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The Glasgo w Haskell Compiler License
Copyright 1999,TheUniversityCourtof theUniversityof Glasgow. All rightsreserved.

Redistributionandusein sourceandbinaryforms,with or without modification,arepermitted
providedthatthefollowing conditionsaremet:

• Redistributionsof sourcecodemustretaintheabovecopyright notice,this list of conditionsand
thefollowing disclaimer.

• Redistributionsin binaryform mustreproducetheabovecopyright notice,this list of conditions
andthefollowing disclaimerin thedocumentationand/orothermaterialsprovidedwith the
distribution.

• Neithernameof theUniversitynor thenamesof its contributorsmaybeusedto endorseor
promoteproductsderivedfrom this softwarewithout specificprior writtenpermission.

THIS SOFTWARE IS PROVIDED BY THE UNIVERSITY COURT OF THE UNIVERSITY OF
GLASGOW AND THE CONTRIBUTORS"AS IS" AND ANY EXPRESSORIMPLIED
WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF
MERCHANTABILITY AND FITNESSFORA PARTICULAR PURPOSEARE DISCLAIMED.
IN NO EVENT SHALL THE UNIVERSITY COURT OF THE UNIVERSITY OF GLASGOW OR
THE CONTRIBUTORSBE LIABLE FORANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, ORCONSEQUENTIAL DAMAGES(INCLUDING, BUT NOT LIMITED TO,
PROCUREMENTOF SUBSTITUTEGOODSORSERVICES; LOSSOF USE,DATA, OR
PROFITS;ORBUSINESSINTERRUPTION)HOWEVER CAUSEDAND ON ANY THEORY OF
LIABILITY , WHETHERIN CONTRACT, STRICTLIABILITY , ORTORT (INCLUDING
NEGLIGENCEOROTHERWISE)ARISING IN ANY WAY OUT OF THE USEOFTHIS
SOFTWARE, EVEN IF ADVISED OFTHE POSSIBILITYOF SUCHDAMAGE.
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Chapter 1. Intr oduction to GHC
This is aguideto usingtheGlasgow Haskell compilation(GHC)system.It is abatchcompilerfor
theHaskell 98 language,with supportfor variousGlasgow-only extensions.In thisdocument,we
assumethatGHChasbeeninstalledatyoursiteasghc . A separatedocument,“Building and
InstallingtheGlasgow FunctionalProgrammingToolsSuite”,describeshow to install ghc .

Many peoplewill useGHCverysimply: compilesomemodules—ghc -c -O Foo.hs Bar.hs ;
andlink them—ghc -o wiggle -O Foo.o Bar.o .

But if you needto dosomethingmorecomplicated,GHCcando that,too:

ghc -c -O -fno-foldr-build -dcore-lint -fvia-C -ddump-simpl Foo.lhs

Staytuned—allwill berevealed!

Therestof thissectionprovidesometutorial informationon batch-stylecompilation;if you’re
familiarwith theseconceptsalready, thenfeel freeto skip to thenext section.

1.1. The (batc h) compilation system components
TheGloriousHaskell CompilationSystem,aswith mostUNIX (batch)compilationsystems,has
severalinteractingparts:

1. A driver ghc —whichyouusuallythink of as“the compiler”—isaprogramthatmerely
invokes/glues-togethertheotherpiecesof thesystem(listedbelow), passingtheright optionsto
each,slurpingin theright libraries,etc.

2. A literatepre-processor unlit thatextractsHaskell codefrom a literatescript;usedif you
believe in thatsortof thing.

3. TheHaskellisedC pre-processor hscpp , only neededby peoplerequiringconditional
compilation,probablyfor largesystems.The“Haskellised”partjustmeansthat#line

directivesin theoutputhavebeenconvertedinto properHaskell {-# LINE ... -} pragmas.
Youmustgiveanexplicit -cpp option for theC pre-processorto beinvoked.

4. TheHaskell compiler hsc , which—in normaluse—takesits input from theC pre-processor
andproducesassembly-languageoutput(sometimes:ANSI C output).

5. TheANSIC Haskell high-levelassembler:-) compileshsc ’sC outputinto assemblylanguage
for a particulartargetarchitecture.In fact,theonly C compilerwe currentlysupportis gcc ,
becausewe makeuseof certainextensionsto theC languageonly supportedby gcc.Version2.x
is amust;werecommendversion2.7.2.1for stability (we’veheardbothgoodandbadreportsof
laterversions).

6. Theassembler—astandardUNIX one,probablyas .
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Chapter1. Introductionto GHC

7. The linker—astandardUNIX one,probablyld .

8. A runtimesystem, including(mostnotably)a storagemanager;thelinker links in thecodefor
this.

9. TheHaskell standard prelude, a largelibrary of standardfunctions,is linkedin aswell.

10.Partsof otherinstalledlibraries thatyouhaveat yoursitemaybelinkedin also.

1.2. What reall y happens when I “compile” a Haskell
program?

You invoketheGlasgow Haskell compilationsystemthroughthedriverprogramghc . For example,
if youhadtypeda literate“Hello, world!” programinto hello.lhs , andyou theninvoked:

ghc hello.lhs

thefollowing wouldhappen:

1. Thefile hello.lhs is run throughtheliterate-programcodeextractorunlit , feedingits output
to

2. TheHaskell compilerproperhsc , which producesinput for

3. Theassembler(or thatubiquitous“high-level assembler,” aC compiler),whichproducesan
objectfile andpassesit to

4. Thelinker, which links yourcodewith theappropriatelibraries(includingthestandardprelude),
producinganexecutableprogramin thedefault outputfile nameda.out .

Youhaveconsiderablecontrolover thecompilationprocess.You feedcommand-linearguments(call
them“options,” for short)to thedriver, ghc ; the“types” of theinputfiles (asencodedin their
names’suffixes)alsomatter.

Here’shopingthis is enoughbackgroundsothatyoucanreadtherestof this guide!

1.3. Meta-inf ormation: Web sites, mailing lists, etc.
OntheWorld-WideWeb,thereareseveralURLsof likely interest:

• Haskell homepage(http://www.haskell.org/)

• GHChomepage(http://www.haskell.org/ghc/)

• comp.lang.functionalFAQ (http://www.cs.nott.ac.uk/Department/Staff/mpj/faq.html)
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Chapter1. Introductionto GHC

We run two mailing lists aboutGlasgow Haskell. We encourageyou to join, asyou feel is
appropriate.

glasgow-haskell-users:

This list is for GHCusersto chatamongthemselves.Subscribeby sendingmail to
<majordomo@haskell.org >, with a messagebody(notheader)like this:

subscribe glasgow-haskell-users MyName <m.y.self@bigbucks.com>

(Thelastbit is yourall-importante-mailaddress,of course.)

To communicatewith your fellow users,sendmail to
<glasgow-haskell-users@haskell.org >.

To contactthelist administrator, sendmail to
<owner-glasgow-haskell-users@haskell.org >. An archiveof thelist is availableon
theWebat theglasgow-haskell-usersmailing list archive
(http://www.mail-archive.com/glasgow-haskell-users@haskell.org).

glasgow-haskell-bugs:

Sendbug reportsfor GHCto this address!Thesadandlonelypeoplewho subscribeto this list
will museuponwhat’swrongandwhatyou mightdo aboutit.

Subscribevia <majordomo@haskell.org > with:

subscribe glasgow-haskell-bugs My Name <m.y.self@hackers.r.us>

Again,you maycontactthelist administratorat
<owner-glasgow-haskell-bugs@haskell.org >.And, yes,anarchiveof thelist is
availableon theWebat theglasgow-haskell-bugsmailing list archive
(http://www.mail-archive.com/glasgow-haskell-bugs@haskell.org)

Thereis alsothegeneralHaskell mailing list. Subscribeby sendingemailto
<majordomo@haskell.org >, with theusualmessagebody:

subscribe haskell My Name <m.y.self@fp.rules.ok.org>

SomeHaskell-relateddiscussiontakesplacein theUsenetnewsgroupcomp.lang.functional .

1.4. GHC version numbering polic y
As of GHCversion4.08,wehaveadoptedthefollowing policy for numberingGHCversions:
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Chapter1. Introductionto GHC

StableReleases

Thesearenumberedx.yy.z , whereyy is even, andz is thepatchlevel number(thetrailing .z

canbeomittedif z is zero).Patchlevelsarebug-fix releasesonly, andneverchangethe
programmerinterfaceto any system-suppliedcode.However, if you install anew patchlevel
overanold oneyoumayneedto recompileany codethatwascompiledagainsttheold libraries.

Thevalueof __GLASGOW_HASKELL__(seeSection3.9.1)for a majorreleasex.yy.z is the
integerxyy .

Snapshots/unstablereleases

We maymakesnapshotreleasesof thecurrentdevelopmentsourcesfrom time to time,andthe
currentsourcesarealwaysavailablevia theCVSrepository(seetheGHCwebsitefor details).

Snapshotreleasesarenamedx.yy.YYYYMMDD whereyy is odd, andYYYYMMDDis thedateof
thesourcesfrom which thesnapshotwasbuilt. In theory, youcancheckout theexactsame
sourcesfrom theCVS repositoryusingthisdate.

Thevalueof __GLASGOW_HASKELL__for asnapshotreleaseis theintegerxyy . You should
neverwrite any conditionalcodewhich testsfor this value,however:sinceinterfaceschangeon
a day-to-daybasis,andwedon’t havefinergranularityin thevaluesof
__GLASGOW_HASKELL__, youshouldonly conditionallycompileusingpredicateswhich test
whether__GLASGOW_HASKELL__is equalto, laterthan,or earlierthana givenmajorrelease.

Theversionnumberof yourcopy of GHCcanbefoundby invokingghc with the -version flag.

1.5. Release notes for version 4.08 (July 2000)

1.5.1. User-visib le compiler chang es

• New profiling subsystem,basedon cost-centrestacks.SeeChapter4.

• Thex86nativecodegeneratorhasbeenreworkedconsiderably, andnow worksreliably. Usingthe
NCGratherthancompilingvia C reducescompilationtimesby roughlya half while having
minimal effecton therun-timeof thecompiledprogram(about2-4%slower, worsefor
floating-pointintensiveprograms).

TheNCGis usedby default for non-optimisingcompiles.Youcanuseit with -O by addingthe
-fasm-x86 flag to GHC’s commandline, after -O .

• Implicit parameters.ThisHaskell extensiongivesa statically-typedversionof dynamicscoping
thatavoidstheworstproblemsof dynamicscopingin lisp. SeethePOPLpaper
(http://www.cse.ogi.ed/~jlewis/implicit.ps.gz)for moredetails.It is enabledby
-fglasgow-exts .
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Chapter1. Introductionto GHC

• New DEPRECATEDpragmafor markingoutdatedinterfacesasdeprecated.

• New flag: -ddump-minimal-imports , which dumpsafile M.imports thatcontainsthe
(allegedly)minimal bunchof importsneededby thecurrentmodule.

• New “package”systemfor libraries.SeeSection3.7.4.1for thedetails.

• Thelong-standingbug thatcausedsomeprogramswhichusedtrace to exit with adeadlockerror
hasbeenfixed.

• Trying to put into a full MVar will now raisea PutFullMVar exception.

• If a threadis aboutto begarbagecollected,becauseit is waitingon anMVar thatno otherthread
hasaccessto, thenit will now besenttheBlockedOnDeadMVar exception.

• A threadthatis foundto beblockedagainstitself (i.e. is blackholed)is now senta
NonTermination exception.

• Operationswhich mayblock, suchastakeMVar , raiseInThread , andseveralI/O operations,
maynow receiveasynchronousexceptionsevenin thescopeof a blockAsyncExceptions .
Thesearecalledinterruptibleoperations.SeeSection4.8.7.2in Haskell Librariesfor moredetails.

• Resulttypesignaturesnow work.

• A truckloadof bugfixes.

1.5.2. User-visib le librar y chang es

• TheFFI hasbeenrevisedandexpanded;seeSection4.9 in Haskell Libraries, Section4.5in
Haskell Libraries, andSection4.6in Haskell Libraries .

• HaXml, a library for parsingandgeneratingXML, hasbeenaddedto the text package(Section
8.1 in Haskell Libraries).

• TheQuickCheck library for performingfunctionaltestinghasbeenaddedto theutil package
(Section9.3in Haskell Libraries).

• Two new experimentalinterfacesto arrays:IArray for immutablearrays(Section4.12in Haskell
Libraries), andMArray for mutablearrays(Section4.16in Haskell Libraries). Commentson
theseinterfacesarewelcome;eventuallywe’d like themto replaceByteArray , MutableArray ,
IOArray , andSTArray .

• New function:tryTakeMVar .

• hPutBuf , hPutBufBA , hGetBuf , andhGetBufBA , havebeenrenamedto hPutBufFull ,
hPutBufBAFull , hGetBufFull , andhGetBufBAFull . Functionswith theold namesstill exist,
but haveslightly differentsemantics.SeeSection4.14.5in Haskell Libraries for moredetails.
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Chapter1. Introductionto GHC

1.5.3. Internal chang es

• Con is gone;theCoreExpr typeis simpler.

• NoRepLits havegone.

• Betterusageinfo in interfacefiles,whichmeanslessrecompilation.

• CCall primopis tidiedup.

• Constantfolding is now doneby Rules.

• Lots of hackery in thesimplifier.

• Improvementsin CPRandstrictnessanalysis.
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Chapter 2. Installing from binar y distrib utions
Installingfrom binarydistributionsis easiest,andrecommended!(Why binaries?BecauseGHCis a
Haskell compilerwritten in Haskell, soyou’vegot to “bootstrap”it, somehow. We provide
machine-generatedC-files-from-Haskell for this purpose,but it’s really quitea painto usethem.If
you mustbuild GHCfrom its sources,usinga binary-distributedGHCto do sois asensibleway to
proceed.For theotherfptools programs,many arewritten in Haskell, sobinarydistributionsallow
you to install themwithout having a Haskell compiler.)

This guideis in two parts:installingon Unix-a-likes,andinstallingon Windows.

2.1. Installing on Unix-a-likes

2.1.1. Bundle structure

Binary distributionscomein “bundles,”onebundleperfile called
<bundle>-<platform>.tar.gz . (Seethebuilding guidefor thedefinitionof aplatform.)
Supposethatyouuntara binary-distributionbundle,thus:

% cd /your/scratch/space
% gunzip < ghc-x.xx-sun-sparc-solaris2.tar.gz | tar xvf -

Thenyoushouldfind a singledirectory, fptools , with thefollowing structure:

Makefile.in

theraw materialfrom which theMakefile will bemade(Section2.1.1.1).

configure

theconfigurationscript(Section2.1.1.1).

README

Containsthis file summary.

INSTALL

Containsthis descriptionof how to install thebundle.

ANNOUNCE

Theannouncementmessagefor thebundle.
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Chapter2. Installing frombinarydistributions

NEWS

releasenotesfor thebundle—alongerversionof ANNOUNCE. For GHC,thereleasenotesare
containedin theUserGuideandthis file isn’t present.

bin/<platform>

containsplatform-specificexecutablefiles to beinvokeddirectlyby theuser. Thesearethefiles
thatmustendup in yourpath.

lib/<platform>/

containsplatform-specificsupportfiles for theinstallation.Typically thereis a subdirectoryfor
eachfptools project,whosenameis thenameof theprojectwith its versionnumber. For
example,for GHCtherewould beasub-directoryghc-x.xx / wherex.xx is theversion
numberof GHC in thebundle.

Thesesub-directorieshave thefollowing generalstructure:

libHSstd.a etc:

supportinglibrary archives.

ghc-iface.prl etc:

supportscripts.

import/

(.hi ) for theprelude.

include/

A few C #include files.

share/

containsplatform-independentsupportfiles for theinstallation.Again, thereis a sub-directory
for eachfptools project.

html/

containsHTML documentationfiles (onesub-directoryperproject).

man/

containsUnix manualpages.

This structureis designedsothatyoucanunpackmultiplebundles(includingonesfrom different
releasesor platforms)into a singlefptools directory1 :

% cd /your/scratch/space

17



Chapter2. Installing frombinarydistributions

% gunzip < ghc-x.xx-sun-sparc-solaris2.tar.gz | tar xvf -
% gunzip < happy-x.xx-sun-sparc-sunos4.tar.gz | tar xvf -

Whenyou domultiple unpackslike this, thetop level Makefile , README, andINSTALL get
overwritteneachtime.That’s fine—they shouldbethesame.Likewise,theANNOUNCE-<bundle>

andNEWS-<bundle> files will beduplicatedacrossmultipleplatforms,sothey will beharmlessly
overwrittenwhenyoudo multipleunpacks.Finally, theshare/ stuff will getharmlesslyoverwritten
whenyoudo multipleunpacksfor onebundleondifferentplatforms.

2.1.1.1. Installing

OK, solet’sassumethatyouhaveunpackedyourchosenbundlesinto a scratchdirectoryfptools .
Whatnext?Well, you will at leastneedto run theconfigure scriptby changingyourdirectoryto
fptools andtyping ./configure . ThatshouldconvertMakefile.in to Makefile .

You cannow eitherstartusingthetools in-situ without goingthroughany installationprocess,just
typemake in-place to setthetoolsup for this.You’ll alsowantto addthepathwhich make will
now echoto your PATHenvironmentvariable.Thisoptionis usefulif you simplywantto try out the
packageand/oryoudon’t havethenecessaryprivileges(or inclination)to properlyinstall thetools
locally. Notethatif you dodecideto install thepackage‘properly’ at a laterdate,youhaveto go
throughtheinstallationstepsthatfollows.

To install an fptools package,you’ll haveto do thefollowing:

1. Edit theMakefile andcheckthesettingsof thefollowing variables:

platform

theplatformyouaregoingto install for.

bindir

thedirectoryin which to install user-invokablebinaries.

libdir

thedirectoryin which to install platform-dependentsupportfiles.

datadir

thedirectoryin which to install platform-independentsupportfiles.

infodir

thedirectoryin which to install Emacsinfo files.

htmldir

thedirectoryin which to install HTML documentation.
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dvidir

thedirectoryin which to install DVI documentation.

Thevaluesfor thesevariablescanbesetthroughinvocationof theconfigurescriptthatcomeswith
thedistribution,but doinganopticaldiff to seeif thevaluesmatchyourexpectationsis alwaysa
GoodIdea.

Insteadof runningconfigure, it is perfectlyOK to copyMakefile.in to Makefile andsetall
thesevariablesdirectlyyourself. Butdo it right!

2. Runmake install . This shouldwork with ordinaryUnix make—noneedfor fancy stuff like
GNU make.

3. rehash (t?cshor zshusers),soyourshellwill seethenew stuff in yourbin directory.

4. Oncedone,testyour “installation” assuggestedin Section2.1.1.3.Besureto usea -v option,
soyoucanseeexactlywhatpathnamesit’susing.If thingsdon’t work asexpected,checkthelist
of known pitfalls in thebuilding guide.

Wheninstallingtheuser-invokablebinaries,this installationprocedurewill install GHCas
ghc-x.xx wherex.xx is theversionnumberof GHC.It will alsomakea link (in thebinary
installationdirectory)from ghc to ghc-x.xx . If you install multiple versionsof GHCthenthelast
one“wins”, and“ghc ” will invokethelastoneinstalled.You canchangethismanuallyif youwant.
But regardless,ghc-x.xx shouldalwaysinvokeGHCversionx.xx .

2.1.1.2. What bundles there are

Thereareplentyof “non-basic”GHCbundles.Thefiles for themarecalled
ghc-x.xx-<bundle>-<platform>.tar.gz , wherethe<platform> is asabove,and<bundle>

is oneof these:

prof :

Profiling with cost-centres.You probablywantthis.

par :

ParallelHaskell features(sitson top of PVM). You’ll wantthis if you’re into thatkind of thing.

gran :

The“GranSim”parallel-Haskell simulator(hmm.. . mainly for implementors).

ticky :

“Ticky-ticky” profiling; verydetailedinformationabout“what happenedwhenI ranthis
program”—reallyfor implementors.
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Onelikely scenariois thatyouwill grabtwobinarybundles—basic,andprofiling. We don’t usually
make therest,althoughyoucanbuild themyourselffrom asourcedistribution.

2.1.1.3. Testing that GHC seems to be working

Theway to do this is, of course,to compileandrun this program(in afile Main.hs ):

main = putStr "Hello, world!\n"

Compiletheprogram,usingthe-v (verbose)flag to verify thatlibraries,etc.,arebeingfound
properly:

% ghc -v -o hello Main.hs

Now run it:

% ./hello
Hello, world!

Somesimple-but-profitabletestsareto compileandrun thenotoriousnfib program,usingdifferent
numerictypes.Startwith nfib :: Int -> Int , andthentry Integer , Float , Double ,
Rational andperhapstheoverloadedversion.Codefor this is distributedin
ghc/misc/examples/nfib/ in a sourcedistribution.

For moreinformationon how to “drive” GHC,eitherdo ghc -help or consulttheUser’sGuide
(distributedin severalpre-compiledformatswith a binarydistribution,or in sourceform in
ghc/docs/users_guide in a sourcedistribution).

2.2. Installing on Windo ws
GettingtheGlasgow Haskell Compiler(GHC) to runon Windowsplatformscanbeabit of a trying
experience.Thisdocumenttriesto simplify thetaskby enumeratingthestepsyouneedto follow in
orderto setupandconfigureyourmachineto runGHC(at leastthat’s theintention;-)

2.2.1. System requirements
An installationof GHCrequiresca.200Mof diskspace,which is split roughly50-50betweenGHC
andthesupportingsoftware.To runGHCcomfortably, yourmachineshouldhaveat least64M of
memory.
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2.2.2. Software required
You needtwo chunksof softwareotherthanGHCitself: theCygwin toolchain,andPerl.Here’show
to getandinstall them.

2.2.2.1. The cygwin toolc hain (1.1)

GHCdependsat themomenton thecygwin toolsto operate,which dressesup theWin32
environmentinto somethingmoreUNIX-lik e.(notably, it providesgcc, asandld), soyou’ll needto
install thesetoolsfirst. You alsoneedCygwin to useCVS.(We don’t yet supportlaterversionsof
Cygwin.)

ImportantgrungyinformationaboutCygwin:

• Cygwin doesn’t dealwell with filenamesthatincludespaces."Program Files " and"Local

files " arecommongotchas.

• Cygwin implementsa symboliclink asa text file with somemagicaltext in it. Soprogramsthat
don’t useCygwin’s I/O librarieswon’t recognisesuchfiles assymlinks.In particular, programs
compiledby GHCaremeantto berunnablewithout having Cygwin,sothey don’t usetheCygwin
library, sothey don’t recognisesymlinks.

Here’show to installCygwin.

• Install Cygwin1.1 from sources.redhat.com(http://sources.redhat.com/cygwin/) Install this
somewherelocally. Despitethewarnings,thingsseemto work betterif you installCygwin into the
root directoryratherthancygwin , which is thedefault. If you’reupgradingfrom Cygwin B20.1,
runningmount –import-old-mounts immediatelyafterinstallationmayhelp.Eitherway, you
wantto endup with yourmaindrivemountedin textmode, andonly thebin directoriesmounted
in binmode .

• Createthefollowing directories(if they aren’t alreadythere;substitutethedriveyou installed
Cygwin on for c: ):

• c:/etc

• c:/bin

• c:/usr/local/bin

(usingmkdir -p /bin, etc.)

• Copy bash.exe from thebin directoryof thecygwin tree(cygwin/bin/bash.exe ) to /bin as
sh.exe . Youmight think thatit waseasierto usebashdirectly from it originalCygwin directory,
but (a) someUNIX utils havegot /bin/sh hardwiredin, and(b) thepathfollowing #! is limited
to 32characters.

• If you’reanEmacsuserandwantto beableto runbash from within a shellbuffer, seetheNT
Emacshomepage(http://www.cs.washington.edu/homes/voelker/ntemacs.html) for instructions
on how to setthis up.
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2.2.2.2. Envir onment variab les

In caseyoudon’t alreadyknow how to setenvironmentvariableson a Windowsmachine,here’s
how. OnWinNT/Win2k, to edit your PATHvariable(for example),do thefollowing:

• PressStart/Settings/ControlPanels

• Double-clickSystem

• PressAdvanced

• PressEnvironmentVariables

• UnderSystemVariables,selectPATH

• PressEdit

• Add ";C:/whatever/ " to theendof thestring(for example)

• PressOK

Someenvironmentvariablesare“uservariables”andsomeare“systemvariables”.I’m notsureof
thedifferencebut botharechangedthoughthesamedialogue.

In addition,whenrunningbashyou cansetenvironmentvariablesin your .bashrc file. But it is
betterto setyourenvironmentvariablesfrom thecontrolpanel(they getinheritedby bash)because
thenthey arevisible to applicationsthataren’t startedby bash.For example,whenyou’re invoking
CVS(andssh)via Emacskeybindings;it invokescvs.exe withoutgoingvia bash.

Ona Win9x machineyouneedto edit autoexec.bat usingWindows/system/Sysedit . You
mustrebootto makethenew settingstakeeffect.

Thefollowing environmentvariablesmustbeset:

TMPDIRUserSetto c:/tmp (note the forward slash). For some reason, Win2k

invisibly sets this variable to point to a temporary directory in your

profile, that contains embedded spaces. If GHC sees the TMPDIR variable

set, it tries to use it for temporary files, but Cygwin doesn’t grok

filenames with spaces, so disaster results. Furthermore, it seems that

TMPDIR must be set to a directory in the same file system in which you

invoke GHC. Otherwise you get very weird messages when you invoke GHC,

such as:
does not exist Action: openFile Reason: file does not exist /tmp/ghc11068.cpp

We think this is due to a bug in Cygwin.

In addition,we’vehadproblemsin thepastwith certainenvironmentvariablesbeingsetthatseemto
havebadeffectson GHC.If youhave installedothersystemsportedfrom Unix, youmight too. If
you getweird inexplicablefailuresto build GHC,thenit might beworth weedingoutunused
environmentvariables.Known culpritsfrom thepastincludeGCC_EXEC_PREFIXandINCLUDE.

22



Chapter2. Installing frombinarydistributions

2.2.2.3. Perl5

Thedriverscriptis written in Perl,soyou’ll needto have this installedtoo.However, theghcbinary
distribution includesaperl binaryfor you to makeuseof, shouldyou notalreadyhavea cygwin
compatibleone.Note:GHCdoesnot work with theActiveStateportof perl.

2.2.3. Installing GHC
DownloadaGHCdistribution:

ghc-4.08—InstallShieldinstaller, 20M: http (http://www.haskell.org/ghc/dist/ghc-4-08.exe)

(Theversionnumbermaychange.)It is packagedup usinganinstallerthatshouldbe
familiar-looking to Windowsusers.

Note:Thecygwin supportfor longfile namescontainingspacesis not100%,somakesurethat
you install ghcin a directorythathasno embeddedspaces(i.e., resistthetemptationto put it in
/Program Files/ !)

Whentheinstallerhascompleted,makesureyou addthelocationof theghcbin/ directoryto
yourpath(i.e. /path/to/wherever/ghc-4.08/bin ). Youneedto do this in orderto bring
thevariousGHCDLLs into scope;if not, thenyouneedto copy theDLLs into adirectorythat
is (thesystemdirectory, for example).

Note:If youhaven’t got perl alreadyinstalled,youwill have to manuallycopy theperl.exe

binaryfrom theghcbin/ into your /bin directorybeforecontinuing—theinstallerwill not
currentlydo this.

Makesurethatyousetall theenvironmentvariablesdescribedaboveunderCygwin installation,
includingTMPDIR

To testthefruits of your labour, try now to compilea simpleHaskell program:

bash$ cat main.hs
module Main(main) where

main = putStrLn "Hello, world!"
bash$ /path/to/the/ghc/bin/directory/ghc-4.08 -o main main.hs
..
bash$ ./main
Hello, world!
bash$

OK, assumingthatworked,you’reall set.Go forth andwrite usefulHaskell programs:-) If not,
consulttheinstallationFAQ (Section2.2.4);if thatstill doesn’t helpthenpleasereporttheproblems
you’reexperiencing(seeChapter8).
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Furtherinformationon usingGHCunderWindowscanbefoundin SigbjørnFinne’spages
(http://www.dcs.gla.ac.uk/~sof/ghc-win32.html). Note: ignoretheinstallationinstructions,which are
ratheroutof date;theMiscellaneoussectionat thebottomof thepageis of mostinterest,covering
topicsbeyondthescopeof this manual.

2.2.4. Installing ghc-win32 FAQ

1. Invokingghcdoesn’t seemto do anything,it immediatelyreturnswithouthaving compiledthe
input file.

Onecauseof this is that /bin/sh is missing.To verify, openup abashsessionandtype ls -l
/bin/sh.exe. If sh.exe is reportedasnot beingthere,copy bash.exe (which you’ll find insidethe
cygwin installationtreeasH-i586-cygwin32/bin/bash.exe ) to /bin/sh.exe .

All beingwell, ghcshouldthenstartto function.

2. I’m having troublewith symlinks.

Symlinksonly work underCygwin (Section2.1.1.1),sobinariesnot linkedto theCygwin DLL, in
particularthosebuilt for Mingwin, will not work with symlinks.

3. I’m having troublewith -static .

Staticlinking is no longersupportedunderWindows,andprobablywon’t work.

4. I’m getting“permissiondenied”messagesfrom rm or mv.

This canhavevariouscauses:trying to renamea directorywhenanExplorerwindow is openon it
tendsto fail. Closingthewindow generallycurestheproblem,but sometimesits causeis more
mysterious,andloggingoff andbackon or rebootingmaybethequickestcure.

5. I geterrorswhentrying to build GHC4.08with GHC4.05.

This seemsto work betterif you don’t use-O in GhcHcOpts . It’ sa bug in 4.05,unfortunately.
Anyway, betterto install 4.08binariesandusethose.

2.3. Building the documentation
We usetheDocBookDTD, which is widely used.Mostshrink-wrappeddistributionsseemto be
brokenin onewayor another;thanksto heroiceffortsby SvenPanneandManuelChakravarty, we
now supportmostof them,plusproperlyinstalledversions.

Instructionson installingandconfiguringtheDocBooktoolsfollow.
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2.3.1. Installing the DocBook tools from RPMs
If you’reusinga systemthatcanhandleRedHatRPMpackages,youcanprobablyusetheCygnus
DocBooktools(http://sourceware.cygnus.com/docbook-tools/),which is themostshrink-wrapped
SGML suitethatwecouldfind. You needall theRPMsexceptfor psgml(i.e. docbook , jade ,
jadetex , sgmlcommon andstylesheets ). Notethatmostof theseRPMsarearchitectureneutral,
soarelikely to befoundin a noarch directory. TheSuSERPMsalsowork; theRedHatonesdon’t
at themoment.

2.3.2. Installing from binaries on Windo ws
It’ sa goodideato useNormanWalsh’s installationnotes
(http://nwalsh.com/docbook/dsssl/doc/install.html) asa guide.You shouldgetversion3.1of
DocBook,andnotethathisfile test.sgm won’t work, asit needsversion3.0.Youshouldunpack
Jadeinto \Jade , alongwith theentities,DocBookinto \docbook , andtheDocBookstylesheets
into \docbook\stylesheets (sothey actuallyendup in \docbook\stylesheets\docbook ).

2.3.3. Installing the DocBook tools from sour ce

2.3.3.1. Jade

Install OpenJade(http://openjade.sourceforge.net/)(Windowsbinariesareavailableaswell as
sources).If youwantDVI, PS,or PDFtheninstall JadeTeX from thedsssl subdirectory. (If youget
theerror:

! LaTeX Error: Unknown option implicit=false’ for package hyperref’.

yourversionof hyperref is out of date;downloadit from CTAN
(macros/latex/contrib/supported/hyperref ), andmake it, ensuringthatyouhavefirst
removedor renamedyourold copy. If youstartgettingfile not founderrorswhenmakingthetestfor
hyperref, youcanabortat thatpointandproceedstraightto make install, or enterthemas
../ filename.)

Make links from virtex to jadetex andpdfvirtex to pdfjadetex (otherwiseDVI, PostScript
andPDFoutputwill not work). Copy dsssl/*.{dtd,dsl} andcatalog to
/usr/[local/]lib/sgml .

2.3.3.2. DocBook and the DocBook stylesheets

Geta Zip of DocBook(http://www.oasis-open.org/docbook/sgml/3.1/index.html) andinstall the
contentsin /usr/[local/]/lib/sgml .
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GettheDocBookstylesheets(http://nwalsh.com/docbook/dsssl/)andinstall in
/usr/[local/]lib/sgml/stylesheets (therebycreatinga subdirectorydocbook).For
indexing, copy or link collateindex.pl from theDocBookstylesheetsarchive in bin into a
directoryon yourPATH.

DownloadtheISO entities(http://www.oasis-open.org/cover/ISOEnts.zip)into
/usr/[local/]lib/sgml .

2.3.4. Configuring the DocBook tools
OncetheDocBooktoolsareinstalled,theconfigurescriptwill detectthemandsetup thebuild
systemaccordingly. If youhaveasystemthatisn’t supported,let usknow, andwe’ll try to help.

2.3.5. Remaining problems
If you install from source,you’ll geta pile of warningsof theform

DTDDECLcatalog entries are not supported

every timeyou build anything.Thesecansafelybeignored,but if you find themtediousyoucanget
rid of themby removing all theDTDDECLentriesfrom docbook.cat .

Notes
1. this doesn’t work at themoment



Chapter 3. Using GHC
GHCis a command-linecompiler:in orderto compilea Haskell program,GHCmustbeinvokedon
thesourcefile(s)by typinga commandto theshell.Thestepsinvolvedin compilinga programcan
beautomatedusingthemake tool (this is especiallyusefulif theprogramconsistsof multiplesource
fileswhich dependoneachother).Thissectiondescribeshow to useGHCfrom thecommand-line.

3.1. Overall command-line structure

An invocationof GHCtakesthefollowing form:

ghc [argument...]

Command-lineargumentsareeitheroptionsor file names.

Command-lineoptionsbegin with - . They maynot begrouped:-vO is differentfrom -v -O .
Optionsneednot precedefilenames:e.g.,ghc*.o -o foo. All optionsareprocessedandthenapplied
to all files; youcannot,for example,invokeghc -c -O1 Foo.hs-O2 Bar.hs to applydifferent
optimisationlevelsto thefiles Foo.hs andBar.hs . For conflictingoptions,e.g.,-c -S , we reserve
theright to do anythingwe want.(Usually, thelastoneapplies.)

3.2. Meaningful file suffix es

File nameswith “meaningful” suffixes(e.g.,.lhs or .o ) causethe“right thing” to happento those
files.

.lhs :

A “literateHaskell” module.

.hs :

A not-so-literateHaskell module.

.hi :

A Haskell interfacefile, probablycompiler-generated.

.hc :

IntermediateC file producedby theHaskell compiler.
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.c :

A C file not producedby theHaskell compiler.

.s :

An assembly-languagesourcefile, usuallyproducedby thecompiler.

.o :

An objectfile, producedby anassembler.

Fileswith othersuffixes(or without suffixes)arepassedstraightto thelinker.

3.3. Help and verbosity options

A goodoptionto startwith is the-help (or -? ) option. GHCspewsa long messageto standard
outputandthenexits.

The-v optionmakesGHCverbose: it reportsits versionnumberandshows(on stderr)exactlyhow
it invokeseachphaseof thecompilationsystem.Moreover, it passesthe-v flag to mostphases;each
reportsits versionnumber(andpossiblysomeotherinformation).

Please,oh please,usethe-v optionwhenreportingbugs!Knowing thatyou rantheright bits in the
right orderis alwaysthefirst thingwe wantto verify.

If you’re just interestedin thecompilerversionnumber, the-version optionprintsouta one-line
stringcontainingtherequestedinfo.

3.4. Running the right phases in the right order
Thebasictaskof theghcdriver is to runeachinputfile throughtheright phases(compiling,linking,
etc.).

Thefirst phaseto run is determinedby theinput-filesuffix, andthelastphaseis determinedby aflag.
If no relevantflag is present,thengoall theway throughlinking. This tablesummarises:

Phaseof thecompilation
system

Suffix saying“starthere”Flagsaying“stopafter” (suffix of) outputfile

literatepre-processor .lhs - -

C pre-processor(opt.) - - -

Haskell compiler .hs -C, -S .hc,.s

C compiler(opt.) .hcor .c -S .s

assembler .s -c .o
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linker other - a.out

Thus,acommoninvocationwould be:ghc -c Foo.hs

Note:WhattheHaskell compilerproperproducesdependson whethera native-codegeneratoris
used(producingassemblylanguage)or not (producingC).

Theoption-cpp mustbegivenfor theC pre-processorphaseto berun, thatis, thepre-processor
will berun overyourHaskell sourcefile beforecontinuing.

Theoption-E runsjust thepre-processingpassesof thecompiler, outputtingtheresultonstdout
beforestopping.If usedin conjunctionwith -cpp,theoutputis thecodeblocksof theoriginal
(literal) sourceafterhaving put it throughthegrinderthatis theC pre-processor. Sans-cpp , the
outputis thede-littedversionof theoriginal source.

Theoption-optcpp-E runsjust thepre-processingstageof theC-compilingphase,sendingthe
resultto stdout.(For debuggingor obfuscationcontests,usually.)

3.5. Re-directing the compilation output(s)

GHC’s compiledoutputnormallygoesinto a .hc , .o , etc.,file, dependingon thelast-run
compilationphase.Theoption-o foo re-directstheoutputof thatlast-runphaseto file foo .

Note:this “feature”canbecounterintuitive:ghc -C -o foo.ofoo.hswill put theintermediateC code
in thefile foo.o , namenotwithstanding!

EXOTICA: But the-o optionisn’t of muchuseif you haveseveral input files.. . Non-interface
outputfilesarenormallyput in thesamedirectoryastheir correspondinginputfile camefrom. You
mayspecifythatthey beput in anotherdirectoryusingthe -odir <dir> (the“Oh, dear”option).
For example:

% ghc -c parse/Foo.hs parse/Bar.hs gurgle/Bumble.hs -odir ‘arch‘

Theoutputfiles,Foo.o , Bar.o , andBumble.o would beput into asubdirectorynamedafterthe
architectureof theexecutingmachine(sun4 , mips , etc).Thedirectorymustalreadyexist; it won’t
becreated.

Notethatthe-odir optiondoesnot affectwheretheinterfacefilesareput. In theaboveexample,
they wouldstill beput in parse/Foo.hi , parse/Bar.hi , andgurgle/Bumble.hi .

MORE EXOTICA: The-osuf <suffix> will changethe .o file suffix for objectfiles to whatever
you specify. (We usethis in compilingtheprelude.).Similarly, the-hisuf <suffix> will change
the .hi file suffix for non-systeminterfacefiles (seeSection3.7.3).

The-hisuf /-osuf gameis usefulif youwantto compilea programwith bothGHCandHBC (say)
in thesamedirectory. Let HBC usethestandard.hi /.o suffixes;add-hisuf g_hi -osuf g_o to
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yourmake rule for GHCcompiling.. .

FURTHEREXOTICA: If youaredoinganormal.hs -to-.o compilationbut would like to hangonto
theintermediate.hc C file, just throw in a -keep-hc-file-too option.If youwould like to look
at theassembleroutput,tossin a -keep-s-file-too , too.

3.5.1. Saving GHC’s standar d error output

Sometimes,youmaycauseGHCto beratherchattyon standarderror;with -v , for example.You
caninstructGHCto appendthis outputto aparticularlog file with a -odump <blah> option.

3.5.2. Redirecting temporar y files

If you havetroublebecauseof runningoutof spacein /tmp (or whereveryour installationthinks
temporaryfilesshouldgo),youmayusethe-tmpdir <dir> optionto specifyanalternate
directory. For example,-tmpdir . saysto put temporaryfiles in thecurrentworking directory.

Alternatively, useyour TMPDIRenvironmentvariable.Setit to thenameof thedirectorywhere
temporaryfilesshouldbeput.GCCandotherprogramswill honourtheTMPDIRvariableaswell.

Evenbetteridea:SettheTMPDIRvariablewhenbuilding GHC,andneverworry aboutTMPDIR

again.(seethebuild documentation).

3.6. Warnings and sanity-c hecking
GHChasanumberof optionsthatselectwhich typesof non-fatalerrormessages,otherwiseknown
aswarnings,canbegeneratedduringcompilation.By default,you getastandardsetof warnings
which aregenerallylikely to indicatebugsin yourprogram.Theseare:
-fwarn-overlpapping-patterns , -fwarn-duplicate-exports , and
-fwarn-missing-methods . Thefollowing flagsaresimplewaysto selectstandard“packages”of
warnings:

-Wnot :

Turnsoff all warnings,includingthestandardones.

-w :

Synonym for -Wnot .
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-W:

Providesthestandardwarningsplus-fwarn-incomplete-patterns ,
-fwarn-unused-imports and-fwarn-unused-binds .

-Wall :

Turnson all warningoptions.

Thefull setof warningoptionsis describedbelow. To turnoff any warning,simply give the
corresponding-fno-warn-... optionon thecommandline.

-fwarn-name-shadowing :

Thisoptioncausesawarningto beemittedwheneveraninner-scopevaluehasthesamename
asanouter-scopevalue,i.e. theinnervalueshadowstheouterone.Thiscancatchtypographical
errorsthatturn into hard-to-findbugs,e.g.,in theinadvertentcyclic definition let x = ... x

... in .

Consequently, this optiondoesnot allow cyclic recursivedefinitions.

-fwarn-overlapping-patterns :

By default, thecompilerwill warnyou if a setof patternsareoverlapping,i.e.,

f :: String -> Int
f [] = 0
f (_:xs) = 1
f "2" = 2

wherethelastpatternmatchin f won’t everbereached,asthesecondpatternoverlapsit. More
oftenthannot, redundantpatternsis a programmermistake/error, sothis optionis enabledby
default.

-fwarn-incomplete-patterns :

Similarly for incompletepatterns,thefunctiong below will fail whenappliedto non-empty
lists,sothecompilerwill emit awarningaboutthis when-fwarn-incomplete-patterns is
enabled.

g [] = 2

This optionisn’t enabledbedefaultbecauseit canbeabit noisy, andit doesn’t alwaysindicate
a bug in theprogram.However, it’sgenerallyconsideredgoodpracticeto coverall thecasesin
your functions.
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-fwarn-missing-methods :

Thisoptionis on by default,andwarnsyouwheneveraninstancedeclarationis missingone
or moremethods,andthecorrespondingclassdeclarationhasno defaultdeclarationfor them.

-fwarn-missing-fields :

Thisoptionis on by default,andwarnsyouwhenever theconstructionof a labelledfield
constructorisn’t complete,missinginitializersfor oneor morefields.While not anerror(the
missingfieldsareinitialisedwith bottoms),it is oftenanindicationof aprogrammererror.

-fwarn-unused-imports :

Reportany objectsthatareexplicitly importedbut neverused.

-fwarn-unused-binds :

Reportany functiondefinitions(andlocalbindings)which areunused.For top-level
functions,thewarningis only givenif thebindingis not exported.

-fwarn-unused-matches :

Reportall unusedvariableswhich arisefrom patternmatches,includingpatternsconsistingof
a singlevariable.For instancef x y = [] would reportx andy asunused.To eliminatethe
warning,all unusedvariablescanbereplacedwith wildcards.

-fwarn-duplicate-exports :

Have thecompilerwarnaboutduplicateentriesin export lists.This is usefulinformationif
you maintainlargeexport lists,andwantto avoid thecontinuedexportof a definitionafter
you’vedeleted(one)mentionof it in theexport list.

This optionis on by default.

-fwarn-type-defaults :

Have thecompilerwarn/informyouwherein yoursourcetheHaskell defaultingmechanism
for numerictypeskicks in. This is usefulinformationwhenconvertingcodefrom a context that
assumedonedefault into onewith another, e.g.,the‘defaultdefault’ for Haskell 1.4causedthe
otherwiseunconstrainedvalue1 to begiventhetype Int , whereasHaskell 98 defaultsit to
Integer . Thismayleadto differencesin performanceandbehaviour, hencetheusefulnessof
beingnon-silentaboutthis.

This warningis off by default.

-fwarn-missing-signatures :

If youwould likeGHCto checkthatevery top-level function/valuehasa typesignature,use
the -fwarn-missing-signatures option.Thisoptionis off by default.
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If you’re feelingreally paranoid,the-dcore-lint optionis a goodchoice.It turnson heavyweight
intra-passsanity-checkingwithin GHC.(It checksGHC’ssanity, notyours.)

3.7. Separate compilation
This sectiondescribeshow GHCsupportsseparatecompilation.

3.7.1. Interface files

WhenGHCcompilesasourcefile F which containsa moduleA, say, it generatesanobjectF.o , and
a companioninterfacefile A.hi . Theinterfacefile is not intendedfor humanconsumption,asyou’ll
seeif you takea look at one.It’smerelythereto helpthecompilercompileothermodulesin the
sameprogram.

NOTE: Having thenameof theinterfacefile follow themodulenameandnot thefile name,means
thatworkingwith toolssuchasmakebecomeharder. make implicitly assumesthatany outputfiles
producedby processinga translationunit will havefile namesthatcanbederivedfrom thefile name
of thetranslationunit. For instance,patternrulesbecomesunusable.For this reason,werecommend
you stick to usingthesamefile nameasthemodulename.

Theinterfacefile for A containsinformationneededby thecompilerwhenit compilesany moduleB

thatimportsA, whetherdirectlyor indirectly. WhencompilingB, GHCwill readA.hi to find the
detailsthatit needsto know aboutthingsdefinedin A.

Furthermore,whencompilingmoduleC which importsB, GHCmaydecidethatit needsto know
somethingaboutA—for example,B mightexport a functionthatinvolvesa typedefinedin A. In this
case,GHCwill goandreadA.hi eventhoughC doesnot explicitly import A at all.

Theinterfacefile maycontainall sortsof thingsthataren’t explicitly exportedfrom A by the
programmer. For example,eventhoughadatatypeis exportedabstractly, A.hi will containthefull
datatypedefinition.For smallfunctiondefinitions,A.hi will containthecompletedefinitionof the
function.For biggerfunctions,A.hi will containstrictnessinformationaboutthefunction.And so
on.GHCputsmuchmoreinformationinto .hi fileswhenoptimisationis turnedon with the-O flag.
Without -O it putsin just theminimum;with -O it lobsin awholepile of stuff.

A.hi shouldreallybethoughtof asacompiler-readableversionof A.o . If you usea .hi file that
wasn’t generatedby thesamecompilationrun thatgeneratesthe .o file thecompilermayassumeall
sortsof incorrectthingsaboutA, resultingin coredumpsandotherunpleasanthappenings.

3.7.2. Finding interface files

In yourprogram,you importa moduleFoo by sayingimport Foo. GHCgoeslooking for an
interfacefile, Foo.hi . It hasabuiltin list of directories(notablyincluding . ) whereit looks.
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-i<dirs>

This flagprependsa colon-separatedlist of dirs to the“import directories”list. Seealso
Section3.7.4for thesignificanceof usingrelativeandabsolutepathnamesin the -i list.

-i

resetsthe“import directories”list backto nothing.

-fno-implicit-prelude

GHCnormallyimportsPrelude.hi files for you. If you’d ratherit didn’t, thengive it a
-fno-implicit-prelude option.You areunlikely to getvery farwithouta Prelude,but, hey,
it’s a freecountry.

-package <lib>

If youareusinga system-suppliednon-Preludelibrary (e.g.,thePOSIXlibrary), just usea
-package posix option(for example).Theright interfacefilesshouldthenbeavailable.The
accompanying HsLibsdocumentlists thelibrariesavailableby this mechanism.

-I<dir>

Oncea Haskell modulehasbeencompiledto C (.hc file), you maywish to specifywhere
GHCtells theC compilerto look for .h files. (Or, if youareusingthe-cpp option,whereit
tells theC pre-processorto look.. . ) For this purpose,usea -I optionin theusualC-ishway.

3.7.3. Other options related to interface files
Theinterfaceoutputmaybedirectedto anotherfile bar2/Wurble.iface with theoption-ohi

bar2/Wurble.iface (not recommended).

To avoid generatinganinterfacefile at all, usea -nohi option.

Thecompilerdoesnot overwriteanexisting .hi interfacefile if thenew oneis byte-for-bytethe
sameastheold one;this is friendly to make. Whenaninterfacedoeschange,it is oftenenlightening
to beinformed.The-hi-diffs optionwill makeGHCrun diff on theold andnew .hi files.You
canalsorecordthedifferencein theinterfacefile itself, the-keep-hi-diffs optiontakescareof
that.

The .hi files from GHCcontain“usage”informationwhich changesoftenanduninterestingly. If
you reallywantto seethesechangesreported,you needto usethe
-hi-diffs-with-usages option.

Interfacefilesarenormallyjammedfull of compiler-producedpragmas, which recordarities,
strictnessinfo, etc.If you think thesepragmasaremessingyouup (or you aredoingsomekind of
weird experiment),you cantell GHCto ignorethemwith the
-fignore-interface-pragmas option.
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Whencompilingwithoutoptimisationson, thecompileris extra-carefulaboutnot slurpingin data
constructorsandinstancedeclarationsthatit will not need.If you believe it is gettingit wrongand
not importingstuff which you think it should,this optimisationcanbeturnedoff with
-fno-prune-tydecls and-fno-prune-instdecls .

SeealsoSection3.9.3,whichdescribeshow thelinkerfindsstandardHaskell libraries.

3.7.4. The recompilation checker

-recomp

(On by default)Turnon recompilationchecking.This will stopcompilationearly, leaving an
existing .o file in place,if it canbedeterminedthatthemoduledoesnot needto berecompiled.

-no-recomp

Turn off recompilationchecking.

In theoldendays,GHCcomparedthenewly-generated.hi file with thepreviousversion;if they
wereidentical,it left theold onealoneanddidn’t changeits modificationdate.In consequence,
importersof a modulewith anunchangedoutput.hi file werenot recompiled.

Thisdoesn’t work any more.In ourearlierexample,moduleC doesnot importmoduleA directly, yet
changesto A.hi shouldforcea recompilationof C. And somechangesto A (changingthedefinition
of a functionthatappearsin aninlining of a functionexportedby B, say)mayconceivablynot
changeB.hi onejot. Sonow. . .

GHCkeepsa versionnumberon eachinterfacefile, andon eachtypesignaturewithin theinterface
file. It alsokeepsin every interfacefile a list of theversionnumbersof everythingit usedwhenit last
compiledthefile. If thesourcefile’smodificationdateis earlierthanthe .o file’sdate(i.e. thesource
hasn’t changedsincethefile waslastcompiled),andthe-recomp is givenon thecommandline,
GHCwill beclever. It comparestheversionnumberson thethingsit needsthis timewith theversion
numberson thethingsit neededlasttime (gleanedfrom theinterfacefile of themodulebeing
compiled);if they areall thesameit stopscompilingratherearlyin theprocesssaying“Compilation
IS NOT required”.Whata beautifulsight!

Patrick Sansomhada workshoppaperabouthow all this is done(thoughthedetailshavechanged
quitea bit). Ask him (mailto:sansom@dcs.gla.ac.uk)if you wanta copy.

3.7.4.1. Packages

To simplify organisationandcompilation,GHCkeepslibrariesin packages. Packagesarealso
compiledinto singlelibrarieson Unix, andDLLs on Windows.Theterm“package”canbeused
prettymuchsynonymouslywith “library”, exceptthatanapplicationalsoformsa package,theMain
package.
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• A packageis agroupof modules.It mayspanmany directories,or many packagesmayexist in a
singledirectory. Packagesmaynot bemutuallyrecursive.

• A packagehasa name(e.g.std )

• Eachpackageis built into a singlelibrary (Unix; e.g.libHSfoo.a ), or asingleDLL (Windows;
e.g.HSfoo.dll )

• The-package-name foo flag tellsGHCthatthemodulebeingcompiledis destinedfor package
foo . If this is omitted,thedefaultpackage,Main , is assumed.

• The-package foo flag tellsGHCto makeavailablemodulesfrom packagefoo . It replaces
-syslib foo , which is now deprecated.

• GHCdoesnot maintaindetailedcross-packagedependency information.It doesrememberwhich
modulesin otherpackagesthecurrentmoduledependson,but notwhich thingswithin those
importedthings.

All of this tidiesup thePreludeenormously. ThePreludeandStandardLibrariesarebuilt into a
singlepackagecalledstd . (This is a change;thelibrary is now calledlibHSstd.a insteadof
libHS.a ).

It is worthnotingthaton Windows,becauseeachpackageis built asa DLL, andareferenceto a
DLL costsanextra indirection,intra-packagereferencesarecheaperthaninter-packagereferences.
Of course,this appliesto theMain packageaswell. This is not normallythecaseon mostUnices.

3.7.5. Using make

It is reasonablystraightforwardto setup a Makefile to usewith GHC,assumingyou nameyour
sourcefiles thesameasyourmodules.Thus:

HC = ghc
HC_OPTS= -cpp $(EXTRA_HC_OPTS)

SRCS = Main.lhs Foo.lhs Bar.lhs
OBJS = Main.o Foo.o Bar.o

.SUFFIXES : .o .hs .hi .lhs .hc .s

cool_pgm : $(OBJS)
rm $@
$(HC) -o $@ $(HC_OPTS) $(OBJS)

# Standard suffix rules
.o.hi:

@:

.lhs.o:
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$(HC) -c $< $(HC_OPTS)

.hs.o:
$(HC) -c $< $(HC_OPTS)

# Inter-module dependencies
Foo.o Foo.hc Foo.s : Baz.hi # Foo imports Baz
Main.o Main.hc Main.s : Foo.hi Baz.hi # Main imports Foo and Baz

(Sophisticatedmake variantsmayachievesomeof theabovemoreelegantly. Notably, gmake’s
patternruleslet you write themorecomprehensible:

%.o : %.lhs
$(HC) -c $< $(HC_OPTS)

Whatwe’veshown shouldwork with any make.)

Notethecheesy.o.hi rule: It recordsthedependency of theinterface(.hi ) file on thesource.The
rule saysa .hi file canbemadefrom a .o file by doing.. .nothing.Which is true.

Notetheinter-moduledependenciesat theendof theMakefile,which take theform

Foo.o Foo.hc Foo.s : Baz.hi # Foo imports Baz

They tell make thatif any of Foo.o , Foo.hc or Foo.s haveanearliermodificationdatethan
Baz.hi , thentheout-of-datefile mustbebroughtup to date.To bring it up to date,make looksfor a
rule to do so;oneof theprecedingsuffix rulesdoesthejob nicely.

3.7.6. Dependenc y generation
Puttinginter-dependenciesof theform Foo.o : Bar.hi into your Makefile by handis rather
error-prone.Don’t worry, GHChassupportfor automaticallygeneratingtherequireddependencies.
Add thefollowing to your Makefile :

depend :
ghc -M $(HC_OPTS) $(SRCS)

Now, beforeyou startcompiling,andany timeyouchangethe imports in yourprogram,do make
dependbeforeyoudo make cool_pgm. ghc -M will appendtheneededdependenciesto your
Makefile .

In general,if moduleA containstheline

import B ...blah...

thenghc -M will generatea dependency line of theform:
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A.o : B.hi

If moduleA containstheline

import {-# SOURCE#-} B ...blah...

thenghc -M will generatea dependency line of theform:

A.o : B.hi-boot

(SeeSection3.7.1for detailsof interfacefiles.) If A importsmultiple modules,thentherewill be
multiple lineswith A.o asthetarget.

By default,ghc -M generatesall thedependencies,andthenconcatenatesthemontotheendof
makefile (or Makefile if makefile doesn’t exist) bracketedby thelines"# DO NOT DELETE:

Beginning of Haskell dependencies " and"# DO NOT DELETE: End of Haskell

dependencies ". If theselinesalreadyexist in themakefile , thentheold dependenciesaredeleted
first.

Internally, GHCusesa scriptto generatethedependencies,calledmkdependHS. Thisscripthas
someoptionsof its own, which youmight find useful.Optionscanbepasseddirectly to
mkdependHSwith GHC’s -optdep option.For example,to generatethedependenciesinto a file
called.depend insteadof Makefile :

ghc -M -optdep-f optdep.depend ...

Thefull list of optionsacceptedby mkdependHSis:

-w

Turn off warningsaboutinterfacefile shadowing.

-f blah

Useblah asthemakefile,ratherthanmakefile or Makefile . If blah doesn’t exist,
mkdependHScreatesit. We oftenuse-f .depend to put thedependenciesin .depend and
theninclude thefile .depend into Makefile .

-o <osuf>

Use.<osuf> asthe"targetfile" suffix ( default: o). Multiple -o flagsarepermitted(GHC2.05
onwards).Thus"-o hc -o o" will generatedependenciesfor .hc and.o files.

-s <suf>

Makeextra dependenciesthatdeclarethatfileswith suffix .<suf>_<osuf> dependon
interfacefileswith suffix .<suf>_hi , or (for {-# SOURCE#-} imports)on .hi-boot .
Multiple -s flagsarepermitted.For example,-o hc -s a -s b will makedependenciesfor
.hc on .hi , .a_hc on .a_hi , and.b_hc on .b_hi . (Usefulin conjunctionwith NoFib
"ways".)
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-exclude-module=<file>

Regard<file> as"stable";i.e.,excludeit from having dependencieson it.

-x

sameas-exclude-module

-exclude-directory=<dirs>

Regardthecolon-separatedlist of directories<dirs> ascontainingstable,don’t generateany
dependencieson modulestherein.

-xdirs

sameas-exclude-directory .

-include-module=<file>

Regard<file> asnot "stable";i.e.,generatedependencieson it (if any). This optionis
normallyusedin conjunctionwith the-exclude-directory option.

-include-prelude

Regardpreludelibrariesasunstable,i.e.,generatedependencieson thepreludemodulesused
(includingPrelude ). This optionis normallyonly usedby thevarioussystemlibraries.If a
-package optionis used,dependencieswill alsobegeneratedon thelibrary’s interfaces.

3.7.7. How to compile mutuall y recur sive modules

Currently, thecompilerdoesnothavepropersupportfor dealingwith mutuallyrecursivemodules:

module A where

import B

newtype TA = MkTA Int

f :: TB -> TA
f (MkTB x) = MkTA x
-----
module B where

import A

data TB = MkTB !Int

g :: TA -> TB
g (MkTA x) = MkTB x
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WhencompilingeithermoduleA andB, thecompilerwill try (in vain) to look for theinterfacefile
of theother. So,to getmutuallyrecursivemodulesoff theground,youneedto handwrite an
interfacefile for A or B, soasto breaktheloop.Thesehand-writteninterfacefilesarecalled
hi-boot files,andareplacedin a file called<module>.hi-boot . To import from anhi-boot file
insteadof thestandard.hi file, usethefollowing syntaxin theimportingmodule:

import {-# SOURCE#-} A

Thehand-writteninterfaceneedonly containthebareminimumof informationneededto getthe
bootstrappingprocessstarted.For example,it doesn’t needto containdeclarationsfor everythingthat
moduleA exports,only thethingsrequiredby themodulethatimportsA recursively.

For theexampleat hand,thebootinterfacefile for A would look like thefollowing:

__interface A 1 404 where
__export A TA{MkTA} ;
1 newtype TA = MkTA PrelBase.Int ;

Thesyntaxis essentiallythesameasanormal.hi file (unfortunately),but youcanusuallytailor an
existing .hi file to makea .hi-boot file.

Noticethatweonly put thedeclarationfor thenewtypeTA in thehi-boot file, not thesignaturefor
f , sincef isn’t usedby B.

Thenumber“1” after“__interfaceA” givestheversionnumberof moduleA; it is incremented
wheneveranything in A’s interfacefile changes.The“404” is theversionnumberof theinterfacefile
syntax; we changeit whenwe changethesyntaxof interfacefilessothatyougeta bettererror
messagewhenyou try to readanold-formatfile with a new-formatcompiler.

Thenumber“1” at thebeginningof a declarationis theversionnumberof thatdeclaration:for the
purposesof .hi-boot files thesecanall besetto 1. All namesmustbefully qualifiedwith the
original modulethatanobjectcomesfrom: for example,thereferenceto Int in theinterfacefor A

comesfrom PrelBase , which is a moduleinternalto GHC’s prelude.It’sa pain,but that’s theway
it is.

If you wantanhi-bootfile to exporta datatype,but youdon’t wantto give its constructors(because
theconstructorsaren’t usedby theSOURCE-importingmodule),you canwrite simply:

__interface A 1 404 where
__export A TA;
1 data TA

(Youmustwrite all thetypeparameters,but leaveout the’=’ andeverythingthatfollows it.)

Note:This is all a temporarysolution,a versionof thecompilerthathandlesmutuallyrecursive
modulesproperlywithout themanualconstructionof interfacefiles, is (allegedly)in theworks.
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3.8. Optimisation (code impr ovement)

The-O* optionsspecifyconvenient“packages”of optimisationflags;the-f* optionsdescribed
lateronspecifyindividualoptimisationsto beturnedon/off; the-m* optionsspecify
machine-specificoptimisationsto beturnedon/off.

3.8.1. -O*: convenient “pac kages” of optimisation flags.

Therearemanyoptionsthataffect thequalityof codeproducedby GHC.Mostpeopleonly havea
generalgoal,somethinglike “Compile quickly” or “Makemy programrun like greasedlightning.”
Thefollowing “packages”of optimisations(or lack thereof)shouldsuffice.

Onceyouchoosea -O* “package,”stickwith it—don’t chopandchange.Modules’interfaceswill
changewith ashift to anew -O* option,andyoumayhave to recompilea largechunkof all
importingmodulesbeforeyourprogramcanagainberunsafely(seeSection3.7.4).

No -O* -typeoptionspecified:

This is takento mean:“Pleasecompilequickly; I’m not over-botheredaboutcompiled-code
quality.” So,for example:ghc -c Foo.hs

-O or -O1 :

Means:“Generategood-qualitycodewithout takingtoo longaboutit.” Thus,for example:ghc
-c -O Main.lhs

-O2 :

Means:“Apply everynon-dangerousoptimisation,evenif it meanssignificantlylongercompile
times.”

Theavoided“dangerous”optimisationsarethosethatcanmakeruntimeor spaceworseif
you’reunlucky. They arenormallyturnedonor off individually.

At themoment,-O2 is unlikely to producebettercodethan-O .

-O2-for-C :

Saysto run GCCwith -O2 , which maybeworth a few percentin executionspeed.Don’t forget
-fvia-C , lestyouusethenative-codegeneratorandbypassGCCaltogether!

-Onot :

This optionwill makeGHC“forget” any -O ishoptionsit hasseensofar. Sometimesuseful;for
example:make all EXTRA_HC_OPTS=-Onot.
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-Ofile <file> :

For thosewho needabsolutecontroloverexactlywhatoptionsareused(e.g.,compilerwriters,
sometimes:-), a list of optionscanbeput in a file andthenslurpedin with -Ofile .

In thatfile, commentsareof the#-to-end-of-linevariety;blanklinesandmostwhitespaceis
ignored.

Pleaseaskif youarebaffledandwould likeanexampleof -Ofile !

At Glasgow, we don’t usea -O* flag for day-to-daywork. We use-O to getrespectablespeed;e.g.,
whenwewantto measuresomething.Whenwewantto go for broke,we tendto use-O -fvia-C

-O2-for-C (andwego for lotsof coffeebreaks).

Theeasiestway to seewhat-O (etc.)“really mean”is to run with -v , thenstandbackin amazement.
Alternatively, just look at theHsC_minus<blah> lists in theGHCdriverscript.

3.8.2. -f*: platf orm-independent flags

Flagscanbeturnedoff individually. (NB: I hopeyouhaveagoodreasonfor doingthis.. . ) To turn
off the-ffoo flag, just usethe-fno-foo flag.So,for example,youcansay-O2

-fno-strictness , which will thendropout any runningof thestrictnessanalyser.

Theoptionsyou aremostlikely to wantto turn off are:

• -fno-strictness (strictnessanalyser, becauseit is sometimesslow),

• -fno-specialise (automaticspecialisationof overloadedfunctions,becauseit canmakeyour
codebigger)(US spellingalsoaccepted),and

• -fno-cpr-analyse switchesoff theCPR(constructedproductresult)analyser.

Shouldyou wish to turn individualflagson, youareadvisedto usethe-Ofile option,described
above.Becausetheorderin which optimisationpassesarerun is sometimescrucial,it’squitehardto
do with command-lineoptions.

Herearesome“dangerous”optimisationsyou mightwantto try:

-fvia-C :

Compilevia C, anddon’t usethenative-codegenerator. (Therearemany caseswhenGHCdoes
this on its own.) You mightpick up a little bit of speedby compilingvia C (e.g.for
floating-pointintensivecodeon Intel). If youuse_casm_s (whichareutterly deprecated),you
probablyhaveto use-fvia-C .

Thelower-caseincantation,-fvia-c , is synonymous.
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Compilingvia C will probablybeslower (in compilationtime) thanusingGHC’s nativecode
generator.

-funfolding-interface-threshold<n> :

(Default:30) By raisingor loweringthisnumber, you canraiseor lower theamountof
pragmaticjunk thatgetsspewedinto interfacefiles. (An unfoldinghasa “size” thatreflectsthe
costin termsof “codebloat” of expandingthatunfoldingin anothermodule.A biggerfunction
would beassignedabiggercost.)

-funfolding-creation-threshold<n> :

(Default:30)Thisoptionis similar to -funfolding-interface-threshold , exceptthatit
governsunfoldingswithin a singlemodule.Increasingthis figureis morelikely to resultin
longercompiletimesthanfastercode.Thenext optionis moreuseful:

-funfolding-use-threshold<n> :

(Default:8) This is themagiccut-off figurefor unfolding:below this size,a function
definitionwill beunfoldedat thecall-site,any biggerandit won’t. Thesizecomputedfor a
functiondependson two things:theactualsizeof theexpressionminusany discountsthatapply
(see-funfolding-con-discount ).

-funfolding-con-discount<n> :

(Default:2) If thecompilerdecidesthatit caneliminatesomecomputationby performingan
unfolding,thenthis is a discountfactorthatit appliesto thefuncitonsizebeforedeciding
whetherto unfold it or not.

OK, folks, thesemagicnumbers‘30’, ‘8’, and’2’ aremildly arbitrary;they areof the“seemto
beOK” variety. The‘8’ is themorecritical one;it’swhatdetermineshow eagerGHC is about
expandingunfoldings.

-funbox-strict-fields :

This optioncausesall constructorfieldswhicharemarkedstrict (i.e. “!”) to beunboxedor
unpackedif possible.For example:

data T = T !Float !Float

will createaconstructorT containingtwo unboxedfloatsif the-funbox-strict-fields flag
is given.Thismaynot alwaysbeanoptimisation:if theT constructoris scrutinisedandthe
floatspassedto a non-strictfunctionfor example,they will have to bereboxed(this is done
automaticallyby thecompiler).

This optionshouldonly beusedin conjunctionwith -O , in orderto exposeunfoldingsto the
compilersothereboxingcanberemovedasoftenaspossible.For example:
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f :: T -> Float
f (T f1 f2) = f1 + f2

Thecompilerwill avoid reboxingf1 andf2 by inlining + on floats,but only when-O is on.

Any single-constructordatais eligible for unpacking;for example

data T = T !(Int,Int)

will storethetwo Int sdirectly in theT constructor, by flatteningthepair. Multi-level
unpackingis alsosupported:

data T = T !S
data S = S !Int !Int

will storetwo unboxedInt# sdirectly in theT constructor.

-fsemi-tagging :

Thisoption(whichdoesnotwork with thenative-codegenerator)tells thecompilerto addextra
codeto testfor already-evaluatedvalues.Youwin if youhave lotsof suchvaluesduringa runof
yourprogram,you loseotherwise.(And you payin extracodespace.)

We havenot playedwith -fsemi-tagging enoughto recommendit. (For all we know, it
doesn’t evenwork anymore.. . Sigh.)

3.8.3. -m*: platf orm-specific flags

Someflagsonly makesensefor particulartargetplatforms.

-mv8 :

(SPARC machines)Meansto passthelike-namedoptionto GCC;it saysto usetheVersion8
SPARC instructions,notablyintegermultiply anddivide.Thesimiliar -m* GCCoptionsfor
SPARC alsowork, actually.

-mlong-calls :

(HPPA machines)Meansto passthelike-namedoptionto GCC.Requiredfor Very Big
modules,maybe.(Probablymeansyou’re in trouble.. . )

-monly-[32]-regs :

(iX86 machines)GHCtriesto “steal” four registersfrom GCC,for performancereasons;it
almostalwaysworks.However, whenGCCis compilingsomemoduleswith four stolen
registers,it will crash,probablysaying:

Foo.hc:533: fixed or forbidden register was spilled.
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This may be due to a compiler bug or to impossible asm
statements or clauses.

Justgivesomeregistersbackwith -monly-N-regs . Try ‘3’ first, then‘2’. If ‘2’ doesn’t work,
pleasereportthebug to us.

3.8.4. Code impr ovement by the C compiler .

TheC compiler(GCC)is runwith -O turnedon. (It hasto be,actually).

If you wantto run GCCwith -O2—whichmaybewortha few percentin executionspeed—youcan
givea -O2-for-C option.

3.9. Options related to a par ticular phase

3.9.1. The C pre-pr ocessor

TheC pre-processorcpp is runoveryourHaskell codeonly if the-cpp option is given.Unlessyou
arebuilding a largesystemwith significantdosesof conditionalcompilation,you reallyshouldn’t
needit.

-D<foo> :

Definemacro<foo> in theusualway. NB: doesnot affect -D macrospassedto theC compiler
whencompilingvia C! For those,usethe -optc-Dfoo hack.. . (seeSection3.13.2).

-U<foo> :

Undefinemacro<foo> in theusualway.

-I<dir> :

Specifya directoryin which to look for #include files, in theusualC way.

TheGHCdriverpre-definesseveralmacroswhenprocessingHaskell sourcecode(.hs or .lhs

files):

__HASKELL98__:

If defined,this meansthatGHCsupportsthelanguagedefinedby theHaskell 98 report.
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__HASKELL__=98:

In GHC4.04andlater, the__HASKELL__ macrois definedashaving thevalue98.

__HASKELL1__:

If definedto n, thatmeansGHCsupportstheHaskell languagedefinedin theHaskell report
version1.n. Currently5. Thismacrois deprecated,andwill probablydisappearin future
versions.

__GLASGOW_HASKELL__:

For versionn of theGHCsystem,thiswill be#define d to 100n. So,for version4.00,it is 400.

With any luck, __GLASGOW_HASKELL__will beundefinedin all otherimplementationsthat
supportC-stylepre-processing.

(For reference:thecomparablesymbolsfor othersystemsare:__HUGS__for Hugsand
__HBC__ for Chalmers.)

NB. This macrois setwhenpre-processingbothHaskell sourceandC source,includingtheC
sourcegeneratedfrom a Haskell module(i.e. .hs , .lhs , .c and.hc files).

__CONCURRENT_HASKELL__:

Thissymbolis definedwhenpre-processingHaskell (input)andpre-processingC (GHC
output).SinceGHCfrom verion4.00now supportsconcurrenthaskell by default, thissymbolis
alwaysdefined.

__PARALLEL_HASKELL__:

Only definedwhen-parallel is in use!This symbolis definedwhenpre-processingHaskell
(input) andpre-processingC (GHC output).

Optionsotherthantheabovecanbeforcedthroughto theC pre-processorwith the -opt flags(see
Section3.13.2).

A smallwordof warning:-cpp is not friendly to “string gaps”..In otherwords,stringssuchasthe
following:

strmod = "\
\ p \
\ "

don’t work with -cpp ; /usr/bin/cpp elidesthebackslash-newline pairs.

However, it appearsthatif you adda spaceat theendof theline, thencpp (at leastGNU cpp and
possiblyothercpps) leavesthebackslash-spacepairsaloneandthestringgapworksasexpected.
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3.9.2. Options affecting the C compiler (if applicab le)

At themoment,quitea few commonC-compileroptionsarepassedon quietly to theC compilation
of Haskell-compiler-generatedC files.THIS MAY CHANGE.Meanwhile,optionssosentare:

-ansi do ANSI C (notK&R)

-pedantic beso

-dgcc-lint (hack)shortfor “makeGCCveryparanoid”

If you arecompilingwith lotsof foreigncalls,you mayneedto tell theC compileraboutsome
#include files.Thereis no realprettyway to do this,but youcanusethis hackfrom the
command-line:

% ghc -c ’-#include <X/Xlib.h>’ Xstuff.lhs

3.9.3. Linking and consistenc y-checking

GHChasto link yourcodewith variouslibraries,possiblyincluding:user-supplied,GHC-supplied,
andsystem-supplied(-lm mathlibrary, for example).

-l<FOO> :

Link in a library namedlib<FOO>.a which residessomewhereon thelibrary directoriespath.

Becauseof thesadstateof mostUNIX linkers,theorderof suchoptionsdoesmatter. Thus:ghc
-lbar *.o is almostcertainlywrong,becauseit will searchlibbar.a before it hascollected
unresolvedsymbolsfrom the*.o files.ghc*.o -lbar is probablybetter.

Thelinkerwill of coursebeinformedaboutsomeGHC-suppliedlibrariesautomatically;these
are:

-l equivalent description

-lHSrts,-lHSclib basicruntimelibraries

-lHS standardPreludelibrary

-lHS_cbits C supportcodefor standardPreludelibrary

-lgmp GNU multi-precisionlibrary (for Integers)
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-package <name>:

If you areusinga Haskell “systemlibrary” (e.g.,thePOSIXlibrary), just usethe-package

posix option,andthecorrectcodeshouldbelinkedin.

-L<dir> :

Whereto find user-suppliedlibraries.. . Prependthedirectory<dir> to thelibrary directories
path.

-static :

Tell thelinker to avoid sharedlibraries.

-no-link-chk and-link-chk :

By default, immediatelyafterlinking anexecutable,GHCverifiesthatthepiecesthatwent
into it werecompiledwith compatibleflags;a “consistency check”.(This is to avoid mysterious
failurescausedby non-meshingof incompatibly-compiledprograms;e.g.,if one.o file was
compiledfor aparallelmachineandtheothersweren’t.) Youmayturn off this checkwith
-no-link-chk . Youcanturn it (back)onwith -link-chk (thedefault).

-no-hs-main :

In theeventyouwantto includeghc-compiledcodeaspartof another(non-Haskell) program,
theRTS will not besupplyingits definitionof main() at link-time, you will haveto. To signal
thatto thedriverscriptwhenlinking, use-no-hs-main .

Noticethatsincethecommand-linepassedto thelinker is ratherinvolved,youprobablywantto
usetheghcdriverscriptto do thefinal link of your ‘mixed-language’application.This is nota
requirementthough,just try linking oncewith -v on to seewhatoptionsthedriverpasses
throughto thelinker.

3.10. Using Concurrent Haskell

GHC(asof version4.00)supportsConcurrentHaskell by default,without requiringa specialoption
or librariescompiledin a certainway. To getaccessto thesupportlibrariesfor ConcurrentHaskell
(i.e. Concurrent andfriends),usethe-package concurrent option.

ThreeRTS optionsareprovidedfor modifying thebehaviour of thethreadedruntimesystem.Seethe
descriptionsof -C[<us>] , -q , and-t<num> in Section3.11.4.

ConcurrentHaskell is describedin moredetail in Chapter2 in Haskell Libraries.
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3.11. Using Parallel Haskell

[Youwon’t beableto executeparallelHaskell programsunlessPVM3 (ParallelVirtual Machine,
version3) is installedat yoursite.]

To compileaHaskell programfor parallelexecutionunderPVM, usethe-parallel option,both
whencompilingandlinking. Youwill probablywantto import Parallel into yourHaskell
modules.

To runyourparallelprogram,oncePVM is going,just invoke it “as normal”.ThemainextraRTS
optionis -N<n> , to sayhow many PVM “processors”yourprogramto run on.(For moredetailsof
all relevantRTS options,pleaseseeSection3.11.4.)

In truth, runningParallelHaskell programsandgettinginformationout of them(e.g.,parallelism
profiles)is abattlewith thevagariesof PVM, detailedin thefollowing sections.

3.11.1. Dummy’s guide to using PVM
Beforeyoucanrun aparallelprogramunderPVM, you mustsettherequiredenvironmentvariables
(PVM’s idea,not ours);somethinglike,probablyin your .cshrc or equivalent:

setenv PVM_ROOT/wherever/you/put/it
setenv PVM_ARCH‘$PVM_ROOT/lib/pvmgetarch‘
setenv PVM_DPATH$PVM_ROOT/lib/pvmd

Creatingand/orcontrollingyour “parallelmachine”is apurely-PVMbusiness;nothingspecificto
ParallelHaskell.

You usethepvm commandto startPVM on yourmachine.You canthendo variousthingsto
control/monitoryour “parallel machine;”themostusefulbeing:

Control-D exit pvm, leaving it running

halt kill off this “parallelmachine”& exit

add <host> add<host>asa processor

delete<host> delete<host>

reset kill what’sgoing,but leavePVM up

conf list thecurrentconfiguration

ps reportprocesses’status

pstat <pid> statusof aparticularprocess

ThePVM documentationcantell youmuch,muchmoreaboutpvm!
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3.11.2. Parallelism profiles

With ParallelHaskell programs,weusuallydon’t careabouttheresults—onlywith “how parallel” it
was!We wantprettypictures.

Parallelismprofiles(à la hbcpp) canbegeneratedwith the-q RTS option.Theper-processor
profiling info is dumpedinto filesnamed<full-path><program>.gr . Thesearethenmunged
into a PostScriptpicture,which youcanthendisplay. For example,to run yourprograma.out on8
processors,thenview theparallelismprofile,do:

% ./a.out +RTS -N8 -q
% grs2gr *.???.gr > temp.gr # combine the 8 .gr files into one
% gr2ps -O temp.gr # cvt to .ps; output in temp.ps
% ghostview -seascape temp.ps # look at it!

Thescriptsfor processingtheparallelismprofilesaredistributedin ghc/utils/parallel/ .

3.11.3. Other useful inf o about running parallel programs
The“garbage-collectionstatistics”RTS optionscanbeusefulfor seeingwhatparallelprogramsare
doing.If youdo either+RTS -Sstderr or +RTS -sstderr , thenyou’ll getmutator,
garbage-collection,etc.,timeson standarderror. Thestandarderrorof all PE’sotherthanthe‘main
thread’appearsin /tmp/pvml.nnn , courtesyof PVM.

Whetherdoing+RTS -Sstderr or not,ahandyway to watchwhat’shappeningoverall is: tail -f
/tmp/pvml.nnn.

3.11.4. RTS options for Concurrent/P arallel Haskell

Besidestheusualruntimesystem(RTS)options(Section3.12),therearea few optionsparticularly
for concurrent/parallelexecution.

-N<N>:

(PARALLEL ONLY) Use<N> PVM processorsto run thisprogram;thedefault is 2.

-C[<s>] :

Setsthecontext switchinterval to <s> seconds.A context switchwill occurat thenext heap
block allocationafterthetimerexpires(aheapblockallocationoccursevery4k of allocation).
With -C0 or -C , context switcheswill occurasoftenaspossible(ateveryheapblock
allocation).By default,context switchesoccurevery20msmilliseconds.NotethatGHC’s
internaltimer ticksevery20ms,andthecontext switchtimer is alwaysamultiple of this timer,
so20msis themaximumgranularityavailablefor timedcontext switches.
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-q[v] :

(PARALLEL ONLY) Produceaquasi-parallelprofileof threadactivity, in thefile
<program>.qp . In thestyleof hbcpp, this profile recordsthemovementof threadsbetween
thegreen(runnable)andred(blocked)queues.If youspecifytheverbosesuboption(-qv ), the
greenqueueis split into green(for thecurrentlyrunningthreadonly) andamber(for other
runnablethreads).We donot recommendthatyouusetheverbosesuboptionif youareplanning
to usethehbcpp profiling toolsor if youarecontext switchingat everyheapcheck(with -C ).

-t<num> :

(PARALLEL ONLY) Limit thenumberof concurrentthreadsperprocessorto <num>. The
default is 32.Eachthreadrequiresslightly over1K words in theheapfor threadstateandstack
objects.(For 32-bit machines,this translatesto 4K bytes,andfor 64-bitmachines,8K bytes.)

-d :

(PARALLEL ONLY) Turnon debugging.It popsup onexterm(or GDB, or something.. . ) per
PVM processor. We usethestandarddebugger scriptthatcomeswith PVM3, but we
sometimesmeddlewith thedebugger2script.We includeoursin theGHCdistribution, in
ghc/utils/pvm/ .

-e<num> :

(PARALLEL ONLY) Limit thenumberof pendingsparksperprocessorto <num>. Thedefault
is 100.A largernumbermaybeappropriateif yourprogramgenerateslargeamountsof
parallelisminitially.

-Q<num>:

(PARALLEL ONLY) Setthesizeof packetstransmittedbetweenprocessorsto <num>. The
default is 1024words.A largernumbermaybeappropriateif yourmachinehasahigh
communicationcostrelative to computationspeed.

3.12. Running a compiled program

To makeanexecutableprogram,theGHCsystemcompilesyourcodeandthenlinks it with a
non-trivial runtimesystem(RTS),which handlesstoragemanagement,profiling, etc.

You havesomecontrolover thebehaviour of theRTS,by giving specialcommand-lineargumentsto
yourprogram.

WhenyourHaskell programstartsup, its RTS extractscommand-lineargumentsbracketedbetween
+RTSand-RTS asits own. For example:

% ./a.out -f +RTS -p -S -RTS -h foo bar
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TheRTSwill snaffle -p -S for itself, andtheremainingarguments-f -h foo bar will behanded
to yourprogramif/when it callsSystem.getArgs .

No -RTS optionis requiredif theruntime-systemoptionsextendto theendof thecommandline, as
in thisexample:

% hls -ltr /usr/etc +RTS -A5m

If you absolutelypositively wantall therestof theoptionsin a commandline to go to theprogram
(andnot theRTS),usea -RTS.

As always,for RTS optionsthattake<size> s: If thelastcharacterof size is aK or k, multiply by
1000;if anM or m, by 1,000,000;if aG or G, by 1,000,000,000.(And any wraparoundin the
countersis your fault!)

Giving a+RTS -f optionwill print out theRTS optionsactuallyavailablein yourprogram(which
vary, dependingon how youcompiled).

NOTE: to sendRTS optionsto thecompileritself, youneedto prefix theoptionwith -optCrts , eg.
to increasethemaximumheapsizefor a compilationto 128M,youwould add-optCrts-M128m to
thecommandline. Thecompilerunderstandssomeoptionsdirectlywithout needing-optCrts :
theseare-H and-K .

3.12.1. RTS options to contr ol the garba ge-collector

Thereareseveraloptionsto giveyou precisecontrolovergarbagecollection.Hopefully, youwon’t
needany of thesein normaloperation,but thereareseveralthingsthatcanbetweakedfor maximum
performance.

-A<size> :

[Default: 256k]Settheallocationareasizeusedby thegarbagecollector. Theallocationarea
(actuallygeneration0 step0) is fixedandis never resized(unlessyouuse-H , below).

Increasingtheallocationareasizemayor maynot givebetterperformance(abiggerallocation
areameansworsecachebehaviour but fewergarbagecollectionsandlesspromotion).

With only 1 generation(-G1 ) the-A optionspecifiestheminimumallocationarea,sincethe
actualsizeof theallocationareawill beresizedaccordingto theamountof datain theheap(see
-F , below).

-F<factor> :
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[Default: 2] Thisoptioncontrolstheamountof memoryreservedfor theoldergenerations(and
in thecaseof a two spacecollectorthesizeof theallocationarea)asa factorof theamountof
livedata.For example,if therewas2M of livedatain theoldestgenerationwhenwe last
collectedit, thenby defaultwe’ll wait until it growsto 4M beforecollectingit again.

Thedefault seemsto work well here.If you haveplentyof memory, it is usuallybetterto use
-H<size> thanto increase-F<factor> .

The-F settingwill beautomaticallyreducedby thegarbagecollectorwhenthemaximumheap
size(the-M<size> setting)is approaching.

-G<generations> :

[Default:2] Setthenumberof generationsusedby thegarbagecollector. Thedefaultof 2 seems
to begood,but thegarbagecollectorcansupportany numberof generations.Anything larger
thanabout4 is probablynota goodideaunlessyourprogramrunsfor a long time,becausethe
oldestgenerationwill nevergetcollected.

Specifying1 generationwith +RTS -G1 givesyoua simple2-spacecollector, asyouwould
expect.In a 2-spacecollector, the-A option(seeabove)specifiestheminimumallocationarea
size,sincetheallocationareawill grow with theamountof livedatain theheap.In a
multi-generationalcollectortheallocationareais a fixedsize(unlessyouusethe-H option,see
below).

-H<size> :

[Default: 0] Thisoptionprovidesa"suggestedheapsize"for thegarbagecollector. Thegarbage
collectorwill useaboutthis muchmemoryuntil theprogramresidency growsandtheheapsize
needsto beexpandedto retainreasonableperformance.

By default, theheapwill startsmall,andgrow andshrinkasnecessary. Thiscanbebadfor
performance,soif you haveplentyof memoryit’sworthwhilesupplyingabig -H<size> . For
improving GCperformance,using-H<size> is usuallyabetterbetthan-A<size> .

-k<size> :

[Default: 1k] Settheinitial stacksizefor new threads.Threadstacks(includingthemain
thread’sstack)liveon theheap,andgrow asrequired.Thedefaultvalueis goodfor concurrent
applicationswith lotsof smallthreads;if yourprogramdoesn’t fit thismodelthenincreasing
this optionmayhelpperformance.

Themainthreadis normallystartedwith a slightly largerheapto cutdown on unnecessary
stackgrowth while theprogramis startingup.
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-K<size> :

[Default: 1M] Setthemaximumstacksizefor anindividual threadto <size> bytes.This
optionis therepurelyto stoptheprogrameatingupall theavailablememoryin themachineif it
getsinto aninfinite loop.

-m<n> :

Minimum % <n> of heapwhichmustbeavailablefor allocation.Thedefault is 3%.

-M<size> :

[Default: 64M] Setthemaximumheapsizeto <size> bytes.Theheapnormallygrowsand
shrinksaccordingto thememoryrequirementsof theprogram.Theonly reasonfor having this
optionis to stoptheheapgrowing withoutboundandfilling upall theavailableswapspace,
which at theleastwill resultin theprogrambeingsummarilykilled by theoperatingsystem.

-s<file> or -S<file> :

Write modest(-s ) or verbose(-S ) garbage-collectorstatisticsinto file <file> . Thedefault
<file> is <program>@.stat . The<file> stderr is treatedspecially, with theoutputreally
beingsentto stderr .

This optionis usefulfor watchinghow thestoragemanageradjuststheheapsizebasedon the
currentamountof livedata.

3.12.2. RTS options for profiling and Concurrent/P arallel Haskell
TheRTS optionsrelatedto profiling aredescribedin Section4.5;andthosefor concurrent/parallel
stuff, in Section3.11.4.

3.12.3. RTS options for hackers, debuggers, and over-interested
souls

TheseRTS optionsmightbeused(a) to avoid a GHCbug,(b) to see“what’s really happening”,or
(c) becauseyou feel like it. Not recommendedfor everydayuse!

-B :

Soundthebell at thestartof each(major)garbagecollection.
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Oddly enough,peoplereallydo usethisoption! Our pal in Durham(England),PaulCallaghan,
writes:“Somepeoplehereuseit for a varietyof purposes—honestly!—e.g.,confirmationthat
thecode/machineis doingsomething,infinite loopdetection,gaugingcostof recentlyadded
code.Certainpeoplecaneventell whatstage[theprogram]is in by thebeeppattern.But the
majoruseis for annoying othersin thesameoffice.. . ”

-r<file> :

Produce“ticky-ticky” statisticsat theendof theprogramrun.The<file> businessworksjust
like on the-S RTS option(above).

“Ticky-ticky” statisticsarecountsof variousprogramactions(updates,enters,etc.)The
programmusthavebeencompiledusing-ticky (a.k.a.“ticky-ticky profiling”), and,for it to
bereally useful,linkedwith suitablesystemlibraries.Not a trivial undertaking:consultthe
installationguideonhow to setthingsup for easy“ticky-ticky” profiling. For moreinformation,
seeSection4.7.

-D<num>:

An RTSdebuggingflag;varyingquantitiesof outputdependingonwhich bitsaresetin <num>.
Only worksif theRTS wascompiledwith theDEBUGoption.

-Z :

Turnoff “update-framesqueezing”at garbage-collectiontime.(There’sno particularlygood
reasonto turn it off, exceptto ensuretheaccuracy of certaindatacollectedregardingthunk
entrycounts.)

3.12.4. “Hooks” to chang e RTS behaviour

GHCletsyou exerciserudimentarycontrolover theRTS settingsfor any givenprogram,by
compilingin a “hook” thatis calledby therun-timesystem.TheRTS containsstubdefinitionsfor all
thesehooks,but by writing yourown versionandlinking it on theGHCcommandline, you can
overridethedefaults.

Owing to thevagariesof DLL linking, thesehooksdon’t work underWindowswhentheprogramis
built dynamically.

ThefunctiondefaultsHook letsyou changevariousRTS options.Thecommonestusefor this is to
giveyourprogramadefaultheapand/orstacksizethatis greaterthanthedefault.For example,to set
-H8m -K1m:

#include "Rts.h"
#include "RtsFlags.h"
void defaultsHook (void) {

RTSflags.GcFlags.stksSize = 1000002 / sizeof(W_);
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RTSflags.GcFlags.heapSize = 8000002 / sizeof(W_);
}

Don’t usepowersof two for heap/stacksizes:thesearemorelikely to interactbadlywith
direct-mappedcaches.Thefull setof flagsis definedin ghc/rts/RtsFlags.h thetheGHCsource
tree.

You canalsochangethemessagesprintedwhentheruntimesystem“blowsup,” e.g.,onstack
overflow. Thehooksfor theseareasfollows:

void ErrorHdrHook (FILE *) :

What’sprintedout beforethemessagefrom error .

void OutOfHeapHook (unsigned long, unsigned long) :

Theheap-overflow message.

void StackOverflowHook (long int) :

Thestack-overflow message.

void MallocFailHook (long int) :

Themessageprintedif malloc fails.

void PatErrorHdrHook (FILE *) :

Themessageprintedif a pattern-matchfails (thefailuresthatwerenot handledby theHaskell
programmer).

void PreTraceHook (FILE *) :

What’sprintedout beforea trace message.

void PostTraceHook (FILE *) :

What’sprintedout aftera trace message.

For example,hereis the“hooks” codeusedby GHCitself:

#include <stdio.h>
#define W_ unsigned long int
#define I_ long int

void
ErrorHdrHook (FILE *where)
{

fprintf(where, "\n"); /* no "Fail: " */
}
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void
OutOfHeapHook (W_ request_size, W_ heap_size) /* both sizes in bytes */
{

fprintf(stderr, "GHC’s heap exhausted;\nwhile trying to
allocate %lu bytes in a %lu-byte heap;\nuse the ‘-H<size>’
option to increase the total heap size.\n",
request_size,
heap_size);

}

void
StackOverflowHook (I_ stack_size) /* in bytes */
{

fprintf(stderr, "GHC stack-space overflow: current size
%ld bytes.\nUse the ‘-K<size>’ option to increase it.\n",
stack_size);

}

void
PatErrorHdrHook (FILE *where)
{

fprintf(where, "\n*** Pattern-matching error within GHC!\n\n
This is a compiler bug; please report it to
glasgow-haskell-bugs@haskell.org.\n\nFa il: ");

}

void
PreTraceHook (FILE *where)
{

fprintf(where, "\n"); /* not "Trace On" */
}

void
PostTraceHook (FILE *where)
{

fprintf(where, "\n"); /* not "Trace Off" */
}

3.13. Debugging the compiler

HACKERTERRITORY. HACKERTERRITORY. (Youwerewarned.)
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3.13.1. Replacing the program for one or more phases.
You mayspecifythata differentprogrambeusedfor oneof thephasesof thecompilationsystem,in
placeof whatever thedriverghchaswired into it. For example,youmight wantto try adifferent
assembler. The-pgm<phase-code><program-name> optionto ghcwill causeit to use
<program-name> for phase<phase-code> , wherethecodesto indicatethephasesare:

code phase

L literatepre-processor

P C pre-processor(if -cpponly)

C Haskell compiler

c C compiler

a assembler

l linker

dep Makefiledependency generator

3.13.2. Forcing options to a par ticular phase .

Theprecedingsectionsdescribedriveroptionsthataremostlyapplicableto oneparticularphase.
You mayalsoforcea specificoption<option> to bepassedto aparticularphase<phase-code>

by feedingthedriver theoption-opt<phase-code><option> . Thecodesto indicatethephases
arethesameasin theprevioussection.

So,for example,to forcean-Ewurble optionto theassembler, you would tell thedriver
-opta-Ewurble (thedashbeforetheE is required).

Besidesgettingoptionsto theHaskell compilerwith -optC<blah> , youcangetoptionsthroughto
its runtimesystemwith -optCrts<blah> .

So,for example:whenI wantto usemy normaldriverbut with my profiledcompilerbinary, I use
this script:

#! /bin/sh
exec /local/grasp_tmp3/simonpj/ghc-BUILDS/worki ng-alp ha/ghc /drive r/ghc \

-pgmC/local/grasp_tmp3/simonpj/ghc-BUILDS/ workin g-hsc- prof/h sc \
-optCrts-i0.5 \
-optCrts-PT \
"$@"
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3.13.3. Dumping out compiler intermediate structures

-noC :

Don’t bothergeneratingC outputor aninterfacefile. Usuallyusedin conjunctionwith oneor
moreof the-ddump-* options;for example:ghc -noC -ddump-simpl Foo.hs

-hi :

Do generateaninterfacefile. This wouldnormallybeusedin conjunctionwith -noC , which
turnsoff interfacegeneration;thus:-noC -hi .

-dshow-passes :

Printsamessageto stderraseachpassstarts.Givesawarmbut undoubtedlymisleadingfeeling
thatGHC is telling youwhat’shappening.

-ddump-<pass> :

Makea debuggingdumpafterpass<pass> (maybecommonenoughto needa shortform.. . ).
You cangetall of theseat once(lots of output)by using-ddump-all , or mostof themwith
-ddump-most . Someof themostusefulonesare:

-ddump-parsed :

parseroutput

-ddump-rn :

renameroutput

-ddump-tc :

typecheckeroutput

-ddump-types :

Dumpa typesignaturefor eachvaluedefinedat thetop level of themodule.Thelist is
sortedalphabetically. Using-dppr-debug dumpsa typesignaturefor all theimported
andsystem-definedthingsaswell; usefulfor debuggingthecompiler.

-ddump-deriv :

derivedinstances

-ddump-ds :

desugareroutput
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-ddump-spec :

outputof specialisationpass

-ddump-rules :

dumpsall rewrite rules(includingthosegeneratedby thespecialisationpass)

-ddump-simpl :

simplifer output(Core-to-Corepasses)

-ddump-usagesp :

UsageSPinferencepre-inf andoutput

-ddump-cpranal :

CPRanalyseroutput

-ddump-stranal :

strictnessanalyseroutput

-ddump-workwrap :

worker/wrappersplit output

-ddump-occur-anal :

‘occurrenceanalysis’output

-ddump-stg :

outputof STG-to-STGpasses

-ddump-absC :

unflattenedAbstractC

-ddump-flatC :

flattenedAbstractC

-ddump-realC :

sameaswhatgoesto theC compiler

-ddump-asm :

assemblylanguagefrom thenative-codegenerator
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-dverbose-simpl and-dverbose-stg :

Show theoutputof theintermediateCore-to-CoreandSTG-to-STGpasses,respectively. (Lots
of output!)So:whenwe’re really desperate:

% ghc -noC -O -ddump-simpl -dverbose-simpl -dcore-lint Foo.hs

-ddump-simpl-iterations :

Show theoutputof eachiterationof thesimplifier (eachrunof thesimplifierhasa maximum
numberof iterations,normally4). Usedwheneven-dverbose-simpl doesn’t cut it.

-dppr-{user,debug }:

Debuggingoutputis in oneof several“styles.” Take theprinting of types,for example.In the
“user” style,thecompiler’s internalideasabouttypesarepresentedin Haskell source-level
syntax,insofaraspossible.In the“debug” style(which is thedefault for debuggingoutput),the
typesareprintedin with explicit foralls,andvariableshave their unique-idattached(soyou can
checkfor thingsthatlook thesamebut aren’t).

-ddump-simpl-stats :

Dumpstatisticsabouthow many of eachkind of transformationtooplace.If youadd
-dppr-debug you getmoredetailedinformation.

-ddump-raw-asm :

Dumpout theassembly-languagestuff, beforethe“mangler” getsit.

-ddump-rn-trace :

Make therenamerbe*real* chattyaboutwhatit is upto.

-dshow-rn-stats :

Printout summaryof whatkind of informationtherenamerhadto bring in.

-dshow-unused-imports :

Have therenamerreportwhatimportsdoesnotcontribute.

3.13.4. Checking for consistenc y

-dcore-lint :

Turnon heavyweightintra-passsanity-checkingwithin GHC,at Corelevel. (It checksGHC’s
sanity, not yours.)
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-dstg-lint :

Ditto for STGlevel.

-dusagesp-lint :

Turnon checksaroundUsageSPinference(-fusagesp ). Thisverifiesvarioussimple
propertiesof theresultsof theinference,andalsowarnsif any identifierwith a used-once
annotationbeforetheinferencehasaused-many annotationafterwards;thiscouldindicatea
non-worksafetransformationis beingapplied.

3.13.5. How to read Core syntax (from some -ddump-* flags)

Let’sdo this by commentinganexample.It’s from doing-ddump-ds on thiscode:

skip2 m = m : skip2 (m+2)

Beforewe jump in, awordaboutnamesof things.Within GHC,variables,typeconstructors,etc.,are
identifiedby their “Uniques.”Theseareof theform ‘letter’ plus‘number’ (bothlooselyinterpreted).
The‘letter’ givessomeideaof wheretheUniquecamefrom; e.g.,_ means“built-in typevariable”;t
means“from thetypechecker”; s means“from thesimplifier”; andsoon.The‘number’ is printed
fairly compactlyin a ‘base-62’format,whicheveryonehatesexceptme(WDP).

Remember, everythinghasa“Unique” andit is usuallyprintedoutwhendebugging,in someform or
another. Soherewe go.. .

Desugared:
Main.skip2{-r1L6-} :: _forall_ a$_4 =>{{Num a$_4}} -> a$_4 -> [a$_4]

-# ‘r1L6’ is the Unique for Main.skip2;
-# ‘_4’ is the Unique for the type-variable (template) ‘a’
-# ‘{{Num a$_4}}’ is a dictionary argument

_NI_

-# ‘_NI_’ means "no (pragmatic) information" yet; it will later
-# evolve into the GHC_PRAGMAinfo that goes into interface files.

Main.skip2{-r1L6-} =
/\ _4 -> \ d.Num.t4Gt ->

let {
{- CoRec -}
+.t4Hg :: _4 -> _4 -> _4
_NI_
+.t4Hg = (+{-r3JH-} _4) d.Num.t4Gt

fromInt.t4GS :: Int{-2i-} -> _4
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_NI_
fromInt.t4GS = (fromInt{-r3JX-} _4) d.Num.t4Gt

-# The ‘+’ class method (Unique: r3JH) selects the addition code
-# from a ‘Num’ dictionary (now an explicit lamba’d argument).
-# Because Core is 2nd-order lambda-calculus, type applications
-# and lambdas (/\) are explicit. So ‘+’ is first applied to a
-# type (‘_4’), then to a dictionary, yielding the actual addition
-# function that we will use subsequently...

-# We play the exact same game with the (non-standard) class method
-# ‘fromInt’. Unsurprisingly, the type ‘Int’ is wired into the
-# compiler.

lit.t4Hb :: _4
_NI_
lit.t4Hb =

let {
ds.d4Qz :: Int{-2i-}
_NI_
ds.d4Qz = I#! 2#

} in fromInt.t4GS ds.d4Qz

-# ‘I# 2#’ is just the literal Int ‘2’; it reflects the fact that
-# GHC defines ‘data Int = I# Int#’, where Int# is the primitive
-# unboxed type. (see relevant info about unboxed types elsewhere...)

-# The ‘!’ after ‘I#’ indicates that this is a *saturated*
-# application of the ‘I#’ data constructor (i.e., not partially
-# applied).

skip2.t3Ja :: _4 -> [_4]
_NI_
skip2.t3Ja =

\ m.r1H4 ->
let { ds.d4QQ :: [_4]

_NI_
ds.d4QQ =

let {
ds.d4QY :: _4
_NI_
ds.d4QY = +.t4Hg m.r1H4 lit.t4Hb

} in skip2.t3Ja ds.d4QY
} in
:! _4 m.r1H4 ds.d4QQ

{- end CoRec -}
} in skip2.t3Ja
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(“It’ s justa simplefunctionallanguage”is anunregisterisedtrademarkof PeytonJonesEnterprises,
plc.)

3.13.6. Command line options in sour ce files

Sometimesit is usefulto make theconnectionbetweena sourcefile andthecommand-lineoptionsit
requiresquitetight. For instance,if a (Glasgow) Haskell sourcefile usescasms, theC back-end
oftenneedsto betold aboutwhichheaderfiles to include.Ratherthanmaintainingthelist of files the
sourcedependson in aMakefile (usingthe-#include command-lineoption),it is possibleto do
this directly in thesourcefile usingtheOPTIONSpragma:

{-# OPTIONS -#include "foo.h" #-}
module X where

...

OPTIONSpragmasareonly lookedfor at thetop of yoursourcefiles,uptothefirst
(non-literate,non-empty)line not containingOPTIONS. Multiple OPTIONSpragmasarerecognised.
Notethatyourcommandshelldoesnot getto thesourcefile options,they arejust includedliterally
in thearrayof command-lineargumentsthecompilerdrivermaintainsinternally, soyou’ll be
desperatelydisappointedif you try to glob etc.insideOPTIONS.

NOTE: thecontentsof OPTIONSareprependedto thecommand-lineoptions,soyou*do* have the
ability to overrideOPTIONSsettingsvia thecommandline.

It is not recommendedto moveall thecontentsof yourMakefilesinto yoursourcefiles,but in some
circumstances,theOPTIONSpragmais theRightThing. (If youuse-keep-hc-file-too andhave
OPTIONflagsin yourmodule,theOPTIONSwill getput into thegenerated.hcfile).
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Chapter 4. Profiling
Glasgow Haskell comeswith a time andspaceprofiling system.Its purposeis to helpyou improve
yourunderstandingof yourprogram’sexecutionbehaviour, soyoucanimproveit.

Any comments,suggestionsand/orimprovementsyouhavearewelcome.Recommended“profiling
tricks” would beespeciallycool!

Profiling aprogramis a three-stepprocess:

1. Re-compileyourprogramfor profiling with the-prof option,andprobablyoneof the-auto

or -auto-all options.Theseoptionsaredescribedin moredetail in Section4.4

2. Runyourprogramwith oneof theprofiling options-p or -h . This generatesafile of profiling
information.

3. Examinethegeneratedprofiling information,usingoneof GHC’sprofiling tools.Thetool to
usewill dependon thekind of profiling informationgenerated.

4.1. Cost centres and cost-centre stac ks
GHC’s profiling systemassignscoststo costcentres. A costis simply thetimeor spacerequiredto
evaluateanexpression.Costcentresareprogramannotationsaroundexpressions;all costsincurred
by theannotatedexpressionareassignedto theenclosingcostcentre.Furthermore,GHCwill
rememberthestackof enclosingcostcentresfor any givenexpressionat run-timeandgeneratea
call-graphof costattributions.

Let’s takea look at anexample:

main = print (nfib 25)
nfib n = if n < 2 then 1 else nfib (n-1) + nfib (n-2)

Compileandrun this programasfollows:

$ ghc -prof -auto-all -o Main Main.hs
$ ./Main +RTS -p
121393
$

Whena GHC-compiledprogramis runwith the-p RTS option,it generatesa file called
<prog>.prof . In this case,thefile will containsomethinglike this:

Fri May 12 14:06 2000 Time and Allocation Profiling Report (Fi-
nal)

Main +RTS -p -RTS

total time = 0.14 secs (7 ticks @ 20 ms)
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total alloc = 8,741,204 bytes (excludes profiling overheads)

COST CENTRE MODULE %time %alloc

nfib Main 100.0 100.0

individual inherited
COST CENTRE MODULE scc %time %alloc %time %alloc

MAIN MAIN 0 0.0 0.0 100.0 100.0
main Main 0 0.0 0.0 0.0 0.0
CAF PrelHandle 3 0.0 0.0 0.0 0.0
CAF PrelAddr 1 0.0 0.0 0.0 0.0
CAF Main 6 0.0 0.0 100.0 100.0

main Main 1 0.0 0.0 100.0 100.0
nfib Main 242785 100.0 100.0 100.0 100.0

Thefirst partof thefile givestheprogramnameandoptions,andthetotal time andtotal memory
allocationmeasuredduringtherun of theprogram(notethatthetotalmemoryallocationfigureisn’t
thesameastheamountof live memoryneededby theprogramatany onetime; thelattercanbe
determinedusingheapprofiling, which wewill describeshortly).

Thesecondpartof thefile is a break-down by costcentreof themostcostlyfunctionsin the
program.In this case,therewasonly onesignificantfunctionin theprogram,namelynfib , andit
wasresponsiblefor 100%of boththetimeandallocationcostsof theprogram.

Thethird andfinal sectionof thefile givesa profilebreak-down by cost-centrestack.This is roughly
a call-graphprofileof theprogram.In theexampleabove,it is clearthatthecostlycall to nfib came
from main .

Thetimeandallocationincurredby a givenpartof theprogramis displayedin two ways:
“individual”, which arethecostsincurredby thecodecoveredby thiscostcentrestackalone,and
“inherited”, which includesthecostsincurredby all thechildrenof thisnode.

Theusefulnessof cost-centrestacksis betterdemonstratedby modifying theexampleslightly:

main = print (f 25 + g 25)
f n = nfib n
g n = nfib (n ‘div‘ 2)
nfib n = if n < 2 then 1 else nfib (n-1) + nfib (n-2)

Compileandrun this programasbefore,andtakea look at thenew profiling results:

COST CENTRE MODULE scc %time %alloc %time %alloc

MAIN MAIN 0 0.0 0.0 100.0 100.0
main Main 0 0.0 0.0 0.0 0.0
CAF PrelHandle 3 0.0 0.0 0.0 0.0
CAF PrelAddr 1 0.0 0.0 0.0 0.0
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CAF Main 9 0.0 0.0 100.0 100.0
main Main 1 0.0 0.0 100.0 100.0

g Main 1 0.0 0.0 0.0 0.2
nfib Main 465 0.0 0.2 0.0 0.2

f Main 1 0.0 0.0 100.0 99.8
nfib Main 242785 100.0 99.8 100.0 99.8

Now althoughwehadtwo callsto nfib in theprogram,it is immediatelyclearthatit wasthecall
from f which tookall thetime.

Theactualmeaningof thevariouscolumnsin theoutputis:

entries

Thenumberof timesthis particularpoint in thecall graphwasentered.

individual%time

Thepercentageof thetotal run time of theprogramspentat thispoint in thecall graph.

individual%alloc

Thepercentageof thetotalmemoryallocations(excludingprofiling overheads)of theprogram
madeby thiscall.

inherited%time

Thepercentageof thetotal run time of theprogramspentbelow thispoint in thecall graph.

inherited%alloc

Thepercentageof thetotalmemoryallocations(excludingprofiling overheads)of theprogram
madeby thiscall andall of its sub-calls.

In additionyoucanusethe-P RTS option to getthefollowing additionalinformation:

ticks

Theraw numberof time “ticks” which wereattributedto this cost-centre;from this,wegetthe
%time figurementionedabove.

bytes

Numberof bytesallocatedin theheapwhile in this cost-centre;again,this is theraw number
from which we getthe%alloc figurementionedabove.

Whataboutrecursive functions,andmutuallyrecursivegroupsof functions?Wherearethecosts
attributed?Well, althoughGHCdoeskeepinformationaboutwhichgroupsof functionscalledeach
otherrecursively, this informationisn’t displayedin thebasictimeandallocationprofile, insteadthe
call-graphis flattenedinto a tree.TheXML profiling tool (describedin Section4.3)will beableto
displayrealloopsin thecall-graph.
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4.1.1. Inser ting cost centres by hand
Costcentresarejust programannotations.Whenyou say-auto-all to thecompiler, it
automaticallyinsertsacostcentreannotationaroundevery top-level functionin yourprogram,but
you areentirelyfreeto addthecostcentreannotationsyourself.

Thesyntaxof acostcentreannotationis

_scc_ "name" <expression>

where"name" is anaribrarystring,thatwill becomethenameof yourcostcentreasit appearsin the
profiling output,and<expression> is any Haskell expression.An _scc_ annotationextendsasfar
to theright aspossiblewhenparsing.

4.1.2. Rules for attrib uting costs
Thecostof evaluatingany expressionin yourprogramis attributedto a cost-centrestackusingthe
following rules:

• If theexpressionis partof theone-off costsof evaluatingtheenclosingtop-level definition,then
costsareattributedto thestackof lexically enclosing_scc_ annotationson top of thespecialCAF

cost-centre.

• Otherwise,costsareattributedto thestackof lexically-enclosing_scc_ annotations,appendedto
thecost-centrestackin effectat thecall siteof thecurrenttop-level definition1. Noticethatthis is
a recursivedefinition.

Whatdo wemeanby one-off costs?Well, Haskell is a lazy language,andcertainexpressionsare
only everevaluatedonce.For example,if wewrite:

x = nfib 25

thenx will only beevaluatedonce(if at all), andsubsequentdemandsfor x will immediatelygetto
seethecachedresult.Thedefinitionx is calleda CAF (ConstantApplicativeForm),becauseit has
no arguments.

For thepurposesof profiling, wesaythattheexpressionnfib 25 belongsto theone-off costsof
evaluatingx .

Sinceone-off costsaren’t strictly speakingpartof thecall-graphof theprogram,they areattributed
to aspecialtop-level costcentre,CAF. TheremaybeoneCAFcostcentrefor eachmodule(the
default),or onefor eachtop-level definitionwith any one-off costs(thisbehaviour canbeselectedby
giving GHCthe-caf-all flag).

If you think youhavea weirdprofile,or thecall-graphdoesn’t look like youexpectit to, feel freeto
sendit (andyourprogram)to usat <glasgow-haskell-bugs@haskell.org >.
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4.2. Profiling memor y usage
In additionto profiling thetime andallocationbehaviour of yourprogram,you canalsogeneratea
graphof its memoryusageover time.This is usefulfor detectingthecausesof spaceleaks, when
yourprogramholdson to morememoryat run-timethatit needsto. Spaceleaksleadto longer
run-timesdueto heavy garbagecollectorativity, andmayevencausetheprogramto run out of
memoryaltogether.

To generateaheapprofile from yourprogram,compileit asbefore,but this time run it with the-h

runtimeoption.Thisgeneratesafile <prog>.hp file, whichyou thenprocesswith hp2psto produce
a Postscriptfile <prog>.ps . ThePostscriptfile canbeviewedwith somethinglikeghostview, or
printedout on aPostscript-compatibleprinter.

For theRTS optionsthatcontrolthekind of heapprofilegenerated,seeSection4.5.Detailson the
usageof thehp2psprogramaregivenin Section4.6

4.3. Graphical time/allocation profile
You canview thetimeandallocationprofiling graphof yourprogramgraphically, usingghcprof.
This is anew tool with GHC4.08,andwill eventuallybethede-factostandardwayof viewing GHC
profiles.

To runghcprof, youneeddaVinci installed,which canbeobtainedfrom TheGraphVisualisation
Tool daVinci (http://www.tzi.de/~davinci/). Install oneof thebinarydistributions2, andsetyour
DAVINCIHOME environmentvariableto point to theinstallationdirectory.

ghcprof usesanXML-basedprofiling log format,andyou thereforeneedto runyourprogramwith a
differentoption:-px . Thefile generatedis still called<prog>.prof . To seetheprofile, runghcprof
like this:

$ ghcprof <prog>.prof

which shouldpopup a window showing thecall-graphof yourprogramin gloriousdetail.More
informationon usingghcprof canbefoundat TheCost-Centre Stack Profiling Tool for GHC
(http://www.dcs.warwick.ac.uk/people/academic/Stephen.Jarvis/profiler/index.html).

4.4. Compiler options for profiling
To makeuseof thecostcentreprofiling systemall modulesmustbecompiledandlinkedwith the
-prof option.Any _scc_ constructsyou’veput in yoursourcewill springto life.

Without a -prof option,your _scc_ sareignored;soyou cancompiled_scc_ -ladencodewithout
changingit.
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Therearea few otherprofiling-relatedcompilationoptions.Usethemin additionto -prof . These
do not haveto beusedconsistentlyfor all modulesin a program.

-auto :

GHCwill automaticallyadd_scc_ constructsfor all top-level, exportedfunctions.

-auto-all :

All top-level functions,exportedor not,will beautomatically_scc_ ’d.

-caf-all :

Thecostsof all CAFsin a moduleareusuallyattributedto one“big” CAF cost-centre.With
this option,all CAFsgettheir own cost-centre.An “if all elsefails” option.. .

-ignore-scc :

Ignoreany _scc_ constructs,soamodulewhich alreadyhas_scc_ scanbecompiledfor
profiling with theannotationsignored.

4.5. Runtime options for profiling
It isn’t enoughto compileyourprogramfor profiling with -prof !

Whenyou run yourprofiledprogram,you musttell theruntimesystem(RTS) whatyouwantto
profile (e.g.,timeand/orspace),andhow youwish thecollecteddatato bereported.You alsomay
wish to setthesamplinginterval usedin time profiling.

Executivesummary:./a.out+RTS -pT producesa timeprofile in a.out.prof ; ./a.out+RTS -hC
producesspace-profilinginfo which canbemangledby hp2psandviewedwith ghostview(or
equivalent).

Profiling runtimeflagsarepassedto yourprogrambetweentheusual+RTSand-RTS options.

-p or -P :

The-p optionproducesa standardtimeprofile report.It is written into thefile
<program>.prof .

The-P optionproducesa moredetailedreportcontainingtheactualtimeandallocationdataas
well. (Not usedmuch.)

-px :

The-px optiongeneratesprofiling informationin theXML formatunderstoodby ournew
profiling tool, seeSection4.3.
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-i<secs> :

Settheprofiling (sampling)interval to <secs> seconds(thedefault is 1 second).Fractionsare
allowed:for example-i0.2 will get5 samplespersecond.Thisonly affectsheapprofiling;
time profilesarealwayssampledon a1/50secondfrequency.

-h<break-down> :

Producea detailedheapprofile of theheapoccupiedby liveclosures.Theprofile is written to
thefile <program>.hp from which a PostScriptgraphcanbeproducedusinghp2ps(see
Section4.6).

Theheapspaceprofilemaybebrokendown by differentcriteria:

-hC :

costcentrewhich producedtheclosure(thedefault).

-hM:

costcentremodulewhich producedtheclosure.

-hD :

closuredescription—astringdescribingtheclosure.

-hY :

closuretype—astringdescribingtheclosure’s type.

-hx :

The-hx optiongeneratesheapprofiling informationin theXML formatunderstoodby ournew
profiling tool (NOTE: heapprofiling with thenew tool is not yetworking! Usehp2ps-style
heapprofiling for thetime being).

4.6. hp2ps–heap profile to PostScript
Usage:

hp2ps [flags] [<file>[.hp]]

Theprogramhp2psconvertsaheapprofileasproducedby the-h<break-down> runtimeoption
into a PostScriptgraphof theheapprofile.By convention,thefile to beprocessedby hp2pshasa
.hp extension.ThePostScriptoutputis written to <file>@.ps . If <file> is omittedentirely, then
theprogrambehavesasafilter.

hp2ps is distributedin ghc/utils/hp2ps in aGHCsourcedistribution.It wasoriginally
developedby DaveWakeling aspartof theHBC/LML heapprofiler.
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Theflagsare:

-d

In orderto makegraphsmorereadable,hp2pssortstheshadedbandsfor eachidentifier. The
default sortorderingis for thebandswith thelargestareato bestackedon top of thesmaller
ones.The-d optioncausesrougherbands(thoserepresentingseriesof valueswith thelargest
standarddeviations)to bestackedon top of smootherones.

-b

Normally, hp2psputsthetitle of thegraphin a smallboxat thetop of thepage.However, if the
JOBstringis too long to fit in asmallbox (morethan35 characters),thenhp2pswill chooseto
useabig box instead.The-b optionforceshp2psto useabig box.

-e<float>[in|mm|pt]

GenerateencapsulatedPostScriptsuitablefor inclusionin LaTeX documents.Usually, the
PostScriptgraphis drawn in landscapemodein anarea9 incheswideby 6 incheshigh,and
hp2psarrangesfor this areato beapproximatelycentredon a sheetof a4paper. This formatis
convenientof studyingthegraphin detail,but it is unsuitablefor inclusionin LaTeX
documents.The-e optioncausesthegraphto bedrawn in portraitmode,with floatspecifying
thewidth in inches,millimetresor points(thedefault).TheresultingPostScriptfile conformsto
theEncapsulatedPostScript(EPS)convention,andit canbeincludedin aLaTeX document
usingRokicki’sdvi-to-PostScriptconverterdvips.

-g

Createoutputsuitablefor thegsPostScriptpreviewer (or similar). In this casethegraphis
printedin portraitmodewithoutscaling.Theoutputis unsuitablefor a laserprinter.

-l

Normallya profile is limited to 20 bandswith additionalidentifiersbeinggroupedinto an
OTHERband.The-l flag removesthis 20 bandandlimit, producingasmany bandsas
necessary. No key is producedasit won’t fit!. It is usefulfor creationtimeprofileswith many
bands.

-m<int>

Normallya profile is limited to 20 bandswith additionalidentifiersbeinggroupedinto an
OTHERband.The-m flag specifiesanalternativebandlimit (themaximumis 20).

-m0 requeststhebandlimit to beremoved.As many bandsasnecessaryareproduced.However
no key is producedasit won’t fit! It is usefulfor displayingcreationtimeprofileswith many
bands.

-p

Usepreviousparameters.By default, thePostScriptgraphis automaticallyscaledboth
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horizontallyandverticallysothatit fills thepage.However, whenpreparinga seriesof graphs
for usein apresentation,it is oftenusefulto draw a new graphusingthesamescale,shading
andorderingasa previousone.The-p flagcausesthegraphto bedrawn usingtheparameters
determinedby a previousrunof hp2pson file . Theseareextractedfrom file@.aux .

-s

Usea smallbox for thetitle.

-t<float>

Normally traceelementswhich sumto a totalof lessthan1% of theprofileareremovedfrom
theprofile.The-t optionallows this percentageto bemodified(maximum5%).

-t0 requestsno traceelementsto beremovedfrom theprofile,ensuringthatall thedatawill be
displayed.

-c

Generatecolouroutput.

-y

Ignoremarks.

-?

Print outusageinformation.

4.7. Using “tic ky-tic ky” profiling (for implementor s)
(ToDo: documentproperly.)

It is possibleto compileGlasgow Haskell programssothatthey will countlotsandlotsof interesting
things,e.g.,numberof updates,numberof dataconstructorsentered,etc.,etc.We call this
“ticky-ticky” profiling, becausethat’s thesoundaSun4makeswhenit is runningupall those
counters(slowly).

Ticky-ticky profiling is mainly intendedfor implementors;it is quiteseparatefrom themain
“cost-centre”profiling system,intendedfor all userseverywhere.

To beableto useticky-ticky profiling, youwill needto havebuilt appropriatelibrariesandthings
whenyoumadethesystem.See“Customisingwhatlibrariesto build,” in theinstallationguide.

To getyourcompiledprogramto spit out theticky-ticky numbers,usea -r RTS option.SeeSection
3.12.

Compilingyourprogramwith the-ticky switchyieldsanexecutablethatperformsthesecounts.
Hereis a sampleticky-ticky statisticsfile, generatedby theinvocationfoo+RTS -rf oo.ticky.

foo +RTS -rfoo.ticky
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ALLOCATIONS: 3964631 (11330900 words total: 3999476 ad-
min, 6098829 goods, 1232595 slop)

to-
tal words: 2 3 4 5 6+

69647 ( 1.8%) function val-
ues 50.0 50.0 0.0 0.0 0.0
2382937 ( 60.1%) thunks 0.0 83.9 16.1 0.0 0.0
1477218 ( 37.3%) data val-
ues 66.8 33.2 0.0 0.0 0.0

0 ( 0.0%) big tuples
2 ( 0.0%) black holes 0.0 100.0 0.0 0.0 0.0
0 ( 0.0%) prim things

34825 ( 0.9%) partial applica-
tions 0.0 0.0 0.0 100.0 0.0

2 ( 0.0%) thread state ob-
jects 0.0 0.0 0.0 0.0 100.0

Total storage-manager allocations: 3647137 (11882004 words)
[551104 words lost to speculative heap-checks]

STACK USAGE:

ENTERS: 9400092 of which 2005772 (21.3%) direct to the entry code
[the rest indirected via Node’s info ptr]

1860318 ( 19.8%) thunks
3733184 ( 39.7%) data values
3149544 ( 33.5%) function values

[of which 1999880 (63.5%) bypassed arg-satisfaction chk]
348140 ( 3.7%) partial applications
308906 ( 3.3%) normal indirections

0 ( 0.0%) permanent indirections

RETURNS: 5870443
2137257 ( 36.4%) from entering a new constructor

[the rest from entering an existing constructor]
2349219 ( 40.0%) vectored [the rest unvectored]

RET_NEW: 2137257: 32.5% 46.2% 21.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
RET_OLD: 3733184: 2.8% 67.9% 29.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
RET_UNBOXED_TUP: 2: 0.0% 0.0%100.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

RET_VEC_RETURN: 2349219: 0.0% 0.0%100.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

UPDATE FRAMES: 2241725 (0 omitted from thunks)
SEQ FRAMES: 1
CATCH FRAMES: 1
UPDATES: 2241725
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0 ( 0.0%) data values
34827 ( 1.6%) partial applications

[2 in place, 34825 allocated new space]
2206898 ( 98.4%) updates to existing heap objects (46 by squeezing)
UPD_CON_IN_NEW: 0: 0 0 0 0 0 0 0 0 0
UPD_PAP_IN_NEW: 34825: 0 0 0 34825 0 0 0 0 0

NEWGEN UPDATES: 2274700 ( 99.9%)

OLD GEN UPDATES: 1852 ( 0.1%)

Total bytes copied during GC: 190096

***************************************** ****** ***
3647137 ALLOC_HEAP_ctr
11882004 ALLOC_HEAP_tot

69647 ALLOC_FUN_ctr
69647 ALLOC_FUN_adm
69644 ALLOC_FUN_gds
34819 ALLOC_FUN_slp
34831 ALLOC_FUN_hst_0
34816 ALLOC_FUN_hst_1

0 ALLOC_FUN_hst_2
0 ALLOC_FUN_hst_3
0 ALLOC_FUN_hst_4

2382937 ALLOC_UP_THK_ctr
0 ALLOC_SE_THK_ctr

308906 ENT_IND_ctr
0 E!NT_PERM_IND_ctr requires +RTS -Z

[... lots more info omitted ...]
0 GC_SEL_ABANDONED_ctr
0 GC_SEL_MINOR_ctr
0 GC_SEL_MAJOR_ctr
0 GC_FAILED_PROMOTION_ctr

47524 GC_WORDS_COPIED_ctr

Theformattingof theinformationabovetherow of asterisksis subjectto change,but hopefully
providesausefulhuman-readablesummary. Below theasterisksall countersmaintainedby the
ticky-ticky systemaredumped,in a formatintendedto bemachine-readable:zeroor morespaces,an
integer, aspace,thecountername,anda newline.

In fact,not all countersarenecessarilydumped;compile-or run-timeflagscanrendercertain
countersinvalid. In this case,eitherthecounterwill simply notappear, or it will appearwith a
modifiedcountername,possiblyalongwith anexplanationfor theomission(notice
ENT_PERM_IND_ctr appearswith aninserted! above).Softwareanalysingthis outputshould
alwayscheckthatit hasthecountersit expects.Also, beware:someof thecounterscanhave large
values!
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Notes
1. Thecall-siteis just theplacein thesourcecodewhich mentionstheparticularfunctionor

variable.

2. daVinci is sadlynot open-source:-(.
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Chapter 5. Advice on: sooner , faster , smaller ,
stingier

Pleaseadviseusof other“helpful hints” thatshouldgo here!

5.1. Sooner: producing a program more quic kly

Don’t use-O or (especially)-O2 :

By usingthem,youaretelling GHCthatyouarewilling to suffer longercompilationtimesfor
better-quality code.

GHC is surprisinglyzippy for normalcompilationswithout -O !

Usemorememory:

Within reason,morememoryfor heapspacemeanslessgarbagecollectionfor GHC,which
meanslesscompilationtime. If youusethe-Rgc-stats option,you’ll geta garbage-collector
report.(Again,youcanusethecheap-and-nasty-optCrts-Sstderr optionto sendtheGC
statsstraightto standarderror.)

If it saysyou’reusingmorethan20%of total time in garbagecollecting,thenmorememory
would help.

If theheapsizeis approachingthemaximum(64M by default),andyou have lots of memory,
try increasingthemaximumwith the -M<size> option,e.g.:ghc -c -O -M1024mFoo.hs.

Increasingthedefault allocationareasizeusedby thecompiler’sRTS mightalsohelp:usethe
-A<size> option.

If GHCpersistsin beingabadmemorycitizen,pleasereportit asa bug.

Don’t usetoomuchmemory!

As soonasGHCplusits “fellow citizens”(otherprocesseson yourmachine)startusingmore
thanthereal memoryon yourmachine,andthemachinestarts“thrashing,”theparty is over.
Compiletimeswill beworsethanterrible!Usesomethinglike thecsh-builtin time commandto
geta reporton how many pagefaultsyou’regetting.

If you don’t know whatvirtual memory, thrashing,andpagefaultsare,or youdon’t know the
memoryconfigurationof yourmachine,don’t try to becleveraboutmemoryuse:you’ll just
makeyour life a misery(andfor otherpeople,too,probably).
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Try to uselocaldiskswhenlinking:

BecauseHaskell objectsandlibrariestendto belarge,it cantakemany realsecondsto slurpthe
bits to/from aremotefilesystem.

It wouldbequitesensibleto compileon a fastmachineusingremotely-mounteddisks;thenlink
on a slow machinethathadyourdisksdirectlymounted.

Don’t derive/useRead unnecessarily:

It’sugly andslow.

GHCcompilessomeprogramconstructsslowly:

Deeply-nestedlist comprehensionsseemto beonesuch;in thepast,very largeconstanttables
werebad,too.

We’d ratheryou reportedsuchbehaviour asabug,sothatwe cantry to correctit.

Thepartof thecompilerthatis occasionallyproneto wanderingoff for a long time is the
strictnessanalyser. Youcanturn thisoff individually with -fno-strictness .

To figureout which partof thecompileris badlybehaved,the-dshow-passes optionis your
friend.

If yourmodulehasbig wadsof constantdata,GHCmayproducea hugebasicblock thatwill
causethenative-codegenerator’s registerallocatorto founder. Bring on -fvia-C (not that
GCCwill bethatquickaboutit, either).

Avoid theconsistency-checkon linking:

Use-no-link-chk ; saveseffort. This is probablysafein a I-only-compile-things-one-way
setup.

Explicit import declarations:

Insteadof sayingimport Foo, sayimport Foo (...stuff I want...) .

Truthfully, thereductionon compilationtimewill beverysmall.However, judicioususeof
import declarationscanmakeaprogrameasierto understand,soit maybea goodidea
anyway.

5.2. Faster: producing a program that runs quic ker

Thekey tool to usein makingyourHaskell programrun fasterareGHC’sprofiling facilities,
describedseparatelyin Chapter4. Thereis no substitutefor findingwhereyourprogram’s
time/spaceis really going,asopposedto whereyou imagineit is going.
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Anotherpoint to bearin mind:By far thebestway to improveaprogram’sperformancedramatically
is to usebetteralgorithms.Onceprofiling hasthrown thespotlighton theguilty time-consumer(s),it
maybebetterto re-thinkyourprogramthanto try all thetweakslistedbelow.

Anotherextremelyefficientway to makeyourprogramsnappy is to uselibrary codethathasbeen
SeriouslyTunedBy SomeoneElse.Youmightbeableto write abetterquicksortthantheonein the
HBC library, but it will takeyou muchlongerthantyping import QSort . (Incidentally, it doesn’t
hurt if theSomeoneElseis LennartAugustsson.)

Pleasereportany overly-slow GHC-compiledprograms.Thecurrentdefinitionof “overly-slow” is
“the HBC-compiledversionranfaster”.. .

Optimise,using-O or -O2 :

This is themostbasicway to makeyourprogramgo faster. Compilationtimewill beslower,
especiallywith -O2 .

At present,-O2 is nearlyindistinguishablefrom -O .

Compilevia C andcrankup GCC:

Evenwith -O , GHCtriesto usea native-codegenerator, if available.But thenative
code-generatoris designedto bequick,not mind-bogglinglyclever. Betterto let GCChavea
go,asit triesmuchharderon registerallocation,etc.

So,whenwe wantvery fastcode,we use:-O -fvia-C -O2-for-C .

Overloadedfunctionsarenot your friend:

Haskell’soverloading(usingtypeclasses)is elegant,neat,etc.,etc.,but it is deathto
performanceif left to linger in aninnerloop.How canyou squashit?

Giveexplicit typesignatures:

Signaturesarethebasictrick; puttingthemon exported,top-level functionsis good
software-engineeringpractice,anyway. (Tip: using-fwarn-missing-signatures can
helpenforcegoodsignature-practice).

Theautomaticspecialisationof overloadedfunctions(with -O) shouldtakecareof
overloadedlocal and/orunexportedfunctions.

UseSPECIALIZE pragmas:

Specializetheoverloadingon key functionsin yourprogram.SeeSection6.11.3and
Section6.11.4.
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“But how do I know whereoverloadingis creepingin?”:

A low-techway: grep(search)your interfacefiles for overloadedtypesignatures;e.g.,:

% egrep ’^[a-z].*::.*=>’ *.hi

Strict functionsareyourdearfriends:

and,amongotherthings,lazypattern-matchingis yourenemy.

(If youdon’t know whata “strict function” is, pleaseconsulta functional-programming
textbook.A sentenceor two of explanationhereprobablywould notdo muchgood.)

Considerthesetwo codefragments:

f (Wibble x y) = ... # strict

f arg = let { (Wibble x y) = arg } in ... # lazy

Theformerwill resultin farbettercode.

A lesscontrivedexampleshows theuseof cases insteadof lets to getstrictercode(agood
thing):

f (Wibble x y) # beautiful but slow
= let

(a1, b1, c1) = unpackFoo x
(a2, b2, c2) = unpackFoo y

in ...

f (Wibble x y) # ugly, and proud of it
= case (unpackFoo x) of { (a1, b1, c1) ->

case (unpackFoo y) of { (a2, b2, c2) ->
...
}}

GHClovessingle-constructordata-types:

It’sall thebetterif a functionis strict in asingle-constructortype(a typewith only one
data-constructor;for example,tuplesaresingle-constructortypes).

Newtypesarebetterthandatatypes:

If yourdatatypehasasingleconstructorwith a singlefield, usea newtype declarationinstead
of a data declaration.Thenewtype will beoptimisedaway in mostcases.

“How do I find out a function’sstrictness?”

Don’t guess—lookit up.

Look for your functionin theinterfacefile, thenfor thethird field in thepragma;it shouldsay
__S <string> . The<string> givesthestrictnessof thefunction’sarguments.L is lazy
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(bad),S andE arestrict (good),P is “primiti ve” (good),U(...) is strictand“unpackable”
(verygood),andA is absent(verygood).

For an“unpackable”U(...) argument,theinfo insidetells thestrictnessof its components.
So,if theargumentis a pair, andit saysU(AU(LSS)) , thatmeans“the first componentof the
pair isn’t used;thesecondcomponentis itself unpackable,with threecomponents(lazy in the
first, strict in thesecond\& third).”

If thefunctionisn’t exported,justcompilewith theextra flag -ddump-simpl ; next to the
signaturefor any binder, it will print theself-samepragmaticinformationaswouldbeput in an
interfacefile. (Besides,Coresyntaxis fun to look at!)

Forcekey functionsto be INLINE d (esp.monads):

PlacingINLINE pragmason certainfunctionsthatareuseda lot canhavea dramaticeffect.See
Section6.11.1.

Explicit export list:

If you donot haveanexplicit export list in amodule,GHCmustassumethateverythingin that
modulewill beexported.Thishasvariouspessimisingeffects.For example,if a bit of codeis
actuallyunused(perhapsbecauseof unfoldingeffects),GHCwill not beableto throw it away,
becauseit is exportedandsomeothermodulemayberelyingon its existence.

GHCcanbequitea bit moreaggressivewith piecesof codeif it knowsthey arenot exported.

Look at theCoresyntax!

(Theform in which GHCmanipulatesyourcode.)Justrunyourcompilationwith
-ddump-simpl (don’t forgetthe-O).

If profiling haspointedthefingerat particularfunctions,look at theirCorecode.lets arebad,
cases aregood,dictionaries(d.<Class>.<Unique> ) [or anythingoverloading-ish]arebad,
nestedlambdasarebad,explicit dataconstructorsaregood,primitiveoperations(e.g.,eqInt# )
aregood,.. .

Useunboxedtypes(aGHCextension):

Whenyou arereallydesperatefor speed,andyouwantto getright down to the“raw bits.”
PleaseseeSection6.1.1for someinformationaboutusingunboxedtypes.

Useforeign import (aGHCextension)to plug into fastlibraries:

This maytake realwork, but.. . Thereexist pilesof massively-tunedlibrary code,andthebest
thing is not to competewith it, but link with it.

Section6.5describestheforeigncalling interface.
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Don’t useFloat s:

We don’t providespecialisationsof Preludefunctionsfor Float (but wedo for Double ). If you
endup executingoverloadedcode,youwill loseon performance,perhapsbadly.

Floats (probably32-bits)arealmostalwaysabadidea,anyway, unlessyouReallyKnow
WhatYouAre Doing.UseDoubles.There’s rarelya speeddisadvantage—modernmachines
will usethesamefloating-pointunit for both.With Doubles , you aremuchlesslikely to hang
yourselfwith numericalerrors.

Onetime whenFloat might bea goodideais if youhavea lot of them,saya giantarrayof
Float s.They take uphalf thespacein theheapcomparedto Doubles . However, this isn’t true
on a 64-bitmachine.

Usea biggerheap!

If yourprogram’sGCstats(-S RTS option)indicatethatit’sdoinglots of garbage-collection
(say, morethan20%of executiontime),morememorymight help—withthe-M<size> or
-A<size> RTS options(seeSection3.12.1).

5.3. Smaller: producing a program that is smaller

Decreasethe“go-for-it” thresholdfor unfoldingsmallishexpressions.Givea
-funfolding-use-threshold0 optionfor theextremecase.(“Only unfoldingswith zerocost
shouldproceed.”)Warning:exceptin certainspecialiisedcases(likeHappy parsers)this is likely to
actuallyincreasethesizeof yourprogram,becauseunfoldinggenerallyenablesextra simplifying
optimisationsto beperformed.

Avoid Read.

Usestrip on yourexecutables.

5.4. Stingier: producing a program that gobb les less
heap space

“I think I havea spaceleak.. . ” Re-runyourprogramwith +RTS -Sstderr , andremoveall doubt!
(You’ll seetheheapusagegetbiggerandbigger.. . ) [Hmmm.. . thismight beeveneasierwith the
-G1 RTS option;so.. . ./a.out+RTS -Sstderr -G1...]

Onceagain,theprofiling facilities(Chapter4) arethebasictool for demystifyingthespace
behaviour of yourprogram.

Strict functionsaregoodfor spaceusage,asthey arefor time,asdiscussedin theprevioussection.
Strict functionsgetright down to business,ratherthanfilling up theheapwith closures(thesystem’s
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notesto itself abouthow to evaluatesomething,shouldit eventuallyberequired).
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Chapter 6. GHC Langua ge Features
As with all known Haskell systems,GHC implementssomeextensionsto thelanguage.To usethem,
you’ll needto givea -fglasgow-exts option.

Virtually all of theGlasgow extensionsserve to giveyouaccessto theunderlyingfacilitieswith
which we implementHaskell. Thus,you cangetat theRaw Iron, if youarewilling to write some
non-standardcodeat amoreprimitive level. You neednot be“stuck” on performancebecauseof the
implementationcostsof Haskell’s “high-level” features—youcanalwayscode“under” them.In an
extremecase,youcanwrite all your time-criticalcodein C, andthenjustglueit togetherwith
Haskell!

Executivesummaryof our extensions:

Unboxedtypesandprimitiveoperations:

You cangetright down to theraw machinetypesandoperations;includedin thisare“primiti ve
arrays”(directaccessto Big Wadsof Bytes).PleaseseeSection6.1.1andfollowing.

Multi-parametertypeclasses:

GHC’s typesystemsupportsextendedtypeclasseswith multipleparameters.PleaseseeSection
6.6.

Localuniversalquantification:

GHC’s typesystemsupportsexplicit universalquantificationin constructorfieldsandfunction
arguments.This is usefulfor thingslikedefiningrunST from thestate-threadworld. See
Section6.7.

Extistentiallyquantificationin datatypes:

Someor all of thetypevariablesin a datatypedeclarationmaybeexistentiallyquantified. More
detailsin Section6.8.

Scopedtypevariables:

Scopedtypevariablesenabletheprogrammerto supplytypesignaturesfor somenested
declarations,wherethiswould not belegal in Haskell 98.Detailsin Section6.10.

Patternguards

Insteadof beinga booleanexpression,aguardis a list of qualifiers,exactly asin a list
comprehension.SeeSection6.4.

Foreigncalling:

Justwhatit soundslike.We provide lots of ropethatyoucandanglearoundyourneck.Please
seeChapter7.
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Pragmas

Pragmasarespecialinstructionsto thecompilerplacedin thesourcefile. ThepragmasGHC
supportsaredescribedin Section6.11.

Rewrite rules:

Theprogrammercanspecifyrewrite rulesaspartof thesourceprogram(in a pragma).GHC
appliestheserewrite ruleswherever it can.Detailsin Section6.12.

Beforeyougettoo carriedawayworking at thelowestlevel (e.g.,sloshingMutableByteArray# s
aroundyourprogram),youmaywish to checkif therearelibrariesthatprovidea “Haskellised
veneer”over thefeaturesyou want.SeeHaskell Libraries.

6.1. Unbo xed types and primitive operations
This moduledefinesall thetypeswhich areprimitive in Glasgow Haskell, andtheoperations
providedfor them.

6.1.1. Unboxed types

Most typesin GHCareboxed, which meansthatvaluesof thattypearerepresentedby a pointerto a
heapobject.Therepresentationof a Haskell Int , for example,is a two-wordheapobject.An
unboxedtype,however, is representedby thevalueitself, nopointersor heapallocationareinvolved.

Unboxedtypescorrespondto the“raw machine”typesyouwould usein C: Int# (long int),
Double# (double),Addr# (void *), etc.Theprimitiveoperations(PrimOps)on thesetypesarewhat
you mightexpect;e.g.,(+#) is additionon Int# s,andis themachine-additionthatweall know and
love—usuallyoneinstruction.

Primitive (unboxed)typescannotbedefinedin Haskell, andarethereforebuilt into thelanguageand
compiler. Primitive typesarealwaysunlifted; thatis, a valueof a primitivetypecannotbebottom.
We usetheconventionthatprimitive types,values,andoperationshavea# suffix.

Primitivevaluesareoftenrepresentedby a simplebit-pattern,suchasInt# , Float# , Double# . But
this is not necessarilythecase:aprimitivevaluemight berepresentedby a pointerto a
heap-allocatedobject.ExamplesincludeArray# , thetypeof primitivearrays.A primitivearrayis
heap-allocatedbecauseit is too big a valueto fit in a register, andwould betoo expensiveto copy
around;in a sense,it is accidentalthatit is representedby apointer. If apointerrepresentsa
primitivevalue,thenit really doespoint to thatvalue:no unevaluatedthunks,no
indirections.. .nothingcanbeat theotherendof thepointerthantheprimitivevalue.

Therearesomerestrictionson theuseof primitive types,themainonebeingthatyoucan’t passa
primitivevalueto a polymorphicfunctionor storeonein a polymorphicdatatype.This rulesout
thingslike [Int#] (i.e. listsof primitive integers).Thereasonfor this restrictionis thatpolymorphic
argumentsandconstructorfieldsareassumedto bepointers:if anunboxedintegeris storedin oneof
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these,thegarbagecollectorwouldattemptto follow it, leadingto unpredictablespaceleaks.Or aseq

operationon thepolymorphiccomponentmayattemptto dereferencethepointer, with disastrous
results.Evenworse,theunboxedvaluemightbelargerthana pointer(Double# for instance).

Nevertheless,A numerically-intensiveprogramusingunboxedtypescangoa lot fasterthanits
“standard”counterpart—wesaw a threefoldspeedupon oneexample.

6.1.2. Unboxed Tuples
Unboxedtuplesaren’t really exportedby PrelGHC , they’reavailableby defaultwith
-fglasgow-exts . An unboxedtuplelookslike this:

(# e_1, ..., e_n #)

wheree_1..e_n areexpressionsof any type(primitiveor non-primitive).Thetypeof anunboxed
tuplelooksthesame.

Unboxedtuplesareusedfor functionsthatneedto returnmultiplevalues,but they avoid theheap
allocationnormallyassociatedwith usingfully-fledgedtuples.Whenanunboxedtupleis returned,
thecomponentsareput directly into registersor on thestack;theunboxedtupleitself doesnot havea
compositerepresentation.Many of theprimitiveoperationslistedin this sectionreturnunboxed
tuples.

Therearesomeprettystringentrestrictionson theuseof unboxedtuples:

• Unboxedtupletypesaresubjectto thesamerestrictionsasotherunboxedtypes;i.e. they maynot
bestoredin polymorphicdatastructuresor passedto polymorphicfunctions.

• Unboxedtuplesmayonly beconstructedasthedirectresultof a function,andmayonly be
deconstructedwith acase expression.eg. thefollowing arevalid:

f x y = (# x+1, y-1 #)
g x = case f x x of { (# a, b #) -> a + b }

but thefollowing areinvalid:

f x y = g (# x, y #)
g (# x, y #) = x + y

• No variablecanhaveanunboxedtupletype.This is illegal:

f :: (# Int, Int #) -> (# Int, Int #)
f x = x

becausex hasanunboxedtupletype.

Note:we mayrelaxsomeof theserestrictionsin thefuture.

The IO andST monadsuseunboxedtuplesto avoid unnecessaryallocationduringsequencesof
operations.
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6.1.3. Character and numeric types
Therearethefollowing obviousprimitive types:

type Char#
type Int#
type Word#
type Addr#
type Float#
type Double#
type Int64#
type Word64#

If you reallywantto know their exactequivalentsin C, seeghc/includes/StgTypes.h in the
GHCsourcetree.

Literalsfor thesetypesmaybewrittenasfollows:

1# an Int#
1.2# a Float#
1.34## a Double#
’a’# a Char#; for weird characters, use e.g. ’\o<octal>’#
"a"# an Addr# (a ‘char *’); only characters ’\0’..’\255’ al-
lowed

6.1.4. Comparison operations

{>,>=,==,/=,<,<=}# :: Int# -> Int# -> Bool

{gt,ge,eq,ne,lt,le}Char# :: Char# -> Char# -> Bool
- ditto for Word# and Addr#

6.1.5. Primitive-c haracter operations

ord# :: Char# -> Int#
chr# :: Int# -> Char#

6.1.6. Primitive- Int operations
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{+,-,*,quotInt,remInt,gcdInt}# :: Int# -> Int# -> Int#
negateInt# :: Int# -> Int#

iShiftL#, iShiftRA#, iShiftRL# :: Int# -> Int# -> Int#
- shift left, right arithmetic, right logical

addIntC#, subIntC#, mulIntC# :: Int# -> Int# -> (# Int#, Int# #)
- add, subtract, multiply with carry

Note:No error/overflow checking!

6.1.7. Primitive- Double and Float operations

{+,-,*,/}## :: Double# -> Double# -> Double#
{<,<=,==,/=,>=,>}## :: Double# -> Double# -> Bool
negateDouble# :: Double# -> Double#
double2Int# :: Double# -> Int#
int2Double# :: Int# -> Double#

{plus,minux,times,divide}Float# :: Float# -> Float# -> Float#
{gt,ge,eq,ne,lt,le}Float# :: Float# -> Float# -> Bool
negateFloat# :: Float# -> Float#
float2Int# :: Float# -> Int#
int2Float# :: Int# -> Float#

And a full complementof trigonometricfunctions:

expDouble# :: Double# -> Double#
logDouble# :: Double# -> Double#
sqrtDouble# :: Double# -> Double#
sinDouble# :: Double# -> Double#
cosDouble# :: Double# -> Double#
tanDouble# :: Double# -> Double#
asinDouble# :: Double# -> Double#
acosDouble# :: Double# -> Double#
atanDouble# :: Double# -> Double#
sinhDouble# :: Double# -> Double#
coshDouble# :: Double# -> Double#
tanhDouble# :: Double# -> Double#
powerDouble# :: Double# -> Double# -> Double#

similarly for Float# .

Therearetwo coercionfunctionsfor Float# /Double# :
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float2Double# :: Float# -> Double#
double2Float# :: Double# -> Float#

Theprimitiveversionof decodeDouble (encodeDouble is implementedasanexternalC
function):

decodeDouble# :: Double# -> PrelNum.ReturnIntAndGMP

(And thesamefor Float# s.)

6.1.8. Operations on/f or Integers (interface to GMP)

We implementIntegers (arbitrary-precisionintegers)usingtheGNU multiple-precision(GMP)
package(version2.0.2).

Thedatatypefor Integer is eithera smallinteger, representedby an Int , or a largeinteger
representedusingthepiecesrequiredby GMP’s MP_INT in gmp.h (seegmp.info in
ghc/includes/runtime/gmp ). It comesout as:

data Integer = S# Int# - small integers
| J# Int# ByteArray# - large integers

Theprimitiveopsto supportlargeIntegers usethe“pieces”of therepresentation,andareas
follows:

negateInteger# :: Int# -> ByteArray# -> Integer

{plus,minus,times}Integer#, gcdInteger#,
quotInteger#, remInteger#, divExactInteger#

:: Int# -> ByteArray#
-> Int# -> ByteArray#
-> (# Int#, ByteArray# #)

cmpInteger#
:: Int# -> ByteArray#

-> Int# -> ByteArray#
-> Int# - -1 for <; 0 for ==; +1 for >

cmpIntegerInt#
:: Int# -> ByteArray#

-> Int#
-> Int# - -1 for <; 0 for ==; +1 for >

gcdIntegerInt# ::
:: Int# -> ByteArray#
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-> Int#
-> Int#

divModInteger#, quotRemInteger#
:: Int# -> ByteArray#
-> Int# -> ByteArray#
-> (# Int#, ByteArray#,

Int#, ByteArray# #)

integer2Int# :: Int# -> ByteArray# -> Int#

int2Integer# :: Int# -> Integer - NB: no error-checking on these two!
word2Integer# :: Word# -> Integer

addr2Integer# :: Addr# -> Integer
- the Addr# is taken to be a ‘char *’ string
- to be converted into an Integer.

6.1.9. Words and addresses

A Word# is usedfor bit-twiddling operations.It is thesamesizeasan Int# , but hasno signnorany
arithmeticoperations.

type Word# - Same size/etc as Int# but *unsigned*
type Addr# -
A pointer from outside the "Haskell world" (from C, probably);

- described under "arrays"

Word#sandAddr# shave theusualcomparisonoperations.Otherunboxed-Word ops(bit-twiddling
andcoercions):

{gt,ge,eq,ne,lt,le}Word# :: Word# -> Word# -> Bool

and#, or#, xor# :: Word# -> Word# -> Word#
- standard bit ops.

quotWord#, remWord# :: Word# -> Word# -> Word#
- word (i.e. unsigned) versions are different from int
- versions, so we have to provide these explicitly.

not# :: Word# -> Word#

shiftL#, shiftRL# :: Word# -> Int# -> Word#
- shift left, right logical
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int2Word# :: Int# -> Word# - just a cast, really
word2Int# :: Word# -> Int#

Unboxed-Addr ops(C casts,really):

{gt,ge,eq,ne,lt,le}Addr# :: Addr# -> Addr# -> Bool

int2Addr# :: Int# -> Addr#
addr2Int# :: Addr# -> Int#
addr2Integer# :: Addr# -> (# Int#, ByteArray# #)

ThecastsbetweenInt# , Word# andAddr# correspondto null operationsat themachinelevel, but
arerequiredto keeptheHaskell typecheckerhappy.

Operationsfor indexing off of C pointers(Addr# s) to snatchvaluesarelistedunder“arrays”.

6.1.10. Arra ys

ThetypeArray# elt is thetypeof primitive,unpointedarraysof valuesof typeelt .

type Array# elt

Array# is moreprimitivethanaHaskell array—indeed,theHaskell Array interfaceis implemented
usingArray# —in thatanArray# is indexedonly by Int# s,startingatzero.It is alsomore
primitiveby virtueof beingunboxed.Thatdoesn’t meanthatit isn’t a heap-allocatedobject—of
course,it is. Rather, beingunboxedmeansthatit is representedby apointerto thearrayitself, and
not to a thunkwhich will evaluateto thearray(or to bottom).Thecomponentsof anArray# are
themselvesboxed.

ThetypeByteArray# is similar to Array# , exceptthatit containsjust astringof (non-pointer)
bytes.

type ByteArray#

Arraysof thesetypesareusefulwhenaHaskell programwishesto constructa valueto passto a C
procedure.It is alsopossibleto usethemto build (say)arraysof unboxedcharactersfor internaluse
in aHaskell program.Giventheseuses,ByteArray# is deliberatelyabit vagueaboutthetypeof its
components.Operationsareprovidedto extractvaluesof typeChar# , Int# , Float# , Double# , and
Addr# from arbitraryoffsetswithin a ByteArray# . (For typeFoo# , the$i$thoffsetgetsyou the
$i$th Foo# , not theFoo# atbyte-position$i$. Mumble.)(If youwantaWord#, graban Int# , then
coerceit.)

Lastly, wehavestaticbyte-arrays,of typeAddr# [mentionedpreviously]. (Remembertheduality
betweenarraysandpointersin C.) Arraysof this typesarerepresentedby apointerto anarrayin the
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world outsideHaskell, sothis pointeris not followedby thegarbagecollector. In otherrespectsthey
arejust like ByteArray# . They areonly neededin orderto passvaluesfrom C to Haskell.

6.1.11. Reading and writing
Primitivearraysarelinear, andindexedstartingat zero.

Thesizeandindicesof a ByteArray# , Addr# , andMutableByteArray# areall in bytes.It’sup to
theprogramto calculatethecorrectbyteoffsetfrom thestartof thearray. This allowsa
ByteArray# to containamixtureof valuesof differenttype,which is oftenneededwhenpreparing
datafor andunpickingresultsfrom C. (Umm.. .not trueof indices.. .WDP95/09)

ShouldweprovidesomesizeOfDouble# constants?

Out-of-rangeerrorson indexing shouldbecaughtby thecodewhichusestheprimitiveoperation;the
primitiveoperationsthemselvesdo not checkfor out-of-rangeindexes.Theintentionis thatthe
primitiveopscompileto onemachineinstructionor thereabouts.

We usetheterms“reading” and“writing” to referto accessingmutablearrays(seeSection6.1.14),
and“indexing” to referto readingavaluefrom an immutablearray.

Immutablebytearraysarestraightforwardto index (all indicesin bytes):

indexCharArray# :: ByteArray# -> Int# -> Char#
indexIntArray# :: ByteArray# -> Int# -> Int#
indexAddrArray# :: ByteArray# -> Int# -> Addr#
indexFloatArray# :: ByteArray# -> Int# -> Float#
indexDoubleArray# :: ByteArray# -> Int# -> Double#

indexCharOffAddr# :: Addr# -> Int# -> Char#
indexIntOffAddr# :: Addr# -> Int# -> Int#
indexFloatOffAddr# :: Addr# -> Int# -> Float#
indexDoubleOffAddr# :: Addr# -> Int# -> Double#
indexAddrOffAddr# :: Addr# -> Int# -> Addr#

- Get an Addr# from an Addr# offset

Thelastof these,indexAddrOffAddr# , extractsanAddr# usinganoffsetfrom anotherAddr# ,
therebyproviding theability to follow a chainof C pointers.

Somethingabit moreinterestinggoeson whenindexing arraysof boxedobjects,becausetheresult
is simply theboxedobject.Sopresumablyit shouldbeentered—weneverusuallyreturnan
unevaluatedobject!This is apain:primitiveopsaren’t supposedto do complicatedthingslike enter
objects.Thecurrentsolutionis to returnasingleelementunboxedtuple(seeSection6.1.2).

indexArray# :: Array# elt -> Int# -> (# elt #)

92



Chapter6. GHCLanguageFeatures

6.1.12. The state type

Theprimitive typeState# representsthestateof astatetransformer. It is parameterisedon the
desiredtypeof state,which servesto keepstatesfrom distinctthreadsdistinctfrom oneanother. But
theonly effectof thisparameterisationis in thetypesystem:all valuesof typeState# are
representedin thesameway. Indeed,they areall representedby nothingatall! Thecodegenerator
“knows” to generateno code,andallocateno registersetc,for primitivestates.

type State# s

ThetypeGHC.RealWorld is truly opaque:therearenovaluesdefinedof this type,andno
operationsover it. It is “primiti ve” in thatsense- but it is not unlifted! Its only role in life is to bethe
typewhich distinguishesthe IO statetransformer.

data RealWorld

6.1.13. State of the world
A single,primitive,valueof typeState# RealWorld is provided.

realWorld# :: State# RealWorld

(Note:in thecompiler, not aPrimOp ; just a muchomagicId . Exportedfrom GHC, though).

6.1.14. Mutab le arrays
Correspondingto Array# andByteArray# , we havethetypesof mutableversionsof each.In each
case,therepresentationis a pointerto a suitableblockof (mutable)heap-allocatedstorage.

type MutableArray# s elt
type MutableByteArray# s

6.1.14.1. Allocation

Mutablearrayscanbeallocated.Only pointer-arraysareinitialised;arraysof non-pointersarefilled
in by “usercode”ratherthanby thearray-allocationprimitive.Reason:only thepointercasehasto
worry aboutGCstrikingwith apartly-initialisedarray.

newArray# :: Int# -> elt -> State# s -
> (# State# s, MutableArray# s elt #)
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newCharArray# :: Int# -> State# s -
> (# State# s, MutableByteArray# s elt #)
newIntArray# :: Int# -> State# s -
> (# State# s, MutableByteArray# s elt #)
newAddrArray# :: Int# -> State# s -
> (# State# s, MutableByteArray# s elt #)
newFloatArray# :: Int# -> State# s -
> (# State# s, MutableByteArray# s elt #)
newDoubleArray# :: Int# -> State# s -
> (# State# s, MutableByteArray# s elt #)

Thesizeof aByteArray# is givenin bytes.

6.1.14.2. Reading and writing

readArray# :: MutableArray# s elt -> Int# -> State# s -
> (# State# s, elt #)
readCharArray# :: MutableByteArray# s -> Int# -> State# s -
> (# State# s, Char# #)
readIntArray# :: MutableByteArray# s -> Int# -> State# s -
> (# State# s, Int# #)
readAddrArray# :: MutableByteArray# s -> Int# -> State# s -
> (# State# s, Addr# #)
readFloatArray# :: MutableByteArray# s -> Int# -> State# s -
> (# State# s, Float# #)
readDoubleArray# :: MutableByteArray# s -> Int# -> State# s -
> (# State# s, Double# #)

writeArray# :: MutableArray# s elt -> Int# -> elt -> State# s -
> State# s
writeCharArray# :: MutableByteArray# s -> Int# -> Char# -> State# s -
> State# s
writeIntArray# :: MutableByteArray# s -> Int# -> Int# -> State# s -
> State# s
writeAddrArray# :: MutableByteArray# s -> Int# -> Addr# -> State# s -
> State# s
writeFloatArray# :: MutableByteArray# s -> Int# -> Float# -> State# s -
> State# s
writeDoubleArray# :: MutableByteArray# s -> Int# -> Double# -> State# s -
> State# s

6.1.14.3. Equality
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Onecantake “equality” of mutablearrays.Whatis comparedis thenameor referenceto themutable
array, not its contents.

sameMutableArray# :: MutableArray# s elt -> MutableArray# s elt -
> Bool
sameMutableByteArray# :: MutableByteArray# s -> MutableByteArray# s -
> Bool

6.1.14.4. Freezing mutab le arrays

Only unsafe-freezehasa primitive.(Safefreezeis donedirectly in Haskell by copying thearrayand
thenusingunsafeFreeze .)

unsafeFreezeArray# :: MutableArray# s elt -> State# s -
> (# State# s, Array# s elt #)
unsafeFreezeByteArray# :: MutableByteArray# s -> State# s -
> (# State# s, ByteArray# #)

6.1.15. Sync hronizing variab les (M-vars)

Synchronisingvariablesaretheprimitive typeusedto implementConcurrentHaskell’sMVars(see
theConcurrentHaskell paperfor theoperationalbehaviour of theseoperations).

type MVar# s elt - primitive

newMVar# :: State# s -> (# State# s, MVar# s elt #)
takeMVar# :: SynchVar# s elt -> State# s -> (# State# s, elt #)
putMVar# :: SynchVar# s elt -> State# s -> State# s

6.2. Primitive state-transf ormer monad

This monadunderliesour implementationof arrays,mutableandimmutable,andour
implementationof I/O, including“C calls”.

TheST library, which providesaccessto theST monad,is describedin Section4.21in Haskell
Libraries.
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6.3. Primitive arrays, mutab le and otherwise

GHCknowsaboutquitea few flavoursof LargeSwathesof Bytes.

First,GHCdistinguishesbetweenprimitivearraysof (boxed)Haskell objects(typeArray# obj )
andprimitivearraysof bytes(typeByteArray# ).

Second,it distinguishesbetween.. .

Immutable:

Arraysthatdo not change(aswith “standard”Haskell arrays);you canonly readfrom them.
Obviously, they donot needthecareandattentionof thestate-transformermonad.

Mutable:

Arraysthatmaybechangedor “mutated.”All theoperationson themlivewithin the
state-transformermonadandtheupdateshappenin-place.

“Static” (in C land):

A C routinemaypassanAddr# pointerbackinto Haskell land.Therearethenprimitive
operationswith which youmaymerrily grabvaluesover in C land,by indexing off the“static”
pointer.

“Stable”pointers:

If, for somereason,youwish to handa Haskell pointer(i.e.,not anunboxedvalue)to a C
routine,youfirst make thepointer“stable,”sothatthegarbagecollectorwon’t forgetthatit
exists.Thatis, GHCprovidesa safeway to passHaskell pointersto C.

PleaseseeSection4.24in Haskell Librariesfor moredetails.

“Foreignobjects”:

A “foreign object” is a safeway to passanexternalobject(aC-allocatedpointer, say)to
Haskell andhaveHaskell do theRightThingwhenit no longerreferencestheobject.So,for
example,C couldpassa largebitmapover to Haskell andsay“pleasefreethismemorywhen
you’redonewith it.”

PleaseseeSection4.10in Haskell Librariesfor moredetails.

Thelibrariesdocumentatationgivesmoredetailsonall these“primiti vearray” typesandthe
operationson them.

6.4. Pattern guar ds
Thediscussionthatfollows is anabbreviatedversionof SimonPeytonJones’soriginalproposal
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(http://research.microsoft.com/~simonpj/Haskell/guards.html). (Notethattheproposalwaswritten
beforepatternguardswereimplemented,sorefersto themasunimplemented.)

Supposewe haveanabstractdatatypeof finite maps,with a lookupoperation:

lookup :: FiniteMap -> Int -> Maybe Int

ThelookupreturnsNothing if thesuppliedkey is not in thedomainof themapping,and(Just v)

otherwise,wherev is thevaluethatthekey mapsto. Now considerthefollowing definition:

clunky env var1 var2 | ok1 && ok2 = val1 + val2
| otherwise = var1 + var2
where

m1 = lookup env var1
m2 = lookup env var2
ok1 = maybeToBool m1
ok2 = maybeToBool m2
val1 = expectJust m1
val2 = expectJust m2

Theauxiliary functionsare

maybeToBool :: Maybe a -> Bool
maybeToBool (Just x) = True
maybeToBool Nothing = False

expectJust :: Maybe a -> a
expectJust (Just x) = x
expectJust Nothing = error "Unexpected Nothing"

Whatis clunky doing?Theguardok1 && ok2 checksthatbothlookupssucceed,using
maybeToBool to convert theMaybe typesto booleans.The(lazily evaluated)expectJust calls
extractthevaluesfrom theresultsof thelookups,andbindsthereturnedvaluesto val1 andval2

respectively. If eitherlookupfails, thenclunky takestheotherwise caseandreturnsthesumof its
arguments.

This is certainlylegalHaskell, but it is a tremendouslyverboseandun-obviousway to achievethe
desiredeffect.Arguably, a moredirectway to write clunky wouldbeto usecaseexpressions:

clunky env var1 var1 = case lookup env var1 of
Nothing -> fail
Just val1 -> case lookup env var2 of

Nothing -> fail
Just val2 -> val1 + val2

where
fail = val1 + val2

This is abit shorter, but hardlybetter. Of course,wecanrewrite any setof pattern-matching,guarded
equationsascaseexpressions;thatis preciselywhatthecompilerdoeswhencompilingequations!
ThereasonthatHaskell providesguardedequationsis becausethey allow usto write down thecases
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we wantto consider, oneata time, independentlyof eachother. This structureis hiddenin thecase
version.Two of theright-handsidesarereally thesame(fail ), andthewholeexpressiontendsto
becomemoreandmoreindented.

Hereis how I wouldwrite clunky:

clunky env var1 var1
| Just val1 <- lookup env var1
, Just val2 <- lookup env var2
= val1 + val2

...other equations for clunky...

Thesemanticsshouldbeclearenough.Thequalifersarematchedin order. For a<- qualifier, which I
call apatternguard,theright handsideis evaluatedandmatchedagainstthepatternon theleft. If the
matchfails thenthewholeguardfailsandthenext equationis tried. If it succeeds,thenthe
appropriatebindingtakesplace,andthenext qualifieris matched,in theaugmentedenvironment.
Unlike list comprehensions,however, thetypeof theexpressionto theright of the<- is thesameas
thetypeof thepatternto its left. Thebindingsintroducedby patternguardsscopeoverall the
remainingguardqualifiers,andover theright handsideof theequation.

Justaswith list comprehensions,booleanexpressionscanbefreely mixedwith amongthepattern
guards.For example:

f x | [y] <- x
, y > 3
, Just z <- h y
= ...

Haskell’s currentguardsthereforeemergeasa specialcase,in which thequalifierlist hasjustone
element,abooleanexpression.

6.5. The foreign interface
Theforeigninterfaceconsistsof thefollowing components:

• TheForeignFunctionInterfacelanguagespecification(includedin this manual,in Chapter7).

• TheForeign module(seeSection4.9in Haskell Libraries) collectstogetherseveralinterfaces
which areusefulin specifyingforeignlanguageinterfaces,includingthefollowing:

• TheForeignObj module(seeSection4.10in Haskell Libraries), for managingpointersfrom
Haskell into theoutsideworld.

• TheStablePtr module(seeSection4.24in Haskell Libraries), for managingpointersinto
Haskell from theoutsideworld.

• TheCTypes module(seeSection4.5in Haskell Libraries) givesHaskell equivalentsfor the
standardC datatypes,for usein makingHaskell bindingsto existing C libraries.
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• TheCTypesISO module(seeSection4.6 in Haskell Libraries) givesHaskell equivalentsfor C
typesdefinedby theISO C standard.

• TheStorable library, for primitivemarshallingof datatypesbetweenHaskell andtheforeign
language.

Thefollowing sectionsalsogivesomehintsandtipson theuseof theforeignfunctioninterfacein
GHC.

6.5.1. Using function header s

WhengeneratingC (usingthe-fvia-C directive),onecanassisttheC compilerin detectingtype
errorsby usingthe-#include directiveto provide .h files containingfunctionheaders.

For example,

#include "HsFFI.h"

void initialiseEFS (HsInt size);
HsInt terminateEFS (void);
HsForeignObj emptyEFS(void);
HsForeignObj updateEFS (HsForeignObj a, HsInt i, HsInt x);
HsInt lookupEFS (HsForeignObj a, HsInt i);

ThetypesHsInt , HsForeignObj etc.aredescribedin Table7-1.

Notethatthisapproachis only essentialfor returningfloat s (or if sizeof(int) !=

sizeof(int *) on yourarchitecture)but is a GoodThing for anyonewho caresaboutwriting
solidcode.You’recrazynot to do it.

6.6. Multi-parameter type classes
This sectiondocumentsGHC’s implementationof multi-parametertypeclasses.There’s lotsof
backgroundin thepaperTypeclasses:exploring thedesignspace
(http://research.microsoft.com/~simonpj/multi.ps.gz) (SimonPeytonJones,Mark Jones,Erik
Meijer).

I’ d like to thankpeoplewho reportedshorcomingsin theGHC3.02implementation.Our default
decisionswereall conservativeones,andtheexperienceof theseheroicpioneershasgivenuseful
concreteexamplesto supportseveralgeneralisations.(Theseappearbelow asdesignchoicesnot
implementedin 3.02.)

I’ vediscussedthesenoteswith Mark Jones,andI believe thatHugswill migratetowardsthesame
designchoicesasI outlinehere.Thanksto him, andto many otherswho haveofferedveryuseful
feedback.
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6.6.1. Types
Therearethefollowing restrictionson theform of a qualifiedtype:

forall tv1..tvn (c1, ...,cn) => type

(Here,I write the"foralls" explicitly, althoughtheHaskell sourcelanguageomitsthem;in Haskell
1.4,all thefreetypevariablesof anexplicit source-languagetypesignatureareuniversally
quantified,exceptfor theclasstypevariablesin a classdeclaration.However, in GHC,youcangive
theforalls if youwant.SeeSection6.7).

1. Each universallyquantifiedtypevariabletvi mustbementioned(i.e. appearfree)in type.
Thereasonfor this is thatavaluewith a typethatdoesnot obey this restrictioncouldnot be
usedwithout introducingambiguity. Here,for example,is anillegal type:

forall a. Eq a => Int

Whena valuewith this typewasused,theconstraintEq tv would beintroducedwheretv is a fresh
typevariable,and(in thedictionary-translationimplementation)thevaluewouldbeappliedto a
dictionaryfor Eq tv . Thedifficulty is thatwecanneverknow which instanceof Eq to use
becausewe nevergetany moreinformationabouttv .

2. Everyconstraint ci mustmentionat leastoneof theuniversallyquantifiedtypevariablestvi.
For example,this typeis OK becauseC a b mentionstheuniversallyquantifiedtypevariableb:

forall a. C a b => burble

Thenext typeis illegalbecausetheconstraintEq b doesnot mentiona:

forall a. Eq b => burble

Thereasonfor this restrictionis milder thantheotherone.Theexcludedtypesareneverusefulor
necessary(becausetheoffendingcontext doesn’t needto bewitnessedat this point; it canbe
floatedout).Furthermore,floatingthemout increasessharing.Lastly, excludingthemis a
conservativechoice;it leavesa patchof territory freein casewe needit later.

Theserestrictionsapplyto all types,whetherdeclaredin a typesignatureor inferred.

UnlikeHaskell 1.4,constraintsin typesdo not have to beof theform (classtype-variables). Thus,
thesetypesignaturesareperfectlyOK

f :: Eq (m a) => [m a] -> [m a]
g :: Eq [a] => ...

This choicerecoversprincipaltypes,a propertythatHaskell 1.4doesnot have.
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6.6.2. Class declarations

1. Multi-parametertypeclassesare permitted. For example:

class Collection c a where
union :: c a -> c a -> c a
...etc.

2. Theclasshierarchymustbeacyclic. However, thedefinitionof "acyclic" involvesonly the
superclassrelationships.For example,this is OK:

class C a where {
op :: D b => a -> b -> b

}

class C a => D a where { ... }

Here,C is asuperclassof D, but it’sOK for a classoperationop of C to mentionD. (It would notbe
OK for D to bea superclassof C.)

3. There areno restrictionson thecontext in a classdeclaration(which introducessuperclasses),
exceptthat theclasshierarchymustbeacyclic. SotheseclassdeclarationsareOK:

class Functor (m k) => FiniteMap m k where
...

class (Monad m, Monad (t m)) => Transform t m where
lift :: m a -> (t m) a

4. In thesignatureof a classoperation,everyconstraint mustmentionat leastonetypevariable
that is not a classtypevariable. Thus:

class Collection c a where
mapC :: Collection c b => (a->b) -> c a -> c b

is OK becausetheconstraint(Collection a b) mentionsb, eventhoughit alsomentionsthe
classvariablea. On theotherhand:

class C a where
op :: Eq a => (a,b) -> (a,b)

is not OK becausetheconstraint(Eq a) mentionson theclasstypevariablea, but not b. However,
any suchexampleis easilyfixedby moving theoffendingcontext up to thesuperclasscontext:

class Eq a => C a where
op ::(a,b) -> (a,b)

A yetmorerelaxedrule would allow thecontext of a class-opsignatureto mentiononly classtype
variables.However, thatconflictswith Rule1(b) for typesabove.

5. Thetypeof each classoperationmustmentionall of theclasstypevariables. For example:

class Coll s a where
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empty :: s
insert :: s -> a -> s

is not OK, becausethetypeof empty doesn’t mentiona. This rule is a consequenceof Rule1(a),
above,for types,andhasthesamemotivation.Sometimes,offendingclassdeclarationsexhibit
misunderstandings.For example,Coll might berewritten

class Coll s a where
empty :: s a
insert :: s a -> a -> s a

which makestheconnectionbetweenthetypeof a collectionof a’s (namely(s a) ) andtheelement
typea. Occasionallythis reallydoesn’t work, in whichcaseyoucansplit theclasslike this:

class CollE s where
empty :: s

class CollE s => Coll s a where
insert :: s -> a -> s

6.6.3. Instance declarations

1. Instancedeclarationsmaynot overlap. Thetwo instancedeclarations

instance context1 => C type1 where ...
instance context2 => C type2 where ...

"overlap"if type1 andtype2 unify However, if yougive thecommandline option
-fallow-overlapping-instances thentwo overlappinginstancedeclarationsarepermitted
if f

• EITHER type1 andtype2 do notunify

• OR type2 is asubstitutioninstanceof type1 (but not identicalto type1 )

• OR viceversa

Noticethattheserules

• make it clearwhich instancedeclto use(pick themostspecificonethatmatches)

• do not mentionthecontextscontext1 , context2 Reason:you canpick which instance
decl"matches"basedon thetype.

Regrettably, GHCdoesn’t guaranteeto detectoverlappinginstancedeclarationsif they appearin
differentmodules.GHCcan"see"theinstancedeclarationsin thetransitiveclosureof all the
modulesimportedby theonebeingcompiled,soit can"see"all instancedeclswhenit is
compilingMain . However, it currentlychoosesnot to look atonesthatcan’t possiblybeof use
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in themodulecurrentlybeingcompiled,in theinterestsof efficiency. (Perhapsweshould
changethatdecision,at leastfor Main .)

2. There areno restrictionson thetypein an instancehead, exceptthatat leastonemustnot bea
typevariable. Theinstance"head"is thebit afterthe"=>" in aninstancedecl.For example,
theseareOK:

instance C Int a where ...

instance D (Int, Int) where ...

instance E [[a]] where ...

Notethatinstanceheadsmaycontainrepeatedtypevariables.For example,this is OK:

instance Stateful (ST s) (MutVar s) where ...

The"at leastonenot a typevariable"restrictionis to ensurethatcontext reductionterminates:each
reductionstepremovesonetypeconstructor. For example,thefollowing wouldmake thetype
checker loop if it wasn’t excluded:

instance C a => C a where ...

Therearetwo situationsin which therule is a bit of a pain.First, if oneallowsoverlappinginstance
declarationsthenit’s quiteconvenientto havea"default instance"declarationthatappliesif
somethingmorespecificdoesnot:

instance C a where
op = ... - Default

Second,sometimesyoumight wantto usethefollowing to gettheeffectof a "classsynonym":

class (C1 a, C2 a, C3 a) => C a where { }

instance (C1 a, C2 a, C3 a) => C a where { }

This allowsyou to write shortersignatures:

f :: C a => ...

insteadof

f :: (C1 a, C2 a, C3 a) => ...

I’m on thelookout for a simplerule thatpreservesdecidabilitywhile allowing theseidioms.The
experimentalflag -fallow-undecidable-instances lifts this restriction,allowing all the
typesin aninstanceheadto betypevariables.

3. Unlike Haskell 1.4, instanceheadsmayusetypesynonyms. As always,usinga typesynonym is
justshorthandfor writing theRHSof thetypesynonym definition.For example:

type Point = (Int,Int)
instance C Point where ...
instance C [Point] where ...

is legal.However, if youadded

instance C (Int,Int) where ...

103



Chapter6. GHCLanguageFeatures

aswell, thenthecompilerwill complainabouttheoverlapping(actually, identical)instance
declarations.As always,typesynonymsmustbefully applied.Youcannot,for example,write:

type P a = [[a]]
instance Monad P where ...

This designdecisionis independentof all theothers,andeasilyreversed,but it makessenseto me.

4. Thetypesin an instance-declarationcontext mustall betypevariables. Thus

instance C a b => Eq (a,b) where ...

is OK, but

instance C Int b => Foo b where ...

is not OK. Again, theintenthereis to makesurethatcontext reductionterminates.Voluminous
correspondenceon theHaskell mailing list hasconvincedmethatit’s worthexperimentingwith
amoreliberal rule. If you usetheflag -fallow-undecidable-instances canusearbitrary
typesin aninstancecontext. Terminationis ensuredby having a fixed-depthrecursionstack.If
youexceedthestackdepthyougeta sortof backtrace,andtheopportunityto increasethestack
depthwith -fcontext-stack N.

6.7. Explicit univer sal quantification
GHCnow allowsyou to write explicitly quantifiedtypes.GHC’s syntaxfor thisnow agreeswith
Hugs’s,namely:

forall a b. (Ord a, Eq b) => a -> b -> a

Thecontext is, of course,optional.Youcan’t useforall asa typevariableany more!

Haskell typesignaturesareimplicitly quantified.The forall allowsusto sayexactlywhatthis
means.For example:

g :: b -> b

meansthis:

g :: forall b. (b -> b)

Thetwo aretreatedidentically.
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6.7.1. Univer sall y-quantified data type fields
In a data or newtype declarationonecanquantifythetypesof theconstructorarguments.Hereare
severalexamples:

data T a = T1 (forall b. b -> b -> b) a

data MonadT m = MkMonad { return :: forall a. a -> m a,
bind :: forall a b. m a -> (a -> m b) -> m b

}

newtype Swizzle = MkSwizzle (Ord a => [a] -> [a])

Theconstructorsnow haveso-calledrank2 polymorphictypes,in which thereis a for-all in the
argumenttypes.:

T1 :: forall a. (forall b. b -> b -> b) -> a -> T a
MkMonad :: forall m. (forall a. a -> m a)

-> (forall a b. m a -> (a -> m b) -> m b)
-> MonadT m

MkSwizzle :: (Ord a => [a] -> [a]) -> Swizzle

Noticethatyoudon’t needto usea forall if there’sanexplicit context. For examplein thefirst
argumentof theconstructorMkSwizzle , animplicit "forall a. " is prefixedto theargumenttype.
Theimplicit forall quantifiesall typevariablesthatarenot alreadyin scope,andarementionedin
thetypequantifiedover.

As for typesignatures,implicit quantificationhappensfor non-overloadedtypestoo.Soif you write
this:

data T a = MkT (Either a b) (b -> b)

it’s justasif youhadwritten this:

data T a = MkT (forall b. Either a b) (forall b. b -> b)

Thatis, sincethetypevariableb isn’t in scope,it’s implicitly universallyquantified.(Arguably, it
would bebetterto requireexplicit quantificationon constructorargumentswherethatis whatis
wanted.Feedbackwelcomed.)

6.7.2. Construction
You constructvaluesof typesT1, MonadT, Swizzle by applyingtheconstructorto suitable
values,just asusual.For example,

(T1 (\xy->x) 3) :: T Int
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(MkSwizzle sort) :: Swizzle
(MkSwizzle reverse) :: Swizzle

(let r x = Just x
b m k = case m of

Just y -> k y
Nothing -> Nothing

in
MkMonad r b) :: MonadT Maybe

Thetypeof theargumentcan,asusual,bemoregeneralthanthetyperequired,as(MkSwizzle

reverse) shows.(reverse doesnot needtheOrd constraint.)

6.7.3. Pattern matc hing
Whenyouusepatternmatching,theboundvariablesmaynow havepolymorphictypes.For example:

f :: T a -> a -> (a, Char)
f (T1 f k) x = (f k x, f ’c’ ’d’)

g :: (Ord a, Ord b) => Swizzle -> [a] -> (a -> b) -> [b]
g (MkSwizzle s) xs f = s (map f (s xs))

h :: MonadT m -> [m a] -> m [a]
h m [] = return m []
h m (x:xs) = bind m x $ \y ->

bind m (h m xs) $ \ys ->
return m (y:ys)

In thefunctionh we usetherecordselectorsreturn andbind to extractthepolymorphicbind and
returnfunctionsfrom theMonadT datastructure,ratherthanusingpatternmatching.

You cannotpattern-matchagainstanargumentthatis polymorphic.For example:

newtype TIM s a = TIM (ST s (Maybe a))

runTIM :: (forall s. TIM s a) -> Maybe a
runTIM (TIM m) = runST m

Herethepattern-matchfails,becauseyoucan’t pattern-matchagainstanargumentof type(forall

s. TIM s a) . Insteadyou mustbind thevariableandpatternmatchin theright handside:

runTIM :: (forall s. TIM s a) -> Maybe a
runTIM tm = case tm of { TIM m -> runST m }
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The tm on theright handsideis (invisibly) instantiated,likeany polymorphicvalueat its occurrence
site,andnow you canpattern-matchagainstit.

6.7.4. The par tial-application restriction
Thereis really only oneway in which datastructureswith polymorphiccomponentsmightsurprise
you: youmustnot partiallyapplythem.For example,this is illegal:

map MkSwizzle [sort, reverse]

Therestrictionis this:everysubexpressionof theprogrammusthavea typethathasno for-alls,
exceptthat in a functionapplication(f e1.. .en)thepartial applicationsare not subjectto this rule.
Therestrictionmakestypeinferencefeasible.

In theillegalexample,thesub-expressionMkSwizzle hasthepolymorphictype(Ord b => [b]

-> [b]) -> Swizzle andis not asub-expressionof anenclosingapplication.On theotherhand,
this expressionis OK:

map (T1 (\a b -> a)) [1,2,3]

eventhoughit involvesapartialapplicationof T1, becausethesub-expressionT1 (\a b -> a)

hastypeInt -> T Int .

6.7.5. Type signatures
Onceyouhavedataconstructorswith universally-quantifiedfields,or constantssuchasrunST that
have rank-2types,it isn’t longbeforeyoudiscover thatyouneedmore!Consider:

mkTs f x y = [T1 f x, T1 f y]

mkTs is a fuction thatconstructssomevaluesof typeT, usingsomepiecespassedto it. Thetroubleis
thatsincef is a functionargument,Haskell assumesthatit is monomorphic,sowe’ll geta typeerror
whenapplyingT1 to it. This is a rathersilly example,but theproblemreallybitesin practice.Lotsof
peopletrip over thefactthatyoucan’t make"wrappersfunctions"for runST for exactly thesame
reason.In short,it is impossibleto build abstractionsaroundfunctionswith rank-2types.

Thesolutionis fairly clear. We providetheability to givea rank-2typesignaturefor ordinary
functions(not only dataconstructors),thus:

mkTs :: (forall b. b -> b -> b) -> a -> [T a]
mkTs f x y = [T1 f x, T1 f y]
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This typesignaturetells thecompilerto attribute f with thepolymorphictype(forall b. b ->

b -> b) whentypecheckingthebodyof mkTs, sonow theapplicationof T1 is fine.

Therearetwo restrictions:

• You canonly definearank2 type,specifiedby thefollowing grammar:

rank2type ::= [forall tyvars .] [context =>] funty
funty ::= ([forall tyvars .] [context =>] ty) -> funty

| ty
ty ::= ...current Haskell monotype syntax...

Informally, theuniversalquantificationmustall beright at thebeginning,or at thetop level of a
functionargument.

• Thereis a restrictionon thedefinitionof a functionwhosetypesignatureis a rank-2type:the
polymorphicargumentsmustbematchedon theleft handsideof the"=" sign.You can’t define
mkTs like this:

mkTs :: (forall b. b -> b -> b) -> a -> [T a]
mkTs = \ f x y -> [T1 f x, T1 f y]

Thesamepartial-applicationrule appliesto ordinaryfunctionswith rank-2typesasappliedto data
constructors.

6.7.6. Type synon yms and hoisting
GHCalsoallowsyou to write a forall in a typesynonym, thus:

type Discard a = forall b. a -> b -> a

f :: Discard a
f x y = x

However, it is oftenconvenientto usethesesortof synonymsat theright handendof anarrow, thus:

type Discard a = forall b. a -> b -> a

g :: Int -> Discard Int
g x y z = x+y

Simply expandingthetypesynonym would give

g :: Int -> (forall b. Int -> b -> Int)

but GHC"hoists"the forall to give theisomorphictype

g :: forall b. Int -> Int -> b -> Int
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In general,therule is this: to determinethetypespecifiedbyanyexplicit user-written type(e.g. in a
typesignature),GHCexpandstypesynonymsandthenrepeatedlyperformsthetransformation:

type1 -> forall a. type2
==>

forall a. type1 -> type2

(In fact,GHCtriesto retainasmuchsynonym informationaspossiblefor usein errormessages,but
thatis ausabilityissue.)This ruleapplies,of course,whetheror not the forall comesfrom a
synonym. For example,hereis anothervalid way to write g’s typesignature:

g :: Int -> Int -> forall b. b -> Int

6.8. Existentiall y quantified data constructor s
Theideaof usingexistentialquantificationin datatypedeclarationswassuggestedby Laufer(I
believe,thoughtdoubtlesssomeonewill correctme),andimplementedin Hope+.It’sbeenin
LennartAugustsson’shbc Haskell compilerfor severalyears,andprovedveryuseful.Here’s the
idea.Considerthedeclaration:

data Foo = forall a. MkFoo a (a -> Bool)
| Nil

ThedatatypeFoo hastwo constructorswith types:

MkFoo :: forall a. a -> (a -> Bool) -> Foo
Nil :: Foo

Noticethatthetypevariablea in thetypeof MkFoo doesnot appearin thedatatypeitself, which is
plain Foo. For example,thefollowing expressionis fine:

[MkFoo 3 even, MkFoo ’c’ isUpper] :: [Foo]

Here,(MkFoo 3 even) packagesanintegerwith a functioneven thatmapsanintegerto Bool ;
andMkFoo ’c’ isUpper packagesacharacterwith acompatiblefunction.Thesetwo thingsare
eachof typeFoo andcanbeput in a list.

Whatcanwedo with avalueof typeFoo?. In particular, whathappenswhenwepattern-matchon
MkFoo?

f (MkFoo val fn) = ???
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Sinceall we know aboutval andfn is thatthey arecompatible,theonly (useful)thingwe cando
with themis to apply fn to val to getaboolean.For example:

f :: Foo -> Bool
f (MkFoo val fn) = fn val

Whatthis allowsusto do is to packageheterogenousvaluestogetherwith a bunchof functionsthat
manipulatethem,andthentreatthatcollectionof packagesin a uniformmanner. Youcanexpress
quitea bit of object-oriented-likeprogrammingthis way.

6.8.1. Why existential?
Whathasthis to do with existentialquantification?Simply thatMkFoo hasthe(nearly)isomorphic
type

MkFoo :: (exists a . (a, a -> Bool)) -> Foo

But Haskell programmerscansafelythink of theordinaryuniversallyquantifiedtypegivenabove,
therebyavoidingaddinganew existentialquantificationconstruct.

6.8.2. Type classes
An easyextension(implementedin hbc) is to allow arbitrarycontextsbeforetheconstructor. For
example:

data Baz = forall a. Eq a => Baz1 a a
| forall b. Show b => Baz2 b (b -> b)

Thetwo constructorshave thetypesyou’d expect:

Baz1 :: forall a. Eq a => a -> a -> Baz
Baz2 :: forall b. Show b => b -> (b -> b) -> Baz

But whenpatternmatchingonBaz1 thematchedvaluescanbecomparedfor equality, andwhen
patternmatchingon Baz2 thefirst matchedvaluecanbeconvertedto astring(aswell asapplying
thefunctionto it). Sothis programis legal:

f :: Baz -> String
f (Baz1 p q) | p == q = "Yes"

| otherwise = "No"
f (Baz1 v fn) = show (fn v)
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Operationally, in a dictionary-passingimplementation,theconstructorsBaz1 andBaz2 muststore
thedictionariesfor Eq andShow respectively, andextractit on patternmatching.

Noticetheway thatthesyntaxfits smoothlywith thatusedfor universalquantificationearlier.

6.8.3. Restrictions
Thereareseveralrestrictionson thewaysin which existentially-quantifiedconstructorscanbeuse.

• Whenpatternmatching,eachpatternmatchintroducesa new, distinct,typefor eachexistential
typevariable.Thesetypescannotbeunifiedwith any othertype,nor canthey escapefrom the
scopeof thepatternmatch.For example,thesefragmentsareincorrect:

f1 (MkFoo a f) = a

Here,thetypeboundby MkFoo "escapes",becausea is theresultof f1 . Oneway to seewhy this is
wrongis to askwhattype f1 has:

f1 :: Foo -> a - Weird!

Whatis this "a" in theresulttype?Clearlywedon’t meanthis:

f1 :: forall a. Foo -> a - Wrong!

Theoriginalprogramis just plain wrong.Here’sanothersortof error

f2 (Baz1 a b) (Baz1 p q) = a==q

It’ sok to saya==b or p==q , but a==q is wrongbecauseit equatesthetwo distincttypesarisingfrom
thetwo Baz1 constructors.

• You can’t pattern-matchon anexistentiallyquantifiedconstructorin a let or where groupof
bindings.Sothis is illegal:

f3 x = a==b where { Baz1 a b = x }

You canonly pattern-matchon anexistentially-quantifiedconstructorin acase expressionor in the
patternsof a functiondefinition.Thereasonfor this restrictionis really animplementationone.
Type-checkingbindinggroupsis alreadyanightmarewithoutexistentialscomplicatingthe
picture.Also anexistentialpatternbindingat thetop level of a moduledoesn’t makesense,
becauseit’snot clearhow to preventtheexistentially-quantifiedtype"escaping".Sofor now,
there’sa simple-to-staterestriction.We’ll seehow annoying it is.

• You can’t useexistentialquantificationfor newtype declarations.Sothis is illegal:

newtype T = forall a. Ord a => MkT a

Reason:avalueof typeT mustberepresentedasapair of a dictionaryfor Ord t anda valueof type
t . Thatcontradictstheideathatnewtype shouldhavenoconcreterepresentation.Youcangetjust
thesameefficiency andeffectby usingdata insteadof newtype . If thereis nooverloading
involved,thenthereis moreof a casefor allowing anexistentially-quantifiednewtype , because
thedata becausethedata versiondoescarryanimplementationcost,but single-field
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existentiallyquantifiedconstructorsaren’t muchuse.Sothesimplerestriction(noexistentialstuff
on newtype ) stands,unlessthereareconvincing reasonsto changeit.

• You can’t usederiving to defineinstancesof adatatypewith existentiallyquantifieddata
constructors.Reason:in mostcasesit would not makesense.For example:#

data T = forall a. MkT [a] deriving( Eq )

To deriveEq in thestandardwaywewould needto haveequalitybetweenthesinglecomponentof
two MkTconstructors:

instance Eq T where
(MkT a) == (MkT b) = ???

But a andb havedistincttypes,andsocan’t becompared.It’s justaboutpossibleto imagine
examplesin which thederivedinstancewouldmakesense,but it seemsaltogethersimplersimply
to prohibit suchdeclarations.Defineyourown instances!

6.9. Asser tions
If you wantto makeuseof assertionsin yourstandardHaskell code,youcoulddefinea functionlike
thefollowing:

assert :: Bool -> a -> a
assert False x = error "assertion failed!"
assert _ x = x

whichworks,but givesyoubacka lessthanusefulerrormessage– anassertionfailed,but whichand
where?

Oneway out is to defineanextendedassert functionwhich alsotakesadescriptivestringto
includein theerrormessageandperhapscombinethis with theuseof a pre-processorwhich inserts
thesourcelocationwhereassert wasused.

Ghcoffersahelpinghandhere,doingall of this for you.For everyuseof assert in theuser’s
source:

kelvinToC :: Double -> Double
kelvinToC k = assert (k >= 0.0) (k+273.15)

Ghcwill rewrite this to alsoincludethesourcelocationwheretheassertionwasmade,

assert pred val ==> assertError "Main.hs|15" pred val
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Therewrite is only performedby thecompilerwhenit spotsapplicationsof Exception.assert , so
you canstill defineanduseyourown versionsof assert , shouldyousowish. If not, import
Exception to makeuseassert in yourcode.

To havethecompilerignoreusesof assert,usethecompileroption-fignore-asserts . Thatis,
expressionsof theform assert pred e will berewritten to e.

Assertionfailurescanbecaught,seethedocumentationfor theException library (Section4.8in
Haskell Libraries) for thedetails.

6.10. Scoped Type Variab les
A patterntypesignaturecanintroducea scopedtypevariable. For example

f (xs::[a]) = ys ++ ys
where

ys :: [a]
ys = reverse xs

Thepattern(xs::[a]) includesa typesignaturefor xs . This bringsthetypevariablea into scope;
it scopesoverall thepatternsandright handsidesfor this equationfor f . In particular, it is in scope
at thetypesignaturefor y .

At ordinarytypesignatures,suchasthatfor ys , any typevariablesmentionedin thetypesignature
thatare not in scopeareimplicitly universallyquantified.(If thereareno typevariablesin scope,all
typevariablesmentionedin thesignatureareuniversallyquantified,which is just asin Haskell 98.)
In this case,sincea is in scope,it is not universallyquantified,sothetypeof ys is thesameasthat
of xs . In Haskell 98 it is notpossibleto declarea typefor ys ; amajorbenefitof scopedtype
variablesis thatit becomespossibleto do so.

Scopedtypevariablesareimplementedin bothGHCandHugs.Wheretheimplementationsdiffer
from thespecificationbelow, thosedifferencesarenoted.

Somuchfor thebasicidea.Herearethedetails.

6.10.1. Scope and implicit quantification

• All thetypevariablesmentionedin thepatternsfor a singlefunctiondefinitionequation,thatare
not alreadyin scope,arebroughtinto scopeby thepatterns.We describethis setasthetype
variablesboundby theequation.

• Thetypevariablesthusbroughtinto scopemaybementionedin ordinarytypesignaturesor
patterntypesignaturesanywherewithin their scope.
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• In ordinarytypesignatures,any typevariablementionedin thesignaturethatis in scopeis not
universallyquantified.

• Ordinarytypesignaturesdonot bringany new typevariablesinto scope(exceptin thetype
signatureitself!). Sothis is illegal:

f :: a -> a
f x = x::a

It’ s illegalbecausea is not in scopein thebodyof f , sotheordinarysignaturex::a is equivalentto
x::forall a.a ; andthatis anincorrecttyping.

• Thereis no implicit universalquantificationonpatterntypesignatures,normayonewrite an
explicit forall typein apatterntypesignature.Thepatterntypesignatureis a monotype.

• Thetypevariablesin theheadof a class or instance declarationscopeover themethods
definedin thewhere part.For example:

class C a where
op :: [a] -> a

op xs = let ys::[a]
ys = reverse xs

in
head ys

(Not implementedin Hugsyet,Dec98).

6.10.2. Polymorphism

• Patterntypesignaturesarecompletelyorthogonalto ordinary, separatetypesignatures.Thetwo
canbeusedindependentlyor together. Thereis no scopingassociatedwith thenamesof thetype
variablesin a separatetypesignature.

f :: [a] -> [a]
f (xs::[b]) = reverse xs

• Thefunctionmustbepolymorphicin thetypevariablesboundby all its equations.Operationally,
thetypevariablesboundby oneequationmustnot:

• Beunifiedwith a type(suchasInt , or [a] ).

• Beunifiedwith a typevariablefreein theenvironment.

• Beunifiedwith eachother. (They mayunify with thetypevariablesboundby anotherequation
for thesamefunction,of course.)

For example,thefollowing all fail to typecheck:

f (x::a) (y::b) = [x,y] - a unifies with b
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g (x::a) = x + 1::Int - a unifies with Int

h x = let k (y::a) = [x,y] - a is free in the
in k x - environment

k (x::a) True = ... - a unifies with Int
k (x::Int) False = ...

w :: [b] -> [b]
w (x::a) = x - a unifies with [b]

• Thepattern-boundtypevariablemay, however, beconstrainedby thecontext of theprincipal
type,thus:

f (x::a) (y::a) = x+y*2

getstheinferredtype: forall a. Num a => a -> a -> a.

6.10.3. Result type signatures

• Theresulttypeof a functioncanbegivenasignature,thus:

f (x::a) :: [a] = [x,x,x]

Thefinal :: [a] afterall thepatternsgivesa signatureto theresulttype.Sometimesthis is theonly
way of namingthetypevariableyou want:

f :: Int -> [a] -> [a]
f n :: ([a] -> [a]) = let g (x::a, y::a) = (y,x)

in \xs -> map g (reverse xs ‘zip‘ xs)

Resulttypesignaturesarenot yet implementedin Hugs.

6.10.4. Pattern signatures on other constructs

• A patterntypesignaturecanbeon anarbitrarysub-pattern,not just on avariable:

f ((x,y)::(a,b)) = (y,x) :: (b,a)

• Patterntypesignatures,includingtheresultpart,canbeusedin lambdaabstractions:

(\ (x::a, y) :: a -> x)

Typevariablesboundby thesepatternsmustbepolymorphicin thesensedefinedabove.For
example:
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f1 (x::c) = f1 x - ok
f2 = \(x::c) -> f2 x - not ok

Here,f1 is OK, but f2 is not,becausec getsunifiedwith a typevariablefreein theenvironment,in
this case,thetypeof f2 , which is in theenvironmentwhenthelambdaabstractionis checked.

• Patterntypesignatures,includingtheresultpart,canbeusedin case expressions:

case e of { (x::a, y) :: a -> x }

Thepattern-boundtypevariablesmust,asusual,bepolymorphicin thefollowing sense:eachcase
alternative,consideredasa lambdaabstraction,mustbepolymorphic.Thusthis is OK:

case (True,False) of { (x::a, y) -> x }

Eventhoughthecontext is thatof a pair of booleans,thealternative itself is polymorphic.Of course,
it is alsoOK to say:

case (True,False) of { (x::Bool, y) -> x }

• To avoid ambiguity, thetypeafterthe“ :: ” in a resultpatternsignatureon a lambdaor case must
beatomic(i.e. a singletokenor a parenthesisedtypeof somesort).To seewhy, considerhow one
would parsethis:

\ x :: a -> b -> x

• Patterntypesignaturesthatbind new typevariablesmaynot beusedin patternbindingsatall. So
this is illegal:

f x = let (y, z::a) = x in ...

But theseareOK, becausethey do notbind freshtypevariables:

f1 x = let (y, z::Int) = x in ...
f2 (x::(Int,a)) = let (y, z::a) = x in ...

Howevera singlevariableis considereda degeneratefunctionbinding,ratherthanadegeratepattern
binding,sothis is permitted,eventhoughit bindsa typevariable:

f :: (b->b) = \(x::b) -> x

Suchdegneratefunctionbindingsdonot fall underthemonomorphismrestriction.Thus:

g :: a -> a -> Bool = \x y. x==y

Hereg hastype forall a. Eq a => a -> a -> Bool , just asif g hadaseparatetype
signature.Lackinga typesignature,g wouldgeta monomorphictype.
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6.10.5. Existentials

• Patterntypesignaturescanbindexistentialtypevariables.For example:

data T = forall a. MkT [a]

f :: T -> T
f (MkT [t::a]) = MkT t3

where
t3::[a] = [t,t,t]

6.11. Pragmas
GHCsupportsseveralpragmas,or instructionsto thecompilerplacedin thesourcecode.Pragmas
don’t affect themeaningof theprogram,but they mightaffect theefficiency of thegeneratedcode.

6.11.1. INLINE pragma
GHC(with -O , asalways)triesto inline (or “unfold”) functions/valuesthatare“small enough,”thus
avoiding thecall overheadandpossiblyexposingothermore-wonderfuloptimisations.

You will probablyseetheseunfoldings(in Coresyntax)in your interfacefiles.

Normally, if GHCdecidesa functionis “too expensive” to inline, it will notdo so,norwill it export
thatunfoldingfor othermodulesto use.

Thesledgehammeryoucanbring to bearis the INLINE pragma,usedthusly:

key_function :: Int -> String -> (Bool, Double)

#ifdef __GLASGOW_HASKELL__
{-# INLINE key_function #-}
#endif

(Youdon’t needto do theC pre-processorcarry-onunlessyou’regoingto stick thecodethrough
HBC—it doesn’t like INLINE pragmas.)

Themajoreffectof an INLINE pragmais to declarea function’s“cost” to bevery low. Thenormal
unfoldingmachinerywill thenbeverykeento inline it.

An INLINE pragmafor a functioncanbeput anywhereits typesignaturecouldbeput.

INLINE pragmasarea particularlygoodideafor the then /return (or bind /unit ) functionsin a
monad.For example,in GHC’s own UniqueSupply monadcode,we have:
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#ifdef __GLASGOW_HASKELL__
{-# INLINE thenUs #-}
{-# INLINE returnUs #-}
#endif

6.11.2. NOINLINE pragma

TheNOINLINE pragmadoesexactlywhatyou’d expect:it stopsthenamedfunctionfrom being
inlined by thecompiler. Youshouldn’t everneedto do this,unlessyou’reverycautiousaboutcode
size.

6.11.3. SPECIALIZE pragma

(UK spellingalsoaccepted.)For key overloadedfunctions,you cancreateextraversions(NB: more
codespace)specialisedto particulartypes.Thus,if youhaveanoverloadedfunction:

hammeredLookup :: Ord key => [(key, value)] -> key -> value

If it is heavily usedon listswith Widget keys,youcouldspecialiseit asfollows:

{-# SPECIALIZE hammeredLookup :: [(Widget, value)] -> Widget -> value #-}

To getvery fancy, youcanalsospecifyanamedfunctionto usefor thespecialisedvalue,by adding=

blah , asin:

{-# SPECIALIZE hammeredLookup :: ...as before... = blah #-}

It’ sYour Responsibilityto makesurethatblah really behavesasa specialisedversionof
hammeredLookup !!!

NOTE: the=blah featureisn’t implementedin GHC4.xx.

An examplein which the= blah form will Win Big:

toDouble :: Real a => a -> Double
toDouble = fromRational . toRational

{-# SPECIALIZE toDouble :: Int -> Double = i2d #-}
i2d (I# i) = D# (int2Double# i) - uses Glasgow prim-op directly

The i2d functionis virtually onemachineinstruction;thedefaultconversion—viaanintermediate
Rational —is obscenelyexpensiveby comparison.
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By usingtheUS spelling,your SPECIALIZE pragmawill work with HBC, too.NotethatHBC
doesn’t supportthe= blah form.

A SPECIALIZE pragmafor a functioncanbeputanywhereits typesignaturecouldbeput.

6.11.4. SPECIALIZE instance pragma
Sameidea,exceptfor instancedeclarations.For example:

instance (Eq a) => Eq (Foo a) where { ... usual stuff ... }

{-# SPECIALIZE instance Eq (Foo [(Int, Bar)] #-}

Compatiblewith HBC, by theway.

6.11.5. LINE pragma

This pragmais similar to C’s #line pragma,andis mainly for usein automaticallygenerated
Haskell code.It letsyouspecifytheline numberandfilenameof theoriginal code;for example

{-# LINE 42 "Foo.vhs" #-}

if you’d generatedthecurrentfile from somethingcalledFoo.vhs andthis line correspondsto line
42 in theoriginal.GHCwill adjustits errormessagesto referto theline/file namedin theLINE

pragma.

6.11.6. RULES pragma
TheRULESpragmaletsyou specifyrewrite rules.It is describedin Section6.12.

6.12. Rewrite rules
Theprogrammercanspecifyrewrite rulesaspartof thesourceprogram(in a pragma).GHCapplies
theserewrite ruleswherever it can.

Hereis anexample:

{-# RULES
"map/map" forall f g xs. map f (map g xs) = map (f.g) xs

#-}
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6.12.1. Syntax
Froma syntacticpoint of view:

• Eachrule hasa name,enclosedin doublequotes.Thenameitself hasno significanceat all. It is
only usedwhenreportinghow many timestherule fired.

• Theremaybezeroor morerulesin aRULESpragma.

• Layoutappliesin a RULESpragma.Currentlyno new indentationlevel is set,soyoumustlay out
your rulesstartingin thesamecolumnastheenclosingdefinitions.

• Eachvariablementionedin a rule musteitherbein scope(e.g.map), or boundby the forall

(e.g.f , g, xs ). Thevariablesboundby the forall arecalledthepatternvariables.They are
separatedby spaces,just like in a typeforall .

• A patternvariablemayoptionallyhavea typesignature.If thetypeof thepatternvariableis
polymorphic,it musthavea typesignature.For example,hereis the foldr/build rule:

"fold/build" forall k z (g::forall b. (a->b->b) -> b -> b) .
foldr k z (build g) = g k z

Sinceg hasapolymorphictype,it musthavea typesignature.

• Theleft handsideof a rule mustconsistof a top-level variableappliedto arbitraryexpressions.
For example,this is not OK:

"wrong1" forall e1 e2. case True of { True -> e1; False -> e2 } = e1
"wrong2" forall f. f True = True

In "wrong1" , theLHS is not anapplication;in "wrong1" , theLHS hasapatternvariablein the
head.

• A rule doesnotneedto bein thesamemoduleas(any of) thevariablesit mentions,thoughof
coursethey needto bein scope.

• Rulesareautomaticallyexportedfrom a module,just asinstancedeclarationsare.

6.12.2. Semantics
Froma semanticpoint of view:

• Rulesareonly appliedif you usethe-O flag.

• Rulesareregardedasleft-to-right rewrite rules.WhenGHCfindsanexpressionthatis a
substitutioninstanceof theLHS of a rule, it replacestheexpressionby the
(appropriately-substituted)RHS.By "a substitutioninstance"wemeanthattheLHS canbemade
equalto theexpressionby substitutingfor thepatternvariables.

• TheLHS andRHSof a rule aretypechecked,andmusthave thesametype.
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• GHCmakesabsolutelyno attemptto verify thattheLHS andRHSof a rule have thesame
meaning.Thatis undecideablein general,andinfeasiblein mostinterestingcases.The
responsibilityis entirelytheprogrammer’s!

• GHCmakesno attemptto makesurethattherulesareconfluentor terminating.For example:

"loop" forall x,y. f x y = f y x

This rulewill causethecompilerto go into aninfinite loop.

• If morethanonerule matchesa call, GHCwill chooseonearbitrarily to apply.

• GHCcurrentlyusesaverysimple,syntactic,matchingalgorithmfor matchinga ruleLHS with an
expression.It seeksasubstitutionwhichmakestheLHS andexpressionsyntacticallyequal
moduloalphaconversion.Thepattern(rule),but not theexpression,is eta-expandedif necessary.
(Eta-expandingtheepressioncanleadto lazinessbugs.)But not betaconversion(that’scalled
higher-ordermatching).

Matchingis carriedouton GHC’s intermediatelanguage,which includestypeabstractionsand
applications.Soa rule only matchesif thetypesmatchtoo.SeeSection6.12.4below.

• GHCkeepstrying to applytherulesasit optimisestheprogram.For example,consider:

let s = map f
t = map g

in
s (t xs)

Theexpressions (t xs) doesnot matchtherule "map/map" , but GHCwill substitutefor s andt ,
giving anexpressionwhich doesmatch.If s or t was(a)usedmorethanonce,and(b) largeor a
redex, thenit wouldnot besubstituted,andtherule would notfire.

• In theearlierphasesof compilation,GHC inlinesnothingthatappearson theLHSof a rule,
becauseonceyou havesubstitutedfor somethingyoucan’t matchagainstit (giventhesimple
mindedmatching).Soif youwrite therule

"map/map" forall f,g. map f . map g = map (f.g)

this won’t matchtheexpressionmap f (map g xs) . It will only matchsomethingwrittenwith
explicit useof ".". Well, not quite.It will matchtheexpression

wibble f g xs

wherewibble is defined:

wibble f g = map f . map g

becausewibble will beinlined (it’s small).Lateron in compilation,GHCstartsinlining eventhings
on theLHS of rules,but still leavestherulesenabled.This inlining policy is controlledby the
per-simplification-passflag -finline-phase n.

• All rulesareimplicitly exportedfrom themodule,andarethereforein forcein any modulethat
importsthemodulethatdefinedtherule,directlyor indirectly. (Thatis, if A importsB, which
importsC, thenC’s rulesarein forcewhencompilingA.) Thesituationis verysimilar to thatfor
instancedeclarations.
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6.12.3. List fusion
TheRULESmechanismis usedto implementfusion(deforestation)of commonlist functions.If a
"goodconsumer"consumesanintermediatelist constructedby a "goodproducer",theintermediate
list shouldbeeliminatedentirely.

Thefollowing aregoodproducers:

• List comprehensions

• Enumerationsof Int andChar (e.g.[’a’..’z’] ).

• Explicit lists (e.g.[True, False] )

• Theconsconstructor(e.g3:4:[] )

• ++

• map

• filter

• iterate , repeat

• zip , zipWith

Thefollowing aregoodconsumers:

• List comprehensions

• array (on its secondargument)

• length

• ++ (on its first argument)

• map

• filter

• concat

• unzip , unzip2 , unzip3 , unzip4

• zip , zipWith (but on oneargumentonly; if botharegoodproducers,zip will fusewith onebut
not theother)

• partition

• head

• and , or , any , all

• sequence_

• msum

• sortBy
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So,for example,thefollowing shouldgenerateno intermediatelists:

array (1,10) [(i,i*i) | i <- map (+ 1) [0..9]]

This list couldreadilybeextended;if therearePreludefunctionsthatyouusea lot which arenot
included,pleasetell us.

If you wantto write yourown goodconsumersor producers,look at thePreludedefinitionsof the
abovefunctionsto seehow to doso.

6.12.4. Specialisation
Rewrite rulescanbeusedto getthesameeffectasa featurepresentin earlierversionof GHC:

{-# SPECIALIZE fromIntegral :: Int8 -> Int16 = int8ToInt16 #-}

This told GHCto useint8ToInt16 insteadof fromIntegral whenever thelatterwascalledwith
type Int8 -> Int16 . Thatis, ratherthanspecialisingtheoriginaldefinitionof fromIntegral the
programmeris promisingthatit is safeto useint8ToInt16 instead.

This featureis no longerin GHC.But rewrite ruleslet youdo thesamething:

{-# RULES
"fromIntegral/Int8/Int16" fromIntegral = int8ToInt16

#-}

Thisslightly odd-lookingrule instructsGHCto replacefromIntegral by int8ToInt16 whenever
thetypesmatch. Speakingmoreoperationally, GHCaddsthetypeanddictionaryapplicationsto get
thetypedrule

forall (d1::Integral Int8) (d2::Num Int16) .
fromIntegral Int8 Int16 d1 d2 = int8ToInt16

Whatis more,this rule doesnotneedto bein thesamefile asfromIntegral,unlike theSPECIALISE

pragmaswhich currentlydo (sothatthey haveanoriginaldefinitionavailableto specialise).

6.12.5. Contr olling what’ s going on

• Use-ddump-rules to seewhattransformationrulesGHC is using.

• Use-ddump-simpl-stats to seewhatrulesarebeingfired.If youadd-dppr-debug yougeta
moredetailedlisting.

• Thedefintionof (say)build in PrelBase.lhs looksllik e this:

build :: forall a. (forall b. (a -> b -> b) -> b -> b) -> [a]
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{-# INLINE build #-}
build g = g (:) []

Noticethe INLINE ! Thatprevents(:) from beinginlined whencompilingPrelBase , sothatan
importingmodulewill “see” the(:) , andcanmatchit on theLHS of a rule. INLINE preventsany
inlining happeningin theRHSof the INLINE thing. I regretthedelicacy of this.

• In ghc/lib/std/PrelBase.lhs look at therulesfor map to seehow to write rulesthatwill do
fusionandyetgiveanefficientprogramevenif fusiondoesn’t happen.More rulesin
PrelList.lhs .

6.13. Concurrent and Parallel Haskell
ConcurrentandParallelHaskell areGlasgow extensionsto Haskell which let youstructureyour
programasa groupof independent‘threads’.

ConcurrentandParallelHaskell haveverydifferentpurposes.

ConcurrentHaskell is for applicationswhichhaveaninherentstructureof interacting,concurrent
tasks(i.e. ‘threads’).Threadsin suchprogramsmayberequired. For example,if a concurrentthread
hasbeenspawnedto handleamouseclick, it isn’t optional—theuserwantssomethingdone!

A ConcurrentHaskell programimpliesmultiple ‘threads’runningwithin a singleUnix processona
singleprocessor.

You will find at leastonepaperaboutConcurrentHaskell hangingoff of SimonPeyton Jones’sWeb
page(http://research.microsoft.com/~simonpj/).

ParallelHaskell is aboutspeed—spawning threadsontomultiple processorssothatyourprogram
will run faster. The‘threads’arealwaysadvisory—if theruntimesystemthinksit cangetthejob
donemorequickly by sequentialexecution,thenfine.

A ParallelHaskell programimpliesmultipleprocessesrunningonmultiple processors,underaPVM
(ParallelVirtual Machine)framework.

ParallelHaskell is still relatively new; it is moreabout“researchfun” thanabout“speed.”Thatwill
change.

Again,checkSimon’sWebpagefor publicationsaboutParallelHaskell (including“GUM”, thekey
bits of theruntimesystem).

SomedetailsaboutParallelHaskell follow. For moreinformationaboutconcurrentHaskell, see
Chapter2 in Haskell Libraries.
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6.13.1. Features specific to Parallel Haskell

6.13.1.1. The Parallel interface (recommended)

GHCprovidestwo functionsfor controllingparallelexecution,throughtheParallel interface:

interface Parallel where
infixr 0 ‘par‘
infixr 1 ‘seq‘

par :: a -> b -> b
seq :: a -> b -> b

Theexpression(x ‘par‘ y) sparkstheevaluationof x (to weakheadnormalform) andreturnsy .
Sparksarequeuedfor executionin FIFOorder, but arenot executedimmediately. At thenext heap
allocation,thecurrentlyexecutingthreadwill yield controlto thescheduler, andtheschedulerwill
starta new thread(until reachingtheactive threadlimit) for eachsparkwhich hasnotalreadybeen
evaluatedto WHNF.

Theexpression(x ‘seq‘ y) evaluatesx to weakheadnormalform andthenreturnsy . Theseq

primitivecanbeusedto forceevaluationof anexpressionbeyondWHNF, or to imposea desired
executionsequencefor theevaluationof anexpression.

For example,considerthefollowing parallelversionof ourold nemesis,nfib :

import Parallel

nfib :: Int -> Int
nfib n | n <= 1 = 1

| otherwise = par n1 (seq n2 (n1 + n2 + 1))
where n1 = nfib (n-1)

n2 = nfib (n-2)

For valuesof n greaterthan1, we usepar to sparka threadto evaluatenfib (n-1) , andthenwe
useseq to forcetheparentthreadto evaluatenfib (n-2) beforegoingon to addtogetherthese
two subexpressions.In thisdivide-and-conquerapproach,weonly sparka new threadfor onebranch
of thecomputation(leaving theparentto evaluatetheotherbranch).Also, we mustuseseq to
ensurethattheparentwill evaluaten2 beforen1 in theexpression(n1 + n2 + 1) . It is not
sufficient to reordertheexpressionas(n2 + n1 + 1) , becausethecompilermaynotgeneratecode
to evaluatetheaddendsfrom left to right.

6.13.1.2. Underl ying functions and primitives

Thefunctionspar andseq arewired into GHC,andunfold into usesof thepar# andseq#

primitives,respectively. If you’d like to seethis with yourveryown eyes,just run GHCwith the
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-ddump-simpl option.(Anything for a goodtime.. . )

6.13.1.3. Scheduling polic y for concurrent/parallel threads

Runnablethreadsarescheduledin round-robinfashion.Context switchesaresignalledby the
generationof new sparksor by theexpiry of avirtual timer (thetimer interval is configurablewith
the-C[<num>] RTS option).However, a context switchdoesn’t really happenuntil thecurrentheap
block is full. You can’t getany fastercontext switchingthanthis.

Whena context switchoccurs,pendingsparkswhichhavenot alreadybeenreducedto weakhead
normalform areturnedinto new threads.However, thereis a limit to thenumberof active threads
(runnableor blocked)which areallowedatany giventime.This limit canbeadjustedwith the
-t<num> RTS option(thedefault is 32).Oncethethreadlimit is reached,any remainingsparksare
deferreduntil someof thecurrentlyactive threadsarecompleted.

6.14. Haskell 98 vs. Glasgo w Haskell: langua ge
non-compliance

This sectionlistsGlasgow Haskell infelicities in its implementationof Haskell 98.Seealsothe
“when thingsgo wrong” section(Chapter8) for informationaboutcrashes,spaceleaks,andother
undesirablephenomena.

Thelimitationsherearelistedin Haskell-Reportorder(roughly).

6.14.1. Expressions and patterns

Very long String constants:

May not go through.If youadda“string gap”every few thousandcharacters,thenthestrings
canbeaslong asyou like.

Bearin mind thatstringgapsandthe-cpp optiondon’t mix verywell (seeSection3.9.1).

Singlequotesin modulenames:

It mightwork, but it’s just beggingfor trouble.
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6.14.2. Declarations and bindings
Noneknown.

6.14.3. Module system and interface files

Namespacepollution

Severalmodulesinternalto GHCarevisible in thestandardnamespace.All of thesemodules
begin with Prel , sotherule is: don’t useany modulesbeginningwith Prel in yourprogram,
or you will becomprehensively screwed.

6.14.4. Number s, basic types, and built-in classes

Uncheckedarithmetic:

Arguablynot aninfelicity, but.. . Bearin mind thatoperationson Int , Float , andDouble

numbersareunchecked for overflow, underflow, andothersadoccurrences.(note,however that
somearchitecturestrapfloating-pointoverflow andloss-of-precisionandreporta floating-point
exception,probablyterminatingtheprogram).

UseInteger , Rational , etc.,numerictypesif this stuff keepsyouawakeatnight.

Multiply-definedarrayelements—notchecked:

This codefragmentshouldelicit a fatalerror, but it doesnot:

main = print (array (1,1) [ 1:=2, 1:=3 ])

6.14.5. In Prelude suppor t

Arbitrary-sizedtuples:

Plainold tuplesof arbitrarysizedo work.

HOWEVER:standardinstancesfor tuples(Eq, Ord , Bounded , Ix Read, andShow) are
availableonly up to 5-tuples.

Theselimitationsareeasilysubvertible,sopleaseaskif yougetstuckon them.
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Unicodecharacterset:

Haskell 98 embracestheUnicodecharacterset,but GHCdoesn’t handleit. Yet.
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7.1. Intr oduction
Themotivationbehindthis foreignfunctioninterface(FFI) specificationis to make it possibleto
describein Haskell sourcecodetheinterfaceto foreignfunctionalityin aHaskell systemindependent
manner. It buildson experiencesmadewith thepreviousforeignfunctioninterfacesprovidedby
GHCandHugs.However, theFFI specifiedin this documentis not in themarketof trying to
completelybridgethegapbetweentheactualtypeof anexternalfunction,andwhatis aconvenient
typefor thatfunctionto theHaskell programmer. Thatis thedomainof toolslikeHaskellDirector
GreenCard,bothof which arecapableof generatingHaskell codethatusesthis FFI.

Generally, theFFI consistsof threeparts:

1. extensionsto thebaselanguageHaskell 98 (mostnotablyforeign import andforeign

export declarations),whicharespecifiedin thepresentdocument,

2. a low-level marshallinglibrary, which is partof theLanguagepartof theHaskell Extension
Library (seeSection4.25in Haskell Libraries), anda

3. ahigh-level marshallinglibrary, which is still underdevelopment.

Beforediving into thedetailsof thelanguageextensioncomingwith theFFI, let usbriefly outline
thetwo othercomponentsof theinterface.

Thelow-level marshallinglibrary consistsof aportionthatis independentof thetargetedforeign
languageanddedicatedsupportfor Haskell bindingsto C libraries(specialsupportfor other
languagesmaybeaddedin thefuture).Thelanguageindependentpartis givenby themodule
Foreign module(seeSection4.9in Haskell Libraries). It providessupportfor handlingreferences
to foreignstructures,for passingreferencesto Haskell structuresout to foreignroutines,andfor
storingprimitivedatatypesin raw memoryblocksin a portablemanner. Thesupportfor C libraries
essentiallyprovidesHaskell representationsfor all basictypesof C (seeSection4.5in Haskell
LibrariesandSection4.6 in Haskell Libraries).

Thehigh-level library, of which theinterfacedefinitionis not yet finalised,providesroutinesfor
marshallingcomplex Haskell structuresaswell ashandlingout andin-outparametersin a
convenient,yetprotableway.

In thefollowing, wewill discussthelanguageextensionsof theFFI (ie, thefirst pointabove).They
canbesplit up into two complementaryhalves;onehalf thatprovidesHaskell constructsfor
importingforeignfunctionalityinto Haskell, theotherwhich letsyouexposeHaskell functionsto the
outsideworld. We startwith theformer, how to importexternalfunctionalityinto Haskell.
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7.2. Calling foreign functions
To binda Haskell variablenameandtypeto anexternalfunction,we introduceanew construct:
foreign import . It definesthetypeof aHaskell functiontogetherwith thenameof anexternal
functionthatactuallyimplementsit. Thesyntaxof foreign import constructis asfollows:

topdecl
: ...
..
| ’foreign’ ’import’ [callconv] [ext_fun] [’un-

safe’] varid ’::’ prim_type

A foreign import declarationis only allowedasa toplevel declaration.It consistsof two parts,
onegiving theHaskell type(prim_type ), Haskell name(varid ) andaflag indicatingwhetherthe
primitive is unsafe,theothergiving detailsof thenameof theexternalfunction(ext_fun ) andits
calling interface(callconv .)

Giving aHaskell nameandtypeto anexternalentrypoint is clearlyanunsafething to do,asthe
externalnamewill in mostcasesbeuntyped.Theonusis on theprogrammerusingforeign

import to ensurethattheHaskell typegivencorrectlymapson to thetypeof theexternalfunction.
SectionSection7.2.5specifiesthemappingfrom Haskell typesto externaltypes.

7.2.1. Giving the external function a Haskell name
Theexternalfunctionhasto begivena Haskell name.ThenamemustbeaHaskell varid , sothe
languagerulesregardingvariablenamesmustbefollowed,i.e., it muststartwith a lowercaseletter
followedby asequenceof alphanumeric(‘in theUnicodesense’)charactersor ’. 1

varid : small ( small | large | udigit | ’ )*

7.2.2. Naming the external function
Thenameof theexternalfunctionconsistsof two parts,onespecifyingits location,theotherits
name:

ext_fun : ext_loc ext_name
| ext_name

ext_name : string
ext_loc : string

For example,
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foreign import stdcall "Advapi32" "RegCloseKey" regCloseKey :: Addr -
> IO ()

statesthattheexternalfunctionnamedRegCloseKey at locationAdvapi32 shouldbeboundto the
Haskell nameregCloseKey . For a Win32Haskell implementationthatsupportstheloadingof
DLLs on-the-fly, this declarationwill mostlikely causetherun-timesystemto loadthe
Advapi32.dll DLL beforelookingup thefunctionRegCloseKey() thereinto getat thefunction
pointerto usewheninvoking regCloseKey .

Compiledimplementationsmaydosomethingcompletelydifferent,i.e.,mangle"RegCloseKey" to
convert it into anarchive/importlibrary symbol,that’sassumedto bein scopewhenlinking. The
detailsof whichareplatform(andcompilercommand-line)dependent.

If thelocationpartis left out, thenameof theexternalfunctionspecifiesasymbolthatis assumedto
bein scopewhenlinking.

Thelocationpartcaneithercontainanabsolute‘address’(i.e.,path)of thearchive/DLL, or just its
name,leaving it up to theunderlyingsystem(systemmeaningbothRTS/compilerandOS)to resolve
thenameto its reallocation.

An implementationis expectedto beableto intelligently transformtheext_loc locationto fit
platform-specificpracticesfor namingdynamiclibraries.For instance,giventhedeclaration

foreign import "Foo" "foo" foo :: Int -> Int -> IO ()

animplementationshouldmapFoo to "Foo.dll" on aWin32 platform,andlibFoo.so on ELF
platforms.If thelookupof thedynamiclibrary with this transformedlocationnameshouldfail, the
implementationshouldthenattemptto usetheoriginalnamebeforeeventuallygiving up.As partof
their documentation,implementationsof foreign import shouldspecifytheexactdetailsof how
ext_loc saretransformedandresolved,includingthelist of directoriessearched(andtheorderin
which they are.)

In thecasetheHaskell nameof theimportedfunctionis identicalto theexternalname,theext_fun

canbeomitted.i.e.,

foreign import sin :: Double -> IO Double

is identicalto

foreign import "sin" sin :: Double -> IO Double

7.2.3. Calling conventions
Thenumberof calling conventionssupportedis fixed:
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callconv : ccall | stdcall

ccall

The’default’ calling conventionona platform,i.e., theoneusedto do(C) functioncalls.

In thecaseof x86platforms,thecallerpushesfunctionargumentsfrom right to left on theC
stackbeforecalling.Thecalleris responsiblefor poppingtheargumentsoff of theC stackon
return.

stdcall

A Win32specificcalling convention.Thesameasccall , exceptthatthecalleecleansup theC
stackbeforereturning.2

Someremarks:

• Interoperatingwell with externalcodeis thenameof thegamehere,sotheguidingprinciplewhen
decidingon whatcalling conventionsto includein callconv is thatthere’sademonstratedneed
for a particularcallingconvention.Shouldit emergethattheinclusionof othercalling conventions
will generallyimprovethequalityof this Haskell FFI, they will beconsideredfor futureinclusion
in callconv .

• Supportingstdcall (andperhapsotherplatform-specificcalling conventions)raisestheissueof
whethera Haskell FFI shouldallow theuserto write platform-specificHaskell code.Thecalling
conventionis clearlyanintegralpartof anexternalfunction’s interface,soif theoneuseddiffers
from thestandardonespecifiedby theplatform’sABI and thatconventionis usedby anon-trivial
amountof externalfunctions,theview of theFFI authorsis thata Haskell FFI shouldsupportit.

• For foreign import (andotherforeign declarations),supplyingthecallingconventionis
optional.If it isn’t supplied,it is treatedasif ccall wasspecified.Usersareencouragedto leave
out thespecificationof thecalling convention,if possible.

7.2.4. External function types
Therangeof typesthatcanbepassedasargumentsto anexternalfunctionis restricted(asarethe
rangeof resultscomingback):

prim_type : IO prim_result
| prim_result
| prim_arg ’->’ prim_type
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• If you associatea non-IOtypewith anexternalfunction,youhavethesame’proof obligations’as
whenyoumakeuseof IOExts.unsafePerformIO in yourHaskell programs.

• Theexternalfunctionis strict in all its arguments.

• GHConly: TheGHCFFI implementationprovidesoneextensionto prim_type :

prim_type : ...
| unsafe_arr_ty ’->’ prim_type

unsafe_arr_ty : ByteArray a
| MutableByteArray i s a

GHCpermitsthepassingof its bytearrayprimitive typesto externalfunctions.There’ssome
restrictionson whenthey canbeused;seeSectionSection7.2.4.1for moredetails.

SectionSection7.2.4.2definesprim_result ; SectionSection7.2.4.1definesprim_arg .

7.2.4.1. Argument types

Theexternalfunctionexpectszeroor morearguments.Thesetof legalargumenttypesis restricted
to thefollowing set:

prim_arg : ext_ty | new_ty | ForeignObj

new_ty : a Haskell newtype of a prim_arg.

ext_ty : int_ty | word_ty | float_ty
| Addr | Char | StablePtr a
| Bool

int_ty : Int | Int8 | Int16 | Int32 | Int64
word_ty : Word8 | Word16 | Word32 | Word64
float_ty : Float | Double

• ext_ty representthesetof basictypessupportedby C-like languages,althoughthenumeric
typesareexplicitly sized.ThestablepointerStablePtr typelooksout of placein this list of
C-like types,but it hasa well-definedandsimpleC mapping,seeSectionSection7.2.5for details.

• prim_arg representthesetof permissibleargumenttypes.In additionto ext_ty , ForeignObj

is alsoincluded.TheForeignObj typerepresentvaluesthatarepointersto someexternal
entity/object.It differsfrom theAddr typein thatForeignObj sarefinalized, i.e.,oncethe
garbagecollectordeterminesthata ForeignObj is unreachable,it will invokea finalising
procedureattachedto theForeignObj to notify theoutsideworld thatwe’re throughwith using
it.

• Haskell newtype s thatwrapupa prim_arg typecanalsobepassedto externalfunctions.

133



Chapter7. Foreignfunctioninterface

• Haskell typesynonymsfor any of theabovecanalsobeusedin foreign import declarations.
Qualifiednameslikewise,i.e. Word.Word32 is legal.

• foreign import doesnotsupportthebindingto externalconstants/variables.A foreign

import declarationthattakesno argumentsrepresenta bindingto a functionwith no arguments.

• GHConly: GHC’s implementationof theFFI providestwo extensions:

• Supportfor passingheapallocatedbytearraysto anexternalfunction

prim_type : ...
| prim_arg ’->’ prim_type
| unsafe_arr_ty ’->’ prim_type

unsafe_arr_ty : ByteArray a
| MutableByteArray i s a

GHC’s ByteArray andMutableByteArray primitivetypesare(im)mutablechunksof memory
allocatedon theHaskell heap,andpointersto thesecanbepassedto foreign import ed
externalfunctionsprovidedthey aremarkedasunsafe . Sinceit is inherentlyunsafeto hand
out referencesto objectsin theHaskell heapif theexternalcall maycausea garbagecollection
to happen,youhave to annotatethe foreign import declarationwith theattributeunsafe .
By doingso,theuserexplicitly statesthattheexternalfunctionwon’t provokea garbage
collection,sopassingoutheapreferencesto theexternalfunctionis allright.

• AnotherGHCextensionis thesupportfor unboxedtypes:

prim_arg : ... | unboxed_h_ty
ext_ty : .... | unboxed_ext_ty

unboxed_ext_ty : Int# | Word# | Char#
| Float# | Double# | Addr#

| StablePtr# a
unboxed_h_ty : MutableByteArray# | ForeignObj#

| ByteArray#

Clearly, if you wantto beportableacrossHaskell systems,usingsystem-specificextensionssuch
asthis is not advisable;avoid usingthemif youcan.(Supportfor usingunboxedtypesmight be
withdrawn sometimein thefuture.)

7.2.4.2. Result type

An externalfunctionis permittedto returnthefollowing rangeof types:

prim_result : ext_ty | new_ext_ty | ()

new_ext_ty : a Haskell newtype of an ext_ty.

where() representsvoid / no result.
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• Externalfunctionscannotraiseexceptions(IO exceptionsor non-IOones.)It is theresponsibility
of the foreign import userto layerany errorhandlingon topof anexternalfunction.

• Only externaltypes(ext_ty ) canbepassedback,i.e., returningForeignObj s is not
supported/allowed.

• Haskell newtypesthatwrapup ext_ty arealsopermitted.

7.2.5. Type mapping
For theFFI to beof any practicaluse,thepropertiesandsizesof thevarioustypesthatcanbe
communicatedbetweentheHaskell world andtheoutside,needsto bepreciselydefined.We do this
by presentingamappingto C, asit is commonlyusedandmostotherlanguagesdefinea mappingto
it. TableTable7-1 definesthemappingbetweenHaskell andC types.

Table 7-1.Mapping of Haskell typesto C types

Haskell type C type requirement range (9)

Char HsChar unspec.integral type HS_CHAR_MIN ..

HS_CHAR_MAX

Int HsInt signedintegral of
unspec.size(4)

HS_INT_MIN ..

HS_INT_MAX

Int8 (2) HsInt8 8 bit signedintegral HS_INT8_MIN ..

HS_INT8_MAX

Int16 (2) HsInt16 16 bit signedintegral HS_INT16_MIN ..

HS_INT16_MAX

Int32 (2) HsInt32 32 bit signedintegral HS_INT32_MIN ..

HS_INT32_MAX

Int64 (2,3) HsInt64 64 bit signedintegral
(3)

HS_INT64_MIN ..

HS_INT64_MAX

Word8 (2) HsWord8 8 bit unsignedintegral 0 .. HS_WORD8_MAX

Word16 (2) HsWord16 16 bit unsigned
integral

0 .. HS_WORD16_MAX

Word32 (2) HsWord32 32 bit unsigned
integral

0 .. HS_WORD32_MAX

Word64 (2,3) HsWord64 64 bit unsigned
integral (3)

0 .. HS_WORD64_MAX

Float HsFloat floating point of
unspec.size(5)

(10)

Double HsDouble floating point of
unspec.size(5)

(10)

Bool HsBool unspec.integral type (11)
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Addr HsAddr void* (6)

ForeignObj HsForeignObj void* (7)

StablePtr HsStablePtr void* (8)

Someremarks:

1. A Haskell systemthatimplementstheFFI will supplyaheaderfile HsFFI.h thatincludestarget
platformspecificdefinitionsfor theabovetypesandvalues.

2. ThesizednumerictypesHs{Int,Word}{8,16,32,64} havea 1-1mappingto ISOC 99’s
{,u}int{8,16,32,64}_t . For systemsthatdoesn’t supportthis revisionof ISOC, a best-fit
mappingontothesupportedC typesis provided.

3. An implementationwhich doesnot support64 bit integral typeson theC sideshouldimplement
Hs{Int,Word}64 asa struct.In thiscasetheboundsHS_INT64_{MIN,MAX} and
HS_WORD64_MAXareundefined.

4. A valid Haskell representationof Int hasto beequalto or wider than30 bits.TheHsInt

synonym is guaranteedto mapontoa C typethatsatisifiesHaskell’s requirementfor Int .

5. It is guaranteedthatHs{Float,Double} areoneof C’s floating-pointtypes
float /double /long double .

6. It is guaranteedthatHsAddr is of thesamesizeasvoid* , soany otherpointertypecanbe
convertedto andfrom HsAddrwithoutany lossof information(K&R, AppendixA6.8).

7. Foreignobjectsarehandledlike Addr by theFFI, sothereis againtheguaranteethat
HsForeignObj is thesameasvoid* . Theseparatenameis meantasa reminderthatthereis a
finalizerattachedto theobjectpointedto.

8. Stablepointersarepassedasaddressesby theFFI, but this is only becauseavoid* is usedasa
genericcontainerin mostAPIs,notbecausethey arerealaddresses.To make thisspecialcase
clear, a separateC typeis usedhere.

9. Theboundsarepreprocessormacros,sothey canbeusedin #if andfor arraybounds.

10.Floating-pointlimits area little bit morecomplicated,sopreprocessormacrosmirroring ISO
C’s float.h areprovided:

HS_{FLOAT,DOUBLE}_RADIX
HS_{FLOAT,DOUBLE}_ROUNDS
HS_{FLOAT,DOUBLE}_EPSILON
HS_{FLOAT,DOUBLE}_DIG
HS_{FLOAT,DOUBLE}_MANT_DIG
HS_{FLOAT,DOUBLE}_MIN
HS_{FLOAT,DOUBLE}_MIN_EXP
HS_{FLOAT,DOUBLE}_MIN_10_EXP
HS_{FLOAT,DOUBLE}_MAX
HS_{FLOAT,DOUBLE}_MAX_EXP
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HS_{FLOAT,DOUBLE}_MAX_10_EXP

11. It is guaranteedthatHaskell’sFalse /True mapto C’s 0/1, respectively, andviceversa.The
mappingof any otherintegralvalueto Bool is left unspecified.

12.To avoid nameclashes,identifiersstartingwith Hs andmacrosstartingwith HS_arereservedfor
theFFI.

13.GHConly: TheGHCspecifictypesByteArray andMutableByteArray bothmapto char* .

7.2.6. Some foreign import wrinkles

• By default,a foreign import functionis safe. A safeexternalfunctionmaycausea Haskell
garbagecollectionasa resultof beingcalled.This will typically happenwhentheimported
functionendup calling Haskell functionsthatresidein thesame’Haskell world’ (i.e.,sharesthe
samestoragemanagerheap)– seeSectionSection7.4for detailsof how theFFI let’s youcall
Haskell functionsfrom theoutside.If theprogrammercanguaranteethattheimportedfunction
won’t call backinto Haskell, the foreign import canbemarkedas’unsafe’(seeSection
Section7.2 for detailsof how to do this.)Unsafecallsarecheaperthansafeones,so
distinguishingthetwo classesof externalcallsmaybeworth yourwhile if you’reextraconscious
aboutperformance.

• A foreign import edfunctionshouldclearlynot needto know thatit is beingcalledfrom
Haskell. Oneconsequenceof this is thatthelifetimesof theargumentsthatarepassedfrom
Haskell mustequalthatof anormalC call. For instance,for thefollowing decl,

foreign import "mumble" mumble :: ForeignObj -> IO ()

f :: Addr -> IO ()
f ptr = do

fo <- newForeignObj ptr myFinalizer
mumble fo

TheForeignObj mustliveacrossthecall to mumble evenif it is not subsequentlyused/reachable.
Why theinsistenceon this?Considerwhathappensif mumble callsa functionwhichcallsback
into theHaskell world to executea function,behindour backasit were.Thisevaluationmay
possiblycausea garbagecollection,with theresultthat fo mayendupbeingfinalised.By
guaranteeingthat fo will beconsideredliveacrossthecall to mumble, theunfortunatesituation
wherefo is finalised(andhencethereferencepassedto mumble is suddenlyno longervalid) is
avoided.
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7.3. Invoking external functions via a pointer
A foreign import declarationimportsanexternalfunctioninto Haskell. (Thenameof the
externalfunctionis staticallyknown, but theloading/linkingof it mayverywell bedelayeduntil
run-time.)A foreign import declarationis then(approximately)justa typecastof anexternal
functionwith a staticallyknownname.

An extensionof foreign import is thesupportfor dynamictypecastsof external
names/addresses:

topdecl
: ...
..
| ’foreign’ ’import’ [callconv] ’dynamic’ [’unsafe’]

varid :: Addr -> (prim_args -> IO prim_result)

i.e., identicalto a foreign import declaration,but for thespecificationof dynamic insteadof the
nameof anexternalfunction.Thepresenceof dynamic indicatesthatwhenanapplicationof varid

is evaluated,thefunctionpointedto by its first argumentwill beinvoked,passingit therestof
varid ’s arguments.

Whataretheusesof this?Native invocationof COM methods,3 Haskell librariesthatwantto be
dressedup asC libs (andhencemayhaveto supportC callbacks),Haskell codethatneedto
dynamicallyloadandexecutecode.

7.4. Exposing Haskell functions
Sofarwe’veprovidedtheHaskell programmerwith waysof importingexternalfunctionsinto the
Haskell world. Theotherhalf of theFFI coin is how to exposeHaskell functionalityto theoutside
world. So,dualto the foreign import declarationis foreign export :

topdecl
: ...
..
| ’foreign’ ’export’ callconv [ext_name] varid :: prim_type

A foreign export declarationtells thecompilerto exposea locally definedHaskell functionto
theoutsideworld, i.e.,wrapit upbehindacalling interfacethat’suseablefrom C. It is only permitted
at thetoplevel, whereyou haveto specifythetypeat whichyou wantto export thefunction,along
with thecalling conventionto use.For instance,thefollowing export declaration:

foreign export ccall "foo" bar :: Int -> Addr -> IO Double

will causea Haskell systemto generatethefollowing C callablefunction:
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HsDouble foo(HsInt arg1, HsAddr arg2);

Wheninvoked,it will call theHaskell functionbar , passingit thetwo argumentsthatwaspassedto
foo() .

• Therangeof typesthatcanbepassedasargumentsandresultsis restricted,sincevarid hasgot a
prim_type .

• It is not possibleto directlyexport operatorsymbols.

• Thetypecheckerwill verify thatthetypegivenfor the foreign export declarationis
compatiblewith thetypegivento functiondefinitionitself. Thetypein the foreign export

maybelessgeneralthanthatof thefunctionitself. For example,this is legal:

f :: Num a => a -> a
foreign export ccall "fInt" f :: Int -> Int
foreign export ccall "fFloat" f :: Float -> Float

Thesedeclarationsexport two C-callableproceduresfInt andfFloat , bothof whichare
implementedby the(overloaded)Haskell functionf .

• The foreign export edIO actionmustcatchall exceptions,astheFFI doesnot addresshow to
signalHaskell exceptionsto theoutsideworld.

7.4.1. Exposing Haskell function values
The foreign export declarationgivestheC programmeraccessto staticallydefinedHaskell
functions.It doesnot allow you to convenientlyexposedynamically-createdHaskell functionvalues
asC functionpointersthough.To permitthis, theFFI supportsdynamicforeign export s:

topdecl
: ...
..
| ’foreign’ ’export’ [callconv] ’dynamic’ varid :: prim_type -> IO Addr

A foreign export dynamic declarationdeclaresaC functionpointergenerator. GivenaHaskell
functionvalueof somerestrictedtype,thegeneratorwrapsit upbehindanexternallycallable
interface,returninganAddr to anexternallycallable(C) functionpointer.

Whenthatfunctionpointeris eventuallycalled,thecorrespondingHaskell functionvalueis applied
to thefunctionpointer’sargumentsandevaluated,returningtheresult(if any) backto thecaller.

Themappingbetweentheargumentto a foreign export dynamic declarationandits
correspondingC functionpointertype,is asfollows:

typedef cType[[Res]] (*Varid_FunPtr)
(cType[[Ty_1]] ,.., cType[[Ty_n]]);
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wherecType[[]] is theHaskell to C typemappingpresentedin SectionSection7.2.5.

To make it all a bit moreconcrete,here’sanexample:

foreign export dynamic mkCallback :: (Int -> IO Int) -> IO Addr

foreign import registerCallback :: Addr -> IO ()

exportCallback :: (Int -> IO Int) -> IO ()
exportCallback f = do

fx <- mkCallback f
registerCallback fx

TheexportCallback letsyou registera Haskell functionvalueasa callbackfunctionto some
externallibrary. TheC typeof thecallbackthattheexternallibrary expectsin
registerCallback() , is: 4

typedef HsInt (*mkCallback_FunPtr) (HsInt arg1);

Creatingtheview of a Haskell closureasaC functionpointerentailsregisteringtheHaskell closure
asa ’root’ with theunderlyingHaskell storagesystem,sothatit won’t begarbagecollected.TheFFI
implementationtakescareof this,but whentheoutsideworld is throughwith usingaC function
pointergeneratedby a foreign export dynamic declaration,it needsto beexplicitly freed.This
is doneby calling:

void freeHaskellFunctionPtr(void *ptr);

In theeventyouneedto freethesefunctionpointersfrom within Haskell, a standard’foreign
import’edbindingof theaboveC entrypoint is alsoprovided,

Foreign.freeHaskellFunctionPtr :: Addr -> IO ()

7.4.2. Code addresses
The foreign import declarationallowsusto invokeanexternalfunctionby namefrom within the
comfortsof theHaskell world, while foreign import dynamic letsusinvokeanexternal
functionby address.However, there’sno wayof gettingat thecodeaddressof someparticular
externallabelthough,which is at timesuseful,e.g.for theconstructionof methodtablesfor, say,
Haskell COM components.To supportthis, theFFI hasgot foreign label s:

foreign label "freeAtLast" addrOf_freeAtLast :: Addr
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Themeaningof thisdeclarationis thataddrOf_freeAtLast will now containtheaddressof the
label freeAtLast .

Notes
1. Noticethatwith Haskell 98,underscore(’_’) is includedin thecharacterclasssmall .

2. Thestdcall is aMicrosoftWin32 specificwrinkle; it usedthroughouttheWin32API, for
instance.Onplatformswherestdcall isn’t meaningful,it shouldbetreatedasbeingequalto
ccall .

3. Or theinterfacingto any othersoftwarecomponenttechnologies.

4. An FFI implementationis encouragedto generatetheC typedefcorrespondingto a foreign

export dynamic declaration,but isn’t requiredto doso.
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wrong

If you still haveaproblemafterconsultingthis section,thenyou mayhave founda bug—please
reportit! SeeSection8.3 for a list of thingswe’d like to know aboutyourbug. If in doubt,senda
report—welovemail from irateusers:-!

(Section6.14,whichdescribesGlasgow Haskell’s shortcomingsvs. theHaskell languagedefinition,
mayalsobeof interest.)

8.1. When the compiler “does the wrong thing”

“Help! Thecompilercrashed(or ‘panic’d)!”

Theseeventsarealwaysbugsin theGHCsystem—pleasereportthem.

“The compilerranout of heap(or stack)whencompilingitself!”

It happens.We try to supplyreasonable-H<n> flagsfor ghc/compiler/ andghc/lib/ , but
GHC’s memoryconsumptioncanvaryby platform(e.g.,ona 64-bitmachine).

Justsaymakeall EXTRA_HC_OPTS=-H<a reasonablenumber> andseehow you get
along.

Notethatthis is lesslikely to happenif you arecompilingwith GHC4.00or later, sincethe
introductionof thedynamicallyexpandingheap.

“The compilerdiedwith a pattern-matchingerror.”

This is abug just assurelyasa “panic.” Pleasereportit.

“This is a terribleerrormessage.”

If you think thatGHCcouldhaveproduceda bettererrormessage,pleasereportit asa bug.

“What aboutthese‘trace’ messagesfrom GHC?”

Almost surelynot a problem.Aboutsomespecificcases.. .

Simplifier still goingafterN iterations:

Sad,but harmless.You canchangethenumberwith a
-fmax-simplifier-iterations<N> option(nospace);andyoucanseewhatactions
took placein eachiterationby turningon the -fshow-simplifier-progress option.

If thesimplifierdefinitelyseemsto be“looping,” pleasereportit.
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“What aboutthis warningfrom theC compiler?”

For example:“. . .warning:‘Foo’ declared‘static’ but neverdefined.”Unsightly, but shouldn’t
bea problem.

Sensitivity to .hi interfacefiles:

GHC is verysensitiveaboutinterfacefiles.For example,if it picksup anon-standard
Prelude.hi file, prettyterriblethingswill happen.If you turnon -fno-implicit-prelude ,
thecompilerwill almostsurelydie,unlessyou know whatyouaredoing.

Furthermore,assketchedbelow, youmayhavebig problemsrunningprogramscompiledusing
unstableinterfaces.

“I think GHC is producingincorrectcode”:

Unlikely :-) A usefulbe-more-paranoidoptionto give to GHC is -dcore-lint ; this causesa
“lint” passto checkfor errors(notablytypeerrors)aftereachCore-to-Coretransformationpass.
We runwith -dcore-lint on all thetime; it costsabout5% in compiletime.

“Why did I geta link error?”

If thelinkercomplainsaboutnot finding _<something>_fast , thensomethingis
inconsistent:youprobablydidn’t compilemodulesin theproperdependency order.

“What’sa ‘consistency error’?”

(Thesearereportedjust afterlinking yourprogram.)

You tried to link incompatibleobjectfiles,e.g.,normalones(registerised,Appel
garbage-collector)with profiling ones(two-spacecollector).Or thosecompiledby a previous
versionof GHCwith anincompatiblenewerversion.

If you runnm -o *.o | egrep ’t (cc|hsc)\.’ (or, on unregisterisedfiles: what *.o), you’ll seeall
theconsistency tags/stringsin yourobjectfiles.They mustall bethesame!(ToDo: tell you
whatthey mean.. . )

“Is this line numberright?”

On thisscore,GHCusuallydoesprettywell, especiallyif you “allow” it to beoff by oneor
two. In thecaseof aninstanceor classdeclaration,theline numbermayonly point you to the
declaration,not to a specificmethod.

Pleasereportline-numbererrorsthatyou find particularlyunhelpful.

8.2. When your program “does the wrong thing”

(For adviceaboutoverly slow or memory-hungryHaskell programs,pleaseseeChapter5).
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“Help! My programcrashed!”

(e.g.,a ‘segmentationfault’ or ‘coredumped’)

If yourprogramhasno foreigncallsin it, thenacrashis alwaysa BUG in theGHCsystem,
exceptin onecase:If yourprogramis madeof severalmodules,eachmodulemusthavebeen
compiledafterany moduleson which it depends(unlessyouuse.hi-boot files, in which case
thesemustbecorrectwith respectto themodulesource).

For example,if aninterfaceis lying aboutthetypeof animportedvaluethenGHCmaywell
generateduff codefor theimportingmodule.Thisappliesto pragmasinsideinterfacestoo! If
thepragmais lying (e.g.,aboutthe“arity” of avalue),thenduff codemayresult.Furthermore,
aritiesmaychangeevenif typesdo not.

In short,if youcompileamoduleandits interfacechanges,thenall themodulesthatimport that
interfacemustbere-compiled.

A usefuloptionto alertyou wheninterfaceschangeis -hi-diffs . It will run diff on the
changedinterfacefile, beforeandafter, whenapplicable.

If you areusingmake, GHCcanautomaticallygeneratethedependenciesrequiredin orderto
makesurethateverymoduleis up-to-datewith respectto its importedinterfaces.Pleasesee
Section3.7.6.

If you aredown to your last-compile-before-a-bug-report, wewould recommendthatyouadda
-dcore-lint option(for extra checking)to yourcompilationoptions.

So,beforeyou reportabug becauseof a coredump,youshouldprobably:

% rm *.o # scrub your object files
% make my_prog # re-make your program; use -hi-
diffs to highlight changes;

# as mentioned above, use -dcore-
lint to be more paranoid
% ./my_prog ... # retry...

Of course,if you haveforeigncallsin yourprogramthenall betsareoff, becauseyoucantrash
theheap,thestack,or whatever.

If you areinterestedin hard-coredebuggingof a crashingGHC-compiledprogram,pleasesee
Section8.4.

“My programenteredan‘absent’argument.”

This is definitelycausedby abug in GHC.Pleasereportit.

“What’swith this ‘arithmetic(or ‘floating’) exception’”?

Int , Float , andDouble arithmeticis unchecked. Overflows,underflowsandlossof precision
areeithersilentor reportedasanexceptionby theoperatingsystem(dependingon the
architecture).Divide-by-zeromaycauseanuntrappedexception(pleasereportit if it does).
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8.3. How to repor t a bug in the GHC system

Glasgow Haskell is achangingsystemsotherearesureto bebugsin it. Pleasereportthemto
<glasgow-haskell-bugs@haskell.org >! (However, pleasechecktheearlierpartof thissection
to besureit’snot a known not-really-aproblem.)

Thenameof thebug-reportinggameis: facts,facts,facts.Don’t omit thembecause“Oh, they won’t
beinterested.. . ”

1. Whatkind of machineareyou runningon,andexactlywhatversionof theoperatingsystemare
youusing?(uname-a or cat /etc/motd will show thedesiredinformation.)

2. Whatversionof GCCareyou using?gcc-v will tell you.

3. Runthesequenceof compiles/runsthatcausedtheoffendingbehaviour, capturingall the
input/outputin a “script” (a UNIX command)or in anEmacsshellwindow. We’d preferto see
thewholething.

4. Besureany Haskell compilationsarerun with a -v (verbose)flag,sowecanseeexactlywhat
wasrun,whatversionsof thingsyouhave,etc.

5. Whatis theprogrambehaviour thatis wrong,in youropinion?

6. If practical,pleasesendenoughsourcefiles for usto duplicatetheproblem.

7. If youareaHeroandtrackdown theproblemin thecompilation-systemsources,pleasesendus
patchesrelative to a known releasedversionof GHC,or wholefiles if youprefer.

8.4. Hard-core debugging of GHC-compiled programs

If yourprogramis crashing,youshouldalmostsurelyfile a bug report,asoutlinedin previous
sections.

This sectionsuggestswaysto MakeFurtherProgressAnyway.

Thefirst thing to establishis: Is it a garbage-collection(GC)bug?Try yourprogramwith avery
largeheapanda -Sstderr RTS flag.

• If it crasheswithoutgarbage-collecting,thenit is definitelynot a GCbug.

• If you canmake it crashwith oneheapsizebut not with another, thenit probablyis aGCbug.

• If it crasheswith thenormalcollector, but not whenyou forcetwo-spacecollection(-G1 runtime
flag), thenit probablyis aGCbug.

If it is a GCbug,you maybeableto avoid it by usinga particularheapsizeor by usinga -G1

runtimeflag.(But don’t forgetto reportthebug!!!)

ToDo: morehere?
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Chapter 9. Other Haskell utility programs
This sectiondescribesotherprogram(s)which wedistribute,thathelpwith theGreatHaskell
ProgrammingTask.

9.1. Emacs ‘TAGS’ for Haskell: hsta gs

‘Tags’is a facility for indexing thedefinitionsof programming-languagethingsin a multi-file
program,andthenusingthatindex to jumparoundamongthesedefinitions.

Ratherthanscratchyourhead,saying“Now wheredid we define‘foo’?”, you justdo (in Emacs)
M-. foo RET, andYou’reThere!Somepeoplego wild over this stuff. . .

GHCcomeswith aprogramhstags, which build Emacs-ableTAGSfiles.Theinvocationsyntaxis:

hstags [GHC-options] file [files...]

Thebestthing is just to feedit yourGHCcommand-lineflags.A goodMakefileentrymight be:

tags:
$(RM) TAGS
hstags $(GHC_FLAGS) *.lhs

Theonly flagsof its own are:-v to beverbose;-a to APPENDto theTAGSfile, ratherthanwrite to
it.

Shortcomings:(1) Instancedeclarationsdon’t getinto theTAGSfile (but thedefinitionsinsidethem
do);asinstancesaren’t named,this is probablyjustaswell. (2) Data-constructordefinitionsdon’t get
in. Go for thecorrespondingtypeconstructorinstead.

(Actually, GHCalsocomeswith etags[for C], andperltags [for YouKnow What].And—I cannot
tell a lie—thereis DenisHowe’s fptags [for Haskell, etc.] in theghc/CONTRIB section.. . )

9.2. “Yacc for Haskell”: happ y
Andy Gill andSimonMarlow havewrittenaparser-generatorfor Haskell, calledhappy. Happy is
to Haskell whatYacc is to C.

You cangethappy from theHappy Homepage(http://www.haskell.org/happy/).

Happy is at its shiningbestwhencompiledby GHC.
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9.3. Pretty-printing Haskell: pphs

Andrew Preecehaswrittenpphs, a utility to pretty-printHaskell codein LaTeX documents.
Keywordsin bolds,variablesin italics—thatsortof thing.It is goodat lining upprogramclausesand
equalssigns,thingsthatarevery tiresometo doby hand.

Thecodeis distributedwith GHC in ghc/CONTRIB/pphs .
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Chapter 10. Building and using Win32 DLLs
OnWin32 platforms,thecompileris capableof bothproducingandusingdynamiclink libraries
(DLLs) containingghc-compiledcode.Thissectionshowsyou how to makeuseof this facility.

10.1. Linking with DLLs
Thedefaulton Win32platformsis to link applicationsin sucha way thattheexecutableswill usethe
PreludeandsystemlibrariesDLLs, ratherthancontain(largechunksof) them.This is transparentat
thecommand-line,so

sh$ cat main.hs
module Main where
main = putStrLn "hello, world!"
sh$ ghc -o main main.hs
ghc: module version changed to 1; reason: no old .hi file
sh$ strip main.exe
sh$ ls -l main.exe
-rwxr-xr-x 1 544 everyone 6144 May 3 17:11 main.exe*
sh$ ./main
hello, world!
sh$

will giveyoua binaryasbefore,but themain.exe generatedwill usethePreludeandRTS DLLs
instead.

6K for a "hello, world" application—notbad,huh?:-)

10.2. Not linking with DLLs
If you wantto build anexecutablethatdoesn’t dependon any ghc-compiledDLLs, usethe-static

optionto link in thecodestatically.

Noticethatyoucannotmix codethathasbeencompiledwith -static andnot,soyouhave to use
the-static optionon all theHaskell modulesthatmakeup yourapplication.

10.3. Creating a DLL
SealingupyourHaskell library insideaDLL is quitestraightforward;compileup theobjectfiles that
makeup thelibrary, andthenbuild theDLL by issuingthefollowing command:
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ghc -mk-dll -o HSsuper.dll A.o Super.o B.o libmine.a -lgdi32

By feedingtheghccompilerdriver theoption-mk-dll , it will build a DLL ratherthanproducean
executable.TheDLL will consistof all theobjectfilesandarchivesgivenon thecommandline.

A coupleof thingsto notice:

• SinceDLLs correspondto packages(seeSection3.7.4.1)youneedto use-package-name

dll-name whencompilingmodulesthatbelongto a DLL. If youdon’t, Haskell codethatcalls
entrypointsin thatDLL will do soincorrectly, andacrashwill result.

• By default, theentrypointsof all theobjectfileswill beexportedfrom theDLL whenusing
-mk-dll . Shouldyouwantto constrainthis,youcanspecifythemoduledefinitionfile to useon
thecommandline asfollows:

ghc -mk-dll -o .... -optdll-def -optdllMyDef.def

SeeMicrosoft documentationfor details,but a moduledefinitionfile simply listswhatentrypoints
you wantto export.Here’sonethat’ssuitablewhenbuilding aHaskell COM serverDLL:

EXPORTS
DllCanUnloadNow = DllCanUnloadNow@0
DllGetClassObject = DllGetClassObject@12
DllRegisterServer = DllRegisterServer@0
DllUnregisterServer = DllUnregisterServer@0

• In additionto creatingaDLL, the-mk-dll optionwill alsocreateanimport library. Theimport
library nameis derivedfrom thenameof theDLL, asfollows:

DLL: HScool.dll ==> import lib: libHScool_imp.a

Thenamingschememaylook abit weird,but it hasthepurposeof allowing theco-existenceof
import librarieswith ordinarystaticlibraries(e.g.,libHSfoo.a andlibHSfoo_imp.a .
Additionally, whenthecompilerdriver is linking in non-staticmode,it will rewrite occurrenceof
-lHSfoo on thecommandline to -lHSfoo_imp . By doingthis for you,switchingfrom
non-staticto staticlinking is simply aquestionof adding-static to yourcommandline.
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Chapter 1. Intr oduction
HugsandGHCprovidea commonsetof librariesto aidportability. This documentspecifiesthe
interfacesto theselibrariesanddocumentsknown differences.It is thehopeof theGHCteamthat
theselibrariesin thelong run becomepartof everyHaskell system.

1.1. Naming Conventions
Thesetof interfacesspecifiedin this documenttry to adhereto thefollowing namingconventions:

• Actionsthatcreateanew valueshave theprefix new followedby thenameof thetypeof object
they’recreating,e.g.,newIORef , newChan etc.

• Operationsthatreada valuefrom amutableobjectareprefixedwith read , andoperationsthat
updatethecontentshave theprefix write , e.g.,readChan , readIOArray . Notes:

• This differsfrom theconventionusedto nametheoperationsfor readingandwriting to a file
Handle , whereget andput areusedinstead.

• Operationsprovidedby variousconcurrency abstractions,e.g.,MVar, CVar , alsodeviatefrom
this namingscheme.This is perhapsdefensible,sincethereadandwrite operationshave
additionalbehaviour, e.g.,takeMVar triesto readthecurrentvalueof anMVar, locking it if it
succeeds.

• Conversionsoperatorshave theform AToB whereA andB arethetypeswe’reconvertingbetween.

• Operationsthatlazily readvaluesfrom a mutableobject/handle,have theform getXContents ,
e.g.,Channel.getChanContents andIO.hGetContents . (OK, sothelatterisn’t called
getHandleContents , but youhopefullygetthepicture.)
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2.1. Concurrent Haskell
GHCandHugsbothprovideconcurrency extensions,asdescribedin ConcurrentHaskell
(http://www.haskell.org/ghc/docs/papers/concurrent-haskell.ps.gz).

Concurrency in GHCandHugsis "lightweight", which meansthatboththreadcreationandcontext
switchingoverheadsareextremelylow. Schedulingof Haskell threadsis doneinternallyin the
Haskell runtimesystem,anddoesn’t makeuseof any operatingsystem-suppliedthreadpackages.

Haskell threadscancommunicatevia MVars,akind of synchronisedmutablevariable(seeSection
2.4.3).Severalcommonconcurrency abstractionscanbebuilt from MVars,andtheseareprovidedby
theConcurrent library, which is describedin thelatersections.Threadsmayalsocommunicatevia
exceptions.

2.2. Concurrenc y Basics
To gainaccessto theconcurrency primitives,just import Concurrent in yourHaskell module.In
GHC,youalsoneedto addthe -syslib concurrent optionto thecommandline.

To createanew thread,useforkIO :

forkIO :: IO () -> IO ThreadId

This sparksoff a new threadto run the IO computationpassedasthefirst argument.

ThereturnedThreadId is anabstracttyperepresentinga handleto thenewly createdthread.The
ThreadId typeis aninstanceof bothEq andOrd , wheretheOrd instanceimplementsanarbitrary
total orderingoverThreadId s.

Threadsmayalsobekilled via theThreadId :

killThread :: ThreadId -> IO ()

this terminatesthegiventhread(Note:killThread is not implementedin Hugsyet).Any work
alreadydoneby thethreadisn’t lost: thecomputationis suspendeduntil requiredby anotherthread.
Thememoryusedby thethreadwill begarbagecollectedif it isn’t referencedfrom anywhereelse.

More generally, anarbitraryexception(seeSection4.8)mayberaisedin any threadfor whichwe
haveaThreadId , with raiseInThread :

157



Chapter2. Theconcurrent category: concurrencysupport

raiseInThread :: ThreadId -> Exception -> IO ()

Actually killThread just raisestheThreadKilled exceptionin thetargetthread,thenormal
actionof which is to just terminatethethread.Thetargetthreadwill stopwhatever it wasdoing
(evenif it wasblockedon anMVar or othercomputation)andhandletheexception.

Oneimportantpropertyof raiseInThread (andthereforekillThread ) is thatthey are
synchronous, in thesensethatafterperforminga raiseInThread operation,thecalling threadcan
becertainthatthetargetthreadhasreceivedtheexception.In otherwords,thetargetthreadcannot
performany moreprocessingunlessit handlestheexceptionthathasjust beenraisedin it. This is a
usefulpropertyto know whendealingwith raceconditions:eg. if therearetwo threadsthatcankill
eachother, it is guaranteedthatonly oneof thethreadswill getto kill theother.

TheThreadId for thecurrentthreadcanbeobtainedwith myThreadId :

myThreadId :: IO ThreadId

NOTE: if youhavea ThreadId , you essentiallyhavea pointerto thethreaditself. This meansthe
threaditself can’t begarbagecollecteduntil you droptheThreadId . Thismisfeaturewill hopefully
becorrectedat a laterdate.

2.3. Scheduling
GHCusespreemptivemultitasking: context switchescanoccuratany time.At present,Hugsuses
cooperativemultitasking: context switchesonly occurwhenyouuseoneof theprimitivesdefinedin
this module.Thismeansthatprogramssuchas:

main = forkIO (write ’a’) » write ’b’
where write c = putChar c » write c

will print eitheraaaaaaaaaaaaaa... or bbbbbbbbbbbb... , insteadof somerandominterleaving
of asandbs. In practice,cooperativemultitaskingis sufficient for writing simplegraphicaluser
interfaces.

Theyield actionforcesa context-switchto any othercurrentlyrunnablethreads(if any), andis
occasionallyusefulwhenimplementingconcurrency abstractions:

yield :: IO ()

2.3.1. Thread Waiting
Thereareoperationsto delaya concurrentthread,andto makeonewait:
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threadDelay :: Int -> IO ()
threadWaitRead :: Int -> IO ()
threadWaitWrite :: Int -> IO ()

The threadDelay operationwill causethecurrentthreadto suspendfor a givennumberof
microseconds.Notethattheresolutionusedby theHaskell runtimesystem’s internaltimer together
with thefactthatthethreadmaytakesometime to berescheduledafterthetimehasexpired,means
thattheaccuracy is morelike1/50second.

threadWaitRead andthreadWaitWrite canbeusedto blocka threaduntil I/O is availableon a
givenfile descriptor. Theseprimitivesareusedby theI/O subsystemto ensurethata threadwaiting
on I/O doesn’t hangtheentiresystem.

2.3.2. Bloc king
Callinga foreignC procedure(suchasgetchar ) thatblockswaiting for inputwill blockall threads,
in bothGHCandHugs.TheGHCI/O systemusesnon-blockingI/O internallyto implement
thread-friendlyI/O, socallingstandardHaskell I/O functionsblocksonly thetheadmakingthecall.

2.4. Concurrenc y abstractions

2.4.1. Chan: Channels
A Channel is anunboundedchannel:

data Chan a
newChan :: IO (Chan a)
writeChan :: Chan a -> a -> IO ()
readChan :: Chan a -> IO a
dupChan :: Chan a -> IO (Chan a)
unGetChan :: Chan a -> a -> IO ()
getChanContents :: Chan a -> IO [a]
writeList2Chan :: Chan a -> [a] -> IO ()

2.4.2. CVar: Channel variab les
A channelvariable(CVar ) is a one-elementchannel,asdescribedin thepaper:

data CVar a
newCVar :: IO (CVar a)
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putCVar :: CVar a -> a -> IO ()
getCVar :: CVar a -> IO a

2.4.3. MVar: Sync hronising variab les
TheMVar interfaceprovidesaccessto “MVars” (pronounced“em-vars”),which aresynchronising
variables. An MVar is simplya box,whichmaybeemptyor full. Thebasicoperationsavailableover
MVarsaregivenbelow:

data MVar a - abstract
instance Eq (MVar a)

newEmptyMVar :: IO (MVar a)
newMVar :: a -> IO (MVar a)
takeMVar :: MVar a -> IO a
putMVar :: MVar a -> a -> IO ()
readMVar :: MVar a -> IO a
swapMVar :: MVar a -> a -> IO a
tryTakeMVar :: MVar a -> IO (Maybe a)
isEmptyMVar :: MVar a -> IO Bool

newEmptyMVar

newMVar

New emptyMVarscanbecreatedwith newEmptyMVar . To createanMVar with aninitial value,
usenewMVar.

takeMVar

The takeMVar operationreturnsthecontentsof theMVar if it wasfull, or waitsuntil it
becomesfull otherwise.

putMVar

TheputMVar operationputsa valueinto anemptyMVar. Calling putMVar on analreadyfull
MVar resultsin a PutFullMVar exceptionbeingraised(seeSection4.8).

tryTakeMVar

The tryTakeMVar is a non-blockingversionof takeMVar . If theMVar is full, thenit returns
Just a (wherea is thecontentsof theMVar) andemptiestheMVar. If theMVar is empty, it
immediatelyreturnsNothing .

isEmptyMVar

TheoperationisEmptyMVar returnsaflag indicatingwhethertheMVar is currentlyemptyor
filled in, i.e.,will a threadblockwhenperforminga takeMVar on thatMVar or not?
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PleasenoticethattheBooleanvaluereturnedfrom isEmptyMVar representjusta snapshotof
thestateof theMVar. By thetime a threadgetsto inspecttheresultandactuponit, other
threadsmayhaveaccessedtheMVar andchangedthe’filled-in’ statusof thevariable.Thesame
provisoappliesto isEmptyChan (next sub-section).

readMVar

This is acombinationof takeMVar andputMVar ; ie. it takesthevaluefrom theMVar, putsit
back,andalsoreturnsit.

swapMVar

swapMVar swapsthecontentsof anMVar for a new value.

2.4.4. QSem: General semaphores

data QSem
newQSem :: Int -> IO QSem
waitQSem :: QSem -> IO ()
signalQSem :: QSem -> IO ()

2.4.5. QSemN: Quantity semaphores

data QSemN
newQSemN :: Int -> IO QSemN
signalQSemN :: QSemN-> Int -> IO ()
waitQSemN :: QSemN-> Int -> IO ()

2.4.6. SampleVar: Sample variab les
A samplevariable(SampleVar ) is slightly differentfrom anormalMVar:

• ReadinganemptySampleVar causesthereaderto block (sameastakeMVar on emptyMVar).

• Readingafilled SampleVar emptiesit andreturnsvalue.(sameastakeMVar )

• Writing to anemptySampleVar fills it with avalue,andpotentially, wakesup ablockedreader
(sameasfor putMVar on emptyMVar).

• Writing to a filled SampleVar overwritesthecurrentvalue.(differentfrom putMVar on full
MVar.)
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type SampleVar a = MVar (Int, MVar a)

emptySampleVar :: SampleVar a -> IO ()
newSampleVar :: IO (SampleVar a)
readSample :: SampleVar a -> IO a
writeSample :: SampleVar a -> a -> IO ()

2.4.7. Merging Streams
Mergingstreams—binaryandn-ary:

mergeIO :: [a] -> [a] -> IO [a]
nmergeIO :: [[a]] -> IO [a]

Theseactionsfork onethreadfor eachinput list thatconcurrentlyevaluatesthatlist; theresultsare
mergedinto a singleoutputlist.

Note:Hugsdoesnot providethefunctionsmergeIO or nmergeIO sincetheserequirepreemptive
multitasking.

2.5. The Concurrent librar y interface
Thefull interfacefor theConcurrent library is givenbelow for reference:

data ThreadId - thread identifiers
instance Eq ThreadId
instance Ord ThreadId

forkIO :: IO () -> IO ThreadId
myThreadId :: IO ThreadId
killThread :: ThreadId -> IO ()
par :: a -> b -> b
seq :: a -> b -> b
fork :: a -> b -> b
yield :: IO ()

threadDelay :: Int -> IO ()
threadWaitRead :: Int -> IO ()
threadWaitWrite :: Int -> IO ()

mergeIO :: [a] -> [a] -> IO [a]
nmergeIO :: [[a]] ->y IO [a]

162



Chapter2. Theconcurrent category: concurrencysupport

module Chan
module CVar
module MVar
module QSem
module QSemN
module SampleVar

2.6. GHC-specific concurrenc y issues
In a standaloneGHCprogram,only themainthreadis requiredto terminatein orderfor theprocess
to terminate.Thusall otherforkedthreadswill simply terminateat thesametimeasthemainthread
(theterminologyfor this kind of behaviour is “daemonicthreads”).

If you wanttheprogramto wait for child threadsto finishbeforeexiting, youneedto programthis
yourself.A simplemechanismis to haveeachchild threadwrite to anMVar whenit completes,and
have themainthreadwait on all theMVarsbeforeexiting:

myForkIO :: IO () -> IO (MVar ())
myForkIO io = do

mvar <- newEmptyMVar
forkIO (io ‘finally‘ putMVar mvar ())
return mvar

Notethatweusefinally from theException moduleto makesurethattheMVar is written to
evenif thethreaddiesor is killed for somereason.

A bettermethodis to keepagloballist of all child threadswhich weshouldwait for at theendof the
program:

children :: MVar [MVar ()]
children = unsafePerformIO (newMVar [])

waitForChildren :: IO ()
waitForChildren = do

(mvar:mvars) <- takeMVar children
putMVar children mvars
takeMVar mvar
waitForChildren

forkChild :: IO () -> IO ()
forkChild io = do

mvar <- newEmptyMVar
forkIO (p ‘finally‘ putMVar mvar ())
childs <- takeMVar children
putMVar children (mvar:childs)
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later = flip finally

main =
later waitForChildren $
...
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3.1. Edison
Edisonis acompletepackageof datastructuresfor Haskell. Documentationcancurrentlybefound
at TheEdisonhomepage(http://www.cs.columbia.edu/~cdo/edison/).

3.2. The FiniteMap type

Whatfunctionalprogrammerscall a finite map, everyoneelsecallsa lookuptable.

Out codeis derivedfrom thatin this paper:“S Adams"Efficient sets:a balancingact"Journalof
functionalprogramming3(4)Oct 1993,pages553-562”Guesswhat?Theimplementationuses
balancedtrees.

data FiniteMap key elt - abstract

- BUILDING
emptyFM :: FiniteMap key elt
unitFM :: key -> elt -> FiniteMap key elt
listToFM :: Ord key => [(key,elt)] -> FiniteMap key elt

- In the case of duplicates, the last is taken

- ADDING AND DELETING
- Throws away any previous binding
-

In the list case, the items are added starting with the
- first one in the list

addToFM :: Ord key => FiniteMap key elt -> key -> elt -
> FiniteMap key elt
addListToFM :: Ord key => FiniteMap key elt -> [(key,elt)] -
> FiniteMap key elt

- Combines with previous binding
- In the combining function, the first argument is
- the "old" element, while the second is the "new" one.

addToFM_C :: Ord key => (elt -> elt -> elt)
-> FiniteMap key elt -> key -> elt
-> FiniteMap key elt

addListToFM_C :: Ord key => (elt -> elt -> elt)
-> FiniteMap key elt -> [(key,elt)]
-> FiniteMap key elt
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-
Deletion doesn’t complain if you try to delete something

- which isn’t there
delFromFM :: Ord key => FiniteMap key elt -> key -
> FiniteMap key elt
delListFromFM :: Ord key => FiniteMap key elt -> [key] -
> FiniteMap key elt

- COMBINING
- Bindings in right argument shadow those in the left

plusFM :: Ord key => FiniteMap key elt -> FiniteMap key elt
-> FiniteMap key elt

-
Combines bindings for the same thing with the given function
plusFM_C :: Ord key => (elt -> elt -> elt)

-> FiniteMap key elt -> FiniteMap key elt -
> FiniteMap key elt

minusFM :: Ord key => FiniteMap key elt -> FiniteMap key elt -
> FiniteMap key elt

-
(minusFM a1 a2) deletes from a1 any bindings which are bound in a2

intersectFM :: Ord key => FiniteMap key elt -> FiniteMap key elt -
> FiniteMap key elt
intersectFM_C :: Ord key => (elt -> elt -> elt)

-> FiniteMap key elt -> FiniteMap key elt -
> FiniteMap key elt

- MAPPING, FOLDING, FILTERING
foldFM :: (key -> elt -> a -> a) -> a -> FiniteMap key elt -> a
mapFM :: (key -> elt1 -> elt2) -> FiniteMap key elt1 -
> FiniteMap key elt2
filterFM :: Ord key => (key -> elt -> Bool)

-> FiniteMap key elt -> FiniteMap key elt

- INTERROGATING
sizeFM :: FiniteMap key elt -> Int
isEmptyFM :: FiniteMap key elt -> Bool

elemFM :: Ord key => key -> FiniteMap key elt -> Bool
lookupFM :: Ord key => FiniteMap key elt -> key -> Maybe elt
lookupWithDefaultFM

:: Ord key => FiniteMap key elt -> elt -> key -> elt
- lookupWithDefaultFM supplies a "default" elt
- to return for an unmapped key

- LISTIFYING
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fmToList :: FiniteMap key elt -> [(key,elt)]
keysFM :: FiniteMap key elt -> [key]
eltsFM :: FiniteMap key elt -> [elt]

3.3. The Set type

Our implementationof sets(key property:noduplicates)is justa variantof theFiniteMap module.

data Set - abstract
- instance of: Eq

emptySet :: Set a
mkSet :: Ord a => [a] -> Set a
setToList :: Set a -> [a]
unitSet :: a -> Set a
singletonSet :: a -> Set a - deprecated, use unitSet.

union :: Ord a => Set a -> Set a -> Set a
unionManySets :: Ord a => [Set a] -> Set a
minusSet :: Ord a => Set a -> Set a -> Set a
mapSet :: Ord a => (b -> a) -> Set b -> Set a
intersect :: Ord a => Set a -> Set a -> Set a

elementOf :: Ord a => a -> Set a -> Bool
isEmptySet :: Set a -> Bool

cardinality :: Set a -> Int
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4.1. Addr
This library providesmachineaddresses,i.e.,handlesto chunksof raw memory. It is primarily
intendedfor usewith theForeignFunctionInterface(FFI) andwill usuallybeimportedvia the
moduleForeign (seeSection4.9).

4.1.1. Address Type and Arithmetic

data Addr - abstract handle for memory addresses
- instance of: Eq, Ord, Show, Typeable

data AddrOff - abstract handle of address offsets
-

instance of: Eq, Ord, Show, Enum, Num, Real, Integral, Typeable

nullAddr :: Addr
alignAddr :: Addr -> Int -> Addr
plusAddr :: Addr -> AddrOff -> Addr
minusAddr :: Addr -> Addr -> AddrOff

Thefollowing specifiesthebehaviour of thefour functiondefinitions.

nullAddr :: Addr

TheconstantnullAddr containsadistinguishedvalueof Addr thatdenotestheabsenceof an
addressthatis associatedwith avalid memorylocation.

alignAddr :: Addr -> Int -> Addr

Givenanarbitraryaddressandanalignmentconstraint,alignAddr yieldsthenext higher
addressthatfulfills thealignmentconstraint.An alignmentconstraintx is fulfilled by any
addressdivisibleby x . Thisoperationis idempotent.

plusAddr :: Addr -> AddrOff -> Addr

Advancesthegivenaddressby thegivenaddressoffset.

minusAddr :: Addr -> Addr -> AddrOff

Computestheoffsetrequiredto getfrom thefirst to thesecondargument.We have

a2 == a1 ‘plusAddr‘ (a2 ‘minusAddr‘ a1)
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4.1.2. The Standar d C-side Interface
Thefollowing definitionis availableto C programsinter-operatingwith Haskell codewhen
includingtheheaderHsFFI.h .

typedef void* HsAddr; /* C representation of an Addr */

4.1.3. Deprecated Functions
Thefollowing functionsaredeprecatedin thenew FFI. UsethemoduleStorable (Section4.25)
instead.

- read value out of _immutable_ memory
indexCharOffAddr :: Addr -> Int -> Char
indexIntOffAddr :: Addr -> Int -> Int
indexAddrOffAddr :: Addr -> Int -> Addr
indexFloatOffAddr :: Addr -> Int -> Float
indexDoubleOffAddr :: Addr -> Int -> Double
indexWord8OffAddr :: Addr -> Int -> Word8
indexWord16OffAddr :: Addr -> Int -> Word16
indexWord32OffAddr :: Addr -> Int -> Word32
indexWord64OffAddr :: Addr -> Int -> Word64
indexInt8OffAddr :: Addr -> Int -> Int8
indexInt16OffAddr :: Addr -> Int -> Int16
indexInt32OffAddr :: Addr -> Int -> Int32
indexInt64OffAddr :: Addr -> Int -> Int64
indexStablePtrOffAddr :: Addr -> Int -> StablePtr a

- read value out of mutable memory
readCharOffAddr :: Addr -> Int -> IO Char
readIntOffAddr :: Addr -> Int -> IO Int
readAddrOffAddr :: Addr -> Int -> IO Addr
readFloatOffAddr :: Addr -> Int -> IO Float
readDoubleOffAddr :: Addr -> Int -> IO Double
readWord8OffAddr :: Addr -> Int -> IO Word8
readWord16OffAddr :: Addr -> Int -> IO Word16
readWord32OffAddr :: Addr -> Int -> IO Word32
readWord64OffAddr :: Addr -> Int -> IO Word64
readInt8OffAddr :: Addr -> Int -> IO Int8
readInt16OffAddr :: Addr -> Int -> IO Int16
readInt32OffAddr :: Addr -> Int -> IO Int32
readInt64OffAddr :: Addr -> Int -> IO Int64
readStablePtrOffAddr :: Addr -> Int -> IO (StablePtr a)

- write value into mutable memory
writeCharOffAddr :: Addr -> Int -> Char -> IO ()
writeIntOffAddr :: Addr -> Int -> Int -> IO ()
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writeAddrOffAddr :: Addr -> Int -> Addr -> IO ()
writeFloatOffAddr :: Addr -> Int -> Float -> IO ()
writeDoubleOffAddr :: Addr -> Int -> Double -> IO ()
writeWord8OffAddr :: Addr -> Int -> Word8 -> IO ()
writeWord16OffAddr :: Addr -> Int -> Word16 -> IO ()
writeWord32OffAddr :: Addr -> Int -> Word32 -> IO ()
writeWord64OffAddr :: Addr -> Int -> Word64 -> IO ()
writeInt8OffAddr :: Addr -> Int -> Int8 -> IO ()
writeInt16OffAddr :: Addr -> Int -> Int16 -> IO ()
writeInt32OffAddr :: Addr -> Int -> Int32 -> IO ()
writeInt64OffAddr :: Addr -> Int -> Int64 -> IO ()
writeForeignObjOffAddr :: Addr -> Int -> ForeignObj -> IO ()
writeStablePtrOffAddr :: Addr -> Int -> StablePtr a -> IO ()

- conversion to/from Int, a little bit doubtful...
addrToInt :: Addr -> Int
intToAddr :: Int -> Addr

- completely deprecated
data Word = W# Word#
wordToInt :: Word -> Int
intToWord :: Int -> Word

4.1.4. Hugs Specifics
HugsprovidesAddr andnullAddr but doesnot provideany of theindex, reador write functions.
They canbeimplementedusingGreenCardif required.

4.2. Bits
This moduledefinesbitwiseoperationsfor signedandunsignedints. Instancesof class Bits can
beobtainedfrom the Int (Section4.13)andWord (Section4.27)modules.

infixl 8 ‘shift‘, ‘rotate‘
infixl 7 .&.
infixl 6 ‘xor‘
infixl 5 .|.

class Bits a where
(.&.), (.|.), xor :: a -> a -> a
complement :: a -> a
shift :: a -> Int -> a
rotate :: a -> Int -> a
bit :: Int -> a
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setBit :: a -> Int -> a
clearBit :: a -> Int -> a
complementBit :: a -> Int -> a
testBit :: a -> Int -> Bool
bitSize :: a -> Int
isSigned :: a -> Bool

shiftL, shiftR :: Bits a => a -> Int -> a
rotateL, rotateR :: Bits a => a -> Int -> a
shiftL a i = shift a i
shiftR a i = shift a (-i)
rotateL a i = rotate a i
rotateR a i = rotate a (-i)

Notes:

• bitSize andisSigned arelike floatRadix andfloatDigits —they returnparametersof the
typeof their argumentratherthanof theparticularargumentthey areappliedto. bitSize returns
thenumberof bits in thetype;andisSigned returnswhetherthetypeis signedor not.

• shift performssignextensiononsignednumbertypes.Thatis, right shiftsfill thetop bits with 1
if thenumberis negativeandwith 0 otherwise.

• Bits arenumberedfrom 0 with bit 0 beingtheleastsignificantbit.

• shift x i androtate x i shift to theleft if i is positiveandto theright otherwise.

• bit i is thevaluewith thei’ th bit set.

4.3. ByteArray
NOTE: TheByteArray interfaceis deprecated,pleaseuseIArray (Section4.12)or MArray

(Section4.16)instead.

ByteArray sarechunksof immutableHaskell heap:

data ByteArray ix - abstract

instance Eq (ByteArray ix)

newByteArray :: Ix ix => (ix,ix) -> ST s (ByteArray ix)

indexCharArray :: Ix ix => ByteArray ix -> ix -> Char
indexIntArray :: Ix ix => ByteArray ix -> ix -> Int
indexWordArray :: Ix ix => ByteArray ix -> ix -> Word
indexAddrArray :: Ix ix => ByteArray ix -> ix -> Addr
indexFloatArray :: Ix ix => ByteArray ix -> ix -> Float
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indexDoubleArray :: Ix ix => ByteArray ix -> ix -> Double
indexStablePtrArray :: Ix ix => ByteArray ix -> ix -> (StablePtr a)

sizeofByteArray :: Ix ix => ByteArray ix -> Int
boundsOfByteArray :: Ix ix => ByteArray ix -> (ix, ix)

Remarks:

• TheoperationnewByteArray createsa bytearrayof lengthequalto therangeof its indicesin
bytes.

• sizeofByteArray returnsthesizeof thebytearray, in bytes.

• Equalityon bytearraysis valueequality, not pointerequality(asis thecasefor its mutable
variant.)Two bytearraysareequalif they’reof thesamelengthandthey’repairwiseequal.

4.4. CCall
This moduleis deprecated.UsetheForeignFunctionInterfaceinstead.

TheCCall moduledefinestheclassesCCallable andCReturnable , alongwith instancesfor the
primitive types(Int , Int# , Float , Float# etc.)GHCknowsto import this moduleif youuse
_ccall_ , but if you needto defineyourown instancesof theseclasses,youwill needto import
CCall explicitly.

4.5. CTypes
This moduleis partof thelanguage-dependentpartof theForeignFunctionInterface(FFI) - for the
language-independentpart,seeSection4.9.It definesHaskell typesthatcanhold theprimitivetypes
of C andcandirectlybeusedin foreignimportandexport declarations.

Every typehasa constructorof thesamename,which is currentlyexported,too.Giventhelargeset
of instancesfor eachtype,it is not clearif accessto theconcreterepresentationis really necessary.
Someexperienceis neededbeforea final decisioncanbemadein this respect.

4.5.1. Integral types
Thefollowing integral typeshave instancesfor theclassesEq, Ord , Num, Read, Show, Enum,
Typeable , Storable , Bounded , Real , Integral , andBits :

newtype CChar - char
newtype CSChar - signed char
newtype CUChar - unsigned char
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newtype CShort - short
newtype CUShort - unsigned short
newtype CInt - int
newtype CUInt - unsigned int
newtype CLong - long
newtype CULong - unsigned long
newtype CLLong - long long
newtype CULLong - unsigned long long

4.5.2. Floating types
Thefollowing floatingtypeshave instancesfor theclassesEq, Ord , Num, Read, Show, Enum,
Typeable , Storable , Real , Fractional , Floating , RealFrac , andRealFloat :

newtype CFloat - float
newtype CDouble - double
newtype CLDouble - long double

4.6. CTypesISO
This moduleis partof thelanguage-dependentpartof theForeignFunctionInterface(FFI) - for the
language-independentpart,seeSection4.9.It definesHaskell typescorrespondingthemost
importantISOtypesof C thatarenot coveredin themoduleCTypes .

Every typehasa constructorof thesamename,which is currentlyexported,too.Giventhelargeset
of instancesfor eachtype,it is not clearif accessto theconcreterepresentationis really necessary.
Someexperienceis neededbeforea final decisioncanbemadein this respect.

4.6.1. Integral types
Thefollowing integral typeshave instacesfor theclassesEq, Ord , Num, Read, Show, Enum,
Typeable , Storable , Bounded , Real , Integral , andBits :

newtype CPtrdiff - ptrdiff_t
newtype CSize - size_t
newtype CWChar - wchar_t
newtype CSigAtomic - sig_atomic_t
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4.6.2. Numeric types
Thefollowing numerictypeshave instancesfor theclassesEq, Ord , Num, Read, Show, Enum,
Typeable , andStorable :

newtype CClock - clock_t
newtype CTime - time_t

4.6.3. Misc types
Thefollowing typeshave instancesfor theclasses:???

newtype CFile - FILE
newtype CFpos - fpos_t
newtype CJmpBuf - jmp_buf

4.7. Dynamic
TheDynamic library providescheap-and-cheerfuldynamictypesfor Haskell. A dynamicallytyped
valueis onewhichcarriestypeinformationwith it at run-time,andis representedhereby the
abstracttypeDynamic . Valuescanbeconvertedinto Dynamic ones,which canthenbecombined
andmanipulatedby theprogramusingtheoperationsprovidedover theabstract,dynamictype.One
of theseoperationsallowsyou to (try to) converta dynamically-typedvaluebackinto a valuewith
thesame(monomorphic)typeit hadbeforeconvertingit into a dynamically-typedvalue.If the
dynamically-typedvalueisn’t of thedesiredtype,thecoercionwill fail.

TheDynamic library is capableof dealingwith monomorphictypesonly; nosupportfor
polymorphicdynamicvalues,but hopefullythatwill beaddedat a laterstage.

Exampleswherethis library maycomein handy(dynamictypes,really - hopefullythelibrary
providedherewill suffice)are:persistentprogramming,interpreters,distributedprogrammingetc.

Thefollowing operationsareprovidedover theDynamic type:

data Dynamic - abstract, instance of: Show, Typeable
instance Show Dynamic

toDyn :: Typeable a => a -> Dynamic
fromDyn :: Typeable a => Dynamic -> a -> a
fromDynamic :: Typeable a => Dynamic -> Maybe a
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• toDyn convertsa valueinto a dynamicone,providedtoDyn knowsthe(concrete)type
representationof thevalue.TheTypeable typeclassis usedto encodethis,overloadinga
functionthatreturnsthetyperepresentationof a value.More on this below.

• There’s two waysof goingfrom adynamicvalueto onewith aconcretetype: fromDyn , triesto
convert thedynamicvalueinto avaluewith thesametypeasits secondargument.If this fails, the
default secondargumentis just returned.fromDynamic returnsa Maybe typeinstead,Nothing

comingbackif theconversionwasnot possible.

• TheDynamic typehasgot aShow instancewhich returnsa prettyprintedstringof thetypeof the
dynamicvalue.(Usefulwhendebugging).

4.7.1. Representing types
Haskell typesarerepresentedastermsusingtheTypeRep abstracttype:

data TypeRep - abstract, instance of: Eq, Show, Typeable
data TyCon - abstract, instance of: Eq, Show, Typeable

mkTyCon :: String -> TyCon
mkAppTy :: TyCon -> [TypeRep] -> TypeRep
mkFunTy :: TypeRep -> TypeRep -> TypeRep
applyTy :: TypeRep -> TypeRep -> Maybe TypeRep

• mkAppTy appliesa typeconstructorto asequenceof types,returninga type.

• mkFunTy is aspecialcaseof mkAppTy, applyingthefunctiontypeconstructorto apair of types.

• applyTy appliesa typeto a functiontype.If possible,theresulttypeis returned.

• Typeconstructorsarerepresentedby theabstracttype,TyCon.

• Most importantly, TypeRep scanbecomparedfor equality. Typeequalityis usedwhenconverting
a Dynamic valueinto a valueof somespecifictype,comparingthetyperepresentationthatthe
Dynamic valueembedswith equalityof thetyperepresentationof thetypewe’re trying to convert
thedynamically-typedvalueinto.

• To allow comparisonsbetweenTypeRep s to beimplementedefficiently, theabstract TyCon type
is used,with theconstructorfunctionmkTyCon provided:

mkTyCon :: String -> TyCon

An implementationof theDynamic interfaceguaranteesthefollowing,

mkTyCon "a" == mkTyCon "a"

A really efficient implementationis possibleif we guarantee/demandthatthestringsareunique,and
for aparticulartypeconstructor, theapplicationmkTyCon to thestringthatrepresentsthetype
constructoris neverduplicated.Q: Would this constraint beunworkablein practice?
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• Both TyCon andTypeRep areinstancesof theShow typeclasses.To have tupletypesbeshown in
infix form, theShow instanceguaranteesthattypeconstructorsconsistingof n-commas,i.e.,
(mkTyCon "„„" ), is shown asan(n+1) tuplein infix form.

4.7.2. The Typeab le class
To easetheconstructionof Dynamic values,we introducethefollowing typeclassto helpworking
with TypeRep s:

class Typeable a where
typeOf :: a -> TypeRep

• The typeOf functionis overloadedto returnthetyperepresentationassociatedwith a type.

• Important:Theargumentto typeOf is only usedto carrytypeinformationaroundsothat
overloadingcanberesolved.Typeable instancesshouldnever, ever look at this argument.

• TheDynamic library providesTypeable instancesfor all Preludetypesandall typesfrom the
lang package(giventhattheir componenttypesarethemselvesTypeable).They are:

Prelude types:
[a], (), (a,b), (a,b,c), (a,b,c,d), (a,b,c,d,e), (a->b),
(Array a b), Bool, Char, (Complex a), Double, (Either a b),
Float, Handle, Int, Integer, (IO a), (Maybe a), Ordering

Hugs/GHC types:
Addr, AddrOff, Dynamic, ForeignObj, (IORef a),
Int8, Int16, Int32, Int64, (ST s a), (StablePtr a),
TyCon, TypeRep, Word8, Word16, Word32, Word64

GHC types:
ArithException, AsyncException, (ByteArray i), CChar, CClock,
CDouble, CFile, CFloat, CFpos, CInt, CJmpbuf, CLDouble,
CLLong, CLong, CPtrdiff, CSChar, CShort, CSigAtomic, CSize,
CTime, CUChar, CUInt, CULLong, CULong, CUShort, CWchar,
Exception, (IOArray i e), (IOUArray i e), (MutableByteArray s i),
PackedString, (STArray s i e), (STUArray s i e), (StableName a),
(UArray i e), (Weak a)

Note:GHC’s librariescurrentlycontaintheTypeable instancesfor thedatatypesin themodules
Exception , CTypes , andCTypesISO in thosemodulesthemselves.This is probablyanyway the
right way to go,Dynamic shouldonly containinstancesfor Preludetypes.
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4.7.3. Utility functions
Operationsfor applyinga dynamicfunctiontypeto a dynamicallytypedargumentarecommonly
useful,andalsoprovided:

dynApply :: Dynamic -> Dynamic -> Dynamic - unsafe.
dynApplyMb :: Dynamic -> Dynamic -> Maybe Dynamic

4.8. Exception
TheExceptionlibrary providesaninterfacefor raisingandcatchingbothbuilt-in anduserdefined
exceptions.

Exceptionsaredefinedby thefollowing (non-abstract)datatype:

- instance of Eq, Ord, Show, Typeable
data Exception

= IOException IOError - IO exceptions (from ’ioError’)
| ArithException ArithException - Arithmetic exceptions
| ArrayException ArrayException - Array-related exceptions
| ErrorCall String - Calls to ’error’
| NoMethodError String - A non-existent method was invoked
| PatternMatchFail String - A pattern match failed
| RecSelError String - Selecting a non-existent field
| RecConError String - Field missing in record construction
| RecUpdError String - Record doesn’t contain updated field
| AssertionFailed String - Assertions
| DynException Dynamic - Dynamic exceptions
| AsyncException AsyncException - Externally generated errors
| PutFullMVar - Put on a full MVar
| BlockedOnDeadMVar - Blocking on a dead MVar
| NonTermination

- instance of Eq, Ord, Show, Typeable
data ArithException

= Overflow
| Underflow
| LossOfPrecision
| DivideByZero
| Denormal

- instance of Eq, Ord, Show, Typeable
data AsyncException

= StackOverflow
| HeapOverflow
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| ThreadKilled

- instance of Eq, Ord, Show, Typeable
data ArrayException

= IndexOutOfBounds String - out-of-range array access
| UndefinedElement String - evaluating an undefined element

4.8.1. Kinds of exception
An implementationshouldraisetheappropriateexceptionwhenonceof thefollowing conditions
arises:

IOException

ThesearethestandardIO exceptionsfrom Haskell’s IO monad.IO Exceptionsareraisedby
IO.ioError .

ArithException

Exceptionsraisedby arithmeticoperations1:

Overflow

Underflow

LossOfPrecision

DivisionByZero

Denormal

ArrayException

Exceptionsraisedby array-relatedoperations2:

IndexOutOfBounds

An attemptwasmadeto index anarrayoutsideits declaredbounds.
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UndefinedElement

An attemptwasmadeto evaluateanelementof anarraythathadnotbeeninitialized.

ErrorCall

TheErrorCall exceptionis thrown by error . TheString argumentof ErrorCall is the
stringpassedto error whenit wascalled.

NoMethodError

An attemptwasmadeto invokea classmethodwhichhasno definitionin this instance,and
therewasno defaultdefinitiongivenin theclassdeclaration.GHC issuesa warningwhenyou
compileaninstancewhich hasmissingmethods.

PatternMatchFail

A patternmatchingfailure.TheString argumentshouldcontaina descriptivemessage
includingthefunctionname,sourcefile andline number.

RecSelError

A field selectionwasattemptedon a constructorthatdoesn’t have therequestedfield. Thiscan
happenwith multi-constructorrecordswhenoneor morefieldsaremissingfrom someof the
constructors.TheString argumentgivesthelocationof therecordselectionin thesource
program.

RecConError

An attemptwasmadeto evaluateafield of arecordfor whichnovaluewasgivenatconstruction
time.TheString argumentgivesthelocationof therecordconstructionin thesourceprogram.

RecUpdError

An attemptwasmadeto updatea field in a record,wheretherecorddoesn’t have therequested
field. This canonly occurwith multi-constructorrecords,whenoneor morefieldsaremissing
from someof theconstructors.TheString argumentgivesthelocationof therecordupdatein
thesourceprogram.

AssertionFailed

This exceptionis thrown by theassert operationwhentheconditionfails.TheString

argumentcontainsthelocationof theassertionin thesourceprogram.

DynException

Dynamicallytypedexceptions,describedin Section4.8.5.

AsyncException

Asynchronousexceptions.Thesearedescribedin moredetail in Section4.8.7.Thetypesof
asynchronousexceptionare:
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StackOverflow

Thecurrentthread’sstackexceededits limit. Sinceanexceptionhasbeenraised,the
thread’sstackwill certainlybebelow its limit again,but theprogrammershouldtake
remedialactionimmediately.

HeapOverflow

Theprogram’sheapis reachingits limit, andtheprogramshouldtakeactionto reducethe
amountof livedatait has34.

ThreadKilled

This exceptionis raisedby anotherthreadcalling killThread (seeSection2.2),or by the
systemif it needsto terminatethethreadfor somereason.

PutFullMVar

A call to putMVar (Section2.4.3)waspasseda full MVar .

BlockedOnDeadMVar

Thecurrentthreadwasexecutinga call to takeMVar (Section2.4.3)thatcouldnever return,
becausetherearenootherreferencesto this MVar.

NonTermination

Thecurrentthreadis stuckin aninfinite loop.Thisexceptionmayor maynot bethrown when
theprogramis non-terminating.

4.8.2. Throwing exceptions
Exceptionsmaybethrown explicitly from anywhere:

throw :: Exception -> a

4.8.3. The try functions
Thereareseveralfunctionsfor catchingandexaminingexceptions;all of themmayonly beused
from within the IO monad.Firstly the try family of functions:

tryAll :: a -> IO (Either Exception a)
tryAllIO :: IO a -> IO (Either Exception a)
try :: (Exception -> Maybe b) -> a -> IO (Either b a)
tryIO :: (Exception -> Maybe b) -> IO a -> IO (Either b a)
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Thesimplestversionis tryAll . It takesa singleargument,evaluatesit (asif you’d appliedseq to
it), andreturnseitherRight a if theevaluationsucceededwith resulta, or Left e if anexception
wasraised,wheree is theexception.Notethatdueto Haskell’sunspecifiedevaluationorder, an
expressionmayreturnoneof severalpossibleexceptions:considertheexpressionerror "urk" +

1 ‘div‘ 0. DoestryAll returnJust (ErrorCall "urk") or Just (ArithError

DivideByZero) ?Theansweris "either": tryAll makesa non-deterministicchoiceaboutwhich
exceptionto return.If youcall it again,you mightgetadifferentexceptionback.This is ok, because
tryAll is anIO computation.

tryAllIO is thesameastryAll exceptthattheargumentto evaluateis an IO computation.Don’t
try to usetryAll to catchexceptionsin IO computations:in GHCanexpressionof typeIO a is in
facta function,soevaluatingit doesnothingat all (andthereforeraisesno exceptions).Hencethe
needfor tryAllIO , which runsIO computationsproperly.

Thefunctionstry andtryIO takeanextra argumentwhich is anexceptionpredicate, a function
which selectswhich typeof exceptionswe’re interestedin. Thefull setof exceptionpredicatesis
givenbelow:

justIoErrors :: Exception -> Maybe IOError
justArithExceptions :: Exception -> Maybe ArithException
justErrors :: Exception -> Maybe String
justDynExceptions :: Exception -> Maybe Dynamic
justAssertions :: Exception -> Maybe String
justAsyncExceptions :: Exception -> Maybe AsyncException

For example,to catchjust callsto ’error’ we couldusesomethinglike

result <- try justErrors thing_to_try

Any otherexceptionswhicharen’t matchedby thepredicatearere-raised,andmaybecaughtby an
enclosingtry or catch .

4.8.4. The catch functions
Thecatch family is similar to the try family:

catchAll :: a -> (Exception -> IO a) -> IO a
catchAllIO :: IO a -> (Exception -> IO a) -> IO a
catch :: (Exception -> Maybe b) -> a -> (b -> IO a) -> IO a
catchIO :: (Exception -> Maybe b) -> IO a -> (b -> IO a) -> IO a

Thedifferenceis thatinsteadof returninganEither typeastheresult,thecatch functionstakea
handlerargumentwhich is invokedin thecasethatanexceptionwasraisedwhile evaluatingthefirst
argument.

catch andcatchIO take exceptionpredicateargumentsin thesamewayastry andtryIO .
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NotethatcatchIO justIoErrors is identicalto IO.catch . In fact,theimplementationof IO

errorsin GHCusesexceptions"underthehood".

Also, don’t forgetto import Prelude hiding (catch) whenusingthis library, to avoid the
nameclashbetweenException.catch andIO.catch .

4.8.5. Dynamic Exceptions
BecausetheException datatypeisn’t extensible,weaddedaninterfacefor throwing andcatching
exceptionsof typeDynamic (seeSection4.7),which allowsexceptionvaluesof any typein the
Typeable classto bethrown andcaught.

throwDyn :: Typeable exception => exception -> b
catchDyn :: Typeable exception => IO a -> (exception -> IO a) -> IO a

ThecatchDyn functiononly catchesexceptionsof therequiredtype;all otherexceptionsare
re-thrown aswith catchIO andfriendsabove.

4.8.6. Other Utilities
Thebracket functionsareusefulfor makingsurethatresourcesarereleasedproperlyby codethat
mayraiseexceptions:

bracket :: IO a -> (a -> IO b) -> (a -> IO c) -> IO c
bracket_ :: IO a -> IO b -> IO c -> IO c
finally :: IO a -> IO b -> IO b

For example,to openafile, dosomework on it andthencloseit again,wemight usesomethinglike:

process_file =
bracket

(openFile "filename" ReadMode)
(closeFile)
(do { ... })

bracket worksasfollows: it executesits first argument("open"),thenits third argument,followed
finally by its secondargument("close").If thethird argumenthappenedto raiseanexception,then
thecloseoperationwill still beperformed,andtheexceptionwill bere-raised.

This meansthatin theexampleabovethefile will alwaysbeclosed,evenif anerroroccursduring
processing.

Theargumentsto bracket arein thisordersothatwe canpartiallyapplyit, like:

withFile name = bracket (openFile name) closeFile
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Thebracket_ functionis a variantof bracket thatthrowsaway theresultof theopen,and
finally is anevensimplerversionwherewe just wantsomeclosingcode.

4.8.7. Async hronous exceptions
Asynchronousexceptionsareso-calledbecausethey arisedueto externalinfluences,andcanbe
raisedat any point duringexecution.StackOverflow andHeapOverflow aretwo examplesof
system-generatedasynchronousexceptions.

Theprimarysourceof asynchronousexceptions,however, is raiseInThread , from the
Concurrent library (seeSection2.2):

raiseInThread :: ThreadId -> Exception -> IO ()

raiseInThread allowsonerunningthreadto raiseanarbitraryexceptionin anotherthread.The
exceptionis thereforeasynchronouswith respectto thetargetthread,which couldbedoinganything
at thetime it receivestheexception.Greatcareshouldbetakenwith asynchronousexceptions;it is
all too easyto introduceraceconditionsby theoverzealoususeof raiseInThread .

Therearetwo functionswhich allow a threadto controlthedeliveryof asynchronousexceptions
duringcritical sections:

blockAsyncExceptions :: IO () -> IO ()
unblockAsyncExceptions :: IO () -> IO ()

Applying blockAsyncExceptions to a computationwill executethatcomputationwith
asynchronousexceptionsblocked. Thatis, any threadwhich attemptsto raiseanexceptionin the
currentthreadwill beblockeduntil asynchronousexceptionsareenabledagain.There’sno needto
worry aboutre-enablingasynchronousexceptions;that’sdoneautomaticallyon exiting thescopeof
blockAsyncExceptions .

To re-enableasynchronousexceptionsinsidethescopeof blockAsyncExceptions ,
unblockAsyncExceptions canbeused.It scopesin exactly thesameway, soon exit from
unblockAsyncExceptions asynchronousexceptiondeliverywill bedisabledagain.

For someexamplesof theuseof thesefunctions,seethedefinitionsof finally andbracket in the
sourcesto theException module.

4.8.7.1. Appl ying blockAsyncExceptions to an exception handler

There’sanimplied blockAsyncExceptions aroundeveryexceptionhandlerin a call to oneof the
catch family of functions.This is becausethat’swhatyouwantmostof thetime - it eliminatesa
commonraceconditionin startinganexceptionhandler, becausetheremaybeno exceptionhandler
on thestackto handleanotherexceptionif onearrivesimmediately. If asynchronousexceptionsare
blockedon enteringthehandler, though,we havetime to install anew exceptionhandlerbefore
beinginterrupted.If this weren’t thedefault,you’d haveto write somethinglike
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blockAsyncExceptions (
catchAllIO (unblockAsyncExceptions (...))

(\e -> handler)
)

If you needto unblockasynchronousexceptionsagainin theexceptionshandler, just use
unblockAsyncExceptions asnormal.

Notethat try andfriendsdon’t haveasimilar default,becausethereis no exceptionhandlerin this
case.If youwantto usetry in anasynchronous-exception-safeway, you’ll needto use
blockAsyncExceptions .

4.8.7.2. Interruptib le operations

Someoperationsareinterruptible, which meansthatthey canreceiveasynchronousexceptionseven
in thescopeof ablockAsyncExceptions . Any functionwhich mayitself block is definedas
interruptible;this includestakeMVar , andmostI/O-performingoperations.Thereasonfor having
interruptibleoperationsis sothatwe canwrite thingslike

blockAsyncExceptions (
a <- takeMVar m
catch (unblockAsyncExceptions (...))

(\e -> ...)
)

if the takeMVar wasn’t interruptible,thenthis particularcombinationcouldleadto deadlock,
becausethethreaditself wouldbeblockedin astatewhereit can’t receiveany asynchronous
exceptions.With takeMVar interruptible,however, we canbesafein theknowledgethatthethread
canreceiveexceptionsright upuntil thepointwhenthe takeMVar succeeds.Similararguments
applyfor otherinterruptibleoperationslike IO.openFile .

4.9. Foreign
TheForeignFunctionInterface(FFI) consistsof threeparts:

1. foreignimportandexport declarations(definedin anextradocumentA Haskell Foreign
FunctionInterface),

2. a low-level marshallinglibrary (seeSection4.13,Section4.27,Section4.1,Section4.10,
Section4.24,Section4.25,Section4.5,andSection4.6),and

3. ahigh-level marshallinglibrary (this is still underdevelopmentandnot includedin thecurrent
distribution).
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ThemoduleForeign providestheinterfaceto the languageindependentportionof thesecond
component,i.e., themodulesInt (Section4.13),Word (Section4.27),Addr (Section4.1),
ForeignObj (Section4.10),StablePtr (Section4.24),andStorable (Section4.25).Thetwo
modulesCTypes (Section4.5)andCTypesISO (Section4.6)arespecificto codeinterfacingwith C
- especially, for implementingportableHaskell bindingsto C libraries.However, currentlythereis
no dedicatedsupportfor languagesotherthanC, sothatForeign will usuallybeusedin
conjunctionwith CTypes andCTypesISO .

Thecodefor marshallingof Haskell structuresinto a foreignrepresentationandviceversacan
generallybeimplementedin eitherHaskell or theforeignlanguage.At leastif theforeignlanguage
is a significantlylower level language,suchasC, therearegoodreasonsfor doingthemarshallingin
Haskell:

• Haskell’s lazyevaluationstrategy would requireany foreigncodethatattemptsto accessHaskell
structuresto forcetheevaluationof thestructuresbeforeaccessingthem.Thiswould leadto
complicatedcodein theforeignlanguage,but doesnot needany extraconsiderationwhencoding
themarshallingin Haskell.

• Despitethefactthatmarshallingcodein Haskell tendsto look like C in Haskell syntax,thestrong
typesystemstill catchesmany errorsthatwouldotherwiseleadto difficult to debugruntimefaults.

• Direct accessto Haskell heapstructuresfrom a languagelike C - especially, whenmarshalling
from C to Haskell, i.e.,whenHaskell structuresarecreated- carriestherisk of corruptingthe
heap,whichusuallyleadsto faultsthatareveryhardto debug.(Paradoxasit mayseem,thecause
for corruptedC structuresis usuallyeasierto locate,at leastwhenaconventionaldebuggerlike
gdbis athand.)

Consequently, theHaskell FFI emphasisesHaskell-sidemarshalling.

4.10. ForeignObj
This moduleis partof theForeignFunctionInterface(FFI) andwill usuallybeimportedvia the
moduleForeign (seeSection4.9).ThetypeForeignObj representsreferencesto objectsthatare
maintainedin a foreignlanguage,i.e., thatarenot partof thedatastructuresusuallymanagedby the
Haskell storagemanager. TheessentialdifferencebetweenForeignObj sandvanillamemory
referencesof typeAddr (Section4.1) is thattheformermaybeassociatedwith finalisers.A finaliser
is a routinethatis invokedwhentheHaskell storagemanagerdetectsthat- within theHaskell heap
andstack- therearenomorereferencesleft thatarepointingto theForeignObj . Typically, the
finaliserwill, then,invokeroutinesin theforeignlanguagethatfreetheresourcesboundby the
foreignobject.

4.10.1. The Standar d Interface

data ForeignObj - abstract handle to foreign object
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instance Eq ForeignObj

newForeignObj :: Addr -> IO () -> IO ForeignObj
addForeignFinalizer :: ForeignObj -> IO () -> IO ()
foreignObjToAddr :: ForeignObj -> Addr - *unsafe* operation

Thebehaviour of thefunctionsis asfollows:

newForeignObj :: Addr -> IO () -> IO ForeignObj

Turnsa plainmemoryreferenceinto a foreignobjectby associatingafinaliser- givenby the
monadicoperation- with thereference.Thefinaliserwill beexecutedafterthelastreferenceto
theforeignobjectis dropped.Notethatthereis noguaranteeon how soonthefinaliseris
executedafterthelastreferencewasdropped;this dependson thedetailsof theHaskell storage
manager. Theonly guaranteeis thatthefinaliserrunsbeforetheprogramterminates.

addForeignFinalizer :: ForeignObj -> IO () -> IO ()

This functionaddsanotherfinaliserto thegivenforeignobject.No guaranteesaremadeon the
orderin whichmultiple finalisersfor a singleobjectarerun.

foreignObjToAddr :: ForeignObj -> Addr

Extracttheplain memoryreferencecontainedin a foreignobject.

Thisroutineshouldbehandledwith a lot of care: Thereferenceto theforeignobjectthatis
passedin acall to foreignObjToAddr maybethelastreferenceto theobjectthatexistsin
Haskell land.In this case,thefinalisersof theforeignobjectmaybeactivatedany timeafterthe
call to foreignObjToAddr is evaluated.If thefinalisers,for example,triggerdeallocationof
theforeignobject’smemoryarea,theAddr obtainedby thecall to foreignObjToAddr may
berenderedinvalid whengarbagecollectionhits afterthecall. Whetherthis is a problemor not
dependson thedetailsof thefinalisercodeandtheoperationssubsequentlyperformedon the
Addr .

If it mustbeguaranteedthatthefinalisersarenot yet run,a stablepointer(Section4.24)should
beusedto establisha guaranteedreferenceto theforeignobject.Thefinaliserswill, then,
certainlynotberunbeforeStablePtr.freeStablePtr is used.

4.10.2. The Standar d C-side Interface
Thefollowing definitionis availableto C programsinter-operatingwith Haskell codewhen
includingtheheaderHsFFI.h .

typedef void* HsForeignObj; /* C representation of a ForeignObj */
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4.10.3. Deprecated Functions
Thefollowing functionsaredeprecatedin thenew FFI. Do not usethefollowing functionsif youare
interestedin portability. Insteadof the indexXXX , readXXX , andwriteXXX functions,usethe
moduleStorable (Section4.25).

Most of thesefunctionsareherefor legacy reasonsandmayjustvanishoneday. You havebeen
warned.

writeForeignObj :: ForeignObj -> Addr{-new value-} -> IO ()
makeForeignObj :: Addr -> Addr -> IO ForeignObj

indexCharOffForeignObj :: ForeignObj -> Int -> Char
indexIntOffForeignObj :: ForeignObj -> Int -> Int
indexWordOffForeignObj :: ForeignObj -> Int -> Word
indexAddrOffForeignObj :: ForeignObj -> Int -> Addr
indexFloatOffForeignObj :: ForeignObj -> Int -> Float
indexDoubleOffForeignObj :: ForeignObj -> Int -> Double
indexWord8OffForeignObj :: ForeignObj -> Int -> Word8
indexWord16OffForeignObj :: ForeignObj -> Int -> Word16
indexWord32OffForeignObj :: ForeignObj -> Int -> Word32
indexWord64OffForeignObj :: ForeignObj -> Int -> Word64

indexInt8OffForeignObj :: ForeignObj -> Int -> Int8
indexInt16OffForeignObj :: ForeignObj -> Int -> Int16
indexInt32OffForeignObj :: ForeignObj -> Int -> Int32
indexInt64OffForeignObj :: ForeignObj -> Int -> Int64

- read value out of mutable memory
readCharOffForeignObj :: ForeignObj -> Int -> IO Char
readIntOffForeignObj :: ForeignObj -> Int -> IO Int
readWordOffForeignObj :: ForeignObj -> Int -> IO Word
readAddrOffForeignObj :: ForeignObj -> Int -> IO Addr
readFloatOffForeignObj :: ForeignObj -> Int -> IO Float
readDoubleOffForeignObj :: ForeignObj -> Int -> IO Double
readWord8OffForeignObj :: ForeignObj -> Int -> IO Word8
readWord16OffForeignObj :: ForeignObj -> Int -> IO Word16
readWord32OffForeignObj :: ForeignObj -> Int -> IO Word32
readWord64OffForeignObj :: ForeignObj -> Int -> IO Word64
readInt8OffForeignObj :: ForeignObj -> Int -> IO Int8
readInt16OffForeignObj :: ForeignObj -> Int -> IO Int16
readInt32OffForeignObj :: ForeignObj -> Int -> IO Int32
readInt64OffForeignObj :: ForeignObj -> Int -> IO Int64

writeCharOffForeignObj :: ForeignObj -> Int -> Char -> IO ()
writeIntOffForeignObj :: ForeignObj -> Int -> Int -> IO ()
writeWordOffForeignObj :: ForeignObj -> Int -> Word -> IO ()
writeAddrOffForeignObj :: ForeignObj -> Int -> Addr -> IO ()
writeFloatOffForeignObj :: ForeignObj -> Int -> Float -> IO ()
writeDoubleOffForeignObj :: ForeignObj -> Int -> Double -> IO ()
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writeWord8OffForeignObj :: ForeignObj -> Int -> Word8 -> IO ()
writeWord16OffForeignObj :: ForeignObj -> Int -> Word16 -> IO ()
writeWord32OffForeignObj :: ForeignObj -> Int -> Word32 -> IO ()
writeWord64OffForeignObj :: ForeignObj -> Int -> Word64 -> IO ()
writeInt8OffForeignObj :: ForeignObj -> Int -> Int8 -> IO ()
writeInt16OffForeignObj :: ForeignObj -> Int -> Int16 -> IO ()
writeInt32OffForeignObj :: ForeignObj -> Int -> Int32 -> IO ()
writeInt64OffForeignObj :: ForeignObj -> Int -> Int64 -> IO ()

4.11. GlaExts
TheGlaExts interfaceprovidesaccessto extensionsthatonly GHC implements.Thesecurrently
are:unboxedtypes,includingtherepresentationsof theprimitive types(Int, Float,etc.),andthe
GHCprimitiveoperations(+#, ==#, etc.).

This moduleusedto provideaccessto all theGlasgow extensions,but thesehavesincebeenmoved
into separatelibrariesfor compatibilitywith Hugs(version2.09:in fact,you canstill getat this stuff
via GlaExts for compatibility, but this facility will likely beremovedin thefuture).

- the representation of some basic types:
data Char = C# Char#
data Int = I# Int#
data Addr = A# Addr#
data Word = W# Word#
data Float = F# Float#
data Double = D# Double#
data Integer = S# Int# - small integers

| J# Int# ByteArray# - large integers

module GHC - all primops and primitive types.

4.12. IArray
Thismoduleprovidesa family of immutablearraydatatypes,andis intendedto beareplacementfor
Haskell’s standardArray module.In addition,a family of mutablearraytypesis providedby the
MArray module(seeSection4.16).

4.12.1. IArray and HasBounds type classes
Two new typeclassesareprovided,HasBounds andIArray :
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class HasBounds a where
bounds :: Ix ix => a ix e -> (ix,ix)

class HasBounds a => IArray a e where
(!) :: Ix ix => a ix e -> ix -> e
array :: Ix ix => (ix,ix) -> [(ix,e)] -> a ix e

instance HasBounds (Array.Array)
instance IArray Array.Array e

wherethetypevariablea denotesthearraytypeconstructor, ix denotestheindex type,ande is the
elementtype.

TheArray , (!) , andbounds methodsprovidedareexactlyanaloguousto thoseprovidedby the
Haskell 98 Array module,andindeedinstancesof HasBounds andIArray areprovidedfor the
standardArray type.

4.12.2. UArray: imm utab le unbo xed arrays
TheUArray typeis aflat, strict,unboxedarraytype,whichhasinstancesof IArray for common
integralelementtypes:

data UArray ix e
instance HasBounds UArray
instance IArray UArray Char
instance IArray UArray Int
instance IArray UArray Word
instance IArray UArray Addr
instance IArray UArray Float
instance IArray UArray Double

Theideahereis thatany codewhich currentlyusesa standardnon-strictpolymorphicArray with
oneof theseelementtypescanbeeasilyconvertedto useUArray by simply importing IArray and
changingthetypeof thearrayfrom Array to UArray . Theapplicationwill thengettheperformance
benefitof strict unboxedarrays,whithoutmakingsignificantchangesto theexistingcode.

4.12.3. Useful combinator s
The IArray modulealsoprovidesversionsof thestandardarraycombinatorsfrom Haskell 98’s
Array module:

assocs :: (Ix ix, IArray a e) => a ix e -> [(ix,e)]

indices :: (Ix ix, IArray a e) => a ix e -> [ix]

(//) :: (Ix ix, IArray a e) => a ix e -> [(ix,e)] -> a ix e
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listArray :: (Ix ix, IArray a e) => (ix,ix) -> [e] -> a ix e

elems :: (Ix ix, IArray a e) => a ix e -> [e]

amap :: (Ix ix, IArray a x, IArray a y) =>
(x -> y) -> a ix x -> a ix y

accum :: (Ix ix, IArray a e) =>
(e->f->e) -> a ix e -> [(ix,f)] -> a ix e

accumArray :: (Ix ix, IArray a e) =>
(e->f->e) -> e -> (ix,ix) -> [(ix,f)] -> a ix e

ixmap :: (Ix ix, Ix iy) =>
(ix,ix) -> (ix->iy) -> a iy e -> a ix e

4.13. Int
This interfaceprovidesa collectionof sized,signedintegers.Thetypessupportedareasfollows:

type numberof bits

Int8 8

Int16 16

Int32 32

Int64 64

For eachtype I above,weprovidethefollowing instances.

data I - Signed Ints
instance Eq I
instance Ord I
instance Show I
instance Read I
instance Bounded I
instance Num I
instance Real I
instance Integral I
instance Enum I
instance Ix I
instance Bits I
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4.13.1. Notes

• All arithmeticis performedmodulo2^n.

• For coercingbetweenvariousintegertypes,usefromIntegral , which is specializedfor all the
commoncasessoshouldbefastenough.

• Therulesthathold for Enuminstancesovera boundedtypesuchasInt (seethesectionof the
Haskell reportdealingwith arithmeticsequences)alsohold for theEnuminstancesover the
variousInt typesdefinedhere.

• Right andleft shiftsby amountsgreaterthanor equalto thewidth of thetyperesultin eitherzero
or -1, dependingon thesignof thevaluebeingshifted.This is contraryto thebehaviour in C,
which is undefined;a commoninterpretationis to truncatetheshift countto thewidth of thetype,
for example1 « 32 == 1 in someC implementations.

• Hugsdoesnot provide Int64 at themoment.

4.13.2. Deprecated Functions
Thefollowing functionsaredeprecatedin thenew FFI. Do not usethefollowing functionsif youare
interestedin portability. Most of thesefunctionsareherefor legacy reasonsandmayjustvanishone
day. You havebeenwarned.

The Int modulealsoexportstheoverloadedoperationsfor convertingto andfrom Haskell Int s.
However, for coercingbetweenvariousintegertypes,betterusefromIntegral , which is
specializedfor all thecommoncasessoshouldbefastenough.

toInt :: (Integral a) => a -> Int
fromInt :: (Num a) => Int -> a

Portabilitynote:bothHugs98andall releasesof GHCprior to ghc-4.05alsoexportsthesetwo via
thePrelude.So,to havecodethatusestoInt andfromInt bemaximallyportable,makesureyou
addanimporton Int (evenif theversionof Hugsor GHCyou’recurrentlyusingmaynot export
thesetwo from there.)

4.14. IOExts
This library is thehomefor miscellaneousIO-relatedextensions.

191



Chapter4. Thelang category: languagesupport

4.14.1. IO monad extensions

fixIO :: (a -> IO a) -> IO a

fixIO allows recursiveIO operationsto bedefined.Thefirst argumentto fixIO shouldbea
functionthattakesits own outputasanargument(sometimescalled"tying theknot").

unsafePerformIO :: IO a -> a

This is the"backdoor" into the IO monad,allowing IO computationto beperformedatany
time.For this to besafe,the IO computationshouldbefreeof sideeffectsandindependentof
its environment.

If theI/O computationwrappedin unsafePerformIO performssideeffects,thentherelative
orderin which thosesideeffectstakeplace(relative to themainI/O trunk,or othercallsto
unsafePerformIO ) is indeterminate.

However, it is lesswell known thatunsafePerformIO is not typesafe.For example:

test :: IORef [a]
test = unsafePerformIO $ newIORef []

main = do
writeIORef test [42]
bang <- readIORef test
print (bang :: [Char])

This programwill coredump.Thisproblemwith polymorphicreferencesis well known in the
ML community, anddoesnotarisewith normalmonadicuseof references.Thereis no easy
way to make it impossibleonceyouuseunsafePerformIO . Indeed,it is possibleto write
coerce :: a -> b with thehelpof unsafePerformIO . Sobecareful!

unsafeInterleaveIO :: IO a -> IO a

unsafeInterleaveIO allows IO computationto bedeferredlazily. Whenpasseda valueof
type IO a, the IO will only beperformedwhenthevalueof thea is demanded.This is usedto
implementlazyfile reading,seeIO.hGetContents .

4.14.2. Mutab le Variab les

data IORef - instance of: Eq
newIORef :: a -> IO (IORef a)
readIORef :: IORef a -> IO a
writeIORef :: IORef a -> a -> IO ()
updateIORef :: IORef a -> (a -> a) -> IO ()
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4.14.3. Mutab le Arra ys

data IOArray - instance of: Eq
newIOArray :: Ix ix => (ix,ix) -> elt -> IO (IOArray ix elt)
boundsIOArray :: Ix ix => IOArray ix elt -> (ix, ix)
readIOArray :: Ix ix => IOArray ix elt -> ix -> IO elt
writeIOArray :: Ix ix => IOArray ix elt -> ix -> elt -> IO ()
freezeIOArray :: Ix ix => IOArray ix elt -> IO (Array ix elt)
thawIOArray :: Ix ix => Array ix elt -> IO (IOArray ix elt)
unsafeFreezeIOArray :: Ix ix => IOArray ix elt -> IO (Array ix elt)
unsafeThawIOArray :: Ix ix => Array ix elt -> IO (IOArray ix elt)

Note:unsafeFreezeIOArray andunsafeThawIOArray arenot providedby Hugs.

4.14.4. Extended file modes

data IOModeEx
= BinaryMode IOMode
| TextMode IOMode

deriving (Eq, Read, Show)

openFileEx :: FilePath -> IOModeEx -> IO Handle
hSetBinaryMode :: Handle -> Bool -> IO Bool

openFileEx extendsthestandardopenFile actionwith supportfor openingbinaryfiles.

4.14.5. Bulk transf ers

hGetBuf :: Handle -> Addr -> Int -> IO Int
hGetBufFull :: Handle -> Addr -> Int -> IO Int

hPutBuf :: Handle -> Addr -> Int -> IO Int
hPutBufFull :: Handle -> Addr -> Int -> IO ()

Thesefunctionsreadandwrite chunksof datato/froma handle.Theversionswithouta Full suffix
mayreturnearlyif therequestwouldhaveblocked;in this casethey will returnthenumberof
charactersactuallytransfered.Theversionswith a Full suffix will returnonly wheneitherthefull
buffer hasbeentransfered,or theendof file is reached(in thecaseof hGetBufFull .

If theendof file is reachedwhenreading,thentheoperationwill returna shortread,andhIsEof

will henceforthereturnTrue for thehandle.It isn’t possibleto tell whethertheendof file is reached
usinghGetBuf alone,becausea shortreadmayindicateblocking.

hGetBufBA :: Handle -> MutableByteArray RealWorld a -> Int -> IO Int
hGetBufBAFull :: Handle -> MutableByteArray RealWorld a -> Int -> IO Int
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hPutBufBA :: Handle -> MutableByteArray RealWorld a -> Int -> IO ()
hPutBufBAFull :: Handle -> MutableByteArray RealWorld a -> Int -> IO ()

These(GHC-only)functionsmirror theprevioussetof functions,but operateon
MutableByteArray s insteadof Addr s.Thismaybemoreconvenientand/orfaster, dependingon
thecircumstances.

4.14.6. Terminal contr ol

hIsTerminalDevice :: Handle -> IO Bool
hSetEcho :: Handle -> Bool -> IO ()
hGetEcho :: Handle -> IO Bool

4.14.7. Redirecting handles

withHandleFor :: Handle -> Handle -> IO a -> IO a
withStdout :: IO a -> IO a
withStdin :: IO a -> IO a
withStderr :: IO a -> IO a

4.14.8. Trace

trace :: String -> a -> a

Whencalled,trace printsthestringin its first argumentto standarderror, beforereturningthe
secondargumentasits result.Thetrace functionis not referentiallytransparent,andshouldonly be
usedfor debugging,or for monitoringexecution.Someimplementationsof trace maydecoratethe
stringthat’soutputto indicatethatyou’re tracing.

trace is implementedusingunsafePerformIO .

4.14.9. Miscellan y

mkWeakIORef :: IORef a -> IO () -> IO (Weak (IORef a))
unsafePtrEq :: a -> a -> Bool
slurpFile :: FilePath -> IO (Addr, Int)
hConnectTo :: Handle -> Handle -> IO ()
performGC :: IO ()
freeHaskellFunctionPtr :: Addr -> IO ()

performGC triggersanimmediategarbagecollection
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unsafePtrEq comparestwo valuesfor pointerequalitywithoutevaluatingthem.Theresultsarenot
referentiallytransparentandmayvarysignificantlyfrom onecompilerto anotheror in thefaceof
semantics-preservingprogramchanges.However, pointerequalityis usefulin creatinga numberof
referentiallytransparentconstructssuchasthissimplifiedmemoisationfunction:

> cache :: (a -> b) -> (a -> b)
> cache f = \x -> unsafePerformIO (check x)
> where
> ref = unsafePerformIO (newIORef (error "cache", error "cache"))
> check x = readIORef ref »= \ (x’,a) ->
> if x ‘unsafePtrEq‘ x’ then
> return a
> else
> let a = f x in
> writeIORef ref (x, a) »
> return a

4.15. LazyST
This library is identicalto ST exceptthattheST monadinstanceis lazy. ThelazyST monadtendsto
bemoreproneto spaceleaksthanthestrict version,somostprogrammerswill usetheformerunless
lazinessis explicitly required.LazyST providestwo additionaloperations:

lazyToStrictST :: LazyST.ST s a -> ST.ST s a
strictToLazyST :: ST.ST s a -> LazyST.ST s a

Theseareusedto convertbetweenlazyandstrict statethreads.Thesemanticswith respectto
lazinessareasyouwould expect:thestrict statethreadpassedto strictToLazyST is not
performeduntil theresultof thelazystatethreadit returnsis demanded.

4.16. MArray
TheMArray moduleprovidesa classof mutablearrays,parameterisedover thearraytype,element
typeandthemonadin which thearraycanbeused:

class (Monad m, HasBounds a) => MArray a e m where
get :: Ix ix => a ix e -> ix -> m e
put :: Ix ix => a ix e -> ix -> e -> m ()
marray :: Ix ix => (ix,ix) -> m (a ix e)

Theget andput operationsallow for readingandwriting to/fromthearray, andmarray is usedfor
building a new array. All indicesin thenewly createdarraywill containundefinedelements.
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The IOArray (Section4.14.3)andSTArray (Section4.21)typesarebothinstancesof MArray :

data STArray s ix e
instance HasBounds (STArray s)
instance MArray (STArray s) e (ST s)

data IOArray ix e
instance HasBounds IOArray
instance MArray IOArray e IO

Therearealsostrict unboxedversionsof IOArray andSTArray , namelyIOUArray STUArray and
instancesof MArray for thesetypeswith commonintegralelementtypes:

data STUArray s ix e
instance HasBounds (STUArray s)
instance MArray (STArray s) Char (ST s)
instance MArray (STArray s) Int (ST s)
instance MArray (STArray s) Word (ST s)
instance MArray (STArray s) Addr (ST s)
instance MArray (STArray s) Float (ST s)
instance MArray (STArray s) Double (ST s)
instance MArray (STArray s) StablePtr (ST s)

data IOUArray ix e
instance HasBounds IOUArray
instance MArray IOArray Char IO
instance MArray IOArray Int IO
instance MArray IOArray Word IO
instance MArray IOArray Addr IO
instance MArray IOArray Float IO
instance MArray IOArray Double IO
instance MArray IOArray StablePtr IO

4.16.1. Freezing and thawing arrays
An MArray canbeconvertedinto an IArray (Section4.12),by freezingit:

freeze :: (Ix ix, MArray a e m, IArray b e) => a ix e -> m (b ix e)

The IArray returnedis independentof theoriginal MArray , sofurthermodificationsto themutable
versionwon’t affect thefrozenone.Theusualimplementationof freeze is to makea copy of the
array.

In many cases,theadditionalcopy is unnecessary, for examplewhenfreezingis thelastoperationon
themutableversionof thearray. For thesecases,anunsafeversionof freeze is providedwhich
maynot copy5 thearray:

196



Chapter4. Thelang category: languagesupport

unsafeFreeze :: (Ix ix, MArray a e m, IArray b e) => a ix e -
> m (b ix e)

Thedualto freeze is thaw , which convertsan IArray into anMArray :

thaw :: (Ix ix, IArray a e, MArray b e m) => a ix e -> m (b ix e)

As with freeze , thaw needsto makea copy of thearray. For thecaseswhenyou know thecopy is
unnecessary, we alsoprovideunsafeThaw :

unsafeThaw :: (Ix ix, IArray a e, MArray b e m) => a ix e -> m (b ix e)

4.16.2. Useful combinator s
MArray alsoprovidesversionsof thefollowing standardarraycombinators.Notethatthey have
slightly differenttypesfrom theversionsin Array andIArray , mostlyto accomodatethe
requirementthatanMArray mustbeusedwithin amonad:

assocs :: (Ix ix, MArray a e m) => a ix e -> m [(ix,e)]

indices :: (Ix ix, IArray a e) => a ix e -> [ix]

(//) :: (Ix ix, MArray a e m) => a ix e -> [(ix,e)] -> m ()

amap :: (Ix ix, MArray a x m, MArray a y m) =>
(x->y) -> a ix x -> m (a ix y)

listArray :: (Ix ix, MArray a e m) => (ix,ix) -> [e] -> m (a ix e)

elems :: (Ix ix, MArray a e m) => a ix e -> m [e]

ixmap :: (Ix ix, Ix iy, MArray a e m) =>
(ix,ix) -> (ix->iy) -> a iy e -> m (a ix e)

4.17. MutableArray
NOTE: TheMutableArray interfaceis deprecated,pleaseuseMArray (Section4.16)instead.

TheMutableArray interfaceprovideoperationsfor readingandwriting valuesto mutablearrays.
There’s two kindsof mutablearrays,themutatableversionof Haskell Array sandmutablebyte
arrays, chunksof memorycontainingvaluesof somebasictype.
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4.17.1. Mutab le arrays
Themutablearraysectionof theAPI providesthefollowing operations:

- mutable arrays:
newArray :: Ix ix -> (ix,ix) -> elt -> ST s (MutableArray s ix elt)
boundsOfArray :: Ix ix => MutableArray s ix elt -> (ix, ix)
readArray :: Ix ix => MutableArray s ix elt -> ix -> ST s elt
writeArray :: Ix ix => MutableArray s ix elt -> ix -> elt -> ST s ()
freezeArray :: Ix ix => MutableArray s ix elt -> ST s (Array ix elt)
thawArray :: Ix ix => Array ix elt -> ST s (MutableArray s ix elt)

unsafeFreezeArray :: Ix ix => MutableArray s ix elt -
> ST s (Array ix elt)
unsafeThawArray :: Ix ix => Array ix elt -
> ST s (MutableArray s ix elt)

Remarks:

• The freezeArray actionconvertsa mutablearrayinto animmutableoneby copying, whereas
unsafeFreezeArray returnsanimmutablearraythatis effectively just thetypecastversionof
themutablearray. Shouldyou write to themutablearrayafterit hasbeen(unsafely)frozen,you’ll
side-effect theimmutablearrayin theprocess.Pleasedon’t :-)

• TheoperationthawArray goestheotherway, convertinganimmutableArray into a mutable
one.This is doneby copying. TheoperationunsafeThawArray is alsoprovided,whichplaces
thesamekind of proof obligationon theprogrammerasunsafeFreezeArray does.

4.17.2. Mutab le byte arrays

- creators:
newCharArray :: Ix ix => (ix,ix) -> ST s (MutableByteArray s ix)
newAddrArray :: Ix ix => (ix,ix) -> ST s (MutableByteArray s ix)
newIntArray :: Ix ix => (ix,ix) -> ST s (MutableByteArray s ix)
newWordArray :: Ix ix => (ix,ix) -> ST s (MutableByteArray s ix)
newFloatArray :: Ix ix => (ix,ix) -> ST s (MutableByteArray s ix)
newDoubleArray :: Ix ix => (ix,ix) -> ST s (MutableByteArray s ix)
newStablePtrArray :: Ix ix => (ix,ix) -> ST s (MutableByteArray s ix)

boundsOfMutableByteArray
:: Ix ix => MutableByteArray s ix -> (ix, ix)

readCharArray :: Ix ix => MutableByteArray s ix -> ix -> ST s Char
readIntArray :: Ix ix => MutableByteArray s ix -> ix -> ST s Int
readAddrArray :: Ix ix => MutableByteArray s ix -> ix -> ST s Addr
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readFloatArray :: Ix ix => MutableByteArray s ix -> ix -> ST s Float
readDoubleArray :: Ix ix => MutableByteArray s ix -> ix -> ST s Double
readStablePtrArray :: Ix ix => MutableByteArray s ix -> ix -
> ST s (StablePtr a)
readWord8Array :: Ix ix => MutableByteArray s ix -> ix -> ST s Word8
readWord16Array :: Ix ix => MutableByteArray s ix -> ix -> ST s Word16
readWord32Array :: Ix ix => MutableByteArray s ix -> ix -> ST s Word32
readWord64Array :: Ix ix => MutableByteArray s ix -> ix -> ST s Word64
readInt8Array :: Ix ix => MutableByteArray s ix -> ix -> ST s Int8
readInt16Array :: Ix ix => MutableByteArray s ix -> ix -> ST s Int16
readInt32Array :: Ix ix => MutableByteArray s ix -> ix -> ST s Int32
readInt64Array :: Ix ix => MutableByteArray s ix -> ix -> ST s Int64

writeCharArray :: Ix ix => MutableByteArray s ix -> ix -> Char -
> ST s ()
writeIntArray :: Ix ix => MutableByteArray s ix -> ix -> Int -
> ST s ()
writeAddrArray :: Ix ix => MutableByteArray s ix -> ix -> Addr -
> ST s ()
writeFloatArray :: Ix ix => MutableByteArray s ix -> ix -> Float -
> ST s ()
writeDoubleArray :: Ix ix => MutableByteArray s ix -> ix -> Double -
> ST s ()
writeStablePtrArray :: Ix ix => MutableByteArray s ix -> ix -
> StablePtr a -> ST s ()
writeWord8Array
:: Ix ix => MutableByteArray s ix -> ix -> Word8 -> ST s ()
writeWord16Array :: Ix ix => MutableByteArray s ix -> ix -> Word16 -
> ST s ()
writeWord32Array :: Ix ix => MutableByteArray s ix -> ix -> Word32 -
> ST s ()
writeWord64Array :: Ix ix => MutableByteArray s ix -> ix -> Word64 -
> ST s ()
writeInt8Array
:: Ix ix => MutableByteArray s ix -> ix -> Int8 -> ST s ()
writeInt16Array :: Ix ix => MutableByteArray s ix -> ix -> Int16 -
> ST s ()
writeInt32Array
:: Ix ix => MutableByteArray s ix -> ix -> Int32 -> ST s ()
writeInt64Array
:: Ix ix => MutableByteArray s ix -> ix -> Int64 -> ST s ()

freezeByteArray :: Ix ix => MutableByteArray s ix -
> ST s (ByteArray ix)
unsafeFreezeByteArray :: Ix ix => MutableByteArray s ix -
> ST s (ByteArray ix)

sizeofMutableByteArray :: Ix ix => MutableByteArray s ix -> Int
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thawByteArray :: Ix ix => ByteArray ixt -
> ST s (MutableByteArray s ix)
unsafeThawByteArray :: Ix ix => ByteArray ixt -
> ST s (MutableByteArray s ix)

Remarks:

• A Mutablebytearrayis createdby specifyingits sizein unitsof somebasictype.For example,

mkPair :: ST s (MutableByteArray s Int)
mkPair = newIntArray (0,1)

createsa mutablearraycapableof storingtwo Int s.Noticethattherangesizeis not in bytes, but in
unitsof thebasictype.

• A mutablebytearrayis not parameterisedover thekind of valuesit contains.A consequenceof
this is thatit is possibleto havebytearrayscontainingamix of basictypes,or evenreada value
from thearrayat adifferenttypefrom which it waswritten,e.g.,

isLitteEndian :: IO Bool
isLitteEndian = stToIO $ do

x <- newIntArray (0,1)
writeIntArray x 1
v <- readCharArray x 0
return (v == chr 1)

It’ s left asanexercisefor thereaderto determinewhetherhaving bytearraysnot beparameterised
over thetypeof valuesthey containis a bug or a feature..

• As for mutablearrays,operationsfor turningmutablebytearraysinto immutablebytearraysare
alsoprovidedby the freeze* classof actions.There’salsothenon-copying
unsafeFreezeByteArray .

• Operationsfor goingtheotherway, whereanimmutablebytearrayis ’ thawed’ arealsoprovided.
thawByteArray doesthis by copying, whereasunsafeThawByteArray doesnot

• TheoperationsizeofMutableByteArray returnsthesizeof thearray, in bytes.

4.18. NumExts
TheNumExts interfacecollecttogethervariousnumericoperationsthathaveprovento be
commonlyuseful

- Going between Doubles and Floats:
doubleToFloat :: Double -> Float
floatToDouble :: Float -> Double

showHex :: Integral a => a -> ShowS

200



Chapter4. Thelang category: languagesupport

showOct :: Integral a => a -> ShowS
showBin :: Integral a => a -> ShowS

showIntAtBase :: Integral a
=> a - base
-> (a -> Char) - digit to char
-> a - number to show.
-> ShowS

showListWith :: (a -> ShowS) -> [a] -> ShowS

Notes:

• If doubleToFloat is appliedto aDouble thatis within therepresentablerangefor Float , the
resultmaybethenext higheror lower representableFloat value.If theDouble is out of range,
theresultis undefined.

• No lossof precisionoccursin theotherdirectionwith floatToDouble , thefloatingvalue
remainsunchanged.

• showOct , showHex andshowBin will prefix 0o, 0x and0b, respectively. Like
Numeric.showInt , theseshow functionswork on positivenumbersonly.

• showIntAtBase is themoregeneralfunctionfor convertinga numberat somebaseinto aseries
of characters.Theaboveshow* functionsuseit, for instance,here’show showHex couldbe
defined

showHex :: Integral a => a -> ShowS
showHex n r =

showString "0x" $
showIntAtBase 16 (toChrHex) n r
where

toChrHex d
| d < 10 = chr (ord ’0’ + fromIntegral d)
| otherwise = chr (ord ’a’ + fromIntegral (d - 10))

• showListWith is strictly speakingnot a ’NumExts ’ kind of function,but it’s sometimesusefulin
conjunctionwith theothershow* functionsthatNumExts exports.It is thenon-overloadedversion
of showList , allowing you to supplytheshows functionto useperlist element.For instance,

putStrLn (NumExts.showListWith NumExts.showHex [0..16])

will print out theelementsof [1..16] in hexadecimalform.

4.19. PackedString
You needto import PackedString andheave in your -syslib ghc to usePackedString s.
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Thebasictypeandfunctionsavailableare:

data PackedString - abstract

packString :: [Char] -> PackedString
packStringST :: [Char] -> ST s PackedString
packCBytesST :: Int -> Addr -> ST s PackedString
packBytesForCST :: [Char] -> ST s (ByteArray Int)
byteArrayToPS :: ByteArray Int -> PackedString
unsafeByteArrayToPS :: ByteArray a -> Int -> PackedString
psToByteArray :: PackedString -> ByteArray Int
psToByteArrayST :: PackedString -> ST s (ByteArray Int)

unpackPS :: PackedString -> [Char]

We alsoprovidea wadof list-manipulation-likefunctions:

nilPS :: PackedString
consPS :: Char -> PackedString -> PackedString

headPS :: PackedString -> Char
tailPS :: PackedString -> PackedString
nullPS :: PackedString -> Bool
appendPS :: PackedString -> PackedString -> PackedString
lengthPS :: PackedString -> Int
indexPS :: PackedString -> Int -> Char

- 0-origin indexing into the string
mapPS :: (Char -> Char) -> PackedString -> PackedString
filterPS :: (Char -> Bool) -> PackedString -> PackedString
foldlPS :: (a -> Char -> a) -> a -> PackedString -> a
foldrPS :: (Char -> a -> a) -> a -> PackedString -> a
takePS :: Int -> PackedString -> PackedString
dropPS :: Int -> PackedString -> PackedString
splitAtPS :: Int -> PackedString -> (PackedString, PackedString)
takeWhilePS :: (Char -> Bool) -> PackedString -> PackedString
dropWhilePS :: (Char -> Bool) -> PackedString -> PackedString
spanPS :: (Char -> Bool) -> PackedString -
> (PackedString, PackedString)
breakPS :: (Char -> Bool) -> PackedString -
> (PackedString, PackedString)
linesPS :: PackedString -> [PackedString]
wordsPS :: PackedString -> [PackedString]
reversePS :: PackedString -> PackedString
concatPS :: [PackedString] -> PackedString
elemPS :: Char -> PackedString -> Bool

- Perl-style split&join
splitPS :: Char -> PackedString -> [PackedString]
splitWithPS :: (Char -> Bool) -> PackedString -> [PackedString]
joinPS :: PackedString -> [PackedString] -> PackedString
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substrPS :: PackedString -> Int -> Int -> PackedString
- pluck out a piece of a PackedString
- start and end chars you want; both 0-origin-specified

4.20. ShowFunctions
TheShowFunctions modulecontainsthefollowing instanceof Show for functiontypes

instance Show (a -> b) where
showsPrec _ _ = showString "<function>"

4.21. ST
This library providessupportfor strict statethreads,asdescribedin thePLDI ’94 paperby John
Launchbury andSimonPeytonJones[LazyStateThreads].In additionto themonadST, it also
providesmutablevariablesSTRef andmutablearraysSTArray .

module ST( module ST, module Monad ) where
import Monad

data ST s a - abstract type
runST :: forall a. (forall s. ST s a) -> a
fixST :: (a -> ST s a) -> ST s a
unsafeInterleaveST :: ST s a -> ST s a
instance Functor (ST s)
instance Monad (ST s)

data STRef s a - mutable variables in state thread s
- containing values of type a.

newSTRef :: a -> ST s (STRef s a)
readSTRef :: STRef s a -> ST s a
writeSTRef :: STRef s a -> a -> ST s ()
instance Eq (STRef s a)

data STArray s ix elt - mutable arrays in state thread s
- indexed by values of type ix
- containing values of type a.

newSTArray :: Ix ix => (ix,ix) -> elt -> ST s (STArray s ix elt)
boundsSTArray :: Ix ix => STArray s ix elt -> (ix, ix)
readSTArray :: Ix ix => STArray s ix elt -> ix -> ST s elt
writeSTArray :: Ix ix => STArray s ix elt -> ix -> elt -> ST s ()
thawSTArray :: Ix ix => Array ix elt -> ST s (STArray s ix elt)
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freezeSTArray :: Ix ix => STArray s ix elt -> ST s (Array ix elt)
unsafeFreezeSTArray :: Ix ix => STArray s ix elt -> ST s (Array ix elt)
instance Eq (STArray s ix elt)

unsafeIOToST :: IO a -> ST s a
stToIO :: ST s a -> IO a

Notes:

• GHCalsosupportsByteArrays— thesearen’t supportedby Hugsyet.

• TheoperationsfreezeSTArray andthawSTArray convertmutablearraysto andfrom
immutablearrays.Semantically, they areidenticalto copying thearrayandthey areusually
implementedthatway. TheoperationunsafeFreezeSTArray is a fasterversionof
freezeSTArray which omitsthecopying step.It’sasafesubstitutefor freezeSTArray if you
don’t modify themutablearrayafterfreezingit.

• HugsprovidesthenLazyST andthenStrictST sothatyoucanimport LazyST (say)andstill
usethestrict instancein thoseplaceswhereit matters.GHC implementsLazySTandST using
differenttypes,sothis isn’t possible.

• Operationsfor coercinganST actioninto an IO one,andviceversaarealsoprovided.Noticethat
coercingan IO actioninto anST actionis ’ lossy’,sinceany exceptionraisedwithin the IO action
will not becaughtwithin theST monad,asit doesn’t support(monadic)exceptions.

4.22. Stable
This moduleis deprecated,useeitherStablePtr (seeSection4.24)or StableName (seeSection
4.23).

4.23. StableName
A haskell objectcanbegivenastablenameby calling makeStableName on it. Stablenamessolve
thefollowing problem:supposeyouwantto build ahashtablewith Haskell objectsaskeys,but you
wantto usepointerequalityfor comparison;maybebecausethekeysarelargeandhashingwouldbe
slow, or perhapsbecausethekeysareinfinite in size.We can’t build a hashtableusingtheaddressof
theobjectasthekey, becauseobjectsgetmovedaroundby thegarbagecollector, meaninga re-hash
would benecessaryaftereverygarbagecollection.

Enterstablenames.A stablenameis anabstractentity thatsupportsequalityandhashing,with the
following interface:

data StableName a - abstract, instance Eq.
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makeStableName :: a -> IO (StableName a)
hashStableName :: StableName a -> Int

All theseoperationsrun in constanttime.

Stablenameshave thefollowing properties:

1. If sn1 :: StablePtr andsn2 :: StablePtr andsn1 == sn2 thensn1 andsn2 are
eitherthesamestablename,or they werecreatedby callsto makeStableName on thesame
object.

2. Thereverseis notnecessarilytrue:if two stablenamesarenot equal,it doesn’t meanthatthey
don’t referto thesameHaskell object(althoughthey probablydon’t).

3. Thereis no freeStableName operation.Stablenamesarereclaimedby theruntimesystem
whenthey areno longerneeded.

4. Thereis nodeRefStableName operation.Youcan’t getbackfrom a stablenameto theoriginal
Haskell object.Thereasonfor this is thattheexistenceof a stablenamefor anobjectdoesn’t
guaranteetheexistenceof theobjectitself; it canstill begarbagecollected.

5. Thereis a hashStableName operation,which convertsa stablenameto an Int . The Int

returnedis not necessarilyunique(thatis, it doesn’t satisfyproperty(1) above),but it canbe
usedfor building hashtablesof stablenames.

Properties(1) and(2) aresimilar to stablepointers,but thekey differencesarethatyoucan’t get
backto theoriginalobjectfrom a stablename,andyoucanconvertoneto an Int for hashing.

4.24. StablePtr
This moduleis partof theForeignFunctionInterface(FFI) andwill usuallybeimportedvia the
moduleForeign (seeSection4.9).A stablepointer is a referenceto aHaskell expressionthatis
guaranteednot to beaffectedby garbagecollection,i.e., it will neitherbedeallocatednor will the
valueof thestablepointeritself changeduringgarbagecollection(ordinaryreferencesmaybe
relocatedduringgarbagecollection).Consequently, stablepointerscanbepassedto foreigncode,
which canhandleit asanopaquereferenceto a Haskell value.

4.24.1. The Standar d Interface

module StablePtr where

data StablePtr a - abstract stable reference to a Haskell value
instance Eq StablePtr

makeStablePtr :: a -> IO (StablePtr a)
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deRefStablePtr :: StablePtr a -> IO a
freeStablePtr :: StablePtr a -> IO ()
stablePtrToAddr :: StablePtr a -> Addr
addrToStablePtr :: Addr -> StablePtr a

Thebehaviour of thefunctionsis asfollows:

makeStablePtr :: a -> IO (StablePtr a)

Createsa stablepointerreferringto thegivenHasellvalue.

deRefStablePtr :: StablePtr a -> IO a

ObtainstheHaskell valuereferencedby a stablepointer, i.e., thesamevaluethatwaspassedto
thecorrespondingcall to makeStablePtr .

freeStablePtr :: StablePtr a -> IO ()

Dissolve theassociationbetweenthestablepointerandtheHaskell value.Afterwards,if the
stablepointeris passedto deRefStablePtr or freeStablePtr , thebehaviour is undefined.
However, thestablepointermaystill bepassedto stablePtrToAddr , but theAddr value
returnedby stablePtrToAddr , in this case,is undefined(in particular, it maybe
Addr.nullAddr ). Nevertheless,thecall is guaranteednot to diverge.

stablePtrToAddr :: StablePtr a -> Addr

Coercesa stablepointerto anaddress.No guaranteesaremadeabouttheresultingvalue,except
thattheoriginal stablepointercanberecoveredby addrToStablePtr . In particular, the
addressmaynot referto a valid memoryaddressandany attemptto passit to themember
functionsof theclassStorable (Section4.25)will mostlikely leadto disaster.

addrToStablePtr :: Addr -> StablePtr a

Theinverseof stablePtrToAddr , i.e.,we havetheidentity

sp == addrToStablePtr (stablePtrToAddr sp)

for any stablepointersp on which freeStablePtr hasnot beenexecutedyet.

Caremustbetakento freestablepointersthatareno longerrequiredusingthefunction
freeStablePtr ; otherwise,two badthingscanhappen:

• Theobjectreferencedby thestablepointerwill beretainedin theheap.

• Theruntimesystem’s internalstablepointertablewill grow, which imposesanoverheadon
garbagecollection.
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4.24.2. The Standar d C-side Interface
Thefollowing definitionis availableto C programsinter-operatingwith Haskell codewhen
includingtheheaderHsFFI.h .

typedef void* HsStablePtr; /* C representation of a StablePtr */

Notethatnoassumptionsmaybemadeaboutthevaluesrepresentingstablepointer. In fact,they
neednot evenbevalid memoryaddresses.Theonly guaranteeprovidedis thatif they arepassed
backto Haskell land,thefunctiondeRefStablePtr will beableto reconstructtheHaskell value
refereedto by thestablepointer.

4.24.3. Deprecated Functions
Thefollowing functionsaredeprecatedin thenew FFI andtheassertionsregardingtheequalityof
stablepointersarenot guaranteed.Do not usethefollowing functionsif youareinterestedin
portability. Most of thesefunctionsareherefor legacy reasonsandmayjustvanishoneday. You
havebeenwarned.

Notes:

• If sp1 :: StablePtr andsp2 :: StablePtr andsp1 == sp2 thensp1 andsp2 areeither
thesamestablepointer, or they werecreatedby callsto makeStablePtr on thesameobject.
Anotherway to saythis is "every timeyoucall makeStablePtr onanobjectyougetbackthe
samestablepointer".

• Thereverseis not necessarilytrue:if two stablepointersarenot equal,it doesn’t meanthatthey
don’t referto thesameHaskell object(althoughthey probablydon’t).

TheC interface(which is broughtinto scopeby #include <Stable.h> ) is asfollows:

typedef StablePtr /* abstract, probably an unsigned long */
extern StgPtr deRefStablePtr(StgStablePtr stable_ptr);
static void freeStablePtr(StgStablePtr sp);
static StgStablePtr splitStablePtr(StgStablePtr sp);

ThefunctionsdeRefStablePtr andfreeStablePtr areequivalentto theHaskell functionsof
thesamenameabove.

ThefunctionsplitStablePtr allowsa stablepointerto beduplicatedwithoutmakinganew one
with makeStablePtr . Thestablepointerwon’t beremovedfrom theruntimesystem’s internaltable
until freeStablePtr is calledon bothpointers.

207



Chapter4. Thelang category: languagesupport

4.25. Storable
ThemoduleStorable providesmostelementarysupportfor marshallingandis partof thelow-level
portionof theForeignFunctionInterface(FFI) - seealsoSection4.9.It servestwo functions:

1. It providesoperationsto allocateanddeallocateblocksof raw memory(i.e.,unstructured
chunksof memoryoutsideof theareamaintainedby theHaskell storagemanager).These
memoryblocksarecommonlyusedto passcompounddatastructuresto foreignfunctionsor to
providespacein which compoundresultvaluesareobtainedfrom foreignfunctions.For
example,Haskell listsaretypically passedasC arraysto C functions;thestoragespacefor such
anarraycanbeallocatedby functions(suchasmalloc ) containedin thepresentmodule.

2. It providesaclassStorable andinstancesof this classfor all primitive typesthatcanbestored
in raw memory. Thememberfunctionsof thisclassfacilitatewriting valuesof primitive typesto
raw memory(whichmayhavebeenallocatedwith theabovementionedroutines)andreading
valuesfrom blocksof raw memory. Theclass,furthermore,includessupportfor computingthe
storagerequirementsandalignmentrestrictionsof storabletypes.

4.25.1. The Type Class Storable

All marshallingbetweenHaskell anda foreignlanguageultimatelyboilsdown to translatingHaskell
datastructuresinto thebinaryrepresentationof acorrespondingdatastructureof theforeign
languageandviceversa.To codethismarshallingin Haskell, it is necessaryto manipulateprimtive
datatypesstoredin unstructuredmemoryblocks.TheclassStorable facilitatesthis manipulation
on all typesfor which it is instantiated,which arethestandardbasictypesof Haskell, thefixedsize
IntXX (Section4.13)andWordXX (Section4.27)types,stablepointers(Section4.24),all typesfrom
CTypes (Section4.5)andCTypesISO (Section4.6),aswell asaddresses(Section4.1).

class Storable a where
sizeOf :: a -> Int
alignment :: a -> Int

peekElemOff :: Addr -> Int -> IO a
pokeElemOff :: Addr -> Int -> a -> IO ()

peekByteOff :: Addr -> AddrOff -> IO a
pokeByteOff :: Addr -> AddrOff -> a -> IO ()

peek :: Addr -> IO a
poke :: Addr -> a -> IO ()

Thebehaviour of thememberfunctionsis asfollows:
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sizeOf :: a -> Int

alignment :: a -> Int

ThefunctionsizeOf computesthestoragerequirements(in bytes)of theargument,and
alignment computesthealignmentconstraintof theargument.An alignmentconstraintx is
fulfilled by any addressdivisibleby x . Both functionsdonot evaluatetheir argument,but
computetheresulton thebasisof thetypeof theargumentalone.

peekElemOff :: Addr -> Int -> IO a

Readavaluefrom a memoryarearegardedasanarrayof valuesof thesamekind. Thefirst
argumentspecifiesthestartaddressof thearrayandthesecondtheindex into thearray(thefirst
elementof thearrayhasindex 0). Thefollowing equalityholds,

peekElemOff addr idx = IOExts.fixIO $ \result ->
let off = fromIntegral (idx * sizeOf result)
in peek (addr ‘plusAddr‘ off)

Notethatthis is only a specification,but not necessarilytheconcreteimplementationof the
function.

pokeElemOff :: Addr -> Int -> a -> IO ()

Write a valueto amemoryarearegardedasanarrayof valuesof thesamekind. Thefollowing
equalityholds,

pokeElemOff addr idx x =
let off = fromIntegral (idx * sizeOf x)
in poke (addr ‘plusAddr‘ off) x

peekByteOff :: Addr -> AddrOff -> IO a

Readavaluefrom a memorylocationgivenby a baseaddressandoffset.Thefollowing
equalityholds,

peekByteOff addr off = peek (addr ‘plusAddr‘ off)

pokeByteOff :: Addr -> AddrOff -> a -> IO ()

Write a valueto amemorylocationgivenby abaseaddressandoffset.Thefollowing equality
holds,

pokeByteOff addr off x = poke (addr ‘plusAddr‘ off) x

peek :: Addr -> IO a

Readavaluefrom thegivenmemorylocation

poke :: Addr -> a -> IO ()

Write thegivenvalueto thegivenmemorylocation.
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Notethatthepeekandpokefunctionsmight requireproperlyalignedaddressesto functioncorrectly.
This is architecturedependent;thus,portablecodeshouldensurethatwhenpeekingor pokingvalues
of sometypea, thealignmentconstraintfor a, asgivenby thefunctionalignment is fulfilled.

4.25.2. Allocation and Deallocation of Memor y Bloc ks

malloc :: Int -> IO Addr
mallocElem :: Storable a => a -> IO Addr
mallocElems :: Storable a => a -> Int -> IO Addr
realloc :: Addr -> Int -> IO Addr
free :: Addr -> IO ()

alloca :: Int -> (Addr -> IO a) -> IO a
allocaElem :: Storable a => a -> (Addr -> IO b) -> IO b
allocaElems :: Storable a => a -> Int -> (Addr -> IO b) -> IO b

Thefunctionsmalloc , realloc , andfree correspondto thestandardC functionsmalloc() ,
realloc() , andfree() , respectively. ThefunctionmallocElem essentiallybehaveslike malloc ,
but allocatesablock of memorythatexactlyholdsvaluesof its argumenttype.Thefunction
mallocElems is similar, but allocatesstoragefor anarrayof values,wherethesizeof thearrayis
givenin thesecondargument.Moreprecisely, theselasttwo functionsbehaveasif definedas
follows:

mallocElem = malloc . sizeOf
mallocElems x n = malloc (n * sizeOf x)

Notethat,dueto thedefinitionof sizeOf , thefirst argumentof bothmallocElem and
mallocElems is not evaluated.

Theremainingthreefunctionssandwicha givenoperationbetweenallocationanddeallocationof
oneblockof memoryin anexception-safeway. They behaveasif definedas

alloca n op = bracket (malloc n) free op
allocaElem x op = alloca (sizeOf x) op
allocaElems x n op = alloca (n * sizeOf x) op

4.26. Weak
TheWeak library providesa"weakpointer"abstraction,giving theusersomecontrolover the
garbagecollectionof specifiedobjects,andallowing objectsto be"finalized"with anarbitrary
Haskell IO computationwhenthey die.

Weakpointerspartially replacetheold foreignobjectinterface,aswe will explain later.
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4.26.1. Module Signature

module Weak (
Weak, - abstract
- instance Eq (Weak v)

mkWeak, - :: k -> v -> Maybe (IO ()) -> IO (Weak v)
deRefWeak, - :: Weak v -> IO (Maybe v)
finalize, - :: Weak v -> IO ()

- Not yet implemented
- replaceFinalizer - :: Weak v -> IO () -> IO ()

mkWeakPtr, - :: k -> Maybe (IO ()) -> IO (Weak k)
mkWeakPair, - :: k -> v -> Maybe (IO ()) -> IO (Weak (k,v))
addFinalizer, - :: k -> IO () -> IO ()
addForeignFinalizer - :: ForeignObj -> IO () -> IO ()

) where

4.26.2. Weak pointer s
In generalterms,a weakpointeris a referenceto anobjectthatis not followedby thegarbage
collector— thatis, theexistenceof a weakpointerto anobjecthasno effecton thelifetime of that
object.A weakpointercanbede-referencedto find out whethertheobjectit refersto is still aliveor
not,andif soto returntheobjectitself.

Weakpointersareparticularlyusefulfor cachesandmemotables.To build a memotable,youbuild
a datastructuremappingfrom thefunctionargument(thekey) to its result(thevalue).Whenyou
applythefunctionto anew argumentyoufirst checkwhetherthekey/valuepair is alreadyin the
memotable.Thekey point is thatthememotableitself shouldnot keepthekey andvaluealive.So
thetableshouldcontaina weakpointerto thekey, not anordinarypointer. Thepointerto thevalue
mustnot beweak,becausetheonly referenceto thevaluemight indeedbefrom thememotable.

Soit looksasif thememotablewill keepall its valuesalive for ever. Oneway to solve this is to
purgethetableoccasionally, by deletingentrieswhosekeyshavedied.

Theweakpointersin this library supportanotherapproach,calledfinalization. Whenthekey
referredto by aweakpointerdies,thestoragemanagerarrangesto run aprogrammer-specified
finalizer. In thecaseof memotables,for example,thefinalizercouldremovethekey/valuepair from
thememotable.

Anotherdifficulty with thememotableis thatthevalueof a key/valuepair might itself containa
pointerto thekey. Sothememotablekeepsthevaluealive,which keepsthekey alive,eventhough
theremaybeno otherreferencesto thekey sobothshoulddie.Theweakpointersin this library
providea slightgeneralisationof thebasicweak-pointeridea,in which eachweakpointeractually
containsbotha key anda value.We describethis in moredetailbelow.
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4.26.3. The simple interface

mkWeakPtr :: a -> Maybe (IO ()) -> IO (Weak a)
deRefWeak :: Weak a -> IO (Maybe a)
addFinalizer :: a -> IO () -> IO ()

mkWeakPtr takesa valueof any typea, andmaybea finalizerof typeIO () , andreturnsa weak
pointerobjectreferringto thevalue,of typeWeak a. It is in the IO monadbecauseit hastheside
effectof arrangingthatthefinalizer(if thereis one)will berun whentheobjectdies.In what
follows,a “weak pointerobject”,or “weak pointer” for short,meansprecisely“a Haskell valueof
typeWeak t ” for sometypet . A weakpointer(object)is afirst-classHaskell value;it canbepassed
to functions,storedin datastructures,andsoon.

deRefWeak dereferencesaweakpointer, returningJust v if thevalueis still alive. If thekey has
alreadydied,thendeRefWeak returnsNothing ; that’swhy it’s in the IO monad—thereturnvalue
of deRefWeak dependson whenthegarbagecollectorruns.

addFinalizer is just anothernamefor mkWeakPtr exceptthatit throws theweakpointeritself
away. (Theruntimesystemwill rememberthattheweakpointerandhencethefinalizerexistsevenif
theprogramhasforgottenit.)

addFinalizer :: a -> IO () -> IO ()
addFinalizer v f = do { mkWeakPtr v f; return () }

Theeffectof addFinalizer is simply thatthefinalizerrunswhenthereferencedobjectdies.

Thefollowing propertieshold:

• deRefWeak returnstheoriginalobjectuntil thatobjectis considereddead;it returnsNothing

subsequently.

• Everyfinalizerwill eventuallyberun,exactly once,eithersoonaftertheobjectdies,or at theend
of theprogram.Thereis norequirementfor theprogrammerto holdontotheweakpointeritself;
finalizationis completelyunaffectedby whethertheweakpointeritself is alive.

• Theremaybemultipleweakpointersto asingleobject.In thiscase,thefinalizersfor eachof these
weakpointerswill all berun in somearbitraryorder, or perhapsconcurrently, whentheobject
dies.If theprogrammerspecifiesafinalizerthatassumesit hastheonly referenceto anobject(for
example,afile thatit wishesto close),thentheprogrammermustensurethatthereis only one
suchfinalizer.

• Thestoragemanagerattemptsto run thefinalizer(s)for anobjectsoonaftertheobjectdies,but
promptnessis not guaranteed.(Whatis guaranteedis thatthefinalizerwill eventuallyrun,exactly
once.)

• At themomentwhenafinalizeris run,a call to deRefWeak will returnNothing .
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• A finalizermaycontainapointerto theobject,but thatpointerwill notkeeptheobjectalive.For
example:

f :: Show a => a -> IO a
f x = addFinalizer x (print (show x))

Herethefinalizerprint (show x) containsa referenceto x itself, but thatdoesnot keepx alive.
Whenthatis theonly referenceto x , thefinalizeris run;andthemessageappearson thescreen.

• A finalizermayevenresurrecttheobject,by (say)storingit in someglobaldatastructure.

4.26.4. The general interface
TheWeak library offersaslight generalisationof thesimpleweakpointersdescribedsofar:

mkWeak :: k -> v -> Maybe (IO ()) -> IO (Weak v)

mkWeaktakesakey of any typek anda valueof any typev , aswell asa finalizer, andreturnsaweak
pointerof typeWeak v .

deRefWeak returnsthevalueonly, not thekey, asits type(givenabove) implies:

deRefWeak :: Weak a -> IO (Maybe a)

However, deRefWeak returnsNothing if thekey, not thevalue,hasdied.Furthermore,references
from thevalueto thekey do not keepthekey alive, in thesameway thatthefinalizerdoesnot keep
thekey alive.

Simpleweakpointersarereadilydefinedin termsof thesemoregeneralweakpointers:

mkWeakPtr :: a -> Maybe (IO ()) -> IO (Weak a)
mkWeakPtr v f = mkWeak v v f

Thesemoregeneralweakpointersareenoughto implementmemotablesproperly.

A weakpointercanbefinalizedearly, usingthe finalize operation:

finalize :: Weak v -> IO ()

4.26.5. A precise semantics
Theabove informalspecificationis fine for simplesituations,but matterscangetcomplicated.In
particular, it needsto beclearexactlywhenakey dies,sothatany weakpointersthatreferto it can
befinalized.Suppose,for example,thevalueof oneweakpointerrefersto thekey of another...does
thatkeepthekey alive?

Thebehaviour is simply this:
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• If a weakpointer(object)refersto anunreachablekey, it maybefinalized.

• Finalizationmeans(a)arrangethatsubsequentcallsto deRefWeak returnNothing ; and(b) run
thefinalizer.

This behaviour dependsonwhatit meansfor akey to bereachable.Informally, somethingis
reachableif it canbereachedby following ordinarypointersfrom theroot set,but not following
weakpointers.We definereachabilitymorepreciselyasfollowsA heapobjectis reachableif:

• It is amemberof theroot set.

• It is directlypointedto by a reachableobject,otherthana weakpointerobject.

• It is aweakpointerobjectwhosekey is reachable.

• It is thevalueor finalizerof anobjectwhosekey is reachable.

Theroot setconsistsof all runnablethreads,andall stablepointers(seeSection4.24).NOTE:
currentlyall top-level objectsareconsideredto bereachable,althoughwehopeto removethis
restrictionin thefuture.A Char or small Int will alsobeconstantlyreachable,sincethegarbage
collectorreplacesheap-residentChar sandsmall Int swith pointersto staticcopies.

Noticethatapointerto thekey from its associatedvalueor finalizerdoesnot makethekey
reachable.However, if thekey is reachablesomeotherway, thenthevalueandthefinalizerare
reachable,andso,therefore,areany otherkeys they referto directlyor indirectly.

4.26.6. Finalization for foreign objects
A foreignobjectis somedatathatlivesoutsidetheHaskell heap,for examplesomemalloc eddata
in C land.It’susefulto beableto know whentheHaskell programno longerneedsthemalloc ed
data,soit canbe free d. We canuseweakpointersandfinalizersfor this,but we haveto becareful:
theforeigndatais usuallyreferencedby anaddress,ie. anAddr (seeSection4.1),andwemust
retaintheinvariantthat if theHaskell programstill needstheforeignobject,thenit retainstheAddr
objectin theheap. This invariantisn’t guaranteedto hold if we useAddr , becauseanAddr consists
of a boxarounda raw addressAddr# . If theHaskell programcanmanipulatetheAddr# object
independentlyof theheap-residentAddr , thentheforeignobjectcouldbeinadvertentlyfinalized
early, becauseaweakpointerto theAddr wouldfind no morereferencesto its key andtriggerthe
finalizerdespitethefactthattheprogramstill holdstheAddr# andintendsto useit.

To avoid thissomewhatsubtleracecondition,weuseanothertypeof foreignaddress,called
ForeignObj (seeSection4.9).Historicalnote:ForeignObj is identicalto theold ForeignObj

exceptthatit no longersupportsfinalization- that’sprovidedby theweakpointer/finalization
mechanismabove.

A ForeignObj is basicallyanaddress,but theForeignObj itself is a heap-residentobjectandcan
thereforebewatchedby weakpointers.A ForeignObj canbepassedto C functions(in which case
theC functiongetsastraightforwardpointer),but it cannotbedecomposedinto anAddr# .
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4.27. Word
This library providesunsignedintegersof varioussizes.Thetypessupportedareasfollows:

type numberof bits

Word8 8

Word16 16

Word32 32

Word64 64

For eachtypeW above,weprovide thefollowing functionsandinstances.Thetype I refersto the
signedintegertypeof thesamesize.

data W - Unsigned Ints
instance Eq W
instance Ord W
instance Show W
instance Read W
instance Bounded W
instance Num W
instance Real W
instance Integral W
instance Enum W
instance Ix W
instance Bits W

4.27.1. Notes

• All arithmeticis performedmodulo2^n.Onenon-obviousconsequenceof this is thatnegate

shouldnot raiseanerroronnegativearguments.

• For coercingbetweenany two integertypes,usefromIntegral , which is specializedfor all the
commoncasessoshouldbefastenough.Coercingword typesto andfrom integertypespreserves
representation,not sign.

• It wouldbeverynaturalto adda typea typeNatural providing anunboundedsizeunsigned
integer—justasInteger providesunboundedsizesignedintegers.We do notdo thatyet since
thereis no demandfor it. Doingsowould requireBits.bitSize to returnMaybe Int .

• Therulesthathold for Enuminstancesovera boundedtypesuchasInt (seethesectionof the
Haskell reportdealingwith arithmeticsequences)alsohold for theEnuminstancesover the
variousWord typesdefinedhere.
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• Rightandleft shiftsby amountsgreaterthanor equalto thewidth of thetyperesultin azeroresult.
This is contraryto thebehaviour in C, which is undefined;a commoninterpretationis to truncate
theshift countto thewidth of thetype,for example1 « 32 == 1 in someC implementations.

4.27.2. Implementation notes

• Hugsonly providesEq, Ord , Read andShow instancesfor Word64 at themoment.

Notes
1. GHCcurrentlydoesnot throw ArithException s.

2. GHCcurrentlydoesnot throw ArrayException s.

3. Which threadreceivesthis exceptionis currentlyundefined.

4. GHCcurrentlydoesnot throw HeapOverflow exceptions.

5. Thedefault implementationof unsafeFreeze is freeze , but it is expectedthatspecialised
versionswhich omit thecopy areprovidedfor thecommonarraytypes.
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suppor t

(DarrenMoffatsuppliedtheinitial versionof this library.)

5.1. BSD: System database inf o
TheBSDmoduleprovidesfunctionsto getat system-databaseinfo; prettystraightforwardif you’re
into this sortof thing:

type HostName = String

getHostName :: IO Hostname

data ServiceEntry = ServiceEntry {
serviceName :: ServiceName, - Official Name
serviceAliases :: [ServiceName], - aliases
servicePort :: PortNumber, - Port Number (network byte order)
serviceProtocol :: ProtocolName - Protocol

}
type ServiceName = String

getServiceByName :: ServiceName -> ProtocolName -> IO ServiceEntry
getServiceByPort :: PortNumber -> ProtocolName -> IO ServiceEntry
getServicePortNumber :: ServiceName -> IO PortNumber

- not available con Cygwin/Mingw
getServiceEntry :: IO ServiceEntry
setServiceEntry :: Bool -> IO ()
endServiceEntry :: IO ()
getServiceEntries :: Bool -> IO [ServiceEntry]

type ProtocolName = String
type ProtocolNumber = Int - from SocketPrim

data ProtocolEntry = ProtocolEntry {
protoName :: ProtocolName, - Official Name
protoAliases :: [ProtocolName], - aliases
protoNumber :: ProtocolNumber - Protocol Number

}

getProtocolByName :: ProtocolName -> IO ProtocolEntry
getProtocolByNumber :: ProtocolNumber -> IO ProtcolEntry
getProtocolNumber :: ProtocolName -> ProtocolNumber
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- not available con Cygwin/Mingw
setProtocolEntry :: Bool -> IO ()
getProtocolEntry :: IO ProtocolEntry
endProtocolEntry :: IO ()
getProtocolEntries :: Bool -> IO [ProtocolEntry]

- from SocketPrim
newtype PortNumber = -
instance of Eq, Ord, Enum, Num, Real, Integral, Show

PNum Int - 16-bit value stored in network byte order.
mkPortNumber :: Int -> PortNumber

data HostEntry = HostEntry {
hostName :: HostName, - Official Name
hostAliases :: [HostName], - aliases
hostFamily :: Family, - Host Type (currently AF_INET)
hostAddresses :: [HostAddress] -

Set of Network Addresses (in network byte order)
}

getHostByName :: HostName -> IO HostEntry
getHostByAddr :: HostAddress -> Family -> IO HostEntry
hostAddress :: HostEntry -> HostAddress

- not available con Cygwin/Mingw
setHostEntry :: Bool -> IO ()
getHostEntry :: IO HostEntry
endHostEntry :: IO ()
getHostEntries :: Bool -> IO [HostEntry]

type NetworkAddr = Word - host byte order
type NetworkName = String

data NetworkEntry =
NetworkEntry {

networkName :: NetworkName, - official name
networkAliases :: [NetworkName], - aliases
networkFamily :: Family, - type
networkAddress :: NetworkAddr

}

- not available con Cygwin/Mingw
getNetworkByName :: NetworkName -> IO NetworkEntry
getNetworkByAddr :: NetworkAddr -> Family -> IO NetworkEntry
setNetworkEntry :: Bool -> IO ()
getNetworkEntry :: IO NetworkEntry
endNetworkEntry :: IO ()
getNetworkEntries :: Bool -> IO [NetworkEntry]
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- if available
symlink :: String -> String -> IO ()
readlink :: String -> IO String

5.2. Socket: The high-le vel netw orking interface
TheSocket interfaceis a “higher-level” interfaceto sockets,andit is whatwe recommend.Please
tell usif thefacilitiesit offersareinadequateto your task!Theinterfaceis relatively modest:

data Socket - instance of: Eq, Show

data PortID =
Service String - Service Name eg "ftp"

| PortNumber PortNumber - User defined Port Number
| UnixSocket String - Unix family socket in file system,

- not available con Cygwin/Mingw
type Hostname = String

connectTo :: Hostname -> PortID -> IO Handle
listenOn :: PortID -> IO Socket

accept :: Socket -> IO (Handle, HostName)

sendTo :: Hostname -> PortID -> String -> IO ()
recvFrom :: Hostname -> PortID -> IO String

socketPort :: Socket -> IO PortID

withSocketsDo :: IO a -> IO a

data PortNumber - instance of Eq, Ord, Enum, Num, Real, Integral, Show
mkPortNumber :: Int -> PortNumber

5.3. SocketPrim: The low-level soc ket binding
TheSocketPrim moduleis for whenyou wantfull controlover thesockets,exposingtheC socket
API. Yourbestbetfor documentationis to look at thecode—really!—normallyin
fptools/hslibs/net/SocketPrim.lhs .

data Socket - instance of: Eq, Show

- your mileage may vary depending on the OS you use...
data Family = instance of: Eq, Ord, Ix, Show
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AF_802 - IEEE 802.2, also ISO 8802
| AF_APPLETALK - Apple Talk
| AF_ARP - (rev.) addr. res. prot. (RFC 826)
| AF_AX25
| AF_CCITT - CCITT protocols, X.25 etc
| AF_CHAOS - mit CHAOSprotocols
| AF_CNT - Computer Network Technology
| AF_COIP - connection-oriented IP, aka ST II
| AF_CTF - Common Trace Facility
| AF_DATAKIT - datakit protocols
| AF_DECnet - DECnet
| AF_DLI - DEC Direct data link interface
| AF_ECMA - european computer manufacturers
| AF_GOSSIP - US Government OSI
| AF_HYLINK - NSC Hyperchannel
| AF_IMPLINK - arpanet imp addresses
| AF_INET - internetwork: UDP, TCP, etc
| AF_INET6 - IPv6
| AF_INTF - Debugging use only
| AF_IPX - Novell Internet Protocol
| AF_ISDN - Integrated Services Digital Network
| AF_ISO - ISO protocols
| AF_LAT - LAT
| AF_LINK - Link layer interface
| AF_MAX
| AF_NATM - native ATM access
| AF_NBS - nbs protocols
| AF_NDD
| AF_NETBIOS - NetBios-style addresses
| AF_NETMAN - DNA Network Management
| AF_NETWARE
| AF_NIT - Network Interface Tap
| AF_NS - XEROXNS protocols
| AF_OSI - OSI protocols
| AF_OSINET - AFI
| AF_PUP - pup protocols: e.g. BSP
| AF_RAW - Link layer interface
| AF_RIF - raw interface
| AF_ROUTE - Internal Routing Protocol
| AF_SIP - Simple Internet Protocol
| AF_SNA - IBM SNA
| AF_UNIX - local to host (pipes, portals
| AF_UNSPEC - unspecified
| AF_WAN - Wide Area Network protocols
| AF_X25 - CCITT X.25
| Pseudo_AF_HDRCMPLT- Used by BPF to not rewrite hdrs in iface output
| Pseudo_AF_KEY - Internal key-management function
| Pseudo_AF_PIP - Help Identify PIP packets
| Pseudo_AF_RTIP - Help Identify RTIP packets
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| Pseudo_AF_XTP - eXpress Transfer Protocol (no AF)

data Socket
= MkSocket Int - File Descriptor

Family
SocketType
Int - Protocol Number
(IORef SocketStatus) - Status Flag

data SockAddr
= SockAddrUnix String - not available con Cygwin/Mingw
| SockAddrInet PortNumber HostAddress

type HostAddress = Word

data ShutdownCmd = ShutdownReceive | ShutdownSend | ShutdownBoth

type ProtocolNumber = Int

socket :: Family -> SocketType -> ProtocolNumber -> IO Socket
connect :: Socket -> SockAddr -> IO ()
bindSocket :: Socket -> SockAddr -> IO ()
listen :: Socket -> Int -> IO ()
accept :: Socket -> IO (Socket, SockAddr)
getPeerName :: Socket -> IO SockAddr
getSocketName :: Socket -> IO SockAddr

socketPort :: Socket -> IO PortNumber

writeSocket :: Socket -> String -> IO Int
readSocket :: Socket -> Int -> IO (String, Int)
readSocketAll :: Socket -> IO String

socketToHandle :: Socket -> IO Handle

sendTo :: Socket -> String -> SockAddr -> IO Int
recvFrom :: Socket -> Int -> IO (String, Int, SockAddr)

inet_addr :: String -> IO HostAddress
inet_ntoa :: HostAddress -> IO String

sIsConnected :: Socket -> IO Bool
sIsBound :: Socket -> IO Bool
sIsListening :: Socket -> IO Bool
sIsReadable :: Socket -> IO Bool
sIsWritable :: Socket -> IO Bool
shutdown :: Socket -> ShutdownCmd -> IO ()
sClose :: Socket -> IO ()
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data SocketOption =
Debug - SO_DEBUG

| ReuseAddr - SO_REUSEADDR
| Type - SO_TYPE
| SoError - SO_ERROR
| DontRoute - SO_DONTROUTE
| Broadcast - SO_BROADCAST
| SendBuffer - SO_SNDBUF
| RecvBuffer - SO_RCVBUF
| KeepAlive - SO_KEEPALIVE
| OOBInline - SO_OOBINLINE
| MaxSegment - TCP_MAXSEG,not available con Cygwin/Mingw
| NoDelay - TCP_NODELAY

getSocketOption :: Socket -> SocketOption -> IO Int
setSocketOption :: Socket -> SocketOption -> Int -> IO ()

newtype PortNumber = -
instance of Eq, Ord, Enum, Num, Real, Integral, Show

PNum Int - 16-bit value stored in network byte order.

mkPortNumber :: Int -> PortNumber

aNY_PORT :: PortNumber
iNADDR_ANY :: HostAddress
sOMAXCONN :: Int
maxListenQueue :: Int

5.4. URI
TheURI library providesutilities for parsingandmanipulatingUniform ResourceIdentifiers(amore
generalform of Uniform ResourceLocators,or URLs).URIsaredescribedin RFC2396
(http://www.faqs.org/rfcs/rfc2396.html).

module URI where

data URI {
scheme, :: String,
authority, :: String,
path, :: String,
query, :: String,
fragment :: String
}

instance Show URI

parseURI :: String -> Maybe URI
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relativeTo :: URI -> URI -> Maybe URI

- support for putting strings into URI-friendly
- escaped format and getting them back again.
- Can’t be done transparently, because certain characters
- have different meanings in different kinds of URI.

reserved :: Char -> Bool
unreserved :: Char -> Bool
isAllowedInURI :: Char -> Bool
escapeString :: String -> (Char->Bool) -> String
unEscapeString :: String -> String
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Chapter 6. The num categor y: numeric
operations

This category is currentlyempty.
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Chapter 7. The posix categor y: POSIX
suppor t

ThePosix interfacegivesyouaccessto thesetof OSservicesstandardisedby POSIX1003.1b(or
theIEEE PortableOperatingSystemInterfacefor ComputingEnvironments- IEEE Std.1003.1).
Theinterfaceis accessedby import Posix andadding-package posix on yourcommand-line.

7.1. Posix data types

data ByteCount - instances of : Eq Ord Num Real Integral Ix Enum Show

A ByteCount is aprimitiveof typeunsigned . At aminimum,anconformingimplementationmust
supportvaluesin therange[0, UINT_MAX].

data ClockTick - instances of : Eq Ord Num Real Integral Ix Enum Show

A ClockTick is a primitiveof typeclock_t , which is usedto measureintervalsof time in
fractionsof a second.Theresolutionis determinedby getSysVar ClockTick .

data DeviceID - instances of : Eq Ord Num Real Integral Ix Enum Show

A DeviceID is aprimitiveof typedev_t . It mustbeanarithmetictype.

data EpochTime - instances of : Eq Ord Num Real Integral Ix Enum Show

A EpochTime is a primitiveof typetime_t , which is usedto measuresecondssincetheEpoch.At
a minimum,theimplementationmustsupportvaluesin therange[0, INT_MAX] .

data FileID - instances of : Eq Ord Num Real Integral Ix Enum Show

A FileID is aprimitiveof type ino_t . It mustbeanarithmetictype.

data FileMode - instance of : Eq

A FileMode is aprimitiveof typemode_t . It mustbeanarithmetictype.

data FileOffset - instances of : Eq Ord Num Real Integral Ix Enum Show
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A FileOffset is a primitiveof typeoff_t . It mustbeanarithmetictype.

data GroupID - instances of : Eq Ord Num Real Integral Ix Enum Show

A GroupID is aprimitiveof typegid_t . It mustbeanarithmetictype.

data Limit - instances of : Eq Ord Num Real Integral Ix Enum Show

A Limit is a primitiveof type long . At aminimum,theimplementationmustsupportvaluesin the
range[LONG_MIN, LONG_MAX].

data LinkCount - instances of : Eq Ord Num Real Integral Ix Enum Show

A LinkCount is a primitiveof typenlink_t . It mustbeanarithmetictype.

data ProcessID - instances of : Eq Ord Num Real Integral Ix Enum Show
type ProcessGroupID = ProcessID

A ProcessID is a primitiveof typepid_t . It mustbea signedarithmetictype.

data UserID - instances of : Eq Ord Num Real Integral Ix Enum Show

A UserID is aprimitiveof typeuid_t . It mustbeanarithmetictype.

data DirStream

A DirStream is a primitiveof typeDIR * .

data FileStatus

A FileStatus is a primitiveof typestruct stat .

data GroupEntry

A GroupEntry is a primitiveof typestruct group .

data ProcessTimes

ProcessTimes is a primitivestructurecontaininga clock_t anda struct tms .

data SignalSet

An SignalSet is aprimitiveof typesigset_t .
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data SystemID

A SystemID is aprimitiveof typestruct utsname .

data TerminalAttributes

TerminalAttributes is a primitiveof typestruct termios .

data UserEntry

A UserEntry is a primitiveof typestruct passwd .

data BaudRate = B0 | B50 | B75 | B110 | B134 | B150 | B200 | B300 | B600
| B1200 | B1800 | B2400 | B4800 | B9600 | B19200 | B38400
deriving (Eq, Show)

data Fd

intToFd :: Int -> Fd - use with care.
fdToInt :: Fd -> Int - ditto.

data FdOption = AppendOnWrite
| CloseOnExec
| NonBlockingRead

data ControlCharacter = EndOfFile
| EndOfLine
| Erase
| Interrupt
| Kill
| Quit
| Suspend
| Start
| Stop

type ErrorCode = Int

type FileLock = (LockRequest, SeekMode, FileOffset, FileOffset)
- whence start length

data FlowAction = SuspendOutput | RestartOutput | Transmit-
Stop | TransmitStart

data Handler = Default | Ignore | Catch (IO ())

data LockRequest = ReadLock | WriteLock | Unlock
deriving (Eq, Show)

227



Chapter7. Theposix category: POSIXsupport

data OpenMode = ReadOnly | WriteOnly | ReadWrite

data PathVar = LinkLimit
| InputLineLimit
| InputQueueLimit
| FileNameLimit
| PathNameLimit
| PipeBufferLimit
| SetOwnerAndGroupIsRestricted
| FileNamesAreNotTruncated

data QueueSelector = InputQueue | OutputQueue | BothQueues

type Signal = Int

data SysVar = ArgumentLimit
| ChildLimit
| ClockTick
| GroupLimit
| OpenFileLimit
| PosixVersion
| HasSavedIDs
| HasJobControl

data TerminalMode = InterruptOnBreak - BRKINT
| MapCRtoLF - ICRNL
| IgnoreBreak - IGNBRK
| IgnoreCR - IGNCR
| IgnoreParityErrors - IGNPAR
| MapLFtoCR - INLCR
| CheckParity - INPCK
| StripHighBit - ISTRIP
| StartStopInput - IXOFF
| StartStopOutput - IXON
| MarkParityErrors - PARMRK
| ProcessOutput - OPOST
| LocalMode - CLOCAL
| ReadEnable - CREAD
| TwoStopBits - CSTOPB
| HangupOnClose - HUPCL
| EnableParity - PARENB
| OddParity - PARODD
| EnableEcho - ECHO
| EchoErase - ECHOE
| EchoKill - ECHOK
| EchoLF - ECHONL
| ProcessInput - ICANON
| ExtendedFunctions - IEXTEN
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| KeyboardInterrupts - ISIG
| NoFlushOnInterrupt - NOFLSH
| BackgroundWriteInterrupt - TOSTOP

data TerminalState = Immediately | WhenDrained | WhenFlushed

data ProcessStatus = Exited ExitCode
| Terminated Signal
| Stopped Signal
deriving (Eq, Show)

7.2. Posix Process Primitives

forkProcess :: IO (Maybe ProcessID)

forkProcess calls fork , returningJust pid to theparent,wherepid is theProcessIDof the
child, andreturningNothing to thechild.

executeFile :: FilePath - Command
-> Bool - Search PATH?
-> [String] - Arguments
-> Maybe [(String, String)] - Environment
-> IO ()

executeFile cmd args env callsoneof theexecv* family, dependingon whetheror not the
currentPATH is to besearchedfor thecommand,andwhetheror not anenvironmentis providedto
supersedetheprocess’scurrentenvironment.Thebasename(leadingdirectorynamessuppressed)of
thecommandis passedto execv* asarg[0] ; theargumentlist passedto executeFile therefore
beginswith arg[1] .

Search PATH? Supersede environ? Call
~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~
False False execv
False True execve
True False execvp
True True execvpe*

Notethatexecvpe is not providedby thePOSIXstandard,andmustbewrittenby hand.Caremust
betakento ensurethatthesearchpathis extractedfrom theoriginalenvironment,andnot from the
environmentto bepassedon to thenew image.

NOTE: In general,sharingopenfilesbetweenparentandchild processesis potentialbug farm,and
shouldbeavoidedunlessyou really dependon this ‘feature’ of POSIX’ fork() semantics.Using
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Haskell, there’s theextracomplicationthatargumentsto executeFile might comefrom files that
arereadlazily (usinghGetContents , or somesuch.)If this is thecase,thenfor yourown sanity,
pleaseensurethattheargumentsto executeFile havebeenfully evaluatedbeforecalling
forkProcess (followedby executeFile .) Consideryourselfwarned:-)

A successfulexecuteFile overlaysthecurrentprocessimagewith a new one,soit only returnson
failure.

runProcess :: FilePath - Command
-> [String] - Arguments
-> Maybe [(String, String)] - Environment (Nothing -

> Inherited)
-> Maybe FilePath - Working directory (Nothing -

> inherited)
-> Maybe Handle - stdin (Nothing -> inherited)
-> Maybe Handle - stdout (Nothing -> inherited)
-> Maybe Handle - stderr (Nothing -> inherited)
-> IO ()

runProcess is our candidatefor thehigh-level OS-independentprimitive.

runProcess cmd args env wd inhdl outhdl errhdl runscmd (searchingthecurrent
PATH) with argumentsargs . If env is Just pairs , thecommandis executedwith theenvironment
specifiedby pairs of variablesandvalues;otherwise,thecommandis executedwith thecurrent
environment.If wd is Just dir , thecommandis executedwith working directorydir ; otherwise,
thecommandis executedin thecurrentworkingdirectory. If {in,out,err hdl} is Just handle ,
thecommandis executedwith theFd for std{in,out,err } attachedto thespecifiedhandle ;
otherwise,theFd for std{in,out,err } is left unchanged.

getProcessStatus :: Bool - Block?
-> Bool - Stopped processes?
-> ProcessID
-> IO (Maybe ProcessStatus)

getProcessStatus blk stopped pid callswaitpid , returningJust tc , the
ProcessStatus for processpid if it is available,Nothing otherwise.If blk is False , then
WNOHANGis setin theoptionsfor waitpid , otherwisenot. If stopped is True , thenWUNTRACEDis
setin theoptionsfor waitpid , otherwisenot.

getGroupProcessStatus :: Bool - Block?
-> Bool - Stopped processes?
-> ProcessGroupID
-> IO (Maybe (ProcessID, ProcessStatus))

getGroupProcessStatus blk stopped pgid callswaitpid , returningJust (pid, tc) , the
ProcessID andProcessStatus for any processin grouppgid if oneis available,Nothing
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otherwise.If blk is False , thenWNOHANGis setin theoptionsfor waitpid , otherwisenot. If
stopped is True , thenWUNTRACEDis setin theoptionsfor waitpid , otherwisenot.

getAnyProcessStatus :: Bool - Block?
-> Bool - Stopped processes?
-> IO (Maybe (ProcessID, ProcessStatus))

getAnyProcessStatus blk stopped callswaitpid , returningJust (pid, tc) , the
ProcessID andProcessStatus for any child processif oneis available,Nothing otherwise.If
blk is False , thenWNOHANGis setin theoptionsfor waitpid , otherwisenot. If stopped is True ,
thenWUNTRACEDis setin theoptionsfor waitpid , otherwisenot.

exitImmediately :: ExitCode -> IO ()

exitImmediately status calls_exit to terminatetheprocesswith theindicatedexit status .
Theoperationnever returns.

getEnvironment :: IO [(String, String)]

getEnvironment parsestheenvironmentvariablemappingprovidedby environ , returning
(variable, value) pairs.Theoperationnever fails.

setEnvironment :: [(String, String)] -> IO ()

setEnvironment replacestheprocessenvironmentwith theprovidedmappingof (variable,

value) pairs.

getEnvVar :: String -> IO String

getEnvVar var returnsthevalueassociatedwith variablevar in thecurrentenvironment
(identicalfunctionalityprovidedthroughstandardHaskell library functionSystem.getEnv ).

Theoperationmayfail with:

NoSuchThing

Thevariablehasnomappingin thecurrentenvironment.

setEnvVar :: String -> String -> IO ()

setEnvVar var val setsthevalueassociatedwith variablevar in thecurrentenvironmentto be
val . Any previousmappingis superseded.

231



Chapter7. Theposix category: POSIXsupport

removeEnvVar :: String -> IO ()

removeEnvVar var removesany valueassociatedwith variablevar in thecurrentenvironment.
Deletinga variablefor which thereis nomappingdoesnot generateanerror.

nullSignal :: Signal
nullSignal = 0

backgroundRead, sigTTIN :: Signal
backgroundWrite, sigTTOU :: Signal
continueProcess, sigCONT :: Signal
floatingPointException, sigFPE :: Signal
illegalInstruction, sigILL :: Signal
internalAbort, sigABRT :: Signal
keyboardSignal, sigINT :: Signal
keyboardStop, sigTSTP :: Signal
keyboardTermination, sigQUIT :: Signal
killProcess, sigKILL :: Signal
lostConnection, sigHUP :: Signal
openEndedPipe, sigPIPE :: Signal
processStatusChanged, sigCHLD :: Signal
realTimeAlarm, sigALRM :: Signal
segmentationViolation, sigSEGV :: Signal
softwareStop, sigSTOP :: Signal
softwareTermination, sigTERM :: Signal
userDefinedSignal1, sigUSR1 :: Signal
userDefinedSignal2, sigUSR2 :: Signal

signalProcess :: Signal -> ProcessID -> IO ()

signalProcess int pid callskill to signalprocesspid with interruptsignalint .

raiseSignal :: Signal -> IO ()

raiseSignal int callskill to signalthecurrentprocesswith interruptsignalint .

signalProcessGroup :: Signal -> ProcessGroupID -> IO ()

signalProcessGroup int pgid callskill to signalall processesin grouppgid with interrupt
signalint .

setStoppedChildFlag :: Bool -> IO Bool
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setStoppedChildFlag bool setsa flagwhich controlswhetheror not theNOCLDSTOPoption
will beusedthenext timea signalhandleris installedfor SIGCHLD. If bool is True (thedefault),
NOCLDSTOPwill not beused;otherwiseit will be.Theoperationnever fails.

queryStoppedChildFlag :: IO Bool

queryStoppedChildFlag queriestheflag whichcontrolswhetheror not theNOCLDSTOPoption
will beusedthenext timea signalhandleris installedfor SIGCHLD. If NOCLDSTOPwill beused,it
returnsFalse ; otherwise(thedefault) it returnsTrue . Theoperationnever fails.

emptySignalSet :: SignalSet
fullSignalSet :: SignalSet
addSignal :: Signal -> SignalSet -> SignalSet
deleteSignal :: Signal -> SignalSet -> SignalSet
inSignalSet :: Signal -> SignalSet -> Bool

installHandler :: Signal
-> Handler
-> Maybe SignalSet - other signals to block
-> IO Handler - old handler

installHandler int handler iset callssigaction to install aninterrupthandlerfor signal
int . If handler is Default , SIG_DFL is installed;if handler is Ignore , SIG_IGN is installed;if
handler is Catch action , a handleris installedwhich will invokeaction in anew threadwhen
(or shortlyafter)thesignalis received.SeeSection2.1 for detailsonhow to communicatebetween
threads.

If iset is Just s , thenthesa_mask of thesigaction structureis setto s ; otherwiseit is cleared.
Thepreviously installedsignalhandlerfor int is returned.

getSignalMask :: IO SignalSet

getSignalMask callssigprocmask to determinethesetof interruptswhich arecurrentlybeing
blocked.

setSignalMask :: SignalSet -> IO SignalSet

setSignalMask mask callssigprocmask with SIG_SETMASKto block all interruptsin mask.
Theprevioussetof blockedinterruptsis returned.

blockSignals :: SignalSet -> IO SignalSet

setSignalMask mask callssigprocmask with SIG_BLOCKto addall interruptsin mask to the
setof blockedinterrupts.Theprevioussetof blockedinterruptsis returned.
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unBlockSignals :: SignalSet -> IO SignalSet

setSignalMask mask callssigprocmask with SIG_UNBLOCKto removeall interruptsin mask

from thesetof blockedinterrupts.Theprevioussetof blockedinterruptsis returned.

getPendingSignals :: IO SignalSet

getPendingSignals callssigpending to obtainthesetof interruptswhich havebeenreceived
but arecurrentlyblocked.

awaitSignal :: Maybe SignalSet -> IO ()

awaitSignal iset suspendsexecutionuntil aninterruptis received.If iset is Just s ,
awaitSignal callssigsuspend , installings asthenew signalmaskbeforesuspendingexecution;
otherwise,it callspause . awaitSignal returnson receiptof asignal.If youhave installedany
signalhandlerswith installHandler , it maybewiseto call yield directlyafterawaitSignal to
ensurethatthesignalhandlerrunsaspromptly.

scheduleAlarm :: Int -> IO Int

scheduleAlarm i callsalarm to schedulea realtimealarmat leasti secondsin thefuture.

sleep :: Int -> IO ()

sleep i callssleep to suspendexecutionof theprogramuntil at leasti secondshaveelapsedor a
signalis received.

7.3. Posix Process Envir onment

getProcessID :: IO ProcessID

getProcessID callsgetpid to obtaintheProcessID for thecurrentprocess.

getParentProcessID :: IO ProcessID

getProcessID callsgetppid to obtaintheProcessID for theparentof thecurrentprocess.

getRealUserID :: IO UserID

getRealUserID callsgetuid to obtaintherealUserID associatedwith thecurrentprocess.
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getEffectiveUserID :: IO UserID

getRealUserID callsgeteuid to obtaintheeffectiveUserID associatedwith thecurrentprocess.

setUserID :: UserID -> IO ()

setUserID uid callssetuid to setthereal,effective,andsavedset-user-id associatedwith the
currentprocessto uid .

getLoginName :: IO String

getLoginName callsgetlogin to obtainthelogin nameassociatedwith thecurrentprocess.

getRealGroupID :: IO GroupID

getRealGroupID callsgetgid to obtaintherealGroupID associatedwith thecurrentprocess.

getEffectiveGroupID :: IO GroupID

getEffectiveGroupID callsgetegid to obtaintheeffectiveGroupID associatedwith thecurrent
process.

setGroupID :: GroupID -> IO ()

setGroupID gid callssetgid to setthereal,effective,andsavedset-group-idassociatedwith the
currentprocessto gid .

getGroups :: IO [GroupID]

getGroups callsgetgroups to obtainthelist of supplementaryGroupID sassociatedwith the
currentprocess.

getEffectiveUserName :: IO String

getEffectiveUserName callscuserid to obtainanameassociatedwith theeffectiveUserID of
theprocess.

getProcessGroupID :: IO ProcessGroupID

getProcessGroupID callsgetpgrp to obtaintheProcessGroupID for thecurrentprocess.

createProcessGroup :: ProcessID -> IO ProcessGroupID
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createProcessGroup pid callssetpgid to makeprocesspid a new processgroupleader.

joinProcessGroup :: ProcessGroupID -> IO ProcessGroupID

joinProcessGroup pgid callssetpgid to settheProcessGroupID of thecurrentprocessto
pgid .

setProcessGroupID :: ProcessID -> ProcessGroupID -> IO ()

setProcessGroupID pid pgid callssetpgid to settheProcessGroupID for processpid to
pgid .

createSession :: IO ProcessGroupID

createSession callssetsid to createanew sessionwith thecurrentprocessassessionleader.

systemName :: SystemID -> String
nodeName :: SystemID -> String
release :: SystemID -> String
version :: SystemID -> String
machine :: SystemID -> String

getSystemID :: IO SystemID

getSystemID callsuname to obtaininformationaboutthecurrentoperatingsystem.

> epochTime :: IO EpochTime

epochTime callstime to obtainthenumberof secondsthathaveelapsedsincetheepoch(Jan01
00:00:00GMT 1970).

elapsedTime :: ProcessTimes -> ClockTick
userTime :: ProcessTimes -> ClockTick
systemTime :: ProcessTimes -> ClockTick
childUserTime :: ProcessTimes -> ClockTick
childSystemTime :: ProcessTimes -> ClockTick

getProcessTimes :: IO ProcessTimes

getProcessTimes calls times to obtaintime-accountinginformationfor thecurrentprocessand
its children.

getControllingTerminalName :: IO FilePath
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getControllingTerminalName callsctermid to obtainanameassociatedwith thecontrolling
terminalfor theprocess.If a controllingterminalexists,getControllingTerminalName returns
thenameof thecontrollingterminal.

Theoperationmayfail with:

NoSuchThing

Thereis no controllingterminal,or its namecannotbedetermined.

SystemError

Variousothercauses.

getTerminalName :: Fd -> IO FilePath

getTerminalName fd calls ttyname to obtaina nameassociatedwith theterminalfor Fd fd . If
fd is associatedwith a terminal,getTerminalName returnsthenameof theterminal.

Theoperationmayfail with:

InappropriateType

Thechannelis not associatedwith a terminal.

NoSuchThing

Thechannelis associatedwith a terminal,but it hasno name.

SystemError

Variousothercauses.

queryTerminal :: Fd -> IO Bool

queryTerminal fd calls isatty to determinewhetheror not Fd fd is associatedwith a terminal.

getSysVar :: SysVar -> IO Limit

getSysVar var callssysconf to obtainthedynamicvalueof therequestedconfigurablesystem
limit or option.For definedsystemlimits, getSysVar returnstheassociatedvalue.For defined
systemoptions,theresultof getSysVar is undefined,but not failure.

Theoperationmayfail with:
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NoSuchThing

Therequestedsystemlimit or optionis undefined.

7.4. Posix operations on files and directories

openDirStream :: FilePath -> IO DirStream

openDirStream dir callsopendir to obtaina directorystreamfor dir .

readDirStream :: DirStream -> IO String

readDirStream dp callsreaddir to obtainthenext directoryentry(struct dirent ) for the
opendirectorystreamdp, andreturnsthed_name memberof thatstructure.

Theoperationmayfail with:

EOF

Endof file hasbeenreached.

SystemError

Variousothercauses.

rewindDirStream :: DirStream -> IO ()

rewindDirStream dp callsrewinddir to repositionthedirectorystreamdp at thebeginningof
thedirectory.

closeDirStream :: DirStream -> IO ()

closeDirStream dp callsclosedir to closethedirectorystreamdp.

getWorkingDirectory :: IO FilePath

getWorkingDirectory callsgetcwd to obtainthenameof thecurrentworking directory.

changeWorkingDirectory :: FilePath -> IO ()

changeWorkingDirectory dir callschdir to changethecurrentworkingdirectoryto dir .
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nullFileMode :: FileMode - ------
ownerReadMode :: FileMode - r-----
ownerWriteMode :: FileMode - -w-----
ownerExecuteMode :: FileMode - -x----
groupReadMode :: FileMode - --r---
groupWriteMode :: FileMode - ---w---
groupExecuteMode :: FileMode - ---x--
otherReadMode :: FileMode - ----r-
otherWriteMode :: FileMode - -----w-
otherExecuteMode :: FileMode - -----x
setUserIDMode :: FileMode - -S----
setGroupIDMode :: FileMode - ---S--

stdFileMode :: FileMode - rw-rw-rw-

ownerModes :: FileMode - rwx----
groupModes :: FileMode - --rwx--
otherModes :: FileMode - ----rwx
accessModes :: FileMode - rwxrwxrwx

unionFileModes :: FileMode -> FileMode -> FileMode
intersectFileModes :: FileMode -> FileMode -> FileMode

stdInput :: Fd
stdInput = intToFd 0

stdOutput :: Fd
stdOutput = intToFd 1

stdError :: Fd
stdError = intToFd 2

data OpenFileFlags =
OpenFileFlags {

append :: Bool,
exclusive :: Bool,
noctty :: Bool,
nonBlock :: Bool,
trunc :: Bool

}

openFd :: FilePath
-> OpenMode
-> Maybe FileMode - Just x => O_CREAT, Nothing => must exist
-> OpenFileFlags
-> IO Fd

openFd path acc mode (OpenFileFlags app excl noctty nonblock trunc) calls
open to obtainaFd for thefile path with accessmodeacc . If mode is Just m, theO_CREATflag is
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setandthefile’spermissionswill bebasedonmif it doesnot alreadyexist; otherwise,theO_CREAT

flag is not set.Theargumentsapp , excl , noctty , nonblock , andtrunc controlwhetheror not the
flagsO_APPEND, O_EXCL, O_NOCTTY, O_NONBLOCK, andO_TRUNCareset,respectively.

createFile :: FilePath -> FileMode -> IO Fd

createFile path mode callscreat to obtaina Fd for file path , which will becreatedwith
permissionsbasedon mode if it doesnot alreadyexist.

setFileCreationMask :: FileMode -> IO FileMode

setFileCreationMask mode callsumask to settheprocess’sfile creationmaskto mode. The
previousfile creationmaskis returned.

createLink :: FilePath -> FilePath -> IO ()

createLink old new calls link to createa new path,new, linkedto anexisting file, old .

createDirectory :: FilePath -> FileMode -> IO ()

createDirectory dir mode callsmkdir to createa new directory, dir , with permissionsbased
on mode.

createNamedPipe :: FilePath -> FileMode -> IO ()

createNamedPipe fifo mode callsmkfifo to createanew namedpipe,fifo , with permissions
basedon mode.

removeLink :: FilePath -> IO ()

removeLink path callsunlink to removethelink namedpath .

removeDirectory :: FilePath -> IO ()

removeDirectory dir callsrmdir to removethedirectorynameddir .

rename :: FilePath -> FilePath -> IO ()

rename old new callsrename to renameafile or directoryfrom old to new.

fileMode :: FileStatus -> FileMode

fileID :: FileStatus -> FileID
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deviceID :: FileStatus -> DeviceID

linkCount :: FileStatus -> LinkCount

fileOwner :: FileStatus -> UserID
fileGroup :: FileStatus -> GroupID
fileSize :: FileStatus -> FileOffset

accessTime :: FileStatus -> EpochTime
modificationTime :: FileStatus -> EpochTime
statusChangeTime :: FileStatus -> EpochTime

isDirectory :: FileStatus -> Bool
isCharacterDevice :: FileStatus -> Bool
isBlockDevice :: FileStatus -> Bool
isRegularFile :: FileStatus -> Bool
isNamedPipe :: FileStatus -> Bool

getFileStatus :: FilePath -> IO FileStatus

getFileStatus path callsstat to gettheFileStatus informationfor thefile path .

getFdStatus :: Fd -> IO FileStatus

getFdStatus fd calls fstat to gettheFileStatus informationfor thefile associatedwith Fd

fd .

queryAccess :: FilePath -> Bool -> Bool -> Bool -> IO Bool

queryAccess path r w x callsaccess to testtheaccesspermissionsfor file path . Thethree
arguments,r , w, andx controlwhetheror not access is calledwith R_OK, W_OK, andX_OK

respectively.

queryFile :: FilePath -> IO Bool

queryFile path callsaccess with F_OKto testfor theexistencefor file path .

setFileMode :: FilePath -> FileMode -> IO ()

setFileMode path mode callschmod to setthepermissionbitsassociatedwith file path to mode.

setOwnerAndGroup :: FilePath -> UserID -> GroupID -> IO ()

setOwnerAndGroup path uid gid callschown to settheUserID andGroupID associatedwith
file path to uid andgid , respectively.
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setFileTimes :: FilePath -> EpochTime -> EpochTime -> IO ()

setFileTimes path atime mtime callsutime to settheaccessandmodificationtimes
associatedwith file path to atime andmtime , respectively.

touchFile :: FilePath -> IO ()

touchFile path callsutime to settheaccessandmodificationtimesassociatedwith file path to
thecurrenttime.

getPathVar :: PathVar -> FilePath -> IO Limit

getPathVar var path callspathconf to obtainthedynamicvalueof therequestedconfigurable
file limit or optionassociatedwith file or directorypath . For definedfile limits, getPathVar

returnstheassociatedvalue.For definedfile options,theresultof getPathVar is undefined,but not
failure.Theoperationmayfail with:

NoSuchThing

Therequestedfile limit or optionis undefined.

SystemError

Variousothercauses.

getFdVar :: PathVar -> Fd -> IO Limit

getFdVar var fd calls fpathconf to obtainthedynamicvalueof therequestedconfigurablefile
limit or optionassociatedwith thefile or directoryattachedto theopenchannelfd . For definedfile
limits, getFdVar returnstheassociatedvalue.For definedfile options,theresultof getFdVar is
undefined,but not failure.

Theoperationmayfail with:

NoSuchThing

Therequestedfile limit or optionis undefined.

SystemError

Variousothercauses.

7.5. Posix Input and Output Primitives
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createPipe :: IO (Fd, Fd)

createPipe callspipe to createapipeandreturnsa pairof Fds, thefirst for readingandthe
secondfor writing.

dup :: Fd -> IO Fd

dup fd callsdup to duplicateFd fd to anotherFd.

dupTo :: Fd -> Fd -> IO ()

dupTo src dst callsdup2 to duplicateFd src to Fd dst .

fdClose :: Fd -> IO ()

fdClose fd callsclose to closeFd fd .

fdRead :: Fd -> ByteCount -> IO (String, ByteCount)

fdRead fd nbytes callsread to readat mostnbytes bytesfrom Fd fd , andreturnstheresultas
a stringpairedwith thenumberof bytesactuallyread.

Theoperationmayfail with:

EOF

Endof file hasbeenreached.

SystemError

Variousothercauses.

fdWrite :: Fd -> String -> IO ByteCount

fdWrite fd s callswrite to write thestrings to Fd fd asa contiguoussequenceof bytes.It
returnsthenumberof bytessuccessfullywritten.

queryFdOption :: FdOption -> Fd -> IO Bool

getFdOption opt fd calls fcntl to determinewhetheror not theflagassociatedwith FdOption

opt is setfor Fd fd .

setFdOption :: Fd -> FdOption -> Bool -> IO ()
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setFdOption fd opt val calls fcntl to settheflagassociatedwith FdOption opt on Fd fd to
val .

getLock :: Fd -> FileLock -> IO (Maybe (ProcessID, FileLock))

getLock fd lock calls fcntl to getthefirst FileLock for Fd fd which blockstheFileLock

lock . If no suchFileLock exists,getLock returnsNothing . Otherwise,it returnsJust (pid,

block) , whereblock is theblockingFileLock andpid is theProcessID of theprocessholding
theblockingFileLock .

setLock :: Fd -> FileLock -> IO ()

setLock fd lock calls fcntl with F_SETLK to setor cleara lock segmentfor Fd fd asindicated
by theFileLock lock . setLock doesnot block,but failswith SystemError if therequestcannot
besatisfiedimmediately.

waitToSetLock :: Fd -> FileLock -> IO ()

waitToSetLock fd lock calls fcntl with F_SETLKWto setor cleara lock segmentfor Fd fd as
indicatedby theFileLock lock . If therequestcannotbesatisfiedimmediately, waitToSetLock

blocksuntil therequestcanbesatisfied.

fdSeek :: Fd -> SeekMode -> FileOffset -> IO FileOffset

fdSeek fd whence offset calls lseek to positiontheFd fd at thegivenoffset from the
startinglocationindicatedby whence . It returnstheresultingoffsetfrom thestartof thefile in bytes.

7.6. Posix, Device- and Class-Specific Functions

terminalMode :: TerminalMode -> TerminalAttributes -> Bool
withMode :: TerminalAttributes -> TerminalMode -
> TerminalAttributes
withoutMode :: TerminalAttributes -> TerminalMode -
> TerminalAttributes

bitsPerByte :: TerminalAttributes -> Int
withBits :: TerminalAttributes -> Int -> TerminalAttributes

controlChar :: TerminalAttributes -> ControlCharacter -> Maybe Char
withCC :: TerminalAttributes

-> (ControlCharacter, Char)
-> TerminalAttributes
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withoutCC :: TerminalAttributes
-> ControlCharacter
-> TerminalAttributes

inputTime :: TerminalAttributes -> Int
withTime :: TerminalAttributes -> Int -> TerminalAttributes

minInput :: TerminalAttributes -> Int
withMinInput :: TerminalAttributes -> Int -> TerminalAttributes

inputSpeed :: TerminalAttributes -> BaudRate
withInputSpeed :: TerminalAttributes -> BaudRate -> TerminalAttributes

outputSpeed :: TerminalAttributes -> BaudRate
withOutputSpeed :: TerminalAttributes -> BaudRate -> TerminalAttributes

getTerminalAttributes :: Fd -> IO TerminalAttributes

getTerminalAttributes fd calls tcgetattr to obtaintheTerminalAttributes associated
with Fd fd .

setTerminalAttributes :: Fd
-> TerminalAttributes
-> TerminalState
-> IO ()

setTerminalAttributes fd attr ts calls tcsetattr to changetheTerminalAttributes

associatedwith Fd fd to attr , whentheterminalis in thestateindicatedby ts .

sendBreak :: Fd -> Int -> IO ()

sendBreak fd duration calls tcsendbreak to transmitacontinuousstreamof zero-valuedbits
on Fd fd for thespecifiedimplementation-dependentduration .

drainOutput :: Fd -> IO ()

drainOutput fd calls tcdrain to blockuntil all outputwritten to Fd fd hasbeentransmitted.

discardData :: Fd -> QueueSelector -> IO ()

discardData fd queues calls tcflush to discardpendinginput and/oroutputfor Fd fd , as
indicatedby theQueueSelector queues .

controlFlow :: Fd -> FlowAction -> IO ()
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controlFlow fd action calls tcflow to controltheflow of dataon Fd fd , asindicatedby
action .

getTerminalProcessGroupID :: Fd -> IO ProcessGroupID

getTerminalProcessGroupID fd calls tcgetpgrp to obtaintheProcessGroupID of the
foregroundprocessgroupassociatedwith theterminalattachedto Fd fd .

setTerminalProcessGroupID :: Fd -> ProcessGroupID -> IO ()

setTerminalProcessGroupID fd pgid calls tcsetpgrp to settheProcessGroupID of the
foregroundprocessgroupassociatedwith theterminalattachedto Fd fd to pgid .

7.7. Posix System Databases

groupName :: GroupEntry -> String
groupID :: GroupEntry -> GroupID
groupMembers :: GroupEntry -> [String]

getGroupEntryForID :: GroupID -> IO GroupEntry

getGroupEntryForID gid callsgetgrgid to obtaintheGroupEntry informationassociated
with GroupID gid .

Theoperationmayfail with:

NoSuchThing

Thereis no groupentryfor theGroupID.

getGroupEntryForName :: String -> IO GroupEntry

getGroupEntryForName name callsgetgrnam to obtaintheGroupEntry informationassociated
with thegroupcalledname.

Theoperationmayfail with:

NoSuchThing

Thereis no groupentryfor thename.

userName :: UserEntry -> String
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userID :: UserEntry -> UserID
userGroupID :: UserEntry -> GroupID
homeDirectory :: UserEntry -> String
userShell :: UserEntry -> String

getUserEntryForID :: UserID -> IO UserEntry

getUserEntryForID gid callsgetpwuid to obtaintheUserEntry informationassociatedwith
UserID uid . Theoperationmayfail with:

NoSuchThing

Thereis no userentryfor theUserID.

getUserEntryForName :: String -> IO UserEntry

getUserEntryForName name callsgetpwnam to obtaintheUserEntry informationassociated
with theuserlogin name.

Theoperationmayfail with:

NoSuchThing

Thereis no userentryfor thename.

7.8. POSIX Errors

getErrorCode :: IO ErrorCode

getErrorCode returnsthecurrentvalueof theexternalvariableerrno . It never fails.

setErrorCode :: ErrorCode -> IO ()

setErrorCode err setstheexternalvariableerrno to err . It never fails.

noError :: ErrorCode
noError = 0

argumentListTooLong, e2BIG :: ErrorCode
badFd, eBADF :: ErrorCode
brokenPipe, ePIPE :: ErrorCode
directoryNotEmpty, eNOTEMPTY :: ErrorCode
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execFormatError, eNOEXEC :: ErrorCode
fileAlreadyExists, eEXIST :: ErrorCode
fileTooLarge, eFBIG :: ErrorCode
filenameTooLong, eNAMETOOLONG :: ErrorCode
improperLink, eXDEV :: ErrorCode
inappropriateIOControlOperation, eNOTTY :: ErrorCode
inputOutputError, eIO :: ErrorCode
interruptedOperation, eINTR :: ErrorCode
invalidArgument, eINVAL :: ErrorCode
invalidSeek, eSPIPE :: ErrorCode
isADirectory, eISDIR :: ErrorCode
noChildProcess, eCHILD :: ErrorCode
noLocksAvailable, eNOLCK :: ErrorCode
noSpaceLeftOnDevice, eNOSPC :: ErrorCode
noSuchOperationOnDevice, eNODEV :: ErrorCode
noSuchDeviceOrAddress, eNXIO :: ErrorCode
noSuchFileOrDirectory, eNOENT :: ErrorCode
noSuchProcess, eSRCH :: ErrorCode
notADirectory, eNOTDIR :: ErrorCode
notEnoughMemory, eNOMEM :: ErrorCode
operationNotImplemented, eNOSYS :: ErrorCode
operationNotPermitted, ePERM :: ErrorCode
permissionDenied, eACCES :: ErrorCode
readOnlyFileSystem, eROFS :: ErrorCode
resourceBusy, eBUSY :: ErrorCode
resourceDeadlockAvoided, eDEADLK :: ErrorCode
resourceTemporarilyUnavailable, eAGAIN :: ErrorCode
tooManyLinks, eMLINK :: ErrorCode
tooManyOpenFiles, eMFILE :: ErrorCode
tooManyOpenFilesInSystem, eNFILE :: ErrorCode
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8.1. HaXml: Handling XML data
HaXml is a library for convertingHaskell datastructuresinto XML andviceversa.The
documentationhasn’t beenincorporatedinto this bookasyet,but for now it canbefoundatThe
HaXml page(http://www.cs.york.ac.uk/fp/HaXml/).

8.2. MatchPS: The Perl-like matc hing interface
(SigbjornFinnesuppliedtheregular-expressionsinterface.)

TheMatchPS moduleprovidesPerl-like “higher-level” facilitiesto operateon PackedStrings

(Section4.19).Theregularexpressionsin questionarein Perlsyntax.The“flags” on various
functionscaninclude:i for case-insensitive,s for single-linemode,andg for global.(It’ sprobably
worth your time to perusethesourcecode.. . )

matchPS :: PackedString - regexp
-> PackedString - string to match
-> [Char] - flags
-> Maybe REmatch - info about what matched and where

searchPS :: PackedString - regexp
-> PackedString - string to match
-> [Char] - flags
-> Maybe REmatch

- Perl-like match-and-substitute:
substPS :: PackedString - regexp

-> PackedString - replacement
-> [Char] - flags
-> PackedString - string
-> PackedString

- same as substPS, but no prefix and suffix:
replacePS :: PackedString - regexp

-> PackedString - replacement
-> [Char] - flags
-> PackedString - string
-> PackedString
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match2PS :: PackedString - regexp
-> PackedString - string1 to match
-> PackedString - string2 to match
-> [Char] - flags
-> Maybe REmatch

search2PS :: PackedString - regexp
-> PackedString - string to match
-> PackedString - string to match
-> [Char] - flags
-> Maybe REmatch

- functions to pull the matched pieces out of an REmatch:

getMatchesNo :: REmatch -> Int
getMatchedGroup :: REmatch -> Int -> PackedString -> PackedString
getWholeMatch :: REmatch -> PackedString -> PackedString
getLastMatch :: REmatch -> PackedString -> PackedString
getAfterMatch :: REmatch -> PackedString -> PackedString

- (reverse) brute-force string matching;
- Perl equivalent is index/rindex:
findPS, rfindPS :: PackedString -> PackedString -> Maybe Int

- Equivalent to Perl "chop" (off the last character, if any):
chopPS :: PackedString -> PackedString

- matchPrefixPS: tries to match as much as possible of strA starting
- from the beginning of strB (handy when matching fancy literals in
- parsers):
matchPrefixPS :: PackedString -> PackedString -> Int

8.3. Parsec: Parsing combinator s
Parsecis aparsingcombinatorlibrary. Thedocumentationhasn’t beenincorporatedinto thisbookas
yet,but for now it canbefoundat TheParsecpage(http://www.cs.uu.nl/~daan/parsec.html).

8.4. Pretty: Pretty printing combimator s
This library containsSimonPeytonJones’implementationof JohnHughes’sprettyprinter
combinators.

infixl 6 <>, <+>
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infixl 5 $$, $+$
data Doc - the document datatype, abstract, instance of Show

- primitive documents
empty :: Doc
semi, comma, colon :: Doc
space, equals :: Doc
lparen, rparen :: Doc
lbrack, rbrack :: Doc
lbrace, rbrace :: Doc

- converting values into documents
text :: String -> Doc
ptext :: String -> Doc
char :: Char -> Doc
int :: Int -> Doc
integer :: Integer -> Doc
float :: Float -> Doc
double :: Double -> Doc
rational :: Rational -> Doc

- wrapping documents into delimiters
parens, brackets, braces :: Doc -> Doc
quotes, doubleQuotes :: Doc -> Doc

- combining documents
(<>) :: Doc -> Doc -> Doc - Beside
hcat :: [Doc] -> Doc - List version of <>
(<+>) :: Doc -> Doc -> Doc - Beside, separated by space
hsep :: [Doc] -> Doc - List version of <+>
($$) :: Doc -> Doc -> Doc - Above; "dovetails" if no overlap
vcat :: [Doc] -> Doc - List version of $$
($+$) :: Doc -> Doc -> Doc - Above; never overlaps
cat :: [Doc] -> Doc - Either hcat or vcat
sep :: [Doc] -> Doc - Either hsep or vcat
fcat :: [Doc] -> Doc - "Paragraph fill" version of cat
fsep :: [Doc] -> Doc - "Paragraph fill" version of sep
nest :: Int -> Doc -> Doc - Nested
hang :: Doc -> Int -> Doc -> Doc
punctuate :: Doc -> [Doc] -> [Doc]
- punctuate p [d1, ... dn] = [d1 <> p, d2 <> p, ... dn-1 <> p, dn]

- default rendering (normal mode, line length 100, 1.5 ribbons per line)
render :: Doc -> String

- general rendering of documents
fullRender ::

Mode
-> Int - Line length
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-> Float - Ribbons per line
-> (TextDetails -> a -> a) - What to do with text
-> a - What to do at the end
-> Doc - The document to render
-> a - Result

data Mode =
PageMode - Normal

| ZigZagMode - With zig-zag cuts
| LeftMode - No indentation, infinitely long lines
| OneLineMode - All on one line

data TextDetails =
Chr Char

| Str String
| PStr String

- predicate on documents
isEmpty :: Doc -> Bool

8.5. Regex: The low-level regex matc hing interface

(SigbjornFinnesuppliedtheregular-expressionsinterface.)

TheRegex library providesquitedirectinterfaceto theGNU regular-expressionlibrary, for doing
manipulationon PackedString s(Section4.19).You probablyneedto seetheGNU documentation
if youareoperatingat this level. Alternatively, you canusethesimplerandhigher-level
RegexString (Section8.6) interface.

ThedatatypesandfunctionsthatRegex providesare:

data PatBuffer # just a bunch of bytes (mutable)

data REmatch
= REmatch (Array Int GroupBounds) - for $1, ... $n

GroupBounds - for $‘ (everything before match)
GroupBounds - for $& (entire matched string)
GroupBounds - for $’ (everything after)
GroupBounds - for $+ (matched by last bracket)

- GroupBounds hold the interval where a group
- matched inside a string, e.g.
-
- matching "reg(exp)" "a regexp" returns the pair (5,7) for the
- (exp) group. (PackedString indices start from 0)
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type GroupBounds = (Int, Int)

re_compile_pattern
:: PackedString - pattern to compile
-> Bool - True <=> assume single-line mode
-> Bool - True <=> case-insensitive
-> IO PatBuffer

re_match :: PatBuffer - compiled regexp
-> PackedString - string to match
-> Int - start position
-> Bool - True <=> record results in registers
-> IO (Maybe REmatch)

- Matching on 2 strings is useful when you’re dealing with multiple
- buffers, which is something that could prove useful for
- PackedStrings, as we don’t want to stuff the contents of a file
- into one massive heap chunk, but load (smaller chunks) on demand.

re_match2 :: PatBuffer - 2-string version
-> PackedString
-> PackedString
-> Int
-> Int
-> Bool
-> IO (Maybe REmatch)

re_search :: PatBuffer - compiled regexp
-> PackedString - string to search
-> Int - start index
-> Int - stop index
-> Bool - True <=> record results in registers
-> IO (Maybe REmatch)

re_search2 :: PatBuffer - Double buffer search
-> PackedString
-> PackedString
-> Int - start index
-> Int - range (?)
-> Int - stop index
-> Bool - True <=> results in registers
-> IO (Maybe REmatch)

8.6. RegexString: Regex matc hing made simple

(SimonMarlow suppliedtheStringRegex wrapper.)

253



Chapter8. Thetext category: text manipulation

For simpleregularexpressionoperations,theRegex library is a little heavyweight.RegexString

permitsregex matchingon ordinaryHaskell String s.

ThedatatypesandfunctionsthatRegexString providesare:

data Regex - a compiled regular expression

mkRegex
:: String - regexp to compile
-> Regex - compiled regexp

matchRegex
:: Regex - compiled regexp
-> String - string to match
-> Maybe [String] - text of $1, $2, ... (if matched)
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9.1. GetOpt: Command line parsing
TheGetOpt library containsSvenPanne’sHaskell implementationof getopt , providing features
nigh-onidenticalto GNU getopt :

module GetOpt where

- representing a single option:
data OptDescr a

= Option [Char] - list of short option characters
[String] - list of long option strings (without "-")
(ArgDescr a) - argument descriptor
String - explanation of option for user

- argument option:
data ArgDescr a

= NoArg a - no argument expected
| ReqArg (String -> a) String - option requires argument
| OptArg (Maybe String -> a) String - optional argument

usageInfo :: String - header
-> [OptDescr a] - options recognised
-> String - nicely formatted decription of options

getOpt :: ArgOrder a - non-option handling
-> [OptDescr a] - options recognised
-> [String] - the command-line
-> ( [a] - options

, [String] - non-options
,[String] - error messages
)

data ArgOrder a
= RequireOrder
| Permute
| ReturnInOrder (String -> a)

• Thecommand-lineoptionsrecognisedis describedby a list of OptDescr values.TheOptDescr

describesthelong andshortstringsthatrecognisetheoption,togetherwith a helpstringandinfo
on whethertheoptiontakesextraarguments,if any.
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• Froma list of optionvalues,usageInfo returnsanicely formattedstringthatenumeratesthe
differentoptionssupportedtogetherwith a shortmessageaboutwhat

• To decodeacommand-linewith respectto a list of options,getOpt is used.It processesthe
command-line,andreturnsthelist of valuesthatmatched(andthosethatdidn’t). Thefirst
argumentto getOpt controlswhethertheuseris to give theoptionsin any old orderor not.

To hopefullyilluminatetherole of thedifferentGetOpt datastructures,here’s thecommand-line
optionsfor a (verysimple)compiler:

module Opts where

import GetOpt
import Maybe ( fromMaybe )

data Flag
= Verbose | Version
| Input String | Output String | LibDir String

deriving Show

options :: [OptDescr Flag]
options =

[ Option [’v’] ["verbose"] (NoArg Verbose) "chatty out-
put on stderr"

, Option [’V’,’?’] ["version"] (NoArg Version) "show ver-
sion number"

, Option [’o’] ["output"] (OptArg outp "FILE") "output FILE"
, Option [’c’] [] (OptArg inp "FILE") "input FILE"
, Option [’L’] ["libdir"] (ReqArg LibDir "DIR") "library directory"
]

inp,outp :: Maybe String -> Flag
outp = Output . fromMaybe "stdout"
inp = Input . fromMaybe "stdout"

compilerOpts :: [String] -> IO ([Flag], [String])
compilerOpts argv =

case (getOpt Permute options argv) of
(o,n,[] ) -> return (o,n)
(_,_,errs) -

> fail (userError (concat errs ++ usageInfo header options))
where header = "Usage: ic [OPTION...] files..."

9.2. Memo: Fast memo functions
TheMemolibrary providesfastpolymorphicmemofunctionsusinghashtables.Theinterfaceis:
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memo :: (a -> b) -> a -> b

So,for example,memo f is a versionof f thatcachestheresultsof previouscalls.

Thesearchingis very fast,beingbasedon pointerequality. Oneconsequenceof this is thatthe
cachingwill only beeffective if exactlythesameargumentis passedagain to thememoised
function. Thismeansnot just acopy of apreviousargument,but thesameinstance.It’snotusefulto
memoiseintegerfunctionsusingthis interface,becauseintegersaregenerallycopieda lot andtwo
instancesof ’27’ areunlikely to referto thesameobject.

This memoisationlibrary workswell whenthekeysarelarge(or eveninfinite).

Thememotableimplementationusesweakpointersandstablenames(seetheGHC/Hugslibrary
document)to avoid spaceleaksandallow hashingfor arbitraryHaskell objects.NOTE: while
individualmemotableentrieswill begarbagecollectedif theassociatedkey becomesgarbage,the
memotableitself will not becollectedif thefunctionbecomesgarbage.We planto fix this in a
futureversion.

There’sanotherversionof memoif youwantto explicitly giveasizefor thehashtable(thedefault
sizeis 1001buckets):

memo_sized :: Int -> (a -> b) -> a -> b

9.3. QuickCheck
To do.

9.4. Readline: Command line editing

(DarrenMoffatsuppliedtheinitial versionof theReadline module.)

TheReadline moduleis a straightforwardinterfaceto theGNU Readlinelibrary. As such,you will
needto look at theGNU documentation(andhavea libreadline.a file aroundsomewhere.. . )

Themainfunctionyou’ll useis:

readline :: String{-the prompt-} -> IO (Maybe String)

If you wantto messaroundwith Full ReadlineG(l)ory, we alsoprovide:

type KeyCode = Char

type CallbackFunction =
(Int -> - Numeric Argument
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KeyCode -> - KeyCode of pressed Key
IO Int) - What’s this?

initialize :: IO ()
addHistory :: String -> IO ()
bindKey :: KeyCode -> CallbackFunction -> IO ()
addDefun :: String -> CallbackFunction -> Maybe KeyCode -> IO ()

getReadlineName :: IO String
setReadlineName :: String -> IO ()
getLineBuffer :: IO String
setLineBuffer :: String -> IO ()
getPoint :: IO Int
setPoint :: Int -> IO ()
getEnd :: IO Int
setEnd :: Int -> IO ()
getMark :: IO Int
setMark :: Int -> IO ()
setDone :: Bool -> IO ()
setPendingInput :: KeyCode -> IO ()
getPrompt :: IO String
getTerminalName :: IO String

inStream :: Handle
outStream :: Handle

(All thosenamesarejustHaskellisedversionsof whatyouwill seein theGNU readline
documentation.)

9.5. Select: Sync hronous I/O multiple xing
TheSelect interfaceprovidesaHaskell wrapperfor theselect() OScall suppliedby many
modernUNIX variants.Select exportsthefollowing:

type TimeOut = Maybe Int
- Nothing => wait indefinitely.
- Just x | x >= 0 => block waiting for ’x’ micro seconds.
- | otherwise => block waiting for ’-x’ micro seconds.

hSelect :: [Handle]
-> [Handle]
-> [Handle]
-> TimeOut
-> IO SelectResult

type SelectResult
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= ( [Handle] - input handles ready
, [Handle] - output handles ready
, [Handle] - exc. handles ready
)

Here’sanexampleof how it couldbeused:

module Main(main) where

import Select
import IO

main :: IO ()
main = do

hSetBuffering stdin NoBuffering
putStrLn "waiting for input to appear"
hSelect [stdin] [] [] Nothing
putStrLn "input ready, let’s try reading"
x <- getChar
print x

wherethecall to hSelect makestheprocessgo to sleepuntil there’s input availableon stdin .

Noticethatthisparticularuseof hSelect is now really ano-opwith GHCcompiledcode,asits
implementationof IO will take careto avoid blockingtheprocess(i.e.,all runningHaskell threads),
andcall select() for you, if needsbe.However, hSelect exposesfunctionalitythatis usefulin
othercontexts (e.g.,youwantto wait for input on two Handles for 3 seconds,but no longer.)
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To do.
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