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Preface

It is well known that freesoftwareneedsfreemanuals:referenceanduserman-
uals1. This allows the generalcommunityto usethe technology. However, free
softwarehasa tremendouspotentialfor researchandteaching:the sourcesper-
mit us to understandthe technology. Nowadays,dueto the lack of free books
which describethebehaviour of freetechnology, mostresearchersandeducators
interestedin it mustrepeatthesameunpleasanttask: to readthesourcesto try to
understandthearchitectureanddetailsof thefreesoftware.Obviouslythis is time
consuminganderrorprone.This is alsothecaseof thefreeGNU Ada Compiler:
GNAT.

GNAT is currentlya maturetechnologyusedfor many industrialprojects,re-
search,andeducation.However, thelackof freebookswhichdescriberealimple-
mentationhindersthemodi�cation of thesourcesto many researchers.Themain
bene�tsof a freebookonGNAT are:

� The book can be usedand enhancedby many researchers. If thebook
is free it canbeusedasa shareddocumentwhich providesaneasyway to
learnaboutthe Run-Time (thusreducingthe time requiredto experiment
with Ada),but thebookcanalsobeupgradedby any researcherof theAda
community.

� The book facilitates the useof Ada to teach studentsabout compilers
and real-time systems.The sourcesof the GNAT run-timearevery well
commentedandwritten in Ada, thusproviding a high level of abstraction
which is quiteusefulfor teaching.

1R. Stallman.FreeSoftware andFreeManuals. Essay. Avaiableat http://www.gnu.org/philo-
sophy/free-doc.html

v



vi

Themaingoalsof thisprojectare:

� To provide documentationon the GNAT Run-Time. Thecontentsof the
bookis my knowledgeon theGNAT run-time.

� To keep the book fully integrated with the GNAT sources. Although
the book is distributedin several formatsfor printing, the goal is to write
a digital book with many links to the GNAT sourceswhich facilitate the
understandingandveri�cation of themainconceptsof theAda run-time.

� To keepthe document fr ee. Thebook is distributedundertheGNU Free
DocumentationLicense(cf. AppendixA). Thisallowsmembersof theAda
communityto enhancethequalityof thebookfor researchandteaching.

TechnicalContents

In orderto facilitatethereadingof thebookfor teaching,eachchapteris structured
in two parts.The�rst parthasa brief summaryof theAda conceptsdescribedin
thechapter(I usedtheexcellentbookConcurrencyin Ada[BW98] asareference
to write thesesummaries).Thesecondpartof thechapterdescribesGNAT imple-
mentationof theconceptspresentedin the �rst part. Currentlythebookhasthe
following chapters:

1. The GNAT project. Brief introductionto theGNAT project,andtheoverall
architectureof thecompilerandrun-time.

2. Tasktypesand objects.Thischapterdescribesthemainaspectsof thelife-
cycleof Ada tasks:taskcreation,taskactivation,tasktermination,andtask
identi�cation.

3. The Rendezvous.Thischapterdealswith thehandlingof theentrycall pa-
rameters,therendez-vousqueuesandthebasicrendezvousmodes(simple,
conditionalandselective).

4. ProtectedObjects. TheAda95eggshellmodelfor protectedobjectsandits
implementationis presentedhere.Severalalternative implemen-tationsare
alsodescribedanddiscussed.

5. Time and clocks.ThischaptercoverstheAdatimedsentences:timedentry
call andtimedselectiveaccept.
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6. Interrupts. The Ada model of interruptsand its implementationis pre-
sentedhere.

7. Exceptions.Datatypesusedto identify theexceptions,andhashtableused
by GNAT to handletheexceptionsarepresentedhere.

8. Abort andAsynchronousTransfer of Control. Adatasksabortionandthe
implementationof theAda95asynchronoustransferof controlarediscussed
in this chapter.

9. Bibliography. This chapterprovides the bibliographyusedto write the
book.

Distrib ution

Thebookis availableat:

� http://gnat.webhop.info

� http://www.iuma.ulpgc.es/users/jmiranda/

The�rst addressprovidesan“easyto remember”accessto thesecondaddress,
which is therealaddressof my webpage.Nowadaysthedistributionof thebook
includes:

� Thehtml versionof thebook. Thebook is alwaysavailableby internetas
anon-linebook(accessibleto yourpreferredwebnavigator).

� A compressedhtml.tgz �le with thehtmlsources.Thisdistributionincludes
onescriptwhichpatchesthehtml �les andinstallsthemlocally (in any local
directory)or in yourpersonalwebpage.

� The PostScript, PDF, andDVI �les of the wholebook. This distribution
facilitatestheprintingof thebook.In orderto not loseinformation,mostof
the html distribution hyperlinksareincludedin this distribution by means
of footnotes.

� TheLaTeX sourcesof thebook. This distribution allows themembersof
theAdacommunityto cooperateto improvethequalityof thedocument.
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Althoughit is well known thattheGNU formatfor freebooksis Texinfo, the
bookis written in LaTeX. Themainreasonsare:

� I donotknow Texinfo andI feelquitefamiliar with LaTeX.

� LaTeX is well known to thescienti�c community. Thisfacilitatesany mem-
ber of the Ada communitythe modi�cation of the sourcesof the book to
improve its contents.

� LaTeX is alsofreesoftware. It is obviousthata free-bookmustbewritten
with freesoftwareto avoid any futureproblemwith thedistribution of the
sources(dueto thecopyright of the�le formats).

� LaTeX2htmlis agoodtool to make theautomatictranslationof thebookto
HTML. Thereforeit is not necessaryto maintaintwo versionsof thebook
(onefor theprintedversion,andanotherfor theHTML �les).

Background

A previousversionof thisbookwaswrittenin 1999underthetitle “How tomodify
theGNAT Run-Timeto experimentwith Adaextension” [MGGM99]. Thatbook
wasthe resultof a projectto integrateDrago[5] into theGNAT sources.(Drago
wasthe resultof my PhD research.It is an Ada extensionwhich facilitatesthe
programmingof fault-tolerantandcooperative distributedapplicationsby means
of theadditionof thegroupsparadigminto theAda language).

Although the book wasavailableon the web, no publicity wassentout. In-
genuouslywe thoughtthattheinternetsearchengineswould provide thebookto
any interestedpeople. Obviously very few peoplefound it, but we thoughtthat
thebookwasnot goodenoughandwestoppedourefforts.

During the AdaEurope2001conference(Belgium) I presentedthe book to
somecolleaguesandfelt thatthebookcouldstill beof interestfor theAda com-
munity. Therefore,in July 2001I decideto personallyrestarttheprojectwith the
following goals:

� Write the manuscript in English. Themanuscriptof thepreviousversion
waswritten in Spanishandtranslatedto English.BecauseI wasnow alone
to dothewholework, I decidedto concentrateany effort in themostwidely
distributableversionof thebook.Oncecompletedmany peoplecanhelpto
translateit to otherlanguages.
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� Recover the (still) usefuldocumentationof the previousbook. Although
mostof the chaptersof the previous book werenow obsolete,someparts
werestill reusable(thepreviousbookdescribedtheGNAT-3.10psources).

� Structure eachchapter of the book in two parts. The �rst part summa-
rizes the Ada conceptswhoseimplementationis describedin the second
part.Thiswill facilitatetheuseof thebookfor teaching.

� Reducethe maintenancecost as much as possible. A singledocument
shouldbeusedfor all thedistributionsof thedocument.I decidedto write
the sourcesof the book with LaTeX becauseit is free andhasmany free
toolsto translatethedocumentto HTML, PostScript,PDF, andDVI �les.

� Keepthe book integrated with the GNAT sources. The HTML version
of thebookwould bethe“star” of theprojectwith hyperlinkswhich facil-
itate to the readerthe direct accessto theAnnotatedAda ReferenceMan-
ual [AAR95] andGNAT sources.

I have beenworking on this bookfor oneyearandhalf. In July 2002the�rst
Betaversionof thebookwasavailablein theWEB. In September2002I added
theGNU FreeDocumentationLicenseto thebook,andI put the full sourceson
my website. Now (December2002)I giveyou theupgradedversionof thebook
which is now integratedwith theGNAT 3.15psourcesandhas288hyper-links to
thesesources.
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Chapter 1

The GNAT Project

GNAT (an acronym for GNU NYU Ada Translator)is a front-endandruntime
systemfor Ada95 thatusesthesuccessfulGCCback-endasa retargettablecode
generator. GNAT is thuspartof theGNU1 software,andis distributedaccording
to the guidelinesof the FreeSoftware Foundation2 [SGC94, Section1]. GNAT
hasbeendevelopedby two cooperatingteams:

� GNAT DevelopmentTeam(New York University). Guidedby professors
EdmondSchonberg and RobertB.K. Dewar. This group developedthe
front-endof theAdacompiler.

� ProjectPART Team3 (FloridaStateUniversity).GuidedbyprofessorTheodore
P. Baker ThisgroupdevelopedtheAdaRun-TimeLibrary.

The project was initially sponsoredby the U.S. government(from 1991 to
1994). In August, 1994 the main authorscreatedthe Ada Core Technologies,
Inc.4 company which givestechnicalsupportundercontractto theentitieswhich
useGNAT with industrialor commercialproducts.NowadaysAdaCorecontinues
extendingtheplatformsfor whichthecompileris availableandalsoprovidestools
for thedevelopmentanddebuggingof theAda programs.Thecompany provides
freeupgradesof thecompilerto theAdacommunity.

In this chapter, theexternalandinternalstructureof GNAT is described.

1http://www.gnu.org/
2http://www.gnu.org/fsf/fsf.html
3PART - POSIXAdaReal-Time.
4E-mail: info@gnat.com;http://www.gnat.com/
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1.1 GCC

GCC is the compilersystemof the GNU environment. GNU (a self-referential
acronym for 'GNU is Not Unix') is a Unix-compatibleoperatingsystem,being
developedby theFreeSoftwareFoundation,anddistributedundertheGNUPublic
License(GPL)5.

GNU software is always distributed with its sources,and the GPL enjoins
anyonewho modi�es GNU softwareandthenredistributesthemodi�ed product
to supplythe sourcesfor the modi�cations aswell. Thus,enhancementsto the
original softwarebene�t thesoftwarecommunityat large[Sta92].

GCCis todaythecenterpieceof theGNU software.GCCis aretargetableand
rehostablecompilersystem,with multiple front-endsanda largenumberof hard-
waretargets.Originally designedasa compilerfor C, it now includesfront-ends
for C++, Modula-3,Fortran,Objective-C,andmostrecentlyAda. Technically, the
crucial assetof the GCC is its mostly language-independent,target-independent
codegenerator, which producesexcellentquality-codeboth for CISC machines
suchastheIntel andMotorola families,aswell asRISCmachinesincludingthe
IBM RS/6000,the DEC Alpha andtheMIPS R4000. Remarkably, themachine
dependencesof thecodegeneratorrepresentlessthan10 new target to GCC,an
algebraicdescriptionof eachmachineinstructionmustbegivenusinga register-
transferlanguage.Most of the codegenerationandoptimizationthenusesthe
RTL, which GCC mapswhennecessaryinto the target machinelanguage.The
leveragefor constructinga front-endfor GCC is thusenormous:GNAT poten-
tially hasover30 targets.

Furthermore,GCCproduceshigh-qualitycode,comparableto thatof thebest
commercialcompilers[SGC94,Section2].

1.2 GNAT Organization

The�rst decisioninvolvedchoosingthelanguagein whichGNAT shouldbewrit-
ten. GCCis fully written in C, but for technicalreasonsaswell asnon-technical
ones,it wasinconceivableto useanything but Ada for GNAT itself. TheGNAT
teamstartedusinga relatively smallsubsetof Ada83,andin typical fashion,ex-
tendedthesubsetwhenever new featuresbecameimplemented.Six monthsafter
thecodingstartedin earnest,wewereableto bootstrapthecompiler, andabandon

5http://www.gnu.org/copyleft/gpl.html
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Chapter1: TheGNAT Project (C) Javier Miranda,2002(v 1.0)

thecommercialcompilerwe hadbeenusingup to thatpoint. As Ada95features
areimplemented,wearenow ableto write GNAT in Ada95.In fact,thede�nition
of thelanguagedependsheavily onhierarchicallibraries,andcannotbegivenex-
cept in Ada95,so that it is naturalfor the compilerandthe environmentto use
child unitsthroughout[SGC94, Section3.1].

Source
(Ada)

Compiler
(GNAT)

Run Time
System
(GNARL)

Object
code

Object
code

Object
code

Binder
(GNAT)

Linker Executable

Figure1.1: GNAT OverallStructure.

Figure1.1presentstheoverallstructureof theGNAT system.It hasthreemain
parts:theCompiler, theRunTimeSystemandtheBinder(theGNU linker for the
target operatingsystemis alwaysreused).From the �gure, we canalsodeduce
thestepsfollowedto compileanAdaprogram.

TheGNAT binderveri�es theconsistency of theobjectsanddeterminesavalid
order of elaboration(initialization) for the objects(from the sameor different
languages)thatareto beassembledinto anexecutable�le. Following thissketch,
thenext sectionsof this chapterdescribeeachpartof thecompiler.

1.3 The Compiler

Thecompileris composedof two mainparts:thefront-endandtheback-end(cf.
Figure1.2). Thefront-endof theGNAT compileris thuswritten in Ada95. The
back-endof the compiler is the back-endof GCC proper, extendedto meetthe
needsof Adasemantics[SGC94, Section3.1].

Thefront-endcomprises� vephases(cf. Figure1.3): lexical analysis,syntac-
tic analysis(parsing),semanticanalysis,AST expansion,and�nally AST trans-
formation into an equivalentC tree(this stageis labeledGiGi (GNAT to GNU

3
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Source
(Ada)

Front-End
(GNAT)

Back-End
(GCC)

Object
(.o)

Compiler

Figure1.2: GNAT Compiler.

transformation).Thesephasescommunicateby meansof a rathercompactAb-
stractSyntaxTree(AST). The implementationdetailsof theAST arehiddenby
several proceduralinterfacesthat provide accessto syntacticand semanticat-
tributes. The layeringof the system,and the variouslevels of abstraction,are
theobviousbene�tsof writing in Ada, in whatonemightcall “proper” Adastyle.
It is worth mentioningthatstrictly speakingGNAT doesnot usea symboltable.
Rather, all semanticinformationconcerningprogramentitiesis storedin de�ning
occurrencesof theseentitiesdirectly in theAST [SGC94, Section3.1].

code
(Ada) (Ada)

(Ada)
(Ada)

GCC tree fragments

(C)

GiGi

Scanner Parser Semantic

Analysis

Decorated tree

Expander

Expanded and decorated tree

back-end

GCC

Source

Syntax tree

Figure1.3: GNAT Front-endStages.

As the �gure 1.3 shows, the Scannerstartsanalyzesthe input �le andgen-
eratesthe associatedTokens. The Parser analyzesthe syntaxof the tokensand
createstheAbstractSyntaxTree(syntacticanalysis).TheSemanticAnalyzerper-
forms nameandtype resolution(that is, it resolvesall the possibleambiguities
of the sourcecode),decoratesthe AST with varioussemanticattributes,andas
by-productperformsall staticlegality checkson theprogram.After that,theEx-
pandertransformshigh level AST nodes(nodesrepresentingtasks,protectedob-
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jects,etc.) into nodeswhichcall to AdaRun-Timelibrary routines.(Multi-tasking
constructsaregenerallyimplementedby acombinationof high-level sourcecode
transformationsandcallsto AdaRun-TimeLibrary [DIB94, Section4.2.1]).

Most of the expanderactivity resultsin the constructionof additionalAST
fragments.Giventhatcodegenerationrequiresthat suchfragmentscarryall se-
manticattributes,everyexpansionactivity mustbefollowedby additionalseman-
tic processingon the generatedtree. This recursive structureis carriedfurther:
someprede�nedoperations(i.e. exponentiation)arede�nedby meansof ageneric
procedure.Theexpansionof theoperationresultsin thegenericinstantiation(and
correspondinganalysis)of this genericprocedure[SGC94, Section3.3]. At the
endof this processtheGIGI phasetransformstheAST into a treeunderstableby
theGCCbackend.Thisphaseis aninterfacebetweentheGNAT front-endandthe
GCCback-end.In orderto bridgethesemanticgapbetweenAda andC, several
codegenerationroutinesin GCC have beenextended,andothersadded,so that
theburdenof translationis alsoassumedby Gigi andGCCwhenever it would be
awkward or inef�cient to performthe expansionin the front-end. For example,
therearecodegenerationactionsfor exceptions,variantpartsandaccessesto un-
constrainedtypes.As amatterof GCCpolicy, thecodegeneratoris extendedonly
whentheextensionis likely to beof bene�t to morethanonelanguage[SGC94,
Section3.4].

Thereis a furtherunusualrecursiveaspectto thestructureof GNAT. Thepro-
gramlibrary (describedin greaterdetail below) doesnot hold any intermediate
representationof compiledunits. As a result,packagedeclarationsareanalyzed
whenever they appearin a context clause.Furthermore,if a genericunit, or an
inlined unit G, is de�ned in a packageP, thentheinstantiationor inlining of Gin
thecurrentcompilationrequiresthatthebodyof P beanalyzedaswell. Thusthe
library manager, theparserandthesemanticanalyzercanbeactivatedfrom within
semanticanalysis(notethebackwardarrows in �gure 1.3)[SGC94, Section3.3].

1.4 The Run Time System

In orderto make GNAT portable,theAda Run-Time System(RTS) is written in
Ada. Thecompilercommunicateswith theRTS throughprocedureandfunction
calls,withoutdirectreferenceto RTSdatastructuresasidefrom theparametersof
theRTS subprograms.TheRTS datastructuresmaybekeptin a separateaddress
space,protectedfrom accessby the application. The directionof call is always
from applicationcodeto theRTS [GB94a,Section2]. Theexceptionsto this rule
are:
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� Task creation,in which the compiler passesto the RTS the addressof a
procedurecorrespondingto thetaskbody.

� Protectedentries,in which thecompilerpassesto theRTStheaddressof an
arraywith thereferenceto thesubprogramsgeneratedby thecompiler.

Thus, the opportunitiesfor optimizationinvolve alternatesource-codetransfor-
mations,andalternatealgorithmsanddatastructuresin the runtimelibrary rou-
tines[DIB94, Section4.2.1].

Ada program

GNARL

GNULL

POSIX

Operating system

Hardware

Run
Time
Library

Figure1.4: TheGNAT RunTimeLibrary.

Figure1.4presentsRun-Time hierarchy. TheRun-Time library is madeup of
threelevels: GNARL, GNULLandPthreads 6. An Ada programrequeststhe
servicesof theRunTime throughtheGNARLsubprogramscalls. This level uses
theservicesprovidedby theGNULLlevel. This intermediatelevel is aninterface
betweentheupperlevelandthePOSIXstandardlibrary. POSIXPthreadsprovides
supportto languagesfor concurrentprogramming.

1.4.1 GNARL

GNARL is theGNU AdaRun-timeLibrary. High level languageconstructsare
translatedby the expanderinto calls to this library. Packagesthat constitutethe
run-timearetreatedasany otherunit of thecontext of thecompilation,andana-
lyzedwhennecessary. Thisobviatestheneedto placerun-timeinformationin the
compileritself, andallowsaknowledgeableuserto modify therun-timeif he/she

6Pthreads- POSIXThreads.
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sochooses.Thedesignof GNARL is basedon theCARTS (CommonAda Run-
Time System)speci�cation[SGC94, Section3.6]. Theoriginal designobjectives
of GNARL, in orderof priority, were[GB94a, Section1]:

1. Semanticcorrectness. GNARL mustsupportthe full coretaskingseman-
tics, and as much of the Real-Time Systemsand SystemsProgramming
annexesaspermittedby otherconstraints.

2. Timeliness. Developmentshouldbeincremental,sothatworkingpartialim-
plementationscanbedeliveredearly. TheRTS andcompilerdevelopment
shouldproceedin parallel. This meanstheRTS responsibilitiesshouldbe
clearly separatedfrom thoseof the compiler. Ada featuresthat early ver-
sionsof thecompilerarenot likely to beableto translateshouldbeavoided.
Ideally, it shouldbepossibleto compileandtestit usinganexistingAda83
compiler. It shouldusetheexisting PART RTS codefor leverage,to speed
development.

3. Modularity. GNARL shouldbe partitionedto hide information that the
compilerdoesnot needto know, including informationabouttaskingfea-
turesthatarenot usedby a particularcompilation.TheGNAT strategy for
implementingtaskingis basedontree-to-treetranslation,convertingtasking
constructsin theintermediatesyntaxtreerepresentationinto equivalentAda
languageconstructs,with interspersedRTS servicecalls. Thus,theGNAT
interfaceshouldbeexpressiblein termsof ordinaryAdapackageswhenever
possible.

4. Portability. GNARL shouldbe written in Ada, with target-speci�c code
clearlyisolatedin theGNULL level andkeptassmallaspossible.It should
bepossibleto producecon�gurationsthatrunbothovercommercialoff-the-
shelfoperatingsystemsandon baremachineswith minimal modi�cations.
Initially, it shouldbe supportedon several commonlyusedoperatingsys-
tems.

5. Research and technology transfer. GNARL shouldserve asa test-bedfor
implementationideas,providing experiencethatwill beusefulin designing
otherimplementations.Lessonslearnedshouldbe reportedpromptly, and
codemadepublicly available. Among otherexperimentalgoals,GNARL
shouldprovide a basisfor measuringtheoverheadimposedby implement-
ing AdaoverPthreads.

6. Ef�ciency. GNARL shouldbe asef�cient aspossible,consistentwith the
otherobjectives.Thedesignshouldallow for futureoptimizations,includ-
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ing inline expansionandoptimizationof RTS calls.Thismeansusingordi-
naryprocedurecallsin theinterface,asopposedto trapsor callsvia proce-
durepointers”.

GNARL is designedto facilitatethein-line optimizationof Ada taskingcon-
structs.Theuseof taskconstructsresultsin theimplicit with of oneor moreof the
packagesthatmake up theGNARL by theGNAT compiler. Otherthanthis im-
plicit import,GNARL packagesareindistinguishablefromotherapplicationpack-
ages.Thereareno specialrestrictionson GNARL code. In particular, GNARL
subprogramscanbenamedin Inline pragmas,resultingin thereplacementof im-
plicit calls to thesesubprogramswith the subprogrambody. This shouldresult
in somewhatfastercodedueto theeliminationof thesubprogramcall. However,
oncethecodehasbeeninsertedinline, it canbefurtheroptimizedby thecompiler
usinginformationaboutthelocalenvironmentincludingcurrentregistercontents.
This processis further augmentedby the inline natureof theGNARL interface.
Taskingis implementedwith callsto theGNARL interleavedwith usercode.The
only exceptionto this is taskstartup,whereGNARL executesthetaskbodycode
from a new threadof controlvia call-back.This inline natureof theGNARL in-
terfaceis intendedto allow localoptimizationsacrosstheboundariesbetweenthe
applicationandthe GNARL, in particularwhenthe GNARL calls areexpanded
inline. Thiskind of optimizationis muchlessapplicablewith aninterfaceinvolv-
ing call-backsto usercodewithin theRTS. Eachcall-backpoint cancall oneof
an arbitrarynumberof usercodesequences,so they cannotbe inlined, andit is
lesslikely that local optimizations(i.e. registerallocation)will be applicableto
all of them[GMB94, Section3].

ImplementingGNARL semanticsis relatively complex, andwill probablybe
of interestonly to usersrequiringunusualtaskingsemantics,or to take advan-
tageof unusualhardwarearchitecture(i.e. multiprocessingor distributedenviron-
ments).

1.4.2 GNULL

GNULL exists only for portability; it provides a standardinterfaceto services
that aretypically provided by an operatingsystemor real-timekernel, isolating
dependencesonaparticularhostfrom therestof GNARL [DIB94, Section4.2.1].

The GNULL interfaceis an abstractionof a subsetof thePOSIX interfaces,
includingPthreads.Therefore,it is trivially implementableoveranoperatingsys-
tem that supportsthe POSIX standards.In order to permit a simplerandmore
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ef�cient implementationover otheroperatingsystems,or a baremachine,many
featuresof Pthreadshave beenleft out or restricted. The deletedfeaturesare
onesthat the Ada RTS doesnot need,or cannotuse. For example,the POSIX
semanticsof threadcancellationdo not �t theAda semanticsof abortion,so the
Pthreadcancellationservicesarenot includedin GNULL. The featuresretained
includethreadcreationandoperationson mutexes,conditionvariables,andsig-
nals. In caseswheretheAda RTS doesnot needthefull strengthor generalityof
thePthreadinterface,thesemanticsarerelaxed. For example,GNULL mutexes
have only oneform of priority inheritance(thepriority ceiling emulationlocking
protocol)andarerequiredto beunlockedin FIFO order. Conditionvariablesare
only allowed to be usedby onetaskat a time. Furthersimpli�cations arecon-
templated,including the hiding of conditionvariablesbehinda suspend/resume
interface[GB94a, Section4.2.1].

1.4.3 POSIX

ThePOSIXPortableOperatingSystemInterfaceprovidesanapplicationprogram
interfaceto servicessupportingthecreationandexecutio¡nof multiple threadsof
controlsharingtheaddressspaceand�le descriptorsof a singlePOSIXprocess.
POSIX hasits roots in an effort to promoteapplicationprogramportability by
establishinganon-proprietarystandardinterfaceto themany variantsof theUNIX
operatingsystem[GB92,Section2].

The IEEE identi�es POSIX standardsby designationsof the form 1003.x.
For instance,1003.1designatestheC languageapplicationprograminterfacefor
coreoperatingsystemsservices(i.e. �le andprocesscreation,input/outputand
inter-processcommunication).It is the basePOSIX standard,andhasbeenap-
proved by the ISO as ISO/IEC 9945-1: 1990. Two otherPOSIX standardson
which this projectdependsare1003.4and1003.4a.The1003.4interface(Real-
timeExtension)is anextensionto1003.1thatprovidesservicescommonlyneeded
in real-timeapplications.Examplesof theseservicesincludebinarysemaphores,
processmemorylockingandtimers.The1003.4ainterface(ThreadsExtension,or
Pthreadsfor short)is anextensionto 1003.4thatsupportsmultiplethreadsof con-
trol within a singlePOSIX process.Examplesof servicesprovided by 1003.4a
includethreadcreation,mutualexclusion,andthreadsuspension.Both 1003.4
and1003.4aareexpressedasC languageinterfaces[GB92, Section2]. Thereis
alsoa standardAda bindingfor 1003.1,namely1003.5.This interfaceis de�ned
asa setof packages,which provide accessto the facilities of POSIX.1via Ada
datatypes,subprogramsandgenerics[GB92,Section3].

9
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GNARL usesthe POSIX servicesto build serviceswith correctAda seman-
tics. The schedulingof the threadsis directly underthe control of the Pthreads
scheduler, as is the stateof eachthread. Runtimestackallocationis alsounder
the control of the Pthreadimplementation.Pthreadpriorities arefully dynamic,
allowing theAda RTS to make this priority adjustmentin thecodeimplementing
theacceptstatement.OtherAda features,includingthedistinctionbetweentask
creationandactivationandtherulesfor tasktermination,arevery differentfrom
their Pthreadcounterparts,andmustbe implementedalmostentirelyby theAda
RTS[GB92,Section4.1]. Pthreadscanbesupportedby theOSkernelor by asep-
aratelibrary. If Pthreadsis supportedby theOS kernel. Systemcallsneedonly
blockthecallingtask,ratherthanthewholeprocess.If globalthreadschedulingis
provided,theremaybebetterresponseto asynchronousevents[GB92, Section2].

1.4.4 Low-Level Locks

TheGNAT run-timeusesLock/Unlock operationsin orderto maintaindatacon-
sistency underconcurrentread/updateoperationsby multiple threadsof control.
It doesquite a few more Lock/Unlock operationsthan is typical of older Ada
run-timesystems.Thedifferenceis that this run-timewasdesignedto bemulti-
threaded,whereasmostearlierAda runtimesystemsweredesignedasa mono-
lithic monitor. That is, the older style of Ada runtimesystemonly allowed one
task to be executingin the RTS at a time (we call this single-lockmode),but
with theGNAT run-timeseveraltasksmaybeexecutingin theRTS concurrently.
Ratherthanjust onelock thatprotectstheentireRTS, thereareindividual locks
for severalRTS globaldatastructures,anda lock for eachtaskcontrolblock (we
call this multiple-lockmode). Multiple-lock modeallows moreconcurrency be-
tweentasks.Accordingto conventionalwisdom,moreconcurrency is generally
better. It permitsmore parallel executionif thereare multiple processors,and
evenif thereis only oneprocessorit maypermitquicker responseto high-priority
real-timeevents[DIB94, Section4.2.1].

Mutual exclusionis providedthroughPOSIXmutexes.Whena threadwants
exclusiveaccessto somesharedresource,it lockstheassociatedmutex, via pthre-
ad mutex lock(); if someotherthreadhasalreadylockedthatmutex, therequest-
ing threadis suspendeduntil the threadholding the mutex unlocksit, via pthre-
ad mutex unlock(). Any numberof taskscanbe suspendedon the samemutex;
oneof themis grantedthe mutex andpermittedto continueexecutionwhenthe
holderunlocksthemutex. Mutexesaresimilar tobinarysemaphores;theprincipal
differenceis that the threadwhich holdsthemutex mustbe theoneto unlock it.
This makesmutexesdif�cult to usefor generalcommunicationbetweenthreads;
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anarbitrarythreadcannotsignalto otherthreadsthatsomethinghasoccurredby
unlockinga lockedmutex. For this kind of synchronization,conditionvariables
areused[GB92,Section5.1].

A threadwaits for a conditionto becometrueby calling pthreadcondwait()
on a conditionvariable.Anotherthreadcansignalthattheconditionhasbecome
trueby signalingtheconditionvariable,via pthreadcondsignal() (this is not to
beconfusedwith operationson POSIXsignals).A mutex is associatedwith the
conditionvariableby the pthreadcondwait() call. This mutex mustbe locked
beforethecall; it is unlocked(atomically)by thecall andlockedagainbeforethe
call returns. This is to protectthe conditionfor which the threadis waiting. A
pthreadcondsignal() call is guaranteedto wake up at leastonewaiting thread,
but it turnsoutto bemoreef�cient (particularlyonmultiprocessors)to allow more
thanonewaiting threadto return.Sincethe�rst threadto reacquiretheassociated
mutex might make theconditionfalseagain,eachthreadneedsto checkthat the
condition is true when pthreadcondwait() returns. This is usually donein a
while loop [GB92,Section5.1].

1.5 Summary

In this introductory chapter, we have seenthe overall structureof the GNAT
projectand focussedour attentionon the two main components:the Compiler
andtheRun-TimeLibrary. Themainconceptspresentedin this chapterare:

� The compiler is composedof two parts: the front-endand the back-end.
The front-endcomprises� ve phaseswhich communicateby meansof an
Abstract SyntaxTree. The back-endis the GCC target independentcode
generator. This ensurestwo main advantages:portability and excellent-
quality codegeneration.

� The Run-Time is implementedasan Ada Library andis structuredin two
levels:GNARL, andGNULL.

� GNARL is the GNU Ada Run-Time Library; it is written in Ada. Rather
thanjust onelock to protectGNARL, thereareindividual locksfor several
globaldatastructures,anda lock for eachtaskcontrolblock (multiple-lock
mode).

� GNULL existsonly for portability; it providestheminimuminterfaceto the
POSIXservices.
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Chapter 2

TaskTypesand Objects

Theexecutionof anAda programconsistsof theexecutionof oneor moretasks.
Eachtaskrepresentsa separatethreadof controlthatproceedsindependentlyand
concurrentlybetweenthepointswhereit interactswith othertasks[AAR95, sec-
tion 9(1)].

This chapteris organizedin two parts. In this �rst part themainconceptsof
theAdatasksarepresented.ThesecondpartdescribestheGNAT implementation.

2.1 Ada Tasks

In Ada,tasksareobjects.Eachtaskhasauniquetype,whichis speci�edin anob-
jectdeclarationor allocator(anexpressionof theform ”new . . . ”) thatcausesthe
creationof thetask.Eachtasktypeis declaredin two separateparts:a taskspec-
i�cation anda taskbody. Thespeci�cationhasa sequenceof entrydeclarations,
which de�ne the communicationsinterfaceof tasksof that type. The body has
therestof thedescriptionof thetasktype[BR85, Section2]. TheAdaReference
Manualde�nesthefull syntaxfor a tasktypeandbodyasfollows:

task_type_declaration ::=
task type Defining_Identifier

[known_discriminant_part] [ is task_definition];

single_task_declaration ::=
task defining_identifier [ is task_definition];

task_definition ::=
task_item

13
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[ pri vate
task_item]

end [task_identifier]

task_body ::=
task body defining_identifier is

declarative_part
begin

handled_sequence_of_statements
end [task_identifier];

Over time, tasksproceedthroughvariousstates.A taskis initially inactive;
uponactivation,andprior to its terminationit is eitherblocked (aspart of some
taskinteraction)or readyto run. While ready, a taskcompetesfor theavailable
executionresourcesthatit requiresto run [AAR95, section9].

2.1.1 Task Creation

A tasktype canbe regardedasa templatefrom which actualtasksarecreated.
Task objectsand typescan be declaredin any declarative part, including task
bodiesthemselves.For any tasktype,thespeci�cationandbodymustbedeclared
togetherin the sameunit, with the body usuallybeingplacedat the endof the
declarativepart[BW98, chapter4.1].

A task object can be createdeither as part of the elaborationof an object
declarationoccurringimmediatelywithin somedeclarativeregion,oraspartof the
evaluationof anallocator(anexpressionin theform “new. . . ”). All taskscreated
by theelaborationof objectdeclarationsof a singledeclarative region (including
subcomponentsof thedeclaredobjects)areactivatedtogether. Similarly, all tasks
createdby the evaluationof a single allocatorare activatedtogether[AAR95,
section9].

The executionof a task object hasthreemain active phases[BW98, chap-
ter4.2]:

1. Activation— theelaborationof thedeclarativepart,if any, of thetaskbody
(local variablesin the body of the task are createdand initialized during
activation). The Activator identi�es the taskwhich createdandactivated
thetask.

2. Normalexecution— theexecutionof thestatementsvisiblewithin thebody
of thetask.
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3. Finalization— the executionof any �nalization codeassociatedwith any
objectsin its declarativepart.

Runnable

Terminated

Sleep

Unactivated

Figure2.1: TaskStates.

Figure2.1shows thetransitionsamongthesestatesduringtasklife. Thecre-
atedtask is said to be in the Unactivatedstate. Thenthe run-timeassociatesa
threadof controlto this task.If theelaborationof thetaskfails thenthetaskgoes
directlyto theTerminatedstate;otherwisethetaskreachestheRunnablestate,and
executesthetaskusercode.If this codeexecutessomeoperationthatblocksthe
task(accordingto the Ada semantics—rendezvous,protectedoperation,or de-
lay statement—,it reachestheSleepstateandlaterreturnsto theRunnablestate.
WhenthetaskexecutesanAdaterminate alternativeor �nalizes theexecutionof
theAdausercode,it goesto theTerminatedstate.

A taskindicatesits willingnessto begin �nalization by executingits endstate-
ment. A taskmay alsobegin its �nalization asa resultof an unhandedexcep-
tion, or by executinga selectstatementwith a terminate alternative or by being
aborted.A �nished taskis Completedor Terminateddependingon whetherit has
any activedependents[BW98, chapter4.2].

TheParentis thetaskon whicha taskdepends.Thefollowing rulesapply:

� If thetaskhasbeendeclaredby meansof anobjectdeclaration,its Parentis
thetaskwhichdeclaredthetaskobject.
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� If the taskhasbeendeclaredby meansof anallocator(anAda expression
in the form ' new . . . '), its Parent is the taskwhich hasthe corresponding
accessdeclaration.

Whenaparentcreatesanew task,theparent'sexecutionis suspendedwhile it
waits for thechild to �nish activating(eitherimmediately, if thechild is created
by anallocator, or after theelaborationof theassociateddeclarative part). Once
the child has�nished its activation, parentandchild proceedconcurrently. If a
taskcreatesanothertaskduring its activation,thenit mustalsowait for its child
to activatebeforeit canbegin execution[BW98, chapter4.3.1].

Thereis a conceptualtask(calledtheEnvironmentTask) which is responsible
for theprogramelaboration.(Theenvironmenttaskis generallytheoperatingsys-
temthreadwhichinitializestherun-timeandexecutesthemainAdasubprogram.)
Beforecallingthemainprocedureof theAdaprogram,theenvironmenttaskelab-
oratesall library unitsreferencedto in themainAda procedure.This elaboration
will causelibrary-level taskstobecreatedandactivatedbeforethemainprocedure
is called.

2.1.2 Task Activation

Thefollowing rulesapplyto taskactivation[BW98, chapter4.2.1]:

1. For statictasks,activationstartsimmediatelyafterthecompleteelaboration
of thedeclarativepartin which they arede�ned.

2. The�rst statementfollowing thedeclarative region is not executeduntil all
taskshave �nished theiractivation.

3. A taskneednot wait for the activationof otherconcurrentlycreatedtasks
beforeexecutingits body.

4. A taskmayattemptto communicatewith anothertaskwhich, thoughcre-
ated,hasnot yet beenactivated.Thecalling taskwill bedelayeduntil the
communicationcantakeplace.

5. If a taskobjectis declaredin apackagespeci�cation,thenit commencesits
executionaftertheelaborationof thedeclarativepartof thepackagebody.

6. Dynamictasksareactivatedimmediatelyaftertheevaluationof thealloca-
tor (thenewoperator)which createdthem.
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7. The taskwhich executedtheAda statementresponsiblefor new taskscre-
ationis blockeduntil thesetaskshave �nished their activation.

8. If anexceptionis raisedin theelaborationof adeclarativepart,thenany task
createdduring thatelaborationbecomesterminatedandis never activated.
As thetaskitself cannothandletheexception,thelanguagemodelrequires
theparent(creator)taskor scopeto dealwith thesituation: theprede�ned
exceptionTaskingError is raised.

� In thecaseof dynamictaskcreation,theexceptionis raisedafter the
statementwhich issuedtheallocatorcall. However, if thecalls is in a
declarativepart(aspartof theinitialization of anobject),thedeclara-
tive part fails andtheexceptionis raisedin thesurroundingblock (or
callingsubprogram).

� In thecaseof statictaskcreation,theexceptionis raisedprior to the
executionof the �rst executablestatementof the declarative block.
Thisexceptionis only raisedafterall createdtaskshavebeenactivated
(whethersuccessfullyor not).

9. The task attribute Callable returnsTrue if the designatedtask is neither
Completed, Terminatednor Callable. (An abnormaltask is one that has
beenaborted).ThetaskattributeTerminatedreturnsTrue if thenamedtask
hasterminated.

2.1.3 TaskTermination

TheMasteris theexecutionof a constructthat includes�nalization of local ob-
jectsafter it is complete(andafter waiting for any local task),but beforeleav-
ing [AAR95, section7.6.1(1)]. Eachtaskdependson oneor moremasters,as
follows[AAR95, section9.3]:

� If thetaskis createdby theevaluationof anallocatorfor agivenaccesstype,
it dependsoneachmasterthatincludestheelaborationof thedeclarationof
theultimateancestorof thegivenaccesstype.

� If thetaskis createdby theelaborationof anobjectdeclaration,it depends
oneachmasterthatincludesits elaboration.

Furthermore,if a task dependson a given master, it is de�ned as depend-
ing on the taskthat executesthe master, and(recursively) on any masterof that
task[AAR95, section9.3].
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For theFinalizationof a master, dependenttasksare�rst awaited.Theneach
objectwhoseaccessibilitylevel is the sameas that of the masteris �nalized if
theobjectwassuccessfullyinitializedandstill exists.Notethatany objectwhose
accessibilitylevel is deeperthanthat of themasterwould no longerexist; those
objectswould have �nalized by someinnermaster. Thus,after leaving a master,
the only objectsyet to be �nalized arethosewhoseaccessibilitylevel is not as
deepasthatof themaster[AAR95, section7.6.1(4)].

2.1.4 Task Abortion

Adaallowstasksabortionby meansof thefollowing syntax:

Abort_Statement ::= abort Task_Name Task_Name;

Taskswhichareabortedaresaidto becomeabnormal, andarethusprevented
from interactingwith any othertask. After a taskhasbeenmarkedasabnormal,
executionof its bodyis aborted.This meansthattheexecutionof everyconstruct
in the task body is aborted,unlessit is involved in the executionof an abort-
deferred operation. The executionof an abort-deferredoperationis allowed to
completebeforeit is aborted[BW98, chapter10.2]. Taskabortionwill be ana-
lyzedin detail in chapter8.

2.1.5 Task Identi�cation

Ada taskshave a uniqueidenti�er. The SystemsProgrammingAnnex [AAR95,
Annex C]. providesamechanismby whicha taskcanobtainits own uniqueiden-
ti�cation whichcanbepassedto othertasks[a-taside.ads]:

package Ada.Task_Identification is

type Task_Id is pri vate;
Null_Task_Id : constant Task_Id;

function "=" (Left, Right : Task_Id) return Boolean;

function Image (T : Task_Id) return String;

function Current_Task return Task_Id;

procedure Abort_Task (T : Task_Id);
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function Is_Terminated (T : Task_Id) return Boolean;

function Is_Callable (T : Task_Id) return Boolean;

pri vate
-- Implementation defined
. . .

end Ada.Task_Identification;

As well asthispackage,theAnnex supportstwo attributes:

� For any pre�x T of a tasktype, T'Identity returnsa copy of the task
identi�er.

� For any pre�x E thatdenotesanentrydeclaration,E'Caller returnsthe
taskidenti�er of thetaskwhoseentrycall is beingserviced.Theattributeis
only allowedinsideanentrybodyor anacceptstatement.

Caremust be taken when using task identi�ers sincethereis no guarantee
that, at somelater time, the task will still be active or even in scope[BW98,
chapter4.4].
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2.2 GNAT Implementation

Although the GNAT run-time reusesmost of the supportprovided by the low
level Pthreadslibrary, it needsto handlesomeadditionalinformationto provide
the full Ada semantics:stateof the Ada task(accordingto the Ada semantics),
parent,activator, etc. This information is storedby the run-time in a per-task
registercalledAda TaskControl Block (ATCB)1. In addition,sometaskspeci�c
informationis alsorequiredto storethetaskdiscriminants(thetaskparameters).
Thecompilergeneratescodewhich createsanotherregisterfor suchinformation.
TheATCB is linkedwith thisregisterandwith thecorrespondingThreadsControl
Block (TCB)in thePOSIXlevel (cf. Figure2.2).

Compiler
Generated-Code
Level

GNARL
Level

System.Tasking
All_Tasks_List //

POSIX
Level

Discriminants
_Task_Id
Entry_Family

_Priority
_Size
_Task_Info
_Task_Name

T_TaskV

ATCB

Task_Arg
State
Parent
Activator
Master
All_Tasks_List
LL

TCB

Arg

Thread
Cond_Var
Lock

Discriminants
_Task_Id
Entry_Family

_Priority
_Size
_Task_Info
_Task_Name

T_TaskV

ATCB

TCB

Arg

Thread
Cond_Var
Lock

Task_Arg
State
Parent
Activator
Master
All_Tasks_List
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Figure2.2: Run-Time InformationAssociatedwith EachTask.

Whena taskis created,therun-timedynamicallygeneratesa new ATCB and
1System.Tasking.Ada Task Control Block
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insertsit in a list (All TasksList2). ATCBsarealwaysinsertedin LIFO order(as
a stack). Therefore,the �rst ATCB in this list correspondsto the mostrecently
createdtask.

2.2.1 GNAT Task States

GNAT considersfour basicstatesduring tasklife (indicatedby the StateATCB
�eld):

� Unactivated. TheATCB hasbeencreatedandinsertedin theAll TasksList,
but no threadof controlhasbeenassignedto executeits body.

� Runnable. Thetaskis executing(althoughit maybewaiting for amutex).

� Sleep. Thetaskis blocked.

� Terminated: Thetaskis terminated,in thesenseof ARM 9.3 (5). Any de-
pendentsthatwerewaitingonAda terminate alternativeshavebeenawak-
enedandhave terminatedthemselves.

Thesleepstateis composedof thefollowing sub-states:

� Activator Sleep: Waiting for createdtasksto completeactivation.

� AcceptorSleep: Waitingonanacceptor selectivewait statement.

� Entry Caller Sleep: Waitingonanentrycall.

� AsyncSelectSleep: Waiting to starttheabortablepartof anasynchronous
selectstatement.

� Delay Sleep: Waiting on a selectstatementwith only a delayalternative
open.

� MasterCompletionSleep: Mastercompletionhastwo phases.In Phase1
thetaskis sleepingin CompleteMasterhaving completeda masterwithin
itself, andis waiting for the tasksdependenton thatmasterto becometer-
minatedor waitingon a terminatephase.

� MasterPhase2 Sleep: In phase2 thetaskis sleepingin CompleteMaster
waiting for taskson terminatealternativesto �nish terminating.

2System.Tasking.All TasksList
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2.2.2 GNAT Masters Implementation

Themasteris a constructusedto �nalize local objects,including tasks(seesec-
tion 2.1.3). Eachmasterhandlesthe terminationof an Ada scopeto ensurethe
Ada tasksterminationsemantics(all dependenttasksmust terminatebeforeits
masterperforms�nalization on otherobjectsthatit created).It is associatedwith
thescopebeingexecutedby theParentwhenthetaskwascreated.Therun-time
is only concernedwith mastersfor purposesof tasktermination.

GNAT associatesoneidenti�er to eachmaster, andtwo valuesareassociated
with eachtask: themasterof its Parent(Master Of Task) andits internalmaster
nestinglevel (MasterWithin).

� MasterOf Task is set to 1 for the environment task. The level 2 is re-
served for server tasksof the run-time(the so called IndependentTasks),
andthelevel 3 is for thelibrary level tasks.Whenataskis createdit inherits
the internalmasternestinglevel of its Parent(the initial valueof its Mas-
ter Of Taskis initializedwith thecurrentvalueof its ParentMasterWithin).
Thisvalueremainsunmodi�edduringthenew tasklife andis usedto ensure
theAdasemanticsfor tasks�nalization.

New_Task.Master_Of_Task = Activator.Master_Within

� MasterWithin is set to the initial MasterOf Taskvalueplus one. When
the tasksentersa scopewith dependenttasks,its internalnestinglevel is
incrementedto one.

Taskscreatedby an allocatordo not necessarilydependon its activator; in
suchcasethe activator's terminationmay precedethe terminationof the newly
createdtask[AAR95, section9.2(5a)]Therefore,themasterof a taskcreatedby
theevaluationof anallocatoris thedeclarative region which containstheaccess
typede�nition. Tasksdeclaredin library-level packageshave themain program
astheir master. Thatis, themainprogramcannot terminateuntil all library-level
taskshave terminated[BW98, chapter4.3.2].Givena taskT, table2.3presentsa
summaryof thebasicconceptsusedby therun-timefor handlingAda tasktermi-
nation.

Example

In orderto understandtheseconceptsbetter, let's applythemto thefollowing
example.
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Parent Thetaskexecutingthemasteron whichT depends.
Activator ThetaskthatcreatedT'sATCB andactivatedit.
Masterof Task Parent's scopeonwhichT depends.
MasterWithin Nestinglevel of T dependenttasks.

Figure2.3: De�nition of Parent,Activator, Masterof TaskandMasterWithin.

procedure P is -- P: Parent = Environment Task;
-- Activator = Environment
-- Master_Of_Task = 1; Master_Within = 2;

task T1; -- T1: Parent = P; Activator = P
-- Master_Of_Task = 2; Master_Within = 3;

task body T1 is

task type TT;
task body TT is
begin

null ;
end TT;

type TTA is accessTT;
T2 : TT; -- T2: Parent = T1; Activator = T1

-- Master_Of_Task = 3; Master_Within = 4;

task T3; -- T3: Parent = T1; Activator = T1
-- Master_Of_Task = 3; Master_Within = 4;

task body T3 is
task T4; -- T4: Parent = T3; Activator = T3

-- Master_Of_Task = 4; Master_Within = 5;
task body T4 is
begin

null ;
end T4;
T5 : TT; -- T5: Parent = T3; Activator = T3

-- Master_Of_Task = 4; Master_Within = 5;
T6 : TTA := new TT; -- T6: Parent = T1; Activator = T3

-- Master_Of_Task = 2; Master_Within = 3;
begin

null ;
end T3;

begin
null ;

end T1;

begin
null ;

end P;

Parentandactivatordonotcoincidein T6 becausethetaskis createdby means
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of an Ada allocator(an Ada expressionin the form ' new . . . '). In this casethe
parentof thenew taskis thetaskwherethetypeis declaredandtheactivatoris the
taskwhichexecutestheallocator. In theothercases,parentandactivatorcoincide.

2.2.3 Compiler TaskTranslation

In orderto understandtherun-timebehavior we �rst presentthe tasktranslation
doneby thecompiler.

TaskSpeci�cation

TheAda tasktypeis translatedby thecompilerinto a limited recordwith the
samediscriminants.For example,thefollowing taskspeci�cation:

task type T_Task (Discriminant : DType) is
...

end T_Task;

. . . is translatedby thecompilerinto thefollowing code:

T_TaskE : aliased Boolean := False;
T_TaskZ : Size_Type := [ Unspecified_Size |

Size_Type (Size_Expression) ];
type T_TaskV [ (Discriminant : DType) ] is

limited record
_Task_Id : System.Tasking.Task_Id;
[ Entry_Family : array (Bounds) of Void; ]
[ _Priority : Integer := Priority_Expression; ]

[ _Size : Size_Type := Size_Expression; ]
[ _Task_Info : Task_Info_Type := Task_Info_Expression; ]
[ _Task_Name : Task_Image_Type : new String'(Task_Name); ]

end record;

The optionalcode(the codethat it is not alwaysgeneratedby the compiler)
hasbeenputbetweensquarebrackets([...] ). First,aboolean�ag E is declared
andinitialized to false. It is setto True whenthebodyof the taskis elaborated.
TheZ variableholdsthetaskstacksize(eitherthedefault value,unspeci�edsize,
or the valuesetby a pragmaStorage Size). Next the tasktype is translatedby
thecompilerinto a limited recordV with Discriminantspresentonly if thecorre-
spondingtasktypehasdiscriminants.The �rst �eld containstheTask ID3 value

3System.Tasking.TaskID
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(anaccessto thecorrespondingATCB). OneEntry Family componentis present
for eachentryfamily in thetaskde�nition. Theboundscorrespondto thebounds
of theentryfamily (whichmaydependondiscriminants).Sincetherun-timeonly
needssuchinformationfor determiningtheentry index theelementtype is void.
Thenext three�elds arepresentonly if thecorrespondingpragmais presentin the
taskde�nition: theSize�eld correspondsto Storage Sizepragma;Task Info cor-
respondsto Task Info pragma,andTaskNamecorrespondsto TaskNamepragma.
A referenceto this recordis storedin theTaskArg4 ATCB �eld (cf. Figure2.4).
This referenceis usedby the threadassociatedwith the taskto �nd the taskdis-
criminants.
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Figure2.4: Compiler-GeneratedInformationAssociatedwith EachTask.

4System.Tasking.TaskArg
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Taskbody

Therun-timeneedsanaccessto subprogramto call thetaskusercode.There-
fore the compiler translatesthe task body into a procedure. For example, the
following taskbody:

task body T_Task is
<Declarations>

begin
<Statements>

end T_Task;

. . . is translatedby thecompilerinto thefollowing code:

1: procedure T_TaskB (_ task : accessT_TaskV) is
2: Discriminant : Dtype renames _task.Discriminant;
3:
4: procedure _Clean is
5: begin
6: Abort_Defer;
7: GNARL.Complete_Task;
8: Abort_Undefer;
9: end _Clean;

10:
11: begin
12: Abort_Undefer;
13: <Declarations>
14: [ Activate_Tasks ]
15: GNARL.Complete_Activation;
16: <Statements>
17: at end
18: _Clean;
19: end T_TaskB;

The call to ActivateTasks5 (line 14) is only generatedif the taskbody is an
activator. The at end handleris a singlepoint of task�nalization that is called
evenin thepresenceof exceptionsor taskabortion[BG94,section6.9.5].

2.2.4 Run-Time Subprogramsfor TaskCreationand Termina-
tion

Figure2.5 presentsthe sequenceof calls to the run-timeissuedby the compiler
generatedcodeduringthecreationand�nalization of a task.Eachrectanglerep-
resentsasubprogram.

5System.Tasking.Stages.ActivateTasks
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1) GNARL.Enter_Master
2) GNARL.Create_Task
3) GNARL.Activate_Task
      :
     User Code
      :
6) GNARL.Complete_Master

Activator

     Task Declarations
      :
4) GNARL.Complete_Activation
      :
      Task User Code
      :

 Task Wrapper

New Task

Call the task body procedure

 5) GNARL.Complete_Task

Task Body Procedure

Figure2.5: GNARL SubprogramsCalledDuring theTaskLife-Cycle

Thewholesequenceis asfollows:

1. Enter Masteris calledin theAda scopewherethetaskor accesstypedes-
ignatingobjectscontainingtasksis declared.

2. CreateTaskis calledto createtheATCBsof thenew tasksandto insertit
in theall taskslist andin theactivationchain(seesection2.2.4).

3. ActivateTasksis calledto createnew threadsandto associatethemto the
new ATCB (theATCBsin theactivationchain).Whenall thethreadshave
beencreatedtheactivatorbecomesblockeduntil they completetheelabo-
rationof their declarativepart.

Thethreadassociatedwith thenew taskexecutesa TaskWrapperprocedure.
This procedurehassomelocally declaredobjectsthatserve asper-taskrun-time
local data.TheTaskWrappercalls theTaskBodyProcedure (theproceduregen-
eratedby thecompilerwhich hasthetaskusercode)which elaboratesthedecla-
rationswithin thetaskdeclarativepart,settingup thelocal environmentin which
it will laterexecuteits sequenceof statements.(In generalthecompilermustgen-
eratecodefor theelaborationof Adadeclarations.)Notethatif thesedeclarations
alsohave taskobjects,thenthereis a chainedactivation: this taskbecomesthe
activatorof dependenttaskobjectsandcannotstarttheexecutionof its usercode
until all dependenttaskscompletetheiractivation.

4. CompleteActivation is called when the new threadcompletesthe elabo-
ration of all the taskdeclarations,but beforeexecutingthe �rst taskbody
sentence.This call is usedto signalto the activator that it needno longer
wait for this taskto �nish activation.If this is thelasttaskwhichcompletes
its activation,theactivatorbecomesunblocked.
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Fromheretheactivatorandthenew tasksproceedconcurrentlyandtheir ex-
ecutionis controlledby thePOSIXscheduler. Afterward,any of themcantermi-
natetheirexecutionandthereforethefollowing two stepscanbeinterchanged.

5. CompleteTaskis calledwhenthetaskterminatesitsexecution.Eventhough
a completedtaskcannotexecuteany more,it is not yet safeto deallocate
its working storageat this point becausesomereferencemaystill bemade
to the task. In particular, it is possiblefor othertasksto still attemptentry
calls to a terminatedtask, to abort it, and to interrogateits statusvia the
'Terminatedand'Callable attributes.Nevertheless,completionof a taskre-
quiresactionby therun-time. Thetaskmustberemovedfrom any queues
on which it mayhappento be,andmustbemarkedascompleted.A check
mustbe madefor pendingcalls on entriesof the completedtask,andthe
exceptionTaskingError mustbe raisedin any suchcalling tasks[BR85,
Section4].

6. CompleteMaster is calledby the activator whenit �nishes the execution
of this scope.At this point theactivatorwaitsuntil all its dependenttasks
eithercompletetheirexecution(andcall CompleteTask) or areblockedin a
Terminatealternative. Ali vedependenttasksin a terminate alternativeare
forcedto terminate.

In generalthis is theearliestpoint at which it is completelysafeto discard
all storageassociatedwith its dependenttasks(becauseit is at thispoint that
executionleavesthescopeof thetask'stypedeclaration).This is sobecause
referenceto a taskmaybepassedfar from its point of creation,asvia task
accessvariablesandfunctionsreturningtaskvalues[BR85, Section4].

In thefollowing sectionswe make a detaileddescriptionof thework doneby
the following run-timesubprograms:EnterMaster, CreateTask,ActivateTasks,
CompleteActivation,CompleteTask,andCompleteMaster.

1. Enter Master

EnterMaster6 just incrementsthecurrentvalueof MasterWithin in theactivator.

6System.Tasking.Stages.EnterMaster
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2. CreateTask

CreateTask7 carriesout thefollowing actions:

1. If nopriority wasspeci�edfor thenew taskthenassignto it thebasepriority
of theactivator.

Thepriority of a taskwhereno priority is speci�ed is thepriority at which
it was created,that is, the activator priority at the time that it calls Cre-
ate Task[BG94, section6.7.5]

2. Traversethe parentslist of the activator to look for the parentof the new
taskvia themasterlevel (theParentMasteris lower thanthemasterof the
new task).

3. Defertheabortion.

4. Requestdynamicmemoryfor thenew ATCB8.

5. Lock All TasksList becausethis lock is usedby Abort Dependents
andAbort Tasksand,up to this point, it is possiblethat thenew task
is partof a family of tasksthatis beingaborted.

6. Lock theActivator'sATCB.

7. If the Activator hasbeenabortedthen unlock the previous
locks (All TasksLists and its ATCB), undeferthe abortion
andraisetheAbort Signalinternalexception.

8. Initialize all the �elds of the new ATCB9 (Callable set to
True;Wait Count, Alive CountandAwake Countsetto 0).

9. Unlock theActivator'sATCB.

10. UnlockAll TasksList.

11. Add somedatato thenew ATCB to manageexceptions10.

12. Insertthenew ATCB in theactivationchain.

13. Initialize thestructuresassociatedwith thetaskattributes.

14. Undefertheabortion.
7System.Tasking.Stages.CreateTask
8System.Task Primitives.Operations.New ATCB
9System.Tasking.Initialize ATCB

10System.SoftLinks.CreateTSD
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From this point the new task becomescallable. When the call to this run-
time subprogramreturnsthecodegeneratedby thecompilerexecutesa sentence
which setsto True the variablewhich remindsthat the taskhasbeenelaborated
(describedin section2.2.3).

3. ActivateTasks

With respectto thetasksactivationtheAdaReferenceManualsaysthat“all tasks
createdby the elaboration of object declarationsof a singledeclarative region
(including subcomponentsof the declared objects)are activatedtogether. Sim-
ilarly, all taskscreatedby the evaluationof a singleallocator are activatedto-
gether.” [AAR95, section9.2(2)]

GNAT usesanauxiliary list (theActivationList) to achieve this semantics.In
a �rst stageall theATCBsarecreatedandinsertedin thetwo lists (All Tasksand
Activationlists); in asecondstagetheActivationList is traversedandnew threads
of controlarecreatedandassociatedwith thenew ATCBs. AlthoughATCBsare
insertedin bothlists in LIFO order(asa stack)all activatedtaskssynchronizeon
theactivatorslock beforethey starttheiractivationin priority order. Theactivation
chainis notoutstandingwhenall its taskshavebeenactivated.

ActivateTasks11 performsthefollowing actions:

1. Deferabortion.

2. Lock All TasksList to preventactivatedtasksfrom racingaheadbeforewe
�nish activatingall tasksin theActivationChain.

3. Checkthatall taskbodieshavebeenelaborated.RaiseProgram Error oth-
erwise.

For theactivationof atask,theactivatorchecksthatthetaskbodyis already
elaborated.If two or moretasksarebeingactivatedtogether(seeARM 9.2),
astheresultof theelaborationof a declarative partor the initialization for
theobjectcreatedby anallocator, this checkis donefor all of thembefore
activatingany.

Reason: As speci�edby AI-00149,thecheckis doneby theactivator, rather
thanby thetaskitself. If it weredoneby thetaskitself, it would beturned
into a TaskingError in theactivator, andtheothertaskswould still beacti-
vated[AAR95, section3.11(12)].

11System.Tasking.Stages.ActivateTasks
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4. Reversetheactivationchainsothattasksareactivatedin theorderthey were
declared.This is notneededif priority-basedschedulingis supported,since
activatedtaskssynchronizeontheactivatorslockbeforethey startactivating
andsothey shouldstartactivatingin priority order.

5. For all tasksin theactivationchaindo thefollowing actions:

(a) Lock thetask'sparent.

(b) Lock thetaskATCB.

(c) If thebasepriority of thenew taskis lower thantheactivatorpriority,
raisethepriority to theactivatorpriority, becauseataskbeingactivated
inheritstheactivepriority of its activator[AAR95, sectionD.1(21)].

(d) Createanew threadby meansof GNULLcall12 andassociatesit to the
taskwrapper. If thecreationof thenew threadfails, releasethe locks
andsetthecallerATCB �eld Activation Failedto True.

(e) Setthestateof thenew taskto Runnable.

(f) Initialize thecountersof thenew task(Await CountandAlive Count
setto 1)

(g) Incrementtheparentcounters(Await CountandAlive Count).

(h) If theparentis completingthemasterassociatedwith thisnew task,in-
crementthenumberof tasksthatthemastermustwait for (Wait Count).

(i) Unlock thetaskATCB.

(j) Unlock thetask'sparent.

6. Lock thecallerATCB.

7. Settheactivatorstateto ActivatorSleep

8. Closetheentriesof thetasksthatfailedthreadcreation,andcountthosethat
havenot �nished activation.

9. Poll priority changeandwait for theactivatedtasksto completeactivation.
While thecalleris blockedPOSIXreleasesthecallerlock.

Onceall of theseactivationsarecomplete,if the activation of any of the
taskshasfailed (dueto the propagationof an exception),TaskingError is
raisedin theactivator, at theplaceat which it initiatedtheactivations.Oth-
erwise,theactivatorproceedswith its executionnormally. Any taskaborted
prior to completingtheir activationareignoredwhendeterminingwhether
to raiseTaskingError [AAR95, section9.2(5)].

12System.Task Primitives.Operations.CreateTask
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10. Settheactivatorstateto Runnable.

11. Unlock thecallerATCB.

12. Remove theActivationChain.

13. Undefertheabortion.

14. If sometasksactivationfailed thenraiseProgram Error. TaskingError is
raisedonly once,evenif two or moreof thetasksbeingactivatedfail their
activation[AAR95, section9.2(5b)].

4. CompleteActivation

CompleteActivation13 is calledby eachtaskwhenit completestheelaborationof
its declarativepart. It carriesout thefollowing actions:

1. Defertheabortion.

2. Lock theactivatorATCB.

3. Lock selfATCB.

4. Remove danglingreferenceto the activator (sincea task may outline its
activator).

5. If the activator is in the Activator SleepStatethendecrementWait Count
in the activator. If this is the last task to completethe activation in the
Activation Chain, wake up the activator so it can checkif all taskshave
beenactivated.

6. Setthepriority to thebasepriority value.

7. Undefertheabortion.

5. CompleteTask

TheCompleteTask14 subprogramperformsthefollowing singleaction:

1. Cancelqueuedentrycalls.

13System.Tasking.Stages.CompleteActivation
14System.Tasking.Stages.CompleteTask.

32



Chapter2: TaskTypesandObjects (C) Javier Miranda,2002(v 1.0)

Fromthispoint thetaskbecomesnot callable.

6. CompleteMaster

Therun-timesubprogramCompleteMaster15 carriesout thefollowing actions:

1. Traverseall ATCBs countinghow many active dependenttasksdoesthis
mastercurrentlyhave (andterminateall the still unactivatedtasks). Store
this valuein Wait Count.

2. Setthecurrentstateof theactivatorto MasterCompletionSleep.

3. Wait until dependenttasksareall terminatedor readyto terminate.

4. Setthecurrentstateof theactivatorto Runnable.

5. Forcethosetaskson terminatealternativesto terminate(by abortingthem).

6. Counthow many activedependenttasksdoesthis mastercurrentlyhave.
Storethis valuein Wait Count.

7. Setthecurrentstateof theactivatorto MasterPhase2 SleepState.

8. Wait for all countedtasksto terminatethemselves.

9. Setthecurrentstateof theactivatorto Runnable.

10. Remove terminatedtasksfrom thelist of dependentsandfreetheirATCB.

11. DecrementMasterWithin

2.3 Summary

In this chapterwe haveseenthebasicdatastructuresusedby theGNAT run-time
to supportAda tasks,the taskstatesconsideredby GNARL, the tasktranslation
doneby the compiler, and the subprogramscalled by this generatedcode. In
summary, themainaspectscoveredin this chapterare:

1. EachtaskhasanassociatedAdaTaskControlBlock (ATCB).

15System.Tasking.Stages.CompleteMaster
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2. Thereis a list whichcontainsall theATCBs(All TasksList).

3. Oneauxiliary list is usedto activatetaskobjectsin thesameAda scopeat
thesametime.

4. Mastersde�ne a taskscopewhich allow therun-timeto managetask�nal-
ization.

5. TheAdataskspeci�cationis translatedby thecompilerintoalimited record;
theAdataskbodyis translatedinto aprocedurewith intermixedcallsto the
RTSto managethetaskbodycreation,activationand�nalization.

6. The environmenttask is responsiblefor the RTS initialization. After this
work, it alsoexecutesthemainAdasubprogram.
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Chapter 3

The Rendezvous

TheRendezvousis thebasicmechanismfor synchronizationandcommunication
of Ada tasks.Themodelof Ada is basedon a client/server modelof interaction.
Onetask,theserver, declaresa setof servicesthat it is preparedto offer to other
tasks(theclients). It doesthis by declaringoneor morepublic entriesin its task
speci�cation. A rendezvousis requestedby onetaskmakinganentrycall on an
entryof anothertask.For therendezvousto takeplacethecalledtaskmustaccept
this entrycall. During the rendezvousthecalling taskwaits while theaccepting
taskexecutes.Whentheacceptingtaskendstherendezvousboth tasksarefreed
to continuetheir execution[BR85, Section6].

This chapteris organizedin two parts. In this �rst part the Ada rendezvous
modelandsyntaxarepresented.ThesecondpartdescribestheGNAT implemen-
tation.

3.1 The Ada Rendezvous

3.1.1 Entry Declaration

Eachentry identi�es the nameof the service,the parametersthat are required
with the requestandthe resultsthat will be returned[BW98, section5.1]. The
AdaReferenceManualde�nesthesyntaxasfollows[AAR95, section9.5.2]:

entry_declaration ::=
entry defining_identifier

[(discrete_subtype_definition)] parameter_profile;
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Theentrydeclarationmustbeplacedinsidethetaskspeci�cation.Theparam-
eterpro�le is thesamefor Adaprocedures(in, out andin out — with in beingthe
default). Accessparametersarenot permitted,thoughparametersof any access
typeare,of course,allowed. Default parametersarealsoallowed. The optional
DiscreteSubtypeDe�nition in theentrydeclarationis usedto declarea family of
entries(anarrayof entries),all of whichwill havethesameformalpart.Similarto
procedures,entriescanbeoverloaded.Thismeansthata taskcanhavemorethan
oneentrywith thesamenameif theparametersto theentriesaredifferent[BW98,
section5.2].

3.1.2 SimpleMode Entry Call

A client task(alsoreferredto ascalling task) issuesan“entry call” on theserver
taskby identifyingboththeserverandtherequiredentry[BW98, section5.1].

entry_call_statement ::= entry_name [actual_parameter_part];

As the readercan see,a simple modeentry call is much like a procedure
call. It mayhave parameters,which permitvaluesto bepassedin bothdirections
betweenthecalling andacceptingtasks.Semanticallythecalling taskis blocked
until completionof the requestedrendezvous. If the call is completednormally,
it resumesexecutionwith the statementfollowing thecall, just asit would after
returnfrom a procedurecall. Recovery from any exceptionraisedby the call is
alsotreatedasit would befor a procedurecall. Oneminor differencedetectable
by thecalling taskis thatanentrycall mayresultin TaskingError beingraisedin
thecalling task,whereasanordinaryprocedurecall wouldnot [BR85, Section6].

3.1.3 Conditional Entry Calls

Theconditionalentrycall allows thetaskclient to withdraw theoffer to commu-
nicateif the server task is not preparedto acceptthe call immediately[BW98,
section6.9.2].Thesyntaxis [AAR95, section9.7.3]:

conditional_entry_call ::=
select

entry_call_alternative
else

sequence_of_statements
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end select;

entry_call_alternative ::=
entry_call_statement [sequence_of_statements]

3.1.4 AcceptStatement

Theservertaskindicatesawillingnessto providetheserviceatany particulartime
by executingan“accept”statement[BW98, section5.1]. Thesyntaxis [AAR95,
section9.5.2]:

accept_statement ::=
accept entry_direct_name [(entry_index)] parameter_profile [ do

handled_sequence_of_statements
end [entry_identifier]];

Theacceptstatementspeci�estheactionsto beperformedwhentheentry is
called. It mustbe placedin the taskbody; it cannot be placedin a procedure
which is calledby thetaskbody[BW98, section5.3]. For thecommunicationto
occurbetweentheclient andtheserver, bothtasksmusthave issuedtheir respec-
tive requests.Whenthey have, thecommunicationtakesplace;this is calledthe
rendezvousbecauseboth taskshave to meetat theentryat thesametime. When
the rendezvousoccurs,any in (and in out) parametersarepassedto the server
task from the client. The server task then executesthe codeinside the accept
statement.Whenthis statement�nishes, out (andin out) parametersarepassed
backto theclientandbothtasksproceedindependentlyandconcurrently[BW98,
section5.1].

It is quitepossiblethat theclient andserver will not both be in a positionto
communicateat exactly the sametime. For example,the operatormay be will-
ing to accepta servicerequestbut theremay be no subscribersissuingan entry
call. For the simple rendezvous case,the server must wait for a call; whilst it
is waiting it freesup any processingresourceit is using;a taskwhich is gener-
ally waiting for someevent to occuris usuallytermedsuspendedor blocked. If
a client issuesa requestandthe server is not readyto acceptthe request(either
becauseit is alreadyservicinganotherrequestor it is doingsomethingelse),then
theclient mustwait. Clientswaiting for serviceat a particularentryarequeued.
Theorderof thequeuedependson whethertheAda implementationsupportsthe
Real-TimeSystemsAnnex [AAR95, Annex D]. If theannex is notsupported,then
the queueis �rst-in-�rst-out; otherwiseotherpossibilitiesareallowed including
priority queuing[BW98, section5.1].
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If anexceptionis raisedduringtherendezvous,thentherendezvousis termi-
natedandthe exceptionis raisedagainin both the server (called)andthe client
(calling) task. In addition,whena taskattemptsto call anothertaskthat hasal-
readyterminated(completedor hasbecomeabnormal),the caller task getsthe
exceptionTaskingError raisedat thepointof thecall [BW98, section5.7].

3.1.5 Selective Accept

The“selectiveaccept”allowsa server taskto [BW98, section6.1]:

� wait for morethanasinglerendezvousatany time;

� time-outif norendezvousis forthcomingwithin aspeci�edperiod(seesec-
tion 5.1.5);

� withdraw its offer to communicateif no rendezvousis immediatelyavail-
able;

� terminateif noclientscanpossiblycall its entries.

Thesyntaxof theselectiveacceptis [AAR95, section9.7.1]:

selective_accept ::=
select

[guard]
select_alternative

or
[guard]
select_alternative

[ else
sequence_of_statements ]

end select;

guard ::= when condition =>

select_alternative ::=
accept_alternative
| delay_alternative
| terminate_alternative

accept_alternative ::=
accept_statement [sequence_of_statements]

delay_alternative ::=
delay_statement [sequence_of_statements]

terminate_alternative ::= terminate;
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A selective acceptmustcontainat leastoneacceptalternative. It is possible
thatseveralclientsmaybewaiting on oneor moreof theentrieswhentheserver
taskexecutesthe selectstatement.In this case,the onechosenis implementa-
tion dependent.This meansthat the languageitself doesnot de�ne the orderin
which the requestsareserviced. If the implementationis supportingthe Real-
Time SystemsAnnex [AAR95, sectionD], thencertainorderingscanbede�ned
by theprogrammer. For general-purposeconcurrent-programming,theprogram-
mershouldassumethattheorderis arbitrary;thatway theprogramcannotmake
any assumptionsaboutthe implementationof the languageand thus it will be
portableacrossdifferent implementationapproaches.By default, singlequeues
areservicedon a �rst-come �rst-servedbasis[BW98, section6.1].

Eachselective acceptalternative can have a guard associatedwith it. This
guardis a booleanexpressionwhich is evaluatedwhentheselectstatementis ex-
ecuted.If theexpressionevaluatesto True, thealternative is eligible for selection.
If it is False, thenthealternative is noteligible for selectionduringthisexecution
of theselectstatement,evenif clientsarewaiting on theassociatedentry. It is an
error if a selectiveacceptstatementhasa guardon eachof its alternativesandall
the guardsevaluateto False. Whenthis happens,the exceptionProgram Error
is raised.Alternativeswithout guardsaredeemedto have “true” guards[BW98,
section6.2].

Theelsepartallows theserver to withdraw its offer to communicateif no call
is immediatelyavailable.Theelsepartcannotbeguardedandconsequentlyonly
oneelsepartmayappearin asingleselectstatement[BW98, section6.4].

Thedelayalternativeof theselectiveacceptallowsaserver taskto time-outif
anentrycall is not receivedwithin a certainperiodof time. Thetime-outcanbe
a relative or anabsolutedelay. If the relative time expressedis zeroor negative,
or theabsolutetime haspassed,thenthedelayalternative is equivalentto having
an“elsepart”. More thanonedelayalternative is allowed,thoughonly thedelay
with thesmallesttimeintervalwill actasthetime-out.Relativeandabsolutedelay
alternativescannot be mixed in a singleselectstatement[BW98, section6.3].
Timedsentenceswill beanalyzedin chapter5.

Theterminate alternativeallowsaserver taskto becomecompletedwhenthe
following conditionsaresatis�ed[BW98, section6.6]:

� Thetaskdependson somemasterwhoseexecutionis completed(thecon-
ceptof the“master”is explainedin section2.1.3)

� Eachtask which dependson the masterconsideredis either alreadyter-
minatedor similarly blocked at a selectstatementwith an openterminate
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alternative.

Whenboththeaboveconditionsaresatis�ed,not only is theserver taskcom-
pletedbut soalsoareall tasksthatdependon themasterbeingconsidered.Once
thesetasksare completedany associated�nalization codeis executed[BW98,
section6.6].

3.1.6 The Count Attrib ute

Eachentryqueuehasanattributeassociatewith it thatallowsthecurrentlengthof
thequeueto beaccessibleto theowningtask.E'Count returnsanaturalnumber
representingthenumberof entrycallscurrentlyon theentryE, whereE is either
a singleentry or a singleentry of a family [BW98, section5.3.1]. The Count
attributecanonly beusedwithin thebodyof thetaskbut not within a dependent
subprogram.
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3.2 GNAT Implementation

Achieving rendezvousordinarily requiresthatoneof thetwo taskswait until the
otheris ready. In the casethat morethanonetaskis waiting on the sameentry
of a task,Ada requiresthecallsbeacceptedin �rst-in-�rst-out order. An imple-
mentationmustthereforemaintaindatastructuresto keeptrackof whichtasksare
waiting on entrycalls,which entriesthey arecalling, andin whatorderthecalls
on eachentryof a taskarrived[BR85, Section6].

3.2.1 Entry Call and Parameters

GNAT associatesa recordto eachentry call: the Entry Call Record1. It is used
to groupall the run-timeinformationassociatedwith the entry call. It includes
theidenti�er of thecalledentry, thecurrentstateof theentrycall, thelinks to the
previousandnext queuedentrycalls,etc.

The compiler generatesone recordwith one �eld associatedwith eachen-
try parameter:the Entry Parameters Record. The compileralsogeneratescode
which �lls these�elds with theaddressof thecorrespondingparameter. (In case
of simpleAda types—Integer, Float,enumeration,etc.—thecompilergenerates
codewhich declareslocal variables,copiesthe real parameterin thesevariables
andstoresthe addressof thesevariablesin the corresponding�eld of the Entry
Parameters Record). Theaddressof theEntry Parameters Record is thenpassed
to theGNAT run-time. The run-timestorestheaddressof theEntry Parameters
Record in theUninterpretedData2 �eld of theEntryCall Record.

As asummary, Figure3.1presentstheGNAT run-timedatastructuresusedto
handleanentrycall to theentryE of thefollowing taskspeci�cation:

task T is
entry E (Number : in Integer; Text : in String);

end T;

3.2.2 SimpleMode Entry Call

Due to the similarity of the simplemodeentry call and the procedurecall, the
compilertranslatesasimplemodeentrycall into aprocedurecall.

1System.Tasking.Entry Call Record
2System.Tasking.UninterpretedData
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Parameters Block
Integer Variable
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Figure3.1: EntryCall.

declare
P : Parms_Block := (Parm1, Parm2, ..., ParmN);

begin
GNARL.Call_Simple (Task_ID, Entry_ID, P'Address);
[ Parm1 := P.Parm1; ]
[ Parm2 := P.Parm2; ]
[ ... ]

end;

P is an aggregatewhich savesthe parameters(the Entry Parameters Record
describedin section3.2.1). Theaddressof this aggregateis passedto theGNAT
run-time,alongwith theidenti�ers of thecalledtaskandentry. Theassignments
afterthecall arepresentonly in thecaseof in out orout parametersfor elementary
types,andareusedto assignbacktheresultingvaluesof suchparameters.Let's
seetheactionsperformedby therun-time.
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� Call Simple3:

1. Call theGNARL subprogramCall Synchronous

� Call Synchronous4:

1. Defertheabortion.

2. Createandelaboratea new Entry Call Record andassociateto it the
entrycall parameters(theEntryParametersRecord).

3. Call theGNARL subprogramTaskDo Or Queue.

4. Wait for thecompletionof therendezvous(Wait For Completion5).

5. Undefertheabortion.

6. Raiseany pendingexceptionfrom theentrycall (Check Exception6).

� Task Do Or Queue7:

1. Try to serve the call immediately. If the acceptoris acceptingsome
entry call andthe currentcall canbe acceptedthe following actions
aredone:

(a) Committheacceptorto rendezvouswith thecaller.
(b) If theacceptoris in a terminate alternative thencancelthetermi-

natealternative. If theacceptorhasno dependenttasksnotify its
parentthattheacceptoris againawake.

(c) If theacceptstatementhasa null body(anacceptusedfor tasks
synchronization)thenwake up the acceptor, wake up the caller
andRETURN.

(d) If theacceptstatementhassomebodythencall a run-timeproce-
dure(SetupFor RendezvousWith Body8) to inserttheEntry Call
Record in theAcceptedEntryCallsStack of theacceptortask(de-
scribedin section3.2.6),andto raisethepriority of theacceptor
(if the caller priority is higherthanthe priority of the acceptor).
Thenwakeup theacceptorandRETURN.

3System.Tasking.Rendezvous.CallSimple
4System.Tasking.Rendezvous.CallSynchronous
5System.Tasking.Entry Calls.Wait For Completion
6System.Tasking.Entry Calls.Check Exception
7System.Tasking.Rendezvous.TaskDo Or Queue
8System.Tasking.Rendezvous.SetupFor RendezvousWith Body
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3.2.3 Conditional Entry Call

Theef�cient implementationof theconditionalentrycall requiresto checkif the
calledtaskis readyto acceptthecall. If thetestfails, theGNAT run-timereturns
controlimmediatelyto thecallingtask.Otherwise,theactionsaresimilar to those
for the simplemodecall [BR85]. The compiler translatesthe conditionalentry
call into thefollowing code:

declare
P : Parms_Block := (Parm1, Parm2, ..., ParmN);
Successful : Boolean;

begin
GNARL.Task_Entry_Call (Task_ID,

Entry_ID,
P'Address,
Successful);

if Successful then
[ Parm1 := P.Parm1; ]
[ Parm2 := P.Parm2; ]
[ ... ]
Statements; -- Statements after the entry call

else
Statements; -- Statements in the "else" part

end if ;
end;

In this casethecodegeneratedby thecompilercallstheGNARL subprogram
TaskEntry Call9 with the sameparametersof the simple modeentry call and
oneadditionalout modeparameter(Successful). If theentrycall is immediately
acceptedthisparameteris setto Trueby therun-time,andthestatementsafterthe
entrycall areexecuted.Otherwise,thestatementsin the elsepartareexecuted.

3.2.4 Entries and Queues

The GNAT compilerassociatesa positive numberto eachtaskentry: the Entry
Identi�er. This numbercorrespondswith the position of the entry in the task
typespeci�cation(startingwith 1). Familiesof entriesarehandledlike individual
entries.For example,thefollowing taskhas� ve entries:a singleentry(Hello), a
family of entries(Do Work) andanothersingleentry(Bye). Identi�er 1 is assigned
to Hello; identi�ers 2 to 4 areassignedto theentryfamily Do Work, andidenti�er
5 is assignedto Bye.

9System.Tasking.Rendezvous.TaskEntry Call
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task T is
entry Hello (A : in Integer);
-- Hello Entry_Id = 1

entry Do_Work(1..3) (B : in Integer);
-- Do_Work (1) Entry_Id = 2
-- Do_Work (2) Entry_Id = 3
-- Do_Work (3) Entry_Id = 4
entry Bye;
-- Bye Entry_Id = 5

end T;

Eachentryhasonequeuewhichstoresall thependingentrycalls. If thequeue
is nonempty, thenext callerto beservedis at theheadof thequeue.TheGNARL
implementationusescircular doubly linked lists so that checking,insertionand
deletionareall constant-timeoperations.

TheATCB �eld Entry Queuesis anarrayindexedby theentryidenti�er. Each
elementof thisarrayhastwo �elds: theHeadandtheTail of thequeue.

Head
Tail

Entry_Queues

ATCB
:
:

1

N

Entry_Call_Record

Prev
Next

Entry_Call_Record

Prev
Next

Acceptor Task

Head
Tail

Figure3.2: EntryQueues.

3.2.5 Tri vial Accept

TheGNAT run-timeclassi�estheAdaacceptsentencesinto thefollowing modes:
Trivial (acceptwithoutparametersandwithoutcodewhich is usedto synchronize
Ada tasks),Simple(acceptwith parametersor code)andSelective(the Ada se-
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lective acceptsentence).The trivial acceptcorrespondswith the following Ada
code:

accept My_Entry;

Thecompilertranslatesthis sentenceinto thefollowing GNARL call:

GNARL.Accept_Trivial (Entry_ID);

ThisGNARL procedureperformsthefollowing actions:

� Accept Tri vial10:

1. Defertheabortion.

2. If no entrycall is still queuedthenblock theacceptortaskto wait for
thenext entrycall (Wait For Call11).

3. Extract the Entry Call Record from the headof the queue(Dequeue
Head12) andwake-uptheentrycaller(WakeupEntry Caller13).

4. Undefertheabortion.

3.2.6 AcceptStatement

WhentheaccepthassomecodetheGNAT run-timeextractstheEntryCall Record
from the entry queueandpushesit in an AcceptedEntry Calls Stack. The top
of this stack is referencedby the Call �eld of the acceptor's ATCB (cf. Fig-
ure3.3).TheEntry Call Records in this stackarelinkedby meansof theAccep-
tor Prev Call �eld. All the entry calls in this stackcorrespondto nestedaccept
statementsexecutedby theacceptortask.

Thesimplemodeacceptcorrespondswith thefollowing Adacode:

accept My_Entry ( . . . ) do
<< Entry_Body >>

end My_Entry;

10System.Tasking.Rendezvous.AcceptTrivial
11System.Tasking.Rendezvous.Wait For Call
12System.Tasking.Queuing.DequeueHead
13System.Tasking.Initialization.WakeupEntry Caller
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Figure3.3: SimpleAccept.

It is translatedby thecompilerto thefollowing code:

declare
Params_Block_Address : Address;

begin
GNARL.Accept_Call (Entry_ID, Params_Block_Address);
<< Entry_Body >>
GNARL.Complete_Rendezvous;

exception
when others =>

GNARL.Exceptional Complete Rendezvous;
end;

ThelocalvariableParamsBlock Addressis usedto storetheaddressof theEntry
ParametersRecord. Theusercodeis putby thecompilerin middleof two callsto
GNARL. TheGNARL procedureAcceptCall carriesout thefollowing actions.

� Accept Call14:

1. Defertheabortion.

14System.Tasking.Rendezvous.AcceptCall
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2. If theentryhasno queuedentrycalls thenblock theacceptortasksto
wait for thenext entrycall (Wait For Call15).

3. Extract the Entry Call Record from the headof the queue(Dequeue
Head) andpushit in theAcceptedEntry CallsStack.

4. Updatethe out-modeparameterParam Accesswith the referenceto
theEntry Parameters Record sothat thecompilergeneratedcodecan
accesstheentryparameters.

5. Undefertheabortion.

If no exceptionis raisedduring the executionof the usercodethe GNARL
subprogramCompleteRendezvous16 is called.This subprogramjust callsExcep-
tional CompleteRendezvousnotifying thatnoexceptionhasbeenraised.If some
exceptionis raisedExceptionalCompleteRendezvousis calledfrom the excep-
tion handler. Thisprocedureperformsthefollowing actions.

� Exceptional Complete Rendezvous17:

1. Defertheabortion.

2. Popthe referenceto the Entry Call Record from the AcceptedEntry
Calls Stack.

3. If an exceptionwasraised,get its identi�er from the entry call �eld
ExceptionTo Raiseandsave its occurrencein the ATCB �eld Com-
piler Data. Thisexceptionwill bepropagatedbackto thecallerwhen
therendezvousis completed[AAR95, section9.5.3].

4. Wakeup thecaller(WakeupEntry Caller).

5. Undefertheabortion.

3.2.7 Selective Accept

Thespecialimplementationproblemintroducedby theselectivewait is thatatask
mayat oneinstantbereadyto accepta call on a setof severalentries.Fromthe
viewpoint of theAda run-time,this is really two problems,sinceit comesup in
theprocessingof entrycalls,aswell asselectivewaits:

15System.Tasking.Rendezvous.Wait For Call
16System.Tasking.Rendezvous.CompleteRendezvous
17System.Tasking.Rendezvous.Exceptional CompleteRendezvous
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1. Sincea taskmaybewaitingon morethanoneopenacceptalternative,pro-
cessinganentrycall requirescheckingwhetherthecalledentrycorresponds
to oneof theopenalternatives.

2. Sincetheremaybeseveralopenacceptalternatives,processingtheselective
wait requirescheckingthesetof pendingentrycallsagainstthesetof open
acceptalternatives.

The needto be ableto performboth of theseoperationsef�ciently strongly
in�uencesan implementation's choiceof datastructures.Therearetwo obvious
waystoperformthe�rst operation,checkingwhetheracalledentryhasacurrently
openacceptalternative:

1.1. If the setof openacceptalternativesis representedasa list, checkingre-
quirescomparingthecalledentryagainsteachof theentriesin this list. We
call thisapproachtheuseof anopenentrylist. It maybetimeconsumingif
therearemany openentries.

1.2. An alternative is to usea vectorrepresentationfor the setof openentries:
the openacceptsvector. This vectorwould have onecomponentfor each
entry of the task. Eachcomponentwould minimally indicatewhetherthe
correspondingentryis open.

Note that theacceptvectoror openentry list mustbe createdat the time the
selectivewait statementis executed,onceit is known whichalternativesareopen.
The time neededto do this only dependson the numberof alternatives in the
selectivewait statement.

With separatequeuesfor eachentry, it is necessaryto checkthequeuecorre-
spondingto eachopenentry. This requiressequencingthroughtheopenentries.
Alternatively, if theopenentriesarerepresentedby anopenentry list, this check
canbe performedmorequickly, without looking at the non-openentries. This
maybeagoodreasonto keepbothanopenentrylist andanacceptvector, though
this redundancy maycostmorein overheadthanit savesthroughfasterexecution
of thecheckfor pendingcalls.

GNAT usesthe OpenAcceptsVector. Eachelementof this vectorhastwo
�elds: the entry identi�er anda booleanwhich indicatesif the acceptstatement
hasanull body. Eachelementof theacceptvectorcorrespondsto theacceptalter-
nativesof theselectstatement(in thesameorder;�rst elementof theacceptvector
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correspondsto the�rst alternative,secondelementcorrespondsto thesecondal-
ternative,etc.).Theentryidenti�er is setto 0 whentheentryguardis closed.The
referenceto theacceptvectoris storedin theOpenAcceptsATCB �eld. For ex-
ample,thefollowing taskhasthreeentries(

�

, � and � ). In theselectstatement
the �rst two entriesareopen,but the third entry is closed.Additionally, the �rst
andthird entryhaveanull body.

task T is
entry P; -- Entry Id = 1
entry Q; -- Entry Id = 2
entry R; -- Entry Id = 3

end T;

task body T is
begin

select
accept Q;

or
accept P do

...
end P;

or
when False =>
accept R;

end select;
end T;

Figure3.4hasthecorrespondingOpenAcceptsVector. The�rst acceptalter-
nativecorrespondsto thesecondentry(therefore,theEntry Id �eld is setto “2”)
which is openandhasanull body. Thesecondalternativecorrespondsto the�rst
entry, which is alsoopenandhassomeuser-de�ned code.Finally, the lastalter-
native hastheguardingconditionclosedand,thereforetheEntry Id in theOpen
AcceptsVectoris setto “0”.

TheGNAT compilertranslatestheselective acceptto onescopewhereit de-
claresthreevariables:theOpenAcceptsVector, theIndex of theselectedalterna-
tiveandtheaddressof theEntryParametersRecord. Index value0 is usedby the
run-timeto indicatethattheelsealternativehasbeenselected.

declare
Open_Accepts_Table : GNARL.Open_Accepts_Table;
Index : Natural;
Params_Block_Address : System.Address;

begin
GNARL.Selective_Wait

(Open_Accepts_Table, GNARL.Select_Mode,
Params_Block_Address, Index);
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Figure3.4: OpenAcceptsVector.

case Index is
when 0 =>

-- else part
...

when 1 =>
-- user code of the first accept
...

when 2 =>
-- user code of the second accept
...

end case;
end;

Theusercodeassociatedwith eachalternativeis translatedto localprocedures.
Below wehave thegeneralstructureof theseprocedures.

procedure Entry_Name is
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begin
GNARL.Undefer_Abortion;
<< User Code >>
GNARL.Complete_Rendezvous;

exception
when others =>

GNARL.Exceptional_Complete_Rendezvo us;
end Entry_Name;

TheGNARL procedureSelectiveWait carriesout thefollowing actions:

� Selective Wait18:

1. Defertheabortion.

2. Try to serve the entry call immediately. GNARL subprogramSe-
lect TaskEntry Call19 selectsone entry call following the queuing
policy beingused.

(a) If thereis somecandidateand the accepthasa null body then
completetherendezvous,wakeupthecaller, undefertheabortion
andRETURN.

(b) If there is somecandidateand the accepthassomeassociated
codetheninserttheEntryCall Record in theAcceptedEntryCalls
Stack (SetupFor RendezvousWith Body20), updatethereference
to theParametersRecord, undefertheabortionandRETURN.

(c) If thereis nocandidatebut therearealternativesopened,wait for a
caller. In thefuturesomecallerwill putanentrycall recordin the
AcceptedEntryCallsStackandit will wakeupthisacceptor. Then
this acceptorwill updatethereferenceto theentryparameters,it
will undefertheabortion,andit will RETURN.

(d) If thereis aterminatealternative,notify its ancestorsthatthis task
is onaterminatealternative(Make Passive21, andwait for normal
entrycall or termination.

(e) If noalternativeis openandnodelay(or terminate)hasbeenspec-
i�ed thenraisetheprede�nedexceptionProgram Error.

18System.Tasking.Rendezvous.SelectiveWait
19System.Tasking.Queuing.SelectTask Entry Call
20System.Tasking.Rendezvous.SetupFor RendezvousWith Body
21System.Tasking.Utilities.Make Passive
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3.2.8 The Count Attrib ute

TheGNARL functionTaskCount22 implementsthisattributeandreturnsthenum-
berof queuedentrycallsin thespeci�edentryqueue.

3.3 Summary

TheRendezvousis thebasicmechanismfor synchronizationandcommunication
of Ada tasks.In this chapter, themainaspectsof theGNAT implementationhave
beendescribed.In summary:

� Therun-timeinformationassociatedwith theentrycall is groupedinto an
EntryCall Record.

� The compilergeneratesoneEntry Parameters Record with the addressof
the real-parameters.GNARL registerstheaddressof this recordin a �eld
of theEntry Call Record.

� Theentryqueuesareimplementedby meansof doublelinkedlistsof Entry
Call Records.

� Nestedacceptsarehandledby meansof oneAcceptedEntry Calls Stack (a
linkedlist of acceptedEntryCall Records).

� An AcceptVectoris usedto evaluatetheopenguardsof theselectiveaccept.

22System.Tasking.Rendezvous.TaskCount
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Chapter 4

ProtectedObjects

Ada 95 protectedobjectsprovide synchronizationbasedon a dataobject rather
thana threadof control. Protectedoperationscanbe procedures,functionsand
entries. Calls to protectedproceduresandentriesareexecutedin mutualexclu-
sion;nootheroperationof thesameprotectedobjectcanproceedin parallelwhen
a protectedprocedureor entry is beingexecuted. The functionscanexecutein
parallel,but not whena protectedprocedureor entryof thatobjectis executing.
Functionsarenot permittedto affect thestateof aprotectedobject.

4.1 The Ada 95ProtectedObject

A protectedobject in Ada encapsulatesdataitemsandprovidesaccessto them
only via protectedsubprogramson protectedentries. The languageguarantees
thatthesesubprogramsandentrieswill beexecutedin a mannerthatensuresthat
thedatais updatedundermutualexclusion[BW98, chapter7.1].

A protectedunit maybedeclaredasatypeor asasingleinstance.In this latter
caseit is said that the correspondingtype is anonymous. A protectedunit has
a speci�cationanda body. The speci�cationhasthe following syntax[AAR95,
section9.4].

protected_type_declaration ::=
protected type defining_identifier [known_discriminant_part] is
protected_definition;

single_protected_declaration ::=
protected defining_identifier is protected_definition;
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protected_definition ::=
protected_operation_declaration

[ pri vate
protected_element_declaration ]

end [protected_identifier]

protected_operation_declaration ::=
subprogram_declaration

| entry_declaration
| aspect_clause

protected_element_declaration ::=
protected_operation_declaration

| component_declaration

Thusa protectedtypehasaninterfacethatcancontainfunctions,procedures
andentries. As with tasksandrecords,the discriminantscanonly be a discrete
or accesstype [BW98, chapter7.1]. The body is declaredusing the following
syntax:

protected_body ::=
protected body defining_identifier is

protected_operation_item
end [protected_identifier];

protected_operation_item ::=
subprogram_declaration

| subprogram_body
| entry_body
| aspect_clause

A protectedtype is a “limited type”, and thereforethereare no prede�ned
assignmentor comparisonoperators(thesameis truefor tasktypes).

A protectedprocedureprovidesmutually exclusive read/writeaccessto the
dataencapsulated.Protectedfunctionsprovide concurrentread-onlyaccessthe
encapsulateddata. This meansthat many function calls canbe executedsimul-
taneously. However, calls to a protectedfunctionarestill executedmutuallyex-
clusive with calls to a protectedprocedure.The core languagedoesnot de�ne
theorderin which taskswaiting to executeprotectedfunctionsandprotectedpro-
ceduresareexecuted.If, however, theReal-Time SystemsAnnex [AAR95, An-
nex D] is beingsupported,certainassumptionscanbe madeaboutthe orderof
execution[BW98, chapter7.2].

A protectedentryis similar to aprotectedprocedurein thatit is guaranteedto
executein mutualexclusionandhastheread/writeaccesstheencapsulateddata.
However, a protectedentryis guardedby a booleanexpression(calleda Barrier)
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inside the body of the protectedobject; if this barrier evaluatesto falsewhen
the entry call is made,the calling task is suspendeduntil the barrier evaluates
to true andno othertaskarecurrentlyactive insidethe protectedobject. Hence
protectedentrycallscanbeusedto implementconditionsynchronization[BW98,
chapter7.3].

protected type Signal_Object is
entry Wait;
procedure Signal;
function Is_Open return Boolean;

pri vate
Open : Boolean := False;

end Signal_Object;

protected body Signal_Object is

entry Wait when Open is
begin

Open := False;
end Wait;

procedure Signal is
begin

Open := True;
end Signal;

function Is_Open return Boolean is
begin

return Open;
end Is_Open;

end Signal_Object;

The stateof the object must be put in the private part of the speci�cation.
Thereasonis that theprotectedobjectinterfacemustprovide all theinformation
requiredby thecompilerto allocatetherequiredmemoryin anef�cient manner.

Clearly, it is possiblefor more than one task to be queuedon a particular
protectedentry. As with task queues,a protectedentry is, by default, ordered
in a �rst-in-�rst-out fashion;however, if theReal-Time SystemsAnnex is being
supported,otherqueuingdisciplinesareallowed[BW98, chapter7.3].

4.1.1 Entry Calls and Barriers

To issuea call to a protectedobject,a tasksimply namesthe objectandthe re-
quiredsubprogramor entry. As with taskentrycalls,thecallercanusetheselect
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statementto issuea timedor conditionalentry call [BW98, chapter7.4] (timed
conditionalentrycall will beanalyzedin aseparatechapter).

Object_Name.Entry_Name (Parameters)

select
Object_Name.Entry_Name (Parameters);
<<Statements>>;

else
<<Statements>>;

end select;

Whenacall onaprotectedprocedureor protectedentryis executed,thebarrier
is evaluated;if thebarrieris closed(evaluatesto False),thecall is queued.When
theexecutionof a protectedprocedureor entry is completed,all thebarriersare
re-evaluatedand, potentially, entry bodiesare executed. The evaluationof the
entry barrierand the queuingof the entry call are alsoprotectedoperationson
theassociatedobject. Barrierevaluation,protectedentryqueuingoperationsand
protectedsubprogramexecutionarecollectively referredto asprotectedactions.

Any exceptionraisedduringtheevaluationof abarrierresultsin Program Error
beingraisedin all taskscurrentlywaiting on theentryqueuesassociatedwith the
protectedobjectcontainingthebarrier[BW98, chapter7.8]).

4.1.2 The EggshellModel

A queuedentrycall hasprecedenceoverotheroperationson theprotectedobject.
This is often explainedin termsof the eggshellmodel. The lock on a protected
objectis theeggshell.

State

lock

Figure4.1: GraphicalRepresentationof theProtectedObject.
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Figure4.1presentsa graphicalrepresentationof theprotectedobjects.Tasks
�o w of control is representedby meansof shadowedcircles;theprotectedobject
levelsarerepresentedby meansof a big circle (associatedwith the objectlock)
anda big rectangle(associatedwith theobjectstateandoperations—represented
by smallrectangles).Closedentriesarerepresentedby meansof blackrectangles;
openedentriesare representedby meansof while rectangles. In this example
the readercanseeonesingletaskexecutingoneprotectedoperation(in mutual
exclusion),several tasksqueuedin theentryqueuesandseveraladditionaltasks
queuedin thelock.

To performany protectedoperation,a task(representedby small shadowed
circles)mustentertheeggshell.Oneprotectedprocedureor entrycall or several
protectedfunctioncallscanbeactive in theeggshellat a time. Tasksattempting
to enteraneggshellthatis occupiedby aprocedureor entrycall will beblocked.

An entry call mustenterthe eggshellto evaluatethe associatedbarrier(rep-
resentedby small rectangles).If thebarrieris Open(white small rectangle),the
entrybodyis executedinsidetheeggshell;otherwise(blacksmall rectangle),the
call is queuedwithin theeggshell.Sincequeuedentrycallsarenot active, other
callscanentertheeggshellin which they arequeued.

Queuedentry calls becomeeligible to executewhen their barriersbecome
Open. This needonly becheckedwhenthey becometrueastheresultof a pro-
tectedprocedureor entrycall onthesameobject[AAR95], essentiallytreatingthe
barrierexpressionasthoughthey dependedonly on thestateof theprotectedob-
ject. Thereforebeforeanoperationthatmayhavechangedthestateof aprotected
objectexits theeggshell,any queuedentrycallswaitingonbarriersthatnow eval-
uateto True mustbeexecuted.Only whenthebarriersof all entrieswith queued
calls areFalsecanthe eggshellbe exited. This assuresthatall entry callsmade
eligibleby astatechangeareexecutedbeforeany furtheroperationsareinitiated.

4.1.3 PrivateEntries and Entry Families

As with tasks,protectedobjectsmayhave privateentries.Thesearenot directly
visible to usersof theprotectedobject.They maybeusedduringrequeueopera-
tions[BW98, chapter7.5].

A protectedtype can also declarea family of entriesby placing a discrete
subtypede�nition in thespeci�cationof theentrydeclaration.Unlike taskentry
families,however, theprogrammerneednotprovideaseparateentrybodyfor each
memberof thefamily. Thebarrierassociatedwith theentrycanusetheindex of
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the family (usuallyto index into anarrayof booleans)[BW98, chapter7.5] (see
examplesin [BW98, chapter7.5])

4.1.4 Restrictionson ProtectedObjects

In general,codeexecutedinsidea protectedobjectshouldbeasbrief aspossible.
Thisisbecausewhilst thecodeisbeingexecutedothertasksaredelayedwhenthey
try to gainaccessto theprotectedobject.TheAdalanguageclearlycannotenforce
a maximumlengthof executiontime for a protectedaction.However, it doestry
to ensurethat a taskcannotbe blocked inde�nitely waiting to gain accessto a
protectedprocedureor aprotectedfunction.TheARM de�nesit to beabounded
error to call a potentiallyblocking operationfrom within a protectedaction. The
following operationsarede�ned aspotentiallyblocking[BW98, chapter7.6]:

1. A selectstatement.

2. An acceptstatement.

3. An entrycall statement.

4. A delaystatement.

5. Taskcreationor activation.

6. A call on a subprogramwhosebodycontainsa potentiallyblockingopera-
tion.

If a boundederror is detected,the prede�ned exceptionProgram Error is
raised.

4.1.5 Elaboration and Finalization

A protectedobjectis elaboratedwhenit comesinto scopein theusualway. How-
ever, aprotectedobjectcannotsimplygooutof scopeif therearestill tasksqueued
onits entries.Finalizationof aprotectedobjectrequiresthatany tasksleft onentry
queueshave theexceptionProgram Error raised[BW98, chapter7.8]:
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4.1.6 The Count Attrib ute

Protectedobjectentries,like taskentries,have a Countattributede�ned thatpro-
videsthe currentnumberof tasksqueuedon the speci�ed entry. It is important
to note that even if a task is destinedto endup on an entry queue(due to the
barrierbeingclosed)it requiresthewrite-lock to beplacedon thequeue.More-
over, having beenqueued,theCountattributewill have changed(for thatqueue)
andhenceany barriersthathave madereferenceto thatattributewill needto be
re-evaluated[BW98, chapter7.4].
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4.2 GNAT Implementation

Ada doesnot specifywhich taskexecutesthe entry barrierandthe entry body.
Protectedentrybodiescanbeexecutedby any task,regardlessof whichtaskmade
thecorrespondingentrycall [GB94a,Section5(3)]). Thereforetwo obviouscan-
didatesare(1) thetaskthatcalledtheentryand(2) thetaskwhichopensthebarrier
of theentry[GMB93, Section3.4]. They arereferredto astheSelf-ServiceModel
andtheProxyModelof protectedentryexecution,respectively.

4.2.1 Self-Service VersusProxy

In theself-servicemode1 ataskexiting aprotectedobjectselectsataskwaitingon
anopenentrybarrier(if any) basedon theentryqueuingdisciplinein effect and
wakesit up,makingit theactive taskwithin theeggshell.

In theproxymodel,thetaskexiting theeggshellexecutestheentrybodyitself,
wakesthe calling taskandthenrepeatsthe checkandentry body executionfor
waiting callers, �nally exiting the eggshellwhen thereare no moreentry calls
waitingonTruebarriers.

Theprincipaladvantagesof theself-servicemodelarethatit permitsmorepar-
allelism andsimpli�es schedulabilityanalysis.Parallelismis increasedbecause
onamultiprocessortheexiting taskcanproceedwith its own executionin parallel
with the executionof the next queuedcall. Schedulabilityanalysisis simpli�ed
becausea threadis allowedto continuewith its own executionimmediatelyafter
the(presumablybounded)time it takesto completethebodyof its own protected
operationandpasslock ownershipto thenext queuedcaller.

The principal advantageof the proxy model is simplicity. If an entry body
cannotbe executedimmediately, the calling task hasonly to suspendandwait
(someothertaskwill beresponsiblefor executingtheentrybody).Morecomplex
featuresof protectedobjects,including timed andasynchronousentry calls, are
simpli�ed evenmoreby this model.However, schedulabilityanalysisis compro-
misedby this modelsincea taskattemptingto exit aneggshellmust�rst execute
all of the waiting entry calls whosebarriersareopen,andthereis no language-
imposedrestrictionon thenumberof suchcallsthatcanbepending.

UsingPthreadsto implementtheself-servicemodelintroducesoneproblem.
The taskattemptingto exit an eggshellmustbe able to transferownershipto a

1Thecontentsof this sectionarea summaryof [GMB93].
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taskwaiting on an Openentry. However, thereis no goodway to solve it with
Pthreadsbecause,thoughit is possibleto force a threadto be givena mutex by
raisingits priority over thatof theothercontenders,this mayleadto unnecessary
context switchesanddegradestheimplementationof Ada priority over Pthreads.
ThereforeGNAT implementstheproxy model.

4.2.2 Proxy Model: In-line VersusCall-Back Implementation

Thereare two possibleimplementationsof the proxy model: In-line andCall-
back. In the In-line implementationthe codegeneratedfor all the barriersand
entry bodiesis put by the compilerin a singleentry serviceprocedure (cf. Fig-
ure4.2).Thisprocedurehasamainloopwhichevaluatesall thebarriersandcalls
a GNARL procedureto selectthenext entrycodeto be executed(the value0 is
returnedwhenthereis no candidate).This serviceentriesprocedureis calledat
theendof any protectedactionthatmight resultin achangeof statein theobject.

GNAT

Compiler

State

2

Service_Entries ( )
loop

B(1) ¬
B(2) ¬

GNARL.Next (B, Index, Parms);
case Index is

when 1 =>

when 2 =>

when 0 => exit;
end case;

end loop;

1
2

1

protected body PO  is

entry E1 when is

entry E2 when  is

end PO;

1

2

1

2

lock

Figure4.2: ProxyModel: In-Line Implementation.

In theCall-backimplementationall thelogic requiredto implementtheseman-
tics of the protectedobjectsis moveddown to the GNARL level. The compiler
translatesentrybarrierto a function that returnsa Booleandatumandtranslates
theentrybodyto a procedure(cf. Figure4.3). In additionthecompilergenerates
a tablewith theaccessto thesesubprograms.Thereferenceto this tablemustbe
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givento theAda run-time.

GNARL

State

GNAT
Compiler

1

1

2

2

protected body PO  is

entry E1 when is

entry E2 when  is

end PO;

1

2

1

2

lock

func

func

proc

proc

Figure4.3: ProxyModel: Call-BackImplementation.

Until version2.04,the in-line implementationwasusedin GNAT. Thenthey
decidedto implementboth modelsand to compareboth implementations.Al-
thoughthe in-line implementationallows the compilerto make betteroptimiza-
tions, their resultsindicatedthat thecall-backinterfaceallows for muchsimpler
translationsandeliminatessomeof theoverheadinherentin thein-line interface's
frequentalternationbetweenthe GNU Ada Run-Time andthe applicationcode.
Thecall-backinterfacealsohasabig advantagein thesimplicity andunderstand-
ability of both thegeneratedcodeandthe internallogic of thecompiler[GB95].
Therefore,thecurrentversionsof theGNAT compilerhave thecall-backimple-
mentation.

4.2.3 ProtectedTypeSpeci�cation

TheGNAT compilertranslatesthefollowing protectedtypespeci�cation

protected type PO ( <Discriminants> ) is
procedure P ( <Params> );
function F ( <Params> ) return ...;

pri vate
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<Private_Data>;
end PO;

. . . to thefollowing code:

1: type poV (Discriminants) is new Limited_Controlled with
2: record
3: <Private_Data>
4: _object : aliased GNARL.Protection_Entries ( <Num_Entries> );
5: end record;
6:
7: procedure Finalize (_object : poV) is
8: begin
9: -- Raise Program_Error to the queued tasks.

10: ...
11: end Finalize;

Theprotectedtypespeci�cationis translatedto arecordtypedeclaration(lines
1 to 5). If the protectedtype hasdiscriminants,the recordtype hasthe same
discriminants(in orderto provide thesamesemantics).Privatedatais translated
to componentsof this record(line 3). Theadditional�eld object(line 4) contains
all the run-timedatarequiredto implementthe protectedobjectsemantics(the
object lock, the entry queues,the object priority, etc. —seethe GNARL data
type ProtectionEntries2). It is an aliased componentbecauseits accessmust
be passedto the GNU Ada Run-Time. As the readercansee,the recordtype is
Limited Controlled3. Thesearethereasons:

1. Limited. Protectedobjectscan not be copied. In this way Ada ensures
that theobjectstatecanonly bemodi�ed by its protectedoperations.This
semanticsis providedby theAda limited types.

2. Controlled. Whenthe object�nalizes, the prede�nedexceptionexception
Program Error mustberaisedto all thequeuedtasks.Therefore,theGNAT
compilerautomaticallygeneratesa procedurewhich doesthis work (lines
10 to 14).

4.2.4 ProtectedSubprograms

For eachprotectedsubprogram,theGNAT compilergeneratestwo subprograms:
�

and
�

.
�

hasthe usercode. It is only calledwhenthe objectlock hasbeen

2System.Tasking.ProtectedObjects.Entries
3Ada.Finalization
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acquired.
�

is responsibleto take the lock andto call
�

. This schemeallows a
protectedsubprogramto call anotherprotectedsubprogramin thesameobject(in
thiscasethecompilergeneratesadirectcall to thecorresponding

�

subprogram).
Oneadditionalparameteris addedby thecompilerto theparameterspro�le of the
protectedsubprograms:the object. Becauseprotectedprocedurescan modify
the object's state,they receive the objectas in out modeparameter. Protected
functionsreceive theobjectasanin modeparameter.

procedure procN (_object : in out poV; ... );
procedure procP (_object : in out poV; ... );

The compileraddssomerenamingsentencesto the declarationsof the pro-
tectedsubprograms.Theserenamingssimplify theaccessto theobjectdiscrimi-
nantandto theprivatestate.

procedure procN (_object : in out poV; ... ) is
<Discriminant_Renamings>
<Private_Object_Renamings>

begin
<Sequence_Of_Statements>

end procN;

All thesentencesof theprotectedsubprogramsareproperlymodi�ed by the
compiler to make useof theserenamingswhen the discriminantor the object
privatedata�elds areused.Let'sseethe

�

subprogramin detail.

1: procedure procP (_object : in out poV; ... ) is
2:
3: procedure Clean is
4: begin
5: GNARL.Service_Entries (_object._object' access);
6: GNARL.Unlock (_object._object' access);
7: GNARL.Abort_Undefer;
8: end Clean;
9:

10: begin
11: GNARL.Abort_Defer;
12: GNARL.Lock_Write (_object._object' access);
13: procN (_object; ... );
14: Clean;
15: exception
16: when others =>
17: declare
18: E : Exception_Occurrence;
19: begin
20: GNARL.Save_Occurrence (E, GNARL.Get_Current_Exception);
21: Clean;
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22: GNARL.Reraise (E);
23: end;
24: end procP;

The �rst actionsperformedby the
�

subprogramare to defer the abortion4

(line 11) andto lock theobject5 (line 12). After calling the
�

subprogram(line
13)wehave two possiblescenarios:

1. No exceptionwasraised. In this casethelocal subprogramCleanis called
(line14)tomakethefollowingactions:servetheopenedentrieswith queued
tasks(line 5), unlocktheprotectedobject(line 6) andundefertheabortion
(line 7).

2. Someexceptionwas raised. In this case,beforepropagatingthe excep-
tion to the calling task, the protectedobjectmust �rst servicethe entries
with queuedtasks(accordingto theProxymodel).However, theexecution
of theseentriesmay alsoraisenew exceptions(andthe currentexception
would be lost). Therefore,it is necessaryto save theexceptionoccurrence
originally raised(line 20) andre-raiseit after local subprogramCleanre-
turns.

TheGNARL subprogramServiceEntries6 will bedescribedin section4.2.8.

4.2.5 Entry Barrier

Eachentry barrierexpressionis translatedby the compilerto a function that re-
turnsa Booleantype;eachentrybody is put insidea procedure.A table7 is also
createdby thecompilerto storetheaccessthesesubprograms.This tableis used
by GNARL to evaluatetheentrybarriersandto call theselectedentrybody.

function EntryBarrier
(Object : Address;

Entry_Index : Protected_Entry_Index)
return Boolean

is
<Discriminant_Renamings>

4System.Tasking.Initialization.DeferAbort
5System.Tasking.ProtectedObjects.Entries.Lock Entries
6System.Tasking.ProtectedObjects.Entries
7Thedatatypeof this tableis System.Tasking.ProtectedObjects.ProtectedEntry BodyArray

67



(C) Javier Miranda,2002(v 1.0) Chapter4: ProtectedObjects

<Private_Object_Renamings>
begin

return <Barrier_Expression>;
end EntryBarrier;

Becauseall theentrybarriersmusthave thesamepro�le (to createtheaccess
tableusedto implementthecall-back)theobjectparameteris passedby meansof
anAddressparameter.

4.2.6 Entry Body

Theentrybodyis translatedby thecompilerto aprocedure.

1: procedure EntryName
2: (Object : Address;
3: Parameters : Address;
4: Entry_Index : Protected_Entry_Index)
5: is
6: <Discriminant_Renamings>
7: <Private_Object_Renamings>
8:
9: type poVP is accesspoV;

10: function To_PoVP is new Unchecked_Conversion (Address, PoVP);
11: _object : PoVP := To_PoVP (Object);
12: begin
13: <Statement_Sequence>
14: GNARL.Complete_Entry_Body (_object._object);
15: exception
16: when others =>
17: GNARL.Exceptional_Complete_Entry_ Body
18: (_object._object, GNARL.Get_GNAT_Exception);
19: end EntryName;

The object is againpassedby meansof an Addressparameter(to createthe
accesstable usedto implementthe call-back). Similar to the

�

subprograms
(section4.2.4),the compileraddssomerenamingsto facilitatethe accessto the
objectdiscriminantand to the private�elds (lines 6 and7). The compileralso
generatesthe unchecked conversionof the objectparameterto the typedobject
(lines 9 to 11). If no exception is raisedby this code, the GNARL subpro-
gramCompleteEntry Body8 is calledto notify to theAdarun-timethatthisentry
bodyhasbeensuccessfullyserviced.Otherwise(someexceptionwasraised)the
GNARL subprogramExceptionalCompleteEntry Body9 is called. This subpro-

8System.Tasking.ProtectedObjects.Operations.CompleteEntry Body
9System.Tasking.ProtectedObjects.Operations.ExceptionalCompleteEntry Body
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gram storesthe exceptionoccurrencein the entry call. The exceptionwill be
raisedby thecalling tasksafterbeingwokenup.

4.2.7 Entry Family

For eachentryfamily thecompileraddsone�eld to thetypedeclarationwhich is
usedto storetheboundsof theentryfamily declaration(thecontentsof thearray
arenotused).

type poV (Discriminants) is new Limited_Controlled with
record

<Private_Data>
_object : aliased GNARL.Protection_Entries ( <Num_Entries> );
Entry_Family_Name : array ( <Bounds> ) of Void;

end record;

4.2.8 ServiceEntries

Thebasicalgorithmof theGNARL ServiceEntries10 procedureis asfollows:

1 while <There_Is_Some_Open_Barrier_With_Que ued_En try_C alls> loop
2 Update object reference to the Entry_Call_Record
3 begin
4 Call the Entry_Body
5 exception
6 when others => Broadcast Program_Error
7 end
8 Remove the Reference to the Entry_Call_Record
9 GNARL.Wake_Up_Entry_Caller

10 end loop;

Line 1 is evaluatedby the GNARL procedureSelectProtectedEntry Call11

which traversesall the entry queuesandreevaluatesthe barrierof thoseentries
with queuedentry calls. As soonassomebarrier is open(it evaluatesto true),
GNARL selectsit tobeserviced.In line2, theCall In Progress�eld of the object
(seetheProtectionEntriestypede�nition) is setto theselectedentrycall record
to rememberthat this is the entry call beingattended.Lines 3 to 7 opena new
scopeto issuethecall to theentrybodyandto handletheexceptionsin theuser

10System.Tasking.ProtectedObjects.Entries.ServiceEntries
11System.Tasking.Queueing.SelectProtectedEntry Call

69



(C) Javier Miranda,2002(v 1.0) Chapter4: ProtectedObjects

code. In this casethe prede�nedexceptionProgram Error is broadcastedto all
taskscurrentlyqueuedin any entryof theprotectedobject.In line 8 thereference
to theentrycall is removed(this entrycall hasbeenattended)andthe taskentry
caller is woken up (line 9). After this work the loop is executedagainandthe
entrybarriersarereevaluated.This processstopswhenno openbarrieris found
in anentrywith queuedtasks.

4.2.9 SimpleMode Entry Call

A simplecall to a protectedentry is translatedby the compiler to a call to the
GNARL subprogramProtectedEntry Call. The entry calls to protectedproce-
duresarehandledin a similar way to taskentry calls (this facilitatesthe imple-
mentationof the Ada requeuestatement).Therefore,oneEntry Call Record of
theEntry CallsStack is usedto issuetheentrycall.

� ProtectedEntry Call12:

1. Defertheabortion.

2. Write lock theobject.

3. Elaborateanew Entry Call Record13.

4. Call the GNARL procedurePO Or Queueto issuethe call or to en-
queueit in thecorrespondingentryqueue.

5. Call theGNARL procedurePO ServiceEntries14 toservicetheopened
entries.

6. Unlock theobject.

7. Undefertheabortion.

8. Checkif someexceptionmustbere-raised.

� PO Do Or Queue15:

1. Call thebarrierfunction.
12System.Tasking.ProtectedObjects.Operations.ProtectedEntry Call
13System.Tasking.Entry Call Record
14System.Tasking.ProtectedObjects.POServiceEntries
15System.Tasking.ProtectedObjects.PODo Or Queue
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2. If the barrieris closedthenenqueuethe Entry Call Record, andRE-
TURN.

3. If the barrier is openthen executethe steps2 to 9 of the GNARL
procedureServiceEntries.

4.2.10 Conditional Mode Entry Call

In this casetheactionscarriedout by theGNAT run-timearebasicallythesame
asin thepreviouscase;however, if thebarrieris closedtheEntry Call Record is
notenqueuedandtheelsepart of theconditionalentrycall is executed.

4.3 Summary

In this chapterwe have brie�y presentedthe GNAT implementationof the pro-
tectedobjects.Themainconceptsare:

� Therearetwo modelsto implementtheprotectedobjects:the self-service
andtheproxy model.GNAT usestheProxyModel.

� Therearealsotwo possibilitiesto implementtheproxy model: the in-line
andthecall-backimplementation.Althoughthein-line implementationwas
usedin theinitial versions,nowadaysGNAT hasadoptedtheCall-back im-
plementation.

� Protectedsubprogramsaretranslatedto two subprograms(
�

and
�

). P is
responsibleto take theobjectlock andN hastheusercode.

� Barriersaretranslatedto functionsthatreturnaBooleandatatype.

� Entrybodiesaretranslatedto procedures.
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Chapter 5

Time and Clocks

Many embeddedsystemsneedto coordinatetheirexecutionswith thenaturaltime
of their environment. To do this, they usea hardware clock that approximates
the passageof real-time. For long runningprograms(that is, yearsof non-stop
execution),this clock mayneedto be resynchronizedto someexternalauthority
(including the InternationalAtomic Time) but from the program's point of view
theclock is thesourceof real time [BW98, section2.5].

5.1 Ada Time and Clocks

Ada provides accessto the clock by providing two packages.The main sec-
tion of the Ada ReferenceManualde�nes a compulsorylibrary packagecalled
Ada.Calendarthatprovidesan abstractionfor “wall clock” time that recognizes
leapyears,leapsecondsandotheradjustments.In Real-Time SystemsAnnex, a
secondrepresentationis giventhatde�nes a monotonic(that is, non-decreasing)
regular clock (packageAda.RealTime). Both theserepresentationsshouldmap
down to thesamehardwareclockbut caterfor differentapplicationneeds[BW98,
section2.5].

5.1.1 Ada.Calendar

Theinterfaceof thispackageis asfollows[AAR95, section9.6]:
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package Ada.Calendar is

type Time is pri vate;

subtype Year_Number is Integer range 1901 .. 2099;
subtype Month_Number is Integer range 1 .. 12;
subtype Day_Number is Integer range 1 .. 31;

subtype Day_Duration is Duration range 0.0 .. 86_400.0;

function Clock return Time;

function Year (Date : Time) return Year_Number;
function Month (Date : Time) return Month_Number;
function Day (Date : Time) return Day_Number;
function Seconds (Date : Time) return Day_Duration;

procedure Split
(Date : Time;

Year : out Year_Number;
Month : out Month_Number;
Day : out Day_Number;
Seconds : out Day_Duration);

function Time_Of
(Year : Year_Number;

Month : Month_Number;
Day : Day_Number;
Seconds : Day_Duration := 0.0)
return Time;

function "+" (Left : Time; Right : Duration) return Time;
function "+" (Left : Duration; Right : Time) return Time;
function "-" (Left : Time; Right : Duration) return Time;
function "-" (Left : Time; Right : Time) return Duration;

function "<" (Left, Right : Time) return Boolean;
function "<=" (Left, Right : Time) return Boolean;
function ">" (Left, Right : Time) return Boolean;
function ">=" (Left, Right : Time) return Boolean;

Time_Error : exception;

pri vate
. . .

end Ada.Calendar;

Thecurrenttime is returnedby thefunctionClock. ConversionbetweenTime
and programaccessibletypes is provided by subprogramsSplit and Time Of.
in addition somearithmeticand booleanoperationsare speci�ed [BW98, sec-
tion 2.5].
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5.1.2 Ada.Real Time

Theinterfaceof thispackageis asfollows[AAR95, sectionD.8]:

package Ada.Real_Time is

type Time is pri vate;
Time_First : constant Time;
Time_Last : constant Time;
Time_Unit : constant := implementation-defined-real-number;

type Time_Span is pri vate;
Time_Span_First : constant Time_Span;
Time_Span_Last : constant Time_Span;
Time_Span_Zero : constant Time_Span;
Time_Span_Unit : constant Time_Span;

Tick : constant Time_Span;
function Clock return Time;

function "+" (Left : Time; Right : Time_Span) return Time;
function "+" (Left : Time_Span; Right : Time) return Time;
function "-" (Left : Time; Right : Time_Span) return Time;
function "-" (Left : Time; Right : Time) return Time_Span;

function "<" (Left, Right : Time) return Boolean;
function "<=" (Left, Right : Time) return Boolean;
function ">" (Left, Right : Time) return Boolean;
function ">=" (Left, Right : Time) return Boolean;

function "+" (Left, Right : Time_Span) return Time_Span;
function "-" (Left, Right : Time_Span) return Time_Span;
function "-" (Right : Time_Span) return Time_Span;
function "*" (Left : Time_Span; Right : Integer) return Time_Span;
function "*" (Left : Integer; Right : Time_Span) return Time_Span;
function "/" (Left, Right : Time_Span) return Integer;
function "/" (Left : Time_Span; Right : Integer) return Time_Span;

function "abs" (Right : Time_Span) return Time_Span;

function "<" (Left, Right : Time_Span) return Boolean;
function "<=" (Left, Right : Time_Span) return Boolean;
function ">" (Left, Right : Time_Span) return Boolean;
function ">=" (Left, Right : Time_Span) return Boolean;

function To_Duration (TS : Time_Span) return Duration;
function To_Time_Span (D : Duration) return Time_Span;

function Nanoseconds (NS : Integer) return Time_Span;
function Microseconds (US : Integer) return Time_Span;
function Milliseconds (MS : Integer) return Time_Span;

type Seconds_Count is new Integer range -Integer'Last .. Integer'Last;

procedure Split (T : Time; SC : out Seconds_Count; TS : out Time_Span);
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function Time_Of (SC : Seconds_Count; TS : Time_Span) return Time;

pri vate
...

end Ada.Real_Time;

5.1.3 DelayStatement

Ada tasksare able to delay their executionfor a periodof time. This enables
the taskto be queuedon somefuture event ratherthanbusy-wait o calls to the
clock function. The expressionfollowing the delay mustyield the valueof the
prede�nedAda typeDuration. It is importantto appreciatethat this sentenceis
anapproximatetime constructwhich indicatesthatthetaskwill bedelayedby at
leasttheamountspeci�ed[BW98, section2.5.1].

delay_relative_statement ::= delay delay_expression

If adelayto anabsolutetimeis required,thenthedelayuntil statementshould
beused.

delay_until_statement ::= delay until delay_expression

As with delays,delay until is accurateonly in its lower bound. The task
involvedwill not bereleasedbeforethecurrenttime hasreachedthatspeci�ed in
thestatementbut maybereleasedlater[BW98, section2.5.1].

5.1.4 Timed Entry Call

A timedentrycall issuesanentrycall which is canceledif thecall is notaccepted
within thespeci�edperiod(relativeor absolute)[BW98, section6.9.1].Thesyn-
tax is [AAR95, section9.7.2]:

timed_entry_call ::=
select

entry_call_alternative
or

delay_alternative
end select;

entry_call_alternative ::=
entry_call_statement [sequence_of_statements]
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5.1.5 Timed SelectiveWait

Oftenit is thecasethataserver taskcannotunreservedlycommititself to waiting
for communicationusingoneor moreof its entries.Thetimedselective wait al-
lowsaservertaskto time-outif anentrycall is notreceivedwithin acertainperiod
of time. Thetime-outis expressedusingthedelaystatementandcanthereforebe
arelativeor anabsolutedelay. If therelativetimeexpressedis zeroor negative,or
theabsolutetime haspassed,thenthedelayalternative is equivalentto having an
“elsepart” [BW98, section2.5.1](seesection3.1.5).Thesyntaxof theselective
acceptis [AAR95, section9.7.1]:

selective_accept ::=
select

[guard]
select_alternative

or
[guard]
select_alternative

[ else
sequence_of_statements ]

end select;

guard ::= when condition =>

select_alternative ::=
accept_alternative
| delay_alternative
| terminate_alternative

accept_alternative ::=
accept_statement [sequence_of_statements]

delay_alternative ::=
delay_statement [sequence_of_statements]

terminate_alternative ::= terminate;
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5.2 GNAT Implementation

5.2.1 Delayand DelayUntil Statements

TheGNARL subprogramswhich implementtheseAda statementsareplacedin
childpackagesof thecorrespondingstandardAdapackages:Ada.Calendar.Delays
andAda.RealTime.Delays. The GNAT compiler translatesthe delaystatement
into acall to thecorrespondingGNARL subprogram.

 Ada
Source

   GNAT
Front-end

Object
 Code

GNARL

Ada.Calendar.Delays

delay_for

delay_until

Ada.Real_Time.Delays

delay_until

Figure5.1: GNARL Subprogramsfor theDelayStatement.

GNARL providestwo implementationsof the delaystatements:onefor the
caseof an Ada programwithout tasksand the other for an Ada programwith
tasks.A link is usedto accessthepropersubprogram(TimedDelay1).

� In caseof notaskingthislink pointsto theGNARL procedureTime Delay NT2,
whichcallstheGNULL procedureTimedDelay3 (cf. Figure5.2).

� In caseof a programwith tasksthis link points to the GNARL proce-
dureTimedDelay T4, whichcallsanotherversionof theGNULL procedure
TimedDelay5 (cf Figure5.3).

Whenthe programhastasks,the GNARL procedureTimed Delay performs
thefollowing actions.

1System.SoftLinks.TimedDelay.
2Ada.Calendar.Delays.Time Delay NT
3System.OSPrimitives.Timed Delay
4System.Task Initialization.TimedDelay T
5System.Task Primitives.Operations.TimedDelay
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 Ada
Source

   GNAT
Front-end

Object
 Code

Ada.Calendar.Delays

delay_for Time_Delay_NT

System.Soft_Links
Timed_Delay

Timed_Delay

(1)

(2) (3)

GNARL

System.OS_Primitives

nanosleep()
POSIX

Figure5.2: GNARL Subprogramsfor the Delay Statementin an Ada Program
withoutTasks.

� Timed Delay6:

1. Defertheabortion.

2. Lock theATCB of thecalling task.

3. If thespeci�eddelayis arelativetimespan(thatis,adelaystatement),
this delayit is convertedto absolutetime spanby addingthe current
valueof theclock7.

4. If thespeci�edtime is a futuretime then

(a) Setthestateof thecalling taskto Delay Sleep.

(b) Call thePOSIXfunctionpthreadcond timedwaitto suspendthe
calling tasksuntil thespeci�edtime.

(c) Setthestateof thecalling taskto Runnable.

5. Unlock theATCB of thecalling task.

6. Yield theprocessor(thisensuresthat“a delaystatementalwayscorre-
spondsto at leastonetaskdispatchingpoint” [AAR95, sectionD.2.2
(18)]

7. Undefertheabortion.

6System.Task Primitives.Operations.TimedDelay
7Ada.Calendar.Clock or Ada.RealTime.Clock.
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 Ada
Source

   GNAT
Front-end

Object
 Code

Ada.Calendar.Delays

delay_for Time_Delay_T

System.Soft_Links
Timed_Delay

Timed_Delay

(1)

(2) (3)

System.Tasking.Initialization
GNARL

System.Task_Primitives
              .Operations

pthread_cond_timedwait()

GNULL
pthread_cond_timedwait System.OS_Interface

POSIX

Figure5.3: GNARL Subprogramsfor the Delay Statementin an Ada Program
with Tasks.

5.2.2 Timed Entry Call

The timed taskentry call is handledby the GNAT compiler in a similar way to
thesimplemodeentrycall (describedin section3.2.2).Thecompilergeneratesa
call to theGNARL subprogramTimed TaskEntry Call8. Basicallythisprocedure
carriesoutthesameactionsdescribedin thesimplemodeentrycall (section3.2.2).
However, if theentrycannot be immediatelyaccepted,it doesnot simply block
thecaller;it callsanotherGNARL subprogramto armatimerandblockthecaller
until thetimeoutexpires.Figure5.4showstheGNARL andGNULL subprograms
involvedin this action. If theentrycall is acceptedbeforethis timer expires,the
timer is un-armed;otherwisetheentrycall is removedfrom thequeue.

TheGNAT implementationof thetimedprotectedentrycall follows thesame
schemedescribedabove. However, theonly differenceis thatthecompilergener-
atesacall to theGNARL procedureTimed ProtectedEntry Call9.

8System.Tasking.Rendezvous.TimedTask Entry Call
9System.Tasking.ProtectedObjects.Operations.TimedProtectedEntry Call
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 Ada
Source

   GNAT
Front-end

Object
 Code

Timed_Entry_Call

Wait_For_Completion_With_Timeout

GNARL
System.Tasking
              .Rendezvous

System.Tasking
              .Entry_Calls

Timed_Sleep
System.Task_Primitives
              .Operations

pthread_cond_timedwait()

GNULL
pthread_cond_timedwaitSystem.OS_Interface

POSIX

Figure5.4: GNARL Subprogramsfor TimedEntryCall.

5.2.3 Timed SelectiveAccept

Thetimedtaskentrycall is handledby theGNAT compilerin asimilarwayto the
selective accept(describedin section3.2.7).Thecompilergeneratesa call to the
GNARL subprogramTimedSelectiveWait10. Basicallythisprocedurecarriesout
thesameactionsdescribedin caseof theselectivewait (section3.2.7).However,
if thereis noentrycall thatcanbeimmediatelyaccepted,it doesnotsimplyblock
the caller; it calls anotherGNARL subprogramto programa timer and block
thecalleruntil this timeoutexpires. Figure5.5 shows theGNARL andGNULL
subprogramsinvolvedin thisaction.If someentrycall is receivedbeforethistimer
expires,the timer is un-armed;otherwisethestatementsafter thedelay sentence
areexecuted.

5.3 Summary

GNAT providestwo implementationsfor the simpledelay anddelay until Ada
sentences:onefor theAda programswithout tasks,andanotherfor theAda pro-

10System.Tasking.Rendezvous.TimedSelectiveWait
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   GNAT
Front-end
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Timed_Sleep

GNARL
System.Tasking
              .Rendezvous

System.Task_Primitives
              .Operations

pthread_cond_timedwait()

GNULL
pthread_cond_timedwaitSystem.OS_Interface

POSIX

Figure5.5: GNARL Subprogramsfor TimedSelectiveAccept.

gramswith tasks.An accessto aprocedureis usedto avoid multiplechecksin the
run-timeto call theappropriatesubprogram.

A timedentrycall allows the taskthatexecutesit to make anentrycall with
theprovision that it beawakenedandthecall canceled,if thecall is not accepted
beforetheexpirationof a speci�eddelay. As with theconditionalentrycall, pro-
vision is madefor executionto resumein differentplaces,dependingon whether
arendezvoustakesplace.In additionto theprocessingrequiredfor anormalentry
call, thetimedentrycall requiresschedulingof awake-upeventif thecall cannot
beacceptedimmediately. If thecall is acceptedbeforethisdelayexpires,thecall-
ing taskmustberemovedfrom thedelayqueue.If thedelayexpires�rst, thetask
mustberemovedfrom theentryqueue.

The GNAT implementationof the timed entry call sentences(to a protected
entry or to a taskentry) andthe timed selective acceptfollow the samestepsof
thenon-timedcases,thoughatimer is activatedwhenthecallerbecomesblocked.
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Chapter 6

Interrupts

Ada allows theprogrammerto associatea userde�ned interrupthandlerto some
interrupts[AAR95, sectionC.3(1)]. Althoughtheinterrupthandlercanbea pro-
tectedprocedureor a taskentry, currentlytheassociationof a taskentry is con-
sideredanobsolescentfeature[AAR95, sectionJ.7] of the language.Therefore,
in this chapterwe will focusour attentionon userde�ned protectedprocedure
interrupthandlers.

This chapteris structuredin two parts.In the�rst partthemainaspectsof the
Adaattachmentof userde�nedprotectedproceduresto interruptarepresented.In
thesecondpartthemainaspectsof theGNAT implementationaredescribed.

6.1 Ada Model of Interrupts

The AARM de�nes the following model of an interrupt [BW98, section11.2]
[AAR95, sectionC.3(1)]:

� An Interrupt representsa classof eventsthataredetectedby thehardware
or systemsoftware.

� TheOccurrenceof aninterruptconsistsof its Generationandits Delivery.

� The Generation of an interruptis the event in the underlyinghardwareor
systemwhichmakestheinterruptavailableto theprogram.

� Deliveryis theactionwhich invokesapartof theprogram(calledtheinter-
rupt handler) in responseto the interruptoccurrence.In betweenthegen-
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erationof the interruptandits delivery, the interruptis saidto bepending.
Thehandleris invokedoncefor eachdeliveryof theinterrupt.

� While aninterruptis beinghandled,furtherinterruptsfrom thesamesource
areblocked; all futureoccurrencesof theinterruptarepreventedfrom being
generated.It is usuallydevice dependentasto whethera blockedinterrupt
remainspendingor is lost.

� CertaininterruptsareReserved. Theprogrammeris not allowedto provide
a handlerfor a reserved interrupt. Usually, a reserved interruptis handled
directly by theAda run-time(for example,a clock interruptusedto imple-
mentthedelaystatement).

� Eachnon-reserved interrupt hasa default handlerthat is assignedby the
run-timesystem.

6.1.1 Interrupt-Handling ProtectedProcedures

Adaprovidestwo stylesof interrupt-handlerinstallationandremoval: nestedand
non-nested. In thenestedstyle,aninterrupthandlerin a givenprotectedobjectis
implicitly installedwhentheprotectedobjectcomesinto existence,andthetreat-
mentthathadbeenin effect beforehandis implicitly restoredwhentheprotected
objectceasesto exist. In thenon-nestedstyle,interrupthandlersareinstalledex-
plicitly by procedurecalls,andhandlersthatarereplacedarenot restoredexcept
by explicit request[Coh96,section19.6.1].

A handlerto be installed in the nestedstyle is identi�ed by the following
pragmaappearingin aprotecteddeclaration:

pragma Attach_Handler (Handler, Interrupt);

Handler is thenameof a parameterlessprotectedprocedurein thatprotected
declaration;Interrupt is an expressionof type Interrupt ID. The protecteddec-
larationmustbe library-level (it mustnot be nestedin a subprogrambody, task
body, or block statement).However, if the protecteddeclarationdeclaresa pro-
tectedtyperatherthanasingleprotectedobject,individualobjectsof thetypemay
bedeclaredin theseplaces.Dynamicallocation(by meansof a new expression)
givesgreater�e xibility: Allocating a protectedobjectwith an interrupthandler
installsthehandlerassociatedwith thatobject,anddeallocatingtheprotectedob-
ject restoresthe handlerpreviously in effect. The Interrupt ID expressionneed
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notbestatic;in particular, its valuemaydependonadiscriminantof theprotected
type[Coh96,section19.6.1].For example:

package Nested_Handler_Example is

protected type Device_Interface
(Int_ID : Ada.Interrupts.Interrupt_ID) is

procedure Handler;
pragma Attach_Handler(Handler, Int_ID);

end Device_Interface;

end Nested_Handler_Example;

A handlerto beinstalledin thenon-nestedstyleis identi�ed by thefollowing
pragmaappearingin aprotecteddeclaration:

pragma Interrupt_Handler (Handler, Interrupt);

Again,Handlermustbethenameof aparameterlessprotectedprocedure.As
with theAttach Handlerpragma,theprotecteddeclarationmaynot be nestedin
a subprogrambody, taskbody, or block statement.However, this pragmahasan
additionalrestriction: if theprotecteddeclarationis for a protectedtype,objects
of that type may not be nestedin theseplaceseither [Coh96, section19.6.1].
Thereforethey mustbedynamicallycreatedby meansof anew expression.

6.1.2 PackageAda.Interrupts

Non-nestedinstallationandremoval of interrupthandlersrelieson additionalfa-
cilities of packageAda.Interrupts[AAR95, sectionC.3(2)]:

package Ada.Interrupts is
type Interrupt_ID is implementation-defined;
type Parameterless_Handler is accessprotected procedure;

function Is_Reserved (Interrupt : Interrupt_ID)
return Boolean;

function Is_Attached (Interrupt : Interrupt_ID)
return Boolean;

function Current_Handler (Interrupt : Interrupt_ID)
return Parameterless_Handler;
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procedure Attach_Handler
(New_Handler : in Parameterless_Handler;

Interrupt : in Interrupt_ID);

procedure Exchange_Handler
(Old_Handler : out Parameterless_Handler;

New_Handler : in Parameterless_Handler;
Interrupt : in Interrupt_ID);

procedure Detach_Handler
(Interrupt : in Interrupt_ID);

function Reference(Interrupt : Interrupt_ID)
return System.Address;

pri vate
... -- not specified by the language

end Ada.Interrupts;

TheAttach Handlerprocedureattachesthespeci�edhandlerto the interrupt,
overridingany existing treatment(includinga userhandler)in effect for that in-
terrupt.If New Handleris null, thedefault treatmentis restored.If New Handler
designatesaprotectedprocedureto whichthepragmaInterrupt Handlerdoesnot
apply, Program Error is raised[AAR95, sectionC.3.2].

with Ada.Task_Identification;
package Ada.Dynamic_Priorities is

procedure Set_Priority
(Priority : System.Any_Priority;

T : Ada.Task_Identification.Task_Id :=
Ada.Task_Identification.Current_Task );

function Get_Priority
(T : Ada.Task_Identification.Task_Id :=

Ada.Task_Identification.Current_Task )
return System.Any_Priority;

end Ada.Dynamic_Priorities;

6.1.3 Priorities

The pragmaInterrupt Priority can be usedto specify the ceiling priority of a
protectedobject(Real-TimeSystems[AAR95, Annex D]).

pragma Interrupt_Priority (expression);
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Omitting theexpressionis equivalentto specifyingtheceiling priority of the
system(Interrupt Priority'Last). Interruptsof equalor lowerpriority areblocked
while any operationof thatprotectedobjectis in progress.To avoid priority inver-
sion,any taskcalling anoperationon thatprotectedobjecthasits priority raised
to the ceiling priority while the operationis executed,re�ecting the urgency of
completingtheoperationso that interruptswill becomeunblocked. An interrupt
handlerexecutesat thepriority of its protectedobject,which maybehigherthan
the priority of the interrupt if the sameprotectedobjecthandlesmorethanone
kind of interrupt. In addition, the procedureSetPriority provided by package
Ada.DynamicPriorities canbeusedto dynamicallymodify thispriority.

with Ada.Task_Identification;
package Ada.Dynamic_Priorities is

procedure Set_Priority
(Priority : System.Any_Priority;

T : Ada.Task_Identification.Task_Id :=
Ada.Task_Identification.Current_Task);

function Get_Priority
(T : Ada.Task_Identification.Task_Id :=

Ada.Task_Identification.Current_Task)
return System.Any_Priority;

end Ada.Dynamic_Priorities;
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6.2 GNAT Implementation

To fosterasimple,ef�cient andmulti-platformimplementation,GNAT reusesthe
POSIX supportfor signalsandaddsthe minimum setof run-timesubprograms
requiredto achieve the Ada semantics.This work is simpli�ed becausePOSIX
signalsaredeliveredto individual threadsin amulti-threadedprocessusingmuch
of the samesemanticsasfor delivery to a single-threadedprocess[GB92, Sec-
tion 5.1].

6.2.1 POSIX Signals

A POSIXsignal1 is a form of softwareinterruptwhichcanbegeneratedin several
ways.A signalmaybegenerated:

� By a hardwaretrap includingdivision by zero,a �oating-point over�ow, a
memoryprotectionviolation,areferenceto anon-existentmemorylocation
or anattemptto executeanillegal instruction.

� Becausea clock reachesa speci�ed time, or a speci�ed spanof time has
elapsed.

� By anasynchronousoperation.Asynchronousinput andoutputoperations
generateasignalwhenanoperationcompletes,or if anoperationfails.

� Becausethe userhits certainkeys on the terminal that is controlling the
process. Certainkeys sequencesallow the user to suspend,resumeand
terminatetheexecutionof aprocessvia signals.

� By a POSIX thread.POSIX threadsmay senda signalto anotherPOSIX
threadin thesameprocessto notify it of anevent,by calling pthreadkill .

Each POSIX threadhas a signal mask: when a signal is generatedfor a
threadand the threadhasthe signal masked, the signal remainspendinguntil
the threadunmasksit; the interfacefor manipulatingthe threadsignalmaskis
pthreadsigmask. Only onependinginstanceof a maskedsignalis requiredto be
retained;thatis, if a signalis generatedN timeswhile it is maskedthenumberof
signalinstancesthataredeliveredto thethreadwhenit �nally unmasksthesignal
maybeany numberbetween1 andN.

1Thecontentsof this sectionarea summaryof [DIBM96, section2].
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EachPOSIX signal is associatedwith someaction. The action may be to
ignore the signal, terminatethe process,continuethe process,or executea call
to user-de�ned handlerfunction (asynchronouslyandpreemptively with respect
to normalexecutionof theprocess).POSIX.1speci�esa default actionfor each
signal.For mostsignalstheapplicationmayoverridethedefaultactionby calling
thefunctionsigaction. Theuseof asynchronoushandlerproceduresfor signalsis
not recommendedfor POSIXthreads,becausethePOSIXthreadsynchronization
operationsarenotsafetobecalledwithin anasynchronoussignalhandler;instead,
POSIX.1crecommendsuseof thepthreadsigwait function,which “accepts”one
of aspeci�edsetof maskedsignals.

6.2.2 ReservedSignals

Thede�nitions of “reserved” differsslightly betweentheARM andPOSIX.ARM
speci�es[AAR95, sectionC.3(1)]:

Thesetof reservedinterruptsis implementationde�ned. A reservedinterrupt
is eitheran interrupt for which user-de�nedhandlersare not supported,or
onewhich alreadyhasan attachedhandlerby someotherimplementation-
de�nedmeans.Programunit canbeconnectedto non-reservedinterrupts.

POSIX.5b/.5cspeci�esfurther[s-intman.adb]:

Signalswhich the applicationcannotaccept,and for which the application
cannotmodify the signal action or masking, becausethe signalsare re-
servedfor useby theAda language implementation.Thereservedsignals
de�nedby this standard are:

� SignalAbort
� SignalAlarm
� SignalFloating Point Error
� Signal Illegal Instruction
� SignalSegmentationViolation
� SignalBusError

If the implementationsupportsany signalsbesidesthosede�ned by this
standard, theimplementationmayalsoreservesomeof those.
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The signalsde�ned by POSIX.5b/5cthat arenot speci�ed asbeingreserved
are SIGHUP, SIGINT, SIGPIPE,SIGQUIT, SIGTERM, SIGUSR1,SIGUSR2,
SIGCHLD,SIGCONT, SIGSTOP, SIGTSTP, SIGTTIN, SIGTTOU, SIGIO,SIG-
URGandall thereal-timesignals.

The GNAT FSU Linux implementationhandles32 signals. In this casethe
reservedsignalsare:

Number Name REASON Description
------ ---------- ------ ------------------------------------ ----- ---

2 * SIGINT GNAT Abort (used for CTRL-C)
4 * SIGILL POSIX (HW) Illegal Instruction
5 * SIGTRAP GNAT Trace trap
6 * SIGABRT GNAT Tasks abortion
7 * SIGBUS POSIX (HW) Bus error
8 * SIGFPE POSIX (HW) Floating Point Exception
9 SIGKILL POSIX Abort (kill)

11 * SIGSEGV POSIX (HW) Segmentation Violation
14 SIGALRM POSIX Alarm Clock
19 SIGSTOP Stop
20 * SIGTSTP GNAT User stop requested from tty
21 * SIGTTIN GNAT Background tty read attempted
22 * SIGTTOU GNAT Background tty write attempted
26 SIGVTALRM Virtual timer expired
27 * SIGPROF GNAT Profiling timer expired
31 SIGUNUSED Unused signal

Signalsmarkedwith * arenotallowedto bemaskedby theGNAT Run-Time.
SIGINT cannotbemaskedbecauseit is usedto terminatetheAdaprogramwhen
theCTRL-C sequenceis pressedin the terminalthat is controlling the process2.
SIGILL, SIGFPEandSIGSEVcannot be maskedbecausethey areusedby the
CPUto notify errorsto the run-time. SIGTRAPis usedby GNAT to enablede-
buggingon multi-threadedapplications.SIGABRT cannot bemaskedbecauseit
is usedby GNAT to implementthetasksabortion(describedin chapter8). SIGT-
TIN, SIGTTOU andSIGTSTParenot allowedto bemaskedsothatbackground
processesandIO behavesasnormalC applications.Finally, SIGPROFcannotbe
maskedto avoid confusingthepro�ler.

2By keepingSIGINT reserved, the programmerallows the user to do Ctrl-C but, in the
sameway, disablethe ability of handlingthis signal in the Ada program. GNAT PragmaUn-
reserveAll Interrupts[BG01] givestheprogrammertheability to changethis behavior.
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6.2.3 Ar chitecture

Figure6.1 presentstheoverall architectureof theGNAT implementation.In the
GNARL level two packagehierarchiesareusedto handleinterrupts: thehierar-
chy of thestandardAda package(left sideof the�gure) andthehierarchyof the
GNARL Systempackage(right sideof the�gure).

GNARL
Level

System.OS_Interface
GNULL
Level

POSIX
Level

Ada

Interrupts

Names

System

Interrupts Interrupt_Management

Operations

Figure6.1: Architectureof theImplementation.

PackageAda.Interruptsis thestandardAdapackagedescribedin section6.1.2
(packageusedto attachand detachinterrupt handlersin the non-nestedstyle).
ChildpackageAda.Interrupts.NamesmapsthehighlevelAdainterruptsto thelow
level POSIX signalsde�ned in packageSystem.OSInterface(35 Ada interrupts
aremappedhereto 32POSIXsignals).

PackageSystem.Interruptsencapsulatesthe GNARL implementationof the
signal handlers. It is a logical extensionof the body of the standardpackage
Ada.Interrupts. It is madea child of Systemto accessvariousruntime system
internaldataandoperations.PackageSystem.InterruptManagementassociatesa
signalhandlerto thePOSIXsignalslinkedto Ada exceptions(SIGPFEandSIG-
ILL signalsraiseAda ConstrainedError exceptionandSIGSEGVsignalraises
Ada Storage Error exception).Child packageOperationsis a low level package
which issuescallsto theGNULL level.

Let's seethetypede�nitions associatedwith thehigh level Ada.InterruptID
datatype.Thissimpleexampleallowsthereadertoseethebasicrelationsbetween
thesepackages.Ada.InterruptID type de�nition is basedon the corresponding
de�nition at System.Interrupts, which is basedon the Interrupt ID datatype at
System.InterruptManagement; thisdatatypeis �nally basedonthecorresponding
SIGNAL typede�nition at thelow-level packageSystem.OSInterface.
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type Ada.Interrupt_ID
is new System.Interrupts.Ada_Interrupt_I D;

type System.Interrupts.Ada_Interrupt_ID
is new System.Interrupt_Management.Inter rupt_ ID;

type System.Interrupt_Management.Interrup t_ID
is new System.OS_Interface.Signal;

6.2.4 BasicData Structures

No matterthe associationstyle used,GNARL alwaysusesthe following tables
indexedby theInterrupt ID to handleinterrupts.

� Table of ReservedSignals3: Booleansconstanttable4 usedto register re-
servedinterrupts.

SIGUSR1

System.Interrupt_Management.Reserve
GNARL
Level False

SIGHUP

True True

SIGINT

. . . . . .

Figure6.2: ReservedInterruptsTable.

� User-de�ned Interrupt Handlers Table5: Tableusedto registerandunreg-
isterthereferenceto User-De�ned Interrupt-Procedures(UDIP) duringthe
life of theprogram.Eachelementof this tableis a recordwith two �elds:
the accessto the UDIP anda �ag which remembersthe associationstyle
(nestedor non-nested).

Figure6.3 representsoneprotectedprocedureattachedto signalSIGUSR1in
nestedstyle(staticstyle).TheGNAT compilerassociatestwo subprograms

�

and
�

to eachprotectedsubprogram(describedin section4.2.4). As the readercan
see,therun-timelinks thesignalwith the

�

subprogram:thereferenceto the
�

subprogramis storedin thecorresponding�eld of thetable,andtheStatic�eld is
setto True to rememberthatit is anestedstyleassociation.

3System.InterruptManagement.Reserve
4In theGNARL sourcesit is declaredasvariablejust to beableto initialize it in thepackage

bodyto aidportability.
5System.Interrupts.UserHandler
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Static = True
H

SIGUSR1

System.Interrupts.User_Handler

Stateproc_P

func_P

proc_N

func_N

Compiler
Generated-Code
Level

GNARL
Level

Figure6.3: Tableof User-De�ned Interrupt-Handlers.

6.2.5 Attachment of Interrupt-Handling ProtectedProcedures

In the nestedstyle the run-time must attachthe UDIP to the signal when the
protectedobjectis elaborated.Thusthe compileraddsonecall to GNARL sub-
programInstall Handlers6 to the elaborationcodeof the protectedobject. This
subprogramsavestheprevioushandlersin oneadditional�eld of theobject(Pre-
viousHandlers7) andinstallsthenew handlers.

To avoid penalizingall protectedobjectswith this additional�eld, GNARL
usesonedatatypefor handlingprotectedobjectswith no interrupthandlers(Pro-
tectionEntries8, describedin section4.2.3),onetypeextensionfor protectedob-
jectswith nestedstyle interrupthandlers(Static Interrupt Protection9), andan-
othertypeextensionfor protectedobjectswith non-nestedstyleinterrupthandlers
(DynamicInterrupt Protection10). (In this latter casethe type extensionis only
de�ned for homogeneitybecausetherun-timedoesnotaddany additional�eld to
thebasicdatatype).Let'sseethecompilertransformationof protectedobjectsfor

6System.Interrupts.InstallHandlers
7System.Interrupts.PreviousHandlers
8System.Tasking.ProtectedObjects.Entries.ProtectionEntries
9System.Interrupts.StaticInterrupt Protection

10System.Interrupts.DynamicInterrupt Protection
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thesetwo lattercases:

Original Ada Code:

protected type PO (Discriminants) is
procedure Handler;
function ...
entry ...
pragma Attach_Handler (Handler, <INT-Number>);

pri vate
<Private_Data_Fields>

end PO;

Codetransformation doneby the GNAT compiler:

1: type poV (Discriminants) is new Limited_Controlled with record
2: <Private_Data_Fields>
3: _object : aliased GNARL.Static_Interrupt_Protection (<Num>);
4: end record;
5:
6: procedure Finalize (O : poV) is
7: begin
8: -- Raise Program_Error to the queued tasks.
9: ...

10: end Finalize;

Let us now considerthe compiler transformationof protectedobjectswith
non-nestedstyleinterrupthandlers.

Original Ada Code:

protected type PO (Discriminants) is
procedure Handler;
function ...
entry ...
pragma Interrupt_Handler (Handler);

pri vate
<Private_Data_Fields>

end PO;

Codetransformation doneby the GNAT compiler:

1: type poV (Discriminants) is new Limited_Controlled with record
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2: <Private_Data_Fields>
3: _object : aliased GNARL.Dynamic_Interrupt_Protection (<Num>);
4: end record;
5:
6: procedure Finalize (O : poV) is
7: begin
8: -- Raise Program_Error to the queued tasks.
9: ...

10: end Finalize;

If wecomparebothtranslations,in line 3 we �nd theonly difference:thedata
typeusedto de�ne the object�eld.

In caseof nestedstyle association,during the �nalization of the protected
objecttherun-timeneedsto restoretheprevioushandlers( Install Handlersdoes
this work). In the non-nestedstyle, nothingspecialneedsto be donesincethe
default handlerswill be restoredas part of task completionwhich is donejust
beforeglobal�nalization.

In orderto verify thatall thenon-nestedstyle interruptprocedureshave been
annotatedwith pragmaInterrupt Handler ([AAR95, sectionC.3.2] requirement)
thecompileraddscalls to theGNARL subprogramRegister Interrupt Handler11

to register theseinterruptproceduresin a GNARL single-linked list. The Head
andTail of this list arestoredin two GNARL variables12 (cf. Figure6.4). Every
nodekeepsthe addressof oneprotectedprocedureassociatedwith an interrupt
in non-nestedstyle. For simplicity, a singleaccessto a protectedprocedurehas
beenrepresented;however, eachnodehastheaccessto its corresponding

�

sub-
program.Beforetheattachmentof onenon-nestedstyle interrupthandlerto one
signal,GNARL traversesthis list to verify that the protectedprocedureis regis-
teredin thelist; otherwiseit raisestheexceptionProgram Error.

6.2.6 Interrupts Manager: BasicApproach

The GNAT run-timeusesoneInterruptsManager13 task to serializethe execu-
tion of subprogramsinvolvedin themanagementof signals:attachment,detach-
ment,replacement,etc.Figure6.5presentsa simpli�ed versionof theautomaton
implementedby the InterruptManager. For simplicity we have consideredonly
two basicoperations:BindingandUnbindingUser-De�ned InterrruptProcedures
(UDIP) to interrupts.

11System.Interrupts.Register Interrupt Handler
12System.Interrupts.Registered Handler HeadandSystem.Interrupts.Registered Handler Tail
13System.Interrupts.InterruptManager
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Stateproc_P

func_P

proc_N

func_N

Compiler
Generated-Code
Level

GNARL
Level //

Next

H

Next

H

Next

H

System.Interrupts.
Registered_Handler_Head

System.Interrupts.
Registered_Handler_Tail

Figure6.4: List of InterruptHandlersin Non-NestedStyle.

First theautomatoncallsGNARL subprogramMake Independent14 to do the
Interrupt Manager Taskindependentof its masters.GNARL Independenttasks
areassociatedwith master0, andtheir ATCBsarenot registeredin All TasksList
(describedin section2.2); thusthey last until the endof the program.After the
signalmaskis set,theautomatongoesto onestatein which it waits for thenext
signalmanagementoperation.

� In caseof signalBinding, GNARL savesthe referenceto the UDIP in its
table,andblocksthePOSIXsignal(thisallowsGNARL to catchthesignal
with thesigwaitPOSIXservice).

� In caseof signalUnbinding, thereferenceto theUDIP is removedfrom the
table,thePOSIXdefault actionis set,andthesignalis unblocked.

6.2.7 Server Tasks: BasicApproach

The Ada run-timemustprovide a threadto executethe UDIP. Thereis a choice
betweendedicatingoneserver taskfor all signalsandproviding a server taskfor
eachsignal. Theformerapproachlooksattractive, sinceit savesrun-timespace,
but it blocksothersignalsduringtheprotectedprocedurecall. This mayresultin

14System.Task Utilities.Make Independent
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Interrupts_Manager Task

Figure6.5: BasicAutomatonImplementedby theInterruptsManager.

delayedor lostsignals.For thisreason,GNARL providesaseparateServerTask15

for eachsignal[DIBM96].

Insteadof create/abortServerTaskswhentheuser-de�ned interrupthandlers
are attached/detached,GNARL keepsthem alive until the programterminates.
Thusthey arereusedby all UDIPsassociatedwith thesameinterruptduring the
life of the program. The run-timehasa ServerID Table16 which savesServer
Tasksreferences(cf. Figure6.6).

Figure6.7presentsasimpli�ed versionof theServer TasksAutomaton.

6.2.8 Interrupt-Manager and Server-TasksIntegration

Previoussectionshavebeenconcernedwith thebasicfunctionalityof theInterrupt
Manager TaskandtheServerTasks. However, theGNARL implementationis a
little morecomplex because:

1. Ada nestedstyleof interruptsimpliesthatUDIPsaredynamicallyattached
anddetachedto signalsin theelaborationand�nalization of protectedob-
jects.Therefore:

(a) If noUDIP is registeredGNARL musttake thedefaultPOSIXaction,
andthe simpli�ed implementationof the Interrupt Manager did not
considerPOSIXdefault actions(cf. Figure6.5).

15System.Interrupts.ServerTask
16System.Interrupts.ServerID
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GNARL
Level

Stateproc_P

func_P

proc_N

func_N

Compiler
Generated-Code
Level

SIGUSR1

System.Interrupts.Server_ID

SIGUSR2

Server_Task

POSIX
Level

SIGNAL
EVENT

(1)

(2)

SIGUSR1

System.Interrupt_Management.Reserve

False

SIGHUP

True True

SIGINT

. . . . . .

Figure6.6: ServerTasksSignalHandling.

(b) WhenoneUDIP is registeredthesignalis programmedto behandled
by the UDIP. Following UDIPs registeredto the samesignalreplace
previousUDIPs.

(c) If all UDIPsaredetached,GNARL mustagaintakethedefaultPOSIX
action. The previous implementationcan not achieve this effect so
long asthe ServerTaskis sitting on the sigwait. Even if the POSIX
sigactioncommandis usedto settheasynchronoussignalactionto the
default,thatactionwill notbetakenunlessthesignalis unmasked,and
GNARL cannot unmaskthesignalwhile the ServerTaskis blocked
on sigwait becausein POSIX.1cthe effect is unde�ned. Therefore,
GNARL mustwake up the ServerTaskandcauseit to wait on some
operationinsteadfor which it is safeto leave thesignalunmasked,so
thatthedefault actioncanbetaken[DIBM96].
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Figure6.7: BasicAutomatonImplementedby theServer Tasks.

2. GNARL mustprotectdatastructuressharedby theInterruptsManager Task
andtheServerTasks. Therefore,somelocksmustbeadded.

Thesecondrequirement(locks) is easyto solveby meansof POSIXmutexes.
However, the �rst requirementis morecomplex. So let's focusour attentionon
theGNARL solutionof the�rst requirement.

In orderto betterunderstandtheGNARL implementation,weneedto simplify
theServerTasksAutomatonto its mainstates:

� State1: TheServerTaskprovidesthePOSIXdefaultbehavior of thesignal.

� State2: TheServerTaskhasbeenprogrammedto call oneUDIP.

In order to notify the automatonthat it must jump from State1 to State2
GNARL usesonePOSIXConditionVariable; in orderto forcetheautomatonto
jumpfrom State2 (waiting in thePOSIXsigwaitoperation)to State1 thePOSIX
signalSIGABORT is used(this signalis usedto kill thePOSIXthread,andthus
forcesthe ServerTaskto returnfrom the POSIX sigwait operation).Figure6.8
presentsthisautomaton.

If we addthesenew transitionsto our basicTaskServerAutomaton(cf. Fig-
ure 6.7) we have the real automatonimplementedin GNARL (cf. Figure6.9).
In orderto help thereadingof theautomatonall thestateshave beennumbered.
Insidedottedrectangleswe �nd thestatesassociatedwith thesimpli�ed statesof
thepreviousexample(State1 andState2).
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Figure6.8: Simpli�ed ServerTasksAutomaton.

After theinitializations(statesnumbered1 to 3), theautomatonveri�es if any
UDIP hasbeenregisteredby theInterruptManager (state4). Initially, becauseno
UDIP hasbeenregistered,it takesthePOSIXdefault action(state9) andwaitsin
theConditionVariable (condwait, state10)until someUDIP is registeredby the
Interrupt Manager.

Whenany UDIP is registered,the Interrupt Manager signalsthe Condition
Variable andthe ServerTaskAutomatonjumpsto state4, checksif someUDIP
hasbeenregistered(now thisevaluatesto True) andjumpsto state5 to wait for the
next signaloccurrence.Whenthesignalis received,it againchecksif theUDIP
is still registered(state6), becauseit may have beenremoved by the Interrupt
Manager while theautomatonwaswaiting for thesignal.Thenit callstheUDIP
(state7) andagainjumpsto state4.

While the ServerTaskis in state5 waiting for the signaloccurrence,it may
happenthat all UDIPs have beenremoved the Interrupt Manager. In this case
theInterruptManager sendstheSIGABRT signalto theServerTaskto forceit to
jumpto state9. Thissignalwakesup theServerTaskAutomaton, which jumpsto
state8 to reply to the Interrupt Manager with thesamesignalto inform it is not
in state5 (waiting for thesignal). After this noti�cation theautomatonjumpsto
state4 and,becausenoUDIP is found,it jumpsto state9.

6.3 Summary

In this chapterwe have dealtwith themainaspectsrelatedto InterruptsManage-
ment. Although Ada allows us to attacha taskentry to an interrupt,nowadays
this is consideredan obsolescentfeatureof the language.Thus, we have only
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Figure6.9: ServerTasksAutomaton.

discussedtheattachmentof User-De�ned Protected-Proceduresto interrupts.The
mainfeaturesof theGNAT implementationare:

� GNARL associatesAda interruptsto POSIXsignals.

� Eachsignalhasa TaskWrapperresponsiblefor theexecutionof theUser-
De�ned Protected-Procedures.

� The protectedsubprogram
�

associatedwith the protectedsubprogramis
attachedby GNARL to thecorrespondingTaskWrapper.

� Ada providestwo waysto attacha protectedprocedureto anAda interrup-
tion: nestedstyle(by meansof thepragmaAttach Handler) andnon-nested
style(by meansof thepragmaInterrupt Handler).

– Whenthenestedstyleis used,GNARL addsone�eld to therun-time
informationof the protectedobject to save and restorethe previous
handler.

– Whenthenon-nestedstyle is used,a dynamiclink list is usedto reg-
isternon-nestedstyle UDIPs. This list allows GNARL to verify that
only non-nestedUDIPshavebeenmarkedwith theright pragma.

� An Interrupt Manager Taskis usedto serializeall the signal-management
operations.
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Chapter 7

Exceptions

During theexecutionof a program,eventsor conditionsmayoccurwhich might
beconsidered“exceptional”.With commercialor numericcomputing,suchcon-
ditionscanbecateredfor by anappropriaterun-timeerrormessagefollowedby
programtermination.This is not acceptablewith embeddedsystems,wherethe
softwareshouldbetolerantof bothhardwareandsoftwarefaults.Two broadclas-
si�cations of exceptionscanbeisolated[BW98, section1.4]:

� Error conditions— arithmeticover�ow, storageexhaustion,array-bound
violation,subrangeviolations,peripheraltime-outs,etc.

� Abnormalprogramconditions— errorsin userinput data,needfor special
algorithmsto dealwith singularities,etc.

In order to dealwith error conditions,the run-timesystemmustbring such
errorsto theprogramattention[BW98, section1.4].

7.1 Ada Model of Exceptions

An exceptionrepresentsa kind of exceptionalsituation;anoccurrenceof sucha
situation(at run-time)is calledanExceptionOccurrence. To raiseanexceptionis
to abandonnormalprogramexecutionthusdrawing attentionto the fact that the
correspondingsituationhasarisen. Performingsomeactionsin responseto the
arisingof anexceptionis calledHandlingtheexception[AAR95, section11].
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7.1.1 Exception Declaration

Thesyntaxto declareanexceptionis [AAR95, section11-1]:

exception_declaration ::= defining_identifier_list : exception;

7.1.2 RaiseStatement

Thesyntaxto raiseanexceptionis [AAR95, section11-2]:

raise_statement ::= raise [exception_name];

Whenanexceptionoccurrenceis raisedby theexecutionof agivenconstruct,
the restof the executionof that constructis abandoned; that is, any portionsof
theexecutionthathave not yet takenplacearenot performed.A raisestatement
withoutanexceptionnameis are-raisestatementandthereforemustbewithin an
exceptionhandler.

7.1.3 Exception Handling

Whenanexceptionoccurrenceis raised,normalprogramexecutionis abandoned
andcontrol is transferredto anapplicableexceptionhandler, if any. To handlean
exceptionoccurrenceis to respondto theexceptionalevent [AAR95, section11-
4]. Thesyntaxto declareanexceptionhandleris [AAR95, section11-2]:

handled_sequence_of_statements ::=
sequence_of_statements

[ exception
exception_handler
exception_handler]

exception_handler ::=
when [choice_parameter_specification:]

exception_choice
| exception_choice =>
sequence_of_statements

choice_parameter_specification ::= defining_identifier

exception_choice ::= exception_name | others
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If anexceptionoccurrenceis not handled(or is re-raised)it is propagatedto
theinnermostdynamicallyenclosingexecution[AAR95, section11-4]. If anex-
ceptionoccurrenceis unhandedin a taskbody, theexceptiondoesnot propagate
further (becausethereis no dynamicallyenclosingexecution). If the exception
occurredduring the activation of the task, then the activator would raiseTask-
ing Error [AAR95, section11-4].

7.1.4 PackageAda.Exceptions

The following language-de�nedlibrary providesadditionalfacilities for excep-
tionshandling[a-except.ads]:

package Ada.Exceptions is

type Exception_Id is pri vate;
Null_Id : constant Exception_Id;

type Exception_Occurrence is limited pri vate;
type Exception_Occurrence_Access is accessall Exception_Occurrence;

Null_Occurrence : constant Exception_Occurrence;

function Exception_Name (X : Exception_Occurrence) return String;
-- Same as Exception_Name (Exception_Identity (X))

function Exception_Name (Id : Exception_Id) return String;

procedure Raise_Exception (E : in Exception_Id; Message : in String := "" );

function Exception_Message (X : Exception_Occurrence) return String;

procedure Reraise_Occurrence (X : Exception_Occurrence);

function Exception_Identity (X : Exception_Occurrence) return Exception_Id;

function Exception_Information (X : Exception_Occurrence) return String;

procedure Save_Occurrence
(Target : out Exception_Occurrence;

Source : in Exception_Occurrence);

function Save_Occurrence
(Source : in Exception_Occurrence)

return Exception_Occurrence_Access;

pri vate
. . .

end Ada.Exceptions;
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Eachdistinct exceptionis representedby a distinct valueof type ExceptionId.
Null Id doesnotrepresentany exception,andis thedefault initial valueof thetype
ExceptionId. Eachoccurrenceof an exceptionis representedby a valueof the
type ExceptionOccurrence. Similarly, Null Occurrencedoesnot representany
exceptionoccurrence;it is thedefault initial valueof typeExceptionOccurrence.
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7.2 GNAT Implementation

Thefollowing paragraphsdescribeDataStructuresusedby theRun-TimeSystem
to manageall theexceptions.

7.2.1 Exception Identi�er and ExceptionOccurrence

GNAT implementstheexceptionidenti�er asanaccesstoarecord(ExceptionData Ptr1).
Figure7.1presentsthe�elds of this record.

Handled_By_Others : Boolean

Lang : String (1 .. 3)

Name_Length : Natural

Full_Name : String_Ptr

HTable_Ptr : Exception_Data_Ptr

Exception_Data

Figure7.1: ExceptionIdenti�er.

The �eld HandledBy Others is usedto differentiatethe user-de�ned excep-
tion from the run-timeinternalexceptions(i.e. taskabortion)which cannot be
handledby the user-de�ned exceptionhandlers.The �eld Lang de�nes the lan-
guagewheretheexceptionis declared(by default “Ada”). Thenext two �elds are
usedto storethe full nameof the exception. This nameis composedof a pre-
�x (thefull pathof thescopewheretheexceptionis declared)andtheexception
name.Thelast�eld is usedto createlinkedlistsof exceptionidenti�ers (describe
in section7.2.2).

Whenanexceptionis raised,thecorrespondingexceptionoccurrenceis stored
by theGNAT run-timein theCompilerData �eld of theATCB. Thedatatypeof
this �eld is a record;theCurrent Excep2 �eld of this recordstorestheexception
occurrence.

The ExceptionRaised�eld is set to True to indicatethat this exceptionoc-
currencehasactually beenraised. When an exceptionoccurrenceis �rst cre-
ated,it is setto false;then,whenit is laterprocessedby theGNARL subprogram

1System.Standard Library.ExceptionData Ptr
2System.SoftLinks.TSD

107



(C) Javier Miranda,2002(v 1.0) Chapter7: Exceptions

Handled_By_Others : Boolean

Lang : String (1 .. 3)

Name_Length : Natural

Full_Name : String_Ptr

HTable_Ptr : Exception_Data_Ptr

Exception_Data

Compiler_Data

Pri_Stack_Info
Jmpbuf_Address
Sec_Stack_Addr
Exc_Stack_Addr
Current_Excep

Id
Msg
Msg_Length
Exception_Raised

ATCB

Figure7.2: OccurrenceIdenti�er.

RaiseCurrent Exception3, it is setto True. Thisallowstherun-timeto distinguish
if it is dealingwith anexceptionre-raise.

7.2.2 ExceptionsTable

Becausethevisibility rulesof Ada exceptions(an exceptionmaynot be visible,
thoughhandledby the others handler, re-raisedandthenagainvisible to some
othercalling scope)a global tablemustbeused(ExceptionsTable4). In orderto
handletheexceptionsin anef�cient way, theAda run-timeusesa hashtable(cf.
Figure7.3).

As thereadercansee,anaccessestableto theexceptionidenti�ers is used.A
simplelinked list of exceptionidenti�ers is usedto handlecollisions. The �eld
HTable Ptr5 is usedto link theexceptionidenti�ers.

Whenanexceptionis raisedin a task,thecorrespondingexceptionidenti�er
mustbefound. Thereforethehashfunctionis evaluated,andtheresultinglinked
list is traversedto look for theexceptionidenti�er. Thenits referenceis storedin
theATCB of the task. This referenceis kept in theATCB until the exceptionis

3Ada.Exceptions.RaiseCurrent Excep
4System.ExceptionTable
5System.Standard Library.TSD
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Tasking_Error

Compiler_Data

Pri_Stack_Info
Jmpbuf_Address
Sec_Stack_Addr
Exc_Stack_Addr
Current_Excep

Id
Msg
Msg_Length
Exception_Raised

ATCB

Storage_Error

. . . . .

Program_Error

Constraint_Error

Figure7.3: HashTable.

handled(thoughtheexceptionmaynotbevisible in someexceptionhandlers).

Theelementsin thehashtablearenever removed;they arekeptuntil theend
of theprogram.

7.2.3 ExceptionDeclaration

Thecompilertranslatesanexceptiondeclarationto a variabledeclarationof type
ExceptionData. In order to distinguishamongthe exceptionswith the same
name,the nameof an exceptionis madeup of the completepath of its scope.
For instance,if we declarethe exceptionMy Error in the function Locate, the
nameassignedby the compilerwill be Locate.My Error. Sinceit is necessary
to includetheassociateddatain theexceptionshashtable,thecompilerinsertsa
call to theGNARL subprogramRegister Exception6. This subprogramevaluates
thehashfunctionfrom theexceptionnameandtheninsertsits datarecordat the
beginningof thecorrespondinglinkedlist. Thisrecordremainsin thelist until the
endof theprogram.

6System.ExceptionTable.Register Exception
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7.2.4 Exception Handler

Thissectionpresentsageneraloverview of theexceptionhandlersimplementation
donein GNAT via thePOSIXsetjump/longjmpmechanism.The long jump is a
POSIX operationwhich transferscontrol from the currentpoint of executionto
the point of a previous call to setjmp()at a lower nestinglevel of stackframes.
Speci�cally, setjmp()canbecalledastheconditionof anif statement.In essence,
setjmp()savesthestateof thethreadat thepointof call into a jumpbuffer variable
andreturnsthe valuezero. The longjmp()operationreloadsthe statefrom the
jumpbuffer which transferscontrolto thesetjmp()call causingsetjmp()to return
again,but this time with a non-zerovalue.Thusthelongjmp()canbeusedto roll
backa computationto an earlierconditionalbranchingpoint andtake the other
branch(in ourcase,theexceptionhandler)[GMB93, section4.2].

TheGNAT compilertranslatesthefollowing Adacode

begin
User_Code;

exception
when Exception1 =>

Exception1_Code;
when Exception2 =>

Exception2_Code;
. . .
when others =>

Others_Code;
end;

. . . to thefollowing code:

declare
Env : Jmp_Buf;

begin
if setjmp(Env) then

User_Code;
else

declare
Exception_ID: GNARL.Exception_ID;

begin
Identify the raised exception;
GNARL.Undefer_Abortion;
case Exception_ID is

when Exception1 =>
Exception1_Code;

when Exception2 =>
Exception2_Code;

. . .
when others =>
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Others_Code;
end case;

end; -- declare
end if ;

end;

7.2.5 RaiseStatement

Ada allows anexceptionto be raisedin two differentways: (1) by meansof the
raisestatementand(2)bymeansof theprocedureAda.Exceptions.RaiseException
which allows the programmerto associatea messageto the exception. In both
cases,the compilergeneratesa call to a GNARL functionwhich carriesout the
following actions:

1. To �ll theATCB exceptionoccurrence.

2. To defertheabortion.

3. If thereis oneexceptionhandlerinstalled,thenjumpto it.

4. Otherwise(no exceptionhandlercanbecalled)terminatetheexecutionof
theprogram.

7.3 Summary

In thischapterthebasicconceptsof theGNAT exceptionhandlingimplementation
hasbeenpresented.

� TheexceptionID is anaccessto a recordwherethefull nameof theexcep-
tion is stored.

� Theexceptionoccurrenceis storedin theATCB.

� All theexceptionsarestoredin ahashtable.

� Theexceptionhandlercanbeimplementedby meansof thesetjmp/longjmp
POSIXmechanism.

111



(C) Javier Miranda,2002(v 1.0) Chapter7: Exceptions

112



Chapter 8

Abortion

Whenan error condition is detectedin a programtwo basicmechanismsallow
usto handletheerror: exceptions, which canbeusedwhenthetaskitself detects
the error conditionandcanexplicitly raise(andhandle)the exception,and the
abortion which is usedwhenanothertaskdetectsthe error condition. Ada pro-
videstwo basicmechanismsto abortsomeexecution: the abort statement,and
theAsynchronousTransferof Control (ATC).

8.1 Ada Abortion

8.1.1 Abort Statement

Theabortstatementis intendedfor usein responseto thoseerrorconditionswhere
recovery by theerranttaskis deemedto be impossible.Taskswhich areaborted
aresaidto becomeabnormal, andarethuspreventedfrom interactingwith any
othertask. Ideally, anabnormaltaskwill stopexecutingimmediately. However,
someimplementationsmay not be able to facilitate immediateshut-down, and
hencethe ARM [AAR95, section9.8] requiresis that the taskterminatebefore
it next interactswith othertasks[BW98, section10.2]. The syntaxof the abort
statementis:

abort_statement ::= abort task_name , task_name;

Eachabortedtaskbecomesabnormalandany non-completedtasksthat de-
pendupon an abortedtask also becomeabnormal. Onceall namedtasksare
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markedasabnormal,thentheabortstatementis complete,andthetaskexecuting
the abortcancontinue. It doesnot wait until namedtaskshave actually termi-
nated[BW98, section10.2].

After a taskhasbeenmarked asabnormal,executionof its body is aborted.
Thismeansthattheexecutionof everyconstructin thetaskbodyis aborted,unless
it is involved in the executionof an abort deferred operation. The executionof
an abort-deferredoperationis allowed to completebeforeit is aborted[BW98,
section10.2].

If a constructwhich hasbeenabortedis blocked outsidean abort-deferred
operation(other than at an entry call), the constructbecomesabnormaland is
immediatelycompleted.Otherconstructsmustcompleteno later thanthe next
abort completionpoint (if any) that occursoutsidean abort-deferredoperation.
Theseare[BW98, section10.2]:

� Theendof activationof a task.

� Thepointwheretheexecutioninitiatestheactivationof anothertask.

� Thestartor endof anentrycall, acceptstatement,delaystatementor abort
statement.

� Thestartof theexecutionof a selectstatement,or of thesequenceor state-
mentsof anexceptionhandler.

Certainactionsmustbeprotectedin orderthat the integrity of the remaining
tasksandtheir databeassured.Thefollowing operationsarede�ned to beabort-
deferred[BW98, section10.2.1]:

� A protectedaction.

� Waiting for anentrycall to complete.

� Waiting for terminationof dependenttasks.

� The executionof an “initialize” procedure,a “�nalize” procedure,or an
assignmentoperationof anobjectwith acontrolledpart.
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8.1.2 AsynchronousTransfer of Control

Theasynchronoustransferof controlallowsthecallerto continueexecutingsome
codewhile the entrycall is waiting to be attended.The syntaxis [AAR95, sec-
tion 9.7.4]:

asynchronous_select ::=
select

triggering_alternative
then abort

abortable_part
end select;

triggering_alternative ::=
triggering_statement
[sequence_of_statements]

triggering_statement ::=
entry_call_statement

| delay_statement

abortable_part ::= sequence_of_statements

If thetriggeringstatementis queued(dueto anentrycall statementor to ade-
lay statement)theabortablepartstartsits concurrentexecution.Whenoneof the
parts�nishes its executionit abortstheexecutionof theotherpart. This provides
local abortionwhich is potentiallycheaperthantheabortionof theentiretask.

Thereis a restrictionon the sequenceof statementsthat can appearin the
abortablepart. It mustnot containanacceptstatement.Thereasonfor this is to
keeptheimplementationassimpleaspossible[BW98, section10.3.2].

The asynchronousselectstatementcan be nested. The abortablepart may
itself containanotherasynchronousselectstatement.In this case,the ATC may
haveto propagateto anouterasynchronousselectscopeif its triggeringstatement
completes. In the process,all inner asynchronousselectstatementshave to be
aborted[GMB93, section4.1].
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8.2 GNAT Implementation

8.2.1 Abort Deferral

At someprede�nedpoints the abortioncan not be immediatelyattended. For
example,abortdeferralis requiredby the languagefor protectedactionsand�-
nalizationroutines.It is generallyalsorequiredduring theexecutionof theAda
run-time,to ensurethe integrity of run-timedatastructures.Implementingabort
deferralcanbedividedinto two parts[GB94b,Section3.3]:

� Determiningwhetherabort is deferredfor a given task, at the point it is
targetedfor abortion.

� Ensuringdeferredabortsareprocessedimmediatelywhenabort-deferralis
lifted.

In general,thedeterminationof whetheragiventaskis abort-deferredmustbe
carriedout by thetaskitself. In a single-processorsystem,it maybepossiblefor
thetaskinitiating anabortto determinewhetherthetarget taskis abort-deferred.
However, in amulti-processorsystem,or asingleprocessorsystemwheretheAda
run-timeis not in directcontrolof taskscheduling,this is notpossible.Theabort-
deferralstateof thetarget taskmaychangebetweenthepoint it is testedandthe
point thetargettaskis interrupted[GB94b,Section3.3].

Therearetwoobvioustechniquesfor recordingwhetherataskis abort-deferred.
Onetechniqueis sometimestermedPCmapping.The compilerand link-editor
generatea mapof abort-deferredregions.Whetherthetaskis abort-deferredcan
thenbedeterminedby comparingthecurrentinstruction-pointervalue,andall the
savedreturnaddressesof activesubprogramcalls,againstthemap.To ensurethe
abortis processedonexit from theabort-deferredregion,oneoverwritesthesaved
returnaddressof theoutermostabort-deferredcall framewith theaddressof the
abort-processingroutine(saving the old returnaddresselsewhere). The test for
abortdeferralmaytaketimeproportionalto thedepthof subprogramcall nesting,
but thatoccursonly if anATC is attempted.Until thatoccurs,noruntimeoverhead
is incurredfor abortdeferral. A restrictionof this methodis that abort-deferred
regionsmustcorrespondto callableunitsof code.Anotherrestrictionis that the
subprogramcalling conventionis constrainedto (1) ensurethe returnaddresses
arealwaysin a predictableandaccessiblelocationand(2) ensurethis datais al-
waysvalid, evenif thecalling sequenceis interrupted.Unfortunately, that is not
truefor somearchitectures[GB94b,Section3.3].
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In theothertechniquethe taskincrementsanddecrementsa deferralnesting
level (e.g. in a dedicatedregisteror the ATCB), whenever it entersandexits an
abort-deferredregion. On exit from sucha region, if thecountergoesto zero,the
taskmustcheckwhetherthereis apendingabortand,if so,processtheabort.This
deferral-countermethodimposessomedistributedoverheadon entryandexit of
abort-deferredregions,but allowsGNARL quickchecking[GB94b,Section3.3].
This is the techniqueusedby the GNAT run-time. GNAT UndeferAbort1 sub-
programis the universalpolling point for deferredprocessing.It is responsible
for:

1. Basepriority changes. It veri�es if somepriority changewas requested
(PendingPriority Change ATCB �eld). In this case,the task yields the
processorsothatthePOSIXschedulerchoosesthenext taskto execute.

2. Exceptionhandling. It veri�es if thereis somependingexceptionto raise
(ExceptionTo RaiseATCB �eld).

3. Abort/AsynchronousTransferof Control (ATC). It veri�es if the internal
exceptionAbort Signalmustberaised.

If somerequestis madeto modify thepriority of a task,or to abortanabort-
deferredtask,theATCB �eld PendingActionis setto True(andtheabortionwill
bedonelaterby theGNARL UndeferAbortionprocedure).

8.2.2 Abort Statement

In general,processingan abort requiresunwinding the stackof the target task,
ratherthan immediatelyjumping out of the abortedpart (or killing the task, in
the caseof entire-taskabortion). Theremay be local controlledobjects,which
requiretheexecutionof a �nalization routine.Therealsomaybedependenttasks,
which requirethe abortedprocessingblock until they have beenaborted,�nal-
ized,andterminated.The�nalization mustbedonein LIFO orderandthestack
contexts of the objectsrequiring�nalization mustbe preserved until the objects
are�nalized [GB94b,Section3.4]

TheGNARL implementationof theAdaabortstatementis madeupof:

� One�ag in the ATCB (Aborting). While set,this �ag preventsa racebe-
tweenmultipleabortersandtheabortedtask.

1System.Tasking.Initialization.UndeferAbort
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� One internal exception( Abort Signal). This exceptionis not visible to
usercodeand can only be caughtby run-time systemcode. When this
exceptionis raised,it propagatesbackwith �nalization beingdonealongthe
way [BG93,Section5.2.3]. In orderto avoid thehandlingof thisexception
by theothersexceptionhandlers,oneadditional�eld hasbeenaddedto the
GNARL datatypeusedto identify theexceptions:Not HandledBy Others.
It is only setto True in this specialcase.

� OnePOSIXsignal(SIGABRT), which cannotbemasked.

 Ada
Source

   GNAT
Front-end

Object
 Code

Abort_Tasks

Abort_Tasks

GNARL
System.Tasking
              .States

System.Tasking
              .Utilities

GNULL
pthread_cond_signalSystem.OS_Interface

POSIX

Abort_One_Task

System.Tasking
              .Initialization Locked_Abort_To_Level (0)

Wakeup Abort_Task
System.Task_Primitives
              .Operations

pthread_cond_signal

pthread_kill (ABORT_SIGNAL)

pthread_kill (SIG_ABRT)

runningblocked

Figure8.1: GNARL Subprogramsfor theAbort Statement.

Figure 8.1 presentsthe sequenceof run-time subprogramsinvolved in the
task abortion. The GNARL procedureLocked Abort To Level2 setsto true the
ATCB �ag PendingAction. and,dependingon thecurrentstateof thetarget task
(blockedor running)it callsWakeup3 or Abort Task4.

2System.Task Initialization.Locked Abort To Level
3System.Task Primitives.Operations.Wakeup
4System.Task Primitives.Operations.AbortTask
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� If the taskto be abortedis in a blocked state(taskstatesaredescribedin
section2.1.1), then it is in a deferredabortionsection. After the aborted
taskis wakedup,it continuesits executionandexecutestheGNARL Unde-
fer Abortion5 subprogram.At this momentthePendingActionATCB �ag
will be checked. Becauseit is true, the ATCB �ag Aborting is setto true
andinternalexception Abort Signalis raisedin theabortedtask.

� If the task is in the running statethen the abortersendsto it the signal
SIG ABRTandthentheAbort Handler6 asynchronouslyraisesthe internal
exception Abort Signalin theabortedtask.

In both casesthe internalexceptionAbort Signalcannot be handledby the
userde�ned exceptionhandlersandunwindsthestackof theabortedtask.

8.2.3 AsynchronousTransfer of Control

An implementationof ATC mustaddressthefollowing issues[GB94b,section3]:

� Interruptionof thetargettaskandabortioninitiation.

� Deferralof abortovercertainregions.

� Executionof �nalization proceduresfor any local objectsin the aborted
part,eachin its correctcontext.

� Finding the proper location and context to continueexecution,after the
ATC.

� Handlingnestedscopes,includingnestedasynchronousselectstatements.

� Ensuringsafetyof compiler-generatedcodesequences,including subpro-
gramcall andreturnwheninterruptedby ATC.

SinceATC is not likely to be usedin most(non real-time)Ada programs,a
key objective of any implementationshouldbe to imposelittle or no distributed
overheadfor the existenceof this feature. Subjectto this constraint,the imple-
mentationof ATC shouldbeasef�cient aspossible[GB94b,section3].

5System.Task Initialization.UndeferAbortion
6System.Task Primitives.Operations.AbortHandler
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Thereare two implementationmodelsfor the ATC, which canbe classi�ed
accordingto the numberof threadsrequiredfor its implementation.Onethread
modelandtwo threadsmodel.

� One-Threadmodel

In this modelthecallerstartswith thetriggeringstatement(basicallyit ex-
ecutesthe stepsdescribedin 3.2.2). If it canbe completedimmediately,
theabortablepart is never executedat all; the taskcontinueswith the trig-
geredstatementsandthenjumpsto theendof theselectstatement.Other-
wise, if theentrycall remainsabortablyqueuedthe taskdoesnot suspend
execution; insteadit proceedsto executethe abortablepart. If triggering
eventoccursbeforethe taskcompletestheabortablepart, thetaskis inter-
ruptedand forcedto �rst execute�nalization codefor the abortablepart,
thentransfercontrolto thetriggeredstatements.Otherwise,if theabortable
partcompletesbeforethecompletionof theentrycall, anattemptis made
to cancelthe entry call and, if successful,jumps to the endof the select
statement[BW98, section10.3.2][GB94b,section3.1].

Similarly, if the triggeringstatementis a delaystatement,the delay time
is calculatedand,if it hasnot passed,the abortablepart is thenexecuted.
If this �nishes before the delay time expires, the delay is canceledand
theexecutionof theasynchronousselectstatementis �nished [BW98, sec-
tion 10.3.2].

If thecancellationof thetriggeringeventfails,becausetheprotectedaction
or rendezvoushasstarted,or hasbeenrequeued(without abort), thenthe
asynchronousselectstatementwaits for the triggering statementto com-
plete beforeexecutingthe optional sequenceof statementsfollowing the
triggeringstatement[BW98, section10.3.2].

� Two-Threadmodel

In this model,beforeblockingon thetriggeringstatement,thetaskexecut-
ing the asynchronousselectcreatesan agentthreadof control to execute
the abortablepart. The ATC is carriedout by abortingthe agentthread,
if theoriginal threadwakesup at the triggeringstatementbeforetheagent
completes[GB94b,section3.1].

Proponentsof the two-threadmodelhave arguedthat it simpli�es the imple-
mentationof several aspects.One is that it preservers two useful invariantsof
theoriginal Ada taskingmodelnamely: (1) a threadthat is waiting for an event
is not executing;(2) a threadnever waits for morethana timeoutandoneother
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event.Anothersimpli�cation is thatthetwo threadmodeleliminatestheneedfor
onethreadto asynchronouslymodify anotherthread's �o w of control, which is
not possiblein someexecutionenvironments.If thereis a way to kill a thread,it
shouldbesuf�cient to simplykill theagentthreadandwakeuptheclient [GB94b,
section3.1].

The two-threadmodel seemsto complicatethe implementationat leastas
muchasit simpli�es it. It violatesa key invariantof Ada tasking,that thereis a
one-to-onecorrespondencebetweentasksandthreadsof control.Thisassumption
pervadesthesemantics,andis thefoundationof existing Ada taskingimplemen-
tations. Lossof this invarianthasmany rami�cations. Among these,datathat
previously couldonly beaccessedby onethreadof control becomessusceptible
to raceconditions.Thus,therearenew requirementsfor synchronization,andnew
potentialfor deadlockwithin a singletask. Also, just killing the agentthreadis
notsuchasimplesolutionasit mightseem.Thereremainstheproblemof how to
executetheagent's �nalization code. If theoperationthatkills a threaddoesnot
support�nalization, someotherthreadmustperformthe�nalization. To do so,it
mustwait for thekilled threadto beterminatedto beableto obtainaccessto the
run-timestackof theterminatedthread.Thelattermaynotbepossiblein systems
wherekilling a threadalsoreleasesits stackspace[GB94b,section3.1].

Theone-threadmodelcanbeimplementedusinga signalandlongjmp(). The
trigger (entry call or delay) is pendingon the threadwhile the abortablepart is
executed.If theabortablepartcompletes�rst, thependingtrigger is removed. If
thetriggercompletes,anabortionsignalis sentto thethread.Thesignalhandler
for the abortionsignal then transferscontrol out of the abortablepart into the
triggeredstatements[GMB93, section4.3]. Dueto thedisadvantagesof thetwo-
threadedmodel,GNAT implementstheone-threadmodel.Thenon-localjump is
performedby raisingthe internalexceptionin a signalhandler. Thepropagation
of thisexceptionabortsoneor morelevelsof abortableparts[GB94a,section4.3].

ATCscanbenested.This allows a taskto issueanotherentrycall while it is
waitingto completeapreviousentrycall (in theabortablepartof theATC).There-
fore, theAda run-timemuststoreall thesependingentrycalls. TheGNAT run-
time associatesanEntry Call Stack to eachAda task(Entry Calls ATCB �eld—
�gure 8.2).Thetopof this stack(ATC NestingLevelATCB �eld) is initialized to
1, indicatingthat the taskhasnot issuedany entrycall. Beforeanentrycall, the
task incrementsATC NestingLevel. Therefore,level 1 is not used. The Pend-
ing ATC Level �eld is usedto signalan abort. In order to distinguishbetween
theAbort statementandtheendof anasynchronousrequesttheGNAT run-time
de�nesthefollowing rule:
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� In thecaseof anabort statement,PendingATC Level is setto 0.

� In thecaseof anATC �nalization, PendingATC Level is setto thelevel in
whichthecallerwasjustbeforetheentrycall wasmade(ATC NestingLevel
minusone).

Compiler
Generated-Code
Level

ATCB

Task_Arg
State
 . . .
Entry_Call

ATC_Nesting_Level
Pending_ATC_Level
All_Tasks_Link
LL

Thread
Cond_Var
Lock

Run-Time
Level

. . .
Uninterpreted_Data
. . .

Entry Call Record

Number
Text

Parameters Record

Integer Variable

String Variable

 1
 2
 :
 :
 :
20

Figure8.2: EntryCallsStack.

8.2.4 GNAT Implementation of the One-ThreadModel

Below wepresentthetranslationdoneby thecompilerto implementtheATC.

declare
P : Parms := (Parm1, Parm2, ..., ParmN);
Successful : Boolean;

begin
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GNARL.Defer_Abortion;
GNARL.Task_Entry_Call (Task_ID, Entry_ID, P'Address, Successful);
begin -- Abortable Part Scope

begin
GNARL.Undefer_Abortion;
<< Abortable Part >>

at end
GNARL.Entry_Call_Cancellation

end;
exception

when Abort_Signal =>
GNARL.Undefer_Abortion;

end;
if not Successful then

[ Parm1 := P.Parm1; ]
[ Parm2 := P.Parm2; ]
[ ... ]
<< Triggered Statements >>

end if ;
end;

The �rst action madein the scopeassociatedwith the ATC is to defer the
abortion7. Without this, anabortionthatoccursbetweenthe time that thecall is
madeandthe time that theabortablepart's cleanuphandleris setup might miss
thecleanuphandlerandleave thecall pending).TheATC requestis alsohandled
by theGNARL procedureTaskEntry Call but in this casethewholesequenceof
actionsis:

� Task Entry Call: 8

1. IncrementtheATC nestinglevel.

2. ElaborateoneEntryCall Record andassociateto it theEntryParame-
tersRecord.

3. Call TaskDo Or Queue.

� Task Do Or Queue:

(Exactly the samesequenceof stepsdonefor the simplemodeentry call
(describedin section3.2.2).

7System.Taskin.Initialization.DeferAbort
8System.Tasking.Rendezvous.TaskEntry Call
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8.3 Summary

In this chapterthebasicconceptsof theGNAT implementationof theAda local
andglobalabortionhavebeenpresented.

� TheGNARL implementationof theAdaabortstatementis madeup of:

– One�ag in the ATCB: Aborting. While set,this �ag preventsa race
betweenmultipleabortersandtheabortedtask.

– Oneinternalexception: Abort Signal. Thisexceptionis notvisible to
usercodeandcanonly behandledby run-timesystemcode.

– Onesignal(SIGABRT), which cannotbemasked.

� Therearetwo modelsto implementtheATC. GNAT implementsthecanon-
ical one-threadmodel.

� EachtaskhasoneEntryCall Stack in its ATCB which is usedto implement
nestedATC entrycalls.
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GNU FreeDocumentationLicense

Version1.1,March2000

Copyright c
�

2000FreeSoftwareFoundation,Inc.
59 TemplePlace,Suite330,Boston,MA 02111-1307USA
Everyoneis permittedto copy anddistributeverbatimcopiesof this licensedocu-
ment,but changingit is notallowed.

Preamble

Thepurposeof this Licenseis to make a manual,textbook,or otherwritten doc-
ument“free” in the senseof freedom: to assureeveryonethe effective freedom
to copy andredistribute it, with or without modifying it, eithercommerciallyor
noncommercially. Secondarily, this Licensepreserves for the authorand pub-
lishera way to get credit for their work, while not beingconsideredresponsible
for modi�cationsmadeby others.

ThisLicenseis akind of “copyleft”, whichmeansthatderivativeworksof the
documentmustthemselvesbe free in thesamesense.It complementstheGNU
GeneralPublicLicense,which is acopyleft licensedesignedfor freesoftware.

WehavedesignedthisLicensein orderto useit for manualsfor freesoftware,
becausefreesoftwareneedsfreedocumentation:afreeprogramshouldcomewith
manualsproviding thesamefreedomsthat thesoftwaredoes.But this Licenseis
not limited to softwaremanuals;it canbeusedfor any textualwork, regardlessof
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subjectmatteror whetherit is publishedasa printedbook. We recommendthis
Licenseprincipally for workswhosepurposeis instructionor reference.

A.1 Applicability and De�nitions

ThisLicenseappliesto any manualor otherwork thatcontainsanoticeplacedby
thecopyright holdersayingit canbedistributedunderthe termsof this License.
The“Document”,below, refersto any suchmanualor work. Any memberof the
public is a licensee,andis addressedas“you”.

A “Modi�ed Version”of theDocumentmeansany work containingtheDoc-
umentor a portion of it, either copiedverbatim,or with modi�cations and/or
translatedinto anotherlanguage.

A “SecondarySection”is a namedappendixor a front-mattersectionof the
Documentthatdealsexclusively with therelationshipof thepublishersor authors
of the Documentto the Document's overall subject(or to relatedmatters)and
containsnothingthat could fall directly within that overall subject. (For exam-
ple, if the Documentis in part a textbook of mathematics,a SecondarySection
maynot explain any mathematics.)Therelationshipcouldbea matterof histor-
ical connectionwith thesubjector with relatedmatters,or of legal, commercial,
philosophical,ethicalor political positionregardingthem.

The“InvariantSections”arecertainSecondarySectionswhosetitles aredes-
ignated,asbeingthoseof InvariantSections,in thenoticethatsaysthattheDoc-
umentis releasedunderthisLicense.

The“Cover Texts” arecertainshortpassagesof text thatarelisted,asFront-
Cover Texts or Back-Cover Texts, in the notice that saysthat the Documentis
releasedunderthisLicense.

A “Transparent”copy of theDocumentmeansa machine-readablecopy, rep-
resentedin a formatwhosespeci�cationis availableto thegeneralpublic,whose
contentscanbeviewedandediteddirectlyandstraightforwardlywith generictext
editorsor (for imagescomposedof pixels)genericpaintprogramsor (for draw-
ings) somewidely availabledrawing editor, andthat is suitablefor input to text
formattersor for automatictranslationto a variety of formatssuitablefor input
to text formatters.A copy madein an otherwiseTransparent�le format whose
markuphasbeendesignedto thwart or discouragesubsequentmodi�cation by
readersis notTransparent.A copy thatis not “Transparent”is called“Opaque”.
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Examplesof suitableformatsfor TransparentcopiesincludeplainASCII with-
out markup,Texinfo input format, LATEX input format, SGML or XML usinga
publicly available DTD, and standard-conformingsimple HTML designedfor
humanmodi�cation. OpaqueformatsincludePostScript,PDF, proprietaryfor-
matsthat can be readand editedonly by proprietaryword processors,SGML
or XML for which the DTD and/orprocessingtools arenot generallyavailable,
andthemachine-generatedHTML producedby somewordprocessorsfor output
purposesonly.

The “Title Page” means,for a printed book, the title pageitself, plus such
following pagesasareneededto hold, legibly, thematerialthis Licenserequires
to appearin thetitle page.For worksin formatswhich do not haveany title page
assuch,“Title Page” meansthe text nearthe mostprominentappearanceof the
work's title, precedingthebeginningof thebodyof thetext.

A.2 Verbatim Copying

You maycopy anddistributetheDocumentin any medium,eithercommercially
or noncommercially, providedthatthis License,thecopyright notices,andtheli-
censenoticesayingthis Licenseappliesto the Documentarereproducedin all
copies,andthatyou addno otherconditionswhatsoever to thoseof this License.
You maynot usetechnicalmeasuresto obstructor control thereadingor further
copying of thecopiesyou makeor distribute.However, you mayacceptcompen-
sationin exchangefor copies.If you distributea largeenoughnumberof copies
youmustalsofollow theconditionsin section3.

You may alsolend copies,underthe sameconditionsstatedabove, andyou
maypublicly displaycopies.

A.3 Copying in Quantity

If you publishprintedcopiesof theDocumentnumberingmorethan100,andthe
Document's licensenoticerequiresCover Texts, you mustenclosethe copiesin
covers that carry, clearly and legibly, all theseCover Texts: Front-Cover Texts
on the front cover, andBack-Cover Texts on the backcover. Both coversmust
alsoclearly andlegibly identify you asthe publisherof thesecopies. The front
cover mustpresentthefull title with all wordsof thetitle equallyprominentand
visible. You may add other materialon the covers in addition. Copying with
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changeslimited to thecovers,aslong asthey preserve the title of theDocument
andsatisfytheseconditions,canbetreatedasverbatimcopying in otherrespects.

If the requiredtexts for either cover are too voluminousto �t legibly, you
shouldput the�rst oneslisted(asmany as�t reasonably)on theactualcover, and
continuetherestontoadjacentpages.

If you publishor distributeOpaquecopiesof theDocumentnumberingmore
than100,youmusteitherincludeamachine-readableTransparentcopy alongwith
eachOpaquecopy, or statein or with eachOpaquecopy a publicly-accessible
computer-network locationcontaininga completeTransparentcopy of theDocu-
ment,freeof addedmaterial,which thegeneralnetwork-usingpublic hasaccess
to downloadanonymouslyat no chargeusingpublic-standardnetwork protocols.
If you usethe latter option, you must take reasonablyprudentsteps,whenyou
begin distribution of Opaquecopiesin quantity, to ensurethat this Transparent
copy will remainthusaccessibleat thestatedlocationuntil at leastoneyearafter
the last time you distribute an Opaquecopy (directly or throughyour agentsor
retailers)of thateditionto thepublic.

It is requested,but not required,thatyoucontacttheauthorsof theDocument
well beforeredistributing any large numberof copies,to give thema chanceto
provideyou with anupdatedversionof theDocument.

A.4 Modi�cations

You maycopy anddistributea Modi�ed Versionof theDocumentunderthecon-
ditionsof sections2 and3 above,providedthatyou releasetheModi�ed Version
underpreciselythisLicense,with theModi�ed Version�lling theroleof theDoc-
ument, thus licensingdistribution and modi�cation of the Modi�ed Versionto
whoeverpossessesacopy of it. In addition,youmustdo thesethingsin theMod-
i�ed Version:

� Usein theTitle Page(andon thecovers,if any) a title distinctfrom thatof
theDocument,andfrom thoseof previousversions(which should,if there
wereany, be listed in theHistory sectionof theDocument).You mayuse
thesametitle asa previousversionif theoriginal publisherof thatversion
givespermission.

� List ontheTitle Page,asauthors,oneormorepersonsor entitiesresponsible
for authorshipof the modi�cations in the Modi�ed Version,togetherwith
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at least� ve of the principal authorsof the Document(all of its principal
authors,if it haslessthan� ve).

� Stateon theTitle pagethenameof thepublisherof theModi�ed Version,
asthepublisher.

� Preserveall thecopyright noticesof theDocument.

� Add anappropriatecopyright noticefor your modi�cationsadjacentto the
othercopyright notices.

� Include, immediatelyafter the copyright notices,a licensenotice giving
the public permissionto usethe Modi�ed Versionunderthe termsof this
License,in theform shown in theAddendumbelow.

� Preservein thatlicensenoticethefull listsof InvariantSectionsandrequired
CoverTextsgivenin theDocument's licensenotice.

� Includeanunalteredcopy of thisLicense.

� Preserve the sectionentitled“History”, andits title, andaddto it an item
statingat leastthe title, year, new authors,andpublisherof the Modi�ed
Versionasgivenon theTitle Page.If thereis no sectionentitled“History”
in theDocument,createonestatingthetitle, year, authors,andpublisherof
the Documentasgiven on its Title Page,thenaddan item describingthe
Modi�ed Versionasstatedin theprevioussentence.

� Preserve the network location, if any, given in the Documentfor public
accessto aTransparentcopy of theDocument,andlikewisethenetwork lo-
cationsgivenin theDocumentfor previousversionsit wasbasedon. These
maybeplacedin the“History” section.You mayomit a network location
for awork thatwaspublishedat leastfour yearsbeforetheDocumentitself,
or if theoriginalpublisherof theversionit refersto givespermission.

� In any sectionentitled“Acknowledgements”or “Dedications”,preservethe
section's title, andpreserve in thesectionall thesubstanceandtoneof each
of thecontributoracknowledgementsand/ordedicationsgiventherein.

� Preserve all the InvariantSectionsof theDocument,unalteredin their text
andin their titles. Sectionnumbersor theequivalentarenotconsideredpart
of thesectiontitles.

� Deleteany sectionentitled “Endorsements”.Sucha sectionmay not be
includedin theModi�ed Version.
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� Do not retitle any existing sectionas“Endorsements”or to con�ict in title
with any InvariantSection.

If theModi�ed Versionincludesnew front-mattersectionsor appendicesthat
qualify asSecondarySectionsandcontainnomaterialcopiedfrom theDocument,
you may at your option designatesomeor all of thesesectionsasinvariant. To
do this, addtheir titles to the list of InvariantSectionsin theModi�ed Version's
licensenotice.Thesetitles mustbedistinctfrom any othersectiontitles.

You may adda sectionentitled “Endorsements”,provided it containsnoth-
ing but endorsementsof your Modi�ed Versionby variousparties– for example,
statementsof peerreview or thatthetext hasbeenapprovedby anorganizationas
theauthoritativede�nition of astandard.

You mayadda passageof up to � ve wordsasa Front-Cover Text, anda pas-
sageof up to 25 wordsasaBack-Cover Text, to theendof thelist of CoverTexts
in theModi�ed Version.Only onepassageof Front-CoverText andoneof Back-
CoverText maybeaddedby (or througharrangementsmadeby) any oneentity. If
theDocumentalreadyincludesa cover text for thesamecover, previously added
by you or by arrangementmadeby the sameentity you areactingon behalfof,
youmaynotaddanother;but youmayreplacetheold one,onexplicit permission
from thepreviouspublisherthataddedtheold one.

The author(s)andpublisher(s)of the Documentdo not by this Licensegive
permissionto usetheir namesfor publicity for or to assertor imply endorsement
of any Modi�ed Version.

A.5 Combining Documents

You may combinethe Documentwith otherdocumentsreleasedunderthis Li-
cense,underthetermsde�ned in section4 above for modi�ed versions,provided
thatyou includein thecombinationall of theInvariantSectionsof all of theorig-
inal documents,unmodi�ed, andlist themall asInvariantSectionsof your com-
binedwork in its licensenotice.

Thecombinedwork needonly containonecopy of thisLicense,andmultiple
identicalInvariantSectionsmaybereplacedwith a singlecopy. If therearemul-
tiple InvariantSectionswith thesamenamebut differentcontents,make thetitle
of eachsuchsectionuniqueby addingat theendof it, in parentheses,thenameof
theoriginalauthoror publisherof thatsectionif known, or elseauniquenumber.

130



GNU FreeDocumentationLicense (C) Javier Miranda,2002(v 1.0)

Make thesameadjustmentto thesectiontitles in the list of InvariantSectionsin
thelicensenoticeof thecombinedwork.

In thecombination,you mustcombineany sectionsentitled“History” in the
variousoriginaldocuments,formingonesectionentitled“History”; likewisecom-
bineany sectionsentitled“Acknowledgements”,andany sectionsentitled“Dedi-
cations”.You mustdeleteall sectionsentitled“Endorsements.”

A.6 Collectionsof Documents

You maymake a collectionconsistingof theDocumentandotherdocumentsre-
leasedunderthis License,andreplacetheindividualcopiesof this Licensein the
variousdocumentswith a singlecopy that is includedin thecollection,provided
thatyou follow therulesof this Licensefor verbatimcopying of eachof thedoc-
umentsin all otherrespects.

You may extract a singledocumentfrom sucha collection,anddistribute it
individually underthis License,provided you inserta copy of this Licenseinto
the extracteddocument,and follow this Licensein all other respectsregarding
verbatimcopying of thatdocument.

A.7 AggregationWith IndependentWorks

A compilationof theDocumentor its derivativeswith otherseparateandindepen-
dentdocumentsor works,in or on a volumeof a storageor distributionmedium,
doesnot asa whole countasa Modi�ed Versionof the Document,providedno
compilationcopyright is claimedfor thecompilation.Suchacompilationis called
an“aggregate”,andthisLicensedoesnotapplyto theotherself-containedworks
thuscompiledwith theDocument,onaccountof theirbeingthuscompiled,if they
arenot themselvesderivativeworksof theDocument.

If theCover Text requirementof section3 is applicableto thesecopiesof the
Document,thenif theDocumentis lessthanonequarterof theentireaggregate,
theDocument'sCoverTextsmaybeplacedoncoversthatsurroundonly theDoc-
umentwithin the aggregate. Otherwisethey mustappearon coversaroundthe
wholeaggregate.
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A.8 Translation

Translationis consideredakind of modi�cation, soyoumaydistributetranslations
of theDocumentunderthetermsof section4. ReplacingInvariantSectionswith
translationsrequiresspecialpermissionfrom theircopyright holders,but youmay
includetranslationsof someor all InvariantSectionsin additionto the original
versionsof theseInvariantSections.Youmayincludeatranslationof thisLicense
providedthatyoualsoincludetheoriginalEnglishversionof thisLicense.In case
of a disagreementbetweenthetranslationandtheoriginal Englishversionof this
License,theoriginalEnglishversionwill prevail.

A.9 Termination

You maynot copy, modify, sublicense,or distribute theDocumentexceptasex-
presslyprovidedfor underthis License.Any otherattemptto copy, modify, sub-
licenseor distributetheDocumentis void, andwill automaticallyterminateyour
rightsunderthis License.However, partieswho have receivedcopies,or rights,
from youunderthisLicensewill nothavetheir licensesterminatedsolongassuch
partiesremainin full compliance.

A.10 Futur eRevisionsof This License

TheFreeSoftwareFoundationmaypublishnew, revisedversionsof theGNU Free
DocumentationLicensefrom time to time. Suchnew versionswill besimilar in
spirit to thepresentversion,but maydiffer in detail to addressnew problemsor
concerns.Seehttp://www.gnu.org/copyleft/.

Eachversionof the Licenseis givena distinguishingversionnumber. If the
Documentspeci�esthataparticularnumberedversionof thisLicense”or any later
version”appliesto it, you have theoptionof following the termsandconditions
eitherof thatspeci�edversionor of any laterversionthathasbeenpublished(not
asa draft) by theFreeSoftwareFoundation.If theDocumentdoesnot specifya
versionnumberof this License,you maychooseany versionever published(not
asadraft)by theFreeSoftwareFoundation.
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ADDENDUM: How to usethis Licensefor your doc-
uments

To usethisLicensein adocumentyouhavewritten,includeacopy of theLicense
in thedocumentandput thefollowing copyright andlicensenoticesjust afterthe
title page:

Copyright c
�

YEAR YOUR NAME. Permissionis grantedto copy,
distributeand/ormodify this documentunderthe termsof theGNU
FreeDocumentationLicense,Version1.1 or any later versionpub-
lishedby the FreeSoftwareFoundation;with the InvariantSections
beingLIST THEIR TITLES, with theFront-CoverTextsbeingLIST,
andwith theBack-Cover Texts beingLIST. A copy of the licenseis
includedin thesectionentitled“GNU FreeDocumentationLicense”.

If you have no InvariantSections,write “with no InvariantSections”instead
of sayingwhich onesareinvariant. If you have no Front-Cover Texts, write “no
Front-CoverTexts” insteadof “Front-CoverTextsbeingLIST”; likewisefor Back-
CoverTexts.

If your documentcontainsnontrivial examplesof programcode,we recom-
mendreleasingtheseexamplesin parallelunderyour choiceof freesoftwareli-
cense,suchastheGNU GeneralPublicLicense,to permit their usein freesoft-
ware.
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