred that longer stages 
be placed in the center of the die rail, and that shorter Stages 
be placed off to the Sides. Thus, to go from an initial position 
before any bends are performed (at node no) to a center Stage 
would require leSS movement by the robot than moving to a 
Stage Set off to the Side of the die rail. Accordingly, the 
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calculated robot travel time, without regard to the collisions, 
from the loader/unloader (L/UL) to the center stage in 
performing bend 2 is estimated to be 4 Seconds, and less that 
it would take to get a Stage positioned at the left Side of the 
die rail which is where the Smaller Stage would be placed 
along the die rail. Since the h cost is calculated as a function 
of the present ruing average of the k cost calculated So far, 
the h cost is also a lower value of 12 Seconds. 

0272. At the first level of the search, the respective total 
incremental costs performing bends 1 and 2, respectively, 
are 1250 and 1246. Accordingly, node n has a total incre 
mental cost of 1250, and node n has a total incremental cost 
of 1246, the total cost being assigned by each of the experts 
queried by the bend Sequence planner. 

0273. It is noted that the only two nodes at the first level 
of the Search included a node for performing bend 1, and a 
node for performing bend 2 (nodes n and n). The first level 
did not include a node for performing a repo. This is because 
the Search is constrained So that the first bend to be per 
formed at the first level after the root node does not include 
a repo. It would be unnecessary for a repo to be performed 
as a first Step in the bend Sequence, Since the robot gripper 
can be placed anywhere at the Start to correspond to any 
particular bend. However, at the next level of the Search, a 
repo is included as a possible node, in addition to the one or 
more bends which comprise the rest of the bends leading to 
the goal node. Accordingly, the next level of the Search 
includes nodes no) which corresponds to bend 1, and na 
which corresponds to a repo before performing the next 
bend in the bend Sequence. At node n, upon being queried 
by the bend Sequences planner, the holding expert assigns a 
cost of infinity, Since there are no available grasp regions 
that were used in performing bend 2 that can also be used to 
perform bend 1. If there was a grass region that was used in 
order to perform bend 2 that could also be used to perform 
bend 1, then the robot gripper could be placed within that 
interSecting region, and the repositioning of the gripper 
would not be necessary when going from the completed 
bend 2 to bend 1 (i.e., from node n to node n). However, 
in this, case, the holding expert has determined that there is 
no Such interSection of grasp regions, and thus the incre 
mental k cost for holding is infinity. The predicted h cost is 
not even relevant, nor are any of the other costs which might 
be assigned by the other experts Such as the tooling expert 
and the motion expert, Since bend 1 cannot be performed at 
the present point in the bend Sequence, without first per 
forming a repo. Thus, node n is no longer considered, and 
the bend Sequence planner proceeds to the repo node n, and 
queries the respective experts for their assigned costs asso 
ciated with that node. 

0274. After repo node n, the holding expert assigns a k 
cost of 30, which signifies that approximately 30 seconds 
will be needed to perform a repo at the present point in the 
bend Sequence. A predicted h cost of 0 is assigned by the 
holding expert, Since it is predicted that no additional repoS 
will be needed between the present node n to the goal 
nodes. After the holding expert assigns its cost, the tooling 
expert, upon being queried by the bend Sequence planner, 
assigns a k cost of 600, which equals the approximate time 
(600 seconds) to install an additional stage which will be 
needed in order to perform bend 1 (along bend Line 1), Since 
the stage which was utilized to perform bend 2 (which has 
a length equal to the length of bend line 2) cannot be used 
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to perform bend 1 since Such a stage cannot fit between tab 
portions c and d of workpiece 16. No additional predicted 
Stages or tooling change is expected by the tooling expert; 
and accordingly, the tooling expert assigns an h cost of 0 to 
be associated with node n. It is noted that the tooling expert 
may initially determine a total initial h cost based upon the 
total amount of predicted Stages that will be needed to 
perform the complete bend Sequence, either at an initial 
point in the Search before performing the Search. ID the 
present example, a total initial h cost is calculated to be 
1200, Since two predicted Stages have been predicted to be 
necessary to perform bends 1 and 2 on workpiece 16. 
Throughout the search, the k cost is either 0 (with no extra 
Stages needed) or 600 (if an additional stage is needed for the 
bend corresponding to the present node). The b cost for a 
given node is equal to the total initial h cost minus all of the 
preceding and current k costs leading up to and including the 
given node. Accordingly, for node n, Since the preceding k 
cost leading to ni was 600, and the present k cast for n is 
600, he h cost is 1200-600-600=0. 

0275. The cost assigned by the motion expert to corre 
spond to node n include a k cost of 8 and an h cost of 4. The 
k cost is estimated to be twice the average preceding k cost, 
Since two motions are needed in order to perform a repo. 
One movement is needed to take the workpiece from a stage 
at which the workpiece was left from a previous bend to the 
repo gripper, and the Second movement is to move the robot 
gripper to the repositioned location while the repo gripper is 
grasping workpiece 16. The predicted h cost assigned by the 
motion expert for a repo node is the predicted additional 
costs needed to perform all future movements in the bend 
Sequence. In this case, h is estimated to be the h value 
calculated for a previous node in minus the present k cost, 
and thus is estimated to be 4 Seconds for node n. The total 
incremental costs are then added to the total of all previous 
k costs preceding that node (in this case repo node n). Thus, 
all the incremental associated with node n are added to a 
total previous k costs of 604 which were previously calcu 
lated in association with node n, to obtain a total cost value 
of 1246. 

0276 The bend sequence planner will, in performing its 
State-space Search, thus choose n as the best node and will 
proceed with expanding that node to form its Successor 
nodes. The Successor nodes of repo node n include node ns. 
In this case, node n is the goal node, Since it results in the 
workpiece 16 having all of its bends completed to form a 3D 
part. The costs determined by the relative experts include a 
presumed holding k cost of 0, a calculated tooling k cost of 
600, and a calculated motion k cost of 4. Since the present 
node n is known to be the goal node, no h costs are 
calculated. The previous total k costs 642 Seconds. Accord 
ingly, 642 is added to the k cost for tooling of 600 and the 
k cost for motion of 4 to be equal a total f value of 1246. 
Such an f value is the cheapest f value among the nodes still 
left on OPEN. Accordingly, this node will be checked to see 
is it is a goal node, and if it is a goal node, the Solution path 
will be generated to include (in order) bend 2 which corre 
sponds to node n, a repo which corresponds to node n, and 
bend 1 which corresponds to node ns. 

0277 (d) Permutability Determination 
0278 As described above, in connection with FIGS. 
23A-23D, before asking an expert for the costs associated 
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with a particular node, a test is performed for the permut 
ability of that node regarding the Subplan and costs for each 
expert. For example, in step S66 shown at the top of FIG. 
23A, a test is performed for the permutability of a particular 
Successor node n; to determine if it is merely a permutation 
of another node, and thus has an equivalent Set of Subplan 
and costs if this is the case, it would be wasteful to again ask 
the holding expert for a proposed Subplan and associated k 
and t costs, Since these parameters are already known, and 
can be obtained by merely referring to the other equivalent 
nodes. FIG. 28 illustrates a graph of compared histories of 
nodes bé" and b8, which have been generated by the bend 
Sequence planner in performing its State-space Search. 
ASSuming that the Subplanning and cost assignment proceSS 
of the bend Sequence planning algorithm was being per 
formed on a particular node b6, at each of steps S66 (FIG. 
23A), S76 (FIG. 23B), and S88 (FIG. 23C), a test will be 
performed for the permutability of that node with any other 
nodes in the Search tree regarding the holding expert's 
Subplan and costs, the tooling expert's Subplan and costs and 
the motion expert's Subplan and costs, respectively. In 
testing whether or not a node is a mere permutation of 
another node within the Search tree, a node Such as node b6 
illustrated in FIG. 23 will be compared to another node in 
the search tree, Such as node b6', also illustrated in FIG. 28. 
In making the comparison, the history of node b6, which 
includes nodes b2, r1, b4, b3, r2, and b5, is compared to the 
history of b6, which includes b2, r1', b2', b4, r2 and b5". 
0279. Depending on the particular implementation of the 
bend sequence planner and the particular calculations made 
by each of the experts, the method to be used to determine 
whether one node is a permutation of another will vary. 
However, an analysis can be performed of the various 
permutations of nodes, and the various Subplans and costs 
that can be associated with each node at various levels of the 
Search, in order to determine under what conditions a node 
is a mere permutation of another node in the Search. Based 
upon the results of the analysis, an appropriate method may 
be formed for determining whether a node is a permutation 
of another node, in terms of the Subplan and costs assigned 
for the node. Thus, while the above-described examples 
have been given for determining the permutability or a node 
regarding the Subplan and costs assigned by the holding pert 
and the motion expert, respectively, alternative methods may 
be used depending upon particular variations and implemen 
tations of the bend Sequence planner and the experts of a 
System. A similar method can be provided for determining 
whether or not a node is permutable with another node in 
terms of the Subplan and costs assigned by a motion expert. 
Thus, a specific embodiment for making that determination 
is not described in detail herein. 

0280 3. Expert Modules, Subplanning, and Dialogue 
Between Modules 

0281 FIGS. 29-31 respectively include charts which 
depict he dialogue between the bend Sequence planner and 
the holding expert, tooling expert, and motion expert of the 
illustrated embodiment planning System 71 as shown in 
FIG. 5A Referring to FIG.29, which illustrates the dialogue 
between bend Sequence planner 72 and holding expert 82, 
several query arrows Q1, Q2, Q3, Q4 and Q5 are illustrated 
to represent a query message being forwarded from the bend 
Sequence planner 72 to holding expert 82. In addition, 
several response arrows R1, R2, R3, R4, and R5 are illus 






























































































