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ABSTRACT

The Field�Programmable Operator Ar�
ray �FPOA� is a very coarse grain Field�
Programmable Device designed to implement
a wide range of low� to mid�level image pro�
cessing operators� An FPOA contains � ba�
sic blocks� each basic block includes a con�
�gurable datapath �containing ��	
�bit data�
�ow operators and a ��
�
 RAM�� a con�
�gurable controller and six 	��bit�wide I�O
ports� The Data�Flow Functional Computer
emulator contains �	� FPOAs in an �����
array and is aimed at rapid prototyping
of real�time vision automata� This paper
presents a methodology for retargeting Field�
Programmable Operator Array based designs
into VLSI circuits consisting of standard cells
and datapath �compiler� cells� The retarget�
ing process is highly facilitated by the ��	
�
bit operator�level granularity of the FPOA� it
includes removal of the unused resources and
optimization of the remaining resources� A re�
targeted extraction macro �edge detection an
computing of their directions� is presented�
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INTRODUCTION

The interest in ASIC emulation ��� �� has
been growing since a few years� mainly be�
cause Field�Programmable Gate Arrays �FP�
GAs� have become powerful enough in terms
of speed and density to emulate realistic de�
signs� Once a design has been validated on the
emulator� a corresponding cheaper version of
the design has to be derived in the form of a
set of VLSI circuits� Two methods are avail�
able for retargeting FPGA�based designs�

	� A direct conversion of an FPGA im�
plementation into its mask�programmed
equivalent� This process is performed by
the FPGA vendors� Xilinx o�ers such a
conversion path �
�� The transformation
consists in replacing the programmable
elements with �xed metal connections�

�� Conversion of the FPGA implementation
into another technology� This requires an
actual resynthesis of the design since the
timing of signal paths is altered�

The Data�Flow Functional Computer �DFFC�
is an emulator developed at ETCA dedicated
to real�time image processing� It contains
�	� very coarse grain FPGAs called Field�
Programmable Operator Arrays� After emu�
lation on the DFFC the FPOA�based applica�
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Figure 	� Architecture of the FPOA �a� and its basic block �b�

tion has to be retargeted into a cheaper imple�
mentation� This paper presents a retargeting
methodology for Field�Programmable Opera�
tor Arrays that is intermediate between the
two conventional processes cited above� In�
deed� the dedication of the FPOA to real�
time image processing �including its ��	
�
bit operator�level granularity� allows an au�
tomatic conversion including optimizations
while avoiding a full resynthesis�

EMULATION FLOW

The Field�Programmable Operator Array
�FPOA� ��� is a very coarse grain FPGA whose
granularity is at the operator level instead
of the gate level� Where the FPGA�s basic
blocks include a few gates� the FPOA�s ba�
sic blocks include a few ��	
�bit data��ow op�
erators� and where the FPGA�s I�O blocks
and switch matrices handle 	�bit signals� the
FPOA�s I�O ports and switch matrices han�
dle 	��bit buses� The counterpart of the very
coarse grain choice for the basic blocks is that
rather little of them can be integrated in a sin�
gle chip �our current implementation packs �
basic blocks in a ��
�
�
 mm� chip processed
in a 	�m CMOS technology for a total of
������ gates�� However� the FPOA is designed
in such a way that assembling them in three�
dimensional meshes automatically constitutes
a bigger�size FPOA with the same block struc�

ture and without functional discontinuity or
performance loss� Indeed� the FPOA is in�
tended to be used in large arrays�

Each FPOA includes two basic blocks ��g�
	�� A basic block contains a con�gurable data�
path �datapath� controller� 
 I�O FIFOs� and

 I�O ports� The ��stage pipelined datapath is
connected to � input FIFO queues and � out�
put queues� it contains an ����bit multiplier�
a 	
�bit �
�	�type ALU� a ��
�
 bits RAM� a
	
�bit counter as well as multiplexors� shifters
and absolute value operators� The datapath is
con�gured through a programmable controller
�a 
�� �� bits program is provided for its de�
scription�� The architecture of the basic block
has been designed to implement e�ciently a
wide range of low level image processing op�
erators �arithmetic�logic operations� ��	
�bit
histogrammer� line�pixel delays or sums��

The Data�Flow Functional Computer emu�
lator contains �	� FPOAs in an ����� array
and is fully equivalent to a monolithic FPOA
containing ����	
 basic blocks� The emula�
tor is synchronized with the digital video pixel
clock �up to �� MHz� and it operates at the
actual speed of the emulated hardware since it
is optimized at the operator level� The DFFC
emulator is able to emulate several millions of
gates for a billion of cycles within a minute�

The DFFC is programmed in a functional
programming language where each functional
primitive represents an FPOA basic block or



a macro of basic blocks taken from an oper�
ator database ���� elements�� The algorithm
is executed in real time on the DFFC� input
�ows come from B�W and color cameras� and
output �ows are sent to monitors� All the
operations corresponding to a single pixel are
carried out in parallel at each time step �func�
tional parallelism or MISD� which is the op�
posite of data�parallelism where a single op�
eration is performed for all the pixels at each
time step �SIMD�� The machine clock is ex�
actly the digital video pixel clock� Since pixels
are processed on the �y within digital video
streams� the number of basic blocks in the
array roughly determines the number of op�
erations per pixel that can be computed in
real�time� Several applications have been suc�
cessfully prototyped including colored object
tracking� main direction follower� contrast en�
hancement ��� and defect detection� During

the emulation both speci�cation and an archi�

tecture suitable for integration are validated si�

multaneously�

RETARGETING

METHODOLOGY

The retargeting process takes as input the
actual FPOA graph that has been validated
on the DFFC emulator� This is a multi�level
description that can be seen as� 	� a data��ow
graph� �� a Finite State Machine �FSM� net�
work and �� a Register Transfer Level �RTL�
netlist� In the following� any element of the
RTL netlist �any datapath operator� any I�O
port� the controller� is called a resource � The
retargeting process consists in the optimiza�
tion of the actually used resources of the em�
ulator� Note that the lowest abstraction level

of this description is limited to the RT level�
which has two advantages�

	� Resource optimization is highly facili�
tated� Furthermore� the relative simplic�
ity of the FPOA architecture allows a

deterministic knowledge of whether a re�
source is used or not�

�� The validation of the retargeted imple�
mentation� although it must be per�
formed at the structural level� requires a
far smaller e�ort than what is the case
with conventional FPGA resynthesis�

Reduction of the programmable resources

Identification of the used resources
Adjusting of the datapath resources

Collapsing of neighboring DFPs
Replacement of non-optimal  macro-DFPs
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Figure �� The FPOA retargeting process

Fig� � depicts the FPOA retargeting process�
The optimizations�transformations are all de�
�ned at a basic block level�

LOW LEVEL OPTIMIZATIONS

They are performed on the RTL netlist with
input from the Finite�State Machine de�nition
of each basic block� They are applied to the
datapath and the I�O ports� They reduce each
basic block to its minimal equivalent imple�
mentation by 	� removing the unused data�
path resources� �� adjusting the bitwidths of
datapath resources and depth of the pipeline�
and �� reducing the programmable resources
��freezing� the controller and I�O ports to
their speci�c function��
Removing the unused resources is per�

formed by analyzing the FSM description of
the basic block operator� the state transition
graph de�nes an active sub�path in the �con�
�gurable� datapath �the data will �ow only
through this sub�path�� The resources present
on the active sub�path are the only ones that
are kept �see �g� ��� Each one of these re�
sources is then reduced to its smallest imple�
mentation� for instance in the add operator of
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Figure �� Active sub�path of the add operator
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�g� �� the 	
�bit ALU is reduced to an ��bit
adder �since the � MSBs are not needed��

The controller reduction is straightforward�
a basic block operator is de�ned by a Finite
State Machine whose state transition graph is
available� In a basic block the controller is
programmable hence the FSM is implemented
with a RAM ��g� �a�� In a derived basic
block the controller need not be con�gurable�
the FSM can be implemented with a ROM�
a PLA or in standard cells� Currently only
the standard cells implementation is available
��g� �b�� The average utilization rate of the

���� RAM computed on several applications
is only �� �only a small number of basic block
operators are con�gured through an FSM of
more than 	� states� which means that the
controller reduction will yield a dramatic area
reduction of the controller�

The I�O port reduction consists mainly in
replacing the crossbars �between FIFOs and
I�O ports� by static connections implement�
ing only the needed �application dependent�
communication links� Fig� �a illustrates the
way basic blocks communicate through out�
put FIFOs and ports from the father�block
connected to input ports and FIFOs from the
son�blocks� In derived circuits ��g� �b�� �
cases can occur� If the connection is from
one output FIFO �and port� to a single input
FIFO �and port�� then they are replaced by
a single FIFO whose depth is adjusted to the

requirements determined by the basic blocks�
function� If the connection is from one out�
put FIFO �and port� to more than one input
FIFO �and port�� all the involved ports are
merged into a replicate port which implements
the necessary control logic �a few gates�� The
depths of the FIFOs are adjusted as required�

HIGH LEVEL TRANSFORMATIONS

The low level optimizations reduce each ba�
sic block to its minimal equivalent implemen�
tation� This implementation is a data��ow op�
erator� hence it still includes costly resources
dedicated to �ow management �I�O FIFOs
and ports�� These resources are eliminated
through collapsing of neighboring basic blocks
into macro�blocks according to the function
they implement or to user speci�cation� For
instance� the atan arc tangent operator of the
defect detector application required a 	�����
Look�Up Table �LUT� and was emulated us�
ing 
 basic blocks �� LUTs� � selectors� due
to the limitations �a basic block contains a
��
�
 RAM�� This operator was derived into
a macro�block containing a 	����� ROM�
Derived circuits consist of single FPOA ba�

sic blocks and collapsed macro�blocks� Their
architecture is Finite State Machine with Dat�
apath and their execution model is data��ow�
Retargeted circuits are compatible with the
FPOA I�O protocol and hence they can be
connected to the DFFC� They can also be used
as stand�alone autonomous circuits�
The output of the retargeting process is a

VHDL netlist at the RT level which is fed
into COMPASS� low level tools� Only the
I�O FIFOs can currently be implemented us�
ing COMPASS� Datapath Compiler� the re�
maining resources are implemented in stan�
dard cells� Circuits featuring FIFOs imple�
mented in datapath cells are smaller than cir�
cuits featuring FIFOs implemented in stan�
dard cells at the expense of a more compli�
cated �and not fully automatic� placement and
routing step� The use of the Datapath Com�
piler will be generalized for all the datapath�
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Figure �� Controller implementation� initial �a� and derived �b�
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Figure �� Communication between basic blocks

RESULTS

Derived basic blocks �featuring low level op�
timizations� are shown in table 	� They do not
include any I�O port since the I�O port con�
�guration is application�dependent �this is not
signi�cant since a derived I�O port contains a
few gates�� With a 	�mCMOS technology the
average area of a basic block is � mm�� The
appliance of high level transformations yields
an area reduction of about 
�� for retargeted
circuits� Hence a maximum of 	�� derived ba�
sic blocks can be integrated on a single chip�
The use of a ��� �m technology is expected to
raise this density up to ��� blocks�chip�

Derived circuits are validated by simulation�
�rstly at the basic block level �if the basic
block has not already been derived and val�
idated�� then at the circuit level� As it is
actually a validation of optimized �validated�
circuits� the amount of simulation needed is
restricted to a few dozens input vectors�

A defect detector has been successfully em�
ulated on the Data�Flow Functional Com�

puter� The algorithm �	� consists in identify�
ing and locating defective regions in strongly
patterned images ��g� 
a�� The defect de�
tector has then been retargeted into a 	�m
CMOS technology� Fig� 
b presents the re�
targeted extraction macro �edge detection and
computing of their directions�� The chip in�
cludes �
 basic blocks ��	K gates� in ���� mm�

�core size ���� mm��� it has been validated by
simulation using a few dozens input vectors�
The chip can process images with at most
�	� pixels�line due to the on�board �	��word
FIFO� but larger images can be processed by
connecting an external FIFO� The computing
power of the chip is about 		� MIPS�

CONCLUSION

A retargeting methodology for Field�
Programmable Operator Arrays �FPOA� has
been presented� After emulation on the
FPOA�based Data�Flow Functional Com�
puter emulator� a vision application is derived
into a VLSI chipset consisting of standard and



Operator Initial abs add max Pixel Line ��bit ����word
block delay delay Histo FIFO

Area 
mm�� ����� ���� ���� ���� ���� ���� ���� ����
FIFO�Operator ���� ���� ���� ���� ���� ���� ���� ����

Table 	� Initial and derived basic blocks in a 	�m CMOS technology

IMAGE OF THE DEFECTS

DIRECTION
MACRO

COUNT

COUNT

MAX

AVERAGE

EDGES DIRECTION
OF EDGES

FROM K
DIST

1 2 3 4

THRESHOLD IMAGE

DERIVATES
EXTRACTION

MACRO

ATAN
THRESH


a� 
b�

Figure 
� Data��ow graph of the defect detector �a� and �oorplan of the extraction macro �b�

datapath cells using the retargeting method�
ology� Thanks to the ��	
�bit operator�level
granularity of the FPOA the retargeting pro�
cess optimizes the resulting ASICs while at the
same time it minimizes the amount of simu�
lation needed to validate it� Retargeted cir�
cuits are intended to be autonomous vision
automata but they are compatible with the
FPOA �and hence with the DFFC��
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