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Preface

It is well known thatfree software needsfree manuals:referenceanduserman-
uals. This allows the generalcommunityto usethe technology However, free
software hasa tremendougpotentialfor researchandteaching:the sourceer
mit us to undestandthe technology Nowadays,dueto the lack of free books
which describethe behaiour of freetechnologymostresearcherandeducators
interestedn it mustrepeathe sameunpleasantask: to readthe sourcedo try to
understandhearchitectureanddetailsof thefreesoftware.Obviouslythisis time
consuminganderrorprone.Thisis alsothe caseof thefree GNU Ada Compiler:
GNAT.

GNAT is currentlya maturetechnologyusedfor mary industrialprojects,re-
searchandeducationHowever, thelack of freebookswhich describaealimple-
mentatiorhindersthe modi cation of the sourcedo mary researchersThe main
bene tsof afreebookon GNAT are:

The book can be usedand enhancedby many reseachers. If the book
is freeit canbe usedasa shareddocumentvhich providesan easyway to

learnaboutthe Run-Time (thusreducingthe time requiredto experiment
with Ada), but thebookcanalsobeupgradedy ary researcheof the Ada

community

The book facilitates the use of 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
whichis quite usefulfor teaching.

!R. Stallman.Free Softwae and FreeManuals Essay Avaiableat http://www.gnu.og/philo-
sophy/free-doc.html
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Themaingoalsof this projectare:

To provide documentationon the GNAT Run-Time. The contentsof the
bookis my knowledgeonthe GNAT run-time.

To keepthe book fully integrated with the GNAT sources. Although
the book s distributedin several formatsfor printing, the goalis to write
a digital book with mary links to the GNAT sourceswhich facilitate the
understandingndveri cation of themainconceptof the Adarun-time.

To keepthe documentfree. Thebookis distributedunderthe GNU Free
DocumentatiorLicense(cf. AppendixA). Thisallows memberof the Ada
communityto enhancehe quality of thebookfor researctandteaching.

TechnicalContents

In orderto facilitatethereadingof thebookfor teachingeachchapteis structured
in two parts. The rst parthasa brief summaryof the Ada conceptslescribedn
thechapter(l usedtheexcellentbook Concurencyin Ada[BW98] asareference
to write thesesummaries)Thesecondoartof thechapterdescribe GNAT imple-
mentationof the conceptgpresentedn the rst part. Currentlythe book hasthe
following chapters:

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

2. Tasktypesand objects. Thischapterdescribeshe mainaspect®f thelife-
cycle of Adatasks:taskcreationtaskactivation,tasktermination,andtask
identi cation.

3. The Rendezwus. This chapterealswith the handlingof theentrycall pa-
rameterstherendez-ousqueuesandthe basicrendezousmodes(simple,
conditionalandselectve).

4. ProtectedObjects. The Ada95eggshellmodelfor protectedbjectsandits
implementatioris presentedhere.Severalalternatve implemen-tationsre
alsodescribedanddiscussed.

5. Time and clocks. Thischaptercoversthe Adatimedsentencesimedentry
call andtimedselectve accept.
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6. Interrupts. The Ada modelof interruptsandits implementationis pre-
sentechere.

7. Exceptions.Datatypesusedto identify theexceptionsandhashtableused
by GNAT to handlethe exceptionsarepresentedhere.

8. Abort and AsynchronousTransfer of Control. Adatasksabortionandthe
implementatiorof theAda95asynchronousansferof 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 addresgrovidesan“easyto rememberaccess$o thesecondaddress,
whichis therealaddres®f my webpage.Nowadaysthe distribution of the book
includes:

Thehtml versionof the book. The bookis alwaysavailableby internetas
anon-linebook (accessibl¢o your preferredweb navigator).

A compressettml.tgz le with thehtmlsourcesThisdistributionincludes
onescriptwhich patcheshehtml les andinstallsthemlocally (in any local
directory)or in your personalvebpage.

The PostScript, PDF, andDVI les of the whole book. This distribution
facilitatesthe printing of thebook. In orderto notloseinformation,mostof
the html distribution hyperlinksareincludedin this distribution by means
of footnotes.

The LaTeX sourcesof the book. This distribution allows the membersof
the Adacommunityto cooperatdo improve the quality of the document.
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Althoughit is well known thatthe GNU formatfor free booksis Texinfo, the
bookis writtenin LaTeX. Themainreasonsre:

| donotknow Texinfo andl feel quitefamiliar with LaTeX.

LaTeXiswell knownto thescienti c community Thisfacilitatesary mem-
ber of the Ada communitythe modi cation of the sourcesof the book to
improve its contents.

LaTeX is alsofree software. It is obviousthata free-bookmustbe written
with free softwareto avoid ary future problemwith the distribution of the
sourcegdueto thecopyright of the le formats).

LaTeX2htmlis agoodtool to make theautomatidranslationof thebookto
HTML. Thereforeit is not necessaryo maintaintwo versionsof the book
(onefor theprintedversion,andanotherfor theHTML les).

Background

A previousversionof thisbookwaswrittenin 1999underthetitle “How to modify
the GNAT Run-Tmeto experimentwith Ada extension”’[MGGM99]. Thatbook
wasthe resultof a projectto integrateDrago[5]into the GNAT sources.(Drago
wasthe resultof my PhD research.lt is an Ada extensionwhich facilitatesthe
programmingof fault-tolerantand cooperatre distributedapplicationsby means
of theadditionof thegroupsparadigminto the Adalanguage).

Although the book was available on the web, no publicity wassentout. In-
genuouslywe thoughtthatthe internetsearchengineswvould provide the bookto
ary interestedpeople. Obviously very few peoplefoundit, but we thoughtthat
thebookwasnot goodenoughandwe stoppedour efforts.

During the AdaEurope200Xkonference(Belgium) | presentedhe book to
somecolleaguesandfelt thatthe book couldstill be of interestfor the Ada com-
munity. Thereforejn July 20011 decideto personallyrestartthe projectwith the
following goals:

Write the manuscript in English. Themanuscripbf the previousversion
waswrittenin Spanishandtranslatedo English. Becausd wasnow alone
to dothewholework, | decidedo concentrateary effort in themostwidely
distributableversionof the book. Oncecompletednary peoplecanhelpto
translatat to otherlanguages.
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Recover the (still) usefuldocumentationof the previous book. Although
mostof the chaptersof the previous book were now obsolete someparts
werestill reusablgthe previousbookdescribedhe GNAT-3.10psources).

Structur e eachchapter of the book in two parts. The rst partsumma-
rizes the Ada conceptswhoseimplementations describedn the second
part. Thiswill facilitatethe useof the bookfor teaching.

Reducethe maintenancecostas much as possible. A singledocument
shouldbe usedfor all the distributionsof the document.l decidedto write

the sourcesof the book with LaTeX becauset is free andhasmary free

toolsto translatehe documento HTML, PostScriptPDF andDVI les.

Keepthe book integrated with the GNAT sources. The HTML version
of the bookwould bethe“star” of the projectwith hyperlinkswhich facil-
itate to the readerthe directaccesdo the AnnotatedAda ReferenceMan-
ual [AAR95] andGNAT sources.

| have beenworking on this bookfor oneyearandhalf. In July 2002the rst
Betaversionof the book wasavailablein the WEB. In Septembef0021 added
the GNU FreeDocumentatioriLicenseto the book,andl put the full sourceson
my web site. Now (DecembeR002)! give you the upgradedsersionof the book
whichis now integratedwith the GNAT 3.15psourcesandhas288hyperlinks to
thesesources.
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Chapter 1

The GNAT Project

GNAT (anacrorym for GNU NYU Ada Translator)is a front-endandruntime
systemfor Ada 95 thatusesthe successfuGCC back-endasa retagettablecode
generatarGNAT is thuspartof the GNU! software,andis distributedaccording
to the guidelinesof the Free Softwae Foundatiorf [SGC94 Section1]. GNAT

hasbeendevelopedby two cooperatingeams:

GNAT DevelopmentTeam (New York University). Guidedby professors
EdmondSchonbey and RobertB.K. Dewar. This group developedthe
front-endof the Ada compiler

ProjectPART Teant (FloridaStateUniversity). Guidedby professoiTheodore
P. Baker This groupdevelopedthe Ada Run-Time Library.

The projectwas initially sponsoredy the U.S. government(from 1991 to
1994). In August, 1994 the main authorscreatedthe Ada Core Technolagies,
Inc.* compary which givestechnicalsupportundercontractto the entitieswhich
useGNAT with industrialor commerciaproducts NowadaysAdaCore continues
extendingthe platformsfor whichthecompileris availableandalsoprovidestools
for the developmentanddeluggingof the Ada programs.The compaly provides
freeupgrade®f the compilerto the Ada community

In this chapterthe externalandinternalstructureof GNAT is described.

Yhttp://mww.gnu.og/
2http://www.gnu.og/fsf/fsf.html

3PART - POSIXAdaReal-Time.

4E-mail: info@gnat.comhttp://www.gnat.com/
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1.1 GCC

GCC s the compilersystemof the GNU ernvironment. GNU (a self-referential
acrorym for 'GNU is Not Unix’) is a Unix-compatibleoperatingsystem,being
developedby theFreeSoftwareFoundationanddistributedunderthe GNU Public
License(GPLY.

GNU software is always distributed with its sources,and the GPL enjoins
aryonewho modi es GNU softwareandthenredistritutesthe modi ed product
to supplythe sourcedor the modi cations aswell. Thus,enhancementt® the
original softwarebene t the softwarecommunityat large [Sta92].

GCCistodaythecenterpiec®f the GNU software. GCCis aretagetableand
rehostableompilersystemwith multiple front-endsanda large numberof hard-
waretargets. Originally designedasa compilerfor C, it now includesfront-ends
for C++, Modula-3,Fortran,Objectve-C,andmostrecentlyAda. Technically the
crucial assetof the GCC s its mostly language-independengmet-independent
codegeneratgrwhich producesexcellentquality-codeboth for CISC machines
suchasthe Intel andMotorolafamilies,aswell asRISC machinesncludingthe
IBM RS/6000the DEC Alpha andthe MIPS R4000. Remarkablythe machine
dependencesf the codegeneratorepresentessthan10 new targetto GCC, an
algebraicdescriptionof eachmachineinstructionmustbe givenusinga register
transferlanguage. Most of the code generatiornand optimizationthen usesthe
RTL, which GCC mapswhennecessarynto the target machinelanguage.The
leveragefor constructinga front-endfor GCC is thusenormous:GNAT poten-
tially hasover 30 tamgets.

FurthermoreGCC produceshigh-qualitycode,comparablédo thatof the best
commerciakompilers|SGC94,Section2].

1.2 GNAT Organization

The rst decisioninvolvedchoosinghelanguagen which GNAT shouldbewrit-
ten. GCCis fully writtenin C, but for technicalreasonsaswell asnon-technical
ones,it wasinconcevableto usearything but Ada for GNAT itself. The GNAT
teamstartedusinga relatively small subseof Ada83,andin typical fashion,ex-
tendedthe subsetwheneer new featureshecamamplemented Six monthsafter
thecodingstartedn earnestye wereableto bootstraghe compiler andabandon

Shttp://www.gnu.og/copyleft/gpl.html



Chapterl: The GNAT Project (C) Javier Miranda,2002(v 1.0)

the commercialcompilerwe hadbeenusingup to thatpoint. As Ada95features
areimplementedyve arenow ableto write GNAT in Ada95.In fact,thede nition
of thelanguagealepends$eavily on hierarchicalibraries,andcannotbe givenex-
ceptin Ada95,sothatit is naturalfor the compilerandthe environmentto use
child unitsthroughou{SGC94 Section3.1].

T
|

| Object |
| code |
I____I

|
Source | Object |
| (Ada) |

I____I

P Linker — Executable :

Figurel.1l: GNAT Overall Structure.

Figurel.1lpresentsheoverall structureof the GNAT system.t hasthreemain
parts:the Compiler, the RunTime Systenandthe Binder (the GNU linker for the
target operatingsystemis alwaysreused).Fromthe gure, we canalsodeduce
the stepsfollowedto compilean Ada program.

TheGNAT binderveri es theconsisteng of theobjectsanddeterminesvalid
order of elaboration(initialization) for the objects(from the sameor different
languages)hatareto beassembleihto anexecutablele. Following this sketch,
the next sectionsof this chapterdescribeeachpartof the compilet

1.3 The Compiler

The compileris composef two mainparts:the front-endandthe badk-end(cf.
Figurel1.2). Thefront-endof the GNAT compileris thuswritten in Ada95. The
back-endof the compileris the back-endof GCC proper extendedto meetthe
needof Adasemantic§SGC94 Section3.1].

Thefront-endcomprises ve phasegcf. Figurel.3): lexical analysissyntac-
tic analysis(parsing),semanticanalysis AST expansionand nally AST trans-
formationinto an equivalentC tree (this stageis labeledGiGi (GNAT to GNU

3



(C) Javier Miranda,2002(v 1.0) Chapterl: The GNAT Project

(Ada)

Back-End N Object |
(Gce) D) '
|

Compiler

Figurel.2: GNAT Compiler

transformation). Thesephasescommunicateoy meansof a rathercompactAb-
stractSyntaxTree (AST). Theimplementatiordetailsof the AST arehiddenby
several proceduralinterfacesthat provide accesso syntacticand semanticat-
tributes. The layering of the system,andthe variouslevels of abstractionare
theobviousbene tsof writing in Ada, in whatonemightcall “proper” Adastyle.
It is worth mentioningthat strictly speakingGNAT doesnot usea symboltable.
Rather all semantidnformationconcerningprogramentitiesis storedin de ning
occurrencesf theseentitiesdirectly in the AST [SGC94 Section3.1].

Syntax tree Y Decorated tree
- Seaniner - i semantic:
Source {1 (ada) Lo T o e T
code \ V2 N s ’/\ PN
....... o, O s(Aday a o
....... Vs \E] [] V% \[]
Expanded and decorated tree GCC tree fragments
o‘/o\o ;/O\\O ace
N V4R ? VA back-end
? QO QO (@]
iuidnls !

Figurel.3: GNAT Front-endStages.

As the gure 1.3 shaws, the Scannerstartsanalyzeghe input le andgen-
eratesthe associatedokens The Parser analyzeghe syntaxof the tokensand
createghe AbstractSyntaxTree(syntacticanalysis).The SemantidAnalyzermper
forms nameandtype resolution(thatis, it resohesall the possibleambiguities
of the sourcecode),decorategshe AST with varioussemanticattributes,andas
by-productperformsall staticlegality checkson the program.After that,the Ex-
pandertransformshigh level AST nodeg(nodesrepresentingasks protectedb-

4



Chapterl: The GNAT Project (C) Javier Miranda,2002(v 1.0)

jects,etc.) into nodeswhich call to AdaRun-Time library routines.(Multi-tasking
constructaregenerallyimplementedy a combinationof high-level sourcecode
transformationgndcallsto Ada Run-Time Library [DIB94, Sectiord.2.1]).

Most of the expanderactuity resultsin the constructionof additional AST
fragments.Giventhat codegeneratiorrequiresthat suchfragmentscarry all se-
manticattributes,every expansiomactivity mustbefollowedby additionalseman-
tic processingon the generatedree. This recursve structureis carriedfurther:
someprede nedoperationgi.e. exponentiationarede ned by meansf ageneric
procedureTheexpansiorof theoperatiorresultsin thegenericinstantiation(and
correspondinganalysis)of this genericprocedurdSGC94 Section3.3]. At the
endof this procesghe GIGI phasdransformshe AST into atreeunderstabldy
the GCCbaclend. This phasds aninterfacebetweerthe GNAT front-endandthe
GCCback-end.In orderto bridgethe semantioqgapbetweenAda andC, several
codegeneratiorroutinesin GCC have beenextended,and othersadded,so that
theburdenof translationis alsoassumedy Gigi andGCCwhenererit would be
awkward or inef cient to performthe expansionin the front-end. For example,
therearecodegeneratioractionsfor exceptionsyariantpartsandaccesset un-
constrainedypes.As amatterof GCCpolicy, thecodegenerators extendedonly
whenthe extensionis likely to be of bene t to morethanonelanguagdSGC94
Section3.4].

Thereis a furtherunusuakecursve aspecto the structureof GNAT. Thepro-
gramlibrary (describedn greaterdetail belov) doesnot hold ary intermediate
representationf compiledunits. As aresult,packagedeclarationsareanalyzed
wheneer they appearn a contet clause. Furthermorejf a genericunit, or an
inlined unit G, is de ned in a packageP, thentheinstantiationor inlining of Gin
the currentcompilationrequiresthatthe body of P be analyzedaswell. Thusthe
library managerthe parserandthesemanti@analyzeicanbeactivatedfrom within
semantia@analysis(notethebackwardarronsin gure 1.3)[SGC94 Section3.3].

1.4 The Run Time System

In orderto make GNAT portable,the Ada Run-Time System(RTS) is written in
Ada. The compilercommunicatesvith the RTS throughprocedureandfunction
calls,withoutdirectreferencdo RTS datastructuresasidefrom the parametersf
the RTS subprogramsThe RTS datastructuresnaybekeptin a separataddress
space protectedfrom accesdy the application. The directionof call is always
from applicationcodeto the RTS [GB94a,Section2]. The exceptiongo thisrule
are:
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Task creation,in which the compiler passego the RTS the addressof a
procedurecorrespondingo thetaskbody

Protectedentries,in whichthecompilerpasses$o the RTS theaddres®f an
arraywith thereferenceo the subprogramgeneratedby the compiler

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

Ada program

Run
Time
Library

Operating system

Hardware

Figurel.4: The GNAT RunTime Library.

Figurel.4 present®kun-Time hierarchy The Run-Time library is madeup of
threelevels: GNARL, GNULLandPthreads °. An Ada programrequestghe
servicesof the Run Time throughthe GNARLsubprogramsalls. This level uses
the servicegrovided by the GNULLlevel. This intermediatdevel is aninterface
betweertheupperevelandthePOSIXstandardibrary. POSIXPthreadgrovides
supportto language$or concurrenprogramming.

1.4.1 GNARL

GNARL is the GNU AdaRun-timeLibrary. High level languageconstructsare
translatedoy the expanderinto calls to this library. Packageghat constitutethe
run-timearetreatedasary otherunit of the contect of the compilation,andana-
lyzedwhennecessaryThis obviatesthe needto placerun-timeinformationin the
compileritself, andallows a knowledgeablaiserto modify therun-timeif he/she

5Pthreads POSIX Threads.
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sochooses.The designof GNARL is basedonthe CARTS (CommonAda Run-
Time System)speci cation[SGC94 Section3.6]. Theoriginal designobjectives
of GNARL, in orderof priority, were[GB944g Sectionl]:

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

2. Timeliness Developmenshouldbeincrementalsothatworking partialim-
plementationganbe deliveredearly The RTS andcompilerdevelopment
shouldproceedn parallel. This meangshe RTS responsibilitiesshouldbe
clearly separatedrom thoseof the compiler Ada featuresthatearly ver
sionsof thecompilerarenotlik ely to beableto translateshouldbeavoided.
Ideally, it shouldbe possibleto compileandtestit usinganexisting Ada 83
compiler It shouldusethe existing 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. The GNAT strateyy for
implementingaskingis basedntree-to-tredranslationcornvertingtasking
constructsn theintermediatesyntaxtreerepresentatiomto equivalentAda
languageconstructswith interspersedRTS servicecalls. Thus,the GNAT
interfaceshouldbeexpressiblan termsof ordinaryAdapackagesvheneer
possible.

4. Portability. GNARL shouldbe written in Ada, with target-speci c code
clearlyisolatedin the GNULL level andkeptassmallaspossible.lt should
bepossibleo producecon gurationsthatrunbothovercommerciabff-the-
shelfoperatingsystemsandon baremachineswith minimal modi cations.
Initially, it shouldbe supportedon several commonlyusedoperatingsys-
tems.

5. Reseath andtednology transfer GNARL shouldsene asa test-bedfor
implementationdeas providing experiencehatwill beusefulin designing
otherimplementationsLessondearnedshouldbe reportedpromptly, and
codemadepublicly available. Among other experimentalgoals, GNARL
shouldprovide a basisfor measuringhe overheadmposedby implement-
ing Adaover Pthreads.

6. Efciency. GNARL shouldbe asef cient aspossible,consistenwith the
otherobjectives. The designshouldallow for future optimizations,jnclud-

7
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ing inline expansionandoptimizationof RTS calls. This meansusingordi-
nary procedurecallsin theinterface,asopposedo trapsor callsvia proce-
durepointers”.

GNARL is designedo facilitatethein-line optimizationof Adataskingcon-
structs.Theuseof taskconstructgesultsin theimplicit with of oneor moreof the
packageshat make up the GNARL by the GNAT compiler Otherthanthis im-
plicit import, GNARL packageareindistinguishabldérom otherapplicationpack-
ages. Thereareno specialrestrictionson GNARL code. In particular GNARL
subprogramsanbenamedn Inline pragmasresultingin the replacemenof im-
plicit calls to thesesubprogramsvith the subprogranbody. This shouldresult
in someavhatfastercodedueto the eliminationof the subprograncall. However,
oncethecodehasbeeninsertednline, it canbefurtheroptimizedby thecompiler
usinginformationaboutthelocal environmentincluding currentregistercontents.
This processs further augmentedy the inline natureof the GNARL interface.
Taskingis implementedwvith callsto the GNARL interlearedwith usercode.The
only exceptionto thisis taskstartupwhereGNARL executeghetaskbodycode
from a new threadof controlvia call-back. This inline natureof the GNARL in-
terfaceis intendedo allow local optimizationsacrosghe boundariebetweerthe
applicationandthe GNARL, in particularwhenthe GNARL calls areexpanded
inline. Thiskind of optimizationis muchlessapplicablewith aninterfaceinvolv-
ing call-backsto usercodewithin the RTS. Eachcall-backpoint cancall one of
an arbitrary numberof usercodesequencesso they cannotbe inlined, andit is
lesslikely thatlocal optimizations(i.e. registerallocation)will be applicableto
all of them[GMB94, Section3].

ImplementingGNARL semanticss relatively comple, andwill probablybe
of interestonly to usersrequiring unusualtaskingsemanticspr to take adwan-
tageof unusuahardwarearchitecturdi.e. multiprocessingr distributederviron-
ments).

1.4.2 GNULL

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

The GNULL interfaceis anabstractiorof a subsetf the POSIX interfaces,
includingPthreadsThereforejt is trivially implementableveranoperatingsys-
tem that supportsthe POSIX standards.In orderto permita simplerandmore

8
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ef cient implementatiorover otheroperatingsystemspr a baremachine mary
featuresof Pthreadshave beenleft out or restricted. The deletedfeaturesare
onesthatthe Ada RTS doesnot need,or cannotuse. For example,the POSIX
semanticof threadcancellationdo not t the Ada semanticof abortion,sothe
Pthreadcancellationservicesare not includedin GNULL. The featuresretained
includethreadcreationand operationson mutexes,conditionvariables,andsig-
nals.In casesvherethe Ada RTS doesnot needthefull strengthor generalityof
the Pthreadnterface,the semanticarerelaxed. For example, GNULL mutexes
have only oneform of priority inheritance(the priority ceiling emulationlocking
protocol)andarerequiredto be unlockedin FIFO order Conditionvariablesare
only allowedto be usedby onetaskat a time. Furthersimpli cations are con-
templated,including the hiding of conditionvariablesbehinda suspend/resume
interface[GB944a Sectiord.2.1].

1.4.3 POSIX

ThePOSIXPortableOperatingSysteminterfaceprovidesanapplicationprogram
interfaceto servicessupportingthe creationandexecutiojnof multiple threadsof
control sharingthe addresspaceand le descriptorof a singlePOSIX process.
POSIX hasits rootsin an effort to promoteapplicationprogramportability by
establishingnon-proprietargtandardnterfaceto themary variantsof the UNIX
operatingsystemGB92, Section2].

The IEEE identi es POSIX standardsy designationsof the form 1003.x.
For instance 1003.1designateshe C languageapplicationprograminterfacefor
coreoperatingsystemsservices(i.e. le andprocessreation,input/outputand
inter-processcommunication).lt is the basePOSIX standardand hasbeenap-
proved by the ISO asISO/IEC 9945-1: 1990. Two other POSIX standardson
which this projectdependsare 1003.4and 1003.4a.The 1003.4interface(Real-
time Extension)s anextensionto 1003.1thatprovidesservicecommonlyneeded
in real-timeapplications Examplesof theseservicesncludebinary semaphores,
processnemorylockingandtimers. The1003.4dnterface(Thread€xtensionor
Pthreadg$or short)is anextensionto 1003.4thatsupportanultiple threadof con-
trol within a single POSIX process.Examplesof servicesprovided by 1003.4a
include threadcreation,mutual exclusion, and threadsuspension.Both 1003.4
and1003.4aareexpressedsC languagenterfaces[GB92, Section2]. Thereis
alsoa standardAda bindingfor 1003.1,namely1003.5.This interfaceis de ned
asa setof packageswhich provide accesdo the facilities of POSIX.1via Ada
datatypes,subprogramandgeneric§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
schedulerasis the stateof eachthread. Runtimestackallocationis alsounder
the control of the Pthreadmplementation.Pthreadpriorities arefully dynamic,
allowing the Ada RTS to make this priority adjustmentn the codeimplementing
the acceptstatement OtherAda featuresjncluding the distinctionbetweerntask
creationandactivationandthe rulesfor tasktermination,arevery differentfrom
their Pthreadcounterpartsand mustbe implementedalmostentirely by the Ada
RTS[GB92,Sectiord.1]. Pthreadsanbesupportedy the OSkernelor by asep-
aratelibrary. If Pthreadss supportedoy the OS kernel. Systemcalls needonly
blockthecallingtask,ratherthanthewholeprocesslf globalthreadschedulings
provided,theremaybebetterrespons¢o asynchronousvents|GB92, Section2].

1.4.4 Low-Level Locks

The GNAT run-timeusesLodk/Unlock operationsn orderto maintaindatacon-
sisteng underconcurrentread/updat®perationsy multiple threadsof control.
It doesquite a few more Lock/Unlock operationsthanis typical of older Ada
run-time systems.The differenceis thatthis run-timewasdesignedo be multi-

threadedwhereaamostearlier Ada runtime systemswere designedas a mono-
lithic monitor. Thatis, the older style of Ada runtime systemonly allowed one
taskto be executingin the RTS at a time (we call this single-lockmode), but

with the GNAT run-timeseveraltasksmay be executingin the RTS concurrently
Ratherthanjust onelock that protectsthe entire RTS, thereareindividual locks
for several RTS global datastructuresandalock for eachtaskcontrolblock (we

call this multiple-lock mode). Multiple-lock modeallows more concurreng be-
tweentasks. Accordingto corventionalwisdom, moreconcurreng is generally
better It permitsmore parallel executionif thereare multiple processorsand
evenif thereis only oneprocessoit maypermitquicker responséo high-priority
real-timeevents[DIB94, Section4.2.1].

Mutual exclusionis provided throughPOSIX mutexes. Whena threadwants
exclusive accesso somesharedesourceit lockstheassociatedhutex, via pthre-
ad_muteclock(); if someotherthreadhasalreadylockedthatmutex, therequest-
ing threadis suspendedintil the threadholding the mutex unlocksit, via pthre-
ad_mutecunlod(). Any numberof taskscanbe suspendean the samemute;
oneof themis grantedthe mutex and permittedto continueexecutionwhenthe
holderunlocksthemutex. Mutexesaresimilarto binarysemaphoregheprincipal
differenceis thatthe threadwhich holdsthe mutex mustbe the oneto unlockit.
This makesmutexesdif cult to usefor generalicommunicatiorbetweenthreads;

10
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anarbitrarythreadcannotsignalto otherthreadghat somethinghasoccurredby
unlockinga locked mutex. For this kind of synchronizationgonditionvariables
areused GB92, Section5.1].

A threadwaitsfor a conditionto becometrue by calling pthread.cond wait()
on a conditionvariable. Anotherthreadcansignalthatthe conditionhasbecome
true by signalingthe conditionvariable,via pthread condsignal() (this is not to
be confusedwith operationson POSIX signals). A mutex is associatedvith the
conditionvariableby the pthreadcondwait() call. This mutex mustbe locked
beforethecall; it is unlocked (atomically)by the call andlocked againbeforethe
call returns. This is to protectthe conditionfor which the threadis waiting. A
pthread condsignal() call is guaranteedo wake up at leastone waiting thread,
butit turnsoutto bemoreef cient (particularlyon multiprocessorspo allow more
thanonewaiting threadto return. Sincethe rst threadto reacquirgheassociated
mutex might make the conditionfalseagain,eachthreadneedgo checkthatthe
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-Time Library. Themainconceptgpresentedn this chapterare:

The compileris composedf two parts: the front-endand the badk-end
The front-endcomprises ve phasesvhich communicatdoy meansof an
Abstract SyntaxTree The badk-endis the GCC targetindependentode
generatar This ensuregwo main advantages:portability and excellent-
quality codegeneration.

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

GNARL is the GNU Ada Run-Tme Library; it is written in Ada. Rather
thanjust onelock to protectGNARL, thereareindividual locksfor several
globaldatastructuresandalock for eachtaskcontrol block (multiple-lock
mode).

GNULL existsonly for portability; it providesthe minimuminterfaceto the
POSIXservices.

11
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Chapter 2

Task Typesand Objects

The executionof an Ada programconsistof the executionof oneor moretasks.
Eachtaskrepresents separatéhreadof controlthatproceedsndependenthand
concurrentlybetweerthe pointswhereit interactswith othertasks]AAR95, sec-
tion 9(1)].

This chapteris organizedin two parts. In this rst partthe main conceptsof
theAdatasksarepresentedThesecondartdescribeshe GNAT implementation.

2.1 Ada Tasks

In Ada, tasksareobjects.Eachtaskhasauniquetype,whichis speci edin anob-
jectdeclaratioror allocator(an expressiorof theform "new...”) thatcauseghe
creationof thetask. Eachtasktypeis declaredn two separatgarts:ataskspec-
i cation andataskbody The speci cationhasa sequenc®f entry declarations,
which de ne the communicationsnterfaceof tasksof thattype. The body has
therestof the descriptionof thetasktype [BR85, Section2]. The Ada Reference
Manualde nesthefull syntaxfor atasktypeandbodyasfollows:

task_type_declaration =
task type Defining_ldentifier
[known_discriminant_part] [ is task_definition];

single_task_declaration =
task defining_identifier [ is task_definition];

task_definition =
task _item

13
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[ private
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,and prior to its terminationit is eitherblocked (aspart of some
taskinteraction)or readyto run. While ready a taskcompetedor the available
executionresourceshatit requiresto run [AAR95, section9].

2.1.1 TaskCreation

A tasktype canbe regardedas a templatefrom which actualtasksare created.
Task objectsand typescan be declaredin ary declaratve part, including task
bodiesthemseles.For ary tasktype,thespeci cationandbodymustbedeclared
togetherin the sameunit, with the body usually being placedat the end of the
declaratve part[BW98, chapterd.1].

A task object can be createdeither as part of the elaborationof an object
declaratioroccurringimmediatelywithin somedeclaratveregion,or aspartof the
evaluationof anallocator(anexpressionin theform “new...”). All taskscreated
by the elaboratiorof objectdeclaration®f a singledeclaratve region (including
subcomponentsf the declaredbjects)areactivatedtogether Similarly, all tasks
createdby the evaluationof a single allocator are activatedtogether[AAR95,
section9].

The executionof a task objecthasthreemain actve phasedBW98, chap-
ter4.2]:

1. Activation— theelaboratiorof thedeclaratve part,if any, of thetaskbody
(local variablesin the body of the task are createdand initialized during
activation). The Activator identi es the taskwhich createdand activated
thetask.

2. Normalexecution— theexecutionof the statementsisible within thebody
of thetask.

14



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

3. Finalization— the executionof arny nalization codeassociatedavith any
objectsin its declaratve part.

R
Runnable
K»

Figure2.1: TaskStates.

Figure2.1 shows thetransitionsamongthesestatesduringtasklife. Thecre-
atedtaskis saidto be in the Unactivatedstate. Thenthe run-time associates
threadof controlto thistask.If the elaboratiorof thetaskfails thenthetaskgoes
directlyto the Terminatedstate otherwisehetaskreachesheRunnablestate and
executeghetaskusercode. If this codeexecutessomeoperationthatblocksthe
task (accordingto the Ada semantics—endezwus, protectedoperation,or de-
lay statement—it reacheghe Sleepstateandlaterreturnsto the Runnablestate.
Whenthetaskexecutesan Adaterminate alternatve or nalizes the executionof
the Ada usercode,it goesto the Terminatedstate.

A taskindicatedts willingnessto begin nalization by executingits end state-
ment. A taskmay alsobegin its nalization asa resultof an unhandedxcep-
tion, or by executinga selectstatementvith a terminate alternatve or by being
aborted A nished taskis Completedr Terminateddependingon whetherit has
ary active dependentfBW98, chapter4.2].

The Parentis thetaskon which ataskdependsThefollowing rulesapply:

If thetaskhasbeendeclaredoy meansof anobjectdeclarationits Parentis
thetaskwhich declaredhetaskobject.
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If the taskhasbeendeclaredby meansof anallocator(an Ada expression
in theform "new ..."), its Parentis the taskwhich hasthe corresponding
accessleclaration.

Whenaparentcreates new task,the parents executionis suspendewvhile it
waitsfor the child to nish activating (eitherimmediately if the child is created
by anallocator or afterthe elaboratiorof the associatedieclaratve part). Once
the child has nished its activation, parentand child proceedconcurrently If a
taskcreatesanothertaskduringits activation, thenit mustalsowait for its child
to activatebeforeit canbegin execution[BW98, chapter4.3.1].

Thereis a conceptuatask(calledthe Environmenflask whichis responsible
for theprogramelaboration(Theernvironmenttaskis generallytheoperatingsys-
temthreadwhichinitializestherun-timeandexecuteghemain Adasubprogram.)
Beforecallingthemainprocedureof the Adaprogramtheervironmenttaskelab-
oratesall library unitsreferencedo in the main Ada procedure.This elaboration
will causdibrary-level tasksto becreatecandactivatedbeforethemainprocedure
is called.

2.1.2 TaskActivation

Thefollowing rulesapplyto taskactivation[BW98, chapterd.2.1]:

1. For statictasks activationstartsmmediatelyafterthe completeelaboration
of thedeclaratve partin which they arede ned.

2. The rst statementollowing the declaratve regionis not executeduntil all
taskshave nished their activation.

3. A taskneednot wait for the activation of otherconcurrentlycreatedtasks
beforeexecutingits body.

4. A taskmay attemptto communicatavith anothertaskwhich, thoughcre-
ated,hasnot yet beenactiated. The calling taskwill be delayeduntil the
communicatiorcantake place.

5. If ataskobjectis declaredn apackagespeci cation,thenit commencesgs
executionafterthe elaboratiorof the declaratve partof the packagebody.

6. Dynamictasksareactivatedimmediatelyafterthe evaluationof the alloca-
tor (the new operatorwhich createdhem.
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7. Thetaskwhich executedthe Ada statementesponsibldor new taskscre-
ationis blocked until thesetaskshave nished their activation.

8. If anexceptionis raisedn theelaboratiorof adeclaratve part,thenary task
createdduring thatelaboratiorbecomegerminatedandis never activated.
As thetaskitself cannothandlethe exception,the languagenodelrequires
the parent(creator)taskor scopeto dealwith the situation: the prede ned
exceptionTaskingError is raised.

In the caseof dynamictaskcreation,the exceptionis raisedafterthe
statemenwhich issuedthe allocatorcall. However, if thecallsisin a
declaratve part (aspartof theinitialization of anobject),the declara-
tive partfails andthe exceptionis raisedin the surroundingblock (or

calling subprogram).

In the caseof statictaskcreation,the exceptionis raisedprior to the
executionof the rst executablestatemenbf the declaratve block.

Thisexceptionis only raisedafterall createdaskshave beenactivated
(whethersuccessfullyor not).

9. The task attribute Callable returnsTrue if the designatedaskis neither
Completed Terminatednor Callable. (An abnormaltaskis one that has
beenaborted).Thetaskattribute TerminatedreturnsTrue if the namedask
hasterminated.

2.1.3 TaskTermination

The Masteris the executionof a constructthatincludes nalization of local ob-
jectsafterit is complete(and after waiting for any local task), but beforeleav-
ing [AAR95, section7.6.1(1)]. Eachtask dependson one or more mastersas
follows[AAR95, section9.3]:

If thetaskis createdy theevaluationof anallocatorfor agivenaccessype,
it depend®n eachmastetthatincludesthe elaboratiorof the declaratiorof
the ultimateancestoof thegivenaccessype.

If thetaskis createdby the elaboratiorof anobjectdeclarationjt depends
on eachmasterthatincludesits elaboration.

Furthermore,f a task dependson a given master it is de ned as depend-
ing on the taskthat executeshe mastey and (recursvely) on ary masterof that
task[AAR95, section9.3].
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For the Finalization of a masterdependentasksare rst awaited. Theneach
objectwhoseaccessibilitylevel is the sameasthat of the masteris nalized if
theobjectwassuccessfullynitialized andstill exists. Notethatarny objectwhose
accessibilitylevel is deeperthanthat of the masterwould no longerexist; those
objectswould have nalized by someinnermaster Thus,afterleaving a master
the only objectsyet to be nalized arethosewhoseaccessibilitylevel is not as
deepasthatof the maste[AAR95, section7.6.1(4)].

2.1.4 TaskAbortion

Adaallows tasksabortionby meansof thefollowing syntax:

Abort_Statement = abort Task Name Task Name;

Taskswhich areabortedaresaidto becomeabnormal andarethusprevented
from interactingwith ary othertask. After ataskhasbeenmarkedasabnormal,
executionof its bodyis aborted.This meanghatthe executionof every construct
in the task body is aborted,unlessit is involved in the executionof an abort-
defered operation. The executionof an abort-deferrecbperationis allowed to
completebeforeit is aborted BW98, chapterl0.2]. Taskabortionwill be ana-
lyzedin detailin chapter8.

2.1.5 Taskldenti cation

Adataskshave a uniqueidenti er. The Systems$ProgrammingAnnex [AAR95,
Annex C]. providesa mechanisnby which ataskcanobtainits own uniqueiden-
ti cation which canbe passedo othertasks[a-taside.ads]:

package Ada.Task_ldentification is
type Task Id is private;
Null_Task_Id : constant Task_lId;
function "=" (Left, Right : Task_Id) return Boolean;

function Image (T : Task Id) return String;
function Current_Task return Task lId;

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;

private
Implementation defined

end .Ada.il'ask_ldentification;

As well asthis packagethe Annex supportdwo attributes:

For ary pre x T of atasktype, T'ldentity returnsa copy of the task
identi er.

For ary pre x E thatdenotesanentrydeclarationg'Caller  returnsthe
taskidenti er of thetaskwhoseentrycall is beingserviced.Theattributeis
only allowedinsideanentrybodyor anaccepistatement.

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,
chapterd.4].
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2.2 GNAT Implementation

Although the GNAT run-time reusesmost of the supportprovided by the low
level Pthreadslibrary, it needso handlesomeadditionalinformationto provide

the full Ada semantics:stateof the Ada task (accordingto the Ada semantics),
parent,activator, etc. This informationis storedby the run-timein a pertask
register called Ada Task Contmol Block (ATCBY. In addition, sometaskspeci ¢
informationis alsorequiredto storethe taskdiscriminantqthe taskparameters).
Thecompilergeneratesodewhich createsanothemegisterfor suchinformation.
TheATCB s linkedwith thisregisterandwith thecorrespondind@ hreadsControl
Blok (TCB)in the POSIXlevel (cf. Figure2.2).

Compiler T_TaskV T TaskV
Generated-Code Discriminants Discriminants
Level _Task_Id _Task_Id
Entry_Family Entry_Family
_Priority _Priority
_Size _Size
_Task_Info _Task_Info
_Task_Name _Task_Name
GNARL
Level ATCB ATCB
Task_Arg Task_Arg
State State
Parent Parent
Activator Activator
System.Tasking Master ) Master _
All_Tasks_List All_Tasks_List All_Tasks_Listt — 5
LL LL
Thread — Thread —
Cond_Var Cond_Var
Lock Lock
POSIX TCB TCB
Level
Arg Arg

Figure2.2: Run-Time InformationAssociatedvith EachTask.

Whenataskis createdthe run-timedynamicallygenerates new ATCB and

1System AskingAda Task Control_Block
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insertsit in alist (All TasksList?). ATCBsarealwaysinsertedin LIFO order(as
a stack). Thereforethe rst ATCB in this list correspondso the mostrecently
createdask.

2.2.1 GNAT Task States

GNAT considerdour basicstatesduring tasklife (indicatedby the StateATCB
eld):

Unactivated The ATCB hasbeencreatedandinsertedn the All TasksList,
but no threadof controlhasbeenassignedo executeits body.

Runnable Thetaskis executing(althoughit maybewaiting for a mutex).
Sleep Thetaskis blocked.

Terminated Thetaskis terminatedjn the senseof ARM 9.3 (5). Any de-
pendentshatwerewaiting on Adaterminate alternatveshave beenawak-
enedandhave terminatedhemseles.

Thesleepstateis composeaf the following sub-states:

Activator_Sleep Waiting for createdasksto completeactivation.
AcceptorSleep Waiting on anacceptor selectve wait statement.
Entry Caller_Sleep Waitingonanentrycall.

AsyncSelectSleep Waiting to startthe abortablepartof anasynchronous
selectstatement.

Delay Sleep Waiting on a selectstatemenwith only a delay alternatve
open.

Master CompletionSleep Mastercompletionhastwo phases.n Phasel
thetaskis sleepingin CompleteMasterhaving completeda masterwithin
itself, andis waiting for the tasksdependenobn thatmasterto becometer-
minatedor waiting on aterminatephase.

MasterPhase2_Sleep In phase2 thetaskis sleepingin CompleteMaster
waiting for taskson terminatealternatvesto nish terminating.

2System.dskingAll_TasksList
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2.2.2 GNAT MastersImplementation

The masteris a constructusedto nalize local objects,including tasks(seesec-
tion 2.1.3). Eachmasterhandlesthe terminationof an Ada scopeto ensurethe
Ada tasksterminationsemanticqall dependentasksmustterminatebeforeits
masterperforms nalization on otherobjectsthatit created)lt is associatedavith
the scopebeingexecutedby the Parentwhenthe taskwascreated.Therun-time
is only concernedvith masterdor purpose®f tasktermination.

GNAT associatesneidenti er to eachmasteyandtwo valuesareassociated
with eachtask: the masterof its Parent(Master.Of_TasK andits internalmaster
nestinglevel (Master Within).

Master Of Taskis setto 1 for the ervironmenttask. The level 2 is re-
sened for sener tasksof the run-time (the so called Independenflasks,
andthelevel 3is for thelibrary level tasks.Whenataskis createdt inherits
the internalmastemestinglevel of its Parent(the initial value of its Mas-
ter_Of Taskis initialized with thecurrentvalueof its ParentMaster Within).
Thisvalueremainsunmodi ed duringthenew tasklife andis usedo ensure
the Ada semanticgor tasks nalization.

New_Task.Master Of Task = Activator.Master_Within

MasterWithin is setto the initial Master Of_Task value plus one. When
the tasksentersa scopewith dependentasks,its internal nestinglevel is
incrementedo one.

Taskscreatedby an allocatordo not necessarilydependon its activator; in
suchcasethe activator's terminationmay precedethe terminationof the newly
createdask[AAR95, section9.2(5a)] Therefore the masterof a taskcreatedoy
the evaluationof an allocatoris the declaratve region which containsthe access
type de nition. Tasksdeclaredn library-level package$ave the main program
astheir master Thatis, the main programcannot terminateuntil all library-level
taskshave terminatedBW98, chapterd.3.2]. GivenataskT, table2.3 presenta
summaryof the basicconceptsisedby the run-timefor handlingAdatasktermi-

nation.

Example

In orderto understandheseconceptdetter let's applythemto thefollowing
example.
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Parent Thetaskexecutingthemasteronwhich T depends.
Activator Thetaskthatcreatedl"s ATCB andactivatedit.
Masterof Task | Parents scopeonwhich T depends.

MasterWthin | Nestinglevel of T dependentasks.

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

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
task T3; -- T3: Parent = T1; Activator =T1
-- Master Of Task = 3; Master_Within
task body T3 is
task T4; -- T4: Parent = T3; Activator = T3
-- Master Of Task = 4; Master_Within
task body T4 is
begin
null;
end T4;
T5 : TT; -- T5: Parent = T3; Activator = T3
-- Master_ Of Task = 4; Master_Within
T6 : TTA = new TT; -- T6: Parent = T1; Activator = T3
-- Master Of Task = 2; Master_Within
begin
null;
end T3;
begin
null;
end T1;
begin
null;
end P;

Parentandactivatordo notcoincidein T6 becaus¢hetaskis createdoy means
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of an Ada allocator(an Ada expressionin the form "'new ..."). In this casethe
parentof thenew taskis thetaskwherethetypeis declarecandtheactvatoris the
taskwhichexecutegheallocator In theothercasesparentandactivatorcoincide.

2.2.3 Compiler Task Translation

In orderto understandhe run-timebehaior we rst presenthetasktranslation
doneby thecompiler

Task Speci cation

The Adatasktypeis translatedy the compilerinto a limited recordwith the
samediscriminants For example thefollowing taskspeci cation:

task type T_Task (Discriminant : DType) is
end""r_Task;

...istranslatedy the compilerinto the following code:

T TaskE : aliased Boolean := False;

T_TaskzZ : Size_Type := [ Unspecified_Size |
Size_Type (Size_Expression) I

type T _TaskV [ (Discriminant . DType) ] is

limited record
_Task _Id : System.Tasking.Task lId;

[ 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 optional code(the codethatit is not alwaysgeneratedy the compiler)
hasbeenputbetweersquarebraclets([...] ). First,abooleanag Eis declared

andinitialized to false. It is setto True whenthe body of thetaskis elaborated.

TheZ variableholdsthetaskstacksize (eitherthe default value,unspeci edsize
or the value setby a pragmaStorage_Sizg§. Next the tasktype is translatedoy
the compilerinto alimited recordV with Discriminantspresenbnly if thecorre-
spondingtasktype hasdiscriminants.The rst eld containsthe TaskID? value

3System.dskingTaskID

24

[ T— —_



Chapter2: TaskTypesandObjects

(C) Javier Miranda,2002(v 1.0)

(anaccesgo the correspondingATCB). One Entry_Family components present
for eachentryfamily in thetaskde nition. Theboundscorrespondo the bounds
of theentryfamily (which maydependndiscriminants) Sincetherun-timeonly
needssuchinformationfor determiningthe entryindex the elementypeis void.
Thenext three elds arepresenpnly if thecorrespondingragmas presentin the
taskde nition: the Size eld correspondso Storage_Sizepragma;TaskInfo cor
respondso Task Info pragmaandTask Namecorrespondso Task Namepragma.
A referenceo this recordis storedin the Task Arg* ATCB eld (cf. Figure2.4).
This referenceas usedby the threadassociatedvith thetaskto nd thetaskdis-

criminants.

Compiler
Generated-Code
Level

System.Tasking
All_Tasks_List

T_TaskV

T_TaskV

Discriminants
_Task_Id
Entry_Family

Priority

Size
Task_Info
Task_Name

Discriminants
_Task_Id
Entry_Family

_Priority

_Size

_Task_Info
Task_Name

ATCB

Task_Arg
State

Parent
Activator
Master
All_Tasks_List
LL

Thread —
Cond_Var
Lock

ATCB

Task_Arg
State
Parent
Activator
Master

All_Tasks_List >/

LL

Thread —
Cond_Var

Lock

Figure2.4: CompilerGeneratednformationAssociatedvith EachTask.

4System dskingTask Arg
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Task body

Therun-timeneedsanacces$o subprogranto call thetaskusercode.There-
fore the compiler translateghe task body into a procedure. For example, the
following taskbody:

task body T _Task is
<Declarations>
begin
<Statements>
end T_Task;

...istranslatedy the compilerinto the following 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 Activate Tasks (line 14) is only generatedf the taskbody is an
activator. The at end handleris a single point of task nalization thatis called
evenin the presencef exceptionsor taskabortion[BG94, section6.9.5].

2.2.4 Run-Time Subprogramsfor Task Creationand Termina-
tion

Figure 2.5 presentghe sequencef callsto the run-timeissuedby the compiler
generatec¢odeduringthe creationand nalization of atask. Eachrectanglerep-
resentsa subprogram.

5System AskingStayes.ActivateTasks
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Activator New Task

1) GNARL.Enter_Master
2) GNARL.Create_Task
3) GNARL.Activate_Task

Task Body Procedure
Task Wrapper _v Task Declarations

Call the task body procedufe : o
4) GNARL.Complete_Activation

User Code
- 5) GNARL.Complete_Tas

§ Task User Code
6) GNARL.Complete_Master .

Figure2.5: GNARL Subprogram€alledDuring the TaskLife-Cycle

Thewholesequencés asfollows:

1. EnterMasteris calledin the Ada scopewherethetaskor accessypedes-
ignatingobjectscontainingtasksis declared.

2. CreateTaskis calledto createthe ATCBs of the new tasksandto insertit
in theall taskslist andin theactivationchain(seesection2.2.4).

3. Activate Tasksis calledto createnew threadsandto associateghemto the
new ATCB (the ATCBsin theactivationchain). Whenall thethreadshave
beencreatecthe activator becomeslocked until they completethe elabo-
rationof their declaratve part.

Thethreadassociateavith the new taskexecutesa Task Wrapperprocedure.
This procedurenassomelocally declaredobjectsthat serne aspertaskrun-time
local data. The TaskWrappercallsthe TaskBodyProcedue (the procedureggen-
eratedby the compilerwhich hasthetaskusercode)which elaborateshe decla-
rationswithin thetaskdeclaratve part, settingup the local ervironmentin which
it will laterexecuteits sequencef statements(in generathe compilermustgen-
eratecodefor theelaboratiorof Ada declarations.Notethatif thesedeclarations
alsohave task objects,thenthereis a chainedactivation: this task becomesghe
activatorof dependentaskobjectsandcannot startthe executionof its usercode
until all dependentaskscompletetheir activation.

4. CompleteActivationis called whenthe newv threadcompletesthe elabo-
ration of all the taskdeclarationshut beforeexecutingthe rst taskbody
sentence.This call is usedto signalto the actvatorthatit needno longer
wait for thistaskto nish actiation. If thisis thelasttaskwhich completes
its activation,theactivatorbecomesinblocled.
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From herethe activatorandthe new tasksproceedconcurrentlyandtheir ex-
ecutionis controlledby the POSIX schedulerAfterward,any of themcantermi-
natetheir executionandthereforethefollowing two stepscanbeinterchanged.

5. CompleteTaskis calledwhenthetaskterminatests execution.Eventhough
a completedtask cannotexecuteary more, it is not yet safeto deallocate
its working storageat this point becausesomereferencanay still be made
to thetask. In particular it is possiblefor othertasksto still attemptentry
callsto a terminatedtask, to abortit, andto interrogateits statusvia the
‘Terminatedand'Callable attributes.Neverthelessgcompletionof ataskre-
quiresactionby therun-time. The taskmustbe removedfrom ary queues
onwhich it mayhapperto be,andmustbe markedascompleted A check
mustbe madefor pendingcalls on entriesof the completedtask, andthe
exceptionTaskingError mustbe raisedin arny suchcalling tasks[BR85,
Sectiord].

6. CompleteMasteris calledby the activator whenit nishes the execution
of this scope.At this point the activator waits until all its dependentasks
eithercompletetheir execution(andcall CompleteTask or areblockedin a
Terminatealternatve. Alive dependentasksin aterminate alternatve are
forcedto terminate.

In generalkhisis the earliestpointat which it is completelysafeto discard
all storageassociatevith its dependentasks(becausét is atthis pointthat
executionleavesthescopeof thetask'stypedeclaration) Thisis sobecause
referenceao ataskmaybe passedar from its point of creation,asvia task
acceswvariablesandfunctionsreturningtaskvaluesBR85, Sectiord].

In thefollowing sectionsve make a detaileddescriptionof thework doneby
the following run-time subprogramsEnterMaster CreateTask, Activate Tasks,
CompleteActivation,CompleteTask,andCompleteMaster

1. Enter Master

EnterMasteP justincrementghe currentvalueof Master Within in the activator.

6System AskingStayes.EnterMaster
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2. CreateTask

CreateTaskK carriesoutthefollowing actions:

1. If nopriority wasspeci edfor thenew taskthenassigrto it thebasepriority
of theactiator.

The priority of ataskwhereno priority is speci edis the priority at which
it was created,thatis, the activator priority at the time thatit calls Cre-
ate Task[BG94, section6.7.5]

2. Traversethe parentdlist of the activator to look for the parentof the new
taskvia the masterevel (the ParentMasteris lower thanthe masterof the
new task).

3. Defertheabortion.

4. Requestlynamicmemoryfor thenew ATCBS.

5. Lock All_TasksList becausehis lock is usedby Abort_Dependents
andAbort_Tasksand,up to this point, it is possiblethatthe new task
is partof afamily of tasksthatis beingaborted.

6. Lock the Activator's ATCB.

7. If the Activator hasbeenabortedthen unlock the previous
locks (All_TasksLists and its ATCB), undeferthe abortion
andraisethe Abort_Signalinternalexception.

8. Initialize all the elds of the new ATCB?® (Callable setto
True;Wait_Count Alive_CountandAwake_Countsetto 0).

9. UnlocktheActivator's ATCB.
10. Unlock All_TasksList.
11. Add somedatato the new ATCB to managesxceptions®.
12. Insertthenew ATCB in theactivationchain.
13. Initialize the structuresassociatedvith thetaskattributes.

14. Undefertheabortion.

’System dskingStages.CeateTask

8System sk Primitives.Opeations.Nev_ATCB
9System dskinglnitialize ATCB
10system.Sattinks.Ceate TSD
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From this point the new task becomesallable Whenthe call to this run-
time subprogranreturnsthe codegeneratedy the compilerexecutesa sentence
which setsto True the variablewhich remindsthat the taskhasbeenelaborated
(describedn section2.2.3).

3. Activate Tasks

With respecto thetasksactivationthe Ada ReferencéManualsaysthat“all tasks
createdby the elaboration of objectdeclamtionsof a single declamtive region
(including subcomponentsf the declaed objects)are activatedtogether Sim-
ilarly, all taskscreatedby the evaluation of a single allocator are activatedto-
gether’ [AAR95, section9.2(2)]

GNAT usesanauxiliary list (the ActivationList) to achieve this semanticsin
a rst stageall the ATCBsarecreatedandinsertedin thetwo lists (All Tasksand
Activationlists); in asecondstageheActivationList is traversedandnew threads
of controlarecreatedandassociatedavith the new ATCBs. AlthoughATCBsare
insertedn bothlistsin LIFO order(asa stack)all actvatedtaskssynchronizeon
theactivatorslock beforethey starttheiractivationin priority order Theactivation
chainis not outstandingvhenall its taskshave beenactivated.

Activate Tasks?! performsthefollowing actions:

1. Deferabortion.

2. Lock All_TasksList to preventactivatedtasksfrom racingaheadbeforewe
nish actiatingall tasksin the ActivationChain

3. Checkthatall taskbodieshave beenelaboratedRaiseProgram.Error oth-
erwise.

For theactiationof atask,theactivatorcheckghatthetask bodyis already
elaboratedIf two or moretasksarebeingactivatedtogether(seeARM 9.2),

astheresultof the elaboratiorof a declaratve_partor theinitialization for

the objectcreatedby anallocator this checkis donefor all of thembefore
activatingary.

ReasonAs speci edby Al-00149,thecheckis doneby theactvator, rather
thanby thetaskitself. If it weredoneby thetaskitself, it would beturned
into a TaskingError in the activator, andthe othertaskswould still be acti-
vated[AAR95, section3.11(12)].

11system AskingStayes.ActivateTasks

30



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

4. Reversetheactivationchainsothattasksareactivatedin theorderthey were
declared.Thisis notneededf priority-basedschedulings supportedsince
activatedtaskssynchronizentheactivatorslock beforethey startactivating
andsothey shouldstartactivatingin priority order

5. For all tasksin theactivationchaindo thefollowing actions:

(a) Lockthetask's parent.
(b) LockthetaskATCB.

(c) If thebasepriority of the new taskis lower thanthe activator priority,
raisethepriority to theactivatorpriority, becausataskbeingactivated
inheritsthe active priority of its activator[AAR95, sectionD.1(21)].

(d) Createanew threadby meansof GNULLcall'? andassociateg to the
taskwrapper If the creationof the new threadfails, releasdahe locks
andsetthecallerATCB eld Activation Failedto True.

(e) Setthestateof thenew taskto Runnable

(f) Initialize the countersof the new task (Await_CountandAlive_Count
setto 1)

(g) Incrementhe parentcountergAwait_CountandAlive_Coun).

(h) If theparentis completingthe masterassociatewvith this new task,in-
crementhenumberof taskshatthemastemustwait for (Wait_Couny.

(i) UnlockthetaskATCB.
(j) Unlockthetask's parent.

6. Lock thecallerATCB.
7. Settheactivatorstateto Activator Sleep

8. Closetheentriesof thetasksthatfailedthreadcreation andcountthosethat
have not nished activation.

9. Poll priority changeandwait for the activatedtasksto completeactivation.
While thecalleris blocked POSIXreleaseshecallerlock.

Onceall of theseactivationsare complete,if the activation of ary of the
taskshasfailed (dueto the propagatiorof an exception), TaskingError is

raisedin the activator, atthe placeat whichit initiatedthe activations.Oth-

erwise theactivatorproceedsvith its executionnormally. Any taskaborted
prior to completingtheir activationareignoredwhendeterminingwhether
to raiseTaskingError[AAR95, section9.2(5)].

125ystem dsk Primitives.Opeations.Ceate Task
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10.
11.
12.
13.
14.

Settheactivatorstateto Runnable
Unlockthecaller ATCB.
Remore the ActivationChain.
Undefertheabortion.

If sometasksactivationfailedthenraiseProgram Error. TaskingErroris
raisedonly once,evenif two or moreof the tasksbeingactivatedfail their
activation[AAR95, section9.2(5b)].

4. Complete Activation

CompleteActivation'? is calledby eachtaskwhenit completegheelaboratiorof
its declaratve part. It carriesout thefollowing actions:

1
2
3.
4

. Defertheabortion.

. Lock theactivatorATCB.

Lock self ATCB.

. Remore danglingreferenceto the actvator (sincea task may outline its

activator).

If the activatoris in the Activator_SleepStatethendecrement\ait_Count
in the actvator. If this is the last taskto completethe actiation in the
Activation Chain, wake up the actvator so it cancheckif all taskshave
beenactivated.

. Setthepriority to thebasepriority value.

Undefertheabortion.

5. Complete Task

The CompleteTask* subprogranperformsthefollowing singleaction:

1.

Cancelqueuedentrycalls.

13gystem AskingStages.Completé\ctivation
l4system AskingStayes.Completdask.
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Fromthis pointthetaskbecomegot callable

6. Complete Master

Therun-timesubprogranCompleteMaster® carriesout the following actions:

o o &M N

~

10.
11.

. Traverseall ATCBs countinghow mary actve dependentasksdoesthis

mastercurrently have (andterminateall the still unactvatedtasks). Store
this valuein Wait_Count

Setthe currentstateof the activatorto MasterCompletionSleep

Wait until dependentasksareall terminatedor readyto terminate.

Setthe currentstateof theactivatorto Runnable

Forcethosetaskson terminatealternatvesto terminate(by abortingthem).

Counthow mary active dependentasksdoesthis mastercurrently have.
Storethis valuein Wait_Count

Setthe currentstateof the activatorto Master Phase2_SleepState

. Wait for all countedtasksto terminatethemseles.

. Setthecurrentstateof the activatorto Runnable

Remare terminatedasksfrom thelist of dependentandfreetheir ATCB.

DecremeniMaster Within

2.3 Summary

In this chaptemwe have seernthe basicdatastructuresisedby the GNAT run-time
to supportAdatasks,the task statesconsideredy GNARL, thetasktranslation
doneby the compiler andthe subprogramsalled by this generateccode. In
summarythe mainaspectsoveredin this chapterare:

1.

Eachtaskhasanassociated\da TaskControlBlock (ATCB).

155y stem AskingStayes.Completdiaster
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2. Thereis alist which containsall the ATCBs (All TasksList).

3. Oneauxiliary list is usedto activatetaskobjectsin the sameAda scopeat
thesametime.

4. Mastersde ne ataskscopewhich allow therun-timeto managedask nal-
ization.

5. TheAdataskspeci cationis translatedy thecompilerinto alimited record;
the Adataskbodyis translatednto a procedurewith intermixedcallsto the
RTS to managehetaskbodycreation activationand nalization.

6. The ervironmenttaskis responsibldor the RTS initialization. After this
work, it alsoexecuteghe main Ada subprogram.

34



Chapter 3

The Rendezwus

The Rendezvous the basicmechanisnfor synchronizatiorandcommunication
of Adatasks.Themodelof Adais basedon a client/serer modelof interaction.
Onetask,thesener, declaresa setof serviceshatit is preparedo offer to other

tasks(the clients). It doesthis by declaringoneor morepublic entriesin its task

speci cation. A rendezwusis requestedy onetaskmakinganentry call onan

entryof anothertask. For therendezwousto take placethe calledtaskmustaccept
this entry call. During the rendezwusthe calling taskwaits while the accepting
taskexecutes.Whenthe acceptingaskendsthe rendezwousbothtasksarefreed

to continuetheir execution[BR85, Section6].

This chapteris organizedin two parts. In this rst partthe Adarendezwous
modelandsyntaxarepresentedThe secondpartdescribeshe GNAT implemen-
tation.

3.1 The Ada Rendezwus

3.1.1 Entry Declaration

Eachentry identi es the nameof the service,the parameterghat 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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Theentrydeclaratiormustbe placedinsidethetaskspeci cation. Theparam-
eterpro le isthesamefor Ada proceduresgin, out andin out — with in beingthe
default). Accessparametersarenot permitted,thoughparameter®f arny access
type are, of course allowed. Default parametersirealsoallowed. The optional
Discrete. SubtypeDe nition in theentrydeclarations usedto declareafamily of
entries(anarrayof entries) all of whichwill have thesameformal part. Similarto
proceduresentriescanbe overloaded.This meanghatataskcanhave morethan
oneentrywith thesamenameif the parameterso theentriesaredifferent(BW98,
section5.2].

3.1.2 Simple Mode Entry Call

A clienttask(alsoreferredto ascalling task issuesan“entry call” onthe sener
taskby identifying boththe senerandtherequiredentry [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 may have parametersyhich permitvaluesto be passedn bothdirections
betweerthe calling andacceptingasks.Semanticallythe calling taskis blocked
until completionof the requestedendezwous. If the call is completednormally,
it resumesexecutionwith the statementollowing the call, just asit would after
returnfrom a procedurecall. Recorery from arny exceptionraisedby the call is
alsotreatedasit would be for a procedurecall. Oneminor differencedetectable
by thecalling taskis thatanentrycall mayresultin TaskingError beingraisedin
thecallingtask,whereasanordinaryprocedurecall would not [BR85, Section6].

3.1.3 Conditional Entry Calls

The conditionalentry call allows the taskclient to withdraw the offer to commu-
nicateif the sener taskis not preparedo acceptthe call immediately[BW98,
section6.9.2]. Thesyntaxis [AAR95, section9.7.3]:

conditional_entry_call R
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

Thesenertaskindicatesawillingnessto providetheserviceatary particulartime
by executingan“accept”statemenfBW98, section5.1]. The syntaxis [AAR95,
section9.5.2]:

accept_statement =
accept entry_direct_name [(entry_index)] parameter_profile [ do
handled_sequence_of statements
end [entry_identifier]];

The acceptstatemenspeci esthe actionsto be performedwhenthe entryis
called. It mustbe placedin the taskbody; it cannot be placedin a procedure
whichis calledby the taskbody [BW98, section5.3]. For the communicatiorto
occurbetweerthe clientandthesener, bothtasksmusthave issuedtheir respec-
tive requests Whenthey have, the communicatiortakesplace;this is calledthe
rendezvoubecausdothtaskshave to meetat the entry at the sametime. When
the rendezwusoccurs,ary in (andin out) parametersre passedo the sener
task from the client. The sener task then executesthe codeinside the accept
statementWhenthis statementnishes, out (andin out) parametersarepassed
backto theclientandbothtasksproceedndependentiyandconcurrently{BW98,
section5.1].

It is quite possiblethatthe client andsener will not bothbein a positionto
communicateat exactly the sametime. For example,the operatormay be will-
ing to accepta servicerequestout theremay be no subscribergssuingan entry
call. For the simplerendezwous case,the sener mustwait for a call; whilst it
is waiting it freesup ary processingesourcat is using; a taskwhich is gener
ally waiting for someeventto occuris usuallytermedsuspendedr blocked If
a clientissuesa requestandthe sener is not readyto acceptthe request(either
becausét is alreadyservicinganotherequesbr it is doingsomethingelse),then
the client mustwait. Clientswaiting for serviceat a particularentry arequeued.
The orderof the queuedependon whetherthe Adaimplementatiorsupportghe
Real-Time SystemaAnnex [AAR95, Annex D]. If theannexis notsupportedthen
the queueis rst-in- rst-out; otherwiseotherpossibilitiesare allowed including
priority queuing[BW98, section5.1].
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If anexceptionis raisedduringtherendezwus,thentherendezousis termi-
natedandthe exceptionis raisedagainin both the sener (called)andthe client
(calling) task. In addition,whena taskattemptsto call anothertaskthat hasal-
readyterminated(completedor hasbecomeabnormal),the caller task getsthe
exceptionTasking Error raisedat the point of the call [BW98, section5.7].

3.1.5 Selectve Accept

The“selectve acceptallows a senertaskto [BW98, section6.1]:

wait for morethanasinglerendezwousat ary time;

time-outif norendezwousis forthcomingwithin aspeci ed period(seesec-
tion 5.1.5);

withdraw its offer to communicatef no rendezousis immediatelyavail-
able;

terminatef noclientscanpossiblycall its entries.
The syntaxof the selectve accepis [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 selectve acceptmustcontainat leastoneacceptalternatve. It is possible
thatseveralclientsmay be waiting on oneor moreof the entrieswhenthe sener
task executesthe selectstatement.In this case,the one chosenis implementa-
tion dependent.This meanghatthe languagdtself doesnot de ne the orderin
which the requestsare serviced. If the implementationis supportingthe Real-
Time SystemsAnnex [AAR95, sectionD], thencertainorderingscanbe de ned
by the programmer For general-purposeoncurrent-programminghe program-
mer shouldassumehatthe orderis arbitrary;thatway the programcannotmake
ary assumptionsboutthe implementationof the languageandthusit will be
portableacrossdifferentimplementatiorapproachesBy default, single queues
areservicedona rst-come rst-servedbasis|BW98, section6.1].

Eachselectve acceptalternatve can have a guard associatedvith it. This
guardis abooleanexpressionwhich is evaluatedwhenthe selectstatements ex-
ecutedIf theexpressiorevaluatego True, thealternativeis eligible for selection.
If it is False thenthealternatveis noteligible for selectionduringthis execution
of the selectstatementevenif clientsarewaiting ontheassociate@ntry It is an
errorif aselectve acceptstatemenhasa guardon eachof its alternatvesandall
the guardsevaluateto False Whenthis happensthe exceptionProgramError
is raised. Alternatveswithout guardsaredeemedo have “true” guards[BW98,
section6.2].

Theelsepartallows the senerto withdraw its offer to communicatef no call
isimmediatelyavailable. Theelsepartcannot be guardecandconsequentlypnly
oneelsepartmayappeain asingleselectstatemenfBW98, section6.4].

Thedelay alternatve of the selectve acceptallows a senertaskto time-outif
anentry call is not recevedwithin a certainperiodof time. Thetime-outcanbe
arelative or anabsolutedelay If therelative time expresseds zeroor negatie,
or the absoluteime haspassedthenthe delayalternatve is equivalentto having
an“elsepart”. More thanonedelayalternatve is allowed, thoughonly the delay
with thesmallestimeinterval will actasthetime-out.Relatve andabsolutelelay
alternatves can not be mixed in a single selectstatemen{BW98, section6.3].
Timedsentencewill beanalyzedn chapters.

Theterminate alternatve allows a senertaskto becomecompletedvhenthe
following conditionsaresatis ed [BW98, section6.6]:

The taskdepend®n somemasterwhoseexecutionis completedthe con-
ceptof the“master”is explainedin section2.1.3)

Eachtask which dependson the masterconsidereds either alreadyter-
minatedor similarly blocked at a selectstatementvith an openterminate
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alternatve.

Whenboththeabove conditionsaresatis ed, notonly is the sener taskcom-
pletedbut soalsoareall tasksthatdependon the mastereingconsideredOnce
thesetasksare completedary associatednalization codeis executed[BW98,
section6.6].

3.1.6 The Count Attrib ute

Eachentryqueuehasanattributeassociatevith it thatallowsthecurrentlengthof
thequeueto beaccessibl¢o theowningtask.E'Count returnsanaturalnumber
representinghe numberof entry calls currentlyon the entry E, whereE is either
a single entry or a single entry of a family [BW98, section5.3.1]. The Count
attribute canonly be usedwithin the body of the taskbut not within a dependent
subprogram.
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3.2 GNAT Implementation

Achieving rendezwusordinarily requiresthat oneof the two taskswait until the
otheris ready In the casethat morethanonetaskis waiting on the sameentry
of atask,Adarequiresthe callsbe acceptedn rst-in- rst-out order An imple-
mentatiormustthereforemaintaindatastructurego keeptrack of whichtasksare
waiting on entry calls, which entriesthey arecalling, andin whatorderthe calls
on eachentryof ataskarrived[BR85, Sectiong].

3.2.1 Entry Call and Parameters

GNAT associatea recordto eachentry call: the Entry Call Recod?. It is used
to groupall the run-timeinformation associatedvith the entry call. It includes
theidenti er of thecalledentry, the currentstateof the entrycall, thelinks to the
previousandnext queuedentrycalls, etc.

The compiler generate®ne recordwith one eld associatedvith eachen-
try parameterithe Entry Parametes Recod. The compileralsogeneratesode
which lls theseelds with the addres®of the correspondingparameter(In case
of simple Ada types—Intger, Float,enumerationgtc.—the compilergenerates
codewhich declaredocal variablescopiesthe real parametein thesevariables
andstoresthe addressof thesevariablesin the correspondingeld of the Entry
Parametes Recod). Theaddresof the Entry Parametes Recod is thenpassed
to the GNAT run-time. The run-timestoresthe addresof the Entry Parametes
Recod in the UninterpretedData? eld of the Entry Call Recod.

As asummaryFigure3.1presentshe GNAT run-timedatastructuresusedto
handleanentrycall to theentry E of thefollowing taskspeci cation:

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

3.2.2 Simple Mode Entry Call

Due to the similarity of the simple modeentry call andthe procedurecall, the
compilertranslates simplemodeentrycall into a procedurecall.

1System.dskingEntry_Call_Recod
2System AskingUninterpreted Data
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Compiler
Generated-Code
Level Parameters Block -
Number4+———> Integer Variable
Text —
T String Variable
_ ATCB
Run-Time
Level Task_Arg
State Entry Call Record
Iérlwt.ry_CaII —T
.U.n.interpreted_Data
All_Tasks_Link
LL
Thread
Cond_Var
Lock
Figure3.1: Entry Call.
declare
P : Parms_Block := (Parml, Parm2, .., ParmN);
begin
GNARL.Call_Simple  (Task_ID, Entry_ID, P'Address);
[ Parml := P.Parml; ]
[ Parm2 := P.Parm2; ]
[ .. ]
end,

P is an aggrgatewhich savesthe parametergthe Entry Parametes Recod
describedn section3.2.1). The addresof this aggr@ateis passedo the GNAT
run-time,alongwith theidenti ers of the calledtaskandentry. The assignments
afterthecall arepresenbnlyin thecaseof in out or out parameterfor elementary
types,andareusedto assignbackthe resultingvaluesof suchparametersLet's
seetheactionsperformedoy therun-time.
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Call_Simple®:

1. Callthe GNARL subprogranCall_Syntironous

Call_Synchronous:

1. Defertheabortion.

n

Createandelaboratea new Entry Call Recod andassociatéo it the
entrycall parametergthe Entry Parametes Recod).

Callthe GNARL subprogranfask Do_Or_Queue
Wait for the completionof the rendezwous(Wait_For_CompletionR).
Undefertheabortion.

o 0 bk~ w

Raiseary pendingexceptionfrom the entry call (Ched_ExceptioR).

Task Do_Or_Queue':

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

(a) Committheacceptoto rendezwouswith thecaller.

(b) If theacceptoisin aterminate alternatve thencancelthetermi-
natealternatve. If the acceptohasno dependentasksnotify its
parentthatthe acceptolis againawake.

(c) If theacceptstatemenhasa null body (anacceptusedfor tasks
synchronizationthenwake up the acceptarwake up the caller
andRETURN.

(d) If theacceptstatemenhassomebodythencall arun-timeproce-
dure(SetupFor Rendezvou®ith Body) to insertthe Entry Call
Recod in the AcceptedEntry Calls Stadk of theacceptotask(de-
scribedin section3.2.6),andto raisethe priority of the acceptor
(if the caller priority is higherthanthe priority of the acceptor).
Thenwake up theacceptoandRETURN.

3System AskingRendezvous.CaBimple

4System dskingRendezvous.CaByntironous
SSystem.dskingEntry_Calls.Wait_For_Completion

6System dskingEntry_Calls.Chek_Exception

’System dskingRendezvousaskDo_Or_Queue

8System dskingRendezvous.Setior_Rendezvousth_Body
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3.2.3 Conditional Entry Call

Theefcient implementatiorof the conditionalentry call requiresto checkif the
calledtaskis readyto accepthecall. If thetestfails, the GNAT run-timereturns
controlimmediatelyto the calling task.Otherwisetheactionsaresimilarto those
for the simple modecall [BR85]. The compilertranslateghe conditionalentry
call into thefollowing code:

declare
P . Parms_Block := (Parml, Parm2, ..., ParmN);
Successful : Boolean;
begin
GNARL.Task_Entry Call (Task_ID,
Entry_ID,
P'Address,

Successful);
if Successful  then

[ Parml := P.Parml; ]
[ Parm2 := P.Parm2; ]
Steﬁéments; --  Statements after the entry call
else
Statements; --  Statements in the "else" part
end if;
end;

In this casethe codegeneratedby the compilercallsthe GNARL subprogram
Task Entry_Call® with the sameparametersf the simple mode entry call and
oneadditionalout modeparametefSuccessfil If the entry call isimmediately
acceptedhis parameters setto True by therun-time,andthe statementafterthe
entrycall areexecuted.Otherwisethe statement# the elsepartareexecuted.

3.2.4 Entries and Queues

The GNAT compilerassociates positive numberto eachtaskentry: the Entry
Identi er. This numbercorrespondsvith the position of the entry in the task
typespeci cation(startingwith 1). Familiesof entriesarehandledik e individual
entries.For example,thefollowing taskhas ve entries:asingleentry(Hello), a
family of entrieg(Do_Wbrk) andanothersingleentry(Bye. Identi er 1is assigned
to Hello; identi ers 2 to 4 areassignedo theentryfamily Do_Work, andidenti er
5is assignedo Bye

9System AskingRendezvousask Entry_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_ld = 4
entry Bye,;
- Bye Entry Id =5
end T;

Eachentryhasonequeuewhich storesall the pendingentrycalls. If thequeue
is nonemptythenext callerto be senedis atthe headof thequeue. The GNARL
implementationusescircular doubly linked lists so that checking,insertionand
deletionareall constant-timeperations.

TheATCB eld Entry_Queuess anarrayindexedby theentryidenti er. Each
elemenbf thisarrayhastwo elds: theHeadandthe Tail of thequeue.

Acceptor Task

ATCB

Entry_Call_Record Entry_Call_Record Entry_Queues

Head
Tail

1

Prev ————» Prev
Next <«—+— Next

Head
Tail

Figure3.2: Entry Queues.

3.2.5 Trivial Accept

TheGNAT run-timeclassi esthe Adaacceptsentencesto thefollowing modes:
Trivial (acceptwithout parameterandwithoutcodewhichis usedto synchronize
Ada tasks),Simple(acceptwith parameter®r code)and Selective(the Ada se-
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lective acceptsentence).The trivial acceptcorrespondsvith the following Ada
code:

accept My_Entry;

Thecompilertranslateshis sentencento thefollowing GNARL call:

GNARL.Accept_Trivial (Entry_ID);

This GNARL procedurgerformsthefollowing actions:

Accept_Trivial®:

1. Defertheabortion.

2. If noentrycall is still queuedhenblock the acceptoitaskto wait for
the next entrycall (Wait_For_Call'1).

3. Extractthe Entry Call Recod from the headof the queue(Dequeue
Head?) andwake-upthe entry caller (\Wakeup Entry_Caller®®).

4. Undefertheabortion.

3.2.6 Accept Statement

Whentheaccephassomecodethe GNAT run-timeextractstheEntry Call Recod
from the entry queueand pushest in an AcceptedEntry Calls Stak. The top
of this stackis referencedoy the Call eld of the acceptors ATCB (cf. Fig-
ure 3.3).TheEntry Call Recodsin this stackarelinked by meansof the Accep-
tor_Prev_Call eld. All theentrycallsin this stackcorrespondo nestedaccept
statementsxecutedby theacceptotask.

The simplemodeaccepicorrespondsvith thefollowing Ada code:
accept My _Entry ( . . . ) do

<< Entry_Body >>
end My_Entry;

10system dskingRendezvous.Acceftivial
H1system dskingRendezvous &kt _For_Call
125ystem dskingQueuingDequeueHead
13gystem dskinglnitialization.\WakeupEntry_Caller
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Entry_Call_Record

Acceptor Task

Queued Entry Calls ATCB
___________________ \
Entry_Call_Record Entry_Call_Record | Entry_Queues
\ _
Head
| 21
| Tail
|
|
PreV ——» Prev !
Next <« Next !
! Head N
___________________ Tail

Prev_Call | «—+

Entry_Call_Record Entry_Call_Record

Prev_Call | «<—— Prev_Call

Call

Figure3.3: SimpleAccept.

It is translatedy the compilerto the following code:

declare

Params_Block_Address

begin

GNARL.Accept_Call  (Entry_ID,

<< Entry_Body

>>

GNARL.Complete_Rendezvous;

exception

when others =>

GNARL.Exceptional

end;

Address;

Params_Block_Address);

_Complete _Rendezvous;

Thelocal variableParamsBlod_Addressis usedto storetheaddres®f the Entry
Parametes Recod. Theusercodeis putby the compilerin middle of two callsto
GNARL. The GNARL procedureAcceptCall carriesoutthe following actions.

Accept Call**:

1. Defertheabortion.

l4system dskingRendezvous.Acce@all
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2. If theentryhasno queuedentry callsthenblock the acceptoitasksto
wait for the next entry call (Wait_For_Call*®).

3. Extractthe Entry Call Recod from the headof the queue(Dequeue
Head andpushit in the AcceptedEntry Calls Stad.

4. Updatethe out-modeparameteiParam Accesswith the referenceto
the Entry Parametes Recod sothatthe compilergenerated¢odecan
accesgheentryparameters.

5. Undefertheabortion.

If no exceptionis raisedduring the executionof the usercodethe GNARL
subprogranCompleteRendezvou$ is called. This subprogranjust calls Excep-
tional_CompleteRendezvousotifying thatno exceptionhasbeenraised.If some
exceptionis raisedExceptionalCompleteRendezvous calledfrom the excep-
tion handler This proceduregperformsthefollowing actions.

Exceptional. Complete. Rendezwus'’:

1. Defertheabortion.

2. Popthereferenceto the Entry Call Recod from the AcceptedEntry
Calls Stad.

3. If anexceptionwasraised,getits identi er from the entrycall eld
ExceptionTo_Raiseandsave its occurrencan the ATCB eld Com-
piler_Data. This exceptionwill bepropagatedbackto thecallerwhen
therendezwousis completedAAR95, section9.5.3].

4. Wake up the caller(Wakeup Entry_Caller).
5. Undefertheabortion.

3.2.7 Selectve Accept

Thespecialimplementatiorproblemintroducedby the selectve wait is thatatask
may at oneinstantbe readyto accepta call on a setof several entries.Fromthe
viewpoint of the Ada run-time, this is really two problems,sinceit comesup in
theprocessingf entrycalls,aswell asselectve walits:

15system gskingRendezvous &k _For_Call
165y stem dskingRendezvous.CompleRendezvous
17System AskingRendezvous.Exceptidn@ompleteRendezvous
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1. Sinceataskmaybewaiting on morethanoneopenaccepfalternatve, pro-
cessingnentrycall requirescheckingwhetherthecalledentrycorresponds
to oneof the openalternatves.

2. Sincetheremaybeseveralopenacceptlternatves,processingheselectve
wait requirescheckingthe setof pendingentry callsagainsthe setof open
accepfalternatves.

The needto be ableto performboth of theseoperationsef ciently strongly
in uencesanimplementatiors choiceof datastructures.Therearetwo obvious
waysto performthe rst operationcheckingwhetheracalledentryhasacurrently
openacceptlternatve:

1.1. If the setof openacceptalternatvesis representea@sa list, checkingre-
guirescomparinghe calledentryagainstieachof theentriesin thislist. We
call thisapproachheuseof anopenentrylist. It maybetime consumingf
therearemary openentries.

1.2. An alternatve is to usea vectorrepresentatiomor the setof openentries:
the openacceptsvector This vectorwould have onecomponenfor each
entry of the task. Eachcomponentwould minimally indicatewhetherthe
correspondingntryis open.

Note thatthe acceptvectoror openentry list mustbe createdat the time the
selectve wait statemenis executedpnceit is known which alternatvesareopen.
The time neededto do this only dependson the numberof alternatvesin the
selectve wait statement.

With separat@jueuedor eachentry it is necessaryo checkthe queuecorre-
spondingto eachopenentry. This requiressequencinghroughthe openentries.
Alternatively, if the openentriesarerepresentethy anopenentrylist, this check
can be performedmore quickly, without looking at the non-openentries. This
maybeagoodreasorto keepbothanopenentrylist andanacceptector though
thisredundang may costmorein overheadhanit savesthroughfasterexecution
of the checkfor pendingcalls.

GNAT usesthe OpenAccepts\Vector. Eachelementof this vector hastwo
elds: theentryidenti er anda booleanwhich indicatesif the acceptstatement
hasanull body. Eachelemenbf theacceptwectorcorrespondso theacceptlter
nativesof theselectstatemen(in thesameorder; rst elemenbftheacceptector
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correspondso the rst alternatve, secondelementcorrespondso the secondal-
ternatve, etc.). Theentryidenti er is setto O whentheentryguardis closed.The
referencedo the acceptvectoris storedin the OpenAcceptsATCB eld. For ex-
ample,thefollowing taskhasthreeentries( , and ). In theselectstatement
the rst two entriesare open,but the third entryis closed. Additionally, the rst
andthird entryhave anull body.

task T is
entry P; - Entry Id
entry Q; -- Entry Id
entry R; - Entry Id
end T;

1 n
WN -

task body T is
begin
select
accept Q;
or
accept P do

end P;

or
when False =>
accept R;

end select
end T,

Figure3.4 hasthe correspondingdpenAcceptsvector. The rst acceptalter
native correspondso the secondentry (thereforethe Entry_Id eld is setto “2”)
whichis openandhasanull body Thesecondalternatve correspondso the rst
entry, which is alsoopenandhassomeuserde ned code. Finally, the lastalter
native hasthe guardingconditionclosedand,thereforethe Entry_Id in the Open
Acceptsvectoris setto “0”.

The GNAT compilertranslateghe selectve acceptto onescopewhereit de-
claresthreevariables:the OpenAcceptsvector, the Index of the selectedhlterna-
tive andtheaddres®f the Entry Parametes Recod. Index valueO is usedby the
run-timeto indicatethatthe elsealternatve hasbeenselected.

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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Acceptor Task
ATCB
Entry_Call_Record Entry_Call_Record Entry_Queues
< Head
. 1
Tail
Prev ———» Prev
Next <«— — Next
Head N
Tail
Entry_Call_Record Entry_Call_Record
- Call
Prev_Call | <—  Prev_Call
Open_Accepts_Vector
Entry ID =2 Open_Accepts
Null Body = True
EntryID =1
Null Body = Falsg
EntryID =0
Null Body = True

Figure3.4: OpenAcceptsVector

case Index is

when 0 =>
-- else part
whe.ri. 1 =

-~ user code of the first accept

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

end case
end;

Theusercodeassociatedith eachalternatveistranslatedo localprocedures.
Below we have the generaktructureof 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;

The GNARL procedureSelectiveWait carriesout the following actions:

Selective Wait18:

1. Defertheabortion.

2. Try to sene the entry call immediately GNARL subprogramSe-
lect Task Entry_Call*® selectsone entry call following the queuing
policy beingused.

(a) If thereis somecandidateand the accepthasa null body then
completetherendezwus,wake up thecaller, undefertheabortion
andRETURN.

(b) If thereis somecandidateand the accepthas someassociated
codetheninserttheEntry Call Recod in theAcceptedEntry Calls
Stadk (SetupFor_Rendezvoud\th_Body©), updatethereference
to the Parametes Recod, undefertheabortionandRETURN.

(c) If thereis nocandidatéout therearealternatvesopenedyvait for a
caller In thefuturesomecallerwill putanentrycall recordin the
AcceptedEntry Calls Stad andit will wake upthisacceptarThen
this acceptomwill updatethe referenceo the entry parameterst
will undefertheabortion,andit will RETURN.

(d) If thereis aterminatealternatve, notify its ancestorshatthistask
is onaterminatealternatie (Make_Passivé?!, andwait for normal
entrycall or termination.

(e) If noalternatveis openandnodelay(or terminatehasbeenspec-
i ed thenraisethe prede nedexceptionProgram_Error.

18system dskingRendezvous. SelectiVéait

195y stem AskingQueuingSeleciTask Entry_Call

20system dskingRendezvous.Setior_Rendezvous\ith_Body
21System dskingUtilities.Make_Passive
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3.2.8 The Count Attrib ute

TheGNARL functionTask Counf? implementghisattributeandreturnshenum-
berof queuedentrycallsin the speci edentryqueue.

3.3 Summary

The Rendezvouss the basicmechanisnfor synchronizatiorandcommunication
of Adatasks.In this chapterthe mainaspect®f the GNAT implementatiorhave
beendescribedIn summary:

The run-timeinformationassociatedvith the entry call is groupedinto an
Entry Call Recod.

The compilergenerate®ne Entry Parametes Recod with the addresof
thereal-parametersGNARL registersthe addressf this recordin a eld
of the Entry Call Record.

Theentryqueuesreimplementedy meanf doublelinkedlists of Entry
Call Records.

Nestedacceptsaarehandledby meansof one AcceptedEntry Calls Stak (a
linkedlist of acceptedEntry Call Records).

An Accept\ectoris usedto evaluatethe openguardsof theselectve accept.

22System dskingRendezvousatk Count
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Chapter 4

ProtectedObjects

Ada 95 protectedobjectsprovide synchronizatiorbasedon a dataobjectrather
thana threadof control. Protectedoperationscanbe proceduresfunctionsand
entries. Calls to protectedproceduresandentriesare executedin mutualexclu-
sion; no otheroperatiorof the sameprotectedbjectcanproceedn parallelwhen
a protectedprocedureor entry is being executed. The functionscanexecutein
parallel,but not whena protectedprocedureor entry of that objectis executing.
Functionsarenot permittedto affect the stateof a protectedbject.

4.1 The Ada 95 ProtectedObject

A protectedobjectin Ada encapsulatedataitemsand providesaccesgo them
only via protectedsubprogram®n protectedentries. The languageguarantees
thatthesesubprogramsindentrieswill be executedn a mannerthatensureghat
thedatais updatedundermutualexclusion[BW98, chapter7.1].

A protectedunitmaybedeclarecasatypeor asasingleinstanceln thislatter
caseit is saidthatthe correspondingype is anonymous A protectedunit has
a speci cationanda body. The speci cationhasthe following syntax[AAR95,
section9.4].

protected_type_declaration =
protected type defining_ |dent|f|er [known_discriminant_part] is
protected_definition;

single_protected_declaration R
protected defining_identifier is protected_definition;
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protected_definition n=
protected_operation_declaration
[ private
protected_element_declaration ]
end [protected_identifier]

protected_operation_declaration i=
subprogram_declaration
| entry_declaration
| aspect_clause

protected_element_declaration i=
protected_operation_declaration
| component_declaration

Thusa protectedype hasaninterfacethatcancontainfunctions,procedures
andentries. As with tasksandrecords,the discriminantscanonly be a discrete
or accesgype [BW98, chapter7.1]. The body is declaredusingthe 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”, andthereforethereare no prede ned
assignmenbr comparisoroperatorgthe sameis truefor tasktypes).

A protectedprocedureprovides mutually exclusive read/writeaccesgo the
dataencapsulatedProtectedunctionsprovide concurrentread-onlyaccesshe
encapsulatedata. This meansthat mary function calls canbe executedsimul-
taneously However, callsto a protectedfunction arestill executedmutually ex-
clusive with callsto a protectedprocedure. The core languagedoesnot de ne
theorderin whichtaskswaiting to executeprotectedunctionsandprotectedoro-
ceduresareexecuted.If, however, the Real-Time SystemsAnnex [AAR95, An-
nex D] is beingsupportedcertainassumptiongan be madeaboutthe order of
execution[BW98, chapter7.2].

A protecteckentryis similarto a protectedproceduren thatit is guaranteedo
executein mutualexclusionandhasthe read/writeaccesghe encapsulatedata.
However, a protectedentryis guardedby a booleanexpression(calleda Barrier)
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inside the body of the protectedobject; if this barrier evaluatesto false when
the entry call is made,the calling taskis suspendedintil the barrier evaluates
to true andno othertaskare currently active insidethe protectedobject. Hence
protectecentrycallscanbeusedto implementconditionsynchronizatiodBW98,

chapter7.3].

protected type Signal_Object is
entry Wait;
procedure Signal;
function Is_Open return Boolean;
private
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 mustbe put in the private part of the speci cation.
Thereasons thatthe protectedobjectinterfacemustprovide all theinformation
requiredby the compilerto allocatethe requiredmemoryin anef cient manner

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

4.1.1 Entry Calls and Barriers

To issuea call to a protectedobject, a tasksimply namesthe objectandthe re-
quiredsubprogranor entry. As with taskentrycalls,the callercanusethe select
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statemento issuea timedor conditional entry call [BW98, chapter7.4] (timed
conditionalentry call will beanalyzedn a separatehapter).

Object_Name.Entry_Name (Parameters)

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

else
<<Statements>>;

end select

Whenacall onaprotectegrocedurer protectecentryis executedthebarrier
is evaluatedjf thebarrieris closed(evaluatego False),thecall is queued When
the executionof a protectedprocedureor entryis completedall the barriersare
re-evaluatedand, potentially entry bodiesare executed. The evaluationof the
entry barrier and the queuingof the entry call are also protectedoperationson
the associateabject. Barrier evaluation,protectedentry queuingoperationsand
protectedsubprogranexecutionarecollectively referredto asprotectedactions

Any exceptionraisedduringtheevaluationof abarrierresultsn Program_Error
beingraisedin all taskscurrentlywaiting on the entry gueuesassociatedavith the
protectedbjectcontainingthe barrier[BW98, chapter7.8]).

4.1.2 The EggshellModel

A queuecentrycall hasprecedencever otheroperation®n the protectedbject.
This is often explainedin termsof the eggshellmodel Thelock on a protected
objectis theeggshell.

Figure4.1: GraphicalRepresentationf the ProtectedObject.
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Figure4.1 presentsa graphicalrepresentationf the protectedobjects. Tasks
o w of controlis representetty meansof shadevedcircles;the protectedobject
levels arerepresentethy meansof a big circle (associatedavith the objectlock)
anda big rectanglg(associatedvith the objectstateandoperations—represented
by smallrectangles)Closedentriesarerepresentetly meansof blackrectangles;
openedentriesare representedy meansof while rectangles. In this example
the readercan seeone single task executingone protectedoperation(in mutual
exclusion),severaltasksqueuedn the entry gueuesand several additionaltasks
gueuedn thelock.

To performary protectedoperation,a task (representedby small shadeved
circles)mustenterthe eggshell. Oneprotectedorocedureor entry call or several
protectedfunction calls canbe active in the eggshellat atime. Tasksattempting
to enteraneggshellthatis occupiedby a procedureor entry call will beblocked.

An entry call mustenterthe eggshellto evaluatethe associatedbarrier (rep-
resentedby smallrectangles)If the barrieris Open(white smallrectangle)the
entrybodyis executednsidethe eggshell;otherwise(black smallrectangle)the
call is queuedwithin the eggshell. Sincequeuedentry calls arenot active, other
callscanenterthe eggshellin which they arequeued.

Queuedentry calls becomeeligible to executewhen their barriersbecome
Open This needonly be checled whenthey becometrue astheresultof a pro-
tectedprocedurer entrycall onthesameobject{AAR95], essentiallytreatingthe
barrierexpressiorasthoughthey dependeanly on the stateof the protectedb-
ject. Thereforebeforeanoperatiorthatmayhave changedhe stateof a protected
objectexits theeggshell,any queuedentrycallswaiting on barriersthatnow eval-
uateto True mustbe executed.Only whenthe barriersof all entrieswith queued
calls are False canthe eggshellbe exited. This assureghatall entry calls made
eligible by a statechangeareexecutedbeforeary furtheroperationsareinitiated.

4.1.3 Private Entries and Entry Families

As with tasks,protectedobjectsmay have privateentries. Thesearenot directly
visible to usersof the protectedobject. They maybe usedduringrequeueopera-
tions[BW98, chapter7.5].

A protectedtype can also declarea family of entriesby placing a discrete
subtypede nition in the speci cationof the entry declaration.Unlike taskentry
families,however, theprogrammeneedotprovideaseparatentrybodyfor each
memberof thefamily. The barrierassociateavith the entry canusetheindex of
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thefamily (usuallyto index into anarrayof booleans|BW98, chapter7.5] (see
examplesn [BW98, chapter7.5])

4.1.4 Restrictionson ProtectedObjects

In generalcodeexecutednsidea protectedbjectshouldbe asbrief aspossible.
Thisis becausevhilstthecodeis beingexecutedthertasksaredelayedvhenthey

try to gainaccesso theprotectedbject. TheAdalanguagelearlycannotenforce
amaximumlengthof executiontime for a protectedaction. However, it doestry

to ensurethat a task cannotbe blocked inde nitely waiting to gain accesgo a

protectedprocedureor a protectedunction. The ARM de nesit to beabounded
errorto call a potentiallyblodking 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 onasubprogranwhosebody containsa potentiallyblocking opera-
tion.

If a boundederror is detected,the prede ned exception ProgramError is
raised.

4.1.5 Elaboration and Finalization

A protectedbjectis elaboratedvhenit comesnto scopein theusualway. How-
ever, aprotectedbjectcannotsimply gooutof scopaf therearestill tasksqueued
onits entries.Finalizationof aprotectedbjectrequireshatary taskdeft onentry
gueueshave theexceptionProgram Error raisedBW98, chapter7.8]:
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4.1.6 The Count Attrib ute

Protectedbbjectentries lik e taskentries have a Countattribute de ned thatpro-
videsthe currentnumberof tasksqueuedon the speci ed entry. It is important
to notethatevenif a taskis destinedto end up on an entry queue(dueto the
barrierbeingclosed)it requiresthe write-lock to be placedon the queue.More-
over, having beenqueuedthe Countattribute will have changedfor thatqueue)
andhenceary barriersthat have madereferenceo that attribute will needto be
re-evaluatedBW98, chapter7.4].
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4.2 GNAT Implementation

Ada doesnot specify which task executesthe entry barrierandthe entry body.

Protectedentrybodiescanbeexecutedoy ary task,regardles®of whichtaskmade
the correspondingntry call [GB94a,Section5(3)]). Thereforetwo obviouscan-
didatesare(1) thetaskthatcalledtheentryand(2) thetaskwhichopenghebarrier
of theentry[GMB93, Section3.4]. They arereferredto asthe Self-ServicéModel
andthe ProxyModelof protectedentry execution,respectiely.

4.2.1 Self-Sewnice VersusProxy

In theself-servicenodé ataskexiting a protectecbbjectselectsataskwaitingon
anopenentry barrier(if any) basedon the entry queuingdisciplinein effect and
wakesit up, makingit the active taskwithin theeggshell.

In the proxy model,thetaskexiting theeggshellexecutegheentrybodyitself,
wakesthe calling taskandthenrepeatghe checkand entry body executionfor
waiting callers, nally exiting the eggshellwhenthereare no more entry calls
waiting on Truebarriers.

Theprincipaladvantage®f theself-servicanodelarethatit permitsmorepar
allelism andsimpli es schedulabilityanalysis. Parallelismis increasedecause
onamultiprocessotheexiting taskcanproceedvith its own executionin parallel
with the executionof the next queuedcall. Schedulabilityanalysisis simpli ed
becausathreadis allowedto continuewith its own executionimmediatelyafter
the (presumabljbounded}ime it takesto completethe body of its own protected
operationandpasdock ownershipto the next queuedcaller.

The principal advantageof the proxy modelis simplicity. If anentry body
cannotbe executedimmediately the calling task hasonly to suspendand wait
(someothertaskwill beresponsibldor executingthe entrybody). More complec
featuresof protectedobjects,including timed and asynchronougntry calls, are
simpli ed evenmoreby this model. However, schedulabilityanalysiss compro-
misedby this modelsincea taskattemptingto exit aneggshellmust rst execute
all of the waiting entry calls whosebarriersare open,andthereis no language-
imposedrestrictionon the numberof suchcallsthatcanbe pending.

Using Pthreadgo implementthe self-servicemodelintroducesoneproblem.
The taskattemptingto exit an eggshellmustbe ableto transferownershipto a

1Thecontentsof this sectionarea summaryof [GMB93].
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taskwaiting on an Openentry. However, thereis no goodway to solve it with
Pthreaddecausethoughit is possibleto force a threadto be givena mutex by
raisingits priority overthatof the othercontendersthis mayleadto unnecessary
context switchesanddegradeghe implementatiorof Ada priority over Pthreads.
ThereforeGNAT implementshe proxy model.

4.2.2 Proxy Model: In-line VersusCall-Back Implementation

Thereare two possibleimplementationf the proxy model: In-line and Call-
badk. In the In-line implementationthe codegeneratedor all the barriersand
entry bodiesis put by the compilerin a single entry serviceprocedue (cf. Fig-
ure4.2). This procedurénasa mainloop which evaluatesall the barriersandcalls
a GNARL procedurdo selectthe next entry codeto be executed(the valueO is
returnedwhenthereis no candidate).This serviceentriesprocedures calledat
theendof ary protectedactionthatmightresultin achangeof statein theobject.

protected body PO is Service Entries()
loop
entry E1 when is B(1) -
GNAT B(2) -
) Compiler GNARL.Next (B, Index, Parms);
entry E2 when is caseIndex is
weni=
:
end PO; when 2=>
when 0 => exit;
end case;
end loop;

Figure4.2: Proxy Model: In-Line Implementation.

In theCall-backimplementatiorall thelogic requiredo implementheseman-
tics of the protectedobjectsis moved down to the GNARL level. The compiler
translatesentry barrierto a functionthatreturnsa Booleandatumandtranslates
theentrybodyto a procedurgcf. Figure4.3). In additionthe compilergenerates
atablewith the accesgo thesesubprogramsThereferenceo this tablemustbe
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givento the Adarun-time.

protected body PO is

entry E1 when is
GNAT

) Compiler
entry E2 when is

end PO;

GNARL

Figure4.3: Proxy Model: Call-Backimplementation.

Until version2.04,thein-line implementationwasusedin GNAT. Thenthey
decidedto implementboth modelsandto compareboth implementations.Al-
thoughthe in-line implementatiorallows the compilerto make betteroptimiza-
tions, their resultsindicatedthat the call-backinterfaceallows for muchsimpler
translationandeliminatessomeof theoverheadnherentin thein-line interfaces
frequentalternationbetweenthe GNU Ada Run-Time andthe applicationcode.
Thecall-backinterfacealsohasa big advantagan the simplicity andunderstand-
ability of boththe generatedtodeandtheinternallogic of the compiler[GB95].
Therefore the currentversionsof the GNAT compilerhave the call-backimple-
mentation.

4.2.3 ProtectedType Speci cation

The GNAT compilertranslateshefollowing protectedypespeci cation

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

...tothefollowing 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 :opoV) is

8: begin

9: Raise Program_Error to the queued tasks.

10:

11: end Finalize;

Theprotectedypespeci cationis translatedo arecordtypedeclaratior(lines
1to 5). If the protectedtype hasdiscriminants,the recordtype hasthe same
discriminantgin orderto provide the samesemantics) Privatedatais translated
to componentsf thisrecord(line 3). Theadditional eld _object(line 4) contains
all the run-time datarequiredto implementthe protectedobject semanticqthe
objectlock, the entry queuesthe object priority, etc. —seethe GNARL data
type ProtectionEntries’). It is an aliased componentbecausets accessnust
be passedo the GNU Ada Run-Time. As thereadercansee,the recordtype is
Limited_Controlled. Thesearethereasons:

1. Limited. Protectedobjectscan not be copied. In this way Ada ensures
thatthe objectstatecanonly be modi ed by its protectedoperations.This
semanticss provided by the Adalimited types.

2. Controlled. Whenthe object nalizes, the prede nedexceptionexception
Program Error mustberaisedto all thequeuedasks.Thereforethe GNAT
compilerautomaticallygenerates procedurevhich doesthis work (lines
10to 14).

4.2.4 ProtectedSubprograms

For eachprotectedsubprogramthe GNAT compilergenerateswo subprograms:
and . hastheusercode. It is only calledwhenthe objectlock hasbeen

2System dskingProtectedObjects.Entries
3Ada.Fnalization
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acquired. is responsibldo take thelock andto call . This schemeallows a
protectedsubprogranto call anothemprotectedsubprogranin the sameobject(in
this casethecompilergenerateadirectcall to thecorresponding subprogram).
Oneadditionalparameters addedby the compilerto the parametergro le of the
protectedsubprogramsthe _object Becauseprotectedprocedurean modify
the object’s state,they receve the objectasin out mode parameter Protected
functionsreceve the objectasanin modeparameter

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

The compileraddssomerenamingsentenceso the declarationsof the pro-
tectedsubprogramsTheserenamingssimplify the accesgo the objectdiscrimi-
nantandto the privatestate.

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

begin
<Sequence_Of_ Statements>

end procN;

All the sentencesf the protectedsubprogramsre properlymodi ed by the
compilerto make use of theserenamingswhen the discriminantor the object
privatedata elds areused.Let'sseethe subprogramn detail.

1. procedure procP (_object . in out poV; ... ) is
2:

3: procedure Clean is

4: begin

5: GNARL.Service_Entries (_object._object' accesy
6: GNARL.Unlock (_object._object' accesy
7 GNARL.Abort_Undefer;

8: end Clean;

9:

10: begin

11: GNARL.Abort_Defer;

12: GNARL.Lock_Write  (_object._object' accesy
13: procN (_object; e )

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 subprogramareto deferthe abortiorf
(line 11) andto lock the objec? (line 12). After callingthe  subprogran{line
13) we have two possiblescenarios:

1. Noexceptionwasraised In this casethelocal subprogranCleanis called
(line 14)to makethefollowing actions:senetheopenecdentrieswith queued
tasks(line 5), unlockthe protectedobject(line 6) andundeferthe abortion
(line 7).

2. Someexceptionwas raised In this case,before propagatingthe excep-
tion to the calling task, the protectedobject must rst servicethe entries
with queuedasks(accordingto the Proxy model). However, the execution
of theseentriesmay alsoraisenew exceptions(andthe currentexception
would belost). Therefore,it is necessaryo save the exceptionoccurrence
originally raised(line 20) andre-raiseit afterlocal subprogranCleanre-
turns.

The GNARL subprogranServiceEntries will be describedn section4.2.8.

4.2.5 Entry Barrier

Eachentry barrierexpressionis translatedoy the compilerto a function that re-
turnsa Booleantype; eachentry body s putinsidea procedure A tabl€ is also
createdby the compilerto storethe accesghesesubprogramsThis tableis used
by GNARL to evaluatethe entrybarriersandto call theselectedentry body.

function EntryBarrier

(Object : Address;

Entry_Index . Protected_Entry_Index)
~ return Boolean
is

<Discriminant_Renamings>

4System dskinglnitialization.DeferAbort

5System dskingProtectedObjects.Entries.LdcEntries

6System dskingProtectedObjects.Entries

"Thedatatype of this tableis System dskingProtectedObjects.PotectedEntry_Body.Array
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<Private_Object_Renamings>
begin
return <Barrier_Expression>;
end EntryBarrier;

Becausall the entry barriersmusthave the samepro le (to createtheaccess
tableusedto implementthe call-back)the objectparameters passedy meansof
anAddressparameter

4.2.6 Entry Body

Theentrybodyis translatedy the compilerto a procedure.

procedure EntryName

(Object . Address;
Parameters : Address;
Entry_Index : Protected_Entry_Index)

<Discriminant_Renamings>
<Private_Object_Renamings>

CoNITRWNE
»

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 objectis againpassedy meansof an Addressparametelto createthe
accesdable usedto implementthe call-back). Similar to the  subprograms
(section4.2.4),the compileraddssomerenaminggo facilitate the accesgo the
objectdiscriminantandto the private elds (lines6 and7). The compileralso
generateshe unchecled corversionof the object parameteto the typed object
(lines 9 to 11). If no exceptionis raisedby this code, the GNARL subpro-
gramCompleteEntry_Body? is calledto notify to the Ada run-timethatthis entry
body hasbeensuccessfullyserviced.Otherwise(someexceptionwasraised)the
GNARL subprogranExceptionalCompleteEntry_Body is called. This subpro-

8System dskingProtectedObjects.Opeations.CompletdEntry_Body
9System AskingProtectedObjects.Opedtions.ExceptionaCompleteEntry_Body
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gram storesthe exceptionoccurrencen the entry call. The exceptionwill be
raisedby the calling tasksafter beingwokenup.

4.2.7 Entry Family

For eachentryfamily thecompileraddsone eld to thetypedeclarationwhichis
usedto storethe boundsof the entryfamily declarationthe contentsof the array
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 Sewice Entries

Thebasicalgorithmof the GNARL ServiceEntriest® procedurds asfollows:

1 while <There_Is_Some_Open_Barrier_With_Que ued Entry 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

0

10 end loop;

Line 1 is evaluatedby the GNARL procedureSelectProtectedEntry_Call'!
which traversesall the entry queuesand reevaluatesthe barrier of thoseentries
with queuedentry calls. As soonassomebarrieris open(it evaluatesto true),
GNARL selectst tobeserviced.n line 2,theCall_In_Progresseld of the _object
(seethe ProtectionEntriestype de nition) is setto the selectedentrycall record
to remembetthatthis is the entry call beingattended.Lines 3 to 7 opena new
scopeto issuethe call to the entry body andto handlethe exceptionsin the user

105y stem AskingProtectedObjects.Entries. ServicEntries
Hsystem AskingQueueingSelectProtectedEntry_Call
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code. In this casethe prede nedexceptionProgram.Error is broadcastedo all
taskscurrentlyqueuedn ary entryof the protectedbbject.In line 8 thereference
to theentry call is removed (this entry call hasbeenattendedandthe taskentry
calleris woken up (line 9). After this work the loop is executedagainandthe
entry barriersarereevaluated. This processstopswhenno openbarrieris found
in anentrywith queuedasks.

4.2.9 Simple Mode Entry Call

A simplecall to a protectedentry is translatedoy the compilerto a call to the
GNARL subprogranProtectedEntry_Call. The entry calls to protectedproce-
duresare handledin a similar way to task entry calls (this facilitatesthe imple-
mentationof the Ada requeuestatement).Therefore,one Entry_Call_Recod of
theEntry Calls Stak is usedto issuethe entrycall.

Protected Entry _Call'%

Defertheabortion.
Write lock the object.
Elaborateanew Entry Call Recod??,

Call the GNARL procedurePO_Or_Queueto issuethe call or to en-
gueueit in the correspondingntry queue.

5. CalltheGNARL procedure?O_ServiceEntries*to servicetheopened
entries.

A

6. Unlocktheobiject.
7. Undefertheabortion.
8. Checkif someexceptionmustbere-raised.

PO_Do_Or_Queué™:

1. Call thebarrierfunction.

125ystem dskingProtectedObjects.Opeations.PotectedEntry_Call
13system dskingEntry_Call_Recod

l4system dskingProtectedObjects.PQServiceEntries

155y stem AskingProtectedObjects.PQDo_Or_Queue
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2. If the barrieris closedthenenqueuehe Entry Call Recod, andRE-
TURN.

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

4.2.10 Conditional Mode Entry Call

In this casethe actionscarriedout by the GNAT run-timearebasicallythe same
asin the previous case;however, if the barrieris closedthe Entry Call Recod is
notenqueuedndtheelsepart of the conditionalentrycall is executed.

4.3 Summary

In this chapterwe have brie y presentedhe GNAT implementatiorof the pro-
tectedobjects.Themainconceptsre:

Therearetwo modelsto implementthe protectedobjects:the self-service
andthe proxy model. GNAT usesthe ProxyModel

Therearealsotwo possibilitiesto implementthe proxy model: the in-line
andthecall-backimplementationAlthoughthein-line implementatiorwas
usedin theinitial versionspnowadaysGNAT hasadoptedhe Call-bad im-
plementation.

Protectedsubprogramsretranslatedo two subprogram¢ and ). Pis
responsiblao take the objectlock andN hastheusercode.

Barriersaretranslatedo functionsthatreturna Booleandatatype.

Entry bodiesaretranslatedo procedures.
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Chapter 5

Time and Clocks

Many embeddedystemsieedto coordinateheirexecutionswith the naturaltime
of their ervironment. To do this, they usea hardware clock that approximates
the passagef real-time. For long running programs(thatis, yearsof non-stop
execution),this clock may needto be resynchronizedo someexternalauthority
(including the InternationalAtomic Time) but from the programs point of view
theclockis the sourceof real time [BW98, section2.5].

5.1 Ada Time and Clocks

Ada provides accesdo the clock by providing two packages. The main sec-
tion of the Ada ReferenceManual de nes a compulsorylibrary packagecalled
Ada.Calendarthat providesan abstractiorfor “wall clock” time thatrecognizes
leapyears,leapsecondsandotheradjustmentsin Real-Time SystemsAnnex, a
secondrepresentatiofs giventhatde nes a monotonic(thatis, non-decreasing)
regular clock (packageAda.RealTime). Both theserepresentationshouldmap
down to thesamehardwareclock but caterfor differentapplicationneed4BW98,
section2.5].

5.1.1 Ada.Calendar

Theinterfaceof this packages asfollows [AAR95, section9.6]:
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package Ada.Calendar is
type Time is private;
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

private

end .Ada.'CaIendar;

Thecurrenttimeis returnedby thefunction Clodk. CorversionbetweenTime
and programaccessiblaypesis 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.RealTime

Theinterfaceof this packages asfollows[AAR95, sectionD.8]:

package Ada.Real _Time is

type Time is private;

Time_First : constant Time;

Time_Last . constant Time;

Time_Unit : constant := implementation-defined-real-number;

type Time_Span is private;

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;
private

end ”Ada.ReaI_Time;

5.1.3 Delay Statement

Ada tasksare able to delay their executionfor a period of time. This enables
the taskto be queuedon somefuture event ratherthan busy-wait o calls to the
clock function. The expressionfollowing the delay mustyield the value of the
prede nedAda type Duration. It is importantto appreciatahat this sentences
anapproximateime constructwhich indicatesthatthetaskwill be delayedby at
leasttheamountspeci ed [BW98, section2.5.1].

delay_relative_statement = delay delay_expression

If adelayto anabsolutdimeis requiredthenthedelayuntil statemenshould
beused.

delay_until_statement = delay until delay_expression

As with delays,delay until is accurateonly in its lower bound. The task
involvedwill notbereleasedeforethecurrenttime hasreachedhatspeci edin
thestatemenbut may bereleasedater[BW98, section2.5.1].

5.1.4 Timed Entry Call

A timedentrycall issuesanentrycall whichis canceledf thecall is notaccepted
within the speci ed period(relative or absolute|BW98, section6.9.1]. Thesyn-
taxis [AAR95, section9.7.2]:

timed_entry_call n=
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 Selectve Walit

Oftenit is thecasethata senertaskcannotunreseredly commititself to waiting
for communicatiorusingoneor moreof its entries. The timed selectve wait al-
lows asenertaskto time-outif anentrycallis notrecevedwithin acertainperiod
of time. Thetime-outis expressedisingthe delaystatemenandcanthereforebe
arelatve or anabsolutedelay If therelative time expresseds zeroor negative, or
theabsolutdime haspassedthenthe delayalternatve is equivalentto having an
“else part” [BW98, section2.5.1] (seesection3.1.5). The syntaxof the selectve
accepts [AAR95, section9.7.1]:

selective_accept R
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 n=

delay_statement [sequence_of statements]
terminate_alternative = terminate;
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5.2 GNAT Implementation

5.2.1 Delayand DelayUntil Statements

The GNARL subprogramsvhich implementtheseAda statementsre placedin
child packagesf thecorrespondingtandardAdapackagesAda.CalendaDelays
and Ada.RealTimeDelays The GNAT compilertranslateghe delay statement
into a call to the correspondingsNARL subprogram.

Ada GNAT Object
Source | —> Front-end | —> 9odg
7/ N\
/ \ GNARL
_______ )
/ \
¥ R Y
delay_for
delay_until delay_until

 Ada.Calendar.Delays Ada.Real_Time.Delays :

Figure5.1: GNARL Subprogramsor the Delay Statement.

GNARL providestwo implementation®of the delay statementsonefor the
caseof an Ada programwithout tasksand the otherfor an Ada programwith
tasks.A link is usedto accesshe propersubprogran{TimedDelay').

In caseof notaskingthislink pointsto theGNARL procedurdime Delay NT?,
which callsthe GNULL procedurelimedDelay? (cf. Figure5.2).

In caseof a programwith tasksthis link pointsto the GNARL proce-
dureTimedDelay T4, which callsanothewersionof the GNULL procedure
TimedDelay (cf Figure5.3).

Whenthe programhastasks,the GNARL procedurelimedDelay performs
thefollowing actions.

1System.Sattinks. TmedDelay.
2Ada.CalendabDelays.Tme Delay NT
3System.OFPrimitives. Tmed Delay

4System sk Initialization. Timed.Delay.T
SSystem.dsk Primitives.Opeations. Tmed Delay
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Ada GNAT Object
Source | ——> Front-end | ———> Code

@/ . GNARL
Ada.Calendar.Delays \

“,
delay_for Time_Delay NT

A

@ 6

. System.Soft_Links — | Timed Delay | System.OS_Primitives
Timed_Delay — '

| nanosleep() |

Figure5.2: GNARL Subprogramsgor the Delay Statemenin an Ada Program
without Tasks.

Timed_Delay?:

1. Defertheabortion.
2. Lockthe ATCB of thecalling task.

3. If thespeci eddelayis arelative time span(thatis, adelay statement),
this delayit is corvertedto absolutetime spanby addingthe current
valueof theclock’.

4. If thespeci edtimeis afuturetime then

(a) Setthestateof thecallingtaskto Delay Sleep

(b) Call the POSIX function pthread cond timedwaitto suspendhe
calling tasksuntil thespeci edtime.

(c) Setthestateof thecalling taskto Runnable
5. Unlockthe ATCB of thecalling task.

6. Yieldtheprocesso(thisensureshat“a delaystatemenalwayscorre-
sponddo at leastonetaskdispatding point” [AAR95, sectionD.2.2

(18)]
7. Undefertheabortion.

6System sk Primitives.Opeations. Tmed Delay
’Ada.CalendacClod or Ada.RealTime.Clod.
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Ada GNAT Object
Source | —> Front-end | —> Code

@y . GNARL
Ada.Calendar.Delays ~ System.Tasking.Initialization

‘,
delay_for| | Time_Delay_T

Y
(2)‘,’" \\‘(3)
: System.Soft_Links| |:’|/ | T?med_D clay System.Task_Pr_imitives:
, Timed_Delay .Operations
! | pthread_cond_timedwait | System.OS_Interface , GNULL
:- ---------------------- l ---------------- : POSIX

| pthread_cond_timedwait() |

Figure5.3: GNARL Subprogramgor the Delay Statementn an Ada Program
with Tasks.

5.2.2 Timed Entry Call

Thetimedtaskentry call is handledby the GNAT compilerin a similar way to
thesimplemodeentry call (describedn section3.2.2). Thecompilergeneratea
callto the GNARL subprogranTimed Task Entry_Call®. Basicallythis procedure
carriesoutthesameactionsdescribedn thesimplemodeentrycall (section3.2.2).
However, if the entry cannot beimmediatelyacceptedit doesnot simply block
thecaller;it callsanothelGNARL subprogranto armatimerandblockthecaller
until thetimeoutexpires.Figure5.4shovsthe GNARL andGNULL subprograms
involvedin this action. If the entry call is acceptedeforethis timer expires,the
timeris un-armedptherwisethe entrycall is removedfrom the queue.

The GNAT implementatiorof thetimed protectecentry call follows the same
schemalescribedabore. However, the only differences thatthe compilergener
atesacall to the GNARL procedurélimed ProtectedEntry_Call®.

8System dskingRendezvousified Task Entry_Call
9System AskingProtectedObjects.Opeations. Tmed ProtectedEntry_Call
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Ada GNAT Object
Source | —» Front-end | ——> Code

' System.Tasking , GNARL
: ‘Rendezvous Timed_Entry_Call .

, System.Tasking Wait For C letion With Ti '

. Entry_Calls ait_For_Completion_With_Timeout|

i System.Task_Primitives . '

' .Operations Timed_Sleep '
T e GNULL
' System.OS_Interface pthread_cond_timedwait '

! y ' POSIX
' pthread_cond_timedwait() '

Figure5.4: GNARL Subprogramsor TimedEntry Call.

5.2.3 Timed Selectve Accept

Thetimedtaskentrycall is handledby the GNAT compilerin asimilarwayto the
selectve accept(describedn section3.2.7). The compilergenerates call to the
GNARL subprogranfimed SelectiveWait!?. Basicallythis proceduresarriesout
the sameactionsdescribedn caseof the selectve wait (section3.2.7). However,
if thereis no entrycall thatcanbeimmediatelyacceptedit doesnotsimply block
the caller; it calls anotherGNARL subprogranto programa timer and block
the caller until this timeoutexpires. Figure5.5 shovs the GNARL and GNULL
subprogramsivolvedin thisaction.If someentrycallis recevedbeforethistimer
expires,the timer is un-armedptherwisethe statementsfterthe delay sentence
areexecuted.

5.3 Summary

GNAT providestwo implementationgor the simpledelay anddelay until Ada
sentencesonefor the Ada programswithout tasks,andanotherfor the Ada pro-

10system dskingRendezvousifed SelectiveWait
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Ada GNAT Object
Source | —> Front-end | ——> Cc?de

' . ' GNARL
1 System.Tasking Timed Selective Wai '

. ‘Rendezvous imed_Selective_Wait .

' System.Task_Primitives| Timed S '

' .Operations imed_sleep '
________________ ———— " Gnul
: System.OS_Interface pthread_cond_timedwait '

: v . POSIX
' pthread_cond_timedwait() '

Figure5.5: GNARL Subprogramsor Timed Selectve Accept.

gramswith tasks.An acces$o aprocedures usedto avoid multiple checksn the
run-timeto call theappropriatesubprogram.

A timed entry call allows the taskthat executest to make an entry call with
the provisionthatit be awakenedandthe call canceledif thecall is notaccepted
beforethe expirationof a speci eddelay As with the conditionalentry call, pro-
visionis madefor executionto resuman differentplacesdependingon whether
arendezwoustakesplace.ln additionto theprocessingequiredfor anormalentry
call, thetimedentrycall requiresschedulingof awake-upeventif thecall cannot
beacceptedmmediately If thecall is acceptedeforethis delayexpires,thecall-
ing taskmustberemovedfrom thedelayqueue lf thedelayexpires rst, thetask
mustberemovedfrom theentryqueue.

The GNAT implementatiorof the timed entry call sentencesto a protected
entry or to a taskentry) andthe timed selectve acceptfollow the samestepsof
thenon-timedcasesthoughatimeris actvatedwhenthecallerbecome®locked.
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Chapter 6

Interrupts

Adaallows the programmeto associate userde ned interrupthandlerto some
interrupts[AAR95, sectionC.3(1)]. Althoughtheinterrupthandlercanbea pro-

tectedprocedureor a taskentry, currentlythe associatiorof a taskentryis con-

sideredan obsolescenteature[AAR95, sectionJ.7] of thelanguage.Therefore,
in this chapterwe will focusour attentionon userde ned protectedprocedure
interrupthandlers.

This chapteris structuredn two parts.In the rst partthe mainaspect®of the
Adaattachmenof userde ned protectedorocedureso interruptarepresentedin
thesecondrartthe mainaspect®f the GNAT implementatioraredescribed.

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 represents classof eventsthataredetectedy the hardware
or systemsoftware.
The Occurrenceof aninterruptconsistsf its Generntion andits Delivery.

The Geneation of aninterruptis the eventin the underlyinghardware or
systemwhich makestheinterruptavailableto the program.

Deliveryis the actionwhich invokesa partof the program(calledtheinter-
rupt handlel) in responseo the interruptoccurrenceIn betweerthe gen-
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erationof the interruptandits delivery, the interruptis saidto be pending
Thehandleris invokedoncefor eachdelivery of theinterrupt.

While aninterruptis beinghandledfurtherinterruptsfrom the samesource
areblocked all futureoccurrencesf theinterruptarepreventedfrom being
generatedlt is usuallydevice dependenasto whethera blockedinterrupt
remaingpendingor is lost.

CertaininterruptsareReservedThe programmeis not allowedto provide
a handlerfor a resered interrupt. Usually, a resered interruptis handled
directly by the Ada run-time (for example,a clock interruptusedto imple-
mentthedelaystatement).

Eachnon-resered interrupthasa default handlerthat is assignedoy the
run-timesystem.

6.1.1 Interrupt-Handling ProtectedProcedures

Ada providestwo stylesof interrupt-handlemstallationandremoval: nestedand
non-nestedin the nestedstyle,aninterrupthandlerin a givenprotectedobjectis

implicitly installedwhenthe protectedbjectcomesinto existence andthetreat-
mentthathadbeenin effect beforehands implicitly restoredvhenthe protected
objectceaseso exist. In the non-nestedtyle,interrupthandlersareinstalledex-

plicitly by procedurecalls,andhandlerghatarereplacedarenot restoredexcept
by explicit reques{Coh96,section19.6.1].

A handlerto be installedin the nestedstyle is identi ed by the following
pragmaappearingn a protecteddeclaration:

pragma Attach_Handler (Handler, Interrupt);

Handleris the nameof a parameterlesprotectedorocedurdn that protected
declaration;Interrupt is an expressionof type InterruptID. The protecteddec-
larationmustbe library-level (it mustnot be nestedin a subprogranbody, task
body, or block statement).However, if the protecteddeclarationdeclaresa pro-
tectedtyperatherthanasingleprotectedbject,individual objectsof thetypemay
be declaredn theseplaces.Dynamicallocation(by meansof a new expression)
givesgreater e xibility: Allocating a protectedobjectwith aninterrupthandler
installsthe handlerassociateavith thatobject,anddeallocatinghe protectedb-
ject restoreshe handlerpreviously in effect. The InterruptID expressionneed
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notbestatic;in particular its valuemaydependdn adiscriminantof the protected
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 the non-nestedtyleis identi ed by thefollowing
pragmaappearingn a protecteddeclaration:

pragma Interrupt_Handler (Handler, Interrupt);

Again, Handlermustbethe nameof a parameterlesgrotectedorocedure As
with the Attach.Handlerpragma, the protecteddeclarationmay not be nestedn
a subprogranbody, taskbody, or block statementHowever, this pragmahasan
additionalrestriction: if the protecteddeclarationis for a protectedtype, objects
of that type may not be nestedin theseplaceseither [Coh96, section19.6.1].
Thereforethey mustbe dynamicallycreatedoy meansof anew expression.

6.1.2 PackageAda.Interrupts

Non-nestednstallationandremoval 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;

private
.. -- not specified by the language
end Ada.Interrupts;

The Attach_Handler procedureattacheghe speci ed handlerto theinterrupt,
overriding ary existing treatment(including a userhandler)in effect for thatin-
terrupt. If New_Handleris null, the defaulttreatmentis restoredIf New_Handler
designatea protectedprocedurdo whichthe pragmanterrupt 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_ldentification.Task_Id =
Ada.Task_ldentification.Current_Task );
function Get_Priority
(T : Ada.Task_ldentification.Task_Id =
Ada.Task_ldentification.Current_Task )

return System.Any_Priority;

end Ada.Dynamic_Priorities;

6.1.3 Priorities

The pragmalnterrupt Priority can be usedto specify the ceiling priority of a
protectedobject(Real-Time SystemgAAR95, Annex DJ).

pragma Interrupt_Priority (expression);
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Omitting the expressionis equivalentto specifyingthe ceiling priority of the
system(Interrupt Priority'Last). Interruptsof equalor lower priority areblocked
while any operatiorof thatprotectedbjectis in progressTo avoid priority inver-
sion, ary taskcalling an operationon that protectedobjecthasits priority raised
to the ceiling priority while the operationis executed,re ecting the urgeng of
completingthe operationso thatinterruptswill becomeunblocled. An interrupt
handlerexecutesat the priority of its protectedobject,which may be higherthan
the priority of the interruptif the sameprotectedobjecthandlesmorethanone
kind of interrupt. In addition, the procedureSetPriority provided by package
Ada.DynamicPriorities canbe usedto dynamicallymodify this priority.

with Ada.Task_ldentification;
package Ada.Dynamic_Priorities is

procedure Set_Priority
(Priority . System.Any_Priority;
T Ada.Task_ldentification.Task_Id =
Ada.Task_ldentification.Current_Task);

function Get_Priority
(T . Ada.Task_ldentification.Task_Id =
Ada.Task_ldentification.Current_Task)
return System.Any_Priority;

end Ada.Dynamic_Priorities;
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6.2 GNAT Implementation

To fosterasimple,ef cient andmulti-platformimplementationGNAT reuseghe
POSIX supportfor signalsand addsthe minimum setof run-time subprograms
requiredto achieve the Ada semantics.This work is simpli ed becausé?OSIX
signalsaredeliveredto individual threadsn amulti-threadegrocessisingmuch
of the samesemanticsasfor delivery to a single-threadegroces§GB92, Sec-
tion 5.1].

6.2.1 POSIX Signals

A POSIXsignat is aform of softwareinterruptwhich canbegeneratedh several
ways.A signalmaybegenerated:

By a hardwaretrapincludingdivision by zero,a oating-point over ow, a
memoryprotectionviolation, areferencdo a non-eistentmemorylocation
or anattemptto executeanillegalinstruction.

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

By anasynchronousperation.Asynchronousnput andoutputoperations
generatea sighalwhenanoperationcompletesor if anoperatiorfails.

Becausehe userhits certainkeys on the terminal that is controlling the
process. Certainkeys sequencesllow the userto suspendyesumeand
terminatethe executionof a proceswia signals.

By a POSIXthread. POSIX threadsmay senda signalto anotherPOSIX
threadin the sameprocesgo notify it of anevent, by calling pthreadxkill.

Each POSIX threadhas a signal mask: when a signal is generatedor a
threadand the threadhasthe signal masled, the signal remainspendinguntil
the threadunmaskst; the interfacefor manipulatingthe threadsignal maskis
pthread sigmask Only onependinginstanceof a maskedsignalis requiredto be
retainedthatis, if asignalis generatedN timeswhile it is masledthe numberof
signalinstanceshataredeliveredto thethreadwhenit nally unmaskgshesignal
maybeary numberbetweenl andN.

The contentsof this sectionarea summaryof [DIBM96, section2].
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EachPOSIX signalis associatedvith someaction The action may be to
ignore the signal, terminatethe processcontinuethe processpr executea call
to userde ned handlerfunction (asynchronoushand preemptvely with respect
to normalexecutionof the process).POSIX.1speci esa default actionfor each
signal.For mostsignalsthe applicationmay overridethe default actionby calling
thefunctionsigaction Theuseof asynchronoubandlemproceduresor signalsis
notrecommendetbr POSIXthreadspbecaus¢he POSIXthreadsynchronization
operationarenotsafeto becalledwithin anasynchronousignalhandlerjnstead,
POSIX.1crecommendsiseof the pthread sigwaitfunction,which “accepts’one
of aspeci edsetof masledsignals.

6.2.2 Resewned Signals

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

Thesetof reservednterruptsis implementatiorde ned. A reservednterrupt
is eitheraninterrupt for which userde ned handless are not supportedpr
onewhich alreadyhasan attachedhandlerby someotherimplementation-
de ned meansProgramunit canbe connectedo non-reservednterrupts.

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

Signalswhich the application cannotaccept,and for which the application
cannotmodify the signal action or masking becausethe signalsare re-
servedfor useby the Ada language implementation.Thereservedsignals
de nedbythis standad are:

SignalAbort

SignalAlarm
SignalFloating_Point_Error
Signallllegal_Instruction
SignalSementationViolation
SignalBusError

If the implementationsupportsany signals besidesthosede ned by this
standad, theimplementatioomayalsoreservesomeof those
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The signalsde ned by POSIX.5b/5cthat arenot speci ed asbeingresered
are SIGHUR SIGINT, SIGPIPE,SIGQUIT, SIGTERM, SIGUSR1,SIGUSRZ2,
SIGCHLD, SIGCONT SIGSTOR SIGTSTRSIGTTIN, SIGTTOU, SIGIO, SIG-
URG andall thereal-timesignals.

The GNAT FSU Linux implementatiorhandles32 signals. In this casethe
reseredsignalsare:

Number Name REASON Description
2 * SIGINT GNAT Abort (used for CTRL-C)
4 * SIGILL POSIX (HW) lllegal 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 be masledby the GNAT Run-Time.
SIGINT cannotbemaslkedbecausét is usedto terminatethe Ada programwhen
the CTRL-C sequencés pressedn the terminalthatis controlling the process.
SIGILL, SIGFPEandSIGSEV cannot be masled becausehey areusedby the
CPUto notify errorsto the run-time. SIGTRAPIs usedby GNAT to enablede-
buggingon multi-threadedapplications SIGABRT cannotbe masledbecausét
is usedby GNAT to implementthetasksabortion(describedn chapter8). SIGT-
TIN, SIGTTOU andSIGTSTParenot allowedto be masked sothatbackground
processeandlO behaesasnormalC applicationsFinally, SIGPROF cannotbe
masledto avoid confusingthepro ler.

2By keeping SIGINT resened, the programmerallows the userto do Ctrl-C but, in the
sameway, disablethe ability of handlingthis signalin the Ada program. GNAT PragmaUn-
reserveAll_Interrupts[BG01] givesthe programmetheability to changethis behavior.
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6.2.3 Architecture

Figure6.1 presentghe overall architectureof the GNAT implementation.In the
GNARL level two packagehierarchiesare usedto handleinterrupts:the hierar
chy of the standardAda packagdg(left sideof the gure) andthe hierarchyof the
GNARL Systempackagdright sideof the gure).

GNARL Ada System
Level
Interrupts Interrupts Interrupt_Management
Names Operations
GNULL
System.OS_Interface
Level
POSIX
Level

Figure6.1: Architectureof thelmplementation.

PackageAda.Interruptgs thestandarddda packagelescribedn section6.1.2
(packageusedto attachand detachinterrupthandlersin the non-nestedstyle).
Child packageAda.Interrupts.Namemapsthehighlevel Adainterruptsto thelow
level POSIX signalsde ned in packageSystem.Osterface(35 Ada interrupts
aremappecdhereto 32 POSIXsignals).

PackageSystem.Interruptencapsulatethe GNARL implementationof the
signal handlers. It is a logical extensionof the body of the standardpackage
Ada.Interrupts It is madea child of Systenmto accessvariousruntime system
internaldataandoperations PackageSystem.InterrupManagementassociates
signalhandlerto the POSIXsignalslinkedto Ada exceptiong(SIGPFEandSIG-
ILL signalsraiseAda ConstrainedError exceptionand SIGSEGVsignalraises
Ada Storage_Error exception). Child packageDpemtionsis a low level package
whichissuescallsto the GNULL level.

Let's seethetype de nitions associatedavith the high level Ada.InterruptiD
datatype. Thissimpleexampleallowsthereadeto seethebasicrelationsbetween
thesepackages.Ada.InterruptlD type de nition is basedon the corresponding
de nition at System.Interruptswvhich is basedon the InterruptID datatype at
System.InterrupManagementthisdatatypeis nally basednthecorresponding
SIGNAL typede nition atthelow-level packageSystem.OSnterface
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type Ada.Interrupt_ID

is new System.Interrupts.Ada_Interrupt_| 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 associatiorstyle used, GNARL always usesthe following tables
indexedby theInterruptID to handleinterrupts.

Table of Reservedignals: Booleansconstanttable' usedto register re-
senedinterrupts.

System.Interrupt_Management.Reserve

GNARL
Level True True | . False

SIGHUP SIGINT SIGUSR1

Figure6.2: ReseredInterruptsTable.

Userde ned Interrupt Handlers Table’: Tableusedto registerandunreg-
isterthereferenceao UserDe ned Interrupt-Procedues(UDIP) duringthe
life of the program.Eachelementof this tableis a recordwith two elds:
the accesdo the UDIP anda ag which rememberghe associatiorstyle
(nestedor non-nested).

Figure6.3 representsneprotectedorocedureattachedo signalSIGUSR1in
nestedstyle (staticstyle). The GNAT compilerassociatesvo subprograms and
to eachprotectedsubprogran{describedn section4.2.4). As the readercan
see therun-timelinks the signalwith the  subprogramthereferenceo the
subprogranis storedin thecorrespondingeld of thetable,andthe Static eld is
setto True to remembethatit is a nestedstyleassociation.

3System.InterrupManagement.Reserve

4In the GNARL sourcest is declaredasvariablejust to be ableto initialize it in the package
bodyto aid portability.

SSystem.Interrupts.Uséfandler
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Compiler
Generated-Code
Level

System.Interrupts.User_Handler

GNARL
Level ™~ H

Static = True

SIGUSR1

Figure6.3: Tableof UserDe 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_Handlers? to the elaborationcodeof the protectedobject. This
subprogransavesthe previoushandlersn oneadditional eld of theobject(Pre-
vious Handlers’) andinstallsthe new handlers.

To avoid penalizingall protectedobjectswith this additional eld, GNARL
usesonedatatypefor handlingprotectedobjectswith nointerrupthandlergPro-
tectionEntries, describedn section4.2.3),onetype extensionfor protectecbb-
jectswith nestedstyle interrupthandlers(StaticInterrupt_Protectior?), and an-
othertypeextensionfor protectedbjectswith non-nestedtyleinterrupthandlers
(Dynamiclinterrupt Protectiort®). (In this latter casethe type extensionis only
de ned for homogeneitypecaus¢herun-timedoesnotaddany additional eld to
thebasicdatatype). Let's seethecompilertransformatiorof protectecbjectsfor

6System.Interrupts.Installandlers
’System.Interrupts.@viousHandlers

8System dskingProtectedObjects.Entries. RitectionEntries
9System. Interrupts. Statiaterrupt Protection
105ystem.Interrupts.Dynamiaterrupt 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>);
private

<Private_Data_Fields>
end PO;

Codetransformation done by the GNAT compiler:

type poV (Discriminants) is new Limited_Controlled with record
<Private_Data_Fields>
_Object : aliased GNARL.Static_Interrupt_Protection (<Num>);
end record,

begin

1

2

3

4

5:

6: procedure Finalize (O : poV) is

7.

8 -- Raise Program_Error to the queued tasks.
9

0

end Finalize;

Let us now considerthe compiler transformationof protectedobjectswith
non-nestedtyleinterrupthandlers.

Original Ada Code:

protected type PO (Discriminants) is
procedure Handler;
function
entry
pragma Interrupt_Handler (Handler);
private
<Private_Data_Fields>
end PO;

Codetransformation done by 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 : poVv) is

7. begin

8: -- Raise Program_Error to the queued tasks.

9:

10: end Finalize;

If we comparebothtranslationsin line 3we nd theonly differenceithedata
typeusedto de ne the _object eld.

In caseof nestedstyle associationduring the nalization of the protected
objecttherun-timeneeddo restorethe previoushandlerq Install_.Handlers does
this work). In the non-nestedstyle, nothing specialneedsto be donesincethe
default handlerswill be restoredas part of task completionwhich is donejust
beforeglobal nalization.

In orderto verify thatall the non-nestedtyle interruptproceduredhave been
annotatedvith pragmalnterrupt Handler (JAAR95, sectionC.3.2]requirement)
the compileraddscallsto the GNARL subprogranRegister_Interrupt Handler'!
to registertheseinterruptproceduresn a GNARL single-linked list. The Head
andTail of this list arestoredin two GNARL variables? (cf. Figure6.4). Every
nodekeepsthe addressof one protectedprocedureassociatedvith an interrupt
in non-nestedstyle. For simplicity, a singleaccesgo a protectedprocedurehas
beenrepresentedhowever, eachnodehasthe accesdo its corresponding sub-
program.Beforethe attachmenbf onenon-nestedtyle interrupthandlerto one
signal, GNARL traverseshis list to verify thatthe protectedprocedures regis-
teredin thelist; otherwiseit raisesthe exceptionProgram Error.

6.2.6 Interrupts Manager: BasicApproach

The GNAT run-time usesone Interrupts Manager'? task to serializethe execu-
tion of subprogram#volvedin the managementf signals:attachmentdetach-
ment,replacementetc. Figure6.5 presentsa simpli ed versionof theautomaton
implementedoy the InterruptManager For simplicity we have considerednly
two basicoperationsBindingandUnbindingUserDe ned InterrruptProcedures
(UDIP) to interrupts.

11System.Interrupts.BesterInterrupt Handler
125ystem.Interrupts.Restered Handler Headand System. Interrupts. Restered Handler_Tail
13gystem.Interrupts.Interrupflanager
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Compiler
Generated-Code
Level

System.Interrupts.
Registered_Handler_Head

GNARL | -
Level ! H H H il

Next Next > Next

System.Interrupts. |
Registered_Handler_Tail = — — - —— — — — — — — — 4

Figure6.4: List of InterruptHandlersn Non-Nestedstyle.

Firstthe automatorcalls GNARL subprogranMake_Independerit to do the
Interrupt Manager Taskindependenof its masters.GNARL Independentasks
areassociateavith masterO, andtheir ATCBsarenotregisteredn All TasksList
(describedn section2.2); thusthey last until the endof the program. After the
signalmaskis set,the automatorgoesto onestatein which it waits for the next
signalmanagemerperation.

In caseof signalBinding GNARL saresthe referenceto the UDIP in its
table,andblocksthe POSIXsignal(this allows GNARL to catchthesignal
with the sigwaitPOSIXservice).

In caseof signalUnbinding thereferenceo the UDIP is removedfrom the
table,the POSIXdefault actionis set,andthe signalis unblocled.

6.2.7 Serwver Tasks: BasicApproach

The Ada run-time mustprovide a threadto executethe UDIP. Thereis a choice
betweerdedicatingonesener taskfor all signalsandproviding a sener taskfor
eachsignal. The formerapproacHooks attractve, sinceit savesrun-timespace,
but it blocksothersignalsduringthe protectedorocedurecall. This mayresultin

l4system dsk Utilities.Make_Independent
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Interrupts_Manager Task

Update
Int. Handlers
y’ Table
| P RSN
L4 . \
y Wait for )
I\ request ,
L ! S
m Update Restore
Int. Handlers > default | —
Table action

Initialization

********

Block
the
signal

Figure6.5: BasicAutomatonimplementedy the InterruptsManager.

delayedor lostsignals.For thisreasonGNARL providesaseparat&erverTask®
for eachsignal[DIBM96].

Insteadof create/aborServerTaskswhenthe userde ned interrupthandlers
are attached/detache@NARL keepsthem alive until the programterminates.
Thusthey arereusedby all UDIPs associatedvith the sameinterruptduringthe
life of the program. The run-time hasa ServerID Table*® which saves Server
Tasksreferencegcf. Figure6.6).

Figure6.7 presenta simpli ed versionof the Sener TasksAutomaton.

6.2.8 Interrupt-Manager and Server-TaskslIntegration

Previoussectiondhave beenconcerneavith thebasicfunctionalityof thelnterrupt
Manager Taskandthe ServerTasks However, the GNARL implementatioris a
little morecomplex because:

1. Adanestedstyle of interruptsimpliesthatUDIPsaredynamicallyattached
anddetachedo signalsin the elaborationrand nalization of protectedob-
jects. Therefore:

(a) If noUDIP is registeredGNARL musttake thedefault POSIXaction,
andthe simpli ed implementationof the Interrupt Manager did not
considePOSIXdefaultactions(cf. Figure6.5).

15System.Interrupts.Serva@ask
16gystem.Interrupts.Servéd
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proc_P
Compiler D proc_N
Generated-Code ™ D
Level
mﬁ:—P func_N
2
GNARL System.Interrupts.Server_ID
Level
Server_Task
| -
SIGUSR1 -1~
SIGUSR2
System.Interrupt_Management.Resefve
‘ True True | s ‘ False ‘ ‘
SIGHUP SIGINT SIGUSR1
1
POSIX @
Level
T T TN
I SIGNAL 1
\ EVENT |

Figure6.6: Sener TasksSignalHandling.

(b) WhenoneUDIP is registeredthe signalis programmedo be handled
by the UDIP. Following UDIPs registeredto the samesignalreplace
previousUDIPs.

(c) If allUDIPsaredetachedGNARL mustagaintake thedefault POSIX
action. The previous implementationcan not achieve this effect so
long asthe ServerTaskis sitting on the sigwait Evenif the POSIX
sigactioncommands usedto settheasynchronousignalactionto the
default, thatactionwill notbetakenunlesghesignalis unmasled,and
GNARL cannot unmaskthe signalwhile the ServerTaskis blocked
on sigwait becausen POSIX.1cthe effect is unde ned. Therefore,
GNARL mustwake up the ServerTaskandcauset to wait on some
operationinsteadfor which it is safeto leave the signalunmasled, so
thatthedefault actioncanbetaken[DIBM96].
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Server_Task

Initialization

Make
Independent

PRSEREN
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Call
User-Define(
Int. handlg

Figure6.7: BasicAutomatonimplementedy the Sener Tasks.

2. GNARL mustprotectdatastructuresharedy thelnterruptsManager Task
andthe ServerTasks Therefore somelocks mustbeadded.

The secondequiremenf{locks) is easyto solve by meansof POSIXmutexes.
However, the rst requiremenis morecomplex. Solet's focusour attentionon
the GNARL solutionof the rst requirement.

In orderto betterunderstandhe GNARL implementationye neecdto simplify
the ServerTasksAutomatono its mainstates:

Statel: The ServerTaskprovidesthe POSIXdefaultbehaior of thesignal.

State2: The ServerTaskhasbeenprogrammedo call oneUDIP.

In orderto notify the automatonthat it mustjump from Statel to State2
GNARL usesone POSIX ConditionVariable; in orderto force the automatorto
jump from State2 (waiting in the POSIXsigwaitoperation}o Statel the POSIX
signal SIGABORT is used(this signalis usedto kill the POSIXthread,andthus
forcesthe ServerTaskto returnfrom the POSIX sigwait operation). Figure 6.8
presentghis automaton.

If we addthesenew transitionsto our basicTask ServerAutomaton(cf. Fig-
ure 6.7) we have the real automatonmplementedn GNARL (cf. Figure6.9).
In orderto helpthereadingof the automatorall the stateshave beennumbered.
Insidedottedrectanglesve nd the statesassociateavith the simpli ed statesof
the previousexample(Statel andState?2).
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Server_Task

bind

STATE * /con@N STATE 2
) Default User
unbind POSIX Defined bind
Action Action

W

SIGABRT

Figure6.8: Simpli ed Sener TasksAutomaton.

After theinitializations(statesnumberedl to 3), theautomatorveri es if ary
UDIP hasbeenregisteredby theInterrupt Manager (stated). Initially, becaus&o
UDIP hasbeenregistered,t takesthe POSIX default action(state9) andwaitsin
the ConditionVariable (condwait, state10) until someUDIP is registeredoy the
Interrupt Manager.

Whenary UDIP is registered,the Interrupt Manager signalsthe Condition
Variable andthe ServerTask Automatonjumpsto state4, checksif someUDIP
hasbeenregistered now this evaluatedo True) andjumpsto state5 to wait for the
next signaloccurrence Whenthe signalis receved, it againchecksif the UDIP
is still registered(state6), becausat may have beenremoved by the Interrupt
Manager while the automatorwaswaiting for the signal. Thenit callsthe UDIP
(state7) andagainjumpsto state4.

While the ServerTaskis in state5 waiting for the signaloccurrenceijt may
happenthat all UDIPs have beenremoved the Interrupt Manager. In this case
thelnterrupt Manager sendshe SIGABRT signalto the ServerTaskto forceit to
jumpto state9. This signalwakesup the ServerTaskAutomatonwhich jumpsto
state8 to reply to the Interrupt Manager with the samesignalto inform it is not
in stateb5 (waiting for the signal). After this noti cation the automatorjumpsto
state4 and,becaus@&o UDIP is found,it jumpsto state9.

6.3 Summary

In this chaptemwe have dealtwith the mainaspectselatedto InterruptsManage-
ment. Although Ada allows us to attacha task entry to aninterrupt, nowadays
this is consideredan obsolescenteatureof the language. Thus, we have only
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Figure6.9: Sener TasksAutomaton.

discussedheattachmenof UserDe ned Protected-Procedurésinterrupts.The
mainfeaturesof the GNAT implementatiorare:

GNARL associatesdainterruptsto POSIXsignals.

Eachsignalhasa TaskWrapperresponsibldor the executionof the User
De ned Protected-Procedures.

The protectedsubprogram associatedavith the protectedsubprograms
attachedy GNARL to the correspondingaskWrapper.

Ada providestwo waysto attacha protectedorocedureo an Adainterrup-
tion: nestedstyle (by meansof the pragmaAttach_ Handler) andnon-nested
style (by meansof the pragmalnterrupt Handler).

— Whenthenestedstyleis used, GNARL addsone eld to therun-time
information of the protectedobjectto save andrestorethe previous
handler

— Whenthe non-nestedtyle is used,a dynamiclink list is usedto reg-
ister non-nestedtyle UDIPs. This list allows GNARL to verify that
only non-nestedJDIPshave beenmarkedwith theright pragma.

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

Exceptions

During the executionof a program,eventsor conditionsmay occurwhich might
be consideredexceptional”. With commercialor numericcomputing,suchcon-
ditions canbe cateredfor by an appropriateun-timeerror messagdollowed by
programtermination. This is not acceptablevith embeddedystemswherethe
softwareshouldbetolerantof bothhardwareandsoftwarefaults. Two broadclas-
si cations of exceptionscanbeisolated BW98, sectionl.4]:

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

Abnormalprogramconditions— errorsin userinput data,needfor special
algorithmsto dealwith singularitiesetc.

In orderto dealwith error conditions,the run-time systemmust bring such
errorsto the programattention|BW98, sectionl.4].

7.1 Ada Model of Exceptions

An exceptionrepresents kind of exceptionalsituation;an occurrenceof sucha
situation(at run-time)is calledan ExceptionOccurrence To raiseanexceptionis
to abandomormalprogramexecutionthusdrawing attentionto the factthatthe
correspondingituationhasarisen. Performingsomeactionsin responseo the
arisingof anexceptionis calledHandlingthe exception[AAR95, sectionl1].
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7.1.1 ExceptionDeclaration

The syntaxto declareanexceptionis [AAR95, sectionl11-1]:

exception_declaration == defining_identifier_list . exception

7.1.2 RaiseStatement

The syntaxto raiseanexceptionis [AAR95, sectionl11-2]:

raise_statement = raise [exception_name];

Whenanexceptionoccurrences raisedby the executionof a givenconstruct,
the restof the executionof that constructis abandonedthatis, arny portionsof
the executionthat have not yet taken placearenot performed.A raisestatement
withoutanexceptionnamels are-raisestatemenandthereforemustbewithin an
exceptionhandler

7.1.3 Exception Handling

Whenanexceptionoccurrencas raised,normalprogramexecutionis abandoned
andcontrolis transferredo anapplicableexceptionhandlerif any. To handlean
exceptionoccurrencas to respondo the exceptionalevent[AAR95, sectionl1-
4]. Thesyntaxto declareanexceptionhandleris [AAR95, sectionl1-2]:

handled_sequence_of statements i=
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 anexceptionoccurrenceas not handled(or is re-raised)t is propagatedo
theinnermostdynamicallyenclosingexecution[AAR95, sectionl1-4]. If anex-
ceptionoccurrencas unhandedn ataskbody, the exceptiondoesnot propagate
further (becausehereis no dynamicallyenclosingexecution). If the exception
occurredduring the activation of the task, thenthe activator would raise Task-
ing_Error [AAR95, sectionl11-4].

7.1.4 PackageAda.Exceptions

The following language-de nedibrary provides additionalfacilities for excep-
tionshandling[a-&cept.ads]:

package Ada.Exceptions is
type Exception_lId iS private;
Null_Id : constant Exception_lId;
type Exception_Occurrence is limited private;
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_ldentity X))
function Exception_Name (Id : Exception_Id) return String;
procedure Raise_Exception (E : in Exception_ld; Message : in String = "™);
function Exception_Message (X : Exception_Occurrence) return String;

procedure Reraise_Occurrence (X : Exception_Occurrence);

function Exception_ldentity (X : Exception_Occurrence) return Exception_lId;
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;
private

end .Ac.ia.iExceptions;
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Eachdistinct exceptionis representedby a distinct value of type Exceptionld.
Null_ld doesnotrepresenary exception,andis thedefaultinitial valueof thetype
Exceptionld. Eachoccurrenceof an exceptionis representedby a value of the
type ExceptionOccurrence Similarly, Null_Occurrencedoesnot representry
exceptionoccurrenceit is thedefaultinitial valueof type ExceptionOccurrence
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7.2 GNAT Implementation

Thefollowing paragraphslescribeDataStructuresisedby the Run-Time System
to manageall the exceptions.

7.2.1 Exceptionldenti er and Exception Occurrence

GNAT implementgheexceptionidenti er asanacces$o arecord(ExceptionData_Ptr?).
Figure7.1presentshe elds of thisrecord.

Exception_Data

Handled_By_Others : Boolean

Lang : String (1 .. 3)
Name_Length : Natural

Full_Name : String_Ptr
HTable_Ptr : Exception_Data_Ptr

Figure7.1: Exceptionldenti er.

The eld HandledBy_Others is usedto differentiatethe userde ned excep-
tion from the run-timeinternal exceptions(i.e. taskabortion)which cannot be
handledby the userde ned exceptionhandlers.The eld Langde nesthelan-
guagewherethe exceptionis declaredby default“Ada”). Thenext two elds are
usedto storethe full nameof the exception. This nameis composedf a pre-
x (thefull pathof the scopewherethe exceptionis declared)andthe exception
name.Thelast eld is usedto creatdinkedlists of exceptionidenti ers (describe
in section7.2.2).

Whenanexceptionis raised thecorrespondingxceptionoccurrences stored
by the GNAT run-timein the CompilerData eld of the ATCB. Thedatatype of
this eld is arecord;the CurrentExcep eld of this recordstoresthe exception
occurrence.

The ExceptionRaised eld is setto True to indicatethat this exceptionoc-
currencehas actually beenraised. When an exceptionoccurrences rst cre-
ated,it is setto false;then,whenit is laterprocessetby the GNARL subprogram

1System.Standdr ibrary.ExceptionData_Ptr
2System.Saltinks. TSD

107



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

ATCB

Compiler_Data

Pri_Stack_Info Exception_Data
Jmpbuf_Address

Sec Stack Addr Handled_By_Others : Boolean
Exc_Stack_Addr Lang : String (1 .. 3)

Current_Excep o
d Name_Length : Natural
MSQ Full_Name : String_Ptr
Msg_Length
Exception_Raised HTable_Ptr : Exception_Data_Ptr

Figure7.2: Occurrencddenti er.

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

7.2.2 ExceptionsTable

Becausehe visibility rulesof Ada exceptions(an exceptionmay not be visible,
thoughhandledby the others handley re-raisedandthenagainvisible to some
othercalling scope)a globaltable mustbe used(ExceptionsTable?). In orderto
handlethe exceptionsin anef cient way, the Ada run-timeusesa hashtable (cf.

Figure7.3).

As thereadercansee,anaccessetbleto the exceptionidenti ers is used.A
simplelinked list of exceptionidenti ers is usedto handlecollisions. The eld
HTable Ptr® is usedto link the exceptionidenti ers.

Whenan exceptionis raisedin atask,the correspondingexceptionidenti er
mustbe found. Thereforethe hashfunctionis evaluated andthe resultinglinked
list is traversedto look for the exceptionidenti er. Thenits referencds storedin
the ATCB of thetask. This references keptin the ATCB until the exceptionis

3Ada.Exceptions.Raisgurrent Excep
4System.Exceptiafable
SSystem.Standdrlibrary. TSD
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ATCB

Compiler_Data

Pri_Stack_Info b £
Jmpbuf_Address rogram_rror
Sec_Stack_Addr
Exc_Stack_Addr
Current_Excep

Id
Msg Constraint_Error Tasking_Error Storage_Error
Msg_Length
Exception_Raised

L rtr e [ [ ']

Figure7.3: HashTable.

handledthoughthe exceptionmay not bevisible in someexceptionhandlers).

The elementsn the hashtablearenever removed;they arekeptuntil theend
of the program.

7.2.3 Exception Declaration

The compilertranslatesan exceptiondeclaratiornto a variabledeclaratiorof type
ExceptionData. In orderto 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
nameassignedoy the compilerwill be LocateMy_Error. Sinceit is necessary
to includethe associatedlatain the exceptionshashtable,the compilerinsertsa
call to the GNARL subprogranRegister Exceptiofi. This subprogranevaluates
the hashfunctionfrom the exceptionnameandtheninsertsits datarecordat the
beginningof thecorrespondindinkedlist. Thisrecordremaingn thelist until the
endof theprogram.

6System.Exceptiafable Register Exception
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7.2.4 ExceptionHandler

Thissectionpresentsgenerabverview of theexceptionhandlersmplementation
donein GNAT via the POSIX setjump/longjmpnechanism.Thelong jumpis 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, setimp()canbe calledasthe conditionof anif statementin essence,
setjmp()saresthe stateof thethreadat the pointof call into ajumpbuffer variable
andreturnsthe value zero. The longjmp() operationreloadsthe statefrom the
jump buffer which transferscontrolto the setjimp()call causingsetjmp()to return
again,but thistime with a non-zerovalue. Thusthelongjmp()canbe usedto roll
backa computationto an earlier conditionalbranchingpoint andtake the other
branch(in our casethe exceptionhandler)| GMB93, sectior4.2].

The GNAT compilertranslateshefollowing Ada code

begin
User_Code;
exception
when Exceptionl  =>
Exceptionl_Code;
when Exception2  =>

Exception2_Code;

\./vh.en' others =>
Others_Code;
end,

...tothefollowing code:

declare
Env : Jmp_Buf;
begin
if setimp(Env) then
User_Code;
else
declare
Exception_ID: GNARL.Exception_ID;
begin
Identify the raised exception
GNARL.Undefer_Abortion;
case Exception_ID is

when Exceptionl  =>
Exceptionl_Code;
when Exception2  =>

Exception2_Code;

\'/vh'en' others =>
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Others_Code;
end case
end, -- declare
end if;
end;

7.2.5 RaiseStatement

Ada allows an exceptionto beraisedin two differentways: (1) by meansof the
raise statemenand(2) by meanf theprocedurédda.Exceptions.Raigexception
which allows the programmerto associatea messageo the exception. In both
casesthe compilergenerates call to a GNARL function which carriesout the
following actions:

1. To Il the ATCB exceptionoccurrence.
2. To defertheabortion.
3. If thereis oneexceptionhandlerinstalled,thenjumpto it.

4. Otherwise(no exceptionhandlercanbe called)terminatethe executionof
theprogram.

7.3 Summary

In thischaptethebasicconcept®of the GNAT exceptionhandlingimplementation
hasbeenpresented.

TheexceptionID is anaccesso arecordwherethefull nameof the excep-
tion is stored.

Theexceptionoccurrencas storedin the ATCB.

All theexceptionsarestoredin ahashtable.

Theexceptionhandlercanbeimplementedy meansof thesetjmp/longjmp
POSIXmechanism.
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Chapter 8

Abortion

Whenan error conditionis detectedn a programtwo basicmechanismsllow

usto handlethe error: exceptionswhich canbe usedwhenthetaskitself detects
the error conditionand canexplicitly raise (and handle)the exception,andthe

abortion which is usedwhenanothertask detectsthe error condition. Ada pro-

videstwo basicmechanismso abortsomeexecution: the abort statementand
the AsyntironousTransferof Control (ATC).

8.1 Ada Abortion

8.1.1 Abort Statement

Theabortstatemenis intendedor usein respons¢o thoseerrorconditionswhere
recovery by the erranttaskis deemedo be impossible.Taskswhich areaborted
aresaidto becomeabnormal and are thus preventedfrom interactingwith arny
othertask. Ideally, anabnormaltaskwill stopexecutingimmediately However,
someimplementationgnay not be able to facilitate immediateshut-davn, and
hencethe ARM [AAR95, section9.8] requiresis that the task terminatebefore
it next interactswith othertasks[BW98, section10.2]. The syntaxof the abort
statemenis:

abort_statement = abort task_name , task name;

Eachabortedtaskbecomesabnormaland arny non-completedasksthat de-
pendupon an abortedtask also becomeabnormal. Onceall namedtasksare
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markedasabnormalthenthe abortstatemenis complete andthetaskexecuting
the abortcan continue. It doesnot wait until namedtaskshave actually termi-
nated BW98, section10.2].

After a taskhasbeenmarked asabnormal,executionof its body is aborted.
Thismeanghattheexecutionof every construcin thetaskbodyis abortedunless
it is involvedin the executionof an abort defered opemation. The executionof
an abort-deferreperationis allowed to completebeforeit is aborted[BW98,
section10.2].

If a constructwhich hasbeenabortedis blocked outsidean abort-deferred
operation(other than at an entry call), the constructbecomesabnormalandis
immediatelycompleted. Other constructsmust completeno later thanthe next
abort completionpoint (if arny) that occursoutsidean abort-deferredperation.
Theseare[BW98, section10.2]:

Theendof activationof atask.
Thepointwherethe executioninitiatesthe activationof anothertask.

Thestartor endof anentry call, acceptstatementdelaystatemenor abort
statement.

The startof the executionof a selectstatementor of the sequencer state-
mentsof anexceptionhandler

Certainactionsmustbe protectedn orderthatthe integrity of the remaining
tasksandtheir databe assuredThe following operationsarede ned to be abort-
deferredBW98, section10.2.1]:

A protectedaction.
Waiting for anentrycall to complete.
Waiting for terminationof dependentasks.

The executionof an “initialize” procedurea “ nalize” procedureor an
assignmenoperationof anobjectwith a controlledpart.
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8.1.2 AsynchronousTransfer of Control

Theasynchronousransferof controlallowsthe callerto continueexecutingsome
codewhile the entry call is waiting to be attended.The syntaxis [AAR95, sec-
tion 9.7.4]:

asynchronous_select n=
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 thetriggeringstatements queueddueto anentrycall statemenor to ade-
lay statementjhe abortablepart startsits concurrenexecution.Whenoneof the
parts nishes its executionit abortsthe executionof the otherpart. This provides
local abortionwhichis potentiallycheapethanthe abortionof the entiretask.

Thereis a restrictionon the sequencef statementghat can appearin the
abortablepart. It mustnot containan acceptstatement.The reasorfor this is to
keeptheimplementatiorassimpleaspossiblgBW98, section10.3.2].

The asynchronouselectstatementan be nested. The abortablepart may
itself containanotherasynchronouselectstatement.In this case the ATC may
haveto propagatéo anouterasynchronouselectscopsif its triggeringstatement
completes. In the processall inner asynchronouselectstatementhave to be
abortedGMB93, sectiord.1].
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8.2 GNAT Implementation

8.2.1 Abort Deferral

At someprede ned points the abortioncan not be immediatelyattended. For
example,abortdeferralis requiredby the languagefor protectedactionsand -
nalizationroutines. It is generallyalsorequiredduring the executionof the Ada
run-time,to ensurethe integrity of run-timedatastructures.Implementingabort
deferralcanbedividedinto two parts|GB94b, Section3.3]:

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

Ensuringdeferredabortsareprocessednmediatelywhenabort-deferrals
lifted.

In generalthedeterminatiorof whethera giventaskis abort-deferreanustbe
carriedout by thetaskitself. In a single-processmystemjt may be possiblefor
thetaskinitiating anabortto determinewhetherthe targettaskis abort-deferred.
However, in amulti-processosystempr asingleprocessosystemwherethe Ada
run-timeis notin directcontrolof taskschedulingthisis notpossible.Theabort-
deferralstateof the targettaskmay changebetweerthe pointit is testedandthe
pointthetamettaskis interrupted GB94b, Section3.3].

Therearetwo obvioustechniquegor recordingwhetherataskis abort-deferred.
Onetechniqueis sometimegermedPCmapping. The compiler and link-editor
generatea mapof abort-deferredegions. Whetherthe taskis abort-deferreadtan
thenbedeterminedy comparinghe currentinstruction-pointevalue,andall the
savedreturnaddressesf active subprograntalls,againsthe map. To ensurethe
abortis processedn exit from theabort-deferredegion, oneoverwritesthesaved
returnaddres®f the outermostbort-deferreatall framewith the addresof the
abort-processingoutine (saving the old returnaddresslsavhere). The testfor
abortdeferralmaytake time proportionatto the depthof subprograntall nesting,
butthatoccursonly if anATC is attemptedUntil thatoccursnhoruntimeoverhead
is incurredfor abortdeferral. A restrictionof this methodis that abort-deferred
regionsmustcorrespondo callableunits of code. Anotherrestrictionis thatthe
subprograntalling corventionis constrainedo (1) ensurethe returnaddresses
arealwaysin a predictableandaccessibldocationand(2) ensurethis datais al-
waysvalid, evenif the calling sequencés interrupted.Unfortunately thatis not
truefor somearchitecture$GB94b, Section3.3].
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In the othertechniquethe taskincrementsand decrements deferralnesting
level (e.g. in a dedicatedegisteror the ATCB), wheneer it entersandexits an
abort-deferredegion. On exit from sucharegion, if the countergoesto zero,the
taskmustcheckwhetherthereis apendingabortand,if so,procesgheabort. This
deferral-countemethodimposessomedistributedoverheadon entry andexit of
abort-deferredegions,but allows GNARL quick checking[GB94b, Section3.3].
This is the techniqueusedby the GNAT run-time. GNAT UndeferAbort! sub-
programis the universalpolling point for deferredprocessing.lt is responsible
for:

1. Basepriority changes It veri es if somepriority changewas requested
(PendingPriority_Change ATCB eld). In this case,the taskyields the
processosothatthe POSIXschedulechooseshe next taskto execute.

2. Exceptionhandling It veri es if thereis somependingexceptionto raise
(ExceptionTo_RaiseATCB eld).

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

If somerequesis madeto modify the priority of atask,or to abortanabort-
deferredask,the ATCB eld PendingActionis setto True (andtheabortionwill
be donelaterby the GNARL UndeferAbortionprocedure).

8.2.2 Abort Statement

In general,processingan abortrequiresunwindingthe stackof the tamget task,
ratherthanimmediatelyjumping out of the abortedpart (or killing the task,in
the caseof entire-taskabortion). Theremay be local controlledobjects,which
requirethe executionof a nalization routine. Therealsomaybedependentasks,
which requirethe abortedprocessingblock until they have beenaborted, nal-
ized,andterminated.The nalization mustbe donein LIFO orderandthe stack
contexts of the objectsrequiring nalization mustbe presered until the objects
are nalized [GB94b, Section3.4]

The GNARL implementatiorof the Ada abortstatemenis madeup of:

One ag in the ATCB (Aborting. While set,this ag preventsaracebe-
tweenmultiple abortersandthe abortedtask.

1System dskinglnitialization.UndeferAbort
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One internal exception (_Abort.Signa). This exceptionis not visible to
usercode and can only be caughtby run-time systemcode. When this
exceptionis raised |t propagatebackwith nalization beingdonealongthe
way [BG93, Section5.2.3]. In orderto avoid the handlingof this exception
by theothers exceptionhandlerspneadditional eld hasbeenaddedo the
GNARL datatypeusedo identify theexceptions:Not Handled By_Others.
It is only setto Truein this specialcase.

OnePOSIXsignal(SIGABRT), which cannotbe masled.

Ada GNAT Object
Source | ——> Front-end | — Code

' _ + GNARL
! System.Tasking Abort Task ,
) States ort_Tasks .
! System.Tasking :
! Utilities Abort_lTasks .
' Abort_One_Task :
I System. Taski : '
' ystem.Tasking ,
, Initializatior Locked_Abort_To_Level (O .
! bloM N‘ing .
, System.Task_Primitives| !
. Operations Wakeup Abort_Task \
o . b -
: : ' GNULL
System.OS_Interface pthread_cond_signal pthread_kill (ABORT_SIGNAL) !
: ! : ' POSIX
\ pthread_cond_signal pthread_kill (SIG_ABRT) !

Figure8.1: GNARL Subprogramsor the Abort Statement.

Figure 8.1 presentghe sequenceof run-time subprogramsnvolved in the
task abortion. The GNARL procedurelodked Abort To_LeveP setsto true the
ATCB ag PendingAction. and,dependingon the currentstateof thetargettask
(blockedor running)it callsWakeup® or Abort TasK-.

2System dsk Initialization.Loded Abort To_Level
3System sk Primitives.Opeations.Vékeup
4System.dsk Primitives.Opeations.AbortTask
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If the taskto be abortedis in a blodked state(task statesare describedn
section2.1.1),thenit is in a deferredabortionsection. After the aborted
taskis wakedup, it continuests executionandexecutesthe GNARL Unde-
fer_Abortior? subprogramAt this momentthe PendingAction ATCB ag
will be checled. Becausat is true,the ATCB ag Abortingis setto true
andinternalexception_Abort Signalis raisedin the abortedtask.

If the taskis in the running statethen the abortersendsto it the signal
SIG ABRTandthenthe Abort Handle® asynchronouslyaisesthe internal
exception_Abort Signalin theabortedtask.

In both caseghe internal exceptionAbort Signal can not be handledby the
userde ned exceptionhandlersandunwindsthe stackof theabortectask.

8.2.3 AsynchronousTransfer of Control

An implementatiorof ATC mustaddresshefollowing issue§GB94b,section3]:

Interruptionof thetamgettaskandabortioninitiation.
Deferralof abortover certainregions.

Executionof nalization proceduredor ary local objectsin the aborted
part,eachin its correctcontext.

Finding the properlocation and contet to continueexecution, after the
ATC.

Handlingnestedscopesincluding nestedasynchronouselectstatements.

Ensuringsafetyof compilergeneratedcodesequencesncluding subpro-
gramcall andreturnwheninterruptedoy ATC.

SinceATC is not likely to be usedin most(non real-time)Ada programsa
key objective of arny implementatiorshouldbe to imposelittle or no distributed
overheadfor the existenceof this feature. Subjectto this constraint,the imple-
mentationof ATC shouldbe asef cient aspossibld GB94b,section3].

5System sk Initialization.UndeferAbortion
6System dsk Primitives.Opeations.AbortHandler

119



(C) Javier Miranda,2002(v 1.0) Chapter8: Abortion

Therearetwo implementatiormodelsfor the ATC, which canbe classi ed
accordingto the numberof threadsrequiredfor its implementation.Onethread
modelandtwo threadsmodel.

One-Threaanodel

In this modelthe caller startswith thetriggeringstatementbasicallyit ex-
ecutesthe stepsdescribedn 3.2.2). If it canbe completedimmediately
theabortablepartis never executedat all; the taskcontinueswith thetrig-
geredstatementandthenjumpsto the endof the selectstatementOther
wise, if the entry call remainsabortablyqueuedhe taskdoesnot suspend
execution; insteadit proceeddo executethe abortablepart. If triggering
eventoccursbeforethe taskcompleteghe abortablepart, the taskis inter-
ruptedandforcedto rst execute nalization codefor the abortablepart,
thentransfercontrolto thetriggeredstatementsOtherwisejf theabortable
partcompletesbeforethe completionof the entry call, an attemptis made
to cancelthe entry call and, if successfuljumpsto the end of the select
statemenfBW98, section10.3.2][GB94b,section3.1].

Similarly, if the triggering statemenis a delay statementthe delaytime
is calculatedand,if it hasnot passedthe abortablepartis thenexecuted.
If this nishes beforethe delay time expires, the delay is canceledand
the executionof the asynchronouselectstatements nished [BW98, sec-
tion 10.3.2].

If thecancellatiorof thetriggeringeventfails, becausehe protectedaction
or rendezwus hasstarted,or hasbeenrequeuedwithout abort), thenthe
asynchronouselectstatementvaits for the triggering statemento com-
plete before executingthe optional sequencef statementdollowing the
triggeringstatemenfBW98, section10.3.2].

Two-Threadmodel

In this model,beforeblocking on the triggeringstatementthe taskexecut-
ing the asynchronouselectcreatesan agentthreadof control to execute
the abortablepart. The ATC is carriedout by abortingthe agentthread,
if the original threadwakesup at the triggeringstatemenbeforethe agent
complete§GB94b,section3.1].

Proponent®f the two-threadmodelhave aguedthatit simpli es theimple-
mentationof several aspects.Oneis thatit presererstwo usefulinvariantsof
the original Ada taskingmodelnamely: (1) a threadthatis waiting for an event
is not executing;(2) a threadnever waits for morethanatimeoutandoneother

120



Chapter8: Abortion (C) Javier Miranda,2002(v 1.0)

event. Anothersimpli cation is thatthe two threadmodeleliminatesthe needfor
onethreadto asynchronouslynodify anotherthreads o w of control, which is
not possiblein someexecutionervironments.If thereis away to kill athread,it
shouldbesufcient to simplykill theagenthreadandwake uptheclient[GB94b,
section3.1].

The two-threadmodel seemsto complicatethe implementationat leastas
muchasit simpli es it. It violatesa key invariantof Adatasking,thatthereis a
one-to-oneorrespondendeetweertasksandthreadf control. Thisassumption
penadesthe semanticsandis the foundationof existing Ada taskingimplemen-
tations. Loss of this invarianthasmary rami cations. Among these,datathat
previously could only be accessethy onethreadof control becomesusceptible
to raceconditions.Thus,therearenew requirement$or synchronizationandnew
potentialfor deadlockwithin a singletask. Also, just killing the agentthreadis
not suchasimplesolutionasit mightseem.Thereremainghe problemof how to
executethe agents nalization code. If the operationthatkills athreaddoesnot
support nalization, someotherthreadmustperformthe nalization. To do so, it
mustwait for thekilled threadto be terminatedo be ableto obtainaccesgo the
run-timestackof theterminatedhread.Thelattermaynot bepossiblein systems
wherekilling athreadalsoreleasedts stackspacdGB94b,section3.1].

The one-threadnodelcanbeimplementedusinga signalandlongjmp() The
trigger (entry call or delay)is pendingon the threadwhile the abortablepartis
executed.If theabortablepartcompletesrst, the pendingtriggeris removed. If
thetrigger completesanabortionsignalis sentto thethread. The signalhandler
for the abortionsignal then transferscontrol out of the abortablepart into the
triggeredstatement§GMB93, section4.3]. Dueto thedisadwantage®of thetwo-
threadednodel, GNAT implementgshe one-threadnodel. The non-localjumpis
performedby raisingthe internalexceptionin a signalhandler The propagation
of thisexceptionabortsoneor morelevelsof abortablegparts]GB94a,sectioré.3].

ATCscanbe nested.This allows a taskto issueanotherentry call while it is
waitingto completeapreviousentrycall (in theabortablgartof the ATC). There-
fore, the Ada run-time muststoreall thesependingentry calls. The GNAT run-
time associatean Entry Call Stak to eachAdatask(Entry Calls ATCB eld—

gure 8.2). Thetop of this stack(ATC_NestingLevel ATCB eld) isinitializedto

1, indicatingthatthe taskhasnotissuedary entrycall. Beforean entry call, the
taskincrementsATC_NestingLevel. Therefore,level 1 is not used. The Pend-
ing_ATC_Level eld is usedto signalan abort. In orderto distinguishbetween
the Abort statemenaindthe endof anasynchronousequesthe GNAT run-time
de nesthefollowing rule:
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In the caseof anabort statementPending ATC_Levelis setto 0.

In the caseof an ATC nalization, PendingATC Levelis setto thelevel in
whichthecallerwasjustbeforetheentrycallwasmade(ATC_NestingLevel

minusone).
Compiler
Generated-Code Parameters Record
Level Number J————» Integer Variable
Text —
String Variable
) ATCB
Run-Time
Level Task_Arg
State Entry Call Record
Entry_Call "
1

2 Uninterpreted_Data

20
ATC_Nesting_Level
Pending_ATC_Level

All_Tasks_Link
LL

Thread
Cond_Var
Lock

Figure8.2: Entry Calls Stack.

8.2.4 GNAT Implementation of the One-Thread Model

Below we presenthetranslationdoneby the compilerto implementthe ATC.

declare
P . Parms = (Parml, 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
P.Parml; ]
P.Parm2; |

[ Parml
[ Parm2

<< Triggered  Statements  >>
end if;
end;

The rst actionmadein the scopeassociatedvith the ATC is to deferthe
abortiorl. Without this, an abortionthat occursbetweerthe time thatthe call is
madeandthetime thatthe abortablepart's cleanuphandleris setup might miss
the cleanuphandlerandleave the call pending). The ATC requesis alsohandled
by the GNARL procedurelask Entry_Call but in this casethe whole sequencef
actionsis:

Task Entry _Call:®

1. Incrementhe ATC nestinglevel.

2. ElaborateoneEntry Call Recod andassociatéo it the Entry Parame-
ters Recod.

3. Call Task Do_Or_Queue

Task Do_Or_Queue

(Exactly the samesequencef stepsdonefor the simple modeentry call
(describedn section3.2.2).

’System dskin. Initialization.DeferAbort
8System AskingRendezvousask Entry_Calll
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8.3 Summary

In this chapterthe basicconceptf the GNAT implementatiorof the Ada local
andglobalabortionhave beenpresented.

The GNARL implementatiorof the Ada abortstatements madeup of:
— One ag in the ATCB: Aborting While set,this ag preventsarace
betweermmultiple abortersandthe abortedask.

— Oneinternalexception:_Abort Signal Thisexceptionis notvisibleto
usercodeandcanonly be handledby run-timesystemcode.

— Onesignal(SIGABRT), which cannotbe masled.

Therearetwo modelsto implementhe ATC. GNAT implementghecanon-
ical one-threaanodel.

EachtaskhasoneEntry Call Stadk in its ATCB whichis usedto implement
nestedATC entrycalls.
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Appendix A

GNU FreeDocumentationLicense

Versionl.1,March2000

Copyright ¢ 2000FreeSoftwareFoundation)nc.
59 TemplePlace Suite330,Boston,MA 02111-1301USA
Everyoneis permittedto copy anddistribute verbatimcopiesof this licensedocu-
ment,but changingt is notallowed.

Preamble

The purposeof this Licenseis to make a manual textbook, or otherwritten doc-

ument“free” in the senseof freedom: to assureeveryonethe effective freedom
to copy andredistritute it, with or without modifying it, eithercommerciallyor

noncommercially Secondarily this Licensepreseres for the authorand pub-

lisheraway to getcreditfor their work, while not beingconsideredesponsible
for modi cations madeby others.

This Licenseis akind of “copyleft”, which meanghatderivative worksof the
documentmustthemselesbe free in the samesense.lt complementshe GNU
GeneraPublicLicensewhichis a copyleft licensedesignedor free software.

We have designedhis Licensein orderto useit for manualdor free software,
becauséreesoftwareneeddreedocumentationafreeprogramshouldcomewith
manualgroviding the samefreedomghatthe softwaredoes.But this Licenseis
notlimited to softwaremanualsjt canbe usedfor arny textual work, regardlesof
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subjectmatteror whetherit is publishedasa printedbook. We recommendhis
Licenseprincipally for workswhosepurposés instructionor reference.

A.1 Applicability and De nitions

This Licenseappliesto any manualor otherwork thatcontainsa noticeplacedby
the copyright holdersayingit canbe distributedunderthe termsof this License.
The“Document”, belaw, refersto any suchmanualor work. Any memberof the
publicis alicenseeandis addresseds*“you”.

A “Modi ed Version”of the Documentmeansary work containingthe Doc-
umentor a portion of it, either copiedverbatim,or with modi cations and/or
translatednto anothedanguage.

A “SecondarySection”is a namedappendixor a front-mattersectionof the
Documenthatdealsexclusively with therelationshipof the publishersor authors
of the Documentto the Document$ overall subject(or to relatedmatters)and
containsnothingthat could fall directly within that overall subject. (For exam-
ple, if the Documentis in parta textbook of mathematicsa SecondarySection
may not explain any mathematics.)rhe relationshipcould be a matterof histor
ical connectiorwith the subjector with relatedmatters,or of legal, commercial,
philosophicalgethicalor political positionregardingthem.

The“InvariantSections arecertainSecondangectionsvhosetitles aredes-
ignated,asbeingthoseof InvariantSectionsjn the noticethatsaysthatthe Doc-
umentis releasedinderthis License.

The“Cover Texts” arecertainshortpassagesf text thatarelisted, asFront-
Cover Texts or Back-Carer Texts, in the notice that saysthat the Documentis
releasedinderthis License.

A “Transparenttopy of the Documentmeansa machine-readableopy, rep-
resentedn aformatwhosespeci cationis availableto the generalpublic, whose
contentanbeviewedandediteddirectly andstraightforvardly with generictext
editorsor (for imagescomposedf pixels) genericpaint programsor (for draw-
ings) somewidely availabledrawving editor, andthatis suitablefor input to text
formattersor for automatictranslationto a variety of formatssuitablefor input
to text formatters. A copy madein an otherwiseTransparentle formatwhose
markuphasbeendesignedo thwart or discouragesubsequeninodi cation by
readerss not TransparentA copy thatis not“Transparentis called“Opaque”.
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Exampleof suitableformatsfor Transparentopiesincludeplain ASCII with-
out markup, Texinfo input format, IATEX input format, SGML or XML usinga
publicly available DTD, and standard-conformingimple HTML designedfor
humanmodi cation. Opaqueformatsinclude PostScript,PDF proprietaryfor-
matsthat can be read and editedonly by proprietaryword processorsSGML
or XML for which the DTD and/orprocessingools are not generallyavailable,
andthemachine-generatddTML producedoy someword processor$or output
purpose®nly.

The “Title Page” means,for a printed book, the title pageitself, plus such
following pagesasareneededo hold, legibly, the materialthis Licenserequires
to appeatin thetitle page.For worksin formatswhich do not have ary title page
assuch,“Title Page” meansthe text nearthe mostprominentappearancef the
work'stitle, precedinghe beginning of the body of thetext.

A.2 Verbatim Copying

You may copy anddistribute the Documentin any medium,eithercommercially
or noncommerciallyprovidedthatthis License the copyright notices,andtheli-
censenotice sayingthis Licenseappliesto the Documentare reproducedn all
copies,andthatyou addno otherconditionswhatsoger to thoseof this License.
You may not usetechnicalmeasureso obstructor control the readingor further
copying of the copiesyou make or distribute. However, you may accepicompen-
sationin exchangefor copies.|f you distribute a large enoughnumberof copies
you mustalsofollow the conditionsin section3.

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

A.3 Copyingin Quantity

If you publishprintedcopiesof the Documeniumberingmorethan100,andthe
Documents licensenoticerequiresCover Texts, you mustenclosethe copiesin
coversthat carry, clearly andlegibly, all theseCover Texts: Front-Cower Texts
on the front cover, and Back-Caver Texts on the back cover. Both coversmust
alsoclearly andlegibly identify you asthe publisherof thesecopies. The front
cover mustpresenthe full title with all wordsof thetitle equallyprominentand
visible. You may add other materialon the coversin addition. Copying with
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changedimited to the covers,aslong asthey presere thetitle of the Document
andsatisfytheseconditions,canbetreatedasverbatimcopying in otherrespects.

If the requiredtexts for either cover are too voluminousto t legibly, you
shouldputthe rst oneslisted(asmary ast reasonablypntheactualcover, and
continuetherestontoadjacenpages.

If you publishor distribute Opaquecopiesof the Documentnumberingmore
than100,youmusteitherincludeamachine-readableransparentopy alongwith
eachOpaquecopy, or statein or with eachOpaquecopy a publicly-accessible
computemetwork locationcontaininga completeTransparentopy of the Docu-
ment,free of addedmaterial,which the generalnetwork-usingpublic hasaccess
to downloadanorymouslyat no chage usingpublic-standarehetwork protocols.
If you usethe latter option, you musttake reasonablyprudentsteps,whenyou
begin distribution of Opaquecopiesin quantity to ensurethat this Transparent
copy will remainthusaccessiblatthe statedocationuntil atleastoneyearafter
the last time you distribute an Opaquecopy (directly or throughyour agentsor
retailers)of thateditionto the public.

It is requestedhut notrequired thatyou contactthe authorsof the Document
well beforeredistrituting ary large numberof copies,to give thema chanceto
provide you with anupdatedversionof the Document.

A.4 Modi cations

You may copy anddistributeaModi ed Versionof the Documentunderthe con-
ditions of section®2 and3 above, providedthatyou releasehe Modi ed Version
underpreciselythis License with theModi ed Version lling therole of theDoc-
ument, thus licensingdistribution and modi cation of the Modi ed Versionto
whoever possessescopy of it. In addition,you mustdo thesethingsin the Mod-
ied Version:

Usein the Title Page(andon the covers,if ary) atitle distinctfrom that of
the Documentandfrom thoseof previousversions(which should,if there
wereary, belistedin the History sectionof the Document).You may use
the sametitle asa previousversionif the original publisherof thatversion
givespermission.

List ontheTitle Page,asauthorspneor moreperson®r entitiesresponsible
for authorshipof the modi cationsin the Modi ed Version,togetherwith
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at least ve of the principal authorsof the Document(all of its principal
authorsjf it haslessthan ve).

Stateon the Title pagethe nameof the publisherof the Modi ed Version,
asthepublisher

Presere all the copyright noticesof the Document.

Add anappropriatecopyright noticefor your modi cations adjacento the
othercopyright notices.

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

Preserein thatlicensenoticethefull listsof InvariantSectionsaandrequired
Cover Texts givenin the Documents licensenotice.

Includeanunalteredcopy of this License.

Presere the sectionentitled “History”, andits title, andaddto it anitem
statingat leastthe title, year new authors,and publisherof the Modi ed
Versionasgivenonthe Title Page.If thereis no sectionentitled“History”
in the Documentgcreateonestatingthetitle, year authorsandpublisherof
the Documentasgivenon its Title Page,thenaddanitem describingthe
Modi ed Versionasstatedn the previoussentence.

Presere the network location, if ary, givenin the Documentfor public

accesgo a Transparentopy of the Documentandlik ewisethe network lo-

cationsgivenin the Documenfor previousversionst wasbasedn. These
may be placedin the “History” section. You may omit a network location
for awork thatwaspublishedat leastfour yearsbeforethe Documenttself,

or if theoriginal publisherof theversionit refersto givespermission.

In ary sectionentitled“Acknowledgementsor “Dedications”,presere the
sectionstitle, andpreserein the sectionall the substancandtoneof each
of the contributor acknavledgementsand/ordedicationgjiventherein.

Presere all the InvariantSectionsof the Documentunalteredn their text
andin theirtitles. Sectionnumbersor theequialentarenotconsideregart
of thesectiontitles.

Deleteary sectionentitled “Endorsements”. Sucha sectionmay not be
includedin theModi ed Version.

129



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

Do notretitle any existing sectionas“Endorsementsdr to con ict in title
with arny InvariantSection.

If theModi ed Versionincludesnew front-mattersectionsor appendiceshat
qualify asSecondangBectionsandcontainno materialcopiedfrom theDocument,
you may at your option designatesomeor all of thesesectionsasinvariant. To
do this, addtheir titles to the list of InvariantSectionsn the Modi ed Versions
licensenotice. Thesditles mustbedistinctfrom arny othersectiontitles.

You may add a sectionentitled “Endorsements”provided it containsnoth-
ing but endorsementsf your Modi ed Versionby variousparties— for example,
statementsf peerreview or thatthetext hasbeenapproedby anorganizationas
theauthoritatve de nition of astandard.

You mayadda passagef upto vewordsasa Front-Cover Text, anda pas-
sageof upto 25 wordsasa Back-Caover Text, to theendof thelist of Cover Texts
in theModi ed Version.Only onepassagef Front-Caover Text andoneof Back-
Cover Text maybeaddedby (or througharrangementsadeby) any oneentity. If
the Documentalreadyincludesa cover text for the samecover, previously added
by you or by arrangemeninadeby the sameentity you are actingon behalfof,
you maynotaddanotherput you mayreplacethe old one,on explicit permission
from the previouspublisherthataddedhe old one.

The author(s)and publisher(s)of the Documentdo not by this Licensegive
permissiorto usetheir namedor publicity for or to asseror imply endorsement
of any Modi ed Version.

A.5 Combining Documents

You may combinethe Documentwith otherdocumentseleasedunderthis Li-
censeunderthetermsde ned in section4 above for modi ed versionsprovided
thatyouincludein thecombinationall of the InvariantSectionof all of the orig-
inal documentsunmodi ed, andlist themall asInvariantSectionsof your com-
binedwork in its licensenotice.

The combinedwork needonly containonecopy of this License,andmultiple
identicallnvariantSectionanay bereplacedwith a singlecopy. If therearemul-
tiple InvariantSectionswith the samenamebut differentcontentsmalke the title
of eachsuchsectionuniqueby addingattheendof it, in parentheseshe nameof
theoriginal authoror publisherof thatsectionif known, or elsea uniqguenumber
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Make the sameadjustmento the sectiontitles in thelist of InvariantSectionsn
thelicensenoticeof thecombinedwork.

In the combination,you mustcombineary sectionsentitled“History” in the
variousoriginaldocumentsforming onesectionentitled“History”; likewisecom-
bineary sectionsentitled“Acknowledgements’andary sectionsentitled“Dedi-
cations”. You mustdeleteall sectionsentitied“Endorsements.

A.6 Collectionsof Documents

You may make a collectionconsistingof the Documentandotherdocumentse-
leasedunderthis License andreplacethe individual copiesof this Licensein the
variousdocumentswith a singlecopy thatis includedin the collection,provided
thatyoufollow therulesof this Licensefor verbatimcopying of eachof thedoc-
umentsin all otherrespects.

You may extract a single documentfrom sucha collection, and distribute it
individually underthis License,provided you inserta copy of this Licenseinto
the extracteddocument,andfollow this Licensein all otherrespectsegarding
verbatimcopying of thatdocument.

A.7 AggregationWith IndependentWorks

A compilationof the Documenbr its derivativeswith otherseparatendindepen-
dentdocument®r works,in or on avolumeof a storageor distribution medium,
doesnot asa whole countasa Modi ed Versionof the Document,provided no

compilationcopyrightis claimedfor thecompilation.Sucha compilationis called
an“aggregate”,andthis Licensedoesnot applyto the otherself-containedvorks
thuscompiledwith theDocumentpnaccounbf theirbeingthuscompiled,if they

arenotthemselesderivative works of the Document.

If the Cover Text requiremenbf section3 is applicableto thesecopiesof the
Documentthenif the Documents lessthanonequarterof the entireaggreate,
the Documents Cover Texts maybe placedon coversthatsurroundonly the Doc-
umentwithin the aggregate. Otherwisethey mustappearon coversaroundthe
wholeaggrejate.
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A.8 Translation

Translations considere@kind of modi cation, soyoumaydistributetranslations
of the Documentunderthetermsof section4. ReplacinginvariantSectionswith
translationsequiresspecialpermissiorfrom their copyright holders but you may
includetranslationsof someor all Invariant Sectionsin additionto the original
versionof thesenvariantSections.You mayincludeatranslatiorof this License
providedthatyoualsoincludetheoriginal Englishversionof thisLicense.In case
of adisagreementetweerthetranslationandthe original Englishversionof this
License theoriginal Englishversionwill prevail.

A.9 Termination

You may not copy, modify, sublicensegr distribute the Documentexceptasex-
presslyprovidedfor underthis License.Any otherattemptto copy, modify, sub-
licenseor distribute the Documentis void, andwill automaticallyterminateyour
rights underthis License. However, partieswho have receved copies,or rights,
fromyouunderthis Licensewill nothavetheirlicensederminatedsolongassuch
partiesremainin full compliance.

A.10 FutureRevisionsof This License

TheFreeSoftwareFoundatiormaypublishnew, revisedversionsof theGNU Free
DocumentatiorLicensefrom time to time. Suchnew versionswill be similarin
spirit to the presentversion,but may differ in detailto addressiew problemsor
concernsSeehttp://www.gnu.og/copyleft/.

Eachversionof the Licenseis given a distinguishingversionnumber If the
Documenspeci esthataparticulamumberedrersionof thisLicense’or ary later
version”appliesto it, you have the option of following the termsandconditions
eitherof thatspeci edversionor of ary laterversionthathasbeenpublishednot
asadraft) by the FreeSoftware Foundation.If the Documentdoesnot specifya
versionnumberof this License,you may chooseary versionever published(not
asadraft) by the FreeSoftware Foundation.
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ADDENDUM: How to usethis Licensefor your doc-
uments

To usethis Licensein adocument/ou have written, includea copy of theLicense
in thedocumentaindput the following copyright andlicensenoticesjust afterthe
title page:

Copyright ¢ YEAR YOUR NAME. Permissions grantedto copy,
distribute and/ormodify this documentunderthe termsof the GNU
Free Documentatioriicense,Version1.1 or ary later versionpub-
lishedby the FreeSoftware Foundation;with the InvariantSections
beingLIST THEIR TITLES, with theFront-Corer Texts beingLIST,
andwith the Back-Cwer Texts beingLIST. A copy of thelicenseis
includedin thesectionentitled“GNU FreeDocumentatiorLicense”.

If you have no InvariantSectionswrite “with no InvariantSections”instead
of sayingwhich onesareinvariant. If you have no Front-Cover Texts, write “no
Front-Cover Texts” insteadbf “Front-Cover TextsbeingLIST”; likewisefor Back-
Cover Texts.

If your documentcontainsnontrivial examplesof programcode,we recom-
mendreleasingheseexamplesin parallelunderyour choiceof free softwareli-
censesuchasthe GNU GeneralPublic License,to permittheir usein free soft-
ware.
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