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ABSTRACT

An automated system and method for programming ?eld

programmable gate arrays (FPGAs) is disclosed for imple
menting user-de?ned algorithms speci?ed in a high level
language. The system is particularly suited for use with
image processing algorithms and can speed up the process of
implementing and testing a fully written high-level user
de?ned algorithm to a matter of a few minutes, rather than
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an analyzer module and a mapper module. The analyzer

determines what logic components are required and their
interrelationships, and observes the relative timing between
the required components and their partial products. It also
ascertains when signal delays are required between selected
components. The mapper module utilizes the output from
the analyzer module and determines where the required
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logic components must be placed on a given target FPGA in

order to reliably route, without interference, the required
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interconnections between various components and U0. The
mapper includes means for evaluating alternative intercon

nection routes between logic components within the target
FPGA, and means for producing an optimized placement
and routing of the logic components and interconnections on
the target FPGA. The mapper also generates a low level
command listing as a source ?le that serves as an input ?le

for a conventional low-level FPGA programming tool. From
that input ?le, the tool is able to generate a hardware
gate-programming bitstream to be directed to the target
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AUTOMATED SYSTEM FOR DESIGNING AND
DEVELOPING FIELD PROGRAMMABLE GATE
ARRAYS

and poWer requirements so that it Will run successfully upon
the target FPGA. As is Well-knoWn, a high level user

generated design is typically speci?ed by a sequence of
matrix array or mathematic operations, including local pixel

CROSS-REFERENCE TO RELATED
APPLICATIONS

neighborhood operations (such as erosion, dilation, edge

[0001] This application is a divisional of US. patent
application Ser. No. 10/441,581 ?led May 19, 2003 entitled
“Automated System for Designing and Developing Field

multiplication; accumulation; exclusive-OR, etc.), lookup

Programmable Gate Arrays”, Which is hereby incorporated
in its entirety by this reference.
[0002] This application claims the bene?t of US. provi
sional patent application Ser. No. 60/381,295 ?led May 17,
2002 entitled “Automated System for Designing and Devel
oping Field Programmable Gate Arrays”, Which is hereby
incorporated in its entirety by this reference.
TECHNICAL FIELD

[0003]

This invention relates in general to systems and

detection, determination of medial axis, etc.) and other
forms of arithmetic or Boolean operations (e.g., addition,
table and shift register functions, and other functions like
convolution, autocorrelation, and the like. In order to be able
to handle all of this diverse logic, the individual logic blocks
used in the FPGAs are made to be fairly generic.

[0007] The problem in supporting all these applications
and functions is hoW to design recon?gurable hardWare
resources that provide the most effective use of general

purpose FPGA silicon for the speci?c image processing
tasks to Which a given FPGA is put to use. FPGAs are by
their very nature general purpose circuits that can be pro

grammed to perform many different functions, such as

methods for designing, developing and programming ?eld
programmable gate arrays (FPGAs), and in particular to
automated systems and methods for designing, developing

digital signal processing used in Wireless communication,

and programming FPGAs to implement a user-Written algo
rithm speci?ed in a high-level language for processing data

[0008] One expected bene?t of FPGAs, since they are
reprogrammable, is that they Would help eliminate the
cost/risk of ASIC development. One of the feW things really

vectors With one, tWo or more dimensions, such as often are

found in image processing and other computationally
intense applications.

encryption and decryption for communications over the
Internet, etc.

holding back the larger use of FPGAs in vision applications
has been the dif?culty in translating desired user-de?ned

image processing algorithms into hardWare, and the diffi
BACKGROUND

culty of updating those algorithms once they are in hard

[0004] There are knoWn bene?ts of using FPGAs for
embedded machine vision or other image processing appli

Ware. If there Were a development system for the design and

cations. These include processing image data at high frame
rates, converting and mapping the data and performing
image segmentation functions that Were all previously
handled by dedicated, proprietary processors. FPGAs are
Well-knoWn for having a much greater poWer to process
images, on the order of 10 to 100 times that of conventional

advanced microprocessors of comparable siZe. This is in part
a function of the fully programmed FPGA being set up as a

dedicated circuit designed to perform speci?c tasks and

programming of FPGAs that greatly simpli?ed the devel
opment of an image processing algorithm or other sequence
of desired operations into the bitstream coding required to
program FPGAs, this might Well open up opportunities for
Wider use of FPGAs in such applications as medical, auto
motive collision avoidance and commercial video.

[0009]

For example, in the medical area, many medical

imaging techniques have extremely high processing require
ments. FPGAs, assuming that they can be programmed With

essentially nothing else.

the desired sequence of complex image processing steps,
should produce smaller, faster and less expensive versions of

[0005] Another bene?t of FPGAs is their loW poWer
consumption and loW Weight. FPGAs are very suitable for
embedded avionic applications, in-the-?eld mobile vision

ASIC devices be developed. In addition, many neW appli
cations Will become possible for the ?rst time, because

applications and severe-duty applications, such as mobile
vehicles, including those Which are off-road, Where severe

bumps and jolts are commonplace. These applications are
very demanding in that they have severe space, Weight, and
poWer constraints. Modern FPGAs noW have the processing
capacity on a par With dedicated application-speci?c inte
grated circuits (ASICs), and are or can be made very rugged.

[0006]

FPGAs have groWn in popularity because they can

be programmed to implement particular logic operations and
reprogrammed easily as opposed to an application speci?c

integrated circuit (hereafter ASIC) Where the functionality is
?xed in silicon. But this very generic nature of FPGAs,
deliberately made so they can be used in many different
applications, is also a drawback due to the many dif?culties

associated With efficiently and quickly taking a high level
design speci?ed by a user, and translating it into a practical
hardWare design that meets all applicable timing, ?oor plan

existing image processing devices that presently require
FPGAs can give speedups of one, tWo and even three orders
of magnitude over PCs, at a reasonable price. Automotive
vision applications that are on the horiZon include proposals
to help enhance driver situational aWareness. Possible auto

motive vision applications include systems to assist With

lane-changes, to provide backup obstacle Warnings, and to
provide forWard collision Warnings.
[0010] Commercial video FPGAs, if they Were much
easier to design, program and test, Would likely ?nd much
Wider use in video transcoders, compression, encryption and
standards support, particularly in areas like MPEG-4. Many
video applications are already being done With FPGAs, but
the design, development and testing of such FPGAs is at
present very labor-intensive in terms of designer and engi
neering services, Which drives up unit costs and sloWs doWn
the transfer of proposed designs into actual commercial
embodiments.
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SUMMARY

[0011] In light of the foregoing limitations and needs, the
present invention provides an FPGA-based image process

ing platform architecture that is capable dramatically speed

tools to produce bitstreams. These HGP ?les are used as a

loW-level input ?le containing the code that speci?es, to
conventional loW-level programming (LLP) softWare tools
available from the FPGA manufacturer (that is, the bitstream
generators used to hard code the FPGAs), the required

ing up the development of user-de?ned algorithms, such as
those found in imaging applications. As a convenient short
hand reference, since the present invention is assigned to
Pixel Velocity, Inc. of Ann Arbor, Mich. (“PVI”), the system

connections to be programmed into the target FPGA. These
LLP softWare tools are capable of reading and acting upon
the commands represented by the HGP ?les in order to

of the present invention Will at times be referred to as the

method and systems of the present invention are preferably
arranged to automatically apply, upon user command, the
HGP ?le output they produce to these LLP softWare tools,
thus completing the programming of the FPGA in a fully

PVI system, and the methods of the present invention
discussed therein Will at times be referred to as the PVI

methods.

[0012] Generally, the present invention pertains to an
automated system for programming ?eld programmable
gate arrays (FPGAs) to implement a desired algorithm for
processing data vectors With one, tWo or more of the

?eld-program the FPGA using conventional techniques. The

automatic manner.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The draWings form an integral part of the descrip

dimensions. The PVI system automates the process of

tion of the preferred embodiments and are to be read in

determining What logic components are necessary and pro
duces an optimiZed placement and routing of the logic on the

the same or similar components or features in the various

FPGA. With this invention, FPGA programming develop
ment Work that used to take Weeks or months, in terms of
trying to implement and test a previously-created user
de?ned algorithm, such as a sequence of steps to be carried
out as part of an image processing application in a machine
vision system, can noW be completed in less than one day.

[0013] As is Well-known, Verilog and VHDL are lan
guages for describing hardWare structures in development
systems for Writing and programming FPGAs. In the meth
ods and systems of the present invention, Verilog is used to
develop What PVI refers to as “gateWare” Which provides
speci?c hardWare-level interfaces to things like image sen

conjunction thereWith. Like reference numerals designate

Figures, Where:

[0016]

FIG. 1 is a simpli?ed block diagram of a knoWn

FPGA.

[0017] FIGS. 2, 3 and 4 are further simpli?ed the block
diagrams illustrating a knoWn style of FPGA, Where FIG. 2
shoWs the overall layout of the FPGA, and also shoWs one
of its speci?c sections enlarged to reveal the arrangement

details of CLBs, block RAM and multiplier logic therein,
[0018] FIG. 3 is an enlargement of a single CLB unit
shoWing its sWitch matrix and its associated slices, Which

contain still further units of con?gurable logic therein, and

sors and other U0. The end user evokes this functionality in

much the Way prede?ned library functions are used in
softWare today. The PVI system focuses solely on the image

[0019]

FIG. 4 is a enlarged vieW of one of the slices,

shoWing its RAM, registers, shift registers and lookup

processing domain. At the application level, a user’s image

tables, all of Which are programmable.

processing algorithm is developed and veri?ed in C++ on a
PC. An image class library and overloaded operators are
preferably provided as part of the PVI system of the present

[0020] FIG. 5 is a simpli?ed block diagram shoWing the
sequence of operations used by the system and methods of
the present invention, starting With a user-de?ned algorithm

invention to give users a Way of expressing algorithms at a

tion to infer a "correct-by-construction” FPGA hardWare

on the left, Whose content is entered into an analyZer
module, Whose output in turn is entered into a mapper
module, Whose output is a loW level source code that can be

image data?oW processor automatically.

used to program an FPGA.

[0014] In the method and systems of the present invention,

[0021] FIG. 6 is a ?owchart illustrating the overall
method of the present invention.

high level. The PVI system uses that high level representa

the dedicated image processor is derived from the user’s
source code and merged With prebuilt “gateWare” automati
cally, as part of the process of producing one or more
loW-level ?les that may be referred to as hardWare-gate

programming ?les (or HGP ?les for short) for programming
the FPGA(s) using knoWn loW-level softWare tools available
from each FPGA manufacturer. The user thus ends up With
a machine that poWers up and runs their algorithm on a

continuous stream of images. A key advantage is that
algorithm developers can Write and verify algorithms in a
familiar and appropriate Way, then produce a “push-button”
dedicated machine in only minutes, fabricated to do just that
algorithm. In other Words, the PVI system of the present

invention analyZes the imaging algorithm code speci?ed by
the end user, that is the algorithm developer, and, by
applying a sequence of steps, Which are further described
beloW, generates a hardWare-gate-programming ?le com

posed entirely of conventional commands and instructions
that can be interpreted by loW-level FPGA programming

[0022] FIG. 7 is another simpli?ed by block diagram like
that shoWn in FIG. 5 Which represents the major steps
utiliZed in methods of the present invention.

[0023] FIG. 8 is a simpli?ed layout shoWing a preferred
serpentine arrangement for a succession of image processing
operations Which have been mapped onto a portion of the
overall FPGA shoWn in FIG. 2.

[0024]

FIG. 9 is a more detailed vieW of the simpli?ed

layout of FIG. 8 shoWing hoW the individual operations of
the user-de?ned sequence may be mapped onto CLBs typi
cally betWeen tWo separate sections of RAM Which are used
as delay lines in order to ensure that proper timing is

maintained betWeen partial products of the image processing
sequence.

[0025]

FIG. 10 is a simpli?ed perspective vieW of a

presently preferred arrangement of printed circuit boards
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(PCBs), called a multi-processor stack, wherein each of the
PCBs preferably contains at least one FPGA, and also may

typically have associated thereWith driver circuits, input/
output circuits, poWer circuits and the like in order to ensure
proper operation of the FPGA, and also has in-line connec

tors represented by the elongated blocks for interconnecting
the PCBs together, and for receiving to input/output signals
at the top and bottom of the stack, and also shoWing, on the
top PCB, an image sensor and a miniature focusing lens in
the center of the top board.

understanding that the present disclosure is to be considered
as an exempli?cation of the principles of the invention and

the associated functional speci?cations required for its
implementation. HoWever, it should be appreciated that the
systems and methods of the present invention may be

implemented in still different con?gurations and forms, and
that other variations Within the scope of the present inven
tion are possible based on the teachings herein.

[0038]

Prior to discussing the embodiments of the present

invention, it is useful to look more closely at some of the

[0026] FIG. 11 is a block diagram shoWing the interrela
tionship and Wiring connections betWeen the four PCBs in
the stack of FIG. 10, Which illustrates the signal ?oW paths

knoWn characteristics of existing design, development and
programming systems used to provide hardWare program
ming bitstreams to program FPGAs. Typically, such design

betWeen the individual PCBs and also illustrates a Worksta

and development systems are implemented on Workstations
operating under any suitable operating system, such as
UNIX, WindoWs, Macintosh or Linux. Such development

tion being connected to the microcontroller PCB, Which
Workstation passes the bitstream from the loW level pro
gramming tool located on the Workstation to the FPGA/

systems typically Will have suitable applications softWare

program ?ash/RAM microcontroller, Which thereafter
handles the loading of the bitstream after poWer up to the

such as ISE development system from Xilinx, and C++ or

Java programming compilers, to alloW programs Written by

individual FPGAs.

users to run thereon.

[0027] FIG. 12 is a simpli?ed perspective vieW of a digital
camera With its generally rectangular enclosure, having an

[0039] Due to advancing semiconductor processing tech
nology, integrated circuits have greatly increased in func

external lens on its left surface, Which external lens is used
to project a visual image onto the image sensor located on
the top PCB of the FIG. 10 stack shoWn located Within the

tionality and complexity. For example, programmable

camera enclosure.

ever-increasing numbers of functional blocks and more
?exible interconnect structures to provide greater function

[0028]

FIG. 13 is a simpli?ed block diagram of a ?rst

devices such as ?eld programmable gate arrays (FPGAs)

and programmable logic devices (PLDs), can incorporate

possible target architecture for the system of the present
invention, namely a multi-pipeline raster sub-array.

ality and ?exibility.

[0029]

con?gurable logic blocks (CLBs) surrounded by input

FIG. 14 is a simpli?ed block diagram of a second

possible target architecture for the system of the present
invention, namely a parallel array processor.
[0030]

FIG. 15 is a simpli?ed block diagram of a third

possible target architecture for the system of the present
invention, namely a pipeline raster sub-array processor.
[0031] FIG. 16 is a more detailed diagram shoWing some
of the details of the FIG. 15 target architecture.
[0032]

FIG. 17 illustrates on the bottom half thereof a

Sobel operation data?oW produced by the analyZer module
of the system of the present invention, and on the top half
thereof illustrates the mapping of that Sobel operation
data?oW onto a multi-pipeline sub-array processor.
[0033] FIG. 18 is an illustration of high-level source code,
de?ned by an end user, and its translation into an associated

[0040] A typical FPGA comprises a large plurality of
output blocks and interconnectable through a routing struc
ture. The ?rst FPGA is described in US. reissue Pat. Re No.

34,363 to Freeman, and is incorporated herein by reference.
The CLBs and routing structure of the FPGA are arranged in
an array or in a plurality of sub-arrays Wherein respective
CLBs and associated portions of the routing structure are
placed edge to edge in What is commonly referred to as a
tiled arrangement. Such a tiled arrangement is described in
US. Pat. No. 5,682,107 to Tavana et al., the disclosure of

Which is hereby incorporated by reference herein. The CLB
portion of a tile comprises a plurality of primitive cells
Which may be interconnected in a variety of Ways to perform
a desired logic function. For example, a CLB may comprise
a plurality of lookup tables (LUTs), multiplexers and reg
isters. As used herein, the term “primitive cell” normally

operation data?oW diagram.

means the loWest level of user accessible component.

[0034]

[0041] FIG. 1 is a simpli?ed schematic diagram of a
conventional FPGA 60. FPGA 60 includes user logic circuits

FIG. 19 is an illustration of the simpli?cation of

the FIG. 18 operation data?oW diagram by the removal of
unnecessary operations.
[0035] FIG. 20 is an illustration of pipeline compensation
being added to the resulting product in FIG. 19 in order to
equalize the timing betWeen alternate data paths.

such as input/output blocks (IOBs), con?gurable logic
blocks (CLBs), and programmable interconnect 65, Which
contains programmable sWitch matrices (PSMs). Each IOB

[0036] FIG. 21 is an illustration of operator elaboration
modifying the graph When the operator is built from more
than one primitive component, as Would be carried out by
the mapper When presented With a image processing

65 can be con?gured to provide electrical connections
betWeen the various CLBs and IOBs by con?guring the
PSMs and other programmable interconnection points

sequence of the type shoWn on the left side of FIG. 21.

the IOBs can be con?gured to drive output signals or to

and CLB can be con?gured through con?guration port 70 to
perform a variety of functions. Programmable interconnect

(PIPS, not shoWn) through con?guration port 70. Typically,

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

receive input signals from various pins (not shoWn) of FPGA

[0037] The present invention is illustrated and described
herein in connection With preferred embodiments, With the

[0042] FPGA 60 also includes dedicated internal logic.
Dedicated internal logic performs speci?c functions and can

60.
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only be minimally con?gured by a user. For example,
con?guration port 70 is one example of dedicated internal
logic. Other examples may include dedicated clock nets (not

patent), and is assigned to Xilinx, Inc. As explained therein,

shown), power distribution grids (not shown), and boundary

when an FPGA comprises thousands of CLBs in large arrays

scan logic (i.e. IEEE Boundary Scan Standard 1149.1, not

of tiles, the task of establishing the required multitude of

shown).

interconnections between primitive cells inside a CLB and
between the CLBs becomes so onerous that it requires

[0043] FPGA 60 is illustrated with 16 CLBS, 16 IOBs, and
9 PSMs for clarity only. Actual FPGAs may contain thou
sands of CLBS, thousands of IOBs, and thousands of PSMs.
The ratio of the number of CLBs, IOBs, and PSMs can also
vary.

[0044] FPGA 60 also includes dedicated con?guration
logic circuits to program the user logic circuits. Speci?cally,
each CLB, IOB, PSM, and PIP contains a con?guration
memory (not shown) which must be con?gured before each
CLB, 10B, PSM, or PIP can perform a speci?ed function.
Typically the con?guration memories within an FPGA use
static random access memory (SRAM) cells. The con?gu
ration memories of FPGA 60 are connected by a con?gu

ration structure (not shown) to con?guration port 70 through
a con?guration access port (CAP) 75. A con?guration port

(a set of pins used during the con?guration process) provides

tion of Routing in an FPGA Using Placement Directives
Such as Local Outputs and Virtual Buffers” (the ’629

software tool implementation. Accordingly, the manufactur
ers of FPGAs including Xilinx, Inc., have developed place
and route software tools which may be used by their

customers to implement their respective designs. Place and
route tools not only provide the means of implementing
users’ designs, but can also provide an accurate and ?nal

analysis of static timing and dynamic power consumption
for an implemented design scheme. In fact, better place and
route software provides iterative processes to minimiZe

timing and power consumption as a ?nal design implemen
tation is approached. Iterative steps are usually necessary to
reach a ?nal design primarily because of the unknown
impact of the placement step on routing resources (wires and
connectors) available to interconnect the logic of a user’s
design. Iterative place and route procedures can be time

consuming. A typical design implementation procedure can

an interface for external con?guration devices to program

take many hours of computer time using conventional place

the FPGA. The con?guration memories are typically
arranged in rows and columns. The columns are loaded from

and route software tools. Thus, as previously noted, there is
an ongoing need to provide a method for reducing design

a frame register which is in turn sequentially loaded from
one or more sequential bitstreams. (The frame register is part

timing and dynamic power analysis during computer-aided

implementation time by increasing the accuracy of static

point that provides access from con?guration port 70 to the
con?guration structure of FPGA 60.

design procedures for FPGAs. The ’629 patent addresses
these issues of accuracy of static timing and dynamic power
analyses. However, it does not provide a streamlined method
for translating user-created algorithms into bitstreams.

[0045]

[0047] The ’629 patent also discusses the challenge pre

of the con?guration structure referenced above.) In FPGA
60, con?guration access port 75 is essentially a bus access

FIG. 1A illustrates a conventional method used to

con?gure FPGA 60. Speci?cally, FPGA 60 is coupled to a
con?guration device 230 such as a serial programmable read

only memory (SPROM), an electrically programmable read
only memory (EPROM), or a microprocessor. Con?guration
port 70 receives con?guration data, usually in the form of a

con?guration bitstream, from con?guration device 230.
Typically, con?guration port 70 contains a set of mode p ins,
a clock pin and a con?guration data input pin. Con?guration
data from con?guration device 230 is transferred serially to
FPGA 60 through the con?guration data input pin. In some
embodiments of FPGA 60, con?guration port 70 comprises
a set of con?guration data input pins to increase the data
transfer rate between con?guration device 230 and FPGA 60

by transferring data in parallel. However, due to the limited
number of dedicated function pins available on an FPGA,
con?guration port 70 usually has no more than eight con

?guration data input pins. Further, some FPGAs allow
con?guration through a boundary scan chain. Speci?c
examples for con?guring various FPGAs can be found on
pages 4-46 to 4-59 of “The Programmable Logic Data

Book”, published in January, 1998 by Xilinx, Inc., and
available from Xilinx, Inc., 2100 Logic Drive, San Jose,
Calif. 95124, which pages are incorporated herein by refer

sented to software tools used to place a user’s design into a
coarse-grained FPGA is to make optimum use of the features
other than lookup tables and registers that are available in
the FPGA architecture. These can include fast carry chains,

XOR gates for generating sums, multiplexers for generating
?ve-input functions, and possibly other features available in
the architecture. In order to achieve maximum density and
maximum performance of user logic in an FPGA, the
software must make use of these dedicated features where
possible. The ’629 patent also states that there is a need to

densely pack the user’s design into the architecture that will

implement the design.
[0048] The ’629 patent also discusses that it is well-known
to specify or provide library elements which re?ect features
of the FPGA architecture in the typical development system
provided to end-users. Several architectural features and
associated timing and power parameters can be represented
by variable parameters for one library element. For example,
a lookup table library element has one variation in which the

lookup table output signal is applied to a routing line
external to the con?gurable logic block (CLB), and another
variation in which the lookup table output signal is applied

ence. Additional methods to program FPGAs are described

to another internal element of the CLB such as a ?ve-input
function multiplexer or a carry chain control input. These

by in US. Pat. No. 6,028,445 to Lawman issued Feb. 22,
2000, assigned to Xilinx, Inc. and entitled “Decoder Struc
ture and Method for FPGA Con?guration,” the disclosure of

two variations have different timing parameters associated
with them because the time delay for driving an element
internal to the CLB is less than the time delay for driving an

which is hereby incorporated by reference herein.

interconnect line external to the CLB.

[0046]

[0049]

US. Pat. No. 6,086,629 to McGettigan et al. issued

Jul. 11, 2000, is entitled “Method for Design Implementa

If the FPGA user is using VHDL or schematic

capture for design entry, the VHDL or schematic capture
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design entry tool Will auto-select the library elements, but
the user must still control the design entry tool so it selects

and connects the library elements properly. Alternatively, the
user may design at a higher level using macros that incor
porate the library elements. These macros Will have been

properly developed to make good use of the architectural
features of the FPGA.

[0050]

The methods disclosed in the ’629 patent are said

to result in placement directives for carrying out subsequent
place and route algorithms. The placement directives can,
for example, limit relative placement of tWo elements of a
user’s design. One such directive speci?es a “local output”
(LO) of some of the primitive library elements, Which
implies that particular output must be connected to another

primitive library element input Within the local CLB.
[0051] Another kind of directive provided in the method

these objectives, and is useful to shoW the state-of-the-art,
and thus the disclosure of ’629 patent is hereby incorporated
herein by reference. HoWever, the ’ 629 patent does not teach
or suggest the systems and methods of the present invention.

[0054] As explained above, actual FPGAs can have thou

sands of CLBs, IOBs, PSMs, and PIPs; therefore, the design
and development of FPGA softWare is very time-consuming

and expensive. The development and implementation phase
of transferring a high-level user-speci?ed algorithm to a
FPGA is considered by many to be dif?cult at best. Accord
ingly, there been a number of the toWns, including the use of

automated place and route softWare, designed to make this
process easier. In addition, given the very tedious nature of
designing logical components at the gate level, many ven
dors provide macros for automating the development or
implementation of speci?c functions that can be incorpo

of the ’629 patent uses virtual buffer library elements to
represent architectural features other than architectural ele

rated by an end user of the FPGA into the user’s oWn design

ments. These library elements are referred to as virtual

macro, Which can be incorporated by an end user into the
user’s design ?le. The user bene?ts from macro because the
user does not need to spend the time or resources to develop
the macro. The vendor strives to provide macros Which have

bulfers because they serve only a design function and
corresponding bulfers do not actually exist in a CLB. A
virtual bulfer may be used to specify special dedicated
routing that may exist in the FPGA interconnect architec
ture. For example, a fast feedback line may be represented
as a virtual buffer with an associated fast timing parameter.

A constraint to keep certain gates of a user’s design Within
the same roW or column may be speci?ed by a virtual buffer.

The virtual buffers can provide placement and routing
directives such as to connect a primitive library element

output to another CLB input Within some prescribed geo
graphical limit such as Within 4 or 6 CLBs of the originating

?le. For example, Xilinx, Inc. provides a PCI interface

high performance, ?exibility, and yield a loW gate count for
maximum FPGA density. U.S. Pat. No. 6,301,695 to Burn
ham et al. issued Oct. 9, 2001 and assigned to Xilinx, Inc.
and entitled “Methods to Securely Con?gure an FPGA
Using Macro Markers,” Which discloses a system and
method to protect such macros against unlicensed use, talks
about the advantages of macros in some detail. Accordingly,

the disclosure of that patent is hereby incorporated by

CLB.

reference herein since summarizes shoWs some of the efforts

[0052] Using local outputs (LO) and virtual buffers pro

tation stays of FPGA use more ef?cient. But the ’695 patent
does not teach or suggest the systems and methods of the

made Within the ?eld to render the design and implemen
vides a vehicle for feeding connection constraints to place
and route tools so that interconnections can be designed by

the provided softWare tools, but Within user-selected limit
criteria. The primitive element library provides more accu
rate timing and poWer parameters than did prior art softWare
tools, Which in turn reduces the required number of itera
tions and thus the time required to complete a design.
[0053] The ’629 patent to McGettigan et al addressed the
aforementioned needs by providing a method of evaluating
a customer’s design for implementing in coarse grain

present invention.
[0055] FIG. 5 schematically illustrates a system 20
designed according to this invention for automatically con
verting from a source code 22 to a ?eld programmable gate
array 24. The source code 22 describes the intended opera

tion of the eventual FPGA 24. The inventive arrangement
includes an analyZer module and a mapper module 28 that

automatically analyZe the source code 22 and provide a
mapping and arrangement of the necessary components to

FPGAs. Steps in the method included; (i) forming and
employing a library of selected primitive library elements,

be implemented on the FPGA 24.

(2) de?ning the connection classes representative of con
nections in an FPGA that Will implement the design, (3)
assigning appropriate connection classes to the inputs and

[0056]

outputs of the respective primitive library elements, and (4)

be in a high-level language such as C++ Which is capable of
specifying parallelism at the source code level through
object types. Of course, this invention is not limited to any

attaching timing and poWer parameters to each library
element. In this manner, the primitive library elements and
de?ned interconnections used by the library elements have

accurately established timing and poWer parameters, thereby
enabling more accurate assessments of static timing and

poWer consumption for the entire FPGA design prior to
running the place and route softWare. Whereas the place
ment and routing of a user’s design may take hours, the
evaluation of the static timing and dynamic poWer analysis
of a prospective FPGA design and for passing desired
placement and routing information to knoWn FPGA place
and route tools may take only minutes, according to this
patent. The ’629 patent provides an approach for achieving

The analyZer module 26 in one example uses

standard compiler technology to parse the language of the
source code 22. In most situations, the source code 22 Will

particular computer language used to develop the source
code 22. The analyZer module 26 processes the source code
22 to identify vector elements Within the source code and to

provide a data?oW graph that indicates the overall vector
processing How and operation sequence Within the source

code 22. (The data?oW graph is a speci?c implementation of
the user-speci?ed functions listed in the syntax tree associ
ated With the high-level language in Which the user Writes
his or her algorithms.) In one example, the analyZer module
identi?es all operators and vector operands Within the source
code 22. The analyZer module 26 then uses the identi?ed
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dependencies of the procedures or operations are required by

architecture Was selected and then automatically imple
mented using the analyZer module 26 and mapper module

the source code 22.

28.

[0057] Once the order and dependencies of the source
code 22 are determined by the analyzer module 26 that

[0063] FIG. 7 lays out in a global fashion the overall
aspects or steps in the process of taking a user’s design for
a particular image processing job Which needs to be per
formed, Which consists of a variety of separate image

operators and vector operands to determine the order and

information is provided to the mapper module 28. In one

example, a mapper module 28 comprises software that
automatically generates a mapping of the necessary gates or
logic components onto the FPGA 24 to accomplish the
functions required by the source code 22. The information
provided by the mapper module 28 can be utiliZed With

conventional ?eld programmable gate array manufacturing
processes.

[0058] The analyZer module 26 and mapper module 28
preferably operate given a selected overall vector processing
architecture for the FPGA 24. A variety of vector processing
architectures are knoWn for handling information such as

digital images. In the digital image processing ?eld, example
architectures include a parallel array processor, a raster

sub-array processor, a pipeline raster sub-array processor
and a multi-pipeline raster sub-array processor. In one

example implementation of this invention, a user of the

system performs some preliminary analysis of target appli
cation constraints 22 to make a determination of Which

architecture Will be chosen to guide the mapper module 28

at automatically developing and arranging the logic com
ponents for the FPGA 24.

[0059] A method of using this invention is summarized in
the ?owchart of FIG. 6.

[0060] FIGS. 2, 3, 4 and 8 schematically illustrate an
example FPGA 24, Which includes a plurality of con?g
urable logic blocks 34, RAM memory portions 36, and
multiplier portions 38. Such components are Well-knoWn.
The arrangement or sequence of the operations performed
by the logic blocks 34 is determined by the mapping module
according to the data?oW graph. Each of the elements on the
FPGA is designed to accomplish the necessary logical
functions or operations on the information at the appropriate

point during the How of 42.

[0061] This automatically generated layout and routing
arrangement provides signi?cant advantages in rendering
the FPGA more readily reprogrammable to accomplish a
greater variety of functions through the re-use of selected

portions of the FPGA 24 (partial recon?guration) as needed

for a particular algorithm. Additionally, using the generally
serpentine ?oW path 42 simpli?es and economiZes the
connections needed betWeen the various con?gurable logic
blocks 34. Accordingly, this invention provides a more
economical use of the resources available on and FPGA

substrate. A ?nal advantage of this method is that it is more

economical than the programmable vector processing archi

tectures previously mentioned, because only the operations
called out by the algorithm source code are actually instan
tiated in the FPGA.

[0062] FIG. 9 schematically illustrates one example
implementation of this invention Where the generally ser
pentine How 42 is schematically illustrated across a plurality
of operators 34, each of Which is arranged on one of the

con?gurable logic blocks. The particular example of FIG. 9
schematically illustrates an example implementation of this
invention Where a multi-pipeline raster sub-array processor

functions, and takes that resulting source code prepared by
the user and from it automatically generates the necessary
bit stream in order to program a desired or target ?eld

programmable gate array (FPGA) board. In order to do this,
the user must ?rst Write an image processing job or program

consisting of a variety of image processing functions, all of
Which are Well knoWn. To accomplish this Step 1, the user

Writes an algorithm specifying the desired image processing
operations to be performed, Which have been selected by a
user from referring to a suitable image class library of
functions, such as the PVI image class functions. The image

class libraries implement standard functions, including
Boolean functions and neighborhood morphological func
tions and various gray scale functions and binary functions.
The processing steps of those functions form no part of this
invention in that they are Well-knoWn to many in the digital
image analysis industries. Preferably, the user Writes his
program in C++ or some other source code Which the

softWare of the invention can understand and analyZe. This
takes us to Step 2 Which Will noW be described.

[0064] Step 2 consists of a program of the invention Which
automatically analyZes the runtime behavior of the user’s
program in order to produce an operation data How graph. In
other Words, this analyZer Will construct a sequence and
timing diagram knoWn in the art as an operation data How

graph from Which all necessary image processing and math
ematical operations can be readily identi?ed and extracted.
This run time behavior data is collected and along With the
operation data How graph is then presented to the mapper,
Which is used in Step 3.

[0065] Step 3 consists of the mapper program Which takes
the desired image processing operations speci?ed in the user
program and maps them into suitable hardWare structures
Which can be used by the target FPGA and its bit stream

softWare to generate the programed FPGA. Among other
things, the mapper Will look for timing delays and other
kinds of problems or limitations Which constrain Which kind
of hardWare structures may be utiliZed to implement the
operations. These Will be described in detail later.

[0066] Step 4 is the generation of a bit stream for the
FPGA, Which Works as folloWs. The system of the present
invention feeds the output of the mapper to a conventional
bit stream generator, Which as is Well-knoWn, takes a loW

level source or input ?le containing con?guration, routing
and location as its input and generates therefrom a machine
language binary output or bitstream used to program the
target FPGA. In other Words, all necessary connections
Which must be programmed into the FPGA in order to
implement the user-designed or user-selected algorithm are

provided in the speci?cations found in the loW-level output
of the mapper module Which may be conveniently stored in
a single ?le. In a presently preferred system of the present
invention, the output of the mapper module is loW-level
user-readable source code of the type normally provided to
a conventional bit stream generator. Accordingly, and should

