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Abstract

Embeddedsystemsareapplication-specificcomputersthat interactwith thephys-
ical world. Eachhasa diversesetof tasksto perform,andalthougha very flexible
languagemight be able to handleall of them, insteada variety of problem-domain-
specificlanguageshaveevolvedthatareeasierto write, analyze,andcompile.

Thispapersurveyssomeof themoreimportantlanguages,introducingtheircentral
ideasquickly withoutgoinginto detail.A smallexampleof eachis included.

1 Intr oduction

An embeddedsystemisacomputermasqueradingasanon-computerthatmustperform
a smallsetof taskscheaplyandefficiently. A typical systemmight have communica-
tion, signalprocessing,anduserinterfacetasksto perform.

Becausethetasksmustsolvediverseproblems,alanguagegeneral-purposeenough
to solvethemall wouldbedifficult to write, analyze,andcompile.Instead,avarietyof
languageshaveevolved,eachbestsuitedto aparticularproblemdomain.For example,
alanguagefor signal-processingis oftenmoreconvenientfor aparticularproblemthan,
say, assembly, but mightbepoorfor control-dominatedbehavior.

This paperdescribespopularhardware,software,dataflow, andhybrid languages,
eachof which excelsa certainproblems.Dataflow languagesaregoodfor signalpro-
cessing,andhybrid languagescombineideasfrom theotherthreeclasses.

Due to space,this paperonly describesthe main featuresof eachlanguage.The
author’sbookonthesubject[10] providesmany moredetailsonall of theselanguages.

2 Hardware Langua ges

Verilog [14, 26] andVHDL [13, 24, 9, 2] are the mostpopularlanguagesfor hard-
waredescriptionandmodeling(Figure 1). Both model systemswith discrete-event
semanticsthatignoreidle portionsof thedesignfor efficientsimulation.Bothdescribe
systemswith structuralhierarchy:asystemconsistsof blocksthatcontaininstancesof
primitives,otherblocks,or concurrentprocesses.Connectionsarelistedexplicitly.

Verilog providesmoreprimitivesgearedspecificallytowardhardwaresimulation.
VHDL’s primitive areassignmentssuchasa=b+c or proceduralcode. Verilog adds
transistorandlogic gateprimitives,andallowsnew onesto bedefinedwith truthtables.

Both languagesallow concurrentprocessesto be describedprocedurally. Such
processessleepuntil awakenedby an event that causesthemto run, readandwrite
variables,andsuspend.Processesmaywait for a periodof time (e.g.,#10 in Verilog,
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Verilog VHDL
Structure ● ●

Hierarchy ● ●

Concurrency ● ●

Switch-level modeling ● ❍

Gate-level modeling ● ❍

Dataflow modeling ● ●

Proceduralmodeling ● ●

Verilog VHDL
Typesystem ●

Interface/implementation ●

LocalVariables ●

Sharedmemory ● ●

Wires ● ●

Resolutionfunctions ●

Eventaccess ●

Table1: VerilogandVHDL languagefeatures.● full support❍ partialsupport

module fulladd(ai, bi, ci, o, co);
input ai, bi, ci;
output o, co;
wire s1;

xor x1(s1, ai, bi), x2(o, s1, ci);

assign co = (ai + bi + ci) >= 2;
endmodule

module testadd;
reg [2:0] y;
wire o, co;
reg clk;

fulladd a1(y[0], y[1], y[2], o, co);

initial begin
y = 0; clk = 0;
$monitor($time,,"%d%d%d %d%d",

y[2], y[1], y[0], co, o);
end

always #10 clk = ˜clk;
always @(posedge clk) y <= y + 1;

endmodule

entity XOR2 is
port (o: out Bit; a, b: in Bit);

end XOR2;

architecture arch1 of XOR2 is
begin

A1: o <= (a xor b);
end arch1;

entity fulladd is
port (ai, bi, ci: in Bit;

o, co: out Bit);
end fulladd;

architecture arch1 of fulladd is
signal s1 : Bit;
component XOR2

port(o: out Bit; a, b: in Bit);
end component;
for X1, X2: XOR2 use entity Work.XOR2;

begin
X1: XOR2 port map (s1, ai, bi);
X2: XOR2 port map (o, s1, ci);
A1: co <= (ai and bi) or (ai and ci)

or (bi and ci);
end arch1;

(a) (b)

Figure1: (a)A Verilogmodelfor a full adder. Thisusesprimitivegates,continuousassignment,
andproceduralcode.(b) A similarVHDL modelthatdoesnot includethetestbench.

wait for 10ns in VHDL), avaluechange(@(a or b) , wait on a,b ), or an
event(@(posedge clk) , wait on clk until clk=’1’ ).

VHDL communicationis more disciplinedand flexible. Verilog communicates
throughwiresor regs: sharedmemorylocationsthatcancauseraceconditions.VHDL’s
signalsbehave like wires but the resolutionfunction may be user-defined. VHDL’s
variablesarelocal to asingleprocessunlessdeclaredshared.

Verilog’s typesystemmodelshardwarewith four-valuedbit vectorsandarraysfor
modelingmemory. VHDL doesnot includefour-valuedvectors,but its typesystemal-
lowsthemto beadded.Furthermore,compositetypessuchasC structscanbedefined.

Overall,Verilog is theleanerlanguagemoredirectlygearedtowardsimulatingdig-
ital integratedcircuits. VHDL is a much larger, more verboselanguagecapableof
handinga widerclassof simulationandmodelingtasks.
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3 Software Langua ges

Softwarelanguagesdescribesequencesof instructionsfor a processorto execute.As
such,most list imperative instructionsexecutedin order that communicatethrough
memory:anarrayof storagelocationsthathold their valuesuntil changed.

Eachmachineinstructiontypically doeslittle morethan,say, addtwo numbers,so
high-level languagesaim to specifymany instructionsconciselyandintuitively. Arith-
metic expressionsare typical: codingan expressionsuchasax2 + bx+ c in machine
codeis straightforward, tedious,andbestdoneby a compiler. The C languagepro-
vides suchexpressions,control-flow constructssuchas loops and conditionals,and
recursive functions.Additionally, theC++ languageprovidesclassesasa way to build
new datatypes,templatesfor polymorphiccode,exceptionsfor errorhandling,anda
standardlibrary of commondatastructures.Java is a still higher-level languagethat
providesautomaticgarbagecollection,threads,andmonitorsto synchronizethem.

3.1 Assembly Languages

An assemblylanguageprogram(Figure2) is a list of processorinstructionswritten in
a symbolic,human-readableform. Eachinstructionconsistsof an operationsuchas
additionalongwith someoperands.E.g.,add r5,r2,r4 might addthecontentsof
registersr2 andr4 andwrite the resultto r5 . Sucharithmeticinstructionsareexe-
cutedin order, but branchinstructionscanperformconditionalsandloopsby changing
theprocessor’sprogramcounter—theaddressof theinstructionbeingexecuted.

A processor’sassemblylanguageis definedby its opcodes,addressingmodes,reg-
isters,andmemories.Theopcodedistinguishes,say, additionfrom conditionalbranch,
andanaddressingmodedefineshow andwheredatais gatheredandstored(e.g.,from
a registeror from a particularmemorylocation).Registerscanbethoughtof assmall,
fast,easy-to-accesspiecesof memory.

3.2 The C Language

A C program(Figure2b) containsfunctionsbuilt from arithmeticexpressionsstruc-
turedwith loopsandconditionals. Instructionsin a C programrun sequentially, but
control-flow constructssuchasloopsof conditionalscanaffect theorderin which in-
structionsexecute. Whencontrol reachesa function call in an expression,control is
passedto thecalledfunction,which runsuntil it producesa result,andcontrolreturns
to continueevaluatingtheexpressionthatcalledthefunction.

C derives its typesfrom thosea processormanipulatesdirectly: signedandun-
signedintegersranging from bytesto words, floating point numbers,and pointers.
Thesecanbefurtheraggregatedinto arraysandstructures—groupsof namedfields.

C C++ Java
Expressions ● ● ●

Control-flow ● ● ●

Recursive functions ● ● ●

Exceptions ❍ ● ●

Classes& Inheritance ● ●

C++ Java RTOS
Templates ●

Namespaces ● ●

Multiple inheritance ● ❍

Threads& Locks ● ●

Garbagecollection ❍ ●

Table2: Softwarelanguagefeaturescompared.● full support❍ partialsupport.
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jmp L2 # go to L2
L1: # label

movl %ebx, %eax # n -> m
movl %ecx, %ebx # r -> n

L2:
xorl %edx, %edx # clear %edx
divl %ebx # m / n
movl %edx, %ecx # rem -> r
testl %ecx, %ecx # if r = 0,
jne L1 # go to L1

#include <stdio.h>

int main(int argc, char *argv[])
{

char *c;
while (++argv, --argc > 0) {

c = argv[0] + strlen(argv[0]);
while (--c >= argv[0])

putchar(*c);
putchar(’\n’);

}
return 0;

}
(a) (b)

Figure2: (a) Euclid’s algorithmin i386 assemblylanguage.Symbolslike %ebx representreg-
isters. movl means“move long value.” divl %ebx divides %eax by %ebx and puts the
remainderin %edx. (b) A C programthatprintsits argumentsbackwards.Theoutermostwhile
loop iteratesthroughthearguments(countin argc,arrayof stringsin argv), while theinnerloop
startsa pointerat the endof the currentargumentandwalks it backwards,printing eachchar-
acteralongtheway. The++ and-- prefixesincrementthevariablethey areattachedto before
returningits value.

class Cplx {
double re, im;

public:
Cplx(double v) : re(v), im(0) {}
Cplx(double r, double i)

: re(r), im(i) {}
double abs() const {

return sqrt(re*re + im*im);
}
void operator+= (const Cplx& a) {

re += a.re; im += a.im;
}

};

int main() {
Cplx a(5), b(3,4);
b += a;
cout << b.abs() << ’\n’;
return 0;

}

import java.io.*;
class Counter {

int value = 0;
boolean present = false;
public synchronized void count() {

try { while (present) wait(); }
catch (InterruptedException e) {}
value++; present = true; notifyAll();

}
public synchronized int read() {

try { while (!present) wait(); }
catch (InterruptedException e) {}
present = false; notifyAll();
return value;

}
}
class Count extends Thread {

Counter cnt;
public Count(Counter c) { cnt = c; start(); }
public void run() { for (;;) cnt.count(); }

}
class Mod5 {

public static void main(String args[]) {
Counter c = new Counter();
Count count = new Count(c);
int v;
for (;;) if ( (v = c.read()) % 5 == 0 )

System.out.println(v);
}

}
(a) (b)

Figure 3: (a) A C++ fragmentillustrating a partial complex numbertype (the C++ standard
library hasa completeversion). (b) A contrivedJava programthatspawnsa countingthreadto
print all numbersdivisibleby 5.
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C programsusethreetypesof memory. Spacefor globaldatais allocatedwhenthe
programis compiled,thestackstoresautomaticvariablesallocatedandreleasedwhen
their function is calledandreturns,andthe heapsuppliesarbitrarily-sizedregionsof
memorythatcanbedeallocatedin any order.

TheC languageis anISOstandard,but mostpeopleconsultthebookby Kernighan
andRitchie[18]. Ritchiedesignedthelanguage.

3.3 C++

C++ (Figure3a) [25] extendsC with structuringmechanismsfor big programs:user-
defineddatatypes,a way to reusecodewith different types,namespacesto group
objectsandavoid accidentalnamecollisionswhenprogrampiecesareassembled,and
exceptionsto handleerrors.TheC++ standardlibrary includesacollectionof efficient
polymorphicdatatypessuchasarrays,trees,stringsfor which thecompilergenerates
customimplementations.

A classdefinesa new datatypeby specifyingits representationandtheoperations
thatmayaccessandmodify it. Classesmaybedefinedby inheritance,which extends
andmodifiesexisting classes.For example,a rectangleclassmight add length and
width fieldsandanareamethodto a shapeclass.

A templateis a functionor classthatcanwork with multiple types.Thecompiler
generatescustomcodefor eachdifferentuseof the template.For example,the same
min templatecouldbeusedfor bothintegersandfloating-pointnumbers.

3.4 Java

Sun’s Java language[1, 16, 21] resemblesC++ but is incompatible.Like C++, Java
is object-oriented,providing classesandinheritance.It is a higher-level languagethan
C++ since it usesobject references,arrays,and strings insteadof pointers. Java’s
automaticgarbagecollectionfreestheprogrammerfrom memorymanagement.

Javaprovidesconcurrentthreads(Figure3b). Creatinga threadinvolvesextending
theThreadclass,creatinginstancesof theseobjects,andcalling their start methodsto
starta new threadof controlthatexecutestheobjects’run methods.

Synchronizingamethodor blockusesaper-objectlock to resolvecontentionwhen
two or morethreadsattemptto accessthe sameobjectsimultaneously. A threadthat
attemptsto gaina lock ownedby anotherthreadwill block until the lock is released,
whichcanbeusedto granta threadexclusiveaccessto a particularobject.

3.5 RTOS

Many embeddedsystemsusea real-timeoperatingsystem(RTOS) to simulatecon-
currency on a singleprocessor. An RTOSmanagesmultiple runningprocesses,each
written in sequentiallanguagesuchasC. Theprocessesperformthesystem’s compu-
tation andthe RTOSschedulesthem—attemptsto meetdeadlinesby decidingwhich
processrunswhen.Labrosse[19] describestheimplementationof aparticularRTOS.

Most RTOSesusesfixed-prioritypreemptive schedulingin which eachprocessis
givena particularpriority (a small integer)whenthesystemis designed.At any time,
theRTOSrunsthehighest-priorityrunningprocess,whichis expectedto runfor ashort
periodof time beforesuspendingitself to wait for moredata.Prioritiesareusuallyas-
signedusingrate-monotonicanalysis[7] (dueto Liu andLayland[22]), whichassigns
higherprioritiesto processesthatmustmeetmorefrequentdeadlines.
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P3

P2

P1 A

B

C

B A B C

B completes;C starts
A completes;B resumed

C initiated,but higher-priority A continues
B preemptedby higher-priority A

Figure4: Thebehavior of anRTOSwith fixed-
priority preemptivescheduling.Rate-monotonic
analysisgives processP1 the highestpriority
sinceit hastheshortestperiod;P3 hasthe low-
est. A would have missedits deadline(the tick
mark)hadit notpreemptedB.

4 Dataflo w Langua ges

Dataflow languagesdescribesystemsof proceduralprocessesthat run concurrently
andcommunicatethroughqueues.Althoughclumsyfor generalapplications,dataflow
languagesare a perfectfit for signal-processingalgorithms,which usevast quanti-
tiesof arithmeticderivedfrom linearsystemtheoryto decode,compress,or filter data
streamsthatrepresentperiodicsamplesof continuously-changingvaluessuchassound
or video. Dataflow semanticsarenaturalfor expressingthe block diagramstypically
usedto describesignal-processingalgorithms,andtheir regularitymakesdataflow im-
plementationsvery efficient becauseotherwisecostly run-time schedulingdecisions
canbemadeat compiletime,evenin systemscontainingmultiple samplingrates.

4.1 Kahn Process Networks

Kahn ProcessNetworks [17] form a formal basisfor dataflow computation.Kahn’s
systemsconsistof processesthatcommunicateexclusively throughunboundedpoint-
to-pointfirst-in, first-outqueues.Readingfrom a port makesa processwait until data
is available,sothebehavior of Kahn’snetworksdoesnot dependon executionspeeds.

Balancingprocesses’relativeexecutionratesto avoid anunboundedaccumulation
of tokensis thechallengein schedulinga Kahnnetwork. Onegeneralapproach,pro-
posedin Parks’thesis[23] placesartificial limits onthesizeof eachbuffer. Any process
thatwrites to a full buffer blocksuntil spaceis available,but if thesystemdeadlocks
becauseall buffersarefull, theschedulerincreasesthecapacityof thesmallestbuffer.

4.2 Synchronous Dataflow

Lee andMesserschmitt’s SynchronousDataflow [20] fix the communicationpatterns
of theblocksin a Kahnnetwork. Eachtime a block runs,it consumesandproducesa
fixednumberof datatokenson eachof its ports.This predictabilityallows SDFto be
scheduledcompletelyat compile-time,producingveryefficientcode.

Schedulingoperatesin two steps.First, therateat which eachblock firesis estab-
lishedby consideringtheproductionandconsumptionratesof eachblockat thesource
andsink of eachqueue. For example,oneof the arcsin Figure6 implies 2C= 4D.
Oncethe ratesareestablished,any algorithmthat simulatesthe executionof the net-
work without buffer underflow will producea correctscheduleif oneexists.However,
moresophisticatedtechniquesreducegeneratedcodeandbuffer sizesby betterorder-
ing theexecutionof theblocks(seeBhattacharyyaet al. [5]).
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process f(in int u, v; out int w)
{

int i; bool b = true;
for (;;) {

i = b ? wait(u) : wait(w);
printf("%i\n", i);
send(i, w);
b = !b;

}
}

process g(in int u; out int v, w)
{

for (;;) {
send(wait(u), v); send(wait(u), w);

}
}

process h(in int u, out int v, int init)
{

send(v, init);
for(;;)

send(wait(u), v);
}

channel int X, Y, Z, T1, T2;
f(Y, Z, X);
g(X, T1, T2);
h(T1, Y, 0);
h(T2, Z, 1);

Figure5: A KahnProcessNetwork [17]. Thef processalternatelycopiesfrom its u andv ports
to its w port; the g processdoesthe opposite,copying its u port to alternatelyv andw; andh
simplycopiesits input to its output.
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Figure6: A modemin SDF(from Bhattacharyyaet al. [6])

5 Hybrid Langua ges

Hybrid languagescombineideasfrom othersto solve differenttypesof problems.Es-
terel excels at discretecontrol by blendingsoftware-like control flow with the syn-
chrony andconcurrency of hardware. Polis employs extendedfinite-statemachines
communicatingthroughsingle-placebuffersto describemixedhardwareandsoftware
systems.CommunicationprotocolsareSDL’s forte; it usesextendedfinite-statema-

Esterel Polis SDL SystemC CCSS
Concurrent ● ● ● ● ●

Hierarchy ● ● ● ● ●

Preemption ● ● ●

Deterministic ● ❍ ●

Synchronouscommunication ● ● ●

Bufferedcommunication ● ● ● ●

FIFO communication ● ❍ ●

Procedural ● ❍ ❍ ● ❍

Finite-statemachines ● ● ● ❍ ●

Dataflow ● ● ● ●

Multi-rate dataflow ●

Softwareimplementation ● ● ● ● ●

Hardwareimplementation ● ● ● ●

Table3: Hybrid languagefeaturescompared.● full support❍ partialsupport.
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module Example:

input S, I;
output O;

signal R, A in
every S do

await I;
weak abort

sustain R
when immediate A;
emit O

||
loop

pause; pause;
present R then emit A end;

end
end

end

end module

#include "systemc.h"

struct complex_mult : sc_module {
sc_in<int> a, b;
sc_in<int> c, d;
sc_out<int> x, y;
sc_in_clk clock;

void do_mult() {
for (;;) {

x = a * c - b * d;
wait();
y = a * d + b * c;
wait();

}
}

SC_CTOR(complex_mult) {
SC_CTHREAD(do_mult, clock.pos());

}
};

(a) (b)

Figure 7: (a) An Esterelprogrammodelinga sharedresource. (b) A SystemCmodel for a
complex multiplier.

chineswith singleinput queues.SystemCblendsstylesfor softwareandhardwarein
C++ to provide a smoothway to refinesoftwaremodelsinto hardware. CoCentricTM

SystemStudiocombinesdataflow with Esterel-like finite-statemachinesemanticsto
simulateandsynthesizedataflow applicationsthatalsorequirecontrol.

5.1 Esterel

Intendedfor specifyingcontrol-dominatedreactive systems,Esterel[4] combinesthe
control constructsof an imperative softwarelanguagewith concurrency, preemption,
andasynchronousmodelof time like thatusedin synchronousdigital circuits. In each
clockcycle, theprogramawakens,readsits inputs,producesoutputs,andsuspends.

An Esterelprogramcommunicatesthroughsignalsthatareeitherpresentor absent
eachcycle. In eachcycle,eachsignalis absentunlessanemit statementfor thesignal
runsandmakesthesignalpresentfor thatcycle only. Esterelguaranteesdeterminism
by requiringeachemitterof a signalto run beforeany statementthatteststhesignal.

5.2 Polis

ThePolishardware-softwarecodesignsystem[3] usesa concurrentformalismgeared
to hardwareandsoftware implementation.A systemis a collectioncodesignfinite-
statemachinesconnectedthroughbroadcastcommunicationchannels.EachCFSMhas
single-placebuffersfor eachof its inputs,anda CFSMtakesa stepwhenit receivesat
leastoneeventon its inputs,whosetypesmaybeeventsor values.A CFSMtransition
is atomic,but takesanarbitrary, non-zerotime. EachCFSMbecomesaprocessrunning
underanRTOS(buffersarein sharedmemory)or a statemachinethat takesa single
clockcyclepertransition.

5.3 SDL

SDL is agraphicalspecificationlanguagedevelopedfor describingtelecommunication
protocolsdefinedby theITU [15] (Ellsberger[11] is morereadable).A systemconsists
of concurrently-runningFSMs,eachwith a singleinput queue,connectedby channels
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thatdefinewhich messagesthey carry. EachFSM consumesthemostrecentmessage
in its queue,reactsto it by changinginternalstateor sendingmessagesto otherFSMs,
changesto its next state,andrepeatstheprocess.EachFSM is deterministic,but be-
causemessagesfrom otherFSMsmayarrivein any orderbecauseof varyingexecution
speedandcommunicationdelays,anSDL systemmaybehavenondeterministically.

5.4 SystemC

TheSystemClanguageisaC++subsetfor specifyingandsimulatingsynchronousdigi-
tal hardware.A SystemCspecificationcanbesimulatedby compilingit with astandard
C++compilerandlinking in freely-distributedclasslibraries(from www.systemc.org).
Hardwarecanbegeneratedbyhandingthesameprogramto thecommerciallyavailable
CoCentricTM SystemCCompiler.

The SystemClanguagebuilds systemsfrom Verilog- and VHDL-lik e modules.
Eachhasa collectionof I/O portsandmaycontaininstancesof othermodulesor pro-
cesses,eithersynchronousor asynchronous.SystemC’s simulationsemanticsaresyn-
chronous:whena clock arrives,eachsynchronousprocesssensitive to thatclock runs,
thenasynchronousprocessessensitiveto changesontheoutputsof thoseprocessesrun
until they stabilize,andtheprocessrepeats.

5.5 CoCentric System Studio

CoCentricSystemStudioTM [8] usesa hierarchicalformalism that combinesKahn-
like dataflow andhierarchical,concurrentFSMs. The FSMsresembleHarel’s State-
charts[12], but useEsterel’s synchronoussemanticsto ensuredeterminism.

A CCSSmodelis built hierarchicallyfrom Dataflow, AND, OR,andGatedmodels.
Dataflow modelsareKahnProcessnetworks. Theblocksmaybedataflow primitives
written in a C++ subsetor otherhierarchicalmodels. AND modelsrun concurrently
andcommunicatewith Esterel-likesynchronoussemantics.OR modelsarefinite-state
machinesthatmaymanipulatedataandwhosestatesmaycontainothermodels.Gated
modelscontainsub-modelswhoseexecutioncanbe temporarilysuspendedunderex-
ternalcontrol.
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