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Abstract— Due to designand production delaysand
costs, due to technology problems such as defect
managements,recon gurable devices are at least a
serious option for future technologies. This paper
explains the current status of a CAD framework
dedicatedto recon gurable architectures(Madeo),and
discussesvhat are the bene ts of using such a frame-
work asa starting point for futur e software/hardware
workbenches. Today the advantages appear to be
(1) support for description of nanocell architectures,
(2) generic physical tools, (3) level of abstraction in
hardware support design.

I. INTRODUCTION

Non-silicon computingsolutionswill be consid-
ered as interestingcandidatesf they can compete
with currenttechnologiesn a setof criteriasuchas
the nal costof a customapplicationrelatedto its
market size, the delaysto producean application,
the easefor softwareintegration,the re-usability of
a device, performancepower consumptionand die
size.

With the currenttechnologiesi,t is known that

nal costsand delaysare becomingimportantis-

suesespeciallyfor large circuits. This can possibly
obliterate the efforts achieved to improve these
technologiesBesidesASIC, recon gurablecircuits
areincreasingtheir market partswith the following

prosandcons:

(pros): the samedevice canbe usedon several
applicationsdue to on-shelf availability, has
shorterdelaysandlow developmentcost,
(cons): currentrecon gurablecircuits can be
estimatedo be 100 the costof anequialent
dedicatedASIC in termsof silicon use. They
have lower performanceandimply morepower
consumption.

Given the economic choice towards recon g-
urable device propertiesiit is very likely that new
technology breakthroughwill solve some of the
problemsencounteredn commonFPGAs or data
path solutions.

In this paper we will describe the software
architectureof a frameawork speci cally designed
for recon gurable circuits. This framework, called
MADEO, matchesseveral constraintsdiagnosedor

non-silicon CAD tools, and could be adaptedto
several investicateddevices.

Il. COMPILING AND PROGRAMMING
A. Objectives

Common programming ervironments rely on
physical operatorgo obtainexecutionmechanisms.
Sequentiallanguagesproposeto decomposealgo-
rithms on standardprocessorresourcesand hard-
ware languagesmostly use componentlibraries to
generatephysical supports. Algorithms are thought
to reducethework loadin this contet andthe com-
piler works are directedto optimize and generate
codeonly for thesetargets.

New technologiexanhave a considerablémpact
on our tranquil world for mary reasonsAs exam-
ples, they offer the potential for massve parallel
execution following, SIMD or cellular models.In
the caseof recon gurability, they can changeour
programmingstyle by removing the necessityto use
x ed operatorswith a possibleimpacton ef ciency
and simplicity of algorithms. Custom arithmetics
for integer x ed or oating points can be used
as languageprimitives. As we are able to produce
hardware,we canusedifferentexecutionmodelsin
an applicationprovided that we have the adequate
tools available.

By consideringthesedifferentpointsit was con-
cludedthat:

1) Given the need to use unusual execution
mechanismjt is betterif everything needed
for executionis de ned in the languageThus
are exive languageis a good, if not manda-
tory entry point

a software developmentervironmentmustas-
sist the programmersn discovering what is

generatedand what occursin the execution
mechanismsandthereforethefull translation
chain mustbe transparent.

it is neededo have a multi-target supportfor

physical mapping.

An initial idea was to managethe articulation
betweersoftwareandhardwareat mediumgrain, re-
ecting ahighlevel, objectbased|ook-uptableinto
a monolithic PLA circuit adaptedfor FPGAS[13.
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Thus, a simple correspondencés a piece of high
level codé, with no sideeffect pre-computednto a
LUT, andmappedon a hardware PLA or memory

Startingfrom this point, to producea FSM, it is
enoughto set a register in the loop betweenstate
outputsandstateinputs.A high level representation
for this is a high level function that retainsa state
in a setof local private variables.

Then, from thesetwo primitives, it is necessary
to nd an efcient way to compile comple or
very complex combinationalcomputationsto map
mediumgrain PLA graphsto technologyresources,
and nally to explain how we can specify and
generateapplicationarchitectureson top of this.

B. Structue of the translationchain

It is divided into layers ensuring (bottom-up):
physical mapping (1), pre-technology synthesis
basedon a look-up tables intermediaterepresen-
tation (2) and applicationarchitecturespeci cation
(3). This sectionwill describethis processstarting
by the centrallayerasthisis the coreof thecompiler
work, while sectionlV will explain currentmapping
and expectedadaptatiorto emeging technologies.
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We separatdwo concernswhich are commonly
associatedo logic and architecture.The rst con-
cernis to generateeombinationabnd FSM physical
mechanismsand the secondis to organize compu-
tationsas an architecture.

1) High level LUT graph genertion: The spec-
i cation entry for synthesisis the method level.
A methodis a function describinghow a receiver
objectreactsto a messge. Normally, the Smalltalk-
80 languagedecidesat runtime which compiled
methodis to be executed pasedn therecever class
and the inheritancechain. As we want primarily
to produceefcient circuits, thesemechanismsare
replacedby pre-computinghe binding for the data
contet in which the circuit is supposedo work.

This require to know the set of objects that
could appearat run time asvaluesfor recever and
messageparametersjn such a way that we can

IWe are using Smalltalk-80as the developmentand the ap-
plication speci®cationlanguage. Smalltalk-80is a late binding,
re eive object-orientedanguagedesignedby Alan Kay andthe
Xerox PARC teamduring the 70's years.

decide for each messagecalled which methodis
to be applied. One software methodcan have very
different hardware representatiomlependingon the
contet for which it is compiled.

Theresultof the synthesids a hierarchicalgraph
with two kind of nodes,one associatingnput ob-
jects to output objects and anothercorresponding
to method sending. The edgesexpress sequential
computationdependencies.

The objects can be understoodas symbols de-
notedby a code,andnumericdataarejust a special
setof symbolshaving known codes.

The translationprinciple is to evaluateeachpos-
sible messagesendfor each possibleobject-tuple
in the contet in a recursve way, using the edges.
The recursionstopswhenit is found that a node
is “simple enough”to be replacedby a table. A
numberof usualoptimizationsare achieved by the
rst compilerpassduringthegraphconstructiorthat
we will not detail here (see[11]). After the rst
stage,the LUT graphis processedgain to remove
uselesscorrespondencedhis includes:

1) collapsingnodesalongunary paths,

2) detectingno-operatiorpatterns,

3) removing reversely and recursvely unused

valuesfrom the tables.

State machinescan be producedin a similar
way, by adding state variablesto the context. If
state space exploration is needed,each variable
is requiredto have initial valuesfrom which the
synthesigool canretrieve ary reachablestate.The
outputwill denotethe necessityto provide registers
with their size to implementthe FSM.

For thesemechanismgo work, it is necessaryo
limit arti cially the amplitudeof value setspassed
asparametersll alongthe programstructure.This
limitation allow to progressiely reducethe com-
plexity in adivide andconqueifashion.lt works be-
causein combinationakcomputationghe numberof
symbolshandledalongthe graphis alwaysdecreas-
ing, eitherin depth,or downwards. Thus, comple
computationscan be expressedhierarchically but
with a restrictionon dataamplitudesimilar to what
occurwhenprogrammingon an 8-bit processar

2) Describing Architectues: A processingar
chitectureis a hierarchicalarrangemenof mem-
ory/reggisters, combinationalparts and lower level
processingarchitecturesWe are targeting recon g-
urablearchitectureshathave a topologythatcanbe
discoveredusingtheir commonabstracimodel.Sec-
tion IV will explainhow thisis implementedbut for
now, it is sufcient to admit thatthe physical layer
hasan API allowing to producehardware modules
from computatiorgraphs returninggeometricabnd
temporalinformations.

Architecturescanbe regular or irregular. Regular
architecturesare describedby loops that replicates
physical componentsand connect them together



to form operatorsnetworks, pipelines,cellular ar
chitecturesgtc... This is achiezed with technology
independenceyy extracting modulesgeometry ex-
plicity computingthe placementandrouting from
one componento another

Irregular architecturesmix different modulesto-
getherandit is betterto do this automaticallyfrom
a higherlevel processrientedlanguageatherthan
by handor by schematiceditorsasit is currently
the case.

Architectures are saved in a library database
either in their software or hardware description
to avoid re-computationThey can have dedicated
associatedlanguage (systolic, cellular, ...) and
generators|[6].

C. Basicexamplefor synthesis

To illustrateour compilation o w, let uscomment
the caseof a HL programwhich computegshe GCD
(greatesttommondivisor) of two integer values.

A programis describedn a classsupportingall
the neededmethodsfor it. In the caseof the GCD,
thereis just one methodthat is simply a recursve
implementationof a GCD. Below is the Smalltalk-
80 codefor this :

ged: x and: vy
T (x Wy =0

ifTrue:[y]
ifFalse:[self

ged: y and:  x\y].

This programis a puresoftwarebehaior describ-
ing the GCD for ary integerinputs,whatever would
be the size of it. The gure 2 shavs the GCD
program in the synthesisinterface, shaving the
directedagyclic graph(DAG) of the rst recursve
call.

Fig. 2. GCD programin the synthesistool, shaving directed
agyclic graph(DAG) of the ®rst recursve call

To producelogic for this program,it is necessary
to provide a characterizatiorof the inputs of the

gcd methodas integer intenals or irregular set of
integer (asonly integer valuesmustbe usedin this
program).In this casethe recursve calls are exe-
cutedat compiletime andlogic generatiorassociate
a tableto the node,equivalentto its functionality
This table is then targeted to a FPGA-based
architecture The resultis obtainedas a component
which could be placedand routedon ary recon g-
urable architecturewhose grammaticaldescription
hasbeengiven. The gure 3 shaws the exampleof
a synthesizedplacedand routed programfor two
operandsn the interval rangingfrom 2 to 33.

Fig. 3. Placedand routedGCD programon a Virtex recon®g-
urablecircuit, for two operandsn the interval rangingfrom 2 to
33.

Various coding styles can be usedto specify
a program. For instance,the GCD program can
also be implementedby manually unrolling loop.
The following code shawvs the methodsfor sucha
program.Here,the numberof iterationsis prepared
accordingthe input type. Such programscan be
easilygeneratedy a compilerfrom a higherspec-
i cation. The gure 4 showvs the manuallyunrolled
versionof the GCD in the synthesisinterface.

unrolledGCD:  x and: vy
| foundl resl found2 res2 found3 res3 |
foundl:=false.
resl:=self gcdComp: x and: y and: foundl.
found2:=self gcdFound: resl and: foundl.
res2:=self gcdComp:y and:resl  and:found2.
found3:=self gcdFound: res2 and: found2.
res3:=self gcdCompiresl and:res2  and:found3.
" res3
gcdComp: x and: y and: found
" (y =0
ifTrue:  [x]
ifFalse:[ (found = true)
ifTrue;[ y]
ifFalse:[x vl



x and: found
| found.

gcdFound:
T (x =0

Fig. 4. GCD unrolled programin the synthesistool

I1l. APPLICABILITY
A. Geneality of the mehanism

The high level function translationprinciple can
be reproducedwith different languages.To build
a similar compiler in a different ervironment, the
following stepscould probablywork:

usethe front-end from the compiler and pro-
duce a graphwhoseedgesrepresentdata de-
pendenciesand node represeniprogramstate-
ments. Replacelocal variable referencesby
dependencies.
presentdatafor graphinputsasvalue enumer
ations or basic types, or execute some data
speci cation functionsproducingthesevalues.
If it is a typed language,the values must
correspondo the input parametertypes. If it
is non-polymorphicthe valuesmustbe of the
sametype.
propagte the values along the graph edges
building look-up tablesfor eachnode, or call
the compiler recursvely if the nodeis a pro-
cedurecall that doesnot appearto matchthe
target cell capacity
build reductionmechanismsn the graph (see
sectionll-B.1).
replacevaluesby indexesto represensymbols,
or use speci ¢ encodersfor the primitive nu-
meric types.
the resultis a PLA-basedhierarchicalgraph.
This approachcanbe usedfor statelesprograms

or functionsdescribingcombinationatomputations.

In a basicway, the programsneedto be designed
with hardware module synthesisas focus with a
particularimplementabldunctionalityin mind. The
physical constraintthat the designermeedsto con-
sider in writing the code or the compiler is the
bitwidth of routing channelsat cell input-outputs.
Theamplitudeof the datasetmustbe adaptedo the
target circuit cell at every stageof the computation
so that the look-up tableswill t on the hardware.

However, adaptation to different technology
grainscanbe obtainedby postprocessinghe tables
to groupthemif the technologyhaslarger capacity
or to split the tablesin subgraphdn the opposite
case. When addressingFPGAs, we use the SIS
packageto reducethe logic[15]. In our experience,
it is far moreeasyto reducethe compleity working
at the table level than at the logic level?.

B. Languaye issues

Whatever languages used,the style of program-
ming will obey to a divide and conquerapproach
with an applicatve style. This implies the intensive
use of function calls to structure the computa-
tion hierarchically Recursvity canbe processedt
compile-timedueto the knowledgeof dataon which
the circuit will operate.Staticloops are acceptable
sincethey canbe unrolledby the compilerbringing
optimization opportunities.lt was easyto compile
from Smalltalk-80dueto its quasi-singleconstruct
of messagesending,and the parallel semanticof
collectionoperatords alsopromisingfor large scale
computing.

The main agumentfor Smalltalk-80is the run-
time binding of messagsymbolsto actualmethods.
With this kind of binding, the languagecan be
characterize@dsa symboliclanguagewithout types.
Thus, the programsare very generaland do not
needrecompilationto adaptto new classesLet us
considerethe following program p that computes
X2+ 1
p: X
X squared + 1.

There is no needto restrict x to a particular
classsincethe interpretercanretrieve the adequate
methodsquared or + whenthe codeis executed.
So, the methodcould be de ned in a classNumber
and usedon a variety of subclassesmplementing
squared and+ . Thus,we canusethis pieceof code
on Integers, Floats, Fraction, FixedPoint, Comple
numbers.In the following example,we shav how
to build a datasetwith a variety of objects:

2Mappingfrom very large logic network hasbeeninvestigated
by using automatichierchical graph decompositionwith some
success[12]. However, the reduction achiered at a semantic
level on high-level look-up table graphsis far more ef®cient.
Practically we try to minimize the work load on logic tools by
producingPLAs which compleity looks to be undercontrol.



| dataSet | dataSet := Array with: 3
with: 3.0 with:  1/3 with: 1 + 3i.

Synthesids achiered on a pair groupinga func-
tion anda dataset,

(p:X)(x2 datast),

wherethe advantageof usinga languagewithout
type declarationis clear: the programpart and the
data part are totally independentenablinga large
reuseof the programpart. As theexecutionis guided
by the data, this structure enablestuning of the
data to control arithmetic errors, circuit speedor
hardwareuse.lIt is possibleto build numericclasses
such as oating point or x ed point and to tune
theseclasscharacteristicén front of the processing
behaiour. On the contrary using typed languages
will only carryissuedueto thesetypesandoperator
semantics.

IV. PHYSICAL MAPPING

In this layerthetargetrecon gurablearchitecture
is modeled using a speci c grammar: primitives
(LUT, memories,PLA, operators..), connectiities
(signals,pips, switches buses) patternsand hierar
chy in the organization.

A secondentry point is for the application to
be mapped.The applicationis a hierarchicalgraph
of componentso be mappedon the architecture.
Generic tools take this hierarcly and achieve a
placementand a routing betweenthe resources.
Thenthey returnthe mappedstructureto the upper
layer with measuresomputedduring the process.

The softwarecomponenbecomes hardwareone
that can be archived or assembledinder program
control to build a complec architecture.

The setof toolsin this back-endhasbeeninten-
sively practicedon FPGA architecturesjncluding
commercialones (the gure 3 shavs a mapping
achieved on a Virtex 1, with the possibility to build
con guration by writing an equivalentJbitscircuit).
In the caseof FPGA, the PLA coming from the
higherlevel are split into small tablesbeforeplace-
and-route.

A. Bak-endto memoryor PLA baseddevices

Modeling of an architecturesuch as Nanofabric
[8] canbe easilyachievedwith Madeo-befphysical
layer). The structurecan be seenas a 2D grid of
identicalunits. The descriptionof anindividual unit
is basedon writing a programin a customlanguage,
assemblingand parameterizinghierarchicallyhard-
wareelementsuchaswires, registersmultiplexers,
switches functional units etc. For example,a hard-
ware functioncorrespondso the logical cell andin
our caseit representshe nanoblo. It is composed
of a list of inputs and outputs and accept ary
processingunit assumingthe I0s are compatible.
Similarly, the de nition of a switch is basedon

two parts.The rst correspondgo the enumeration
of the wires which are used by the switch, the

secondgives all connectionscarried out between
the differentwires usedin switch. The interconnec-
tion betweenthe different elementsand the long

wirescanalsobe donein an ef cient manner The

modelingtime of suchan architecturds drastically
reducedsincewe canreplicatethe desiredinstance,
henceexploiting the regularity of the model. For

example,the modelingof an architectureof similar

type can be achiesed successfullyin a half-day
work. Given a set of applicationdescriptionsit is

alsopossibleto examinean investigatedtechnology
solutionin front of this benchmark.The grammar
for modelingdevices canalsobe extendedto carry

additional technology parameterghat needto be

computedduring physical synthesis.

nanoblock

e

switch

north
west

east
south

Fig. 5. Modeling of a nanofbric clusterwith Madeo physical
layer

The gure 5 above shawvs a snapshobf nanofb-
ric resourcesvith ourtool. The crossedoxesrepre-
sentthe switcheswhile the white onesarefunctions
in a nanofbric cluster Table | and Il shaws the
correspondingdescriptionsof a nanoblockand a
switch. In the tool a clusteris representedn the
form of a 'COMPOSITE'. Thesecompositescan
be replicatedas mary times as needed simply by
changingthe 'DOMAIN' valuesgiving a required
instance.The testedmodel is an array of 15 15
clusters.

In principle all associationsbetweena set of
inputs and a correspondingresult (such as logic
functions)could be putinto memorycells, provided
there is adequateamount of fast accessmemory
MRAM, phasechangememory nano oating gate
memory and molecular memoriesare among the
emeging developmentsin high speednanometric
memory technologies[9]. Other decoding tech-
niguesincludeMLA MolecularLogic Array [8] and
non-silicon PLA ProgrammableLogic Array. The
crossbatbasedVLA approachs essentiallya look-
up table (LUT) comprisedof rows of diode-resistor
AND gatesconnectingto columnsof diode-resistor
OR gates. The samearrangementan be usedto



(WIRE (WIDTH x) NAMEDA) "x bits

(

(

( A port"
(WIRE (WIDTH y) NAMEDB) "y bits
(

(

(

B port"
OUTPUTS
(WIRE (WIDTH x) NAMEDC) "x bits C port"
(WIRE (WIDTH y) NAMEDD) "x bits D port"
(AMONG Or And )) "possible  functions"
NAMEDnanoblock) ~ "symbolic ~ resource  addressing
definition”

TABLE |

MODEL FOR A NANOBLOCK. |T IS COMPOSED OF A LIST OF
INPUTS AND OUTPUTS AND ACCEPT ANY PROCESSING UNIT
ASSUMING THE 10S ARE COMPATIBLE

((SWITCHBLOCK
(RESOURCES"declaration
connection”

(

of resources used for inter-

north
south
east
west
'self  north connectTo:  self south’ “connection  of
north  with  south”
'self  east connectTo: self west' "connection  of east
with ~ west"
NAMEDswitch) ~ "symbolic ~ resource  addressing  defin-
ition"
TABLE I

MODEL FOR A SWITCH. THE RESOURCES ONCE DECLARED
CAN BE CONNECTED IN ANY FASHION AS NEEDED

constructa PLA [16]. However, the potential ad-
vantageof usingPLA over that of formertechnique
is thatthe areaof a LUT grows exponentiallywith

the numberof literals. On the contrarythe areaof a
PLA is proportionalto the productterms. Another
realizationschemeof PLA basedon stochastidech-
niguesusing nanavires is demonstratedby DeHon
et. al [5]

B. Fault toleranceand fabrication

Several basiccharacteristicere commonto most
of the works and prospection®n non-silicontech-
nologies (mainly molecular ones) and stem from
self-assemblypuilding process

(1) Thefabricationdefectscouldnotbeneglected,
as they would be around5%, and inducethe need
of architecturaredundang andbeingableto detect
defects.

(2) The nano-componentarchitectureis com-
posed of ne grain molecular gates or memory
with local regularinterconnectComputingpower is
achieved by simple hierarchicalregular compound
of nano-grid, interrupting with today's processor
designrules. Consequentlycompleity is shifted

from the hardware level to the programmingtool
level : One should be able to emulatea comple
virtual architectureon a simple but large array of
computingnodes.

Those facts shav that MADEO is particularly
adequateto deal with future technologiesmodel-
ing and programmingfor two main reasons: (1)
the nano-componenpredictedarchitectureis very
similar to the recon gurablearchitecturemodel.(2)
the MADEO framavork can deal with fabrication
defects.Its genericplace-and-routéools, re ned to
ary describedarchitecture,can be easily adapted
to defectconstrainegrogrammingsincethe defect
mapis similar to a list of usedresources.

V. RELATED WORKS

Recon gurablecomputinghas motivateda num-
ber of developmenttools covering the different
aspect®f the synthesihainrangingfrom physical
descriptionfor a given circuit to languagespecial-
ized for particularcomputationmodels.

The rst generationof thesetools and their suc-
cessorswere providing supportfor draving struc-
tured circuits on FPGAs (PamDC, Pam-blox[14]).
Although thesetools proved to enableef cient cir-
cuit design,they are probably dif cult to migrate
to new technologiesand even with the hiding of
FPGAsstructureby the industry they are probably
dif cult to maintain. Aware of the negative impact
of this strat@y, the industry has proposedopen
architecturessuch as the xc6200, or programming
libraries, suchas JBits[10].

A rst characteristicof Madeois the modeling
tools for the descriptionof regular organizations
on which placing and routing is needed.Due to
this model, portability is feasiblerangingfrom our
currentFPGA tamgetsto future PLA or RAM based
technologiesMadeohasre-useddeasfrom VPR[3]
but is a more generalframevork.

Placing and composingcomponentge.g. oor -
planning)is currently achiezed by imperative loops
operating on the place and route operators, at
the difference of LAVA[4] which uses a func-
tional approach[l Functionalstylecompositioncan
be adaptedto Madeo and algebraic propertiesof
circuits could be deducedfrom the compositions
achieszed on elementaryor compositeobjects.

Madeois object-orientedin nature,similarly to
JAZZ, JHDL and other approaches[7 [2]. A dif-
ferencewith theseotherworks is in the behaioral
synthesidools. Madeoencourageto carry software
behaior to hardwareratherthandescribingphysical
computationgwhich canalso be done).

If recon gurability is emepging as an important
conceptfor new technologiesijt is also important
to see how the translation processcan help the
future applicationsto be build more quickly than



with current design ows. A rst problem with

the currentstatusin recon gurable software is the
dif culty to obtain the knowledge of the tamet
device structure.Due to industrial protections few

public tools can addressthesedevices, and, as a
result, there is no portability of the development
tools. The single way to obtain portability is by

the use of the generalpurposeVHDL, that hides
the layout of the circuit andrisesdif culties for the
high level compilers.

VI. CONCLUSION

Several recon gurable architectureshave been
fully or partially describedusingthe low level mod-
eler tool, including Xilinx 6200 and Virtex1, At-
mel 40K, STMicroelectronicembedded-PGA and
data-path.Several monolithic or compositecom-
ponentshave be compiled for thesearchitectures
including integer and oating point operatorsstate
machines,Galois eld basedRS and part of error
detectionalgorithms.

Quick investigation has beenachieved on PLA-
basedarchitecturest the physical level andwe are
con dentto beableto mapthelook-up computation
graphto this kind of circuits.

The core of this work is an organizationmodel
having a grammatical syntax that could help in
designing portable software tools and estimations
when designingphysical devices. This model and
the application graphs mappedon the model is
a candidateto a status similar to the assembly
languagefor sequentiaprogrammablecomputing.
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