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Abstract

Embeddedsystemsareapplication-specificomputerghatinteractwith the phys-
ical world. Eachhasa diversesetof tasksto perform,andalthougha very flexible
languagemight be able to handleall of them, insteada variety of problem-domain-
specificlanguage$ave evolvedthatareeasietto write, analyzeandcompile.

This papersurweys someof the moreimportantanguagesintroducingtheir central
ideasquickly without goinginto detail. A smallexampleof eachis included.

1 Introduction

An embeddedystenis acomputemasqueradingsanon-computethatmustperform
a smallsetof taskscheaplyandefficiently. A typical systemmight have communica-
tion, signalprocessinganduserinterfacetasksto perform.

Becausehetasksmustsolve diverseproblemsalanguageyeneral-purposenough
to solve themall would bedifficult to write, analyze andcompile. Instead a variety of
language$ave evolved,eachbestsuitedto a particularproblemdomain.For example,
alanguagédor signal-processinig oftenmorecornvenientfor aparticularproblemthan,
say assemblybut mightbepoorfor control-dominatedehaior.

This paperdescribegopularhardware, software,dataflav, andhybrid languages,
eachof which excelsa certainproblems.Dataflov languagesregoodfor signalpro-
cessingandhybrid languagesombineideasfrom the otherthreeclasses.

Dueto space this paperonly describeghe main featuresof eachlanguage.The
authorsbookonthesubjecf10] providesmary moredetailsonall of thesdanguages.

2 Hardware Languages

Verilog [14, 26] and VHDL [13, 24, 9, 2] arethe mostpopularlanguagedor hard-
ware descriptionand modeling (Figure 1). Both model systemswith discrete-gent
semanticshatignoreidle portionsof thedesignfor efficient simulation.Both describe
systemawith structuralhierarchy:a systemconsistof blocksthatcontaininstanceof
primitives,otherblocks,or concurrenprocessesConnectiongrelisted explicitly.
Verilog providesmore primitivesgearedspecificallytoward hardware simulation.
VHDL'’s primitive areassignmentsuchasa=b+c or procedurakode. Verilog adds
transistorandlogic gateprimitives,andallows new onesto bedefinedwith truthtables.
Both languagesallow concurrentprocesseso be describedprocedurally Such
processesleepuntil awakenedby an eventthat causeghemto run, readand write
variables andsuspendProcessemaywait for a periodof time (e.g.,#10 in Verilog,



Verilog VHDL Verilog VHDL
Structure ° ° Typesystem .
Hierarchy ° ° Interface/implementation °
Concurreng ) ) Local Variables °
Switch-level modeling ) ad Sharednemory . °
Gate-level modeling ° ad Wires ° °
Dataflov modeling ) ) Resolutiorfunctions °
Proceduramodeling ) ) Eventaccess °

Tablel: VerilogandVHDL languagdeatures.e full supportl] partialsupport

module fulladd(ai, bi, ci, o, co); entity XOR2 is
input ai, bi, ci port (o: out Bit; a, b: in Bit);
output 0, co; end XOR2;
wire  sl;
architecture archl of XOR2is
xor x1(sl, ai, bi), x2(o, s1, ci); begin
Al: o <= (a xor b);
assign co = (ai + bi + ci) >= 2 end archil;
endmodule
entity  fulladd is
module testadd; port (ai, bi, cii in Bit;
reg [2:.0] vy; 0, co: out Bit);
wire 0, co; end fulladd;
reg clk;
architecture archl of fulladd is
fulladd al(y[o], y[1l, vy[2], o, co); signal sl : Bit;
component XOR2
initial begin port(o: out Bit; a, b: in Bit);
y =0; ck =0; end component;
$monitor($time,,"%d%d%d %d%d", for X1, X2: XOR2use entity  Work.XOR2;
yl2l, y[i], y[0], co, o) begin
end X1: XOR2port map (s1, ai, bi);
X2: XOR2port map (o, s1, ci);
always #10 clk = “clk; Al: co <= (ai and bi) or (ai and ci)
always @(posedge clk) y <=y + 1; or (bi and ci);
endmodule end archi;

(CY (b)

Figurel: (a) A Verilogmodelfor afull adder This usesprimitive gatescontinuousassignment,
andproceduratode.(b) A similar VHDL modelthatdoesnotincludethetestbench.

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

VHDL communicationis more disciplined and flexible. Verilog communicates
throughwiresor regs sharednemorylocationshatcancauseaceconditions.VHDL's
signalsbehave like wires but the resolutionfunction may be userdefined. VHDL's
variablesarelocalto asingleprocesainlessdeclaredshared.

Verilog's type systemmodelshardwarewith four-valuedbit vectorsandarraysfor
modelingmemory VHDL doesnotincludefour-valuedvectors but its type systemal-
lowsthemto beadded.FurthermorecompositeypessuchasC structscanbedefined.

Overall, Verilogis theleanedanguagemoredirectly gearedoward simulatingdig-
ital integratedcircuits. VHDL is a much larger, more verboselanguagecapableof
handinga wider classof simulationandmodelingtasks.

on a,b),oran



3 Software Languages

Softwarelanguageslescribesequencesf instructionsfor a processoto execute.As
such, most list imperative instructionsexecutedin order that communicatethrough
memory:anarrayof storagdocationsthathold their valuesuntil changed.
Eachmachineinstructiontypically doeslittle morethan,say addtwo numbersso
high-level languagesim to specifymary instructionsconciselyandintuitively. Arith-
metic expressionsare typical: codingan expressionsuchas ax? + bx+ ¢ in machine
codeis straightforvard, tedious,and bestdoneby a compiler The C languagepro-
vides such expressionscontrol-flov constructssuchas loops and conditionals,and
recursve functions.Additionally, the C++ languageprovidesclassessa way to build
new datatypes,templatesor polymorphiccode,exceptionsfor error handling,anda
standardibrary of commondatastructures.Java is a still higherlevel languagethat
providesautomaticgarbagecollection,threadsandmonitorsto synchronizehem.

3.1 Assembly Languages

An assemblytanguageprogram(Figure?2) is alist of processoinstructionswritten in
a symbolic, human-readabléorm. Eachinstructionconsistsof an operationsuchas
additionalongwith someoperandsE.g.,add r5,r2,r4 might addthe contentsof
registersr2 andr4 andwrite theresultto r5 . Sucharithmeticinstructionsare exe-
cutedin order, but branchinstructionscanperformconditionalsandloopsby changing
theprocessos programcounter—theaddres®f theinstructionbeingexecuted.

A processosassemblyanguages definedby its opcodesaddressingnodesreg-
isters,andmemories Theopcodedistinguishessay additionfrom conditionalbranch,
andanaddressingnodedefineshow andwheredatais gatheredandstored(e.g.,from
aregisteror from a particularmemorylocation). Registerscanbe thoughtof assmall,
fast,easy-to-accegsecesof memory

3.2 The C Language

A C program(Figure 2b) containsfunctionsbuilt from arithmeticexpressionsstruc-
turedwith loopsand conditionals. Instructionsin a C programrun sequentially but
control-flowv constructssuchasloopsof conditionalscanaffect the orderin which in-
structionsexecute. When control reachesa function call in an expressioncontrol is
passedo the calledfunction,which runsuntil it producesa result,andcontrolreturns
to continueevaluatingthe expressiorthatcalledthe function.

C derivesits typesfrom thosea processomanipulatedirectly: signedand un-
signedintegersranging from bytesto words, floating point numbers,and pointers.
Thesecanbefurtheraggreatedinto arraysandstructures—groupsf namedfields.

C C++ Jaa C++ Jasa RTOS
Expressions ° ° ° Templates °
Control-flov ° ) ) Namespaces ° °
Recursie functions ° ) ) Multiple inheritance o O
Exceptions O ° ° Threads& Locks ° °
Classe® Inheritance ) ) Garbagecollection O °

Table2: Softwarelanguagdeaturescomparede full support] partial support.



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) {
¢ = argv[0] + strlen(argv[0]);
while (¢ >= argv[0])
putchar(*c);
putchar(\n’);

return 0;

}

(b)

Figure2: (a) Euclid’s algorithmin i386 assembljtanguage.Symbolslik e %ebx representeg-

isters. movl means‘move long value’ divl

%ebx divides %eax by %ebx and puts the

remaindeiin %edx. (b) A C programthatprintsits agumentsackwards. The outermostwhile
loopiteratesthroughthe argumentgqcountin argc, arrayof stringsin argv), while theinnerloop
startsa pointerat the end of the currentargumentandwalks it backwards, printing eachchar
acteralongtheway. The++ and-- prefixesincrementhe variablethey areattachedo before

returningits value.

class Cplx {
double re, im;
public:
Cplx(double  v) re(v), im@©0) {}
Cplx(double r, double i)
re(), im@) {
double abs() const {
return  sqrt(re*re + im*im);
void operator+=  (const Cplx& a) {
re += aure; im += a.im;
}
h
int main() {
Cplx a(5), b(3,4);
b += a;
cout << h.abs() << \n}
return  0O;
}
(@

import
class

java.io.x;

Counter {

int value = 0;

boolean present = false;
public  synchronized void
try { while (present)
catch (InterruptedException
value++; present = true;

count() {
wait(); }
e) {
notifyAll();

}

public  synchronized int read() {
try { while (!present) wait(); }
catch  (InterruptedException e) {§
present = false; notifyAll();
return  value;

}

class Count extends
Counter cnt;
public  Count(Counter c¢) { cnt = c; start(); }

public  void run() { for (;) cnt.count(); }

Thread {

class Mod5 {
public  static  void main(String
Counter ¢ = new Counter();
Count count = new Count(c);
int v,
for (;;) if ( (v = cread()
System.out.printin(v);

args[)  {

%5 == 0)

(b)

Figure3: (a) A C++ fragmentillustrating a partial complex numbertype (the C++ standard
library hasa completeversion). (b) A contrived Jara programthatspavns a countingthreadto

print all numberdivisible by 5.



C programsausethreetypesof memory Spacdor globaldatais allocatedvhenthe
programis compiled,the stackstoresautomaticvariablesallocatedandreleasedvhen
their functionis calledandreturns,andthe heapsuppliesarbitrarily-sizedregions of
memorythatcanbe deallocatedn ary ordet

The C languages anlSO standardbut mostpeopleconsultthebookby Kernighan
andRitchie[18]. Ritchiedesignedhelanguage.

3.3 C++

C++ (Figure 3a) [25] extendsC with structuringmechanismdor big programs:user
defineddatatypes, a way to reusecode with differenttypes, namespace® group
objectsandavoid accidentahamecollisionswhenprogrampiecesareassembledand
exceptionsto handleerrors. The C++ standardibrary includesa collectionof efficient
polymorphicdatatypessuchasarrays,trees,stringsfor which the compilergenerates
customimplementations.

A classdefinesa new datatype by specifyingits representatioandthe operations
thatmayaccesandmodify it. Classesnay be definedby inheritancewhich extends
and modifiesexisting classes.For example,a rectangleclassmight add length and
width fieldsandanareamethodto a shapeclass.

A templateis a functionor classthat canwork with multiple types. The compiler
generatesustomcodefor eachdifferentuseof the template. For example,the same
min templatecould be usedfor bothintegersandfloating-pointnumbers.

3.4 Java

Suns Java languagdl, 16, 21] resemblesC++ but is incompatible. Like C++, Jasa
is object-orientedproviding classesandinheritancelt is a higherlevel languagehan
C++ sinceit usesobjectreferencesarrays,and stringsinsteadof pointers. Jasa’s
automatiogarbagecollectionfreesthe programmefrom memorymanagement.

JavaprovidesconcurrenthreadgFigure3b). Creatinga threadinvolvesextending
theThreadclass,creatinginstance®f theseobjects,andcalling their start methodgo
starta new threadof controlthatexecutegshe objects’run methods.

Syndtironizinga methodor block usesa perobjectlock to resole contentionwvhen
two or morethreadsattemptto accesghe sameobjectsimultaneously A threadthat
attemptsto gaina lock ownedby anotherthreadwill block until the lock is released,
which canbe usedto grantathreadexclusive accesdo a particularobject.

3.5 RTOS

Many embeddedsystemsusea real-time operatingsystem(RTOS) to simulatecon-
curreng on a singleprocessar An RTOS managesnultiple runningprocessesgach
written in sequentialanguagesuchasC. The processegperformthe systems compu-
tation andthe RTOS scheduleshem—attempt$o meetdeadlinesby decidingwhich
processunswhen.Labrossg19] describesheimplementatiorof a particularRTOS.
Most RTOSesusesfixed-priority preemptve schedulingin which eachprocesss
givena particularpriority (a smallinteger)whenthe systemis designed At ary time,
theRTOSrunsthehighest-priorityrunningprocesswhichis expectedo runfor ashort
periodof time beforesuspendingtself to wait for moredata.Prioritiesareusuallyas-
signedusingrate-monotoni@nalysig7] (dueto Liu andLayland[22]), which assigns
higherprioritiesto processethatmustmeetmorefrequentdeadlines.



Pr | A |

Figure4: The behaior of an RTOSwith fixed-

P2 | B priority preemptie scheduling Rate-monotonic
Py | ’T‘ analysisgives processP; the highest priority
sinceit hasthe shortestperiod; P3 hasthe low-
| |B| A | B | C | est. A would have missedits deadline(the tick

‘ | mark)hadit not preempted.

B completes( starts
A completesB resumed

C initiated, but higherpriority A continues
B preemptedy higherpriority A

4 Dataflow Langua ges

Dataflav languagesiescribesystemsof proceduralprocesseshat run concurrently
andcommunicateéhroughqueuesAlthoughclumsyfor generalpplicationsdataflav
languagesare a perfectfit for signal-processinglgorithms,which use vast quanti-
tiesof arithmeticderivedfrom linear systemtheoryto decode compressor filter data
streamghatrepresenperiodicsamplef continuously-changingaluessuchassound
or video. Dataflav semanticsare naturalfor expressinghe block diagramstypically
usedto describesignal-processinglgorithms,andtheir regularity makesdataflav im-
plementationsrery efficient becauseotherwisecostly run-time schedulingdecisions
canbemadeat compiletime, evenin systemsontainingmultiple samplingrates.

4.1 Kahn Process Networks

Kahn ProcesdNetworks [17] form a formal basisfor dataflav computation. Kahn’s
systemsconsistof processethatcommunicatexclusively throughunboundedoint-
to-pointfirst-in, first-outqueues Readingfrom a port makesa processvait until data
is available,sothe behaior of Kahn's networks doesnot dependon executionspeeds.
Balancingprocesses'elative executionratesto avoid anunboundediccumulation
of tokensis the challengen schedulinga Kahn network. Onegeneralapproachpro-
posedn Parks’thesig23] placesartificial limits onthesizeof eachbuffer. Any process
thatwritesto a full buffer blocksuntil spaceis available,but if the systemdeadlocks
becausall buffersarefull, the scheduleincreaseshe capacityof the smallestouffer.

4.2 Synchronous Dataflow

Lee and Messerschmits Synchronou®ataflov [20] fix the communicatiorpatterns
of the blocksin a Kahnnetwork. Eachtime a block runs,it consumesndproducesa
fixed numberof datatokenson eachof its ports. This predictabilityallows SDF to be
scheduleadtompletelyat compile-time producingvery efficient code.

Schedulingoperatesn two steps.First, the rateat which eachblock firesis estab-
lishedby consideringheproductionandconsumptiomatesof eachblock atthesource
andsink of eachqueue. For example,one of the arcsin Figure 6 implies 2C=4D.
Oncethe ratesare establishedary algorithmthat simulatesthe executionof the net-
work without buffer underflav will producea correctschedulef oneexists. However,
moresophisticatedechniqueseducegeneratedodeandbuffer sizesby betterorder
ing theexecutionof the blocks(seeBhattacharyyatal. [5]).



process f(in int u, v; out int w) process h(in int u, out int v, int init)

{

int i; bool b = true; send(v, init);
for () | for(;;)
i = b ? wait(u) o wait(w); send(wait(u), v);
printf("%i\n", i);
send(i, w);
b = lb; channel int X, Y, Z, T1, T2;
} fiy, Z, X);
} g(x, Ti, T2);
h(T1, Y, 0);
process g(in int u; out int v, w) h(T2, z, 1);
for ()
send(wait(u), v); send(wait(u), w);

}

Figure5: A KahnProcesd\Network [17]. Thef processlternatelycopiesfrom its u andv ports
to its w port; the g processdoesthe opposite,copying its u port to alternatelyv andw; andh
simply copiesits inputto its output.

Figure6: A modemin SDF(from Bhattacharyyatal. [6])

5 Hybrid Languages

Hybrid languagegombineideasfrom othersto solve differenttypesof problems.Es-
terel excels at discretecontrol by blending software-like control flow with the syn-
chrory and concurreng of hardware. Polis emplogys extendedfinite-statemachines
communicatinghroughsingle-placebuffersto describemixed hardwareandsoftware
systems.Communicatiorprotocolsare SDL's forte; it usesextendedfinite-statema-

Esterel Polis SDL SystemC CCSS

Concurrent ° ° ° ° °
Hierarchy ) ) ° ° °
Preemption ° ° °
Deterministic ° a °
Synchronougommunication ° ) °
Bufferedcommunication ° ° ° °
FIFO communication ° m] °
Procedural ° a a ° a
Finite-statemachines ° ° ° ] °
Dataflov ° ° ° °
Multi-rate dataflav °
Softwareimplementation ° ° ° ° °
Hardwareimplementation ° ) ° °

Table3: Hybrid languagdeaturescomparedse full support] partialsupport.



module Example: #include  "systemc.h"

input S, | struct  complex_mult : sc_module {
output O; sc_in<int> a, b;
sc_in<int> c, d;
signal R, Ain sc_out<int> X, Y;
every S do sc_in_clk clock;
await  [;
weak abort void do_mult() {
sustain R for () |
when immediate A; X =a*c-b*d
emit O wait();
Il y=a*d+b?*c
loop wait();
pause; pause;
present R then emit A end; }
end
end SC_CTOR(complex_mult)  {
end SC_CTHREAD(do_mult, clock.pos());
}
end module I
(@ (b)

Figure7: (a) An Esterelprogrammodelinga sharedresource. (b) A SystemCmodel for a
comple multiplier.

chineswith singleinput queues.SystemChlendsstylesfor softwareandhardwarein
C++ to provide a smoothway to refinesoftware modelsinto hardware. CoCentri¢M
SystemStudio combinesdataflav with Esterel-lile finite-statemachinesemanticso
simulateandsynthesizedataflav applicationghatalsorequirecontrol.

5.1 Esterel

Intendedfor specifyingcontrol-dominatedeactie systemsEsterel[4] combinesthe
control constructsof animperatve softwarelanguagewith concurreng, preemption,
anda synchronousnodelof time like thatusedin synchronousligital circuits. In each
clock cycle, the programawakens,readsits inputs,produceutputs andsuspends.
An Esterelprogramcommunicateshroughsignalsthatareeitherpresenbr absent
eachcycle. In eachcycle, eachsignalis absenunlessanemit statemenfor the signal
runsandmakesthe signalpresentor thatcycle only. Esterelguaranteesleterminism
by requiringeachemitterof a signalto run beforeary statementhatteststhe signal.

5.2 Polis

The Polis hardware-softvarecodesignsystem[3] usesa concurrenformalismgeared
to hardware and softwareimplementation. A systemis a collection codesignfinite-

statemachinesonnectedhroughbroadcastommunicatiorthannelsEachCFSMhas
single-placebuffersfor eachof its inputs,anda CFSMtakesa stepwhenit recevesat

leastoneeventonits inputs,whosetypesmay be eventsor values.A CFSMtransition
is atomic,but takesanarbitrary non-zeraime. EachCFSMbecomesprocessunning
underan RTOS (buffersarein sharedmemory)or a statemachinethattakesa single
clock cycle pertransition.

5.3 SDL

SDL is agraphicalspecificatioanguagelevelopedfor describingelecommunication
protocolsdefinedby thelTU [15] (Ellsbeger[11] is morereadable)A systenconsists
of concurrently-runnindg=SMs,eachwith a singleinput queue connectedy channels



thatdefinewhich messagethey carry. EachFSM consumeshe mostrecentmessage
in its queuereactgo it by changingnternalstateor sendingnessageto otherFSMs,
changedo its next state,andrepeatshe process.EachFSM is deterministic,but be-
causamessagefom otherFSMsmayarrivein ary orderbecaus@ef varyingexecution
speedandcommunicatiordelays,an SDL systemmay behae nondeterministically

5.4 SystemC

TheSystemQanguagés aC++ subsefor specifyingandsimulatingsynchronousligi-
tal hardware.A SystemGspecificatiorcanbesimulatedoy compilingit with astandard
C++ compilerandlinking in freely-distritutedclasslibraries(from www.systemc.ay).
Hardwarecanbegeneratedby handingthesameprogramto thecommerciallyavailable
CoCentricM SystemQCompiler

The SystemClanguagebuilds systemsfrom Verilog- and VHDL-lik e modules.
Eachhasa collectionof I/O portsandmay containinstance®f othermodulesor pro-
cessesgithersynchronou®r asynchronousSystemGCs simulationsemanticaresyn-
chronouswhena clock arrives,eachsynchronouprocessensitve to thatclock runs,
thenasynchronouprocessesensitve to change®n the outputsof thoseprocessesun
until they stabilize,andtheprocesgepeats.

5.5 CoCentric System Studio

CoCentricSystemStudid™ [8] usesa hierarchicalformalism that combinesKahn-
like dataflav and hierarchical,concurrent=SMs. The FSMsresembleHarel's State-
chartg[12], but useEsterels synchronousemantic$o ensuredeterminism.

A CCSSmodelis built hierarchicallyfrom Dataflav, AND, OR,andGatedmodels.
Dataflav modelsare Kahn Processietworks. The blocksmay be dataflav primitives
written in a C++ subsetor otherhierarchicalmodels. AND modelsrun concurrently
andcommunicatevith Esterel-like synchronousemanticsOR modelsarefinite-state
machineghatmay manipulatedataandwhosestateamay containothermodels.Gated
modelscontainsub-modelsvhoseexecutioncanbe temporarilysuspendedinderex-
ternalcontrol.
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