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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 futur e technologies. This paper
explains the current status of a CAD framework
dedicatedto recon�gurable architectures(Madeo),and
discusseswhat are the bene�ts of using such a frame-
work as a 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 interestingcandidatesif they can compete
with currenttechnologieson a setof criteriasuchas
the �nal cost of a customapplicationrelatedto its
market size, the delaysto producean application,
the easefor softwareintegration,the re-usabilityof
a device, performance,power consumptionanddie
size.

With the current technologies,it is known that
�nal costsand delaysare becomingimportant is-
suesespeciallyfor large circuits. This canpossibly
obliterate the efforts achieved to improve these
technologies.BesidesASIC, recon�gurablecircuits
areincreasingtheir market partswith the following
prosandcons:

� (pros): thesamedevice canbeusedon several
applicationsdue to on-shelf availability, has
shorterdelaysand low developmentcost,

� (cons) : current recon�gurablecircuits can be
estimatedto be 100� the costof an equivalent
dedicatedASIC in termsof silicon use.They
have lower performanceandimply morepower
consumption.

Given the economic choice towards recon�g-
urabledevice properties,it is very likely that new
technology breakthroughwill solve some of the
problemsencounteredin commonFPGAs or data
pathsolutions.

In this paper we will describe the software
architectureof a framework speci�cally designed
for recon�gurablecircuits. This framework, called
MADEO, matchesseveral constraintsdiagnosedfor

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

I I . COMPILING AND PROGRAMMING

A. Objectives

Common programming environments rely on
physical operatorsto obtainexecutionmechanisms.
Sequentiallanguagesproposeto decomposealgo-
rithms on standardprocessorresourcesand hard-
ware languagesmostly use componentlibraries to
generatephysical supports.Algorithms are thought
to reducethework loadin this context andthecom-
piler works are directed to optimize and generate
codeonly for thesetargets.

New technologiescanhave a considerableimpact
on our tranquil world for many reasons.As exam-
ples, they offer the potential for massive parallel
execution following, SIMD or cellular models.In
the caseof recon�gurability, they can changeour
programmingstyleby removing thenecessityto 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 consideringthesedifferentpoints it wascon-
cludedthat:

1) Given the need to use unusual execution
mechanism,it is better if everything needed
for executionis de�ned in the language.Thus
a re�exive languageis a good, if not manda-
tory entry point

2) a softwaredevelopmentenvironmentmustas-
sist the programmersin discovering what is
generatedand what occurs in the execution
mechanisms,andtherefore,thefull translation
chainmustbe transparent.

3) it is neededto have a multi-target supportfor
physical mapping.

An initial idea was to managethe articulation
betweensoftwareandhardwareatmediumgrain,re-
�ecting a high level, objectbased,look-uptableinto
a monolithic PLA circuit adaptedfor FPGAs[13].
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Thus, a simple correspondenceis a piece of high
level code1, with no sideeffect pre-computedinto a
LUT, andmappedon a hardwarePLA 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 privatevariables.

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

B. Structure 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 thecentrallayerasthis is thecoreof thecompiler
work, while sectionIV will explaincurrentmapping
andexpectedadaptationto emerging technologies.

Synthesis of cell networks

Place, route, floorplan.

Architecture building

model
Architecture

Behavioral description

Hardware
and 
software
libraries

(1)

(2)

(3)

Fig. 1. Madeo¯ow

We separatetwo concernswhich are commonly
associatedto logic and architecture.The �rst con-
cernis to generatecombinationalandFSM physical
mechanismsand the secondis to organizecompu-
tationsasan architecture.

1) High level LUT graph generation: The spec-
i�cation entry for synthesisis the method level.
A methodis a function describinghow a receiver
objectreactsto a message. Normally, theSmalltalk-
80 languagedecidesat runtime which compiled
methodis to beexecuted,basedon thereceiverclass
and the inheritancechain. As we want primarily
to produceef�cient circuits, thesemechanismsare
replacedby pre-computingthe binding for the data
context in which the circuit is supposedto work.

This require to know the set of objects that
could appearat run time asvaluesfor receiver and
messageparameters,in such a way that we can

1We are using Smalltalk-80as the developmentand the ap-
plication speci®cationlanguage.Smalltalk-80is a late binding,
re¯exive object-orientedlanguagedesignedby Alan Kay andthe
Xerox PARC teamduring the 70's years.

decide for each messagecalled which method is
to be applied.One software methodcan have very
differenthardware representationdependingon the
context for which it is compiled.

Theresultof thesynthesisis a hierarchicalgraph
with two kind of nodes,one associatinginput ob-
jects to output objects and anothercorresponding
to method sending.The edgesexpresssequential
computationdependencies.

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

The translationprinciple is to evaluateeachpos-
sible messagesend for eachpossibleobject-tuple
in the context in a recursive way, using the edges.
The recursionstopswhen it is found that a node
is “simple enough” to be replacedby a table. A
numberof usualoptimizationsare achieved by the
�rst compilerpassduringthegraphconstructionthat
we will not detail here (see [11]). After the �rst
stage,the LUT graphis processedagain to remove
uselesscorrespondences.This includes:

1) collapsingnodesalongunarypaths,
2) detectingno-operationpatterns,
3) removing reversely and recursively unused

valuesfrom the tables.
State machinescan be produced in a similar

way, by adding state variables to the context. If
state space exploration is needed,each variable
is required to have initial values from which the
synthesistool canretrieve any reachablestate.The
outputwill denotethe necessityto provide registers
with their size to implementthe FSM.

For thesemechanismsto work, it is necessaryto
limit arti�cially the amplitudeof value setspassed
asparametersall along the programstructure.This
limitation allow to progressively reducethe com-
plexity in a divide andconquerfashion.It worksbe-
causein combinationalcomputationsthenumberof
symbolshandledalongthegraphis alwaysdecreas-
ing, either in depth,or downwards.Thus,complex
computationscan be expressedhierarchically, but
with a restrictionon dataamplitudesimilar to what
occurwhenprogrammingon an 8-bit processor.

2) Describing Architectures: A processingar-
chitecture is a hierarchicalarrangementof mem-
ory/registers, combinationalparts and lower level
processingarchitectures.We are targetingrecon�g-
urablearchitecturesthathave a topologythatcanbe
discoveredusingtheir commonabstractmodel.Sec-
tion IV will explainhow this is implemented,but for
now, it is suf�cient to admit that the physical layer
hasan API allowing to producehardware modules
from computationgraphs,returninggeometricaland
temporalinformations.

Architecturescanbe regularor irregular. Regular
architecturesare describedby loops that replicates
physical componentsand connect them together
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to form operators,networks, pipelines,cellular ar-
chitectures,etc.. .This is achieved with technology
independence,by extractingmodulesgeometry, ex-
plicitly computingthe placement,androuting from
onecomponentto another.

Irregular architecturesmix different modulesto-
getherandit is betterto do this automaticallyfrom
a higherlevel processorientedlanguageratherthan
by hand or by schematiceditors as it is currently
the case.

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

C. Basicexamplefor synthesis

To illustrateour compilation�o w, let uscomment
thecaseof a HL programwhich computestheGCD
(greatestcommondivisor) of two integer values.

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

gcd: x and: y
ˆ ((x \\ y = 0)

ifTrue:[y]
ifFalse:[self gcd: y and: x\\y].

This programis a puresoftwarebehavior describ-
ing theGCD for any integer inputs,whatever would
be the size of it. The �gure 2 shows the GCD
program in the synthesis interface, showing the
directedacyclic graph(DAG) of the �rst recursive
call.

Fig. 2. GCD programin the synthesistool, showing directed
acyclic graph(DAG) of the ®rst recursive call

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

gcd methodas integer intervals or irregular set of
integer (asonly integer valuesmustbe usedin this
program).In this casethe recursive calls are exe-
cutedat compiletime andlogic generationassociate
a table to the node,equivalent to its functionality.

This table is then targeted to a FPGA-based
architecture.The result is obtainedasa component
which could be placedandroutedon any recon�g-
urable architecturewhosegrammaticaldescription
hasbeengiven. The �gure 3 shows the exampleof
a synthesized,placedand routed programfor two
operandsin the interval rangingfrom 2 to 33.

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

Various coding styles can be used to specify
a program. For instance,the GCD program can
also be implementedby manually unrolling loop.
The following codeshows the methodsfor sucha
program.Here,the numberof iterationsis prepared
according the input type. Such programscan be
easilygeneratedby a compiler from a higherspec-
i�cation. The �gure 4 shows the manuallyunrolled
versionof the GCD in the synthesisinterface.

unrolledGCD: x and: y
| found1 res1 found2 res2 found3 res3 |
found1:=false.
res1:=self gcdComp: x and: y and: found1.
found2:=self gcdFound: res1 and: found1.
res2:=self gcdComp:y and:res1 and:found2.
found3:=self gcdFound: res2 and: found2.
res3:=self gcdComp:res1 and:res2 and:found3.
ˆ res3

gcdComp: x and: y and: found
ˆ ( y =0)

ifTrue: [x]
ifFalse:[ (found = true)

ifTrue:[ y]
ifFalse:[x \\ y]].
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gcdFound: x and: found
ˆ (x = 0) | found.

Fig. 4. GCD unrolledprogramin the synthesistool

I I I . APPLICABILITY

A. Generality of the mechanism

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

� use the front-end from the compiler and pro-
duce a graph whoseedgesrepresentdata de-
pendenciesand noderepresentprogramstate-
ments. Replace local variable referencesby
dependencies.

� presentdatafor graphinputsasvalueenumer-
ations or basic types, or execute some data
speci�cation functionsproducingthesevalues.
If it is a typed language,the values must
correspondto the input parametertypes. If it
is non-polymorphic,the valuesmustbe of the
sametype.

� propagate the values along the graph edges
building look-up tablesfor eachnode,or call
the compiler recursively if the node is a pro-
cedurecall that doesnot appearto match the
target cell capacity.

� build reductionmechanismsin the graph(see
sectionII-B.1).

� replacevaluesby indexesto representsymbols,
or usespeci�c encodersfor the primitive nu-
meric types.

� the result is a PLA-basedhierarchicalgraph.
This approachcanbe usedfor statelessprograms

or functionsdescribingcombinationalcomputations.

In a basicway, the programsneedto be designed
with hardware module synthesisas focus with a
particularimplementablefunctionality in mind. The
physical constraintthat the designerneedsto con-
sider in writing the code or the compiler is the
bitwidth of routing channelsat cell input-outputs.
Theamplitudeof thedatasetmustbeadaptedto 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 postprocessingthe tables
to groupthemif the technologyhaslarger capacity,
or to split the tablesin subgraphsin the opposite
case. When addressingFPGAs, we use the SIS
packageto reducethe logic[15]. In our experience,
it is far moreeasyto reducethecomplexity working
at the table level thanat the logic level2.

B. Language issues

Whatever languageis used,thestyleof program-
ming will obey to a divide and conquerapproach
with an applicative style.This implies the intensive
use of function calls to structure the computa-
tion hierarchically. Recursivity canbe processedat
compile-timedueto theknowledgeof dataonwhich
the circuit will operate.Static loops are acceptable
sincethey canbeunrolledby thecompilerbringing
optimizationopportunities.It was easyto compile
from Smalltalk-80due to its quasi-singleconstruct
of messagesending,and the parallel semanticof
collectionoperatorsis alsopromisingfor largescale
computing.

The main argumentfor Smalltalk-80is the run-
time bindingof messagesymbolsto actualmethods.
With this kind of binding, the languagecan be
characterizedasa symboliclanguagewithout types.
Thus, the programsare very generaland do not
needrecompilationto adaptto new classes.Let us
considerethe following program p that computes
x2 + 1:

p: x
" x squared + 1.

There is no need to restrict x to a particular
classsincethe interpretercanretrieve the adequate
methodsquared or + when the codeis executed.
So, the methodcould be de�ned in a classNumber
and usedon a variety of subclassesimplementing
squared and+ . Thus,we canusethis pieceof code
on Integers,Floats,Fraction,FixedPoint,Complex
numbers.In the following example,we show 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 achieved 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 complexity looks to be undercontrol.
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| dataSet | dataSet := Array with: 3
with: 3.0 with: 1/3 with: 1 + 3i.

Synthesisis achieved on a pair groupinga func-
tion anda dataset,

(p : x)(x 2 dataSet),
wherethe advantageof usinga languagewithout

type declarationis clear: the programpart and the
data part are totally independent,enablinga large
reuseof theprogrampart.As theexecutionis guided
by the data, this structure enablestuning of the
data to control arithmetic errors, circuit speedor
hardwareuse.It is possibleto build numericclasses
such as �oating point or �x ed point and to tune
theseclasscharacteristicsin front of the processing
behaviour. On the contrary using typed languages
will only carryissuesdueto thesetypesandoperator
semantics.

IV. PHYSICAL MAPPING

In this layer the target recon�gurablearchitecture
is modeled using a speci�c grammar: primitives
(LUT, memories,PLA, operators..), connectivities
(signals,pips, switches,buses),patternsandhierar-
chy in the organization.

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

Thesoftwarecomponentbecomesahardwareone
that can be archived or assembledunder program
control to build a complex architecture.

The setof tools in this back-endhasbeeninten-
sively practicedon FPGA architectures,including
commercialones (the �gure 3 shows a mapping
achieved on a Virtex 1, with the possibility to build
con�guration by writing anequivalentJbitscircuit).
In the caseof FPGA, the PLA coming from the
higherlevel aresplit into small tablesbeforeplace-
and-route.

A. Back-endto memoryor PLA baseddevices

Modeling of an architecturesuchas Nanofabric
[8] canbeeasilyachievedwith Madeo-bet(physical
layer). The structurecan be seenas a 2D grid of
identicalunits.Thedescriptionof an individual unit
is basedon writing a programin a customlanguage,
assemblingand parameterizinghierarchicallyhard-
wareelementssuchaswires,registers,multiplexers,
switches,functionalunits etc.For example,a hard-
ware functioncorrespondsto the logical cell andin
our caseit representsthenanoblock. It is composed
of a list of inputs and outputs and accept any
processingunit assumingthe IOs are compatible.
Similarly, the de�nition of a switch is basedon

two parts.The �rst correspondsto 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
wirescanalso be donein an ef�cient manner. The
modelingtime of suchan architectureis drastically
reducedsincewe canreplicatethedesiredinstance,
henceexploiting the regularity of the model. For
example,the modelingof an architectureof similar
type can be achieved successfullyin a half-day
work. Given a set of applicationdescriptions,it is
alsopossibleto examinean investigatedtechnology
solution in front of this benchmark.The grammar
for modelingdevicescanalsobe extendedto carry
additional technologyparametersthat need to be
computedduring physical synthesis.

nanoblock

north

east

west

south

switch

Fig. 5. Modeling of a nanofabric clusterwith Madeophysical
layer

The �gure 5 above shows a snapshotof nanofab-
ric resourceswith our tool. Thecrossedboxesrepre-
senttheswitcheswhile thewhite onesarefunctions
in a nanofabric cluster. Table I and II shows the
correspondingdescriptionsof a nanoblockand a
switch. In the tool a cluster is representedin the
form of a 'COMPOSITE'. Thesecompositescan
be replicatedas many 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)couldbeput into memorycells,provided
there is adequateamount of fast accessmemory.
MRAM, phasechangememory, nano�oating gate
memory and molecular memoriesare among the
emerging developmentsin high speednanometric
memory technologies[9]. Other decoding tech-
niquesincludeMLA MolecularLogic Array [8] and
non-silicon PLA ProgrammableLogic Array. The
crossbar-basedMLA approachis essentiallya look-
up table(LUT) comprisedof rows of diode-resistor
AND gatesconnectingto columnsof diode-resistor
OR gates.The samearrangementcan be used to
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((FUNCTION
(INPUTS
((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 I

MODEL FOR A NANOBLOCK . IT IS COMPOSED OF A LIST OF

INPUTS AND OUTPUTS AND ACCEPT ANY PROCESSING UNIT

ASSUMING THE IOS ARE COMPATIBLE

((SWITCHBLOCK
(RESOURCES"declaration of resources used for inter-
connection"
(
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 II

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 thatof former technique
is that the areaof a LUT grows exponentiallywith
thenumberof literals.On thecontrarytheareaof a
PLA is proportionalto the productterms.Another
realizationschemeof PLA basedon stochastictech-
niquesusing nanowires is demonstratedby DeHon
et. al [5]

B. Fault toleranceand fabrication

Severalbasiccharacteristicsarecommonto most
of the works andprospectionson non-silicontech-
nologies (mainly molecular ones) and stem from
self-assemblybuilding process:

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

(2) The nano-componentarchitecture is com-
posed of �ne grain molecular gates or memory,
with local regular interconnect.Computingpower is
achieved by simple hierarchicalregular compound
of nano-grid, interrupting with today's processor
design rules. Consequently, complexity is shifted

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

Those facts show that MADEO is particularly
adequateto deal with future technologiesmodel-
ing and programmingfor two main reasons: (1)
the nano-componentpredictedarchitectureis very
similar to the recon�gurablearchitecturemodel.(2)
the MADEO framework can deal with fabrication
defects.Its genericplace-and-routetools, re�ned to
any describedarchitecture,can be easily adapted
to defectconstrainedprogramming,sincethedefect
map is similar to a list of usedresources.

V. RELATED WORKS

Recon�gurablecomputinghasmotivateda num-
ber of development tools covering the different
aspectsof thesynthesischainrangingfrom physical
descriptionfor a given circuit to languagespecial-
ized for particularcomputationmodels.

The �rst generationof thesetools and their suc-
cessorswere providing support for drawing 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 technologies,and even with the hiding of
FPGAsstructureby the industry, they areprobably
dif�cult to maintain.Aware of the negative impact
of this strategy, the industry has proposedopen
architecturessuch as the xc6200,or programming
libraries,suchasJBits[10].

A �rst characteristicof Madeo is the modeling
tools for the description of regular organizations
on which placing and routing is needed.Due to
this model,portability is feasiblerangingfrom our
currentFPGA targetsto future PLA or RAM based
technologies.Madeohasre-usedideasfrom VPR[3]
but is a moregeneralframework.

Placing and composingcomponents(e.g. �oor -
planning)is currentlyachieved by imperative loops
operating on the place and route operators, at
the difference of LAVA[4] which uses a func-
tionalapproach[1]. Functionalstylecompositioncan
be adaptedto Madeo and algebraicpropertiesof
circuits could be deducedfrom the compositions
achieved on elementaryor compositeobjects.

Madeo is object-orientedin nature,similarly to
JAZZ, JHDL and other approaches[7], [2]. A dif-
ferencewith theseotherworks is in the behavioral
synthesistools.Madeoencouragesto carrysoftware
behavior to hardwareratherthandescribingphysical
computations(which canalsobe done).

If recon�gurability is emerging as an important
conceptfor new technologies,it is also important
to see how the translation processcan help the
future applicationsto be build more quickly than
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with current design �o ws. A �rst problem with
the currentstatusin recon�gurablesoftware is the
dif�culty to obtain the knowledge of the target
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 layoutof thecircuit 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, STMicroelectronicsembeddedFPGAand
data-path.Several monolithic or compositecom-
ponentshave be compiled for thesearchitectures
including integer and �oating point operators,state
machines,Galois �eld basedRS and part of error
detectionalgorithms.

Quick investigation hasbeenachieved on PLA-
basedarchitecturesat the physical level andwe are
con�dent to beableto mapthelook-upcomputation
graphto this kind of circuits.

The core of this work is an organizationmodel
having a grammaticalsyntax that could help in
designingportable software tools and estimations
when designingphysical devices. This model and
the application graphs mapped on the model is
a candidateto a status similar to the assembly
languagefor sequentialprogrammablecomputing.
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