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Abstract

This paper describes a Recon�gurable Compute En�
gine �the Data�Flow Functional Computer� or DFFC�
developed at ETCA and dedicated to rapid prototyping
of real�time vision automata� The Computer consists
of a regular �D array of very coarse grain application�
speci�c FPGA called the Field�Programmable Oper�
ator Array �FPOA�� each FPOA includes � Con�g�
urable Data�Paths �CDP� and 	
 Input�Output Ports
�IOP�� Speci�c development tools allow an easy and
e�cient use of the Computer
 a high�level description
�in a functional language� is compiled into a DFFC
con�guration using an Operator Library� Several sig�
ni�cant applications �connected component labeling�
non�linear �ltering� colored object tracking� have been
implemented using our tools� An environment for au�
tomatic derivation of vision automata from a DFFC
con�guration is currently under development�

� Introduction

Field�Programmable Gate Arrays have seen wide�
spread use as recon�gurable computing elements in
the past few years ��� �� �� ��	 The advantages are obvi�
ous
 low cost� highly recon�gurable� short design time	
Indeed� today�s FPGAs can implement an extremely
wide range of applications �glue logic functions� pro�
cessors� co�processors			
 due to their generic archi�
tecture
 current FPGAs contain a large number of
very simple basic cells	 For example� Xilinx�s FPGAs
are composed of a large matrix �� � � up to �� � ��

of identical Con�gurable Logic Blocks �CLBs
� each
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containing � or � �ip��ops and a combinatorial func�
tion generator ����	 But this universality can be a
drawback when a more speci�c range of applications is
aimed at	 Considering data�path�intensive image pro�
cessing applications� �useful� modules ����bit ALU�
multiplier			
 are rather ine�ciently implemented �low
operating frequency and integration
	 Another prob�
lem with FPGAs is their lack of simplicity if one wants
to go deep into the actual FPGA implementation
 the
basic elements are simple gates and �ip��ops	

A better approach is to have a few basic cells of
a much higher complexity and adapted to the tar�
get applications	 There has been attempts to develop
FPGAs with more complex cells ��� but their com�
plexity is still far too low	 This paper presents a de�
vice that is suitably considered a very coarse grain
application�speci�c FPGA for image processing	 Let
us call it the Field�Programmable Operator Array
�FPOA
	 Its granularity is at the operator level in�
stead of at the gate level	 Where the FPGAs� basic
blocks include a few gates� the FPOAs� basic blocks
include a few ������bit data��ow operators� and where
the FPGA�s I�O blocks and switch matrices handle ��
bit signals� the FPOA�s basic I�O ports and switch
matrices handle ���bit busses �� bits data� � bit back�
ward acknowledge
	

The Field�Programmable Operator Array was de�
signed to process digital video streams on the �y ���

at every time step all the operations corresponding to
one iteration of the algorithm for one pixel are ex�
ecuted in parallel �Multiple Instruction streams Sin�
gle Data stream
 instead of one operation executed
for all the pixels �Single Instruction stream Multiple
Data streams
 ���	 The FPOA�based computer oper�
ates with the digital video pixel clock and each pro�
cessor �FPOA basic block
 executes exactly one in�



struction per cycle �one instruction can involve several
operations
	 The coarse grain approach� although it
remains limited so far to the target applications� has
several advantages in terms of speed� density and easy
programming	

Section � presents the Field�Programmable Op�
erator Array�s architecture and its programming�
while Section � describes the Data�Flow Functional
Computer compute engine �DFFC
 built around the
FPOA	 The DFFC�s development tools for rapid vi�
sion automata prototyping and a few applications are
presented in Section �	 Section � concludes the pa�
per and discusses future work related to the DFFC
compute engine	

� The Field�Programmable Operator
Array

The FPOA�s basic cells are the following


�	 an operating cell called the Con�gurable Data�
Path �CDP
	

�	 an I�O cell called the Input�Output Port �IOP
	

�	 a routing cell called Switch Matrix	

An Input�Output Port is a bidirectional ���bit bus
interface and can be con�gured either as a sending� a
receiving or a feedback port	 Two Switch Matrices al�
low a Con�gurable Data�Path to access � IOPs corre�
sponding to the � directions North� South� West� East�
Up� Down� allowing CDPs to be mesh�connected into
�D arrays �but other ��connected topologies are possi�
ble
	 Switch Matrices route full ��bit data busses with
a ��bit backward acknowledge	 Thus a complete work�
ing Field�Programmable Operator Array basic block
includes � Con�gurable Data�Path� � Input�Output
Ports� � Input Switch Matrix and � Output Switch
Matrix �Figure �
	

The Field�Programmable Operator Array devel�
oped at the Syst�eme de Perception laboratory contains
� such basic blocks �Figure �
� however in this FPOA�
the � Con�gurable Data�Paths are coupled �vertically�

the upper�one�s Down port is internally connected to
the lower�one�s Up port �thus an n � n �D matrix of
FPOAs actually implements an n� n� � �D array of
CDPs
	 This means that contrary to �ne grain FP�
GAs� the internal and external FPOA connections are
identical
 there is no �break� between the inside of
the FPOA and its outside	 The Field�Programmable

Operator Array�s main features are summarized in ta�
ble �	 Using a �	� �m technology� one can expect to
include as much as � similar basic blocks on a single
chip� and achieve operating frequencies in the ������
MHz range	
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 The Field�Programmable Operator Array

Package ��� pins PGA

Technology � �m CMOS

Die size ��� mm � ��� mm

Operating frequency �� MHz

Con�gurable Data	Paths �

External I
O Ports ��

Internal I
O Ports �

Switch matrices �

Programming technology memory cells

Con�guration bits ������

Logic gates 

����

Internal memory ��� Kbits

Table �
 Characteristics of the Field�Programmable
Operator Array

��� The Con�gurable Data�Path

The Con�gurable Data�Path �CDP
 is the basic op�
erating cell of the Field�Programmable Operator Ar�
ray� its architecture has been designed to implement
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 The Con�gurable Data�Path �controller not included


e�ciently a wide range of low�level image processing
basic operators	 Indeed� apart from arithmetic�logic
operations ����bit ALU� � � ��bit multiplier
� a sin�
gle Con�gurable Data�Path can implement
 an �����
bit histogrammer� an n�line�pixel delay� a line�column
sum	 Input to the CDP is ��bit wide� allowing process�
ing of ��bit pixel numerical values �arithmetic�logic
operations
 as well as control values �beginning�end
of frame�line� allowing line�pixel delays			
	

The Con�gurable Data�Path is a programmable ��
stages pipelined data�path� it has � input stacks and
� output stacks �Figure �
	 These stacks are syn�
chronous FIFOs with � ��bit words� their bandwidth
is �� MBytes�second	 The FIFOs are necessary to
avoid any dead�lock between CDPs	 The data�path
structure is the following
 the �rst pipeline stage de�
codes the inputs and generates commands for the
next stages� the second stage performs ��bit operations
�����bit multiplication and ��bit shifts
� and the third
stage performs ���bit operations ������type ALU� ab�
solute value� min�max and output shift
	 Other fea�
tures are a ���� � bits RAM which can be used as a
FIFO� as a dual port RAM operator or as local RAM
for speci�c purposes� and two ��bit presetable counters
cascadable into a ���bit counter	 The data�path can
perform �� millions �� or ���bit operations�second	

The data�path is con�gured through a pro�
grammable state�machine �a �� � �� bits program is

provided for its description
	 Each ���bit word de�
scribes the type of data required on the data�path in�
puts� the operations to be performed� the data to be
sent to the outputs and the next state	 The execu�
tion of each state is validated only if the data required
on the input FIFOs is present and if there is enough
room on the output FIFOs	 Each of the � FIFOs can
be connected to one I�O Port through � Switch Ma�
trices �Figure �

 an input FIFO is connected to the
receiving part of the port� an output FIFO is con�
nected to the sending part of the port	 It must be un�
derlined that the receiving part of one I�O Port can
be connected to �� � or all � input FIFOs and that
one output FIFO can be connected to �� �			� or even
all � sending parts of the IOPs	 This feature allows
the replication of data �ows inside the CDP	 Apart
from operating functions� a CDP can simultaneously
be used for routing purposes� i	e	 the FIFOs�IOPs
not used for the operating part can be con�gured as a
routing channel	

��� Programming an FPOA

The function of a Con�gurable Data�Path is de�ned
by


�	 A static programming register containing static
de�nitions for the data�path �ALU operation�
constants			
	



�	 A state�machine de�nition describing dynamic
de�nitions for the data�path	

Programming its IOPs and Switch Matrices is done
through a static con�guration register independent
from the CDP function� which speci�es connections
between FIFOs and IOPs	 Thus both the functionality
and the connections of a Field�Programmable Opera�
tor Array are de�ned by �re
programmable elements
�actually memory cells
 scattered through the Con�
�gurable Data�Paths� the I�O Ports and the Switch
Matrices	

Practically� the FPOA is programmed �and tested

through a ��bit scanpath� which internally splits into
� di�erent scanpaths	 The whole programming �in�
cluding scanpath selection
 is done via � input lines

a clock� a reset� and a ��bit command bus	 All the
FPOA�s �ip��ops �static programming and con�gura�
tion registers� input�output FIFOs� counters� pipeline
registers� data�path constants
 are daisy�chained into
scanpaths	 Programming the program �� � �� RAM
and the data ���� � RAM is done by �rst program�
ming the input FIFOs and then transfering their con�
tents to the RAMs	 A total of ���� bits is needed to
con�gure a Con�gurable Data�Path entirely �includ�
ing data and state machine RAMs and FIFOs
� and it
takes about �� ms per CDP to achieve the con�gura�
tion	

� The Data�Flow Functional Com�
puter

The Data�Flow Functional Computer �DFFC
 is a
�D � � � � � array of FPOAs physically made of �
boards containing each �� � FPOAs �see �gures ���
�
thus implementing a �D ������ array of CDPs	 The
���� available data�paths allow large data��ow graphs
to be implemented	 Several di�erent graphs can be
simultaneously implemented and independently exe�
cuted as long as they �t in the DFFC�s ���� Con�g�
urable Data�Paths	 The highly regular structure of
the Data�Flow Functional Computer allows only lo�
cal connections �there are no �long lines� as in FP�
GAs
	 However long distance connections are possible
through basic blocks con�gured as routing elements	
An optimized place and route can yield a �� to ���
CDP operating rate on a �D array �this rate would be
signi�cantly lower on a �D array
	 Among other pos�
sible topologies is a �D array with ��connectivity and
longer connections using the � remaining I�O Ports	
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Figure �
 The Data�Flow Functional Computer�s ar�
chitecture

The DFFC�s inputs�outputs are B�W and color
cameras�monitors and low�bandwidth data��ow I�O
ports	 A SPARC � workstation is the host for the
DFFC�s programming environment	 Current exten�
sions include RAM boards con�gurable as Look�Up
Tables or FIFOs� but any extension can be connected
to the DFFC as long as it meets the IOP protocol
�synchronous FIFO�like� � bits data� � bit acknowl�
edge
	 The FPOAs� scanpaths are daisy�chained�
thus the Computer is con�gured as easily as a single
FPOA� through a scanpath and a few control signals	
The presence of a T��� Transputer board allows to
emulate also high�level image processing algorithms	
The SPARC � host workstation runs the user�friendly
graphical Development Tools implementing all the de�
sign �ow layers
 from high�level �design speci�cation
and input
 to low�level �con�guration and running of
the DFFC
 including the debugging phase	 The Com�
puter is synchronized with the digital video pixel clock
�up to �� MHz pixel� actually� the digital video I�Os
are slave to the computer clock
	 A data �ow requires
� clock cycles to pass through a basic block
 � in�
ternal CDP pipeline stages plus a cycle needed for the
data to go from the output FIFO�s
 to the neighbour�s
input FIFO�s
	 The �� MHz maximum operating fre�
quency is not a �ip��op toggle limit but the actual
speed at which every part of the FPOA �data�path�
state�machine� memory� FIFOs
 can operate whatever
the complexity of the operator assigned to a basic
block	 Unlike �ne grain FPGA�based hardware em�
ulators� the DFFC can operate at the actual speed




a� 
b�

Figure �
 The Data�Flow Functional Computer �a
 and a ����� array of FPOAs �b


of the emulated hardware since it is optimized at the
operator level	

� The DFFC Development Tools

The Functional Computer operates within a con�
cept called emulation�derivation �Figure �



�	 Emulation
 an image processing algorithm is em�
ulated in real�time on the Functional Computer	
This phase proves the existence of an ar�

chitecture implementing the algorithm and

validates its real�time behaviour on real�

world scenes�

�	 Derivation
 the validated Functional Computer
con�guration implementing the architecture is
then automatically analyzed and the actually

used resources are optimized	 Two anal�
ysis levels are under investigation
 the coarse
one would produce a moderately optimized ver�
sion using FPOAs and standard chips �FIFOs�
RAMs
� and the �ner one would produce a fully
optimized version using custom VLSI chips	

��� Emulation

The basic idea behind the implementation of an al�
gorithm is to express it as a data��ow graph	 The

image processing algorithm to be emulated is ex�
pressed in a Functional�Programming language source
�le ���	 A compiler converts this source �le into an
operator Data�Flow Graph which is then translated
into a Con�gurable Data�Path Graph	 The compila�
tion�translation phases use an Operator Library con�
taining Data�Flow operators implementing the lan�
guage primitives	 Currently � libraries are available


� A low�level library containing currently ��� single
CDP operators �arithmetic and logic� compara�
tors� constants� counters� ��bit histogrammers�
multiplexers			
	

� A medium�level library containing �� multiple�
CDP macro�operators �convolvers� LUTs� ��� and
���bit histogrammers			
	

Whereas the low�level library is complete �it con�
tains all the language basic primitives
� the medium�
level library can be extended easily with no need for
intimate knowledge of the CDP�s architecture	

The CDP Graph is mapped into an actual DFFC
Network Con�guration ready to be loaded	 A com�
plete ���� FPOAs con�guration is loaded in about ��
seconds	 The algorithm is executed in real�time us�
ing the CCD cameras as input �ows and sending the
output �ows to video monitors	 Debugging is done by
executing the algorithm step�by�step using the low�
bandwidth interfaces and the possibility to access any
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FPOA register as well as the contents of the RAMs
and FIFOs from the host	 A Graph Compiler session
is shown in Figure �� while Figure � shows a typical
Interactive Con�guration Editor session	 Both pro�
grams run on the SPARC � host	

We have developed some signi�cant applications
such as a non�linear Nagao�like �lter� a connected
component labeling and a colored object tracking
�fully described in ���
	 Table � shows a few examples
of actual algorithms and their global resource utiliza�
tion� i	e	 the percentage of used ALUs� multipliers�
Data RAMs			 in each Con�gurable Data�Path	 The
CDP quotation in the table does not include CDPs
used only for routing	

A Nagao�like �lter is a non�linear �edge�preserving
smoothing� �lter� i	e	 it removes high frequency spa�
tial noise while preserving the edges of the original
image	 The functional programming language descrip�
tion of a Nagao�like �lter emulated on the Functional
Computer is shown in appendix A	 Figure � shows
results of our Nagao�like �lter	

Connected component labeling consists in assigning
a unique label to each connected region of a binary

image	 Appendix B describes the functional program�
ming language source of the connected component la�
beling implemented on the DFFC computer	 Results
of a labeling are shown in �gure ��	

��� Derivation

Our current research is the derivation of vision au�
tomata from emulation results	 The actual DFFC con�
�guration implementing the application is used as an
input to the derivation software	 A �rst approach is
to replace the Con�gurable Data�Paths used only for
routing by direct connections and the Con�gurable
Data�Paths used as FIFOs by commercial FIFOs� and
to keep other FPOAs �exactly as an algorithm emu�
lated on a �classical� �ne grain compute engine can be
turned into a mix of FPGAs and standard LSI�MSI
devices
	 This could result in an automaton imple�
mentable as a board or Multi�Chip Module �MCM
	 A
second approach is based on a CDP�level ��step analy�
sis
 identi�cation of the e�ectively used CDP resources
and optimization of these resources	 The resulting au�
tomaton can be synthesized as a VLSI chipset �sim�
ilar to the turn of an FPGA implementation into an
ASIC
	 As indicated in table �� a signi�cant resource
reduction can be expected at CDP level �local resource
optimization
	 A global resource optimization phase
will further reduce the chipset area� it will include re�
source sharing� controller collapsing	

� Conclusion

We have presented a Data�Flow Functional Com�
puter aimed at the rapid prototyping of vision au�
tomata	 Algorithms are �rst emulated in real�time
on the Computer� and our goal is to automati�
cally derive the corresponding computer con�gura�
tions into boards�MCM�VLSI chipsets� same be�
haviour and performance guaranteed but reduced re�
sources	 The Computer consists of a network of ���
Field�Programmable Operator Arrays	 The FPOA is
a custom�built very coarse grain FPGA whose archi�
tecture is adapted to implement e�ciently low�level
image�processing algorithms	 A user�friendly graphi�
cal programming environment has been developed� it
compiles a Functional Programming source �le into
a DFFC network con�guration using an extensible
Operator Library currently containing more than ���
low� to mid�level operators	 Several signi�cant ap�
plications have been successfully implemented on the
Computer using our development tools	 An environ�
ment for automatic derivation of vision automata from



Figure �
 The Graph Compiler

Figure �
 The DFFC�s Interactive Con�guration Editor



name Edge 
�
 ���� word Nagao	like Erosion
detector convolution LUT �lter

CDP number �
 �� �� �� ���

I
O ports � �� �
 �� �� ��

input FIFOs � �� �� �� �
 ��

output FIFOs � 
� 
� 
� 
� 



multiplier � � �� � � �

true ALU op � �
 
� � 
� �


Data RAM � �� �� 
� �
 ��

counters � 
� �� � �� ��

Prog RAM size� 
 � � � ��

Table �
 Global resource utilization for di�erent algorithms

emulation results is under development	

The DFFC Compute Engine is dedicated to real�
time image processing� and in this speci�c �eld of
applications the advantages of a coarse grain Field�
Programmable Operator Array over a standard �ne
grain FPGA are obvious	 The operating frequency is
application�independent� i	e	 the real�time execution
is guaranteed for any application	 This is a major im�
provement over the unpredictable operating frequency
of current FPGAs	 The second important advantage
is the easy programming and debugging of the Data�
Flow Functional Computer	 Indeed� the FPOA ar�
chitecture allows the implementation of the functional
data��ow paradigm to its fullest� thus permitting the
programmingof the Functional Computer from a high�
level language with no involvement by the user in the
translation process	 But the application�speci�c ar�
chitecture of the Field�Programmable Operator Array
implies its unability to implement any kind of cir�
cuitry	 This is actually the main drawback of the
FPOA over a standard FPGA	 We believe nonethe�
less that this lack of �exibility is largely compensated
by the FPOA advantages cited above	

This Field�Programmable Operator Array is
adapted for the on the �y computing of �����bit in�
teger values� and its �eld of applications is thus not
restricted to real�time image processing	 However ap�
plications outside of the image processing range have
not been studied as yet	 More generally� the Field�
Programmable Operator Array concept �very coarse
grain application�speci�c FPGA
 can be adapted to
other applications	 New FPOAs should be developed
to suit the application
 for example� a ���bit �oat�
ing point basic operating cell would be adapted to the
resolution of partial derivative equations by �nite dif�
ference methods	
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All the unde�ned functions in the source �les are
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ment either a single Con�gurable Data�Path opera�
tor �e	g	 SUB
 or a multiple�CDPmacro�operator �e	g	
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�� Functional source implementing a Nagao�like non linear �lter

�� Line pixel number
CONSTANT Np�����
�� Normalized low�pass �lter coef�
CONSTANT Lp�	
 �
 	
 �
 �
 �
 	
 �
 	
 	�

�� MAIN 

�
BEGIN MAIN �
VIDEO INPUT In � FRAME�PIXEL��
VIDEO OUTPUT Out � FRAME�PIXEL�� �

�� �x� neighborhood extraction �input� original frame�
DEF Vi � NEIG� � In�

�� Disparity computation
DEF Ds � SUB � �MAX Vi
 MIN Vi��

�� Low pass �ltering ��x� convolution using the Lp mask�
DEF Mn � CONV��Lp� � In�

�� �x� neighborhood extraction �input� disparity frame�
DEF Vd � NEIG� � Ds�

�� �x� neighborhood extraction �input� low pass �ltered frame�
DEF Vm � NEIG� � Mn�

�� Partial associative sorting

DEF Min	 � 	 � Vd�
DEF Tmp	 � 	 � Vm�

DEF Min� � MIN � �Min	
 � � Vd��
DEF Tmp� � MUX � �Tmp	
 � � Vm
 EQU � �Min�
 � � Vd���
DEF Min� � MIN � �Min�
 � � Vd��
DEF Tmp� � MUX � �Tmp�
 � � Vm
 EQU � �Min�
 � � Vd���
DEF Min� � MIN � �Min�
 � � Vd��
DEF Tmp� � MUX � �Tmp�
 � � Vm
 EQU � �Min�
 � � Vd���
DEF Min� � MIN � �Min�
 � � Vd��
DEF Tmp� � MUX � �Tmp�
 � � Vm
 EQU � �Min�
 � � Vd���
DEF Min� � MIN � �Min�
 � � Vd��
DEF Tmp� � MUX � �Tmp�
 � � Vm
 EQU � �Min�
 � � Vd���
DEF Min� � MIN � �Min�
 � � Vd��
DEF Tmp� � MUX � �Tmp�
 � � Vm
 EQU � �Min�
 � � Vd���
DEF Min� � MIN � �Min�
 � � Vd��
DEF Tmp� � MUX � �Tmp�
 � � Vm
 EQU � �Min�
 � � Vd���
DEF Min� � MIN � �Min�
 � � Vd��
DEF Tmp� � MUX � �Tmp�
 � � Vm
 EQU � �Min�
 � � Vd���

LET Out � Tmp��

END

B Connected component labeling

functional programming source

Note
 one Transputer is involved in the equivalence�
table compression �computing of a unique label for all
the connected regions
	

�� Connected component labeling functional source

�� Line pixel number
CONSTANT Np�����

�� MAIN 

�
BEGIN MAIN �
VIDEO INPUT In� FRAME�PIXEL��
VIDEO OUTPUT Out � FRAME�PIXEL��
ASYNC INPUT Thr � PIXEL� �

�� Input ��bit coded grey level image thresholding
DEF Bin� THRLD � �In
 � � Thr��

�� Binary image horizontal labeling
DEF Lbh � HLABG � Bin�

�� Label propagation
DEF Lbv � VLABG � �Lbh
 Bin��

�� Equivalent label detection
DEF Edl � EQDET � �Bin
 Lbv��

�� Label equivalence resolution
DEF Ers � EQRES � Lbv�

�� Dynamic label look�up table loading and label image
transcoding
DEF Lbl � LABLUT � �Lbv
 Ers��

�� Label image outputting
LET Out � Lbl�

END




a� Edge detection without preliminary Nagao�
like �ltering


b� Edge detection with preliminary Nagao�like
�ltering

Figure �
 Nagao�like �ltering


a� Original binarized picture 
b� Resulting picture

Figure ��
 Connected component labeling
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