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A system and method for configuring a hardware device to
execule a prototype. The hardware device may include a
programmable hardware clement and/or a processor and
memory. The prototype may comprise a software entity
operable to perform a plurality of executable operations,
wherein the prototype is created by a user without requiring
user programming. For example, a prototyping environment
may provide a library of operations that are specific to a
particular problem domain and may enable the user to select
various operations from the library for inclusion in the
prototype. The prototyping environment may include a
graphical user interface that is streamlined for interactively
experimenting with various paramelers or propertics asso-
ciated with the selected operations and seeing the effects of
adjusting the parameters.

401

Display a graphical user interface of a prototyping environment,
wherein the graphical user interface provides graphical access to a set
of operations

403

Receive user input to the graphical user interface specifying desired
operations to include in a prototype

405

Deploy the prototype on a hardware device

Y

407

The hardware device executes to perform the functionality specified by
the prototype
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Display a graphical user interface of a prototyping environment,
wherein the graphical user interface provides graphical access to a set
of operations
401

Receive user input to the graphical user interface specifying desired
operations to include in a prototype
403

r

Deploy the prototype on a hardware device
405

4

The hardware device executes to perform the functionality specified by
the prototype
407

FIG. 8
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(Step 403)

Add an operation to the prototype in response to user input
421

Update graphical user interface to illustrate effect of including the
operation in the prototype
423

y

Display a graphical panel for configuring the operation
425

h J

Receive user input to the graphical panel for configuring the operation
427

y

Update graphical user interface to illustrate effect of configuring the
operation
429

FIG. 9

14



Patent Application Publication Dec. 12,2002 Sheet 14 of 49 US 2002/0186245 Al

(Steps 405 and 407)

3

Programmatically generate a
graphical program based on the
prototype
431

b

Modify the graphical program in
< response to user input
433

A

Deploy the graphical program on
the hardware device
435

h

The hardware device executes to
perform the functionality specified
by the graphical program
437

FIG. 10
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Create an image
processing prototype
861

v

Programmatically create
a graphical program
based on the prototype
862

v

Couple an image
acquisition device to the
computer system
864

v

Download a hardware
configuration based on
the graphical program to
a programmable
hardware element in the
image acquisition device
866

v

Optionally disconnect the
image acquisition device
from the computer
system; deploy the
image acquisition device
868

v

Image acquisition device
acquires an image of an
object
870

Y

Image acquisition device
executes to perform the
image processing
function on the image
872

Y

Present a user interface
on a display
§74 FIG. 23
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Create an image
processing prototype
861

v

Programmatically create
a graphical program
based on the prototype
862

v

Couple an image
acquisition device to the
computer system
864

v

Download the graphical
program to the memory
in the image acquisition
device
867

v

Optionally disconnect the
image acquisition device
from the computer
system; deploy the
image acquisition device
868

v

Image acquisition device
acquires an image of an
object
870

v

Image acquisition device
executes to perform the
image processing
function on the image
873

Y

Present a user interface
on a display
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Create a motion control
prototype
961

Y

Programmatically create
a graphical program
based on the prototype
962

Y

Couple a motion control
device to the computer
system
964

v

Download a hardware
configuration based on
the graphical program to
a programmable
hardware element in the
motion control device
966

v

Optionally disconnect the
motion control device
from the computer
system; deploy the
motion control device
968

Y

Motion control device
executes to perform the
motion control function ,

e.g., to control movement
of one or more objects
972

Y

Present a user interface
on a display
974

FIG. 27
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Create a motion control
prototype
961

v

Programmatically create
a graphical program
based on the prototype
962

v

Couple a motion control
device to the computer
system
964

v

Download the graphical
program to the memory
in the motion control
device
967

v

Optionally disconnect the
motion control device
from the computer
system; deploy the
motion control device
968

Mofion control device
executes to perform the
motion control function ,

e.g., to control movement
of one or more objects
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Present a user interface
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974
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Programmatically create
graphical program from
prototype
510

Y
Select a portion of the
graphical program to
export to a hardware
implementation
512
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A\ 7

Build a VDiagram tree
representing the selected
program portion

v
Compile unselected
portion of the graphical
program into machine

514 code for CPU execution
524
Y
Call an appropriate back
end program to generate a
hardware description from
the VDiagram tree
516
Y
; . Convert the hardware o
Library of pre-compiled i i Hardware target specific
function blocks descr;ptég?ﬁéon%rt\tifgr GA information
542 PS8 544

Y

Compile the netlist into an
FPGA prggram file
520

A
Transfer FPGA program
file to programmable
hardware (FPGA) to
produce programmed
hardware equivalent to
graphical program
522

FIG. 34
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SYSTEM AND METHOD FOR CONFIGURING A
HARDWARE DEVICE TO EXECUTE A
PROTOTYPE

CONTINUATTION DATA

[0001] This application is a continuation-in-part of U.S.
patent application Ser. No. 09/595,003 titled “System and
Method for Automatically Generating a Graphical Program
to Implement a Prototype,” filed Jun. 13, 2000, whose
inventors were Nicolas Vazquez, Jeffrey L. Kodosky, Ram
Kudukoli, Kevin L. Schultz, Dinesh Nair, and Christophe
Caltagirone.

[0002] This application is also a continuation-in-part of
U.S. patent application Ser. No. 09/745,023 titled “System
and Method for Programmatically Generating a Graphical
Program in Response to Program Information”, filed Dec.
20, 2000, whose inventors were Ram Kudukoli, Robert Dye,
Paul I. Austin, Lothar Wenzel, and Jeffrey L. Kodosky.

[0003] This application is also a continuation-in-part of
U.S. patent application Ser. No. 09/949,783 titled “System
and Method for Deploying a Graphical Program on an
Image Acquisition Device”, filed Sep. 10, 2001, Kevin L.
Schultz, Jeflrey L. Kodosky, Hugo Andrade, Brian Keith
Odom and Cary Paul Butler.

FIELD OF THE INVENTION

[0004] The present invention relates 1o a system and
method for configuring a hardware device to execute a
prototype. The hardware device may include a program-
mable hardware element and/or a processor and memory.
The prototype may comprise a software entity operable to
perform a plurality of executable operations, wherein the
prototype is created by a user without requiring user pro-
gramming.

DESCRIPTION OF THE RELATED ART

[0005] The continually improving price and performance
of today’s computers make computer-based measurement
and automation systems more accessible to users who were
previously limited by inflexible, costly measurement and
automation methods. By employing computer-based mea-
surement and automalion systems, users can lower capital
costs, system development costs, and system maintenance
costs, while at the same time improving the time to market
and quality of their products. Virtual instrumentation has
been an industry paradigm shift. Through the power of
computer-based tools, scientists and engineers can build
their own solutions exactly suited to their needs rather than
being confined to a limited, inflexible, and expensive selec-
tion of fixed-function, traditional instruments.

[0006] Today, many hardware devices include at least one
functional unit, such as a processor and memory, or a
programmable hardware element, which enables the device
to be programmed with or execute program instructions,
¢.g., to control the device. For example, a “smart camera”
may include a functional unit operable to execute program
instructions to acquire and analyze an image, ¢.g., to check
for visual defects present in a manufactured object. Inas-
much as a primary goal of virtual instrumentation is to
provide the user the maximum amount of flexibility to create
his/her own applications and/or define his/her own instru-
ment functionality, it is desirable to extend the level at which
the user is able to program a device, ¢.g., extend the level at

51
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which a user of instrumentation or industrial automation
hardware is able to program an instrument. The evolution of
the levels at which the user has been able to program an
instrument is essentially as follows,

[0007] 1. User level soltware (LabVIEW, LabWin-
dows CVI, Visual Basic, etc.)

[0008]

[0009] 3. Auxiliary kernel level software (a second
kernel running along side the main OS, e.g., InTime,
VentureCom, etc.)

[0010] 4. Embedded kernel level software
[0011] 5. Hardware level software (FPGA)

[0012] In general, going down the above list, the user is
able to create software applications which provide a more
deterministic real-time response. Currently, some program-
ming development tools for instrumentation or industrial
automation provide an interface at level 1 above. In general,
most users are unable and/or not allowed to program at the
kernel level or auxiliary kernel level. It would be highly
desirable to provide the user with the ability to develop user
level software which operates at the embedded kernel level
and/or the hardware level.

2. Kernel level software

[0013] A type of software application referred to herein as
a “prototyping environment” is becoming increasingly
popular. In general, a prototyping environment may refer to
a specialized application that provides an environment that
is conducive to rapidly and conveniently prototyping a
problem solution, ie., a prototype. As used herein, a “pro-
totype” may comprise a software entity operable to perform
a plurality of executable operations, wherein the prototype is
created by a user without requiring user programming. For
example, the user may create the prototype by interacting at
a high level with a graphical user interface of the prototyping
environment. One example of a prototyping environment is
an image processing prototyping environment that enables a
user to easily develop a script or sequence, i.c., a prototype,
including various operations that are applied to images, ¢.g.,
for use in a machine vision, pattern matching, shape match-
ing, or other imaging application. The prototyping environ-
ment may enable the user to create the protolype without
requiring the user to write code in a programming language
or minimizing the amount of code the user would otherwise
have to write. Thus, a prototyping environment may enable
a user to develop a solution for a problem by working at a
higher level of abstraction than a programming environment
provides.

[0014] It would be desirable to provide the user with the
ability to develop a prototype using a prototyping environ-
ment, which can then be readily deployed onto a hardware
device. This would provide the user with the dual benefits of
being able to program device functionality at the highest
level possible (e.g., prototypes), while also providing the
ability to have program instructions execule directly on an
embedded processor or in hardware for increased speed and
efficiency.

SUMMARY OF THE INVENTION

[0015] One embodiment of the invention comprises a
system and method for configuring a hardware device to
execute a prototype. The hardware device may include a
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programmable hardware element and/or a processor and
memory. The prototype may comprise a softwarc entity
operable to perform or specify a plurality of executable
operations, wherein the prototype is created by a user
withoul requiring user programming. The prototype may be
crealed using a protolyping environment application. For
example, the prototyping environment may provide a library
of operations that are specific to a particular problem domain
and may enable the user to select various operations from the
library for inclusion in the prototype. The prototyping envi-
ronment may include a graphical user interface that is
streamlined for interactively experimenting with various
parameters or properties associated with the selected opera-
tions and seeing the effects of adjusting the parameters.

[0016] The prototyping environmeni may be used to gen-
erale a sequence, solution, or script, also called a prototype,
which represents an algorithm or process designed by the
user in the prototyping environment. For example, the
prototype may include a plurality of operations for imple-
menting or specifying a solution for a motion control
application, a data acquisition and control application, a test
and measurement application, an image processing or
machine vision application, a process control application, a
man-machine interface application, a simulation application,
a hardware-in-the-loop wvalidation application, or any of
various other types of applications.

[0017] After the prototype has been created, the prototype
may be deployed on the hardware device. The hardware
device may be coupled to the computer system lo [acilitate
the deployment of the prototype. In one embodiment, the
hardware device may be comprised in the computer system.
In other embodiments the hardware device may be coupled
to the computer system through a network, such as the
Internet, or may be coupled to the computer system through
wireless means.

[0018] Deploying the prototype on the hardware device
may comprise configuring the hardware device to perform at
least a portion of the operations in the prototype. In one
embodiment, a program based on the prototype may be
programmatically generated, and deploying the prototype
may comprise storing this program or a user-modified ver-
sion of the program on (at least part of) a “functional unit”
of the hardware device, or configuring the functional unit
with all or part of the program, such that after the deploy-
ment, the functional unit is operable to execute or implement
the functionality of the program.

[0019] As used herein, the term “functional unit” may
include a processor and memory or a programmable hard-
ware element. The term “functional unit” may include one or
more processors and memories and/or one or more program-
mable hardware elements. As used herein, the term “pro-
cessor” is intended to include any of various types of
processors, CPUs, microcontrollers, or other devices
capable of executing software instructions. As used herein,
the term “programmable hardware element”™ is intended to
include various types of programmable hardware, reconfig-
urable hardware, programmable logic, or [field-program-
mable devices (FPDs), such as one or more FPGAs (Field
Programmable Gate Arrays), or one or more PLDs (Pro-
grammable Logic Devices), such as one or more Simple
PLDs (SPLDs) or one or more Complex PLDs (CPLDs), or
other types of programmable hardware.
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[0020] In various embodiments, any of various methods or
techniques may be used in deploying the prototype on the
functional unit of the hardware device. In the preferred
embodiments, the process of deploying the prototype is fully
or mostly automatic so that once the prototype is created,
little or no work is required on the user’s part to deploy the
prototype on the hardware device. For example, the proto-
typing environment may include functionality for program-
matically converting the prototype to a format usable to
configure the device and for configuring the device accord-
ing to this format, or the prototyping environment may
interface with one or more other applications to perform the
converting and configuring. The user may not be required to
provide user input, or may be required to provide a minimal
amount of user input. In one embodiment, a graphical user
interface wizard, i.¢., one or more graphical panels or dialog
boxes may be displayed to guide the user through the
process of deploying the prototype on the device.

[0021] After the hardware device has been configured, the
hardware device may execute to perform the functionality
specified by the prototype. The hardware device performing
the functionality specified by the prolotype may comprise
the functional unit on the hardware device executing at least
a portion of the operations in the prototype, i.c., executing
program instructions and data implementing the operations.

[0022] As described above, in one embodiment, deploying
a prototype on a hardware device may comprise program-
matically generating a program based on the prototype, and
then deploying the generated program on the hardware
device. In one embodiment, the program that is program-
matically generated based on the prototype may be a graphi-
cal program. The generated graphical program may include
various interconnected nodes or icons which visually rep-
resent the operations in the prototype and which are execut-
able to perform the operations as configured by the user. In
various embodiments, this programmatic gencration may be
performed in any of various ways. In one embodiment, the
prototyping environment application may include function-
ality for both creating the prototype and generating the
graphical program. In another embodiment, the prototyping
environment application may interface with another pro-
gram, €.g., a graphical programming development environ-
ment application, to request the graphical program to be
generated, e.g., according to a client/server methodology.
The graphical program may be programmatically generated
with little or no user input received during the generation
process.

[0023] The user may optionally modify the graphical
program thal was programmatically generated, c.g., 1o
develop a customized or optimized graphical program. For
example, the user may desire to add functionality to the
graphical program which was not included in the prototype
from which the graphical program was generated. For
example, by directly modifying the graphical source code of
the program, the user may be able to customize the graphical
program to perform operations not available from within the
prototyping environment. The user may utilize a graphical
programming development environment separate from the
prototyping environment (o interactively modify the gener-
ated program.
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[0024] The generated graphical program or the user-modi-
fied version of the graphical program may then be deployed
on the hardware device 1o configure the device 1o perform
the function implemented by the graphical program, and
thus to perform the function specified by the prototype on
which the graphical program is based.

[0025] In various embodiments, the process of converting
the prototype to a graphical program and then configuring
the device according to the graphical program may vary in
terms of the flow experienced by the user. For example, in
one embodiment, the user may create a prototype in the
prototyping environment and may then request the proto-
typing environment to deploy the prototype on a hardware
device. For example, the user may invoke a dialog box or
wizard to specify information regarding the deployment,
such as a selected hardware device on which to deploy the
prototype, selected operations of the prototype to deploy,
ele.

[0026] After the user has filled in the information in the
dialog box or wizard, a graphical program based on the
prototype may be automatically generated, and the hardware
device may then be configured to execute the graphical
program. The prototyping environment may interact with
one or more other applications in this process, such as a
graphical programming development environment. For
example, the prototyping environmen!t may interface with
the graphical programming development environment to
generate the graphical program and may then request the
graphical programming development environment o con-
figure the selected hardware device according to the graphi-
cal program. However, this may appear to the user as a
scamless process, and the user may never know that the
graphical programming development environment was
involved and may not even know that a graphical program
was ever generaled.

[0027] In another embodiment, the entire process of mov-
ing from the prototype to the configured hardware device
may be less integrated, i.c., more knowledge of and control
over the process may be provided to the user. For example,
the prototyping environment may generate the graphical
program, and the user may then open the graphical program
in a graphical programming development environment and
request the graphical programming development environ-
ment to deploy the generated graphical program on a
selected hardware device. Also, as described above, the user
may first modify the generated graphical program before
requesting the graphical program to be deployed on the
device.

[0028] In another embodiment, instead of a graphical
program, a text-based program based on the protolype may
be automatically generated. The text-based program may
include program code in any of various text-based program-
ming languages, such as C, C++, Visual C++, Visual Basic,
Java, Pascal, etc. The generated text-based program may
include various functions or methods which are executable
to perform the operations configured by the user in the
prototype. The text-based program may then be used in
configuring the hardware device, similarly as described
above.

[0029] In one embodiment, the hardware device may
include a processor and a memory, and deploying the
graphical program on the hardware device may include
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transferring the graphical program to the memory on the
hardware device, where the processor in the hardware device
executes the graphical program from the memory. In one
embodiment, deploying the graphical program on the hard-
ware device may include generating an executable program,
such as a machine language program, based on the graphical
program, which implements at least a portion of the func-
tionality of the graphical program; and transferring the
exccutable program to the memory on the hardware device.
In one embodiment, compiling the graphical program into
an executable program may comprise converting the graphi-
cal program first into a text-language program, and then
compiling the text-language program into the executable
program. The processor in the hardware device may execute
the executable program from the memory.

[0030] In one embodiment, the hardware device may
include a programmable hardware element, and deploying
the graphical program on the hardware device may include
generating a hardware description based on the graphical
program, which describes a hardware implementation of the
graphical program, and configuring the programmable hard-
ware element in the hardware device utilizing the hardware
description. After being configured with the hardware
description the programmable hardware element may imple-
ment a hardware implementation of the graphical program.
The programmable hardware clement in the hardware device
may execute to perform the operations specified in the
prototype.

[0031] In one embodiment, the hardware device may
include a processor and a memory and a programmable
hardware element. In this embodiment, deploying the
graphical program on the hardware device may include
transferring a first portion of the graphical program to the
memory on the hardware device; generating a hardware
description based on a second portion of the graphical
program, which describes a hardware implementation of the
graphical program; and configuring the programmable hard-
ware element in the hardware device utilizing the hardware
description. After being configured, the programmable hard-
ware element may implement a hardware implementation of
the second portion of the graphical program. The processor
in the hardware device may execute the first portion of the
graphical program from the memory and the programmable
hardware element may execute the second portion of the
graphical program.

[0032] In one embodiment, deploying the graphical pro-
gram on the hardware device may include generating an
executable program based on a first portion of the graphical
program, and which implements functionality of the graphi-
cal program; transferring the executable program to the
memory on the hardware device; generating a hardware
description based on a second portion of the graphical
program, where the hardware description describes a hard-
ware implementation of the graphical program; and config-
uring the programmable hardware element in the hardware
device utilizing the hardware description, where after being
configured, the programmable hardware clement imple-
ments a hardware implementation of the second portion of
the graphical program. The processor in the hardware device
may execute the executable program from the memory and
the programmable hardware element may execute the sec-
ond portion of the graphical program.
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[0033] In one embodiment, the hardware device may
include a first processor, a second processor, and at least one
memory, and the first processor in the hardware device may
execule a first portion of the graphical program from the at
least one memory and the second processor in the hardware
device may execule a second portion of the graphical
program from the at least one memory. For example, the first
portion of the graphical program may implement a first
portion of the operations specified in the prototype, and the
second portion of the graphical program may implement a
second portion of the operations specified in the prototype.

[0034] In one embodiment, in addition to configuring the
hardware device to execute the prototype (or execule a
program based on the prototype), the hardware device may
also be configured according to another program, such as a
user-created program.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] A better understanding of the present invention can
be obtained when the following detailed description of the
preferred embodiment is considered in conjunction with the
following drawings, in which:

[0036] FIG. 1 illustrates a computer system that may
execule a prototyping environment application lor develop-
ing protolype;

[0037] FIG. 2 illustrates an exemplary instrumentation
system that may implement embodiments of the invention;

[0038] FIGS. 3A and 3B illustrate exemplary image
acquisition systems including a smart camera that may be
configured to execule a prototype;

[0039] FIGS. 4A and 4B illustrate exemplary image pro-
cessing or machine vision systems which utilize a smart
camera confligured to execule a protolype;

[0040] FIG. 5 is an exemplary block diagram of the
computer of FIGS. 1, 2, 3A, and 4A;

[0041] FIGS. 6A-6C illustrating devices, e.g., interface
cards, configured with programmable hardware that may be
configured to execute a prototype, according to exemplary
embodiments;

[0042] FIGS. 7A-7C illustrate exemplary embodiments of
a smarl camera with programmable hardware that may be
configured to execute a prototype;

[0043] FIG. 8 is a flowchart diagram illustrating one
embodiment of a method for creating and performing a
prototype, i.c., configuring a hardware device to execute the
prototype;

[0044] FIG. 9 is a flowchart diagram illustrating one
embodiment of receiving user input specifying desired
operations to include in a prototype;

[0045] FIG. 10 is a flowchart diagram illustrating one
embodiment of a method for deploying a prototype on a
hardware device, involving programmatically generating a
graphical program based on the prototype and then deploy-
ing the generated graphical program on the hardware device;

[0046] FIGS. 11-18 illustrate an exemplary graphical user
interface for one embodiment of an image processing pro-
totyping environment;

[0047] FIGS. 19-21 illustrate an examplary code genera-

tion wizard for receiving user input information related to a
program to generate based on an image prototype;
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[0048] FIG. 22 illustrates an exemplary graphical pro-
gram that was automatically (programmatically) generated
based on an image processing prototype;

[0049] FIGS. 23 and 24 are flowchart diagrams illustrat-
ing exemplary embodiments of a method for configuring an
image acquisition device or smarl camera lo execule a
graphical program generated based on an image processing
prototype;

[0050] FIGS. 25A-25F illustrate an exemplary graphical
user interface (GUI) for one embodiment of a motion control
prototyping environment application;

[0051] FIGS. 26A-26G illustrate a graphical program
executable to implement the motion control prototype
described with reference 1o FIGS. 25A-25F;

[0052] FIGS. 27 and 28 are llowchart diagrams illustrat-
ing exemplary embodiments of a method for configuring a
motion control device to execute a graphical program gen-
erated based on a motion control prototype;

[0053] FIG. 29 is a block diagram illustrating the abstract
relationship between a client program, an API to program-
matically create/edit a graphical program, and a server
program;

[0054] FIG. 30 is a block diagram illustrating one
embodiment for conversion of a prototype into hardware and
software descriptions;

[0055] FIG. 31 is a block diagram illustrating the genera-
tion of various types ol hardware and software descriptions
from a VDiagram tree;

[0056] FIG. 32 is a block diagram illustrating conversion
of a prototype into a hardware description for an FPGA;

[0057] FIG. 33 is a block diagram illustrating conversion
of a prototype into a software source code description with
compilation and linkage; and

[0058] FIG. 34 is a flowchart diagram illustrating opera-
tion of one embodiment of a method for converting a
prototype to an FPGA hardware implementation.

[0059] While the invention is susceptible to various modi-
fications and alternative forms specific embodiments are
shown by way of example in the drawings and are herein
described in detail. [t should be understood however, that
drawings and detailed description thereto are not intended to
limit the invention to the particular form disclosed, but on
the contrary the invention is to cover all modifications,
equivalents and alternative following within the spirit and
scope of the present invention as defined by the appended
claims.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0060]

[0061] The following references are hereby incorporated
by reference in their entirety as though fully and completely
set forth herein.

[0062] U.S. Pat. No. 6,064,812 titled “System and Method
for Developing Automation Clients Using a Graphical Data
Flow Program,” issued on May 16, 2000.

Incorporation by Reference
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[0063] U.S. Pat. No. 6,102,965 titled “System and Method
for Providing Client/Server Access to Graphical Programs,”
issued on Aug. 15, 2000.

[0064] U.S. Pat. No. 6,173,438 titled “Embedded Graphi-
cal Programming System” filed Aug. 18, 1997.

[0065] U.S. Pat. No. 6,219,628 titled “System and Method
for Configuring an Instrument to Perform Measurement
Functions Utilizing Conversion of Graphical Programs into
Hardware Implementations,” filed Aug. 18, 1997.

[0066] U.S. patent application Ser. No. 09/499,503 titled
“System and Method for Configuring a Programmable Hard-
ware Instrument to Perform Measurement Functions Utiliz-
ing Estimation of the Hardware Implementation and Man-
agement of Hardware Resources™ filed Feb. 7, 2000.

[0067] U.S. patent application Ser. No. 09/617,600 titled
“Graphical Programming System with Distributed Block
Diagram Execution and Front Panel Display,” filed Jun. 13,
2000.

[0068] U.S. patent application Ser. No. 09/518,492 titled
“System and Method for Programmatically Creating a
Graphical Program,” filed Mar. 3, 2000.

[0069] U.S, patent application Ser. No. 09/595,003 titled
“System and Method for Automatically Generating a
Graphical. Program to Implement a Prototype,” filed Jun,
13, 2000.

[0070] U.S. patent application Ser. No. 09/745,023 titled
“System and Method for Programmatically Generatling a
Graphical Program in Response to Program Information,”

filed Dec. 20, 2000.

[0071] U.S. patent application Ser. No. 09/949,783 titled
“System and Method for Deploying a Graphical Program on
an Image Acquisition Device,” filed Sep. 10, 2001.

[0072] FIG. 1—Computer System Executing a Prototyp-
ing Environment Application

[0073] Knowledge of computer-implemented techniques
for solving problems in a wide array of fields is expanding
at a rapid pace. As new techniques and computerized meth-
ods are developed for a given problem domain, specialized
software applications for developing solutions (o problems
in that domain are often created. These specialized applica-
tions can provide an environment that is conducive to
rapidly and conveniently prototyping a problem solution.
Hence, these applications are also referred to herein as
“prototyping environments”,

[0074] FIG. 1 illustrates a computer system 82. The
computer system 82 may execute a prototyping environment
application for creating a prototype. A protolyping environ-
ment may integrate various capabilities to aid a user in
developing problem solutions, depending on the particular
problem domain. For example, a prototyping environment
may provide a library of operations that are specific to a
problem domain and may enable the user to select various
operations from the library for inclusion in the prototype.
The prototyping environment may include a graphical user
interface that is streamlined for interactively experimenting
with various parameters or properties associated with the
selected operations and seeing the effects of adjusting the
parameters. A prototyping environment may also include
capabilities for simulating real-world objects or processes. A
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prototyping environment may be used to generate a
sequence, solution, or script, also called a prototype, which
represents an algorithm or process designed by the user in
the prototyping environment.

[0075] Prototyping environments are usually designed for
ease of use and may be specialized for developing solutions
for a particular problem domain. They may enable users to
create a computer-implemented solution to a problem with-
out requiring the users to utilize or understand traditional
programming lechniques. For example, the prototyping
environment may aid the user in creating a sequence,
solution, or script (called a prototype) including a plurality
of operations, without requiring the user to write program-
ming language code. Instead of writing code, the user may
interact at a higher level with the graphical user interface of
the prototyping environment lo create the prototype.

[0076] Prototyping environments may be developed for
many different problem domains. Various exemplary proto-
typing environments are described herein. One example is a
motion control prototyping environment application for
developing a sequence ol motion control operations. A
motion control sequence is also referred to herein as a
“prototype”,

[0077] Computer-based motion control involves precisely
controlling the movement of a device or system. Computer-
based motion control is widely used in many different types
of applications, including applications in the fields of indus-
trial automation, process control, test and measurement
automation, robotics, and integrated machine vision, among
others, A typical computer-based motion system includes
components such as the moving mechanical device(s), a
motor with feedback and motion /O, a motor drive unit, a
motion controller, and software to interact with the motion
controller.

[0078] A motion control prototyping environment may be
designed to enable a user to easily and efficiently develop/
prototype a motion control sequence without requiring the
user (o perform programming, e.g., without needing to write
or construct code in any programming language. For
example, the environment may provide a graphical user
interface (GUI) enabling the user to develop/prototype the
motion control sequence at a high level, by selecting from
and configuring a sequence of motion control operations
using the GUL

[0079] The motion control prototyping environment may
also enable the user to preview various aspects of the motion
control performed by a sequence, e.g., velocity profile,
acceleration profile, position plots, etc., in advance before
commanding the motor 1o perform the sequence of moves.
The environment may also enable simulation of the motion
control sequence, thus enabling users to perform offline
development and prototyping.

[0080] After configuring and previewing the motion con-
trol sequence, the user may request the motion control
prototyping environment to perform the motion control
sequence. Performing the motion control sequence may
comprise interfacing with one or more motors (or motion
controllers) coupled to the computer system to command the
motor (or motion controller) to perform the sequence of
motion control operations configured by the user. According
to one embodiment, the user may also request the motion
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control sequence or prototype to be deployed for execution
on a hardware device, such as a motion control device, as
described below.

[0081] Another example of a prototyping environment
described herein is an image processing prololyping envi-
ronment. The term “image processing” is used herein to
refer to image processing, image analysis, and machine
vision, among others. An image processing protolyping
environment may enable a user to rapidly develop an image
processing algorithm or application, e.g., for machine
vision, pattern matching, shape matching, or other applica-
tions. For example, the image processing prototyping envi-
ronment may include a graphical user interface enabling the
user Lo easily apply various image processing functions to an
image and immediately see the results, in order to develop
the desired algorithm. In various embodiments, any of
various types of image processing functions may be sup-
ported, including filtering functions, morphology functions,
histogram functions, particle analysis functions, edge detec-
tion functions, etc. As the user applies each image process-
ing [unction to an image, the function may be recorded as a
step in a script (also called a prototype). A script may
essentially specify an algorithm; ie., an algorithm may be
defined by the plurality of steps or operations in a scripl. The
user may create the script without specifying or writing
programming language code, similarly as described above.
According to one embodiment, the user may request an
image processing script or prototype to be deployed for
execution on a hardware device, such as an image acquisi-
tion device, as described below.

[0082] In various embodiments, the computer system 82
may execute a protolyping environment application for
developing prototypes for any of various other types of
applications, in addition to motion control and/or image
processing. In general, a “prototyping environment™ may
refer to a specialized application that provides an environ-
menl that is conducive to rapidly and conveniently proto-
typing a problem solution, preferably without requiring the
user Lo write code in a programming language or minimizing
the amount of code the user would otherwise have to write.
Other examples of prototyping environments include:

[0083] an instrumentation environment [or interact-
ing with hardware instruments, e.g., in order to
initialize an instrument, acquire data from the instru-
menl, analyze the acquired data, etc.

[0084] a circuit design environment for developing
and testing circuil designs

[0085] a sound processing environment for applying
various audio operations to a sound clip, e.g., in
order to analyze the sound clip, eliminate back-
ground noise, etc.

[0086] Various embodiments of the present invention may
enable any of various types of prototypes to be deployed for
execution on any of various types of hardware devices.

[0087] Itis noted that a prototyping environment may also
enable a user to develop a prototype which includes opera-
tions related to multiple different fields or technologies. For
example, one embodiment of a protolyping environment
may provide a library of operations including one or more
image processing operations, one or more motion control
operations, and one or more data acquisition (DAQ) opera-
tions. In this example, the motion control prototyping envi-

ronment may be referred to as a MC/MV/DAQ prototyping
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environment. (The abbreviation “MC/MV/DAQ” is used
herein to refer to “motion control/machine vision/DAQ™.)
For example, a MC/MV/DAQ protolyping environment may
be used to create a prototype including image processing
(machine vision) operations for acquiring and analyzing
images ol an object, motion control operations for moving
the object, and DAQ operations for acquiring measurement
data of the object. Such a prototype may be useful, for
example, in an automated inspection process performed on
manufactured objects. Similarly as described above, the
prototype may be deployed for execution on a hardware
device. The prototype may also be deployed on multiple
hardware devices. For example, the image processing
(machine vision) functions included in the prototype may be
deployed on an image acquisition device, the motion control
functions may be deployed on a motion control device, and
the DAQ functions may be deploved on a DAQ device.

[0088] In various embodiments, a prototype may be
deployed on a hardware device using any of various meth-
ods. In one embodiment, the prototyping environment appli-
cation may be operable to automatically, i.c., programmati-
cally, generate program code implementing the prototype.
For example, the prototyping environment may generate a
standalone program, such as a graphical program or a
text-based program, that implements the functionality ol the
prototype. For example, when executed, the generated pro-
gram code may have the same functionality as when the
prototype is executed under control of the prototyping
environment. This generated program code may then be
used in configuring the hardware device. In one embodi-
ment, the program code may be generated as an intermediate
step in configuring the hardware device, and the user may
not even be aware of the generated program. In another
embodiment, the user may first modify the generated pro-
gram code, e.g., to develop a customized or optimized
program, and may then request the modified program to be
deployed on the hardware device.

[0089] As described below, in one embodiment a graphi-
cal program may first be generated based on a prototype. The
graphical program (or a user-modified version of the graphi-
cal program) may then be deployed by either one or more of:
1) converting the graphical program (or a portion thereof)
into a hardware implementation and configuring a program-
mable hardware element in the hardware device with this
hardware implementation, 2) transferring the graphical pro-
gram (or a portion thereof) to a memory of a functional unit
of the hardware device for execution by a processor
(wherein the processor may execute a graphical program
execution engine and optionally a real time operaling sys-
tem), or 3) compiling the graphical program (or a portion
thereof) into an executable program and transferring the
executable program to a memory of a functional unit of the
hardware device [or execution by a processor (wherein the
processor may optionally execute a real time operating
system).

[0090] Referring again to FIG. 1, the computer system 82
may be any type of computer system, including a personal
compuler system, mainframe computer system, workstation,
network appliance, Internet appliance, personal digital assis-
tant (PDA), television system or other device. In general, the
term “computer system” can be broadly defined to encom-
pass any device having at least one processor that executes
instructions from a memory medium.
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[0091] The computer system 82 may include a memory
medium(s) on which one or more computer programs or
soltware components may be stored according to one
embodiment of the present invention. For example, the
memory medium may store a protolyping environment
application (or portion of such an application) such as
described above. The memory medium may also store one or
more prototypes, sequences, or scripts created using the
prototyping environment application. The memory medium
may also store one or more programs, including graphical
programs and/or text-based programs, automatically gener-
ated by the prototyping environment application based on a
prototype. The memory medium may also store an applica-
tion development environment with which a generated pro-
gram is associated. In one embodiment, the application
development environment may include functionality facili-
tating the deployment of a program generated based on a
prototype on a hardware device. In another embodiment, the
prototyping environment application may include all neces-
sary functionality for deploying the prototype on the hard-
ware device. The memory medium may also store operating
system software, as well as other software for operation of
the computer system 82.

[0092] The term “memory medium” is intended to include
an installation medium, e.g., a CD-ROM, floppy disks 104,
or tape device; a computer system memory or random access
memory such as DRAM, SRAM, EDO RAM, Rambus
RAM, ete.; or a non-volatile memory such as a magnetic
media, e.g., a hard drive, or optical storage. The memory
medium may comprise other types of memory as well, or
combinations thereol. In addition, the memory medium may
be located in a first computer in which the programs are
executed, or may be located in a second different compuier
which connects to the first computer over a network, such as
the Internet. In the latter instance, the second computer may
provide program instructions to the first computer for execu-
tion.

[0093] In the present application, the term “graphical
program” or “block diagram™ is intended to include a
program comprising graphical code, e.g., two or more
interconnected nodes or icons, wherein the interconnected
nodes or icons may visually indicate the functionality of the
program. The nodes may be connected in one or more of a
data flow, control flow, and/or execution How format. The
nodes may also be connected in a “signal flow” format,
which is a subset of data flow. Thus the terms “graphical
program” or “block diagram™ are ¢ach intended to include a
program comprising a plurality of interconnected nodes or
icons which visually indicate the functionality of the pro-
gram.

[0094] A graphical program may also comprise a graphical
user interface or front panel. The user interface portion may
be contained in the block diagram or may be contained in
one or more separate panels or windows. The user interface
of a graphical program may include various graphical user
interface clements or front panel objects, such as user
interface controls and/or indicators, that represent or display
the respective input and/or output that will be used by the
graphical program or VI, and may include other icons which
represent devices being controlled. The user interface or
front panel may be comprised in a single window of user
interface elements, or may comprise a plurality of individual
windows each having one or more user interface elements,
wherein the individual windows may optionally be tiled
together. As another example, the user interface or front
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panel may comprise user interface or front panel objects,
e.g., the GUI, embedded in the block diagram. The user
interface of a graphical program may display only output,
only input, or both input and output. Further, in some
embodiments the user interface or front panel of a graphical
program may enable the user to interactively control or
manipulate the input being provided to the graphical pro-
gram.

[0095] Examples of graphical programming development
environments include LabVIEW, Dasylab, and DiaDem
from National Instruments, VEE from Agilent, WiT from
Coreco, Vision Program Manager from PPT Vision, Soft-
WIRE from Measurement Computing, Simulink from the
MathWorks, Sanscript from Northwoods Software, Khoros
from Khoral Research, SnapMaster from HEM Data, Vis-
Sim from Visual Solutions, ObjectBench by SES (Scientific
and Engineering Software), and VisiDAQ from Advantech,
among others.

[0096] FIG. 2—Instrumentation System

[0097] FIG. 2 illustrates an exemplary instrumentation
system 100. The system 100 may include a host computer 82
that comprises a CPU, a display screen, memory, and one or
more input devices such as a mouse or keyboard. As shown,
the host computer 82 may connect 10 one or more insiru-
ments.

[0098] For example, the host computer 82 may interface
with a motion control device 136 via an associated motion
control interface card 138. The host computer 82 may also
interface with an image acquisition device 132 via an
associated image acquisition (or machine vision) card 134.
The host computer 82 may also be coupled to a data
acquisition (DAQ) board 114. The DAQ board 114 may
interface through signal conditioning circuitry 124 to a unit
under test (UUT) 150. In one embodiment, the signal
conditioning circuitry 124 may comprise an SCXI (Signal
Conditioning eXtensions for Instrumentation) chassis com-
prising one or more SCXI modules 126.

[0099] The instrumentation control system 100 may
include other types of instruments as well, such as a GPIB
instrument 112 and associated GPIB interface card 122, a
VXI instrument 116, a PXI instrument 118, and/or one or
more compuler based instrument cards 142, among other
types of devices. The GPIB instrument 112 may be coupled
to the computer 82 via the GPIB interface card 122 provided
by the computer 82.

[0100] The GPIB card 122, the image acquisition card
134, the motion control interface card 138, and the DAQ
card 114 are typically plugged in to an 1/O slot in the
computer 82, such as a PCI bus slot, a PC Card slot, or an
ISA, EISA or MicroChannel bus slot provided by the
computer 82. However, these cards 122, 134, 138 and 114
are shown external to computer 82 for illustrative purposes.
These devices may also be connected to the computer 82
through a serial bus or through other means.

[0101] The VXI chassis or instrument 116 may be coupled
1o the computer 82 via a VXI bus, MXI bus, or other serial
or parallel bus provided by the computer 82. The computer
82 may include VXI interface logic, such as a VXI, MXI or
GPIB interface card (not shown), which interfaces to the
VXI chassis 116. The PXI chassis or instrument may be
coupled to the computer 82 through the computer’s PCI bus.
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[0102] A serial instrument (not shown) may also be
coupled to the computer 82 through a serial port, such as an
RS-232 port, USB (Universal Serial bus) or IEEE 1394 or
1394.2 bus, provided by the computer 82.

[0103] In typical instrumentation systems, an instrument
will not be present ol each interface type, and in fact many
systems may only have one or more instruments of a single
interface type, such as only GPIB instruments. As used
herein, the term “instrument” is intended to include any of
the devices that are adapied to be connected to a computer
system as shown in FIG. 2, traditional *stand-alone” instru-
ments, as well as other types of measurement and control
devices. The term “measurement function” may include any
type of data acquisition, measurement or control function,
such as that implemented by the instruments shown in FIG.
2. For example, the term “measurement function™ includes
acquisition and/or processing of an image. In the embodi-
ment of FIG. 2, one or more of the various instruments may
couple to the computer 82 over a network, such as the
Internet.

[0104] In one embodiment, the computer 82 may be
operable to execute program instructions to deploy a proto-
type or portion of a prototype on one or more ol the
hardware devices or instruments shown in FIG. 2. The
prototype may have been created and stored using a proto-
typing environment application such as described above.
The prototyping environment application may execute on
the computer 82 or on another computer. The prototype may
be operable for example, to analyze, measure, or control the
unit under test (UUT) or process 150.

[0105] As one example, an image processing protolyping
environment may be utilized to create an image processing
or machine vision prototype or sequence. The image pro-
cessing prototype may then be deployed on the image
acquisition device 132 and/or the associated image acquisi-
tion card 134. For example, the prototype may include one
or more image processing operations for acquiring images of
the UUT 150 and/or analyzing such images. By deploying
the prototype on the hardware, the image processing may be
performed dircctly in hardware for increased speed and
cfficiency.

[0106] As another example, a motion control prototyping
environment may be utilized to create a motion control
prototype or sequence. The motion control prototype may
then be deployed on the motion control device 136 and/or
the associated motion control interface card 138. For
example, the protolype may include one or more motion
control operations for controlling movement of the UUT
150, and the hardware may be configured to execute these
operations onboard for increased speed and efficiency.

[0107] As another example, a MC/MV/DAQ environment
may be utilized to create a prototype including motion
control, machine vision (image processing), and/or DAQ
functionality. The motion control operations of the prototype
may be deploved on the motion control hardware as
described above. The machine vision operations of the
prototype may be deployed on the image acquisition hard-
ware as described above. Similarly, the DAQ operations
may be deployed on the DAQ board 114, e.g., to acquire
measurement data from the UUT 150. In another embodi-
ment, separate prototypes may be created, e.g., a separate
motion control prototype, a separate machine vision proto-
type, and a separate DAQ prototype. These prototypes may
then be deployed on the respective devices separately.
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[0108] The system 100 may be used in any of various
types of applications, such as a motion control application,
a data acquisition and control application, a test and mea-
surement application, an image processing or machine
vision application, a process control application, a man-
machine interface application, a simulation application, and/
or a hardware-in-the-loop validation application. In one
embodiment, the computer 82 may first deploy the prototype
on one or more of the hardware devices, and the hardware
devices may then execute independently to perform the
application. For example, the computer 82 may not be
involved at all in performing the application, ¢.g., may not
be involved in analyzing, measuring, or controlling the unit
under test (UUT) or process 150. In another embodiment,
the computer 82 may still be involved even after deploying
the prototype. For example, if motion control operations in
the prototype have been deployed on the motion control
hardware, the computer 82 may still control another device,
¢.g., may interface with the DAQ board 114 to perform DAQ
operations in the prototype.

[0109] Hardware devices on which a prototype is
deployed may include a “functional unit” operable to
execute the prototype. As used herein, the term “functional
unit” may include a processor and memory or a program-
mable hardware element. The term “functional unit” may
include one or more processors and memories and/or one or
more programmable hardware elements. As used herein, the
term “processor” is intended to include any of various types
of processors, CPUs, microcontrollers, or other devices
capable of executing software instructions. As used herein,
the term “programmable hardware element” is intended to
include various types of programmable hardware, reconfig-
urable hardware, programmable logic, or field-program-
mable devices (FPDs), such as one or more FPGAs (Field
Programmable Gate Arrays), or one or more PLDs (Pro-
grammable Logic Devices), such as one or more Simple
PL.Ds (SPLDs) or one or more Complex PLDs (CPLDs), or
other types of programmable hardware.

[0110] As used herein, the term “image acquisition
device” is intended to include any of various types of
devices that are operable to acquire and/or store an image.
An image acquisition device may also optionally be further
operable to analyze or process the acquired or stored image.
Examples of an image acquisition device include an image
acquisition (or machine vision) card (also called a video
capture board), a device external to a computer that operates
similarly to an image acquisition card, a smarl camera, a
robot having machine vision, and other similar types of
devices. In one embodiment, a single device may combine
the functionality of the image acquisition device 132 and the
associated image acquisition card 134 shown in FIG. 2.

[0111] As used herein, the terms “image processing” and
“machine vision” are used interchangeably to refer to the
processing of images to extract useful information from the
image or determine characteristics of the image (or to
determine characteristics of one or more objects displayed in
the image). The term “image processing” is used herein to
refer 1o both “image processing” and “machine vision”, 1o
the extent these terms have different meanings. The term
“image processing [unction” includes tools such as edge
detection, blob analysis, pattern matching, and other image
processing functions. The term “image processing function™
may also include an operation or decision that is performed
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in response to the information extracted or characteristics
determined from the image. The term “image processing
function™ is also intended 1o include an image processing (or
machine vision) algorithm that combines a sequence of two
or more image processing functions or tools and/or decision
operations that process an image in a desired way or which
implement an image processing or machine vision applica-
tion, such as part inspection, automaled assembly, image
analysis, pattern matching, edge detection, ete.

[0112] FIGS. 3A and 3B—Image Acquisition System
Having a Smart Camera

[0113] As noted above, in one embodiment, an image
processing or machine vision prototype may be deployed on
an image acquisition device. As described below, such an
image acquisition device may be referred to as a “smart
camera”. FIGS. 3A and 3B illustrate an image acquisition
system with a smart camera. As FIGS. 3A and 3B illustrate,
a smart camera may include a housing which encloses a
portion or all of the smart camera components, or may be
comprised on a frame which primarily provides structural
support {or the smart camera components.

[0114] FIG. 3A—Image Acquisition System With Smart
Camera

[0115] FIG. 3A illusirates an image acquisition system
comprising computer system 82 coupled to a smart camera
190. The smart camera is an example of an image acquisition
device. As used herein, the term “smart camera” is intended
to include any of various types of devices that include a
camera or other image sensor and a functional unit capable
of being configured to perform an image processing function
to analyze or process an acquired image. For example, while
traditional computer vision is based on a camera/compuier
system in which the image processing or understanding
algorithm is embedded in the computer 82, the computa-
tional load of vision algorithms may be circumvented or
mitigated by merging low level processing with the camera
or sensor in a single module. For example, a hardware
architecture may be defined in a Hardware Description
Language (e.g., VHDL), simulated and synthesized into
digital structures that can then be configured in a Field
Programmable Gate Array (FPGA). In one application of a
smart camera, the flexibility of an FPGA may be combined
with a sensor for real time image processing. In another
application of a smart camera, the flexibility of a processor
and memory may be combined with a sensor for real time
image processing. Examples of smart cameras include:
NAVSYS Corporation’s GI-EYE, which generates digital
image data that are automatically tagged with geo-registra-
tion meta-data to indicate the precise position and attitude of
the camera when the image was taken; Vision Components’
GmbIH Smart Machine Vision Cameras, which integrate a
high-resolution Charge Coupled Device (CCD) sensor with
a fast image-processing signal processor, and provide vari-
ous interfaces to allow communication with the outside
world; and Visual Inspection Systems’ SMART cameras
with on-board DSP capabilities, including frame grabbers
and robot guidance systems, among others.

[0116] The computer system 82 shown in FIG. 3A may
include a memory medium. The memory medium may store
a prototyping environment application operable to create a
prototype that implements an image processing function.
The memory medium may also store one or more computer
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programs, ¢.g., the prototyping environment application
and/or other programs, which are executable to convert at
least a portion of the prototype into a form for configuring
a functional unit comprised in the smart camera 190,

[0117] As mentioned above, the smart camera 190 may
imclude a functional unit, which may be a programmable
hardware element (programmable or reconfigurable hard-
ware), e.g., an FPGA, and/or may be a processor and
memory. The functional unit in the smart camera 190 may be
configured with a prototype that implements an image
processing function. The smart camera 190 may also com-
prise a camera coupled to the functional unit. The smart
camera 190 may also include a memory (a memory medium)
coupled to the camera that stores an acquired image. If the
smart camera 190 includes an analog camera, the smart
camera 190 may further include analog to digital (A/D) logic
for converting analog image signals into a digital image for
storage in the memory. The smart camera 190 may also
optionally include timer/counter logic that may perform
timing/counting operations, e.g., during operation of the
functional unit. As FIG. 3A shows, in one embodiment, the
smarl camera may include a housing which encloses some or
all of the components of the smart camera.

[0118] FIG. 3B—Smart Camera

[0119] FIG. 3B illustrates another embodiment of a smart
camera 190. As FIG. 3B shows, the smart camera includes
a camera, coupled to circuitry/logic (e.g., one or more circuit
boards) for performing various image processing and/or
acquisition functions. As mentioned above, the circuitry/
logic may include a functional unit, such as a programmable
hardware element, e.g., an FPGA and/or a processor and
memory. As also described above, the functional unit in the
smart camera 190 may be configured with a prototype that
implements the image processing [unction, and may also
include a memory coupled to the camera for storing an
acquired image. If the camera is an analog camera, the smart
camera 190 may further include analog to digital (A/D) logic
for converting analog image signals into a digital image for
storage in the memory. The smart camera 190 may also
optionally include timer/counter logic that may perform
timing/counting operations, e.g., during operation of the
programmable hardware element. The smart camera 190
may also include various I/O ports for communicating with
external devices, such as computer system 82. As FIG. 3B
shows, in one embodiment, the smart camera may include a
frame or structure to supporl the components comprised in
the smart camera. In one embodiment, the smart camera may
include a “PC-on-a-Card” which may provide part or all of
the functionality of a personal computer.

[0120] FIGS. 4A and 4B—Image Processing Systems
[0121] FIGS. 4A and 4B illustrate image processing or

machine vision systems which utilize a smart camera con-
figured to execute a prototype such as described above. The
image processing system of FIG. 4A may comprise a
computer 82 and a smart camera 190, and may further
include a motion control device 192. The image processing
system of FIG. 4B may comprise smart camera 190 and
motion control device 192, and may not include computer
system 82.

[0122] The smart camera 190 may include a digital camera
that acquires a digital video signal which comprises an
image, or a sequence of images, or other data desired to be
acquired. In one embodiment, the smart camera 190 may
instead include an analog camera that acquires an analog
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video signal, and the smart camera 190 may further include
A/D converters for converting the analog video signal into
a digital image.

[0123] The smart camera 190 may include a functional
unit configured according to a prototype. For example, the
functional unit may be configured to perform an image
processing function as represented by a prototype. Thus a
prototype may have been first created to perform the image
processing function, such as with a prototyping environment
on the computer system 82 (or another computer system),
and the prototype may then have been deployed onto the
functional unit of the smart camera to implement the image
processing function.

[0124] In the machine vision system of FIG. 4A, the
digital video signal or digital image may be provided to the
functional unit in the smart camera 190, wherein the image
processing function is performed.

[0125] In the embodiment of FIG. 4A, the functional unit
in the smart camera 190 may perform a portion or all of the
image processing function, and the computer 82 may per-
form a portion of the image processing function. For
example, the functional unit in the smart camera 190 may
perform the actual processing of the image to determine
characteristics of the image, and the computer 82 may then
perform an operation based on this result, such as rejecting
a part from an assembly line, or logging the results to file.
As another example, the functional unit in the smart camera
190 may perform the processing of the image to determine
characteristics of the image, and may also optionally per-
form an operation based on this result, and the computer
system 82 may execute software to provide a user interface
for the system. For example, as described in detail below, a
prototype may first be converted to a graphical program,
which may optionally have a user interface portion. Thus,
the computer system 82 may execute the user interface
portion of the graphical program, where the block diagram
of the graphical program is used to configure the functional
unit in the smart camera 190. Thus, in one embodiment, a
first portion of the graphical program, ¢.g., DSP functions
requiring real time performance, may be executed by the
smart camera, i.e., the functional unit, and a second portion
of the graphical program, e.g., a user interface where real
time performance is not required, may be executed by the
computer system 82.

[0126] In the embodiment of FIG. 4B, the functional unit
in the smart camera 190 may perform all of the desired
image processing function, including optionally performing
an operation based on determined characteristics of the
image, and hence the computer system 82 is not necessary
during operation of the system. In another embodiment, the
smart camera 190 may include a processor and memory (in
addition to the functional unit which executes the image
processing function) which may execute the operation based
on determined characteristics of the image.

[0127] In the embodiments of FIGS. 4A and 4B, the
functional unit in the smart camera 190 (or the computer
system 82 in FIG. 4A) may control the motion control
device 192. In an alternate embodiment, the motion control
device 192 may also include a functional unit that has been
configured with a prototype or that has been configured with
a portion of the same prototype used to configure the smart
camera, i.¢., a portion that involves motion control opera-
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tions. The functional unit in the motion control device 192
may be configured to perform a motion control function.
Thus a prototype may have been first created that performs
the motion control function, and the prototype may then
have been deployed onto the motion control device 192,
similarly as described above. Examples of motion control
functions include moving a part or object to be imaged by a
camera, rejecting a part on an assembly line, or placing or
alfixing components on a part being assembled, or a robotics
application, among others.

[0128] FIG. 5—Computer System Block Diagram

[0129] FIG. 5 is an exemplary block diagram of the
computer 82 of FIGS. 1, 2, 3A, and 4A. It is noted that any
type of compulter system configuration or architecture can be
used as desired, and FIG. 5 illustrates a representative PC
embodiment. It is also noted that the computer system may
be a general purpose computer system, a computer imple-
mented on a VXI card installed in a VXI chassis, a computer
implemented on a PXI card installed in a PXI chassis, or
other types of embodiments. Elements of a computer not
necessary to understand the present description have been
omitted for simplicity.

[0130] The computer 82 may include at least one central
processing unit (CPU) or processor 160 which is coupled to
a processor or host bus 162. The CPU 160 may be any of
various types, including an x86 processor, a PowerPC pro-
cessor, a CPU from the Motorola family of processors, a
CPU from the SPARC [amily of RISC processors, as well as
others. Main memory 166 is coupled to the host bus 162 by
means of memory controller 164.

[0131] In one embodiment, the main memory 166 may
store a prototyping environment application for graphically
creating, configuring, simulating, and/or performing a pro-
totype. In one embodiment, the main memory 166 may store
a program that was automatically, i.e., programmatically
generated by the prototyping environment, wherein the
program is operable to implement a prototype. In one
embodiment, the main memory 166 may store other soft-
ware utilized in programmatically generating a program, in
addition to the prototyping environment application. For
example, in one embodiment, the prototyping environment
may interface with a graphical programming development
environment application to programmatically generate a
graphical program based on a prototype. The main memory
166 may also store software operable to configure a hard-
ware device to execute a prototype (or this functionality may
be included in the other software application(s) stored in the
memory). The main memory may also store operating
system software, as well as other software for operation of
the computer system.

[0132] The host bus 162 is coupled to an expansion or
input/output bus 170 by means of a bus controller 168 or bus
bridge logic. The expansion bus 170 is preferably the PCI
(Peripheral Component Interconnect) expansion bus,
although other bus types may be used. The expansion bus
170 may include slots for various devices, the examples
shown including a motion control device 138, an image
acquisition device 134, and a data acquisition device 114
such as described above. The computer 82 may further
comprise a video display subsystem 180 and hard drive 182
coupled to the expansion bus 170, also shown.
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[0133] One or more of the interface cards or devices (e.g.,
those shown in FIGS. 2, 3A, 3B, 4A and/or 4B) may be
coupled 10 or comprised in the computer 82 and may
comprise a functional unit, such as a programmable hard-
ware element (FPGA) and/or processor and memory. The
computer 82 may also include a network interface for
coupling to a network, wherein the target device containing
the functional unit may be coupled to the network. Thus the
computer 82 may be used for configuring a functional unit
hardware in a target device over a network. In one embodi-
ment, the network may be a wireless network.

[0134] FIGS. 6A-6C: Device Hardware Diagrams

[0135] FIG. 6A is a block diagram illustrating a device,
e.g., an interface card, configured with programmable hard-
ware according to one embodiment. It is noted that FIG. 6A
is exemplary only, and an interface card or device configured
with programmable hardware may have various architec-
tures or forms, as desired, and may include various elements
or combinations of elements other than those shown in
FIGS. 6A-6C. For example, the device may be internal or
external to the computer 82, and may be connected to the
computer through a network, such as the Internet. The
device or interface card illustrated in FIG. 6A may be any
of various devices such as shown in FIGS, 2-4, such as the
image acquisition card 134, the motion control interface
card 138, the DAQ card 114, the smart camera 190, etc.

[0136] As shown in FIG. 6A, the device or interface card
may include an 1/O connector 202 which is operable 1o
send/receive signals. The I/O connector 202 may present
analog and/or digital connections lor receiving/providing
analog or digital signals. For example, in the case of an
image acquisition card, the I/O connector may send/receive
image signals or pixel data, and the 1/O connector 202 may
be adapted for coupling to an external camera.

[0137] The device or interface card may also include data
acquisition (DAQ) logic 204. As shown, the data acquisition
logic 204 may comprise analog to digital (A/D) converters,
digital to analog (D/A) converters, timer counters (TC) and
signal conditioning (SC) logic as shown. The DAQ logic
204 may provide data acquisition functionality of the device
or interface card. In one embodiment, the DAQ logic 204
may comprise elements such as 4 A/D converters, 4 D/A
converters, 23 digital I/Os, a RTSI connector, and a TI1O.
This extra hardware may be useful for various applications,
¢.g., signal processing or motion control applications. The
functional unit, e.g., programmable hardware element or
FPGA 206 and/or processor 212 may access these resources
directly.

[0138] In the embodiment of FIG. 6A, the functional unit
of the device or interface card may include a programmable
hardware element 206 and a processor 212 and memory 214,
In one embodiment, the programmable hardware 206 may
comprise a field programmable gate array (FPGA) such as
those available from Xilinx, Altera, etc. The programmable
hardware element 206 may be coupled to the DAQ logic 204
and may also be coupled to a local bus interface 208,
described below. Thus a prototype can be created on the
computer 82, or on another computer in a networked system,
and at least a portion of the prototype can be converted into
a hardware implementation form for execution in the FPGA
206. This may enable fast and/or real time execution of the
prototype.
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[0139] In the embodiment of FIG. 6A, the device or
interface card may further include a dedicated on-board
processor 212 and memory 214. This may enable the pro-
totype or a portion of the prototype to be converted into
machine language for storage in the memory 214 and
execution by the processor 212, For example, a program,
¢.g., a graphical program, based on the protolype may be
programmatically generated, and the program may then be
compiled into machine language for storage in the memory
214 and execution by the processor 212. A portion of the
graphical program may also (or instead) be transferred to the
memory 214 in its native format for execution by the
processor. This may be in addition to a portion of the
graphical program being converted into a hardware imple-
mentation form in the FPGA 206. The memory 214 may
store a real time operating system (RTOS) for execution by
the processor 212. Where the graphical program executes in
its native format on the device or interface card, the memory
may also store a graphical program execution engine that is
executed by the processor 212.

[0140] Thus, in one embodiment, after a graphical pro-
gram based on a prototype has been created, a portion of the
graphical program may be transferred and/or compiled for
execution on the on-board processor 212 and executed
locally on the device or interface card via the processor 212
and memory 214, and a second portion of the graphical
program may be translated or converted into a hardware
executable format and downloaded to the FPGA 206 for
hardware implementation.

[0141] As one example, a first portion of a block diagram
(that requires real time or fast execution) of a graphical
program may be converted into a hardware executable
format and downloaded to the FPGA 206 for hardware
implementation, and a second portion of a block diagram
(that may not require real time performance) may be stored
in the memory 214 as program instructions and executed by
the processor 212, in either a compiled or interpreted man-
ner. As another example, a portion or all of the block
diagram portion of the graphical program may be converted
into a hardware executable format and downloaded to the
FPGA 206 for hardware implementation, and a user inler-
face portion (or front panel portion) of the graphical pro-
gram may be stored in the memory 214 as program instruc-
tions and executed by the processor 212, in either a compiled
or interpreted manner. Thus the portion of the graphical
program which requires the most real time or deterministic
(reliable and consistent) performance may be executed
directly in hardware for fast operation, and other parts of the
block diagram, or the user interface portion, which may not
require real time performance, may execute on the processor
212. Where the processor executes the user interface por-
tion, the processor may then send resulting signals to the
video subsystem for display of the user interface on the
compuler display.

[0142] In another embodiment, a text-based program
implementing a prototype may be programmatically gener-
ated, and the text-based program may be used to configure
the device or interface card, similarly as described above
with respect to the graphical program.

[0143] As shown, the device or interface card may further
include bus interface logic 216 and a control/data bus 218.
In one embodiment, the interface card may be a PCI
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bus-compliant interface card adapted for coupling to the PCI
bus of the host computer 82, or adapted for coupling to a PXI
(PCI eXtensions for Instrumentation) bus. The bus interface
logic 216 and the control/data bus 218 may thus present a
PCI or PXI interface.

[0144] The device or interface card may also include local
bus interface logic 208. In one embodiment, the local bus
interface logic 208 may present a RTSI (Real Time System
Integration) bus for routing timing and trigger signals
between the device or interface card and one or more other
devices or cards.

[0145] In one embodiment, the device or interface card
may also include a non-volatile memory 288 coupled to the
programmable hardware element 206, the processor 212 and
the memory 214. The non-volatile memory 288 may be
operable to store a hardware description received from the
host computer system to enable execution of the hardware
description in the programmable hardware element 206 prior
to or during booting of the computer sysiem 82. The
non-volatile memory 288 may also store software used by
the processor, such as a RTOS and/or a graphical program
execution engine.

[0146] In the embodiment of FIG. 6B, the programmable
hardware element 206 is not included on the device or
interface card, and thus the functional unit of the device or
interface card comprises only processor 212 and memory
214. Thus, in deploying the prototype, a portion or all of the
prototype (or a portion or all of a program based on the
prototype) may be transferred to the memory 214 for execu-
tion by the processor 212, In one embodiment, a graphical
program based on the prototype may be transferred in its
native format to the memory 214 and executed by the
processor 212 using a graphical program execution engine
and possibly a RTOS. Alternatively, the graphical program
may be compiled into an execulable program (e.g., machine
language, a script, or an interpretable data structure) and
transferred to the memory 214 for execution by processor

212.

[0147] In the embodiment of FIG. 6C, the processor 212
is not included on the device or interface card, ie., the
functional unit of the device or interface card comprises the
FPGA 206 and the memory 214. In this embodiment, the
memory 214 may be used for storing FPGA state informa-
tion. Thus in the embodiment of FIG. 6C, any supervisory
control portion of the prototype (or any supervisory control
portion of a program based on the prototype) which is
necessary or desired fo execute on a programmable proces-
sor in software may be executed by the host CPU in the
computer system 82, and is not executed locally by a
processor on the device or interface card.

[0148] FIGS. 7A-7C: Block Diagrams of Smart Cameras
With Programmable Hardware

[0149] As described above, any of various types of
devices may be configured to execute a prototype. FIGS,
TA-7C are block diagrams of various embodiments of a
smart camera 190 with programmable hardware, which may
be configured to execute a prototype. As may be seen, the
various embodiments share a number of features and con-
figurations with the various devices and interface cards
described above with reference to FIGS. 6 A-6C, specifically
the use of various combinations of processor/memory ele-
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ments and programmable hardware, ¢.g., FPGAs, to execute
portions of a prototype (or program based on a prototype).
It is noted that these embodiments are illustrative only, and
are not intended to limit the architecture, components, or
form of the smart camera 190.

[0150] FIG. 7A illusirates one embodiment of a smart
camera 190 which includes a camera 282 and a functional
unit. In this embodiment, the functional unit may comprise
a programmable hardware clement 206, c.g., a field pro-
grammable gate array (FPGA) such as those available from
Xilinx, Altera, ete, and may also comprise a processor 212
and memory 214. Each of the programmable hardware
element 206, processor 212 and memory 214 may be
coupled to the camera 282 and/or 1o an image memory 284.

[0151] As shown, the smart camera 190A may also
include a non-volatile memory 288 coupled to the program-
mable hardware element 206, the processor 212, the
memory 214 and the image memory 284. The non-volatile
memory 288 may be operable to store a hardware descrip-
tion and/or program based on a prototype. The hardware
description and/or program may be received from the host
computer system 1o enable execution of the [unctional unit
prior to or during booting of the computer system 82.

[0152] Although not shown, the smart camera 190 may
include an 1/O connector 202 which is operable to send and
receive signals. The I/O connector 202 may present analog
and/or digital connections for receiving/providing analog or
digital signals. For example the I/O connector 202 may
enable the smart camera lo communicate with computer
system 82 to receive a prototype (or program instructions
based on a prototype) for performing image processing
functions. Thus a prototype can be created on the computer
82, or on another computer in a networked system, and at
least a portion of the prototype can be deployed onto a
functional unit of the smarl camera.

[0153] As noted above, the smart camera 190A includes a
dedicated on-board processor 212 and memory 214 in
addition to the programmable hardware clement 206. A
program, ¢.g., a graphical program, based on the prototype
may be programmatically generated, and the graphical pro-
gram may then be compiled into machine language for
storage in the memory 214 and execution by the processor
212 (or to execute natively). This is in addition to a portion
of the graphical program being converted into a hardware
implementation form in the FPGA 206. Thus, in one
embodiment, after a graphical program has been created, a
portion of the graphical program may be compiled for
execution on the on-board processor 212 and executed
locally on the smart camera 190A via the processor 212 and
memory 214, and a second portion of the graphical program
may be translated or converted into a hardware executable
format and uploaded to the FPGA 206 for hardware imple-
mentation.

[0154] For example, in a manner similar to that described
above with reference to FIG. 6A, a first portion of a block
diagram (that requires real time or fast execution) of a
graphical program, ¢.g., a graphical image processing pro-
gram programmatically generated based on an image pro-
cessing protolype, may be converted into a hardware execut-
able format and downloaded to the FPGA 206 for hardware
implementation, and a second portion of a block diagram
(that may or may not require real time performance) may be
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stored in the memory 214 as program instructions and
execuled by the processor 212, in cither a compiled or
interpreted manner. As another example, a portion or all of
the block diagram portion of the graphical program may be
converled into a hardware executable format and down-
loaded to the FPGA 206 for hardware implementation, and
a user interface portion (or front panel portion) of the
graphical program may be downloaded and stored in the
memory 214 as program instructions and executed by the
processor 212, in either a compiled or interpreted manner.
Thus the portion of the graphical program which requires the
most real time or deterministic (reliable and consistent)
performance may be executed directly in hardware for fast
operation, and other parts of the block diagram, or the user
interface portion, which may not require real time perfor-
mance, may execule on the processor 212, Where the
processor executes the user interface portion, the processor
may then send resulting signals 1o a video subsystem (of, for
example, the computer system 82) for display of the user
interface on the computer display.

[0155] As noted above, the smart camera 190A may
include image memory 284 which couples to the program-
mable hardware 206, the camera 282, the processor 212,
memory 214, bus interface 216, and the control/data bus
218. The image memory 284 may be operable to store a
portion of an image, or one or more images received from
the camera 282. The image memory 284 may cnable the
programmable hardware 206 and/or the processor 212 1o
retrieve the one or more images, operate on them, and return
the modified images to the image memory. Additionally, the
images may be retrievable for transmission to external
systems, such as the computer system 82, via the 1/0
connector 202, for example.

[0156] As shown, the smart camera 190A may further
include bus interface logic 216 and a control/data bus 218.
In one embodiment, the smart camera 190A is a PCI
bus-compliant interface card adapted for coupling to a PCI
bus of the host computer 82, or adapted for coupling to a PXI
(PCI eXtensions for Instrumentation) bus. The bus interface
logic 216 and the control/data bus 218 may thus present a
PCI or PXI interface.

[0157] Although not shown, in one embodiment, the smart
camera 190A may also include local bus interface logic 208,
as shown in FIG. 6A. In one embodiment, the local bus
interface logic 208 may present a RTSI (Real Time System
Integration) bus for routing timing and trigger signals
between the smart camera 190A and one or more other
devices or cards, such as other smart camera, motion
devices, or other smart sensors.

[0158] In yet another embodiment, the smart camera 190A
may include data acquisition (DAQ) logic 204, not shown,
such as analog to digital (A/D) converters, digital to analog
(D/A) converters, timer counters (TC) and signal condition-
ing (SC) logic, as shown in FIG. 6A. The DAQ logic 204
may be useful for signal processing and motion control
applications. The programmable hardware element or FPGA
206 may access these resources directly, thereby enabling
creation of very powerful measurement, DSP and control
applications, among others. For example, if the camera 282
is an analog camera, the smart camera 190A may [urther
include analog to digital (A/D) logic (not shown) for con-
verting analog image signals into a digital image for storage
in the memory.
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[0159] FIG. 7B illustrates another embodiment of a smart
camera 190B, with a configuration similar to that of the
device or interface card described above with reference to
FIG. 6B. As FIG. 7B shows, in this embodiment, the smart
camera 190B includes the camera 282, processor 212,
memory 214, image memory 284, control/data bus 218, and
bus 1nterface 216 described above with reference to FIG.
7A, but does not include the programmable hardware (c.g.,
FPGA). Thus, in this embodiment the functional unit com-
prises only the processor 212 and memory 214, Thus a
portion or all of a prototype (or program based on the
prototype) may be deployed to the processor/memory com-
ponent 212/214. As FI1G. 7B also shows, timer/counter logic
286 may also be included on the smart camera. The timer/
counter logic 286 may be coupled to the other components
of the smart camera 190B, and may be operable to provide
high-performance timing and counting functions 1o the
various elements of the smart camera 190B. For example, in
one embodiment, the timer/counter logic may be used by the
processor 212 to accurately control image acquisition by the
camera 282, such as for a high speed assembly line, or for
capturing images of a fast-moving object.

[0160] FIG. 7C illustrates another embodiment of a smart
camera 190C, where the smart camera 190C includes pro-
grammable hardware 206 and non-volatile memory 288, but
does not include the processor 212 and memory 214. Thus
in the embodiment of FIG. 7C the functional unit comprises
only the FPGA 206. Thus, any supervisory control portion
which is necessary or desired to execute on a programmable
processor in software may be execuled by the host CPU in
the computer system 82, and is not executed locally by
processor 212, i.c., on the smart camera 190C. As FIG. 7C
also shows, the smart camera may include camera 282, bus
interface 216, control/data bus 218, image memory 284, and
timer/counter logic 286, as described above. Thus, a proto-
type, in the form of a hardware description, may be con-
verted into a hardware executable format and downloaded to
the programmable hardware element 206 for hardware
implementation. Note that, as described above, the non-
volatile memory 288 (or a separate volatile memory not
shown) may be operable to store the hardware description
received from the host computer system 82 to enable execu-
tion of the hardware description in the programmable hard-
ware element 206 prior to or during booting of the computer
system 82.

[0161] FIG. 8—Creating and Performing a Prototype

[0162] FIG. 8 is a flowchart diagram illustrating one
embodiment of a method for creating and performing a
prototype, i.c., configuring a hardware device to execute the
prototype. It is noted that FIG. 8 represents an exemplary
embodiment, and various alternative embodiments are con-
templated. Also, the steps of FIG. 8 may be performed in
various orders or multiple times, and steps may be com-
bined, added, or omitted, etc.

[0163] In step 401, a graphical user interface of a proto-
typing environment may be displayed, wherein the graphical
user interface provides graphical access to a set of opera-
tions. Two exemplary embodiments of such a graphical user
interface, one for an image processing protolyping environ-
ment and one for a motion control prototyping environment,
are described below. In various embodiments, the prototyp-
ing environment may be specialized for creating any of
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various types of applications using any of various types of
operations or technologies. For example, the prototyping
environment may be used for creating a prototype to imple-
ment a motion control application, a data acquisition and
control application, a test and measurement application, an
image processing or machine vision application, a process
control application, a man-machine interface application, a
simulation application, and/or a hardware-in-the-loop vali-
dation application, etc.

[0164] As noted above, in one embodiment, the motion
control prototyping environment may provide integrated
access to multiple types of operations, e.g., may provide
access 10 motion control, machine vision, and data acquisi-
tion (DAQ) operations. Any of various types of DAQ
operations may also be provided. For example, the DAQ
operations may include operations related to digital 1/0,
analog input, analog output, signal conditioning, calibration
and configuration (c.g., to calibrate and configure specific
devices), counting operations, elc.

[0165] In step 403, user input to the graphical user inter-
face may be received, wherein the user input specifies
desired operations o include in a prototype. The operations
may be related to one another or structured in any of various
ways. For example, in one embodiment, the prototype may
comprise a sequence of operations. In one embodiment, each
operation in the sequence may be performed sequentially. In
another embodiment, the user may specify conditional
branches which may result in some operations being skipped
or performed in different orders, ¢.g., depending on results
of performing previous operations. The user may also
specify other types of constructs, such as iteration, looping,
jumps, ete. One embodiment of step 403 is described in
detail below with reference to FIG. 9.

[0166] For each operation added to the prototype, the user
may configure or customize the operation, ¢.g., by interact-
ing with a graphical panel or dialog to configure properties
or parameters for the operation. In the preferred embodi-
ment, the user is not required to specify or write any program
source code to implement the prototype. Instead, the proto-
type may be specified graphically by interacting with the
graphical user interface of the prototyping environment. The
prototyping environment may enable the user Lo preview,
simulate, and/or actually perform the prototype before the
prototype is deployed on a hardware device. For example, if
the prototype is an image processing prototype that imple-
ments an image processing function intended for deploy-
ment on a smarl camera, the protlotyping environment may
be operable to execute the operations in the prototype lo
perform the image processing function, e.g., to lest and
refine the algorithm before deploying it on the smart camera.

[0167] In response to the user input specifying the proto-
type, information representing the prototype, i.c., informa-
tion representing the operations in the prototype and their
configured properties or parameters, may be stored, e.g., in
a data structure representing the prototype. For example, the
data structure may specify information regarding the proto-
type, such as names or other identifiers that identify the
operations in the prototype. The data structure may also
specify information regarding various properties or param-
eter values configured [or one or more operations in the
prototype.
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[0168] In step 405, the prototype may be deployed on a
hardware device. The hardware device may be coupled to
the computer system 82 to facilitate the deployment of the
prototype. In one embodiment, the hardware device may be
comprised in the computer system 82. In other embodiments
the hardware device may be coupled to the computer system
82 through a network, such as the Internet, or may be
coupled to the computer system 82 through wireless means.

[0169] Deploying the prototype on the hardware device
may comprise configuring the hardware device to perform at
least a portion of the operations in the prototype. As
described in more detail below, in one embodiment, a
program based on the prototype may be programmatically
generated, and deploying the prototype may comprise stor-
ing this program or a user-modified version of the program
on (at least part of) the functional unit, or configuring the
functional unit with all or part of the program, such that after
the deployment, the functional unit is operable to execute or
implement the functionality of the program.

[0170] Invarious embodiments, any of various methods or
techniques may be used in deploying the prototype on the
hardware device. In the preferred embodiments, the process
of deploying the prototype is fully or mostly automatic so
that once the prototype is created, little or no work is
required on the user’s part to deploy the prototype on the
hardware device. For example, the prototyping environment
may include functionality for programmatically converting
the prototype to a format usable to configure the device and
for configuring the device according to this format, or the
protolyping environment may interface with one or more
other applications to perform the converting and configur-
ing. The user may not be required to provide user input, or
may be required to provide a minimal amount of user input.
In one embodiment, a graphical user interface wizard, i.e.,
one or more graphical panels or dialog boxes may be
displayed to guide the user through the process of deploying
the prototype on the device. One embodiment of step 405 is
described below with reference to FIG. 10.

[0171] In one embodiment, in addition to deploying the
prototype on the hardware device, the hardware device may
also be configured according to another program, such as a
user-created program.

[0172] In step 407, the hardware device may execute o
perform the functionality specified by the prototype. The
hardware device performing the functionality specified by
the prototype may comprise the functional unit on the
hardware device executing at least a portion of the opera-
tions in the prototype, i.c., execuling program instructions
and data implementing the operations.

[0173] In various embodiments, step 407 may comprise
any ol various types of hardware devices executing to
perform functionality specified by any of various prototypes.
As one example, an image processing prototype specifying
an image processing function may be deployed on an image
acquisition device. In this case, for example, the image
processing function may operate to analyze an image and
detect, recognize, or characterize one or more features or
characteristics of an object, such as position, orientation,
color, or possible llaws or lack thereol, among others. In one
embodiment, the image acquisition device may perform a
control operation alter executing to perform the image
processing function on the image. In another embodiment,
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the image acquisition device may generate a pass/fail indi-
cation after executing to perform the image processing
function on the image. In another embodiment, the image
acquisition device execuling to perform the image process-
ing function on the acquired image may comprise the image
acquisition device determining characteristics of the image
after performing the image processing function, and the
image acquisition device performing an operation based on
the determined characteristics of the image.

[0174] Tor example, in a quality control system in an
automated assembly plant, in performing the image process-
ing function on the acquired image, the image acquisition
device may determine a characteristic of the image indicat-
ing that the imaged object is defective. The image acquisi-
tion device may then send a signal, such as a pass/fail
indication, to a motion control device which may remove the
defective object from the assembly line. An example of such
a system is described above with reference to FIGS. 4A and
4B.

[0175] As another example, a motion control prototype
specifying a motion control function may be deployed on a
motion control device. In this case, [or example, the motion
control device may execute to perform motion control
operations in the prototype, such as straight-line movements,
arc movements, contoured movements, gearing operations,
reference operations, ele. Other operations may relate to the
motion control performed by the device, but may not actu-
ally cause the motion control device to perform a movement,
[0176] As another example, a data acquisition (DAQ)
prototype specifying a DAQ function may be deployed on a
DAQ device. In this case, for example, the DAQ device may
execute o perform DAQ operations in the prototype, e.g., lo
acquire data from an analog input channel, to cause signal
conditioning to be performed on such data, etc.

[0177] As noted above, FIG. 8 is exemplary, and steps of
FIG. 8 may be performed in various orders or multiple
times, and steps may be combined, added, or omitted, ete. As
one example, before deploying the prototype on the hard-
ware device, the prototyping environment may execute the
prototype on the compuler system 82, e.g., to test the
function performed by the prototype. The user may then edit
the prototype to refine or correct the function performed by
the prototype. In one embodiment, executing the prototype
on the computer system 82 may comprise the computer
system 82 interfacing with a hardware device, e.g., the
device on which the prototype will later be deploved or
another device, to cause the device to perform the operations
specified in the prototype.

[0178] In one embodiment, the prototyping environment
may execule the prototype by accessing the stored informa-
tion representing the prototype to determine program
instructions corresponding to operations in the prototype and
may then execute the program instructions. For example, the
prototyping environment may access a library of software
routines corresponding to various operations. For each
operation included in the prototype, the prototyping envi-
ronment may execule or invoke the appropriate software
routine. If the user configured parameter values or properties
for the operations, then the parameter values may be passed
to the software routine to cause the software routine to
execute properly as configured by the user.

[0179] FIG. 9—Specilying a Sequence ol Motion Control
(or MC/MV/DAQ) Operations
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[0180] FIG. 9 is a flowchart diagram illustrating one
embodiment of step 403 of FIG. 8, in which user input
specifying desired operations to include in a prototype is
received to the graphical user interface of the prototyping
environment.

[0181] In step 421, an operation may be added to the
prototype in response 1o user input. In various embodiments,
the user may interact with the graphical user interface of the
prototyping environment in any of various ways to select an
operation. For example, in one embodiment, a plurality of
buttons may be displayed, each button corresponding to a
particular operation. The user may press the appropriate
button to add the desired operation. In another embodiment,
a plurality of icons may be displayed, each icon correspond-
ing to a particular operation. The user may sclect the
appropriate icon to add the desired operation, e.g., by
dragging and dropping the icon onto an area of the display
screen representing the prototype. In other embodiments, the
user may utilize menu, keyboard, and/or voice commands to
add an operation to the prototype. Step 421 preferably does
nol involve the user specifying or writing any program code.
In other words, the user preferably interacts with the graphi-
cal user interface at a high level to add the desired operation
to the prototype.

[0182] In one embodiment, the operations that the user
includes in the prototype may be represented to the user
graphically, e.g., as a sequence of icons. For example, as
shown in FIG. 29A, one area of the graphical user interface
may display an icon strip comprising a plurality of icons.
Each icon may correspond to an operation in the prototype
and may visually indicate that operation. In another embodi-
ment, the operations may be represented textually, e.g., as a
list of names of the operations. For example, a motion
control prototyping environment may display operation
names such as “Straight-line move”, “Arc move”, elc.

[0183] In step 423, the graphical user interface of the
prototyping environment may be updated to illustrate the
cffect of adding the new operation selected in step 421 to the
prototype. As one example, the graphical user interface of a
motion control prototyping environment may display one or
more views of the motion control performed by the proto-
type, such as a two-dimensional and/or three-dimensional
view of the cumulative movement specified by the proto-
type, as well as other types ol views, such as a graph
indicating a velocity profile for the sequence. Thus, in step
423 these views may be updated to illustrate the effect of a
new motion control operation. As another example, the
graphical user interface of an image processing prototyping
environment may display an image, and in step 423 the
image may be updated to illustrate the effect of applying a
new image processing operation included in the prototype to
the image.

[0184] Each operation may have various associated prop-
erties, attributes, or parameters affecting the operation. For
example, an arc move motion control operation may have
parameters or properties such as a radius, a start angle, and
a travel angle. These parameters may initially have default
values, e.g., 180 degrees for the travel angle of an arc move.
In step 423, the graphical user interface may be updated
according to these default values. In steps 425 and 427, the
user may configure these paramelers to customize the func-
tion performed by cach operation.
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[0185] In the preferred embodiment, the user may config-
ure the parameters of the operations graphically, without
having to write any program code. Thus, in step 425, a
graphical panel for configuring the operation may be dis-
played. This panel may be automatically displayed in
response 1o adding the operation to the prototype, or the
pancl may be displayed in response to user inpul requesting
to configure the operation. In step 427, user input for
configuring the operation may be received to the graphical
panel. For example, the panel may include various user
interface elements for changing parameter or property val-
ues of the operation, such as numeric GUI controls, check
boxes, ete.

[0186] In step 429, the graphical user interface may then
be updated again to illustrate the effect of configuring the
operation. For example, il the user changed a travel angle
parameter of an arc move operation in a motion control
prototype, then one or more views of the motion control
performed by the prototype may be updated to visually
reflect the new travel angle performed by the arc move
operation.

[0187] As indicated by the flowchart arrow from step 429
to step 421, the process described above may be repeated for
new operations the user adds to the prototype. Where the
protolype comprises a sequence, new operations may be
added any place within the sequence, e.g., at the beginning,
end, or between two other operations. The user may select
any operation in the prototype to view or edit its configu-
ration. As the user changes the prototype, the graphical
views illustrating the function performed by the prototype
may be updated accordingly.

[0188] Thus, the method of FIG. 9 may enable the user to
casily create a prototype including a plurality of executable
operations without requiring the user to write program code.

[0189] FIG. 10—Deploying a Graphical Program Based
on a Prototype on a Hardware Device

[0190] As described above, in one embodiment, deploying
a prototype on a hardware device (step 405 of FIG. 8) may
comprise programmatically generating a program based on
the prototype, and then deploying the generated program on
the hardware device. FIG. 10 is a flowchart diagram illus-
trating one embodiment steps 405 and 407 of FIG. 8, in
which the program generated based on the prototype is a
graphical program.

[0191] In step 431, a graphical program based on the
prototype may be programmatically gencrated. The gener-
ated graphical program may include various interconnected
nodes or icons which visually represent the operations in the
prototype and which are executable to perform the opera-
tions as configured by the user. In various embodiments, this
programmatic generation may be performed in any of vari-
ous ways. In one embodiment, the prototyping environment
application may include functionality for both creating the
prototype and generating the graphical program. In another
embodiment, the prototyping environment application may
interface with another program, e.g., a graphical program-
ming development environment application, to request the
graphical program to be generated, e.g., according o a
client/server methodology.
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[0192] The graphical program may be programmatically
generated with little or no user input received during the
generation process. In one embodiment, the graphical pro-
gram is programmatically generated with no user input
required. In another embodiment, the user may be prompted
for certain decisions during or prior to the programmatic
generation, such as the type of graphical program to gener-
ate, a file name or location for the graphical program, the
look and feel of a user interface for the graphical program,
the number or degree of comments contained within the
graphical program, etc.

[0193] Various objects may be included in the generated
graphical program, such as nodes and/or programmatic
structures (e.g., loops, case structures, elc.) included in a
block diagram of the graphical program. The graphical
program may also include a user interface portion including
various user interface objects, such as one or more user
interface panels having controls for specifying user input o
the graphical program and/or indicators for displaying out-
put from the graphical program. As described above, block
diagram objects in a graphical program are typically inter-
connected so as to visually indicate functionality of the
program. Thus, generating the graphical program may also
comprise connecting or wiring together the block diagram
objects appropriately. Also, the positions and/or sizes of the
objects may be specified (e.g., 10 create an easily readable
block diagram), among other properties or configuration of
the objects (c.g., configuration of data types, parameters,
ete.).

[0194] Programmatically generating the graphical pro-
gram may comprise generating one or more files or data
structures defining or representing the graphical program.
When a user interactively develops a graphical program
from within a graphical programming development envi-
ronment, the graphical programming development environ-
ment may create one or more program files. For example, the
program files may specily information such as a set of nodes
included in the graphical program, interconnections among
these nodes, programmatic structures such as loops, elc.
Also, the program files may store various data structures,
¢.g., in binary form, which the graphical programming
development environment uses to directly represent the
graphical program. Thus, in programmatically generating
the graphical program, one or more files or data structures
representing the graphical program may be programmalti-
cally generated, wherein these files may be structured or
formatted appropriately for a particular graphical program-
ming development environment.

[0195] In various embodiments, any of various types of
graphical programs may be gencrated. The generated
graphical program may be targeted toward a particular
graphical programming development environment. Thus, in
programmatically generating the program, files may be
created that are formatled in a manner expected by the
targeted graphical programming development environment.
This may be desirable or necessary, for example, when the
graphical programming development environment includes
a runtime environment that is required for the generated
graphical program to exccute. Examples of graphical pro-
gramming development environments include LabVIEW,
Bridge VIEW, Dasylab, and DiaDem from National Instru-
ments, VEE from Agilent, Simulink from The MathWorks,
Softwire from Measurement Computing, Inc., Sanscript
from Northwoods Software, WiT from Coreco, and Vision
Program Manager from PPT Vision, among others.
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[0196] In one embodiment, a database may be utilized in
programmatically generating the graphical program,
wherein the database stores information specifying how to
generate graphical source code to implement each possible
operation in the prototype. In one embodiment, the targeted
graphical programming development environment may pro-
vide nodes that correspond directly to operations in the
prototype. For example, to implement a straight-line move
operation included in a motion control prototype, a corre-
sponding straight-line move node may be included in the
graphical program, wherein the node is executable to per-
form the configured straight-line move. For example, prop-
erties of the straight-line move operation that were config-
ured graphically in a motion control prototyping
environment, such as the X position value, the Y position
value, elc., may be specified as parameters to the straight-
line move node.

[0197] In another embodiment, there may not be a graphi-
cal program node directly corresponding to one or more of
the operations in the prototype. Thus, these operations may
need to be implemented using a combination of nodes
provided by the graphical programming development envi-
ronment. For example, in one embodiment, a straight-line
move operation may be implemented using a plurality of
low-level nodes operable to produce appropriate control
signals to perform a straight-line move. The graphical source
code programmatically generated for the straight-line move
operation may also include programming constructs such as
loops, timers, ele.

[0198] In one embodiment, the program that generates the
graphical program based on the prototype e.g., the proto-
typing environment application, may be a self-contained
program that includes all executable logic necessary for
programmaltically generating the new graphical program. In
another embodiment, a client/server programming model
may be utilized, in which the client portion creates and/or
processes the prototype information and determines the
graphical program to be generated based on this information
(i.c., determines the block diagram objects to be included in
the program, the interconnections among these objects, etc.).
The client portion may then call an API provided by the
server portion to request the server portion to perform the
actual creation of the graphical program, ¢.g., by creating
files and/or other data structures representing the graphical
program. The server portion may execute on the same
compulter system as the client portion or may execute on a
different computer system, e.g., a different computer system
connected by a network. In one embodiment, the server
portion may be an instance of a graphical programming
development environment application, which provides an
API enabling client programs to programmatically create
and/or edit graphical programs.

[0199] The program that generates the graphical program
based on the prototype, e.g., the protolyping environment
application, may itself be constructed using any of various
programming languages, methodologies, or techniques, e.g.,
may itself be a graphical program, may be a text-based
program, or may be constructed using a combination of
graphical and text-based programming environments.

[0200] As shown in step 433, the user may optionally
modify the graphical program that was programmatically
generated in step 431, e.g., to develop a customized or
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optimized graphical program. For example, the user may
desire to add functionality to the graphical program which
was nol included in the prototype from which the graphical
program was generated. For example, by directly modifying
the graphical source code of the program, the user may be
able to customize the graphical program to perform opera-
tions not available from within the prototyping environment.
The user may utilize a graphical programming development
environmenl separate from the prototyping environment to
interactively modify the generated program.

[0201] In step 435, the graphical program or the user-
modified version of the graphical program may be deployed
on the hardware device to configure the device to perform
the function implemented by the graphical program, and
thus to perform the function specified by the prototype on
which the graphical program is based. As described above
with reference to FIGS. 6A-6C and also described in detail
below, deploying the graphical program on the hardware
device may comprise storing the graphical program on (at
least part of) the [unctional unit of the hardware device, or
configuring the functional unit with all or part of the
graphical program, such that after the deployment, the
functional unit is operable to execute or implement the
functionality of the graphical program. As described below,
in one embodiment, the graphical program may be con-
verted 10 one or more additional formats that facilitate
configuring of the hardware device.

[0202] In various embodiments, the process of converting
the prototype to a graphical program and then configuring
the device according to the graphical program may vary in
terms of the How experienced by the user. For example, in
one embodiment, the user may create a protolype in the
protolyping environment and may then request the proto-
typing environment to deploy the prototype on a hardware
device. For example, the user may invoke a dialog box or
wizard to specify information regarding the deployment,
such as a selected hardware device on which to deploy the
prototype, selected operations of the prototype to deploy,
elc.

[0203] After the user has filled in the information in the
dialog box or wizard, a graphical program based on the
prototype may be automatically generated, and the hardware
device may then be configured to execule the graphical
program. As described above, the prototyping environment
may interact with one or more other applications in this
process, such as a graphical programming development
environment. For example, the prototyping cnvironment
may interface with the graphical programming development
environment to generate the graphical program and may
then request the graphical programming development envi-
ronment to configure the selected hardware device according
to the graphical program. However, this may appear o the
user as a scamless process, and the user may never know that
the graphical programming development environment was
involved and may not even know that a graphical program
was ever generated.

[0204] In another embodiment, the entire process of mov-
ing from the prototype to the configured hardware device
may be slightly less integrated. For example, the prototyping
environment may only be operable to programmatically
generale the graphical program. The user may then need to
open the graphical program in a graphical programming
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development environment and request the graphical pro-
gramming development environment to deploy the gener-
ated graphical program on a selected hardware device. Also,
as described above, the user may first modify the generated
graphical program before requesting the graphical program
to be deployed on the device.

[0205] In step 427, the hardware device may execute o
perform the functionality specified by the graphical pro-
gram, similarly as described above with reference to FIGS.
6A-6C.

[0206] Various aliernative embodiments of deploying a
prototype on a hardware device are contemplated. For
example, in one embodiment, instead of a graphical pro-
gram, a text-based program based on the prototype may be
automatically generated. The text-based program may
include program code in any of various text-based program-
ming languages, such as C, C++, Visual C++, Visual Basic,
Java, Pascal, etc. The generated text-based program may
include various functions or methods which are executable
to perform the operations configured by the user in the
prototype. The text-based program may then be used in
configuring the hardware device, similarly as described
above.

[0207] In another embodiment, the process of deploying
the prototype on the hardware device may nol involve
programmatically generating a program based on the pro-
totype. Instead, the prototype may be deployed directly on
the device, without first being converted to another form. As
described above, when the prototyping environment creates
the prototype, the prototyping environment may slore infor-
mation representing the prototype. Thus, this information
may be directly deployed on the hardware device. For
example, where the hardware device includes a processor
and memory, the memory of the hardware device may store
a protolype execution engine that is executable 1o execute
the prototype in its native form. Thus, the prototype may be
stored in the memory of the hardware device, and the
processor of the hardware device may execute the prototype
excculion engine to execute the prototype.

[0208] Also, in one embodiment, in addition to configur-
ing the hardware device to execute the prototype (or execute
a program based on the prototype), the hardware device may
also be configured according to another program, such as a
user-created program. Por example, in one embodiment, a
first processor of the hardware device may be configured to
execute the program based on the prototype, and a second
processor may be configured to execute the user-created
program. In another embodiment, a first programmable
hardware element (e.g., FPGA) of the hardware device may
be configured to execute the program based on the proto-
type, and a second programmable hardware element may be
configured to execute the user-created program. In another
embodiment, a programmable hardware element of the
hardware device may be configured to execute the program
based on the prototype, and a processor of the hardware
device may be configured to execute the user-created pro-
gram, or vice versa.

[0209] FIGS. 11-18: Image Processing Prototyping Envi-

ronment User Interface

[0210] FIG. 11 illustrates an exemplary user interface for
one example of a prototyping environment, an image pro-
cessing prototyping environment. The image processing
prototyping environment may enable a user to casily load an
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image and quickly apply various image processing functions
or operations to the image, immediately seeing the results.
The image processing operations selected and applied by the
user are preferably recorded as a script. In this case, the
image processing operalions in the script may comprise the
prototype. Once the desired image processing [unction
(algorithm) has been developed, the image processing pro-
totyping environment may then automatically configure a
hardware device to perform the image processing function,
or may generate a standalone program that implements the
image processing function, and this program may then be
used in configuring the hardware device.

[0211] In various embodiments, the image processing pro-
totyping environment may be operable to load and manipu-
late any of various types of images, including gray-level and
color images. The prototyping environment may also sup-
port complex images in which pixel values have a real part
and an imaginary part. The images may be obtained from
any of various sources. The images may, for example, be
obtained from an image file, such as a BMP, TIFF, AIPD,
PNG, JPG, or GIF file, or a file formatted according to
another image format. The images may also be obtained
from a hardware device, such as a camera or from any of
various other types of devices, including framegrabbers, etc.

[0212] The image processing prototyping environment
may support any of various image processing functions or
operations. As used herein, the term “image processing”
may include image processing, image analysis, and machine
vision [unctions or operations, among others.

[0213] Image processing functions for processing an
image may include functions such as:

[0214] filtering [unctions for smoothing, edge detec-
tion, convolution, etc.

[0215] morphology functions for modifying the
shape of objects in an image, including erosion,
dilation, opening, closing, ctc.

[0216] thresholding functions for selecting ranges of
pixel values in grayscale and color images

[0217] particle filtering functions to filter objects
based on shape measurements

[0218] The term “image processing” may also include
functions for performing various types ol image analysis,
including;

[0219] a histogram function that counts the total
number of pixels in each grayscale value and graphs
it

[0220] a line profile function that returns the gray-

scale values of the pixels along a line drawn through
the image with a line tool and graphs the values

[0221] particle analysis functions that computes such
measurements on objects in an image as their areas
and perimeters

[0222] a 3D view function that displays an image
using an isomelric view in which each pixel from the
image source is represented as a column of pixels in
the 3D view, where the pixel value corresponds to
the altitude.
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[0223] The term “image processing” may also include
functions uscful in machine vision applications, including:

[0224] an edge detection function that finds edges
along a line drawn through the image with a line tool

[0225] a pattern matching function that locales
regions of a grayscale image that match a predeter-
mined template

[0226] a shape matching function that searches for
the presence of a shape in a binary image and
specifies the location of each matching shape

[0227] a caliper function that computes measure-
ments such as distances, areas, and angles based on
results returned from other image processing func-
tions

[0228] a color matching function that quantifics
which colors and how much of each color exist in a
region of an image and uses this information to
check if’ another image contains the same colors in
the same ratio

[0229] It is noted that the image processing functions
listed above are exemplary only and that, in various embodi-
ments of the image processing protolyping environment,
other types of image processing functions or operations may
be supported.

[0230] The user interface of the image processing proto-
typing environment may enable the user to load or select an
image and easily select image processing functions to apply
to the image. One element illustrated in FIG. 11 is labeled
as a “reference window”, FIG. 11 also illustrates a “pro-
cessing window”. As the user applies various image pro-
cessing functions to the loaded image, the processing win-
dow may display the resulting image, while the reference
window displays the original unmodified image. The user
may select an image processing [unction to apply by choos-
ing the desired function from a menu bar or by clicking on
an icon, clc,

[0231] The FIG. 11 user interface also illustrates a “seript
window”. Each image processing function that the user
applies to the image may be displayed in this seript window,
The image processing operations that a user applies to an
image may result in a script of image processing operations
specifying an algorithm that can be applied to analyze or
manipulate other images. As an example, FIGS. 12-18
illustrate a process of developing an image processing scripl
(prototype) usctul for “blob analysis™.

[0232] A “blob™ (Binary Large OBject) is a connected
region or grouping of pixels in an image in which all pixels
have the same intensity level. In a binary image, the back-
ground is zero, and every non-zero pixel is part of a binary
object. Finding the size, number, or location of blob regions
in an image may be useful for many applications, such as
detecting flaws on silicon wafers, detecting soldering defects
on electronic boards, locating objects in motion control
applications, ctc.

[0233] FIG. 12 illustrates an image for which the user
desires 1o perform blob analysis. In FIG. 12, the user has
selected a line profile tool and has drawn a straight line
through a portion of the image in the processing window. A
rectangle in the processing window indicates the location of
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this line. In response, the prototyping environment displays
grayscale values of the line drawn with the line profile tool,
such as the minimum and maximum pixel values, in the
bottom of the window. Note that details regarding the image
processing functions applied in FIGS. 12-18 are omitted. For
background information on image processing in general or
the particular image processing functions referred to herein,
please refer to available literature, such as the IMAQ Vision
User Manual, available from National Instruments Corpo-
ration.

[0234] Based on the line profile grayscale values shown in
FIG. 12, the user may then apply a filter to the image, e.g.,
to sharpen edges in the image and to creale contrast between
the particles and the background. The prototyping environ-
ment may provide various types of lilters that may be
applied, e.g., by selecting the desired filter from a menu bar.
FIG. 13 illustrates the resulting image after the user has
applied a “Convolution—Highlight Details” filter to the
original image. Due to this filter operation, the FIG. 13
image appears (o be sharper than the original image. Note
that the filtering operation the user applied is recorded in the
script window of FIG. 13. Note also that the grayscale
values of a line drawn with the line profile tool have changed
from the values shown in FIG. 12.

[0235] The next step the user may want to perform in the
blob analysis is a thresholding operation to separate the
particles from the background. A thresholding operation
converts the grayscale image 1o a binary image, keeping the
pixels of interest and removing the remaining pixels. The
FIG. 14 processing window illustrates the results of apply-
ing a thresholding operation in which pixels with a value of
130 to 255 are kept and other pixels are removed. The
thresholding operation applied to the image is recorded in
the seript window of FIG. 14,

[0236] For each type of image processing [unction sup-
ported, the image processing prototyping environment may
be operable to display intermediate windows or screens that
the user interacts with. These intermediate windows or
screens may enable the user to specify various parameters or
settings that apply to a particular image processing function.
When the image processing function is added to the seript,
the specified parameters may be associated with the image
processing [unction. Various image processing [unctions
may have output parameters as well as input parameters.

[0237] The process of developing an image processing
algorithm may typically involve experimenting with various
image processing functions and settings for the functions.
However, FIGS. 12-18 omit such intermediate states and
simply illustrate the result of applying each step in the
algorithm to the image. For example, when performing a
threshold operation. an intermediate screen such as shown in
FIG. 15 may appear. FIG. 15 illustrates a selection box
enabling the user to select the particular type of threshold
operation to apply and illustrates an interactive graph with
minimum and maximum threshold values that the user may
adjust in order to find the desired threshold pixel values to
use. When the threshold operation step is added to the script,
the specified minimum and maximum values may be asso-
ciated with the step.

[0238] Continuing with the blob analysis example, after
the thresholding operation is applied, the FIG. 15 binary
image is obtained. The FIG. 15 particles are referred to as
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blobs. The user may then apply morphological functions to
the image, where the morphological functions affect each
blob on an individual basis. The FIG. 16 processing window
illustrates the results of applying two successive morpho-
logical functions to the image: a “Fill Holes™ function to fill
holes in the particles, and a “Remove Border Objects”
function to remove objects that touch the border of the
image. These morphological functions are also displayed in
the FIG. 16 script window.

[0239] The user may next want to apply a particle filter
function which isolates and keeps the circular blobs and
removes the non-circular blobs from the image. The FIG. 17
processing window illustrates the results of applying such a
particle filter. The particle filter operation is displayed in the
FIG. 17 script window.

[0240] Once the user has developed the desired image
processing algorithm in the image processing prototyping
environment, the user may test the algorithm on other
images. As described above, a seript (prototype) describing
each step of the algorithm may be recorded, and the proto-
typing environment may be operable to “replay” this script
on other images. For example, FIG. 18 illustrates an original
image (Metal3.jpg) and the image that results from applying
the script described above for FIGS. 12-17. Notice that the
resulting image is similar to the FIG. 17 result, in which
circular blobs are isolated. Of course, the blob analysis
algorithm discussed above is exemplary only, and image
processing algorithms to perform any of various other types
of image processing, manipulations, or analyses may be

developed.

[0241] FIGS. 19-21: Requesting a Program to be Gener-
ated from a Seript

[0242] As described above, in one embodiment, the image
processing prolotyping environment may be operable to
programmaltically generate a program based on a script o
prototype, which may facilitate configuring a hardware
device to perform the image processing algorithm specified
by the script or prototype. In one embodiment, a code
generation “wizard”, i.e., a series ol related user interface
dialogs, may be employed to receive user input information
related to the program to generate. FIGS. 19-21 illustrate an
example of such a code generation wizard. For example,
once the user has developed a script as described above, the
user may then issue a command to generate a program from
the script, and the code generation wizard may be displayed
in response.

[0243] In various embodiments, any of various types of
programs, including text-based and graphical programs,
may be generated 1o implement the image processing algo-
rithm. Thus, input specifying a type ol program lo create
may be received. The input received may specify a particular
programming language to use in generating the program
and/or may specily a particular programming development
environment where the gencrated program will be used.
Many programming development environments support
proprietary dialects of programming languages. If a particu-
lar programming development environment is specified, the
generated program may utilize proprietary programming or
development [eatures, or may adhere to proprietary require-
ments.
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[0244] FIG. 19 illustrates a user interface for receiving
information specifying a program type to create. A select-
able list of various programming development environments
is shown. In this example, the list includes a graphical
programming development environment, LabVIEW, as well
as various text-based programming environments, including
LabWindows/CVI, Microsoft Visual Basic, and Microsoft
Visual C++. In alternative embodiments, any of various
other programming languages or development systems may
be supported.

[0245] As shown in FIG. 19, the user may also specify
whether 1o generate additional files or other elements asso-
ciated with the generated program. For example, many
programming development environments utilize proprietary
file types, such as project files that specify information or
settings for an application. For an embodiment supporting
such programming development environments, the user may
specify whether to generate only the file(s) implementing the
program or 1o also generate a project file or other relevant
files associated with the program.

[0246] Input specifying a particular script to use in gen-
erating the program may also be received. For example, a
script developed as described above may be saved to a script
file, which the user then specifies. Alternatively, a current
seript, i.¢., a script that is currently open or in use, may be
specified. FIG. 20 illustrates a user interface for receiving
this information. In one embodiment, the current script is
automatically used in generating the program.

[0247] The program may then be automatically generated.
The program may be generated in any of various ways as
appropriate for a particular programming language or pro-
gram development environment. For example, each step
recorded in a script may correspond to a particular function
or group of functions (or 1o a particular node or group of
nodes), and the protolyping cnvironment may creale a
program that calls the appropriate functions. One or more
files including program code may be generated. FIG. 21
illustrates a user interface for receiving input specifyving a
file name for a program file. Also, generating the program
may comprise generating other files, e.g., project files, in
addition to the file(s) specifying the program code.

[0248] FIG. 22 illustrates an exemplary graphical pro-
gram that is automatically generated from the image pro-
cessing algorithm seript example discussed with reference to
FIGS. 12-18.

[0249] FIGS. 23 and 24—Configuring an Image Acqui-
sition Device or Smart Camera to Execute a Graphical
Program Based on an Image Processing Prototype

[0250] FIG. 23 is an exemplary embodiment illustrating a
method for configuring an image acquisition device, such as
smarl camera 190, to execute a graphical program based on
an image processing prototype, where the image acquisition
device includes a functional unit, more specifically, a pro-
grammable hardware element 206. It is noted that in various
embodiments, various steps in the method may occur con-
currently, or in a different order than shown. Additionally,
some steps may be omitted, or additional steps performed
which are not shown, as desired. As shown, this method may
operate as follows.

[0251] Instep 861, an image processing protolype may be
created as described above.
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[0252] In step 862, a graphical program based on the
image processing prototype may be programmatically cre-
ated as described above. The user may optionally modify the
graphical program as described above.

[0253] In step 864 the image acquisition device (e.g.,
smart camera 190) may be coupled to the computer system
82. The image acquisition device (e.g., smart camera 190)
may be coupled to the computer system 82 over a network,
via communication cable(s), through wircless means, or by
any other method of coupling, as desired. As noted above,
the smart camera 190 may comprise a camera and a pro-
grammable hardware element 206. It is noted that the image
acquisition device may be connected to the computer system
82 before, during or after the graphical program is created.

[0254] In step 866 a hardware configuration based on the
graphical program may be downloaded onto the program-
mable hardware element 206 in the image acquisition device
(¢.g., smart camera 190) to configure the programmable
hardware element 206. For example, in the embodiment
where the image acquisition device is coupled to the com-
puter system 82 over a network, deploying the graphical
program may comprise the computer system 82 deploying
the graphical program over the network to the image acqui-
sition device. The hardware configuration corresponds to a
hardware implementation of the graphical program. In one
embodiment, downloading the hardware configuration onto
the programmable hardware element 206 may comprise the
following steps: generating a hardware description based on
the graphical program, where the hardware description
describes a hardware implementation of the graphical pro-
gram; converting the hardware description into a netlist;
compiling the netlist format into a hardware program file;
and downloading the hardware program file to the program-
mable hardware clement to configure the programmable
hardware element. These steps are discussed below.

[0255] After the downloading step is performed, the pro-
grammable hardware element is configured with a hardware
implementation of the graphical program. At this point, in
step 868 the image acquisition device (e.g., smarl camera
190) may be optionally disconnected from the computer
system 82, and may possibly be deployed for operation. For
example, in the case of smart camera 190, the smart camera
190 may be disconnected from the computer system 82 and
deployed in a vision application, such as a manufacturing
vision inspection application, a manufacturing assembly
application, or other vision application. If the image acqui-
sition device is an image acquisition card or board that is
designed to be located in a slot of the computer 82, the image
acquisition card or board may optionally remain in the
computer system 82 for use, or may be transferred to a
different computer system. Alternatively, the method
described above may be repetitively used to manufacture a
plurality of image acquisition devices (e.g., smarl cameras
190) for later sale. As another alternative, the method
described above may be used to configure an image acqui-
sition device that has already been deployed, where the
image acquisition device is configured over a network, i.c.,
where the hardware configuration is downloaded onto the
image acquisition device (or other instrument) over a net-
work.
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[0256] After the programmable hardware element 206 in
the image acquisition device (e.g., smart camera 190) is
configured with a hardware implementation of the graphical
program, the image acquisition device can be used in an
application. Thus the image acquisition device or smarl
camera 190 may acquire an image of an object in step 870,
¢.g., from a camera, or the camera in smart camera 190 may
acquire the image. The programmable hardware element
206 in the image acquisition device may then execute in step
872 1o perform the image processing function on the image.

[0257] While the programmable hardware clement 206 in
the image acquisition device execules to perform the image
processing function on the image, if the graphical program
includes a user interface portion, this user interface portion
may optionally be presented on a display during this time in
step 874. The code corresponding to the user interface
portion may be executed by a processor 160 in the computer
system 82 or by a processor 212 on the image acquisition
device. The user interface portion may operate as a front
panel for the image acquisition device. The user may option-
ally provide user input to the user interface portion on the
display to control the image acquisition device while the
programmable hardware element 206 in the image acquisi-
tion device executes to perform the image processing func-
tion on the image. For example, the user interface portion
may be compiled into exccutable code for execution by a
processor (160 or 212) and stored in a memory (166 or 214)
accessible by the processor. The processor may then execute
the executable code (the user interface portion) from the
memory 1o present the user interface portion on the display.

[0258] In an embodiment where the image acquisition
device (or smart camera 190) includes the processor 212 and
the memory 214, the processor 212 in the image acquisition
device may execule the executable code from the memory
214 1o present the user interface portion on the display
during the image acquisition device (or smart camera 190)
executing to perform the image processing function on the
image.

[0259] In another embodiment, the processor 160 of the
computer system 82 may execute the executable code from
the memory 166 to present the user interface portion on the
display during the image acquisition device (or smart cam-
era 190) executing to perform the image processing [unction
on the image.

[0260] FIG. 24 is an exemplary embodiment illustrating a
method for configuring an image acquisition device, such as
smart camera 190, to execute a graphical program based on
an image processing prototype, where the image acquisition
device (or smart camera 190) includes a functional unit,
more specifically, a processor 212 and memory 214. The
method shown in FIG. 24 is similar to the method described
above with reference to FIG. 23, differing from that method
only in steps 866 and 872. Thus, in describing this embodi-
ment of the method, where the steps are the same as
described above, an abbreviated description is provided. As
noted above, in various embodiments, various steps in the
method may occur concurrently, or in a different order than
shown. Additionally, some steps may be omitted, or addi-
tional steps performed which are not shown, as desired. As
shown, this method may operate as follows.

[0261] Instep 861, an image processing protolype may be
created as described above.
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[0262] In step 862, a graphical program based on the
image processing prototype may be programmatically cre-
ated as described above. The user may optionally modify the
graphical program as described above.

[0263] In step 864 the image acquisition device (e.g.,
smarl camera 190) may be coupled to the computer system
82, such as over a network, communication cable(s),
through wireless means, or by any other method of coupling,
as described above with reference to FIG. 23, step 864.

[0264] In step 867 the graphical program may be down-
loaded to the memory 214 of the image acquisition device
(c.g., smart camera 190). As mentioned above, downloading
the graphical program onto the memory 214 may comprise
the following steps: generating an executable program (an
executable program) based on the graphical program which
implements the functionality of the graphical program; and
transferring the executable program to the memory 214 on
the image acquisition device. As also mentioned above,
downloading the graphical program onto the memory 214
may comprise downloading the graphical program (or
executable program) onto the memory 214 over a network.

[0265] After the downloading step is performed, the image
acquisition device is configured to perform the image pro-
cessing function implemented by the graphical program. At
this point, in step 868 the image acquisition device (e.g.,
smart camera 190) may be optionally disconnected from the
computer system 82, and may possibly be deployed for
operation, as described above in step 868 of FIG. 23.

[0266] Afier the image acquisition device (e.g.. smart
camera 190) is configured with the graphical program, ic.,
after the graphical program is loaded into the memory 214,
the image acquisition device can be used in an application.
Thus the image acquisition device or smarl camera 190 may
acquire an image of an object in step 870, e.g., from a
camera, or the camera in smarl camera 190 may acquire the
image. The image acquisition device may then execute to
perform the image processing function on the image, as
indicated in step 873,

[0267] While the image acquisition device executes to
perform the image processing function on the image, il the
graphical program includes a user interface portion, this user
interface portion may optionally be presented on a display
during this time in step 874, as described above in step 874
of FIG. 23.

[0268] In one embodiment, the user may optionally pro-
vide user input 1o the user interface portion on the display to
control the image acquisition device while the image acqui-
sition device (i.e., the processor 212 and memory 214)
executes to perform the image processing [unction on the
image.

[0269] In onc embodiment, the image acquisition device
executing to perform the image processing function on the
image may comprise the processor 212 in the image acqui-
sition device executing the graphical program from the
memory 214. In the embodiment where the executable
program is generated from the graphical program, the image
acquisition device execuling 1o perform the image process-
ing function on the image may comprise the processor in the
image acquisition device executing the executable program
(in executable form) from the memory 214.
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[0270] Inone embodiment, the processor 212 in the image
acquisition device may execute the executable code from the
memory 214 to present the user interface portion on the
display during the image acquisition device (or smart cam-
era 190) executing to perform the image processing [unction
on the image. In other words, the processor 212 may execute
both portions of the graphical program concurrently, such as
by threading or multi-tasking. In another embodiment, the
image acquisition device (or smart camera 190) may include
multiple processors, ¢.g., 212A and 212B, in which case the
first portion of the graphical program (such as the user
interface portion) may be executed by processor 212A from
memory 214 (or a first memory 214A), while the second
portion (such as the image processing portion) may be
executed by processor 212B from memory 214 (or a second
memory 214B), or from image memory 284.

[0271] FIGS. 25A-25F: Motion Control Prototyping Envi-
ronment User Interface

[0272] FIGS. 25A-25F illustrate an exemplary user inter-
face for another example of a prototyping environment, a
motion control prototyping environment. The motion con-
trol prototyping environment may be designed to enable a
user to easily and efficiently develop/prototype a motion
control sequence without requiring the user to perform
programming, e.g., without needing to write or construct
code in any programming language. For example, the envi-
ronment may provide a graphical user interface (GUI)
enabling the user to develop/prototype the motion control
sequence at a high level, by selecting from and configuring
a sequence ol motion control operations using the GUIL The
motion control operations in the sequence may comprise the
prototype.

[0273] A graphical user interface of the motion control
prototyping environment may be displayed, wherein the
graphical user interface provides graphical access 1o a sel of
motion control operations. In various embodiments, any of
various motion control operations may be provided. For
example, the set of operations may include operations such
as: a reference operation (to establish home and index), a
straight-line move operation, an arc move operation, a
contoured move operation, a gearing operation, elc.

[0274] User input 1o the graphical user interface may be
received, wherein the user input specifies a desired sequence
of the motion control operations. For each operation added
to the motion control sequence, the user may configure or
customize the operation, ¢.g., by interacting with a graphical
panel or dialog. The user is preferably not required to specify
or wrile any program source code to implement the motion
control sequence. Instead, the motion control sequence may
be specified graphically by interacting with the graphical
user interface of the motion control prototyping environ-
ment. The motion control prototyping environment may also
enable the user to preview various aspects of the motion
performed by the sequence, e.g., velocity profile, accelera-
tion profile, position plots, ete.

[0275] In the particular embodiment illustrated in FIGS.
25A-25L, the prototyping environment provides access 1o
motion control operations only. However, as discussed
above, other embodiments of the prototyping environment
may provide access to machine vision (image processing)
operations, DAQ operations, and/or other kinds of opera-
tions as well. In addition, in various embodiments of a
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motion control prototyping environment, the graphical user
interface may take any of various forms, and the GUI
illustrated in FIGS. 25A-25F is exemplary only.

[0276] As shown in FIG. 25A, the GUI includes several
buttons 600 which the user may press to add a new motion
control operation to the motion control sequence, such as a
reference operation, a straight-line move operation, an arc
move operation, or a contoured move operation.

[0277] The GUI also includes an icon strip 602 that
displays icons representing the operations currently in the
motion control sequence. In FIG. 25A, the motion control
sequence includes only one operation, a reference move
operation represented by the icon 604A.

[0278] The GUI also includes a graphical panel 606 that
enables the user to configure a currently selected motion
control operation. The properties displayed on the graphical
panel 606 may differ for each possible type of move opera-
tion. In FIG. 25A, the only operation currently in the motion
control sequence is selected, i.c., the reference move opera-
tion. Thus, the graphical panel 606 displays properties of this
reference move operation. As shown, the graphical panel
includes multiple tabs labeled, “Configure”, “Move Con-
straints”, and “Reference Parameters”. The user may select
the desired tab to view/edit the desired properties of the
selected operation.

[0279] The GUI also includes three views of the motion
that the sequence is configured to perform. These include a
two-dimensional view 608 and a three-dimensional view
610 of the cumulative movement specified by the sequence,
as well as a graph 612 indicating a velocity profile for the
sequence. The reference operation may cause movement,
However, as the reference move seeks or finds the reference
(home and index) length of the move, the move is not
known, and hence the geomelry is not displayed.

[0280] FIG. 258 illustrates the GUI after the user has
included a straight-line move operation in the sequence,
represented by the icon 6048 in the icon strip 602. In FIG.
25B, this straight-line move operation is currently selected,
and the “Position” tab of the graphical panel 606 displays
some of its properties. When the move is initially added to
the sequence, it may have default property values, such as
the illustrated values of 5000 for both the X and Y positions.
(The X and Y position values specify the desired ending
location for the motion control device performing a straight-
line move from the starting location.) In one embodiment,
the user may configure the default property values to use
when an operation is initially added to a sequence. The
views 608, 610, and 612 visually indicate the effect of
performing the straight-line move operation, as it is cur-
rently configured.

[0281] In FIG. 25C, the user has changed the Y position
property value from 5000 to 10000. Note that the views 608
and 610 are updated to illustrate the new Y position.

[0282] FIG. 25D illustrates the GUI after the user has
included a two-dimensional arc move operation in the
sequence, represented by the icon 604C in the icon strip 602,
In FIG. 25D, this arc move operation is currently selected,
and the “Arc Parameters” tab of the graphical panel 606
displays some of its propertics. When the move is initially
added to the sequence, it may have defaull property values,
such as the illustrated values of 5000 for the radius, 0 for the
start angle, and 180 for the travel angle. The views 608, 610,
and 612 visually indicate the effect of performing the
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cumulative movement of the sequence as it is currently
configured, i.e., the effect of performing the straight-line
move operation followed by the arc move operation.

[0283] In FIG. 25E, the user has changed the radius
property value from 5000 to 7000 and the travel angle
property value from 180 to 90. Note that the views 608 and
610 are updated to illustrate the new motion performed by
the motion control sequence.

[0284] FIG. 25F illustrates the GUI after the user has
included a contoured move operation in the sequence, rep-
resented by the icon 604D in the icon strip 602.

[0285] Motion Control Operations

[0286] This section describes possible motion control
operations which the user can include and configure in a
motion control sequence, according to one embodiment of a
motion control prototyping environment.

[0287] Straight Line Move Operation—This operation
performs a straight-line move in 1-D,2-D, or 3-D space. The
user can choose a controller, the axes for his “motion space”
and specify the move constraints such as velocity, accelera-
tion, deceleration, and jerk. The user may utilize a graphical
panel to specify desired values for these properties. The user
may also graphically edit the position and velocity profiles
for the operation and view the changes caused to the
property values.

[0288] Arc Move Operation—This operation performs an
arc in 2-D or 3-D space. The user can choose a controller, the
axes for his “motion space” and specily the move constraints
such as velocity, acceleration, deceleration, and jerk. The
user may utilize a graphical panel to specify desired values
for these properties. The user may also graphically edit the
position and velocity profiles for the operation and view the
changes caused to the property values.

[0289] Contoured Move Operation—This operation per-
forms a custom-profiled move for 1-D, 2-D, or 3-D space.
For example, the custom-profiled move may follow the
outline of the sole of a shoe. The user can choose a controller
and the axes for his “motion space™ and may then create a
custom position profile or may customize his velocity profile
or acceleration profile based on a position profile. This
operation may allow the user to specily a spreadsheet of
position/velocity/acceleration data, e.g., as an ASCII text or
Excel spreadsheet.

[0290] Reference Operation—This operation may be used
for initialization purposes. It allows the user to specify the
reference for his axis or axes in 1-D, 2-D or 3-D space. This
operation may cause the motion controller to find the home
switch and/or the encoder index for the axis or axes speci-
fied.

[0291] Gearing Configuration Operation—This operation
allows an axis to be electronically geared to a feedback
device or another axis. It may also allow users 1o specily a
CAM table if supported by the motion control hardware.

[0292] Views Provided by the Motion Control Prototyping
Environment

[0293] As described above, the graphical user interface of
the motion control prototyping environment may display
one or more views of the motion produced by the motion
control sequence or of various characteristics of this motion,
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such as wvelocity and acceleration profiles. This section
describes a set of views provided by the motion control
protolyping environment, according to one embodiment.

[0294] 2D Position view—This view may display the
entire position profile for the motion control sequence in a
two-dimensional display. The user can edit the position data
of operations in the sequence by interacting graphically with
the data displayed in this view. The user may also edit the
position data by entering text data into the graphical pancls
for configuring the operations. The user may select to view
and edit the position data in the XY, YZ, or the ZX plane.
The view 608 shown in FIG. 25A illustrates one example of
a 2D position view.

[0295] 3D position view—This view may display the
entire position profile for the motion control sequence in a
three-dimensional display. The view 610 shown in FIG.
25A illustrates one example of a 3D position view.

[0296] Velocity view—This view may display the trap-
czoidal/S-curve or custom profile (only applicable il a
contoured move operation is currently selected) of the
velocity for the selected operation. The user may edit the
velocity profile data of operations in the sequence by inter-
acting graphically with the data displayed in this view. The
user may also edit the velocity profile data by entering text
data into the graphical panels for configuring the operations.

[0297] Acceleration view—This view may display the
profile of the acceleration/deceleration for the selected
operation. This view may be editable only if a contoured
move operation is selected.

[0298] In addition to these views the motion control
prototyping environment may provide tools available to
display other information, such as:

[0299] Status Tool—This tool may display status infor-
mation for each axis/vector space, e.g., in a separale window
or tab. This provides a way to monitor the status of the
motion control hardware.

[0300] Real World View Tool—This tool may display a
real world view of the sctup of the motion control system,
€.g., in a separate window or tab. For example, a selection
of stages/cartesian robot models may be provided so that the
user can view the motion in the real mechanical sense ol his
system.

[0301] Previewing Motion Performed by a Motion Con-
trol Sequence

[0302] The motion control prototyping environment may
enable the user to preview various aspects of the motion
performed by a motion control sequence in one or more
preview windows, e.g., a velocity profile, an acceleration
profile, position plots, ete., in advance before commanding
the motor to perform the sequence of moves. For example,
the 2D and 3D position views discussed above may enable
the user to preview the motion in two and three dimensions,
respectively,

[0303] The preview window(s) may be updated dynami-
cally as the user interacts with the motion control prototyp-
ing environment to create and edil the sequence. For
example, after each new operation the user adds to the
sequence, the motion control prototyping environment may
update the preview window(s) to visually indicate the effect
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of adding the new operation. Also, when the user edits or
changes an operation, the motion control prototyping envi-
ronment may update the preview window(s) to visually
indicate the change.

[0304] Velocity moves may display a velocity profile, and
spatial moves may display displacement versus time for one
axis moves, planar displacement lor two axis moves, and 3D
Cartesian displacement for three axis moves. Spatial moves
may also take into account configured acceleration and
deceleration profiles. Captures and breakpoints may be
displayed along the trajectory.

[0305] The user may also be able to edit the motion by
interacting directly with the preview windows. For example,
in response 10 receiving user input to the 2D position view
to specily a new location within an XY plane, the motion
control prototyping environment may change properties of
one or more operations in the motion control sequence such
that the operations are updated to be operable to control a
device to travel to the new location.

[0306] In one embodiment, the preview window(s) may
display data for all of the operations in the motion control
sequence. For example, if there are three move operations in
the sequence, a preview window displaying position data
may plot the trajectory for all three of the move operations.
In another embodiment, the preview window(s) may display
data for only a subset of the operations in the motion control
sequence. For example, the user may select one or more
operations which he desires to preview.

[0307] In one embodiment, the preview window(s) may
display the information in the preview window(s) such that
the user can view the entire cumulative motion at a glance.
For example, if the sequence includes three motion control
operations, the preview window(s) may indicate the motion
trajectory of all three operations.

[0308] In another embodiment, the user may be able to
request the motion control prototyping environment (o simu-
late the motion trajectory such that the trajectory is interac-
tively traced out in the preview window(s) as the user
waltches. For example, the preview window(s) may initially
be empty (or may only display a coordinate grid), and the
motion trajectory may gradually be plotted in the preview
window(s). This may help the user to understand how the
motion control device moves through space over time. This
type of simulation may aid the user in performing offline
development and prototyping; in other words, the user may
watch a simulation of the motion even if no motion control
device is coupled to the computer system.

[0309] The motion control protolyping environment may
provide the user with various options relating to the speed at
which the motion trajectory is interactively traced out in the
preview window(s). For example, in some cases the user
may desire for the trajectory to be drawn at a speed such that
the time taken to draw the complete trajectory is the same as
the time the actual motion would take if performed by the
real motion control hardware. In other cases, the user may
desire to speed up and/or slow down the drawing speed. For
example, if the actual motion would take five minutes to
complete on the real hardware, the user may request the
motion control prototyping environment to draw the trajec-
tory laster in the preview window, to increase the efficiency
of previewing the sequence.
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[0310] The motion control protolyping environment may
also allow the user to configure the scale at which the
trajectory is drawn in the preview window(s). For example,
in some cases the user may desire to view the entire motion
space al once, e.g., o achieve an overview of the overall
sequence. Al other times, the user may desire to “zoom in”
to certain portions of the motion space. For example, if one
portion of the motion sequence involves performing very
small and complex movements, the user may request to
zoom in to magnify the preview for that portion of the
sequence.

[0311]

[0312] Inone embodiment, the user may be able to specify
various breakpoints in the motion control sequence. When
the motion control sequence is performed, the motion device
will trigger a digital line at the position specified.

Breakpoints/High Speed Caplure

[0313] The user may specify the breakpoints in various
ways. For example, in one embodiment, the user may
specify associate a breakpoint with a move by specifying the
coordinates at which to perform the breakpoint. In another
embodiment, the user may specily a breakpoint graphically.
For example, the user may click on a point within the 2D
view to specify that a breakpoint should be performed at that
point. After the user has created the breakpoint graphically
in this manner, he may fine-tune the location of the break-
point, e.g., by utilizing a text-box to type precise coordi-
nates.

[0314] The vser may also be able to enable high-speed
capture 1o be performed at a particular time during a move.,
This will allow the motion device to be triggered externally.
In addition, the user will be able to write to a digital 1/O bit
before a move has started or a move has been completed.

[0315] Inone embodiment, the GUI of the motion control
prototyping environmenl may provide separale operalions
for inclusion in the motion control sequence for configuring
breakpoints, enabling high-speed capture, and enabling writ-
ing o the digital output on the motion controller, Thus, in
this embodiment, the user may add the desired operation to
the motion control sequence rather than configuring another
operation already in the sequence, e.g., a move operation, to
perform the breakpoint/high-speed capture/write operation.
This may help to keep the motion trajectory performed by
the sequence separate from other aspects of the sequence.

[0316] Use Case 1—Wafer Defect Inspection

[0317] Several exemplary use cases are presented below to
further illustrate how a motion control prototyping environ-
ment such as described above may be utilized to solve
real-world motion control problems. In the use cases below,
the described motion control sequences (prototypes) devel-
oped in the motion control prototyping environment may be
deployed on a motion control device.

[0318] The first use case pertains to wafers to be inspected
for defects. The wafers are retrieved from a cassetie carrier
and loaded on an inspection table by a robotic handler. The
walers are then rotated and moved laterally along their
radius while a fixed laser beam is directed at the wafer
surface. Scattered laser light is collected by multiple detec-
tors and fed to an analysis system. The walers are removed
by another robot and put in output cassettes according to
their defect levels.
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[0319] This application may be implemented using a
sequence developed in the motion control prototyping envi-
ronment with four move operations:

[0320] a) A straight-line move operation that moves
the robotic arm over the inspection table. A value
maybe written 1o a digital output bit before the move
is performed to lift the wafer. Another value may be
written to a digital output bit after the move is
performed to release the wafer.

[0321] b) A straight-line move operation to move the
robotic arm away from the inspection table to ils
initial position.

[0322] c) A straight-line move operation 1o cause the
rotary stage on the inspection table to rotate the
wafer while the laser beam is directed at its surface.
The laser can be activated by writing a value to
another digital output bit on the motion controller
before this move starts, and may be shut off with
another write value after the move is performed.

[0323] d) A straight-line move operation that moves
the rotating assembly laterally. This operation may
be synchronized with the rotary motion, e.g., using a
“synchronized start” event such as described above.

[0324] After the analysis step, the wafer may be moved by
another robotic arm to either a “defect” parts tray or a
“good” parts tray.

[0325] 'To facilitate this application, the motion control
operations may be synchronized with other types of opera-
tions such as data acquisition (DAQ) operations. For
example, a DAQ operation may cause a DAQ device 1o
acquire the intensity of the laser beam. At every scan, the
DAQ operation may trigger the high-speed capture on the
motion device. This may cause synchronized position-in-
tensily readings that make it easy to map the waler with the
defects.

[0326] Use Case 2—Glue Dispensing

[0327] The second example use case pertains to glue that
needs to be applied to the sole of a shoe. The glue gun is
installed on a fixture including two motors. The glue needs
to be dispensed consistently; thus, the 2D-vector velocity at
which the glue gun traverses the path of the sole must be
constant throughout the move.

[0328] This application may be implemented using a
sequence developed in the motion control prototyping envi-
ronment with two operations:

[0329] a) a reference move operation o move the X
and Y axes into their reference starting positions.

[0330] b) a contoured move operation to follow the
path of the sole. Position data describing the shape of
the sole may be read in. This data may then be used
to plot the profile of the move in 2D space. Based on
the move constraints such as velocity, acceleration,
deceleration and jerk, the points read in may be
re-mapped to achieve the desired velocity profile. On
execution, the Contoured move operation may cause
the motion controller to move through the desired
space at constant velocity.
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[0331] Use Case 3—Capturing Images While Moving

[0332] The third example use case pertains to capturing
images while moving. It is required to take images while an
XY stage is moving through a pre-determined sequence.
Images may be taken based on the hardware triggering the
camera.

[0333] This application may be implemented using a
sequence developed in the motion control prototyping envi-
ronment with two or more operations. The move profile may
be defined, e¢.g., using straight-line, blended, and/or con-
toured moves. Breakpoints may then be set at the appropri-
ale points within the position plot where the camera needs to
be triggered. This enables the breakpoints in the hardware at
those positions. When the move operations are executed, the
breakpoints may trigger the camera, causing it to capture the
images at the desired positions.

[0334] Use Case 4—Testing Resistors

[0335] The fourth example use case pertains to retrofitting
a system used 1o tesl resistors. Assume that the potentiom-
cter head is currently moved manually, and the resistance
value of the resistor is tested using a DAQ device. It may be
desirable to automate the system using a motor that can
move the potentiometer head automatically. Using a single
axis, the potentiometer head can be moved in a sinusoidal
fashion at different frequencies, and analysis of resistance
readings can be performed in conjunction with a DAQ
device.

[0336] This application may be implemented using a
sequence developed in the motion control prototyping envi-
ronment, wherein the sequence includes a contoured move
operation. A table of position values describing the sinusoi-
dal motion may be loaded, and the contoured move opera-
tion may cause the desired sinusoidal motion. For different
frequencies, different tables can be specified.

[0337] Use Case 5—Flying Welding

[0338] The fifth example use case pertains to a flying
welding application. The objective is to weld one spot on a
part moving on a conveyor belt. The welding gun is installed
on a linear arm controlled by a linear motor. The welding
needs to happen without stopping the conveyor belt.

[0339] This application may be implemented using a
sequence developed in the motion control protolyping envi-
ronment as follows:

[0340] A reference move operation to move the arm
1o its starting position waiting lor a parl.

[0341] A gearing operation which may start on a
high-speed capture trigger. This operation gears the
linear axis to an encoder mounted on the conveyor
belt. The gearing ratio is set at 2:1.

[0342] A wait block to wait for a pre-determined
amount of time, to allow the linear arm to be
positioned over the piece to be welded.

[0343] A gearing configuration operation to change
the gear ratio to 1:1. It writes to a digital output bit
to start the welding. The arm may now move at the
same speed as the conveyor and perform the welding
while moving.
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[0344] Another gearing operation to shut off the
welding Hame by writing to the digital output and
then disable gearing,.

[0345] FIGS. 26A-26G: Example of Programmatically
Generated Graphical Program

[0346] Inone embodiment, the motion control prototyping
environment may be operable 1o programmatically generate
a graphical program implementing a motion control
sequence (prototype). The generated graphical program may
be used in configuring a motion control device to perform
the motion control operations specified by the sequence, as
described above. The programmatically generated graphical
program may be associated with any of various graphical
programming development environments. The graphical
source code included in the graphical program may vary
depending on the particular development environment.
FIGS. 26A-26G illustrate exemplary graphical source code
which may be programmatically generated for the Lab-
VIEW graphical programming development environment.
These figures illustrate a graphical program executable to
implement the motion control sequence described above
with reference to FIGS. 25A-25F. (FIGS. 26A-26G illustrate
a single graphical program, but the size of the program
requires it 1o be separated into multiple drawings.) For more
information on the operation of the illustrated LabVIEW
graphical source code, please refer to the LabVIEW user
documentation, available from National Instruments Corp.,
which is hereby incorporated by reference.

[0347] FIGS. 27 and 28—Configuring a Motion Control
Device to Execute a Graphical Program Based on a Motion
Control Prototype

[0348] FIG. 27 is an exemplary embodiment illustrating a
method [or configuring a motion control device 1o execule a
graphical program based on a motion control sequence or
prototype, where the motion control device includes a [unc-
tional unit, more specifically, a programmable hardware
clement 206. It is noted that in various embodiments,
various steps in the method may occur concurrently, or in a
different order than shown. Additionally, some steps may be
omitled, or additional steps performed which are not shown,
as desired. As shown, this method may operate as [ollows.

[0349] Instep 961, a motion control prototype or sequence
may be created as described above.

[0350] In step 962, a graphical program based on the
motion control prototype or sequence may be programmati-
cally generated as described above. The user may optionally
modify the graphical program as described above.

[0351] In step 964 the motion control device may be
coupled to the computer system 82. The motion control
device may be coupled to the computer system 82 over a
network, via communication cable(s), through wircless
means, or by any other method of coupling, as desired. It is
noted that the motion control device may be connected to the
computer system 82 before, during or after the graphical
program is generated.

[0352] In step 966 a hardware configuration based on the
graphical program may be downloaded onto the program-
mable hardware element 206 in the motion control device to
configure the programmable hardware element 206. For
example, in the embodiment where the motion control
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device is coupled to the computer system 82 over a network,
deploying the graphical program may comprise the com-
puter system 82 deploying the graphical program over the
network to the motion control device. The hardware con-
figuration corresponds 1o a hardware implementation of the
graphical program. In one embodiment, downloading the
hardware configuration onto the programmable hardware
element 206 may comprise the following steps: generating a
hardware description based on the graphical program, where
the hardware description describes a hardware implementa-
tion of the graphical program; converting the hardware
description into a netlist; compiling the netlist format into a
hardware program file; and downloading the hardware pro-
gram file 1o the programmable hardware element to config-
ure the programmable hardware element. These steps are
discussed below.

[0353] After the downloading step is performed, the pro-
grammable hardware element is configured with a hardware
implementation of the graphical program. At this point, in
step 968 the motion control device may be optionally
disconnected [rom the computer system 82, and may pos-
sibly be deployed for operation. For example, the motion
control device may be disconnected [rom the computer
system 82 and deployed in a motion control application,
such as a manufacturing inspection application, a manufac-
turing assembly application, or other motion control appli-
cation. If the motion control device is a motion control card
or board that is designed to be located in a slot of the
computer 82, the motion control card or board may option-
ally remain in the computer system 82 for use, or may be
transferred to a different computer system. Alternatively, the
method described above may be repetitively used 1o manu-
facture a plurality of motion control devices for later sale. As
another alternative, the method described above may be
used to configure a motion control device that has already
been deployed, where the motion control device is config-
ured over a network, i.c., where the hardware configuration
is downloaded onto the motion control device (or other
instrument) over a network.

[0354] After the programmable hardware element 206 in
the motion control device is configured with a hardware
implementation of the graphical program, the motion control
device can be used in an application. Thus the program-
mable hardware element 206 in the motion control device
may execute in step 972 to cause the motion control device
to perform the motion control function, e.g., the one or more
motion control operations, specified by the motion control
prototype or sequence. For example, in performing the one
or more motion control operations, the motion control
device may control the movement of one or more objects,
e.g., for a manufacturing inspection application or a manu-
facturing assembly application.

[0355] While the programmable hardware element 206 in
the motion control device executes to perform the one or
more motion control operations, if the graphical program
includes a user interface portion, this user interface portion
may optionally be presented on a display during this time in
step 974. The code corresponding to the user interface
portion may be executed by a processor 160 in the computer
system 82 or by a processor 212 on the motion control
device. The user interface portion may operate as a front
panel for the motion control device. The user may optionally
provide user inpul to the user interface portion on the display
to control the motion control device while the programmable
hardware element 206 in the motion control device executes
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to perform the one or more motion control operations. For
example, the user interface portion may be compiled into
executable code for execution by a processor (160 or 212)
and stored in a memory (166 or 214) accessible by the
processor. The processor may then execute the executable
code (the user interface portion) from the memory to present
the user interface portion on the display.

[0356] 1Inanembodiment where the motion control device
includes the processor 212 and the memory 214, the pro-
cessor 212 in the motion control device may execute the
executable code from the memory 214 to present the user
interface portion on the display during the motion control
device executing to perform the one or more motion control
operations.

[0357] In another embodiment, the processor 160 of the
computer system 82 may execute the executable code from
the memory 166 to present the user interface portion on the
display during the motion control device executing to per-
form the one or more motion control operations.

[0358] FIG. 28 is an exemplary embodiment illustrating a
method for configuring a motion control device lo execule a
graphical program based on a motion control prototype or
sequence, where the motion control device includes a func-
tional unit, more specifically, a processor 212 and memory
214. The method shown in FIG. 28 is similar to the method
described above with reference to FIG. 27, differing from
that method only in steps 966 and 972, Thus, in describing
this embodiment of the method, where the steps are the same
as described above, an abbreviated description is provided.
As noted above, in various embodiments, various steps in
the method may occur concurrently, or in a different order
than shown. Additionally, some steps may be omitted, or
additional steps performed which are not shown, as desired.
As shown, this method may operate as follows.

[0359] Instep 961, a motion control prototype or sequence
may be created as described above.

[0360] In step 962, a graphical program based on the
motion control prototype or sequence may be programmati-
cally generated as described above, The user may optionally
modify the graphical program as described above.

[0361] In step 964 the motion control device may be
coupled to the computer system 82, such as over a network,
communication cable(s), through wireless means, or by any
other method of coupling, as described above with reference
to FIG. 27, step 964.

[0362] In step 967 the graphical program may be down-
loaded to the memory 214 of the motion control device. As
mentioned above, downloading the graphical program onto
the memory 214 may comprise the following steps: gener-
ating an executable program (an executable program) based
on the graphical program which implements the function-
ality of the graphical program; and transferring the execut-
able program to the memory 214 on the motion control
device. As also mentioned above, downloading the graphical
program onto the memory 214 may comprise downloading
the graphical program (or executable program) onto the
memory 214 over a network.

[0363] After the downloading step is performed, the
motion control device is configured to perform the motion
control function implemented by the graphical program, i.e,
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is configured to perform the one or more motion control
operations specified by the motion control prototype or
sequence. Al this point, in step 968 the motion control device
may be optionally disconnected from the computer system
82, and may possibly be deployed for operation, as
described above in step 968 of FIG. 27. After the motion
control device is configured with the graphical program, i.c.,
after the graphical program is loaded into the memory 214,
the motion control device can be used in an application. In
step 973, the motion control device may execute to perform
the one or more motion control operations specified by the
motion control prototype or sequence. For cxample, in
performing the one or more motion control operations, the
motion control device may control the movement of one or
more objects, e.g., for a manulacturing inspection applica-
tion or a manufacturing assembly application.

[0364] While the motion control device executes o per-
form the one or more motion control operations, if the
graphical program includes a user interface portion, this user
interface portion may optionally be presented on a display
during this time in step 974, as described above in step 974
of FIG. 27.

[0365] In one embodiment, the user may optionally pro-
vide user inpul 1o the user interface portion on the display to
control the motion control device while the motion control
device (i.e., the processor 212 and memory 214) executes to
perform the one or more motion control operations.

[0366] In one embodiment, the motion control device
executing to perform the one or more motion control opera-
tions may comprise the processor 212 in the motion control
device executing the graphical program from the memory
214. In the embodiment where the executable program is
generated from the graphical program, the motion control
device executing to perform the one or more motion control
operations may comprise the processor in the motion control
device executing the executable program (in executable
form) from the memory 214.

[0367] In one embodiment, the processor 212 in the
motion control device may execute the executable code from
the memory 214 to present the user interface portion on the
display during the motion control device executing to per-
form the one or more motion control operations. In other
words, the processor 212 may execute both portions of the
graphical program concurrently, such as by threading or
multi-tasking. In another embodiment, the motion control
device may include multiple processors, e.g., 212A and
2128, in which case the first portion of the graphical
program (such as the user interface portion) may be
executed by processor 212A from memory 214 (or a first
memory 214A), while the second portion (such as the
motion control portion) may be executed by processor 212B
from memory 214 (or a second memory 214B).

[0368] FIG. 29—Client/Server Implementation for Pro-
grammatic Generation of a Graphical Program

[0369] As described above, in one embodiment, a client/
server model may be utilized in programmatically generat-
ing a graphical program to implement a prototype. The
server program may provide an application programming
interface (API) which the client program, e.g., the prototyp-
ing environment, can use to programmatically generate the
graphical program. One embodiment of such a client/server
implementation is described below.
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[0370] For each node, programmatic structure, user inter-
face element, or other object of the graphical program, the
client program may call the API to programmatically add the
object to the graphical program, connect the object to other
objects of the graphical program, etc. Any necessary files or
other constructs needed by the graphical programming envi-
ronment in order to use the generated graphical program
may be automatically created by the server program as a
result of calling the APIL

[0371] FIG. 29 is a block diagram illustrating the abstract
relationship between a client program 502, an APl 504 1o
programmatically create/edit a graphical program, and a
server program 506. It is noted that the API block represents
the abstract notion of the APl presented by the server
program 506, and in various embodiments the API block 504
may nol represent any actual code. Also, in actual embodi-
ments, various layers may exist which implement the ele-
ments of the FIG. 29 relationship. For example, the client
program 502 may be a part of a larger software application
(¢.g., the prototyping environment application), the server
program 506 may rececive information sent by the client
program 502 via an intermediate server, elc.

[0372] As noted above, the client program 502 may be any
ol various types of programs. For example, the client
program 502 may itself be a graphical program. The client
program 502 may also be a text-based program such as a
C+4+ program, a Visual Basic program, a Java program, etc.,
or any combination of these or other languages. The client
program 502 may execule independently or may execute
within an execution subsystem of an application develop-
ment environment.

[0373] The client program 502 may call the AP1 504 in any
of various ways. For example, wherein the client program
502 comprises a graphical program, the client graphical
program may include graphical nodes corresponding to the
API 504. A client graphical program may also interface with
text-based code which calls the API 504.

[0374] The client program 502 may also call the API 504
in various other ways. For example, the server program 506
may expose a component such as an ActiveX component,
CORBA component, JavaBeans component, etc., and the
client program 502 may obtain a reference to the object to
invoke functions or methods of the API 504. The API 504
may also be integrated with the language or development
environment of the client program 502, e.g., as a library.

[0375] Through the API 504, the client program 502 may
communicate with the server program 506. The server
program 506 is operable to perform the actions indicated by
the API calls. For example, the server program may be
operable to ereate a new graphical program, add objects to
the graphical program, connect graphical program objects,
etc. The API calls may also enable the client program 502 to
request an existing graphical program to be modified. Thus,
in one embodiment, in response to the user editing an
existing prolotype, a graphical program corresponding to the
prototype may be programmatically modified to reflect the
changes. Also, in one embodiment, if a hardware device was
already configured according to the existing prototype, then
in response to the user editing the prototype, the hardware
device may be automatically re-configured to reflect the
user’s changes to the prototype.
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[0376] LabVIEW API

[0377] The server program 506 of FIG. 7 is preferably an
instance of a graphical programming development environ-
ment. In one embodiment, the server program 506 is an
instance ol the LabVIEW graphical programming develop-
ment environment.

[0378] The LabVIEW environment provides specialized
support for developers of instrumentation and industrial
automation applications, and a LabVIEW graphical program
may be referred to as a “virtual instrument” or “VI”. The
LabVIEW environment comprises functionality referred to
as “VI Server” which enables client programs to communi-
cate with the LabVIEW environment. The VI Server func-
tionality enables client programs to create or edit a Lab-
VIEW graphical program or VI

[0379] A client program which requests LabVIEW to
generate/edit a VI may itself be a graphical program or VL.
A client VI may include particular nodes in the client VI
block diagram which utilize the VI Server functionality of a
LabVIEW instance to request the LabVIEW instance to
obtain information of an existing VI, create a new VI, add
objects to the VI, ete. These nodes and exemplary uses of the
nodes are described in U.S. patent application Ser. No.
09/745,023, titled “System and Method for Programmati-
cally Generating a Graphical Program in Response 1o Pro-
gram Information”, which was incorporated by reference
above.

[0380] LabVIEW also provides components such as
ActiveX components which enable text-based programs,
such as Visual Basic programs, Visual C++ programs, elc.,
to access the VI Server functionality. In the preferred
embodiment, these components enable text-based client
programs 1o perform all of the VI server functions that
graphical client programs can perform.

[0381] FIG. 30—Block Diagram of Conversion of a Pro-
totype Into Hardware and Software Descriptions

[0382] FIG. 30 is a block diagram illustrating one
embodiment for conversion of a prototype into hardware and
software descriptions. The user may first create a prototype
300 such as described above. A graphical program 301 based
on the prototype may then be programmatically generated as
described above. For example, the graphical program 301
may comprise graphical code, such as interconnected func-
tion nodes or icons, that implements one or more operations
included in the prototype. The graphical code in the graphi-
cal program may use graphical data flow, graphical control
flow and/or graphical execution flow constructs, as noted
above. The graphical program may be represenied on a
display screen as interconnected icons or [unction nodes. In
the memory of the computer system, the graphical program
301 may comprise dala structures (or scripts or code)
representing functional operations, data flow and/or control
flow, and execution order. In one embodiment, the user may
modify the graphical program 301 after it has been pro-
grammatically generated based on the prototype.

[0383] The graphical program 301 may be associated with
any of various graphical programming development envi-
ronments or development tools. For example, the graphical
program may be associated with the following development
systems: LabVIEW, BridgeVIEW, DASYLab, Visual
Designer, HP VEE (Visual Engineering Environment),
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Snap-Master, GFS DiaDem, ObjectBench, Simulink, Wi'T,
Vision Program Manager, Hypersignal, VisiDAQ, VisSim,
Truly Visual, and Khoros, among others. In the preferred
embodiment, graphical program 301 is a LabVIEW graphi-
cal program or virtual instrument (VI).

[0384] Inoneembodiment, a VDiagram tree 302 may then
be created from the data structures of the graphical program
301. The VDiagram tree 302 may comprise an abstract
hardware graph which represents at least a portion of the
graphical program 301. The graph may be organized in a
way that facilitates the generation of specific types of
descriptions by back end programs. In one embodiment, a
VDiagram tree 302 (abstract hardware graph) may automati-
cally be created and stored when the graphical program 301
is automatically generated. In this instance, conversion from
graphical program data structures to a VDiagram tree is not
necessary.

[0385] A hardware description 304 may be generated [rom
the abstract hardware graph 302 by a back end program. The
hardware description 304 may be in any of various hardware
description languages such as VIIDL, EDIF, and Verilog. In
the preferred embodiment, the hardware description 304
comprises one or more VHDL files. A hardware netlist 306
may be generated from the hardware description using
various synthesis tools. As noted above, the term “netlist”
comprises various intermediate hardware-specific descrip-
tion formats comprising information regarding the particular
hardware clements required to implement a hardware design
and the relationship among those elements, In the preferred
embodiment, the hardware netlist 306 is an FPGA-specific
netlist. The hardware netlist 306 is used to create or con-
figure one or more functional hardware devices or hardware
elements 308 which are configured to execute the portion of
the graphical program 301 that is represented by the abstract
hardware graph 302.

[0386] Hardware element 308 may comprise any of vari-
ous devices. For example, hardware 308 may comprise a
programmable logic device (PLD) such as an FPGA or
CPLD. However, hardware 308 may comprise other types of
hardware devices, such as a traditional circuit board which
is created using the hardware netlist 306. In one embodi-
ment, hardware 308 is an interface card comprising an
FPGA, where the interface card may be comprised in the
computer system where the graphical program 301 is cre-
ated. The hardware 308 may also be comprised in an
external device connected to the computer system where the
graphical program 301 is created. The hardware 308 may be
connected to the computer over an external serial or parallel
bus, or over a network, such as the Internet.

[0387] As shown in FIG. 30, software description source
code 310 may also be generated from the abstract hardware
graph 302 by a back end program. The source code 310 may
be in various source code languages such as C, C++, Java,
etc. Machine code 312 may be produced from the source
code 310 using various source code compilers. Linked
machine code 314 may be produced from the machine code
312 using various machine code linkers. The linked machine
code 314 is exccutable to perform the operations of the
portion of the graphical program 301 that is represented by
the abstract hardware graph 302.
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[0388] Inone embodiment, each of the elements 301, 302,
304, 306, 308, 310, 312, and 314 may be automatically and
seamlessly generated as part of a process initiated by the
user fo generate hardware/software descriptions for the
prototype 300. In one embodiment, a minimal amount of
user input may be required in generating one or more of
these elements. In various embodiments, for any given
element shown in FIG. 30, the user may or may not be aware
that the element is generated as a part of the overall process.
For example, depending on the skill level of the intended
user, the user may be given more or less control and
knowledge of the overall process. For example, in one
embodiment, the elements may not all be generated together
in response 1o a single user request. As one example, the user
may first request to generate the graphical program 301
based on the prototype 300. The user may then (e.g., at a
later time) request to finish the process by generating the
other elements shown based on the graphical program 301.
For example, the user may first modify the graphical pro-
gram before requesting the other elements to be generated.
As another example, the user may request the VDiagram tree
302 to be generated based on the graphical program 301. The
VDiagram tree 302 may be generated and saved Lo a file, and
the user may call a back end program at a later time lo
generate a hardware/software description.

[0389] FIG. 31—Block Diagram of Generation of Hard-
ware and Software Descriptions [rom a VDiagram Tree

[0390] FIG. 31 is a block diagram illustrating the genera-
tion of various types of hardware and software descriptions
from a VDiagram tree. As described for FIG. 30, programs
of the present invention may create a VDiagram tree 302
from a graphical program 301, which is in turn created from
a prototype 300. The VDiagram tree 302 represents at least
a portion of the graphical program 301. Back end programs
330 generate hardware descriptions from the VDiagram tree
302. Exemplary back end programs 330A, 3308, and 330C
are illustrated. Back end 330A generates a VHDL hardware
description comprising one or more VHDL files. Back end
330B generates an EDIF hardware description comprising
one or more EDIF files. Back end 330C generates a C source
code software description comprising one or more C files. It
is also contemplated that other back ends may be used to
generaie hardware descriptions in other hardware and/or
software programming languages.

[0391] The number and type of back end programs that
may be present are not limited. In the preferred embodiment,
one or more back end programs may be called automatically
as part of a process initiated by a user to generate hardware/
software descriptions for the prototype 300 and/or for the
graphical program 301. In another embodiment, the VDia-
gram tree 302 may be generated and saved to a file, and the
user may call a back end program at a later time to generate
a hardware/software description.

[0392] As described above for FIG. 30, appropriate syn-
thesis tools or compilers may be called to convert a hard-
ware/software description into another format such as an
FPGA-specific netlist or compiled machine code.

[0393] FIG. 32—Block Diagram of Conversion of a Pro-
totype into a Hardware Description for an FPGA

[0394] As described above and shown in FIG. 32, the
graphical program 301 may be programmatically generated
based on the prototype 300. FIG. 32 illustrates the expor-
tation of at least a portion of the graphical program 301 into
a hardware description and the use of the hardware descrip-
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tion to program an FPGA. The VDiagram tree 302 com-
prises information representing the graphical program 301,
including the functional operations of the program, and thus
comprises information representing the operations of the
prototype 300. The VDiagram tree may comprise individual
VDiagrams, each of which maintains a list of components.
This list of components may include components which
represent functional operations.

[0395] A back end program converts the VDiagram tree
302 to a hardware description 304. Back end programs may
implement the functionality of the components in the VDia-
gram component lists using constructs of their respective
description languages. For example, a VHDL back end may
create VHDL code to implement a component that performs
a particular mathematical algorithm such as an exponential
calculation. However, in one embodiment, such functional
components are simply referenced as library components.

[0396] FIG. 32 illustrates one embodiment in which the
VDiagram tree references one or more library components.
One embodiment of the present invention comprises pre-
compiled function blocks 342 which implement these library
components for particular hardware devices such as FPGAs.
Various FPGA netlist synthesis tools may be called to
generate an FPGA netlist 340 from the hardware description
304. These synthesis tools may incorporate the pre-compiled
function blocks 342 into the FPGA netlist 340. Also, as
shown, the synthesis tools may utilize hardware target-
specific information in creating the netlist. For example, the
exacl form that the FPGA netlist takes may depend on the
particular type of FPGA that will use the netlist, since
FPGAs differ in their available resources.

[0397] An FPGA bit stream program file 346 may be
generated from the FPGA netlist 340 using readily available
synthesis tools. This FPGA program file may be uploaded to
an FPGA 348. The FPGA 348 may be comprised in a
hardware device such as an interface board. After being
programmed with the program file 346, the FPGA is able to
execute the portion of the graphical program 301 that is
exported to the hardware description 304. If the entire
graphical program is not exported to the hardware descrip-
tion, then a portion of the program may execute on the
general purpose CPU of the computer system. This portion
preferably comprises the supervisory control and display
portion of the program (if any).

[0398] FIG. 33—Block Diagram of Conversion of a Pro-
totype into a Software Source Code Description with Com-
pilation and Linkage

[0399] As described above and shown in FIG. 33, a
graphical program 301 may be programmatically generated
based on a prototype 300. FIG. 33 illustrates the exportation
of at least a portion of the graphical program 301 into a
software source code description and the compilation and
linkage of the source code. As shown, the graphical program
data structures may be first converted to a VDiagram tree
302 and then to software description source code 310.

[0400] Asdescribed above for FIG. 32, the VDiagram tree
302 may reference library components to represent various
functional components of the graphical program. These
library components may be implemented in libraries, class
libraries, macro definitions, etc. 360. As shown in FIG. 33,
these class libraries, etc. may be used to produce the
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machine code 312 from the source code 310. Also, binary
object libraries 362 may implement some functionality of
the software description. These binary object libraries may
be linked in with the machine code 312 to produce the linked
executable code 314. Libraries 360 and 362 may also
contain compiler-specific or platform-specific information
necessary lo produce executable code 314. Linked code 314
may be executed to perform the operations of the portion of
the graphical program that is exported to the software source
code description 310.

[0401] FIG. 3¢—Conversion of a Prototype into a Hard-
ware Implementation

[0402] FIG. 34 is a flowchart diagram illustrating opera-
tion of one embodiment of a method for converting a
prototype to a hardware implementation. In the specific
embodiment shown, the method may operate to deploy the
prototype on a device including an FPGA. It is noted that
various of the steps in the flowchart can occur concurrently
or in different orders.

[0403] According to one embodiment of the invention, a
user may utilize a protolyping environment (o creale a
prototype, and the prototyping environment may be operable
to deploy the prototype on a hardware device including
reconfigurable or programmable hardware. Many applica-
tions, such as signal processing and motion control, are
casily implemented in software. However, in some instances
traditional software compilation methods cannot produce an
application that is fast enough to meet a user’s needs. Thus,
according to the method of FIG. 34, a software prototype
may be converted into application-specific hardware such as
a programmed FPGA. The hardware may maintain the
functionality of the prototype while running at speeds far
exceeding that of traditional general-purpose processor plat-
forms. In one embodiment, the hardware utilized may be a
desktop or embedded PC that includes an FPGA-based
and/or processor based card or board.

[0404] As shown in step 510, a graphical program may
first be programmatically, i.¢., automatically, generated from
the prototype, e.g., after the user has developed the proto-
type in the prototyping environment. Programmatic genera-
tion of a graphical program based on a prototype is discussed
above. The graphical program may comprise a graphical
data flow diagram which included interconnected nodes or
icons visually indicating functionality of the program. This
graphical data flow diagram may be directly compilable into
machine language code for execution on a computer system.

[0405] In one embodiment, the user may modify the
graphical program after the graphical program has been
programmaltically generated. As one example, the user may
add functionality to the graphical program which was not
specified by the prototype. As another example, if the
generated graphical program did not include a user interface
portion or front panel then the user may add a user interface
portion or front panel, or the user may modify a user
interface portion or front panel that was generated for the
program.

[0406] The graphical program may then be compiled for
the FPGA hardware. However, some graphical program-
ming constructs may not be efficiently implemented in
FPGA hardware. For example, lile /O is a task that is
usually better left to the general-purpose host processor.
Thus, in one embodiment the generated graphical program
may be bisected into hardware and software portions.
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[0407] Steps 512-522 are an example implementation of
steps 866 of FIG. 23 and 966 of FIG. 27.

[0408] Instep 512, a first portion of the graphical program
for conversion to a hardware implementation may be
selected, either programmatically or in response to user
input. This first portion of the graphical program which is
desired for hardware implementation preferably comprises
portions of the graphical program, e.g., particular subpro-
grams, which require a fast or deterministic implementation
and/or are desired to execute in a stand-alone hardware unit.
In general, portions of the graphical program which are
desired 1o have a faster or more deterministic execution are
selected in step 512 and converted into the hardware imple-
mentation in steps 514-522. A default case is that the entire
block diagram portion of the graphical program is selected
for hardware implementation.

[0409] 1In step 524 the remaining portions of the graphical
program which were not selected in step 512, if any, may be
compiled into machine code for execution on a CPU, such
as the host processor in the computer 82 or the processor 212
comprised on the hardware device. The first portion of the
program selected in step 512 preferably excludes program
portions involving supervisory control and display. This
enables the supervisory control and display portions to
execute on the host CPU, which is optimal for these ele-
ments of the program.

[0410] In one embodiment, during creation of the proto-
type in the prototyping environment, the user may specify
portions of the prototype, e.g., particular operations, which
are to be exported to the hardware description format for
conversion into a hardware implementation. Thus, in step
512 the corresponding portions of the graphical program
may be automatically selected for conversion to the hard-
ware implementation. In another embodiment, after genera-
tion of the graphical program in step 510 the user may
specify portions of the graphical program, e.g. subprograms,
which are to be exported to the hardware description format
for conversion into a hardware implementation. In another
embodiment the user may select which modules or subpro-
grams of the graphical program to export to the hardware
implementation when the conversion process [rom the
graphical program is initiated. In another embodiment, the
entire graphical program may be selected for conversion 1o
a hardware implementation, and thus step 524 may not be
performed.

[0411] In step 514 the graphical program portion selected
in step 512 may first be processed to create an abstract
hardware graph called a VDiagram tree, described above,
which serves as an intermediate data structure. The VDia-
gram Iree may contain a complete hardware representation
of the program, but is not specific to any hardware descrip-
tion language. For example, the VDiagram tree may com-
prise data structures representing hardware signals that
implement the data flow within the graphical program, as
well as data structures representing hardware signals that are
added to preserve the proper execution flow (enable signals).

[0412] In step 516, a back end program may be called to
parse the VDiagram tree and generate a hardware descrip-
tion from it. The back end may translate the information
contained in the VDiagram tree into a specific hardware
description language. For example, a VHDL back end may
be called to generate a VHDL file or set of files describing
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the program. The hardware description comprises a high-
level hardware description of function blocks, logic, inputs,
and outputs which perform the operation indicated by the
portion of the graphical program selected in step 512.

[0413] Various types of back end programs may be
present. Back end programs may generate software source
code descriptions as well as hardware description language
descriptions. For example, FIG. 35 illustrates a back end
330A which uses the VDiagram tree to generate one or more
VHDL files; back end 330B which generates one or more
EDIF files; and back end 330C which generates one or more
C files. These three back ends are representative only, Other
back ends may generate other types ol descriptions for the
program. For example, a Verilog back end may generate a
Verilog file for the program. Also, more than one back end
may be called to generate different program descriptions. In
the preferred embodiment, a VHDL back end generates a
VHDL description which may then be compiled and used to
program a programmable logic device such as an FPGA.

[0414] In step 518 the method may operate to convert the
hardware description into an FPGA-specific netlist. The
netlist describes the components required to be present in the
hardware as well as their interconnections. Conversion of
the hardware description into the FPGA-specific netlist is
preferably performed by any of various types of commer-
cially available synthesis tools, such as those available from
Xilinx, Altera, ete.

[0415] In one embodiment, the converting step 518 may
utilize one or more pre-compiled function blocks from a
library of pre-compiled Function blocks 542. Thus, for
certain function blocks which are difficult to compile, or less
efficient to compile, from a hardware description into a
netlist format, the hardware description created in step 516
includes a reference to a pre-compiled function block from
the library 542. Alternatively, hardware implementations for
all of the function blocks are included in the function library.
The respective pre-compiled function blocks may simply
inserted into the netlist in place of these references in step
518. One embodiment of the invention thus includes the
library 542 of pre-compiled function blocks, also referred 1o
as the component library, which are used in creating the
netlist. One embodiment also includes hardware target spe-
cific information 544 which is used by step 518 in convert-
ing the hardware description into a netlist which is specific
1o a certain type or class of FPGA.

[0416] In step 520 the method may operate to compile the
netlist into an FPGA program file, also referred 1o as a
software bit stream. The FPGA program file is a file that can
be readily uploaded to program an FPGA.

[0417] Afier the netlist has been compiled into an FPGA
program file in step 520, then in step 522 the method may
operate 1o transfer the FPGA program file to the FPGA, 1o
produce a programmed hardware equivalent to the graphical
program. Thus, upon completion of step 522, the portion of
a graphical program selected in step 512 is comprised as a
hardware implementation in an FPGA or other program-
mable hardware element. Thus the portion of the prototype
which this portion of the graphical program implements
(which may include the entire prototype) is also comprised
as a hardware implementation in an FPGA or other pro-
grammable hardware element.
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[0418] Inthe preferred embodiment, the hardware descrip-
tion is passed transparently through the FPGA vendor’s
synthesis tools. Because the vendor’s tools may take a
considerable amount of time to process the design and
generale a programming bitstream, it is recommended that
this only be done after the design has been debugged using
traditional software techniques.

[0419] As described above, in one embodiment, the
method may be utilized on PC computers equipped with an
FPGA-based expansion card on the PCI bus. Embodiments
of the FPGA-based expansion card were described with
reference to FIGS. 6A-6C. The programming bitstream
generated by the FPGA vendor’s design tools may be
uploaded into the FPGA on this board. The FPGA then may
begin processing data, and a graphical programming system
with which the generated graphical program is associated
may coordinate data flow between the FPGA and the host
CPU.

[0420] It is noted that various of the above sleps can be
combined and/or can be made to appear invisible 1o the user.
For example, steps 518 and 520 can be combined into a
single step, as can steps 510-522 and/or 512-522. In onc
embodiment, after the user creates the prototype, the user
simply selects a hardware export option from within the
prototyping environment and indicates the hardware target
or destination, causing steps 510-522 to be automatically
performed. In another embodiment, the user may first
request the graphical program to be programmatically gen-
erated based on the prototype. The user may then open the
generated graphical program in a graphical programming
development environment application with which the
graphical program is associated and may optionally modify
the program. The user may then simply select a hardware
export option from within the graphical programming devel-
opment environment and may indicate the hardware target
or destination, causing steps 510-522 to be automatically
performed. For example, in one embodiment, a LabVIEW
graphical program may be programmatically generated, and
the user may open the LabVIEW program in the “FPGA
LabVIEW™ graphical programming development environ-
ment. The “FPGA LabVIEW" graphical programming
development environment provides a seamless interface to
FPGA hardware, while appearing to the user the same as the
normal LabVIEW graphical programming development
environment.

[0421] In one embodiment, it may be desirable to execute
a prolotype developed in the prototyping environment on
multiple hardware devices. For example, a prototype may
include different types of operations such as motion control,
machine vision, DAQ, and/or other types of operations. In
one embodiment, different types of operations in the proto-
type may be performed on different hardware devices. For
example, configurable hardware of a motion control device
may be programmed to perform motion control operations
of the prototype, while configurable hardware of a DAQ
device may be programmed to perform DAQ operations of
the prototype. The method may automatically partition the
prototype or the corresponding graphical program so that the
operations are performed on the appropriate devices, or the
user may specify the partitioning among the devices.
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[0422] FIG. 38 applies to an embodiment in which the
programmable hardware element is an FPGA. However, the
same or similar steps may be applied to convert a prototype
into a hardware implementation for other types of program-
mable or (re)configurable hardware, such as a CPLD.

[0423] Although the embodiments above have been
described in considerable detail, numerous variations and
modifications will become apparent to those skilled in the art
once the above disclosure is fully appreciated. It is intended
that the following claims be interpreted to embrace all such
variations and modifications.

We claim:

1. A computer-implemented method for configuring a
hardware device o execute a prototype, the method com-
prising:

displaying a graphical user interface (GUI) that provides
access o a set of operations;

receiving user inpult to the graphical user interface speci-
fying a plurality of operations, wherein the prototype
comprises the plurality of operations; and

configuring the hardware device to execute at least a
portion of the prototype, wherein said configuring
comprises configuring the hardware device to execute
at least a portion of the specified operations.

2. The method of claim 1,

wherein said receiving user input to the graphical user
interface specifying the plurality of operations does not
require user programming.

3. The method of claim 1,

wherein said receiving user inpul to the graphical user
interface specifying the plurality of operations does not
include receiving user input specifying programming
language code to implement the plurality of operations.
4. The method of claim 1,

wherein said receiving user inpul to the graphical user
interface specifying the plurality of operations com-
prises receiving user input to the graphical user inter-
face specilying a sequence of operations.

5. The method of claim 1, further comprising:

storing information representing the specified plurality of
operations in a data structure in response lo said
receiving user input specifying the plurality of opera-
Llons.

6. The method of claim 5,

wherein the information does not comprise programming
language code.
7. The method of claim 5,

wherein said receiving user input to the graphical user
imterface specifying the plurality of operations com-
prises receiving user input to the graphical user inter-
face specifying parameter values for one or more
operations in the prototype;

wherein said storing information representing the speci-
fied plurality of operations comprises storing the
parameler values;

wherein said conliguring the hardware device o execute
at least a portion of the specified operations comprises
configuring the hardware device 1o execute the at least
a portion of the operations according to the stored
parameter values.
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8. The method of claim 1, further comprising:

programmatically generating a program based on the
prototype, wherein the program implements [unction-
ality specified by the prototype;

wherein said configuring the hardware device to execule
at least a portion of the prototype comprises deploying
at least a portion of the program on the hardware
device.

9. The method of claim 8,

wherein said programmatically generating the program
based on the prototype comprises programmatically
generaling a program implementing the plurality of
operations in the prototype.

10. The method of claim 8,

wherein the generated program is operable to perform the
plurality of operations in the prototype.
11. The method of claim 8,

wherein said programmatically generating the program
based on the prolotype comprises programmalically
generaling the program without receiving user input
during said generating.

12. The method ol claim 8, further comprising:

modifying the generated program in response o user
input after generating the program;

wherein said deploying comprises deploying at least a
portion of the modified program on the hardware
device.

13. The method of claim 12,

wherein said modifying the program in response lo user
input comprises adding additional functionality to the
program,

14. The method of claim 12,

wherein said modifying the program in response to user
input comprises adding a user interface portion to the
program.

15. The method of claim 8,

wherein said programmatically generating the program
comprises programmalically generating a text-based
program based on the prototype;

wherein said deploying at least a portion of the program
on the hardware device comprises deploying at least a
portion of the text-based program on the hardware
device.

16. The method of claim 8,

wherein said programmatically generating the program
comprises programmalically generating a graphical
program based on the protolype;

wherein said deploying at least a portion of the program
on the hardware device comprises deploying at least a
portion of the graphical program on the hardware
device.

17. The method of claim 16,

wherein the graphical program comprises a plurality of

interconnected nodes that visually indicate functional-
ity of the graphical program.
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18. The method of claim 16,

wherein the graphical program comprises a graphical data
flow program.
19. The method of claim 8,

wherein the hardware device includes a processor and a
MEmory;

wherein said deploying at least a portion of the program
on the hardware device comprises transferring the at
least a portion of the program to the memory on the
hardware device;

wherein the method further comprises the processor in the
hardware device executing the al least a portion of the
program from the memory.

20. The method of claim 8,

wherein the hardware device includes a processor and a
Mmemory;

wherein said programmatically generating the program
comprises programmaltically generating a graphical
program based on the prototype;

wherein the method further comprises:

generating a text-based program based on the graphical
program, wherein the text-based program imple-
ments functionality of the graphical program;

transferring the text-based program to the memory on
the hardware device; and

the processor in the hardware device executing the
text-based program from the memory.
21. The method of claim 8,

wherein the hardware device includes a programmable
hardware element;

wherein said deploying at least a portion of the program
on the hardware device comprises:

generating a hardware description based on the at least a
portion of the program, wherein the hardware descrip-
tion describes a hardware implementation of the at least
a portion of the program; and

configuring the programmable hardware element in the
hardware device utilizing the hardware description,
wherein after said configuring, the programmable hard-
ware element implements a hardware implementation
of the at least a portion of the program.

22, The method of claim 21, further comprising:

the programmable hardware element in the hardware
device executing to perform the at least a portion of the
program.

23. The method of claim 8,

wherein the hardware device includes a processor and a
memory and a programmable hardware element;

wherein said deploying at least a portion of the program
on the hardware device comprises:

transferring a first portion of the program to the
memory on the hardware device;
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generating a hardware description based on a second
portion of the program, wherein the hardware
description deseribes a hardware implementation of
the program; and

configuring the programmable hardware element in the
hardware device utilizing the hardware description,
wherein after said configuring, the programmable
hardware element implements a hardware imple-
mentation of the second portion of the program.
24, The method of claim 23, further comprising;

the processor in the hardware device executing the first
portion of the program from the memory; and

the programmable hardware element in the hardware
device executing the second portion of the program.
25. The method of claim 23,

wherein the first portion of the program is operable to
perform one or more operations of the prototype and
wherein the second portion of the program comprises a
control portion.

26. The method of claim 23,

wherein the first portion of the program comprises a
control portion, and wherein the second portion of the
program is operable to perform one or more operations
of the prototype.

27. The method of claim §,

wherein the hardware device includes a processor and a
memory and a programmable hardware element;

wherein said programmatically generating the program
comprises programmatically generating a graphical
program based on the prototype;

wherein said deploying at least a portion of the program
on the hardware device comprises:

generating an executable program based on a first
portion of the graphical program, wherein the text-
based program implements functionality of the
graphical program; and

transferring the executable program to the memory on
the hardware device;

generating a hardware description based on a second
portion of the graphical program, wherein the hard-
ware description describes a hardware implementa-
tion of the second portion of the graphical program;
and

configuring the programmable hardware element in the
hardware device utilizing the hardware description,
wherein after said configuring, the programmable
hardware clement implements a hardware imple-
mentation of the second portion of the graphical
program.
28. The method of claim 27, further comprising:

the processor in the hardware device executing the
executable program from the memory; and

the programmable hardware element in the bardware
device executing the second portion of the graphical
program.
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29. The method of claim 27,

wherein the first portion of the graphical program is
operable to perform one or more operations of the
prototype and wherein the second portion of the graphi-
cal program comprises a control portion.

30. The method of claim 27,

wherein the first portion of the graphical program com-
prises a control portion, and wherein the second portion
of the graphical program is operable to perform one or
more operations of the prototype.

31. The method of claim 8,

wherein the hardware device includes a first processor, a
second processor, and at least one memory;

wherein the method further comprises:

the first processor in the hardware device executing a
first portion of the program from the at least one
memory; and

the second processor in the hardware device executing
a second portion of the program from the at least one
memory.
32. The method of claim 8,

wherein the program includes a user interface;

wherein the method further comprises displaying the user
mterface portion on a display during execution of the
program by the hardware device.

33. The method of claim 32,

wherein the user interface portion operates as a front
panel for the hardware device.
34. The method of claim 32, further comprising:

receiving user input to the user interface portion on the
display to control the hardware device during execution
of the program by the hardware device.

35. The method of claim 32, further comprising:

compiling the user interface portion into executable code
for execution by a processor and storing the executable
code in a memory; and

the processor executing the executable code from the
memory to display the user interface portion on the
display.

36. The method of claim 35,

wherein the hardware device includes the processor and
the memory; and

wherein the processor in the hardware device execules the
executable code from the memory to present the user
interface portion on the display during execution ol the
program by the hardware device.

37. The method of claim 35,

wherein said displaying the graphical user interface, said
receiving the user inpul to the graphical user interface,
and said configuring the hardware device are performed
by a first computer system;

wherein the first computer system includes the processor
and the memory; and
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wherein the first computer system executes the executable
code from the memory to present the user interface
portion on the display during execution of the program
by the hardware device.

38. The method of claim 1,

wherein said displaying the graphical user interface and
said receiving the user input to the graphical user
interface are performed by a first computer system;

wherein the hardware device is coupled to the first com-
puter system over a network; and

wherein said configuring the hardware device 1o execute
al least a portion of the prototype comprises the first
computer system deploying the at least a portion of the
prototype over the network to the hardware device.
39. The method of claim 1, further comprising:

creating a first program in response fo user input; and

configuring the hardware device to execute the first pro-
gram.
40. The method of claim 39, further comprising;

programmatically generating a second program based on
the prototype, wherein the second program implements
functionality specified by the prototype;

wherein said configuring the hardware device to execute
at least a portion of the prototype comprises deploying
at least a portion of the second program on the hard-
ware device.

41. The method of claim 40, further comprising:

wherein the hardware device includes a programmable
hardware element;

wherein said deploying at least a portion of the second
program on the hardware device comprises:

generating a hardware description based on the at least
a portion of the second program, wherein the hard-
ware description describes a hardware implementa-
tion of the at least a portion of the second program;
and

configuring the programmable hardware element in the
hardware device utilizing the hardware description,
wherein after said configuring, the programmable
hardware element implements a hardware imple-
mentation of the at least a portion of the second
program.
42. The method of claim 1, further comprising:

receiving user input to the graphical user interface for
configuring one or more of the operations in the pro-
lotype.

43, The method of claim 42,

wherein said receiving user inputl to the graphical user
interface for configuring one or more of the operations
in the prototype does not include receiving user input
specifying programming language code to configure
the operations.

44. The method of claim 42, further comprising;

for cach operation to be configured, displaying a graphical
panel including graphical user interface elements for
setting properties of the operation and receiving user
input to the graphical panel to set one or more prop-
erties of the operation.
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45. The method of claim 44, further comprising:

automatically displaying the graphical panel in response
to selecting the operation.
46. The method of claim 44, further comprising:

receiving user inpul requesting to configure a first opera-
tion; and

displaying a graphical panel for configuring the first
operation in response to the request.
47. The method of claim 1,

wherein the graphical user interface includes an arca
which visually represents the plurality of operations
included in the prototype;

wherein the method further comprises:

for each operation added to the prototype, updating the
arca visually representing the plurality of operations
included in the prototype to illustrate the added
operation.
48. The method of claim 47,

wherein the area visually representing the plurality of
operations included in the prototype displays a plurality
of icons, wherein each icon visually indicates one of the
operations in the prototype;

wherein said updating the area visually representing the
plurality of operations included in the prototype to
illustrate the added operation comprises displaying a
new icon 1o visually indicate the added operation.

49. The method of claim 1,

wherein the graphical user interface displays a plurality of
buttons, wherein each button is operable to add a new
operation o the prototype in response (o user input;

wherein said receiving user input to the graphical user
mnterface specifying the plurality of operations com-
prises receiving user input to the plurality of buttons to
specify the plurality of operations.

50. The method of claim 1,

wherein the plurality of operations comprise a sequence
of operations;

wherein the prototype comprises the sequence of opera-
tions.
51. The method of claim 1, further comprising:

the hardware device executing to perform the at least a
portion of the specified operations.
52. The method of claim 1,

wherein the hardware device includes a programmable
hardware clement;

wherein said configuring comprises:

generating a hardware description based on at least a
portion of the prototype, wherein the hardware
description describes a hardware implementation of
the at least a portion of the prototype; and

configuring the programmable hardware element in the
hardware device utilizing the hardware description,
wherein after said configuring, the programmable
hardware element implements a hardware imple-
mentation of the at least a portion of the prototype.
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53. The method of claim 1,

wherein the hardware device includes a programmable
hardware element;

wherein said configuring comprises:

generating a program based on at least a portion of the
prototype;

generating a hardware description based on at least a
portion of the program, wherein the hardware
description describes a hardware implementation of
the at least a portion of the program; and

configuring the programmable hardware element in the
hardware device utilizing the hardware description.

54. The method of claim 53, wherein after said config-
uring the programmable hardware element implements a
hardware implementation of the at least a portion of the
program.

55. The method of claim 53, wherein said generaling a
program comprises generating a graphical program based on
the prototype.

56. The method of claim 55, wherein the graphical
program comprises a plurality of interconnected nodes
which visually indicate functionality of the graphical pro-
gram.

57. The method of claim 1,

wherein the hardware device includes a processor and
memory;

wherein the memory of the hardware device stores a
prototype execution engine that is executable to
execule a prolotype;

wherein said confliguring comprises storing the prototype
on the memory of the hardware device;

wherein the processor of the hardware device is operable
lo execule the protolype execution engine lo execule
the prototype.

58. The method of claim 1,

wherein the plurality of operations comprises a plurality
of image processing operations that implement an
image processing function;

wherein the hardware device is an image acquisition
device;

wherein said configuring comprises configuring the image
acquisition device to perform the image processing
function.

59. The method of claim 58, further comprising;

programmalically generating a program based on the
prototype, wherein the program implements the image
processing function;

wherein said configuring the image acquisition device to
perform the image processing [unction comprises
deploying at least a portion of the program on the image
acquisition device.

60. The method of claim 59,

wherein the image acquisition device includes a program-
mable hardware element;

wherein said deploying at least a portion ol the program
on the image acquisition device comprises:
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programmatically generating a hardware description
based on the at least a portion of the program,
wherein the hardware description describes a hard-
ware implementation of the at least a portion of the
program; and

configuring the programmable hardware element in the
image acquisition device utilizing the hardware
description, wherein after said configuring, the pro-
grammable hardware clement implements a hard-
ware implementation of the at least a portion of the
program.
61. The method of claim 58,

wherein the image acquisition device includes a program-
mable hardware element;

wherein said configuring comprises:

programmatically generating a hardware description
based on at least a portion of the prototype, wherein
the hardware description describes a  hardware
implementation of the at least a portion of the
prototype; and

configuring the programmable hardware element in the
image acquisition device utilizing the hardware
description, wherein after said configuring, the pro-
grammable hardware element implements a hard-
ware implementation of the at least a portion of the
prototype.
62. The method of claim 58,

wherein the image acquisition device includes a program-
mable hardware element;

wherein said configuring comprises:

programmaltically generating a program based on at
least a portion of the prototype;

programmatically generating a hardware description
based on at least a portion of the program, wherein
the hardware description describes a  hardware
implementation of the at least a portion of the
program; and

configuring the programmable hardware element in the
image acquisition device utilizing the hardware
description.

63. The method of claim 62, wherein said generating a
program comprises generating a graphical program based on
the prototype, wherein the graphical program comprises a
plurality of interconnected nodes which visually indicate
functionality of the graphical program.

64. The method of claim 58,

wherein the image acquisition device includes a processor
and memory;

wherein the memory of the image acquisition device
stores a prototype execution engine that is executable to
execute a prototype;

wherein said configuring comprises storing the prototype
on the memory of the image acquisition device;

wherein the processor of the image acquisition device is
operable to execute the prototype execution engine Lo
execute the prototype.
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65. The method of claim 58, further comprising:

the image acquisition device acquiring an image of an
object; and

the image acquisition device performing the image pro-
cessing [unction on the image.
66. The method of claim 65, further comprising:

the image acquisition device receiving an image present
signal;

wherein the image acquisition device acquires the image
of the object in response to receiving the image present
signal.

67. The method of claim 65, further comprising:

the image acquisition device performing a control opera-
tion after said performing the image processing func-
tion on the image.

68. The method of claim 65, further comprising:

the image acquisition device generating a pass/fail indi-
cation alter said performing the image processing [unc-
tion on the image.

69. The method of claim 65,

wherein the image acquisition device is coupled to a
camera; and

wherein the image acquisition device acquiring an image
of an object comprises the camera acquiring the image
of the object and the image acquisition device receiving
and storing the image.

70. The method of claim 65,

wherein said image acquisition device executing further
comprises:

the image acquisition device determining characteris-
tics of the image after performing the image pro-
cessing function; and

the image acquisition device performing an operation
based on the determined characteristics of the image.
71. The method of claim 58,

wherein the image acquisition device comprises a smarl
camera.
72. The method of claim 58,

wherein the image acquisition device comprises an image
acquisition board coupled to or comprised in a com-
puter system.

73. The method of claim 1,

wherein the plurality of operations comprises a plurality
of motion control operations that implement a motion
control functiomn;

wherein the hardware device is a motion control device;

wherein said configuring the hardware device to execute
at least a portion of the prototype comprises configur-
ing the motion control device to perform the motion
control function.

74. The method ol claim 73, further comprising:

programmatically generating a program based on the
prototype, wherein the program implements the motion
control function;



US 2002/0186245 Al

wherein said configuring the motion control device to
perform the motion control function comprises deploy-
ing at least a portion of the program on the motion
control device,

75. The method of claim 74,

wherein the motion control device includes a program-
mable hardware element;

wherein said deploying at least a portion of the program
on the motion control device comprises:

programmatically generating a hardware description
based on the at least a portion ol the program,
wherein the hardware description describes a hard-
ware implementation of the at least a portion of the
program; and

configuring the programmable hardware element in the
motion control device utilizing the hardware descrip-
tion, wherein after said configuring, the program-
mable hardware clement implements a hardware
implementation of the at least a portion of the
program.
76. The method of claim 73,

wherein the motion control device includes a program-
mable hardware clement;

wherein said configuring comprises:

programmatically generating a hardware description
based on at least a portion of the prototype, wherein
the hardware description describes a  hardware
implementation of the at least a portion of the
prototype; and

configuring the programmable hardware element in the
motion control device utilizing the hardware descrip-
tion, wherein after said configuring, the program-
mable hardware element implements a hardware
implementation of the at least a portion of the
prototype.

77. The method of claim 73,

wherein the motion control device includes a program-
mable hardware element;

wherein said configuring comprises:

programmatically generating a program based on at
least a portion of the prototype;

programmatically generating a hardware description
based on at least a portion of the program, wherein
the hardware description describes a  hardware
implementation of the at least a portion of the
program; and

configuring the programmable hardware element in the
motion control device utilizing the hardware descrip-
tion.

78. The method of claim 77, wherein said programmati-
cally generating a program comprises programmaltically
generating a graphical program based on the prototype,
wherein the graphical program comprises a plurality of
interconnected nodes which visually indicate [unctionality
of the graphical program.
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79. The method of claim 73,

wherein the motion control device includes a processor
and memory;

wherein the memory of the motion control device slores
a prolotype execution engine that is executable to
execule a prototype;

wherein said configuring comprises storing the prototype
on the memory of the motion control device;

wherein the processor of the motion control device is
operable 1o execute the prototype execution engine 1o
execule the prototype.

80. The method of claim 73, further comprising:

the motion control device executing the motion control
function to control movement of an object.
81. The method of claim 80, further comprising:

the motion control device acquiring an image of the
object;

the motion control device analyzing the image;

wherein the motion control device controlling movement
of the object is based on said analyzing the image.
82. The method of claim 73,

wherein the motion control device comprises a motion
control board coupled to or comprised in a computer
system.

83. The method of claim 1,

wherein the plurality of operations comprises a plurality
of data acquisition (DAQ) operations that implement a
data acquisition function;

wherein the hardware device is a DAQ device;

wherein said configuring the hardware device to execute
at least a portion of the prototype comprises configur-
ing the DAQ device to perform the data acquisition
function.

84. The method of claim 83, further comprising:

programmaltically generating a program based on the
prototype, wherein the program implements the data
acquisition function;

wherein said configuring the DAQ device to perform the
data acquisition function comprises deploying at least a
portion of the program on the DAQ device.

85. The method of claim 84,

wherein the DAQ device includes a programmable hard-
ware element;

wherein said deploying at least a portion of the program
on the DAQ device comprises:

programmatically generating a hardware description
based on the at least a portion of the program,
wherein the hardware description describes a hard-
ware implementation of the at least a portion of the
program; and

configuring the programmable hardware element in the
DAQ device utilizing the hardware description,
wherein after said configuring, the programmable
hardware element implements a hardware imple-
mentation of the at least a portion of the program.
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86. The method of claim 83,

wherein the DAQ device includes a programmable hard-
ware clement;

wherein said configuring comprises:

programmatically generating a hardware description
based on at least a portion of the prototype, wherein
the hardware description describes a hardware
implementation of the at least a portion of the
prototype; and

configuring the programmable hardware element in the
DAQ device utilizing the hardware description,
wherein after said configuring, the programmable
hardware element implements a hardware imple-
mentation of the at least a portion of the prototype.

87. The method of claim 83,

wherein the DAQ device includes a programmable hard-
ware element;

wherein said configuring comprises:

programmatically generaling a program based on at
least a portion of the prototype;

programmatically generaling a hardware description
based on at least a portion of the program, wherein
the hardware description describes a  hardware
implementation of the at least a portion of the
program; and

configuring the programmable hardware element in the
DAQ device utilizing the hardware description.

88. The method of claim 87, wherein said programmati-
cally generating a program comprises programmalically
generating a graphical program based on the prototype,
wherein the graphical program comprises a plurality of
interconnected nodes which visually indicate functionality
ol the graphical program.

89. The method of claim 83,

wherein the DAQ device includes a processor and
memory;

wherein the memory of the DAQ device stores a proto-
type execution engine that is executable to execute a
protolype;

wherein said configuring comprises storing the prototype
on the memory of the DAQ device;

wherein the processor of the DAQ device is operable to
execute the prototype execution engine to execute the
protolype.

90. The method of claim 83, further comprising:

the DAQ device executing the data acquisition function to
acquire measurement data from an object.
91. The method of claim 83,

wherein the DAQ device comprises a DAQ board coupled
to or comprised in a compuler system.
92. A computer-implemented method for configuring a
hardware device to execute a sequence ol operations, the
method comprising:

displaying a graphical user interface (GUI) that provides
access 10 a set of operations;
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receiving user input to the graphical user interface speci-
fying the sequence of operations;

storing information representing the specified sequence of
operations in a data structure in response o said
receiving user input specifying the sequence of opera-
tions; and

configuring the hardware device to execute the sequence
of operations.
93. The method of claim 92,

wherein said receiving user input to the graphical user
interface specifying the sequence of operations does
not include receiving user input specifying program-
ming language code to implement the sequence of
operalions;

wherein the information stored in the data structure does
not comprise programming language code.
94. The method of claim 92,

wherein the hardware device includes a programmable
hardware element,

wherein said configuring comprises:

programmatically generating a hardware description
based on at least a portion of the prototype, wherein
the hardware description describes a hardware
implementation of the at least a portion of the
prototype; and

configuring the programmable hardware element in the
hardware device utilizing the hardware description,
wherein afler said configuring, the programmable
hardware clement implements a hardware imple-
mentation of the at least a portion of the prototype.

95. The method of claim 92, further comprising:

programmaltically generating a program based on the
sequence ol operations, wherein the program imple-
ments functionality specified by the sequence of opera-
tons;

wherein said configuring the hardware device 1o execute
the sequence of operations comprises deploying at least
a portion of the program on the hardware device.

96. The method of claim 95,

wherein said programmatically generating the program
based on the sequence of operations comprises pro-
grammatically generating the program without receiv-
ing user input during said generating.

97. The method of claim 95, further comprising:

modifying the generated program in response lo user
input after generating the program;

wherein said deploying comprises deploying at least a
portion of the modified program on the hardware
device.

98. The method of claim 95,

wherein said programmatically generating the program
comprises:
programmatically generaling a lext-based program
based on the sequence of operations;

compiling the text-based program to produce an
executable program;
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40

wherein said deploying at least a portion of the program
on the hardware device comprises deploying at least a
portion of the executable program on the hardware
device.

99. The method of claim 95,

wherein said programmaltically generating the program
comprises programmalically generating a graphical
program based on the sequence of operations;

wherein said deploying at least a portion of the program
on the hardware device comprises deploying at least a
portion of the graphical program on the hardware
device.

100. The method of claim 99,

wherein the graphical program comprises a plurality of
interconnected nodes that visually indicate functional-
ity of the graphical program.

101. The method of claim 99,

wherein the graphical program comprises a graphical data
flow program.
102. A computer-implemented method for configuring a
hardware device to execule a prototype, the method com-
prising:

creating the prototype in response o user input, wherein
the prototype specifies execution functionality;

programmatically generating a program based on the
prototype, wherein the program implements the func-
tionality specified by the prototype; and

deploying at least a portion of the program on the hard-
ware device.
103. The method of claim 102,

wherein the prototype comprises a plurality of executable
operations;

wherein the prototype is created without requiring user
programming,.
104. The method of claim 102, further comprising:

displaying a graphical user interface (GUI) that provides
access 1o a set of operations; and

receiving user inpul to the graphical user interface speci-
fying a plurality of operations;

wherein the prototype comprises the plurality of opera-
tions;

wherein said programmatically generating the program
based on the prototype comprise programmatically
generaling a program that implements the plurality of
operations.
105. A computer-implemented method for configuring an
image acquisition device to perform an image processing
function, the method comprising:

displaying a graphical user interface (GUI) that provides
GUI access 1o a set of image processing operations;

receiving user inpult to the graphical user interface speci-
fying a sequence of the image processing operations,
wherein the sequence of image processing operations
specifies the image processing function; and
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configuring the image acquisition device to perform at
least a subset of the sequence of image processing
operations after said specifying the sequence of image
processing operations,

106. The method of claim 105, further comprising:

programmatically generating a program based on the
sequence ol image processing operations, wherein the
program implements the image processing function;

wherein said configuring the image acquisition device to
perform the at least a subset of the sequence of image
processing operations comprises deploying at least a
portion of the program on the image acquisition device.
107. The method of claim 105,

wherein the image acquisition device includes a program-
mable hardware element;

wherein said configuring comprises:

programmatically generating a hardware description
based on at least a portion of the prototype, wherein
the hardware description describes a  hardware
implementation of the at least a portion of the
prototype; and

configuring the programmable hardware element in the
image acquisition device utilizing the hardware
description, wherein after said configuring, the pro-
grammable hardware element implements a hard-
ware implementation of the at least a portion of the
prototype.
108. The method of claim 105,

wherein the image acquisition device includes a program-
mable hardware element;

wherein said configuring comprises:

programmatically generating a program based on at
least a portion of the prototype;

programmatically generating a hardware description
based on at least a portion of the program, wherein
the hardware description describes a  hardware
implementation of the at least a portion of the
program; and

configuring the programmable hardware element in the
image acquisition device utilizing the hardware
description.

109. The method of claim 108, wherein said generating a
program comprises generating a graphical program based on
the prototype, wherein the graphical program comprises a
plurality of interconnected nodes which visually indicate
functionality of the graphical program.

110. The method of claim 105,

wherein the image acquisition device includes a processor
and memory;

wherein the memory of the image acquisition device
stores a prototype execution engine that is executable to
execule a prototype;

wherein said configuring comprises storing the prototype
on the memory of the image acquisition device;
wherein the processor of the image acquisition device is

operable to execute the prototype execution engine to
execute the prototype.
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111. The method of claim 105, further comprising:

the image acquisition device acquiring an image of an
object; and

the image acquisition device performing the at least a
subset of the sequence of image processing operations
to perform the image processing function on the image.

112. The method of claim 111, further comprising:

the image acquisition device receiving an image present
signal;

wherein the image acquisition device acquires the image
of the object in response (o receiving the image present
signal.

113. The method of claim 111, further comprising:

the image acquisition device performing a control opera-
tion after said performing the image processing func-
tion on the image.

114. The method of claim 111, Further comprising:

the image acquisition device generating a pass/fail indi-
cation after said performing the image processing func-
tion on the image.

115. The method of claim 111,

wherein the image acquisition device is coupled to a
camera; and

wherein said image acquisition device acquiring an image
of an object comprises the camera acquiring the image
of the object and the image acquisition device receiving
and storing the image.

116. The method of claim 111,

wherein said image acquisition device performing further
COmprises:

the image acquisition device determining characteris-
tics of the image after performing the image pro-
cessing function; and

the image acquisition device performing an operation
based on the determined characteristics of the image.
117. The method of claim 105,

wherein the image acquisition device comprises a smart
camera.
118. The method of claim 105,

wherein the image acquisition device comprises an image
acquisition board coupled to or comprised in a com-
puter system.
119. A computer-implemented method for configuring a
motion control device to perform a motion control function,
the method comprising:

displayving a graphical user interface (GUI) that provides
GUIT access to a sel of motion control operations;

receiving user inpult to the graphical user interface speci-
fying a sequence of the motion control operations,
wherein the sequence of motion control operations
specifies the motion control function; and

configuring the motion control device to perform at least
a subset of the sequence of motion control operations
after said specifying the sequence ol motion control
operations.
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120. The method of claim 119, further comprising:

programmatically generating a program based on the
sequence of motion control operations, wherein the
program implements the motion control function;

wherein said configuring the motion control device to
perform the at least a subset of the sequence of motion
control operations comprises deploying at least a por-
tion of the program on the motion control device.
121. The method of claim 119,

wherein the motion control device includes a program-
mable hardware element;

wherein said configuring comprises:

programmatically generating a hardware description
based on al least a portion of the prototype, wherein
the hardware description describes a hardware
implementation of the at least a portion of the
prototype; and

configuring the programmable hardware element in the
motion control device utilizing the hardware descrip-
tion, wherein after said configuring, the program-
mable hardware element implements a hardware
implementation of the at least a portion of the
prototype.
122. The method of claim 119,

wherein the motion control device includes a program-
mable hardware element;

wherein said configuring comprises:

programmatically generating a program based on at
least a portion of the prototype;

programmatically generating a hardware description
based on at least a portion of the program, wherein
the hardware description describes a hardware
implementation of the at least a portion of the
program; and

configuring the programmable hardware element in the
motion control device utilizing the hardware descrip-
tion.

123. The method of claim 122, wherein said program-
matically generating a program comprises programmatically
generating a graphical program based on the prototype,
wherein the graphical program comprises a plurality of
interconnected nodes which visually indicate functionality
of the graphical program.

124. The method of claim 119,

wherein the motion control device includes a processor
and memory;

wherein the memory of the motion control device stores
a prototype execution engine that is executable to
execule a prototype;

wherein said configuring comprises storing the prototype
on the memory of the motion control device;

wherein the processor of the motion control device is
operable to execute the prototype execution engine to
execute the prototype.
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125. The method of claim 119, further comprising;

the motion control device executing the motion control
function to control movement of an object.

126. The method of claim 125, further comprising:

the motion control device acquiring an image of the
object;

the motion control device analyzing the image;

wherein said motion control device controlling movement

of the object is based on said analyzing the image.
127. The method of claim 119,

wherein the motion control device comprises a motion
control board coupled to or comprised in a computer
system.
128. A computer-implemented method for configuring a
data acquisition (DAQ) device to perform a data acquisition
function, the method comprising:

displaying a graphical user interface (GUI) that provides
GUI access to a set of data acquisition operations;
receiving user inpul to the graphical user interface speci-
fving a sequence of the data acquisition operations,
wherein the sequence of data acquisition operations
specifies the data acquisition function; and
configuring the DAQ device to perform at least a subset
of the sequence of data acquisition operations after said
specifying the sequence of data acquisition operations.
129. The method of claim 128, further comprising:

programmatically generating a program based on the
sequence of data acquisition operations, wherein the
program implements the data acquisition function;

wherein said configuring the DAQ device to perform the
at least a subset of the sequence of data acquisition
operations comprises deploying at least a portion of the
program on the DAQ device.

130. The method of claim 128,

wherein the DAQ device includes a programmable hard-
ware element;
wherein said configuring comprises:
programmaltically generating a hardware description
based on at least a portion of the prototype, wherein
the hardware description describes a  hardware
implementation of the at least a portion of the
prototype; and
configuring the programmable hardware element in the
DAQ device utilizing the hardware description,
wherein after said configuring, the programmable
hardware element implements a hardware imple-
mentation of the at least a portion of the prototype.
131. The method of claim 128,
wherein the DAQ device includes a programmable hard-
ware element;
wherein said configuring comprises:
programmatically generating a program based on al
least a portion of the prototype;
programmatically generating a hardware description
based on at least a portion of the program, wherein
the hardware description describes a hardware
implementation of the at least a portion of the
program; and
configuring the programmable hardware element in the
DAQ device utilizing the hardware description.
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132. The method of claim 131, wherein said program-
matically generating a program comprises programmatically
generating a graphical program based on the prototype,
wherein the graphical program comprises a plurality of
interconnected nodes which visually indicate functionality
of the graphical program.

133. The method of claim 128,

wherein the DAQ device includes a processor and
memory;

wherein the memory of the DAQ device stores a proto-
type execution engine that is exccutable to execute a
prototype;

wherein said configuring comprises storing the prototype
on the memory of the DAQ device;

wherein the processor of the DAQ device is operable to
execule the protolype execution engine to execute the
prototype.

134. The method of claim 128, further comprising:

the DAQ device performing the data acquisition function
to acquire measurement data from an object.
135, The method of claim 128,

wherein the DAQ device comprises a DAQ board coupled
to or comprised in a computer system.
136. A system comprising:

a compuler system comprising a processor, memory, and
a display;

a hardware device coupled to the computer system,
wherein the hardware device includes a functional unit
that is configurable based on a program;

wherein the memory of the computer system stores a
prototype including one or more operations specifying
a function;

wherein the memory of the computer sysiem also stores
software execulable to programmatically generate a
program based on the prototype, wherein the generated
program implements the [unction;

wherein the memory of the computer system also stores
soltware executable to configure the functional unit of
the hardware device based on the generated program.
137. The system of claim 136,

wherein the functional unit comprises a second processor
and a second memory;

wherein the software is executable by the processor in the
computer system to transfer the generaled program to
the second memory on the hardware device; and

wherein the second processor in the hardware device is
operable to execule the generated program from the
second memory.

138. The system of claim 136,

wherein the functional unit comprises a second processor
and a second memory;

wherein said programmatically generating a program
based on the prototype comprises programmatically
generating a graphical program based on the prototype;
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wherein the memory of the computer system also stores
software executable to: 1) generate a text-based pro-
gram based on the generated graphical program,
wherein the text-based program implements function-
ality of the graphical program, and 2) transfer the
text-based program to the second memory on the
hardware device; and

wherein the second processor in the hardware device is
operable lo execute the text-based program from the
second memory.

139. The system of claim 136,

wherein the functional unil comprises a programmable
hardware element;

wherein the memory of the computer system also stores
software executable to generate a hardware description
based on the generated program and configure the
programmable hardware element based on the hard-
ware description, wherein after being configured the
programmable hardware element implements a hard-
ware implementation of the generated program,
wherein the programmable hardware element in the
hardware device is executable to perform the function
specified by the prototype.

140. The system of claim 136,

wherein the functional unit comprises a second processor,
a second memory, and a programmable hardware ele-
ment,

wherein the software is executable by the processor in the
computer system lo:

transfer a first portion of the generated program to the
second memory on the hardware device;

generate a hardware description based on a second
portion of the generated program, wherein the hard-
ware description describes a hardware implementa-
tion of the generated program; and

configure the programmable hardware element in the
hardware device utilizing the hardware description,
wherein after said configuring the programmable
hardware element implements a hardware imple-
mentation of the second portion of the generated
program;

wherein the second processor in the hardware device is
operable to execute the first portion of the generated
program from the second memory; and

wherein the programmable hardware clement in the hard-
ware device is operable to implement the second por-
tion of the generated program.

141. The system of claim 140,

wherein the first portion of the generated program imple-
ments the [unction specified by the prototype, and
wherein the second portion of the generated program
comprises a control portion.

142. The system of claim 140,

wherein the first portion of the generated program com-
prises a control portion, and wherein the second portion
of the generated program implements the function
specified by the prototype.

143. The system of claim 136,

wherein the functional unit comprises a second processor,
a second memory, and a programmable hardware ele-
ment;
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wherein said programmatically generating a program
based on the prototype comprises programmatically
generating a graphical program based on the prototype;

wherein the software is executable by the processor in the
computer system to:

generate an executable program based on a first portion
of the graphical program, wherein the executable
program implements functionality of the graphical
program;

transfer the executable program to the second memory
on the hardware device;

generale a hardware description based on a second
portion of the graphical program, wherein the hard-
ware description describes a hardware implementa-
tion of the graphical program; and

configure the programmable hardware element in the
hardware device utilizing the hardware description,
wherein after said configuring, the programmable
hardware clement implements a hardware imple-
mentation of the second portion of the graphical
program;

wherein the second processor in the hardware device is
operable to execule the executable program from the
second memory; and

wherein the programmable hardware element in the hard-
ware device is operable to implement the second por-
tion of the graphical program.

144. The system of claim 143,

wherein the first portion of the graphical program imple-
ments the function specified by the prototype, and
wherein the second portion of the graphical program
comprises a control portion.

145. The system of claim 143,

wherein the [irst portion of the graphical program com-
prises a control portion, and wherein the second portion
of the graphical program implements the [unction
specified by the prototype.

146. The system of claim 136,

wherein the hardware device includes a second processor,
a third processor, and at least one memory; and

wherein the second processor in the hardware device is
operable to execute a first portion ol the generated
program from the at least one memory and the third
processor in the hardware device is operable to execute
a second portion of the generated program from the at
least one memory.,

147. The system of claim 136,

wherein the computer system further comprises a user
mnput device for receiving user input;

wherein the memory of the computer system also stores
soltware executable to create the prototype in response
to user inpult.

148. The system of claim 147,

wherein the user input specifies the one or more opera-
tions of the prototype.
149. The system of claim 147,

wherein the software is executable by the processor in the
computer system Lo create the prototype without receiv-
ing user input specifying programming language code.
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150. The system of claim 136,

wherein the hardware device comprises an image acqui-
sition device, wherein the image acquisition device
includes: an input for acquiring an image;

wherein the one or more operations comprise one or more
image processing operations specifying an image pro-
cessing function;

wherein after configuring the functional unit of the image
acquisition device based on the generated program, the
image acquisition device is executable to perform the
image processing function on an image.

151. The system of claim 150,

wherein the image acquisition device is operable 1o
receive an image present signal; and

wherein the image acquisition device is operable to
acquire an image of an object in response 10 receiving
the image present signal.

152. The system of claim 150,

wherein the image acquisition device is operable to per-
form a control operation after executing to perform the
image processing function on the image.

153. The system of claim 150,

wherein the image acquisition device is operable to gen-
erale a pass/fail indication after executing to perform
the image processing function on the image.

154. The system of claim 150,

wherein the image acquisition device is coupled 1o a
camera; and

wherein the image acquisition device is operable to
receive and store an image acquired from the camera.
155. The system of claim 150,

wherein the image acquisition device is operable 1o deter-
mine characteristics of the image after performing the
image processing function; and

wherein the image acquisition device is operable to per-
form an operation based on the determined character-
istics of the image.

156. The system of claim 150,

wherein the image acquisition device comprises a smarl
camera.
157. The system of claim 150,

wherein the image acquisition device comprises an image
acquisition board coupled to or comprised in a com-
puler system.

158. The system of claim 136,

wherein the hardware device comprises a motion control
device;

wherein the one or more operations comprise one or more
motion control operations specifying a motion control
function;

wherein after configuring the functional unit of the motion
control device based on the generated program, the
motion control device is operable to perform the
motion control function to control movement of an
object.

159. The system of claim 158,

wherein the motion control device comprises a motion

control board coupled to or comprised in a computer
system.
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160. The system of claim 136,

wherein the hardware device comprises a data acquisition
(DAQ) device;

wherein the one or more operations comprise one or more
data acquisition operations specifying a data acquisi-
tion function;

wherein after configuring the functional unit of the DAQ
device based on the generated program, the DAQ
device is operable to perform the data acquisition
function to acquire measurement data from an object.
161. The system of claim 160,

wherein the DAQ device comprises a DAQ board coupled
1o or comprised in a computer system.
162. The system of claim 136,

wherein the hardware device is coupled to the computer
system over a network; and

wherein the computer system is operable to deploy the
generaled program over the network to the hardware
device.

163. A system comprising:

a computer system comprising a processor, memory, and
a display;

an image acquisition device coupled to the computer
system, wherein the image acquisition device includes:

an input for acquiring an image;

a functional unit that is configurable based on a pro-
gram;

wherein the memory of the computer sysiem stores a
prototype including one or more image processing
operations specifying an image processing function;

wherein the memory of the computer system also stores
software executable to programmatically genecrate a
program based on the prototype, wherein the generated
program implements the image processing function;

wherein the memory of the computer system also stores
software executable to configure the functional unit of
the image acquisition device based on the generated
program;

wherein after configuring the functional unit of the image
acquisition device based on the generated program, the
image acquisition device is executable to perform the
image processing function on an image.

164. The system of claim 163,

wherein the functional unit comprises a programmable
hardware element;

wherein the memory of the computer system also stores
software executable to generate a hardware description
based on the generated program and configure the
programmable hardware clement based on the hard-
ware description, wherein after being configured the
programmable hardware element implements a hard-
ware implementation of the generated program,
wherein the programmable hardware element in the
image acquisition device is executable to perform the
function specified by the prototype.
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165. The system of claim 163,

wherein said programmatically generating the program
based on the prototype comprises programmatically
generating a graphical program based on the prototype;

wherein the graphical program comprises a plurality of
interconnected nodes visually indicating the image
processing function.

166. The system of claim 163,

wherein the image acquisition device is operable 1o
receive an image present signal; and

wherein the image acquisition device is operable 1o
acquire an image of an object in response 1o receiving
the image present signal.

167. The system of claim 163,

wherein the image acquisition device is operable to per-
form a control operation after executing to perform the
image processing function on the image.

168. The system of claim 163,

wherein the image acquisition device is operable to gen-
erate a pass/fail indication after executing to perform
the image processing [unction on the image.

169. The system of claim 163,

wherein the image acquisition device is coupled to a
camera; and

wherein the image acquisition device is operable to
receive and store an image acquired from the camera.
170. The system of claim 163,

wherein the image acquisition device is operable to deter-
mine characteristics of the image after performing the
image processing function; and

wherein the image acquisition device is operable to per-
form an operation based on the determined character-
istics of the image.

171. The system of claim 163,

wherein the image acquisition device comprises a smarl
camera.
172. The system of claim 163,

wherein the image acquisition device comprises an image
acquisition board coupled to or comprised in a com-
puter system.

173. A syslem comprising:

a computer system comprising a processor, memory, and
a display;

a motion control device coupled to the computer system,
wherein the motion control device includes a functional
unit that is configurable based on a program;

wherein the memory of the compuler system stores a
prototype including one or more motion control opera-
tions specifying a motion control function;

wherein the memory of the computer system also stores
software executable to programmatically generate a
program based on the prototype, wherein the generated
program implements the motion control function;
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wherein the memory of the computer system also stores
software executable to configure the functional unit of
the motion control device based on the generated
program;

wherein after configuring the functional unit of the motion
control device based on the generated program, the
motion control device is executable to perform the
motion control function.

174. The system of claim 173,

wherein the functional unit comprises a programmable
hardware element;

wherein the memory of the computer system also stores
soltware executable 1o generate a hardware description
based on the generaled program and configure the
programmable hardware element based on the hard-
ware description, wherein after being configured the
programmable hardware element implements a hard-
ware implementation of the generated program,
wherein the programmable hardware element in the
motion control device is executable to perform the
function specified by the prototype.

175. The system of claim 173,

wherein said programmatically generating the program
based on the prototype comprises programmatically
generating a graphical program based on the prototype;

wherein the graphical program comprises a plurality of
interconnected nodes visually indicating the motion
control function.

176. The system of claim 173,

wherein the motion control device comprises a motion
control board coupled to or comprised in a computer
syslem.

177. A system comprising:

a compuler system comprising a processor, memory, and
a display;

a data acquisition (DAQ) device coupled to the computer
system, wherein the DAQ device includes a functional
unit that is configurable based on a program;

wherein the memory of the computer syslem stores a
prototype including one or more data acquisition opera-
tions specifying a data acquisition [unction;

wherein the memory of the computer system also stores
software executable to programmatically generate a
program based on the prototype, wherein the generated
program implements the data acquisition function;

wherein the memory of the computer system also stores
software executable to configure the functional unit of
the DAQ device based on the generated program;

wherein alter configuring the functional unit of the DAQ
device based on the generated program, the DAQ
device is executable to perform the data acquisition
function.

178. The system of claim 177,

wherein the functional unit comprises a programmable
hardware element;

wherein the memory of the computer system also stores
software executable to generate a hardware description
based on the generated program and configure the
programmable hardware element based on the hard-
ware description, wherein after being configured the
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programmable hardware element implements a hard-
ware implementation of the generated program,
wherein the programmable hardware element in the
DAQ device is executable to perform the function
specified by the prototype.

179. The system of claim 177,

wherein said programmatically generating the program
based on the prototype comprises programmatically
generating a graphical program based on the prototype;

wherein the graphical program comprises a plurality of
interconnected nodes visually indicating the data acqui-
sition function.

180. The system of claim 178,

wherein the DAQ device comprises a DAQ board coupled
to or comprised in a computer system.
181. A computer-implemented method for configuring a

programmable hardware element to execute a prototype, the
method comprising:

displaying a graphical user interface (GUI) that provides
access to a sel of operations;

receiving user inpult to the graphical user interface speci-
fving a plurality of operations, wherein the prototype
comprises the plurality of operations;

programmatically generating a hardware description
based on at least a portion of the prototype; and

configuring the programmable hardware element accord-
ing to the hardware description, wherein after said
configuring the programmable hardware element is
operable to implement at least a portion of the specified
operations.

182. The method of claim 181,

wherein said receiving user input to the graphical user
interface specifying the plurality of operations does not
require user programming.

183. The method of claim 181,

wherein said receiving user input to the graphical user
interface specifying the plurality of operations does not
include receiving user input specifying programming
language code to implement the plurality of operations.
184. The method of claim 181,

wherein said receiving user input to the graphical user
interface specifying the plurality of operations com-
prises receiving user inpul to the graphical user inter-
face specifying a sequence of operations.

185. The method of claim 181, further comprising:

storing information representing the specified plurality of
operations in a data structure in response o said
receiving user inpul specifying the plurality of opera-
tions.

186. The method of claim 185,

wherein the information does not comprise programming
language code.,
187. The method of claim 185,

wherein said receiving user input to the graphical user
interface specifying the plurality of operations com-
prises receiving user input to the graphical user inter-
face specifying parameter values for one or more
operations in the prototype;
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wherein said storing information representing the speci-
fied plurality of operations comprises storing the
parameter values;

wherein said configuring the programmable hardware
element to execute at least a portion of the specified
operations comprises configuring the programmable
hardware element to execute the at least a portion of the
operations according 1o the stored parameter values.
188. The method of claim 181,

wherein said programmatically generating the hardware
description based on the at least a portion of the
prototype comprises programmatically generating the
hardware description without receiving user input dur-
ing said generating.

189. The method of claim 181,

wherein said programmatically generating the hardware
description comprises:

programmatically generating a program based on the
prototype; and

programmatically generating the hardware description
based on the program.
190. The method of claim 189,

wherein the hardware description describes a hardware
implementation of the at least a portion of the program.
191. The method of claim 190,

wherein the program is a graphical program.
192. The method of claim 191,

wherein the graphical program comprises a plurality of
interconnected nodes which visually indicate function-
ality of the graphical program

193. The method of claim 189,

wherein the program includes a user interface portion;

wherein the method further comprises displaying the user
interface portion on a display during operation of the
programmable hardware element;

wherein the user interface portion is useable 1o perform
one or more of display output from and/or provide
input to the programmable hardware element.

194. The method of claim 193, further comprising:

receiving user input to the user interface portion on the
display to control the programmable hardware element
during operation of the programmable hardware ele-
ment.

195. The method of claim 193, further comprising:

compiling the user interface portion into executable code
for execution by a processor and storing the executable
code in a memory; and

the processor executing the executable code from the
memory to display the user interface portion on the
display.

196. The method of claim 195,

wherein the programmable hardware element is com-
prised in a hardware device;

wherein the hardware device includes the processor and
the memory; and



US 2002/0186245 Al

wherein the processor in the hardware device executes the
executable code from the memory to present the user
interface portion on the display during operation of the
programmable hardware element.

197. The method of claim 193,

wherein the programmable hardware element is com-
prised in a hardware device:

wherein said displaying the graphical user interface, said
receiving the user input to the graphical user interface,
and said configuring the hardware device are performed
by a first computer system;

wherein the hardware device is coupled to the first com-
puter system;

wherein the first computer system includes the processor
and the memory; and

wherein the first computer system executes the executable
code from the memory to present the user interface
portion on the display during operation of the program-
mable hardware ¢lement.

198. The method of claim 193,

wherein the programmable hardware element is com-
prised in a hardware device;

wherein said displaying the graphical user interface and
said receiving the user input to the graphical user
interface are performed by a first computer system;

wherein the hardware device is coupled to the first com-
puter system over a network; and

wherein the method further comprises the first computer
system displaying the user interface portion during
operation of the programmable hardware element in the
hardware device.

199. The method of claim 181, further comprising:

displaying a first user interface on a display during
operation of the programmable hardware clement,
wherein the first user interface is useable to perform
one or more ol display output {rom and/or provide
input to the programmable hardware element.

200. The method of claim 193,

wherein the first user interface operates as a front panel
for the programmable hardware element.
201. The method of claim 199, further comprising:

receiving user inpul to the first user interface on the
display to control the programmable hardware element
during operation of the programmable hardware cle-
ment.

202. The method of claim 199,

wherein the programmable hardware element is com-
prised in a hardware device;

wherein the hardware device includes a processor and the
memory; and

wherein the processor in the hardware device executes
executable code from the memory to present the first
user interface on the display during operation of the
programmable hardware element.
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203. The method of claim 199,

wherein the programmable hardware element is com-
prised in a hardware device;

wherein said displaying the graphical user interlace, said
receiving the user input to the graphical user interface,
and said configuring the programmable hardware ele-
ment are performed by a first computer system;

wherein the hardware device is coupled to the first com-
puter system; and

wherein the first computer system presents the first user
interface on the display during operation of the pro-
grammable hardware element.

204. The method of claim 199,

wherein the programmable hardware element is com-
prised in a hardware device;

wherein said displaying the graphical user interface and
said receiving the user input to the graphical user
interface are performed by a first computer system;

wherein the hardware device is coupled to the first com-
puter system over a network; and

wherein the method further comprises the first computer
system displaying the first user interface during opera-
tion of the programmable hardware clement in the
hardware device.

205. The method of claim 181,

wherein the programmable hardware element is com-
prised in a hardware device;

wherein said displaying the graphical user interface and
said receiving the user input to the graphical user
interface are performed by a first computer system;

wherein the hardware device is coupled to the first com-
puter system over a network; and

wherein said configuring the programmable hardware
clement according to the hardware description com-
prises the first computer system deploying the hardware
description over the network to the hardware device.
206. The method of claim 181,

wherein said programmatically generating the hardware
description comprises:

programmatically generating a graphical program
based on the prototype; and

programmatically generating the hardware description
based on the graphical program.
207. The method of claim 200,

wherein the graphical program comprises a plurality of
interconnected nodes that visually indicate functional-
ity of the graphical program.

208. The method of claim 2006,

wherein the graphical program comprises a graphical data
flow program.
209. The method of claim 181, further comprising:

for cach operation to be configured, displaying a graphical
panel including graphical user interface elements for
setting properties of the operation and receiving user
input to the graphical panel to set one or more prop-
erties of the operation.
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210. The method of claim 209, further comprising:

automatically displaying the graphical panel in response
to selecting the operation.
211. The method of claim 209, further comprising:

receiving user inpul requesting to configure a first opera-
tion; and

displaying a graphical panel for configuring the first
operation in response to the request.
212, The method of claim 181,

wherein the graphical user interface includes an area
which visually represents the plurality of operations
included in the prototype;

wherein the method further comprises:

for each operation added to the prototype, updating the
arca visually representing the plurality of operations
included in the prototype to illustrate the added
operation.
213. The method of claim 212,

wherein the area visually representing the plurality of
operations included in the prototype displays a plurality
of icons, wherein each icon visually indicates one of the
operations in the prototype;

wherein said updating the area visually representing the
plurality of operations included in the prototype to
illustrate the added operation comprises displaying a
new icon o visually indicate the added operation.
214. The method of claim 181,

wherein the graphical user interface displays a plurality of
buttons, wherein cach button is operable to add a new
operation (o the prototype in response (0 user input;

wherein said receiving user inpul to the graphical user
interface specifying the plurality of operations com-
prises receiving user inpul to the plurality of buitons to
specify the plurality of operations.

215. The method of claim 181,

wherein the plurality of operations comprise a sequence
of operations;

wherein the prototype comprises the sequence of opera-
Lions.
216. The method of claim 181, further comprising:

the programmable hardware element operating to perform
the at least a portion of the specified operations.
217. The method of claim 181,

wherein the plurality of operations comprises a plurality
of image processing operations that implement an
image processing function;

wherein after said configuring the programmable hard-
ware element is operable to perform the image pro-
cessing function.

218. The method of claim 217,

wherein the programmable hardware clement is com-
prised in an image acquisition device;
the method further comprising:
the image acquisition device acquiring an image of an
object; and

the image acquisition device operating to perform the
image processing function on the image.
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219. The method of claim 218, further comprising:

the image acquisition device receiving an image present
signal;

wherein the image acquisition device acquires the image
of the object in response to receiving the image present
signal.

220. The method of claim 218, further comprising:

the image acquisition device performing a control opera-
tion after said operating to perform the image process-
ing function on the image.

221. The method of claim 218, further comprising:

the image acquisition device gencrating a pass/fail indi-
cation alter said operating to perform the image pro-
cessing function on the image.

222. The method of claim 218,

wherein the image acquisition device is coupled to a
camera; and

wherein the image acquisition device acquiring an image
of an object comprises the camera acquiring the image
of the object and the image acquisition device receiving
and storing the image.

223. The method of claim 218,

wherein the image acquisition device operating further
comprises:
the image acquisition device determining characteris-
tics of the image after performing the image pro-
cessing function; and
the image acquisition device performing an operation
based on the determined characteristics of the image.
224. The method of claim 218,
wherein the image acquisition device comprises a smarl
camera.
225. The method of claim 218,
wherein the image acquisition device comprises an image
acquisition board coupled to or comprised in a com-

puter system.
226. The method of claim 181,

wherein the plurality of operations comprises a plurality
of motion control operations that implement a motion
control function;

wherein the programmable hardware element is com-
prised in a motion control device;

the method further comprising the motion control device
operating to perform the motion control function to
control movement of an object.

227. The method of claim 226,

wherein the motion control device comprises a motion
control board coupled to or comprised in a compuler
system.

228. The method of claim 181,

wherein the plurality of operations comprises a plurality
of data acquisition (DAQ) operations that implement a
data acquisition function;

wherein the programmable hardware element is com-
prised in a DAQ device;

wherein said configuring comprises configuring the pro-
grammable hardware element in the DAQ device to
perform the data acquisition function.
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229. The method of claim 228, further comprising:

the DAQ device performing the data acquisition function
1o acquire measurement data from an object.
230). The method of claim 228,

wherein the DAQ device comprises a DAQ board coupled
1o or comprised in a compuler system.
231. A computer-implemented method for configuring a
programmable hardware element to execute a prototype, the
method comprising:

displaying a graphical user interface (GUI) that provides
access to a set ol operations;

receiving user inpul to the graphical user interface speci-
fying a plurality of operations, wherein the prototype
comprises the plurality of operations;

programmatically generating a first program based on the
prototype; and

programmatically gencrating a hardware configuration
program based on the first program, wherein the hard-
ware configuration program specifies a hardware
description of the program; and

configuring the programmable hardware element accord-
ing to the hardware configuration program.

232. The method of claim 231,

wherein the hardware configuration program comprises a
net list.
233. The method of claim 231,

wherein the hardware configuration program comprises
instructions in a hardware description language.
234. The method of claim 231,

wherein the first program is a graphical program, wherein
the graphical program comprises a plurality of inter-
connected nodes which visually indicate functionality

of the program.
235. A computer-implemented method for configuring a
device to execule a prototype, wherein the device includes
a programmable hardware element, the method comprising:

displaying a graphical user interface (GUI) that provides
access 1o a set of operations;

receiving user input to the graphical user interface speci-
fying a plurality of operations, wherein the prototype
comprises the plurality of operations;

programmatically generating a hardware description
based on at least a portion of the prototype; and

configuring the programmable hardware element in the
device according to the hardware description, wherein
after said configuring the programmable hardware ele-
ment is operable to implement at least a portion of the
specified operations.
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236. A computer-implemented method for configuring a
device to execute a prototype, wherein the device includes
a programmable hardware element, wherein the device is
coupled to a computer system, the method comprising:

the computer system receiving user inputl specifying a
plurality of operations, wherein the prototype com-
prises the plurality of operations;

programmatically generating a hardware description
based on at least a portion of the prototype; and

configuring the programmable hardware clement in the
device according to the hardware description, wherein
after said configuring the programmable hardware ele-
ment is operable to implement at least a portion of the
specified operations.

237. Amemory medium comprising program instructions
for configuring a programmable hardware clement to
execule a prototype, wherein the program instructions are
executable to implement:

displaying a graphical user interface (GUI) that provides
access 1o a set of operations;

receiving user input to the graphical user interface speci-
fying a plurality of operations, wherein the prototype
comprises the plurality of operations;

programmatically generating a hardware description
based on at least a portion of the prototype; and

configuring the programmable hardware element accord-
ing to the hardware description, wherein after said
configuring the programmable hardware element is
operable to implement at least a portion of the specified
operations.

238. A computer system for configuring a programmable
hardware element to execute a prototype, wherein the pro-
grammable hardware element is comprised in a device
coupled to the computer system, wherein the computer
system comprises:

a display for displaying a graphical user interface (GUT)
that provides access to a set of operations;

a user input device for receiving user input to the graphi-
cal user interface specifying a plurality of operations,
wherein the prototype comprises the plurality of opera-
tions;

a memory medium which stores at least one software
program that is executable for:

programmatically generating a hardware description
based on at least a portion of the prototype; and

configuring the programmable hardware element in the
device according to the hardware description,
wherein after said configuring the programmable
hardware element is operable to implement at least a
portion of the specified operations.
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