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Abstract— The need for providing a hardware platform
which can be customizedon a per-application basisunder
software control hasestablishedthe ReconfigurableComput-
ing ( ��� ) as a new computing paradigm. A machine em-
ploying the ��� paradigm is referred to as a CustomCom-
putingMachine (CCM). Till now, the CCMs have beenclas-
sified according to implementation criteria. As the previ-
ous classificationsdo not seizewell the meaning of the ���
paradigm, we proposea classificationof the CCMs accord-
ing to architectural criteria. In order to analyze the phe-
nomenainside CCMs, we intr oducea new formalism based
on microcode,in which any FPGA-dedicatedinstruction is
executedas a microprogrammed sequencewith two basic
stages: �	��

������������������
������ , and ����������
���������������������
������ .
Basedon the ����
 �������!���!
�� formalism, we then proposean
architectural-basedtaxonomyof CCMs.

Keywords— Reconfigurable Computing, Custom Com-
puting Machines, Field-Programmable Gate Arrays, mi-
crocode,CCMs taxonomy.

I . INTRODUCTION

HE ability of providing a hardware platform which
canbetransformedundersoftwarecontrolhasestab-

lisheda new computingparadigm,referredto asRecon-
figurable Computing( "$# ) [1], [2], [3], as an emerging
technologyfor more than ten years. According to this
paradigm,the main idea in improving the performance
of a computingmachineis to definecustomcomputing
resourceson a per-applicationbasis,and to dynamically
configurethem onto a Field ProgrammableGate Array
(FPGA)[4]. Consequently, virtually infinite hardwarecan
beemulated.

As a generalview, a computingmachineworking un-
der the new "$# paradigmtypically includesa General-
PurposeProcessor(GPP)augmentedwith anFPGA.The
basicideais to exploit boththeGPPflexibility to achieve
mediumperformancefor a largeclassof applications,and
FPGA capability to implementapplication-specificcom-
putations.Sucha hybrid is referredto asa CustomCom-
puting Machine (CCM) [5]. The synergism of GPPand
FPGA can achieve orders of magnitudeimprovements

in performanceover a GPPalone,while preservingthe
flexibility of theprogrammedmachinesover Application-
Specific Integrated Circuits (ASIC) in implementinga
large numberof applications.However, theCCM perfor-
mancein termsof speedandpower maystill beof orders
of magnitudelower thantheperformanceof anASIC.

VariousCCMs have beenproposedin the last decade.
Former attemptsin classifyingCCMs usedimplementa-
tion criteria [6], [7], [8], [9], [10]. As the userobserves
only thearchitectureof acomputingmachine[11], thepre-
vious classificationsdo not seizewell the implicationsof
the new "$# paradigmas perceived by the user. There-
fore,we proposeto classifytheCCMsaccordingto archi-
tecturalcriteria. In order to analyzethe phenomenain-
sideCCMs, we introducea new formalismbasedon mi-
crocode,in which the execution of an FPGA-dedicated
instruction is performed as a microprogrammedse-
quencewith two basicstages:%!&�')(�*�+�,.-�/!0�132 '4-!*�+ , and
&�5 &3(�03'�&�(�*�+6,4-�/�0�1�26'.-�*�+ . Basedon the %�&6'87	&�56&3(�03'6&
formalism, we proposean architectural-basedtaxonomy
of CCMs.

Thepaperis organizedasfollows. For backgroundpur-
pose,we presentthemostimportantissuesrelatedto mi-
crocodein Section2, and the basicconceptsconcerning
SRAM-basedFPGAsin Section3. Section4 introduces
a formalismby which the CCM architecturescanbe an-
alyzedfrom the microcodepoint of view, and Section5
presentsthearchitectural-basedtaxonomyof CCMs. Sec-
tion 6 concludesthispaper.

I I . THE M ICROCODE CONCEPT

Figure1 depictsthebasicmicroprogrammedcomputer
as it is describedin [12]. For sucha computer, a micro-
programin Control Store (CS) is associatedwith eachin-
cominginstruction. This microprogramis to be executed
on the MicroprogrammedLoop underthe control of the
Sequencer, asfollows:
1. Thesequencermapstheincominginstructioncodeinto
a control store address,and storesthis addressinto the
Control Store AddressRegister (CSAR).



2. Themicroinstructionaddressedby CSARis readfrom
CSinto theMicroInstructionRegister (MIR).
3. The microoperationsspecifiedby the microinstruction
in MIR are decoded,and the control signalsare subse-
quentlygenerated.
4. Thecomputingresourcesperformthecomputationac-
cordingto suchcontrolsignals.
5. Thesequencerusesthestatusinformationgeneratedby
thecomputingfacilitiesaswell assomeinformationorig-
inating from MIR to preparethe addressof the next mi-
croinstruction.Thisaddressis thenstoredinto CSAR.
6. If an end-of-operation microinstructionis detected,a
jump is executedto a microsubroutinewhich implements
the instructionfetch procedure. At the end of the fetch
microsubroutine,the new incominginstructioninitiatesa
new cycleof themicroprogrammedloop.

Sequencer

CSAR

M
IR

Status
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Control

. .
 . ALU

PC

ACC
. . .

Computing facilities

Microprogrammed  loop

Instruction

Fig. 1. Thebasicmicroprogrammedcomputer(ALU – Arith-
meticandLogic Unit, ACC – Accumulator, PC – Program
Counter)– adaptedfrom [12]

Themicroinstructionsmaybeclassifiedby thenumber
of controlledresources.Givenahardwareimplementation
which providesa numberof computingresources(facili-
ties), theamountof explicitly controlledresourcesduring
thesametimeunit (cycle)determinestheverticalityor hor-
izontalityof themicrocodeasfollows:
9 A microinstructionwhichcontrolsmultiple resourcesin
one cycle is horizontal. In the extremecase,all the re-
sourcesof thedatapatharecontrolled,asit is depictedin
Figure2 – a.
9 A microinstructionwhich controlsa single resourceis
vertical. Thissituationis picturedin Figure2 – b.

Let usassumewehaveaComputingMachine( :
; ) and
its instructionset. An implementationof the :<; canbe
formalizedby meansof thedoublet:

:
;>=@?BADCFE8"HG (1)

where ADI is themicroprogramwhich includesall themi-
croroutinesfor implementingthe instructionset, and "
is the set of J computing(micro-)resourcesor facilities
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Fig. 2. A classificationof microinstructions:(a) – horizontal
microinstruction;(b) – verticalmicroinstruction

which arecontrolledby the microinstructionsin the mi-
croprogram:

"K=@?BL!MDE8L�NOEDP�P�PQE8L	RSG (2)

Let us assumethe computingresourcesarehardwired.
If the microcode1 is exposedto theuser, i.e., the instruc-
tion setis composedof microinstructions,thereis no way
to adapt the architectureto applicationbut by custom-
redesigningthecomputingfacilitiesset, " . Whenthemi-
crocodeis not exposedto the user, i.e., a microroutineis
associatedwith eachinstruction,thenthearchitecturecan
beadaptedby rewriting themicroprogramADI .

As thearchitectureof theverticalmicroinstructionsas-
sociatedwith hardwiredcomputingfacilities is fixed, the
adaptationprocedureby rewriting the microprogramis
quite limited. In this way, an instruction is createdby
threadingtheoperationsof fixed(i.e., inflexible) comput-
ing facilitiesratherthangeneratinga full-customone.

If the resourcesthemselves are microcoded,the for-
malismrecursively propagatesto lower levels. Therefore,
the implementationof eachresourcecanbe viewed as a
doubletcomposedof a nanoprogram ( TDI ) and a nano-
resourceset( TU" ):

LBVQ=@?BTDIWE3TU"HGXE YZ=\[�E^]�E�P�P�P�E_J (3)

Now it is therewriting of thenanocodewhichis limited by
thefixedsetof nano-resources.

The presenceof the reconfigurablehardwareopensup
new ways to adapt the architecture. Assumingthe re-
sourcesareimplementedon a programmablearray, adapt-
ing the resourcesto the applicationis entireflexible and
canbe performedon-line. In this situation,the resource
set " metamorphosesinto anew one, "a` :

"cb4d " ` =@?BL `M E8L `N EQP�P�PDE8L `e G�E (4)f
In this presentation,by microcodewe will refer to both microin-

structionsandmicroprogram.Themeaningof themicrocodewill be-
comeobviousfrom thecontext.



and so doesthe set of associatedvertical microinstruc-
tions. It is obvious that writing new microprogramswith
application-tunedmicroinstructionsis moreeffective than
with fixedmicroinstructions.

At this point, we want to stressout that themicrocode
is a recursive formalism. The micro and nano prefixes
shouldbeusedagainstan implementationreferencelevel2

(IRL). Oncesucha level is set,theoperationsperformed
at this level arespecifiedby instructions, andareunderthe
explicit controlof theuser. Therefore,theoperationsbe-
low this level arespecifiedby microinstructions, thoseon
thesubsequentlevel arespecifiedby nanoinstructions, and
soon.

I I I . FPGA TERMINOLOGY AND CONCEPT

A devicewhichcanbeconfiguredin thefieldby theend
useris calleda Field-ProgrammableDevice(FPD)[4]. In
a generalview, a FPD is composedof two constituents:
RawHardware (ProcessingElements(PE) and intercon-
nectingresources)andConfiguration Memory. The func-
tion performedby the FPD is definedby the information
storedinto configurationmemory.

The FPD architecturescan be classifiedin two major
classes:ProgrammableLogic Devices(PLD) and Field-
ProgrammableGateArrays(FPGA).Detailsoneachclass
can be found for example in [4]. For now, we want to
mentiononly that althoughboth PLD andFPGA devices
can be usedto implementdigital logic circuits, we will
pre-eminentlyabove all usethe term of FPGA hereafter
to refer to a programmabledevice. The higher logic ca-
pacityof FPGAsandtheattemptsto augmentFPGAswith
PLD-likeprogrammablelogic in orderto makeuseof both
FPGAandPLD characteristics,supportourchoicefor this
terminology.

SomeFPGAs can be configuredonly once, e.g., by
burningfuses.OtherFPGAscanbereconfiguredany num-
berof times,astheir configurationis storedin SRAM.

Initially consideredasaweaknessdueto thevolatility of
programmingdata,in-systemreprogrammingcapabilities
of SRAM-basedFPGAsledto thenew "$# paradigm.This
paradigmassumesthatin-systemFPGAreconfigurationis
performedundersoftwarecontrol. In thisway, theusercan
instantlycreateapplication-gearedcomputingfacilities.

With the new "$# paradigm,complex instructionscan
beimplementedon-the-fly. In thisway, applicationswhich
arevery computationaldemandingcanbeefficiently exe-
cuted. Also, a sequentialreconfigurationstrategy canbe
g
If it will notbespecifiedexplicitly, theIRL will beconsideredasbe-

ing the level definedby the instructionset. For example,althoughthe
microcodeis exposedto theuserin theRISCmachines,theRISCop-
erationsarespecifiedby instructions, ratherthanby microinstructions.

usedin order to dealwith insufficient configurablehard-
ware. In this way, by swappingtheconfigurationsin and
out of theFPGA upondemandandin real-time,only the
necessaryhardwareis instantiatedatany giventime. Con-
sequently, with a limited hardwareresource,virtually infi-
nitehardwareis emulated.

Unfortunately, a huge reconfiguration data rate is
neededto achieve a run-timereconfiguration.For exam-
ple, following themethodologydescribedin [13], we es-
timate that for an array of 100 4-input LUT-basedpro-
cessingelementsinterconnectedby afixednetwork for the
sakeof simplicity, areconfigurationdatarateof [Bhjilknmpoq7�r
is neededif the configurationis to be changedon every
cyclewith a frequency of 10 MHz.

It is this reconfigurationdataratewhich constitutesthe
major drawback of the "$# paradigm. The attemptsto
overcomethis drawback led to different reconfiguration
patternswhich, in turn, induced the name of the ma-
jor FPGAarchitecturalclasses:Single-Context, Multiple-
Context, Partial Reconfigurable.

A single-context device typically requiresa global re-
configurationeven for changing1 bit of its configuration
information.As asingle-context FPGAdoesnotmakeuse
of any techniqueto increasethereconfigurationdataband-
width, it canbereconfiguredonly atavery low rate.

A multiple-context FPGAstoresmultiple layersof con-
figurationinformationreferredto ascontexts, only oneof
them being active at a time. An extremely fast context
switchis possible,at theexpenseof ahugetransientpower
consumption.As eachlayerof theconfigurationmemory
canbeindependentlywritten,thecircuit definedby theac-
tive configurationlayermaycontinueits execution,while
thenon-active configurationlayersarebeingreconfigured.

In apartially reconfigurabledevice,meansfor selective
reconfigurationof thearrayareprovided. Theportionsof
thearraywhicharenotbeingconfiguredmaycontinueex-
ecution. Consequently, the computationandreconfigura-
tion canbeoverlapped.

A discussionon choosingtheappropriateFPGAarchi-
tectureis beyondthegoalof this paper. More information
concerningthisproblemcanbefoundfor examplein [14].

IV. FPGA TO M ICROCODE MAPPING

In this section,we will introducea formalismby which
a CCM architecturecanbe analyzedfrom the microcode
point of view. This formalismoriginatesin the observa-
tion thatevery instructionof aCCM canbemappedinto a
microprogram.

As we alreadymentioned,by makinguseof theFPGA
capability to changeits functionality in pursuanceof a
reconfiguringprocess,adaptingboth the functionality of



computingfacilitiesandmicroprogramin thecontrol store
to theapplicationcharacteristicsarepossiblewith thenew
"$# paradigm.As the informationstoredin FPGA’s con-
figurationmemorydeterminesthefunctionalityof theraw
hardware, the dynamicimplementationof an instruction
on FPGAscanbe formalizedby meansof a microcoded
structure.In sucha structure,themicro-programmedloop
andtheFPGAmayhave a s arrangement,asdepictedin
Figure3. Both FPGAconstituents– Configuration Mem-
ory, andRawHardware – are regardedascontrolledre-
sourcesin theproposedformalism.Eachof thepreviously
mentionedresourcesis given a specialclassof microin-
structions: %�&�' for configurationmemory, and &�56&3(�03'6&
for thecircuitsconfiguredon raw hardware. The %!&�' mi-
croinstructioninitiatesthereconfigurationof theraw hard-
ware,andthe &�56&�(!0�'�& microinstructionlaunchestheop-
erationsperformedby the circuits configuredon the raw
hardware.

Micro-programmed loop

µ -PL)(

FPGA

configuration
the

Determines

SET CONFIGURATIONEXECUTE CONFIGURATION

Instruction

Configurable Computing
Resources (Facilities)

Resources (Facilities)
Fixed Computing

Feedback

Feedback

RAW HARDWARE CONFIGURATION
MEMORY
Configuring

Resources (Facilities)

EXECUTE FIX

Fig. 3. The microcodeconceptappliedto CCMs. The t ar-
rangement

In this way, the execution of an FPGA-dedicatedin-
struction is performedas a microprogrammedsequence
with two basic stages: a %�&6')(�*!+�,4-�/�0�1326'.-�*!+ stage,
and an &�56&�(!03'6&u(�*!+�,.-�/�0�132 '4-�*!+ 3 stage. It is the
%�&6'87	&�56&3(�03'6& formalismwe will usein building the tax-
onomyof CCMs.

It is worth stressingout that only &�5 &3(�03'�&l,4-�5 mi-
croinstructionscan be associatedwith fixed comput-
ing facilities, becausesuch facilities cannot be recon-
figured. Also, assumingthat a multiple-context FPGA
is used, activating an idle context is performedby an
v
As thedifferencesbetweensoftwareandhardwarebecomefuzzy in

thenew w
x paradigm,the y�z{y�|^}B~{y�|��_�����q�^}�����~��{�_� terminologycan
beconsideredacceptable.

2�(�'4-	��26'6&u(�*!+�,.-�/�0�132 '4-�*!+ microinstruction,whichisac-
tually a flavor of the %!&�')(�*!+�,.-�/�0�132 '4-�*!+ microinstruc-
tion.

AlthoughweregardtheFPGAconfiguration memoryas
acontrolledresourcein theproposedformalism,suchare-
sourceis notacomputingfacility in thestrict sense.It has
adualstatus:controlledfacility for themicro-programmed
loop andcontrolling unit for the raw hardware. For this
reasonwe will referto it asaConfiguringResource.

Given that a CCM includesboth computingand con-
figuring facilities, the statementregardingthe verticality
or horizontalityof themicrocodeasdefinedin SectionII
needsto be adjusted. For a CCM hardware implemen-
tation which provides a numberof computingand con-
trolling facilities, theamountof explicitly controlledcom-
puting or controlling facilities during the sametime unit
(cycle) determinesthe verticality or horizontality of the
microcode. Therefore,any of the %!&�')(�*!+�,.-�/�0�132 '4-�*!+ ,
&�5 &3(�03'�&�(�*�+6,4-�/�0�1�26'.-�*�+ , and &�5 &3(!0�'�&S,.-�5 microin-
structionscanbeeitherverticalor horizontal,andmaypar-
ticipatein ahorizontalmicroinstruction.

Let us set the IRL as being the level of instructions
in Figure 3. In the particularcasewhen the microcode
is not exposedto the user, an explicit %!&�' instructionis
not available. Consequently, the systemperformsby it-
self themanagementof theactiveconfiguration,i.e.,with-
out an explicit control provided by user. In this case,the
user “sees” only the FPGA-dedicatedinstruction which
canberegardedasan &�5 &3(�03'�&�(�*�+6,4-�/�0�1�26'.-�*�+ microin-
structionreflectedto theinstructionlevel4.

Otherwise,whenthemicrocodeis exposedto theuser,
an explicit %�&�' instructionis available, and the manage-
mentof theactive configurationbecomestheresponsibil-
ity of theuser.

V. A PROPOSED TAXONOMY OF CCMS

Before introducing our taxonomy, we would like to
overview thepreviouswork in CCM classification.

In [6] two parametersfor classifyingCCMs areused:
Reconfigurable ProcessingUnit (RPU) size (small or
large) and availability of dedicatedRPU local memory.
Consequently, CCMs are divided into four classes. As
what exactly meanssmall andwhat exactly meanslarge
is subjectto thecomplexity of thealgorithmsbeingimple-
mented,the differencesbetweenclassesareratherfuzzy.
Also, providing dedicatedRPUmemoryis anissuewhich
belongsto implementationlevel of a machine; conse-
quently, the implicationsto thearchitectural level, if any,
arenot clear.
�
The y�zqyB|^}B~{yX�B�^z microinstructionis alwaysreflectedto theuser.



The PE granularity, RPU integration level with a host
processor, andthe reconfigurability of the external inter-
connectionnetwork are usedas classificationcriteria in
[7]. According to the first criterion, the CCMs areclas-
sified asfine-, medium-, andcoarse-grain PE basedsys-
tems. The secondcriterion dividesthemachinesinto dy-
namicsystemsthatarenot controlledby any externalde-
vice,closely-coupledstaticsystemsin whichtheRPUsare
coupledon the processor’s datapath,and loosely-coupled
staticsystemsthathaveRPUsattachedto thehostasaco-
processor. Accordingto the last criterion, the CCMs can
have a reconfigurable or fixed interconnectionnetwork.
This classificationis basedon thearchitectureof thepro-
grammablearraysthemselves and CCM implementation
issuesratherthanCCM architecturalcriteria.

In orderto classifytheCCMs,the looselycouplingver-
sustightly couplingcriterionis usedby othermembersof
the CCM community, also [8], [9], [10]. In the loosely
couplingembodiment,theRPUis connectedvia a bus to,
andoperatesasynchronouslywith the hostprocessor. In
the tightly coupling embodiment,the RPU is usedas a
functionalunit. Thismodeleliminatestheproblemof syn-
chronizationand reducesthe communicationlatency be-
tweenhostandRPU.

We want to stressout that all the above classifications
arebuild usingCCM implementationcriteria. As theuser
observes only the architectureof a computingmachine,
classifyingtheCCMsaccordingto architecturalcriteria is
moreappropriate.

This is why we proposeto classify the CCMs accord-
ing to architecturalcriteria. As theCCMsaremicrocoded
machines,thecriteriawe useare:
1. Theverticality/horizontality of themicrocode.
2. Theexplicit availability of a %�&�' instruction.

Accordingto thesecriteria,themostwell known CCMs
canbeclassifiedasfollows:
1. VerticalmicrocodedCCMs
(a) With explicit %�&�' instruction:PRISM[15], PRISM-

II/RASC [16], [17], RISA’ [18], RISA” [18], MIPS-
derived host + REMARC [19], Garp [20], OneChip-98”
[10], URISC[21], Nano-Processor(load-timereconfigura-
tion) [22], Gilson’s CCM [23], CCSimP(load-timerecon-
figuration)[24], Xputer/rALU (load-timereconfiguration)
[25].
(b) Without explicit %�&6' instruction: PRISC [26],

OneChip [9], ConCISe[27], OneChip-98’ [10], DISC
[28], Multiple-RISA [29], Chimaera[30].
(c) Not obvious information about an explicit %�&6' in-

struction: Virtual Computer [31], Functional Memory
[32], NAPA [33].
2. HorizontalmicrocodedCCMs

(a) With explicit %�&�' instruction: CoMPARE [34],
Alippi’ s VLIW [35], RISA”’ [18], VEGA [36], RaPiD
(load-timereconfiguration)[37], Colt [38], rDPA [39].
(b) Withoutexplicit %�&6' instruction:PipeRench[40].
(c) Not obvious information about an explicit %�&6' in-

struction:Spyder[41].
We would like to mentionthat applyingthe classifica-

tion criteria on OneChip-98machineintroducedin [10],
wedeterminedthatanexplicit %�&6' instructionwasnotpro-
videdto theuserin oneembodimentof OneChip-98,while
suchaninstructionwasprovidedto theuserin anotherem-
bodiment.It seemsthattwo architectureswereclaimedin
thesamepaper. We referredto themasOneChip-98’and
OneChip-98”.

Thesameambiguousway to proposemultiple architec-
turesunderthesamenameis employedin [18]. For theRe-
configurableInstructionSetAccelerator(RISA), our tax-
onomyprovidesthreeentries(RISA’, RISA”, RISA”’).

The taxonomywe proposedis architecturalconsistent,
andcanbeeasilyextendedto embedothercriteria. For a
completetaxonomyof CCMswe refertheuserto [42].

VI. CONCLUSIONS

In this paperwe proposeda classificationof theCCMs
accordingto architecturalcriteria.Two classificationcrite-
ria wereextractedfrom a formalismbasedon microcode.
In termsof the first criterion, the CCMs were classified
in vertical or horizontalmicrocodedmachines. In terms
of the secondcriterion, the CCMs wereclassifiedin ma-
chineswith or without anexplicit %�&6' instruction.As fu-
ture work, we would like to generatenew criteria high-
lighting thestructureof thesetof thecomputingresources.
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