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Chapter 1. Intr oduction to GHC
This is aguideto usingtheGlasgow Haskell Compiler(GHC):aninteractiveandbatchcompilation
systemfor theHaskell 98 (http://www.haskell.org/) language.

GHChastwo maincomponents:aninteractiveHaskell interpreter(alsoknown asGHCi), described
in Chapter3, andabatchcompiler, describedthroughoutChapter4. In fact,GHCconsistsof asingle
programwhich is just runwith differentoptionsto provideeithertheinteractiveor thebatchsystem.

ThebatchcompilercanbeusedalongsideGHCi: compiledmodulescanbeloadedinto aninteractive
sessionandusedin thesameway asinterpretedcode,andin factwhenusingGHCi mostof the
library codewill bepre-compiled.Thismeansyou getthebestof bothworlds:fastpre-compiled
library code,andfastcompileturnaroundfor thepartsof yourprogrambeingactively developed.

GHCsupportsnumerouslanguageextensions,includingconcurrency, a foreignfunctioninterface,
exceptions,typesystemextensionssuchasmulti-parametertypeclasses,localuniversaland
existentialquantification,functionaldependencies,scopedtypevariablesandexplicit unboxedtypes.
Theseareall describedin Chapter7.

GHChasacomprehensiveoptimiser, sowhenyou wantto ReallyGoFor It (andyou’vegot time to
spare)GHCcanproduceprettyfastcode.Alternatively, thedefaultoptionis to compileasfastas
possiblewhile not makingtoo mucheffort to optimisethegeneratedcode(althoughGHCprobably
isn’t whatyou’d describeasa fastcompiler:-).

GHC’s profiling systemsupports“cost centrestacks”:a wayof seeingtheprofile of aHaskell
programin acall-graphlikestructure.SeeChapter5 for moredetails.

GHCcomeswith a largecollectionof libraries,with everythingfrom parsercombinatorsto
networking.Thelibrariesaredescribedin separatedocumentation.

1.1. 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)

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

glasgow-haskell-users:

This list is for GHCusersto chatamongthemselves.If you havea specificquestionabout
GHC,pleasechecktheFAQ first (Chapter12).
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list emailaddress:

<glasgow-haskell-users@haskell.org >

subscribeat:

http://www.haskell.org/mailman/listinfo/g lasgow -haske ll-use rs .

adminemailaddress:

<glasgow-haskell-users-admin@haskell.org >

list archives:

http://www.haskell.org/pipermail/glasgow- haskel l-user s/

glasgow-haskell-bugs:

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

list emailaddress:

<glasgow-haskell-bugs@haskell.org >

subscribeat:

http://www.haskell.org/mailman/listinfo/g lasgow -haske ll-bug s .

adminemailaddress:

<glasgow-haskell-bugs-admin@haskell.org >

list archives:

http://www.haskell.org/pipermail/glasgow- haskel l-bugs /

cvs-ghc:

ThehardcoreGHCdevelopershangouthere.This list alsogetscommitmessagefrom theCVS
repository. Thereareseveralothersimilar lists for otherpartsof theCVSrepository(eg.
cvs-hslibs , cvs-happy , cvs-hdirect etc.)

list emailaddress:

<cvs-ghc@haskell.org >

subscribeat:

http://www.haskell.org/mailman/listinfo/c vs-ghc .

16
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adminemailaddress:

<cvs-ghc-admin@haskell.org >

list archives:

http://www.haskell.org/pipermail/cvs-ghc/

Thereareseveralotherhaskell andGHC-relatedmailing lists servedby www.haskell.org . Go to
http://www.haskell.org/mailman/listinfo/ for thefull list.

SomeHaskell-relateddiscussionalsotakesplacein theUsenetnewsgroup
comp.lang.functional .

1.2. Repor ting bugs in GHC
Glasgow Haskell is achangingsystemsotherearesureto bebugsin it.

To reportabug,either:

• Goto theSoureForgeGHCpage(http://sourceforge.net/projects/ghc/), go to the“bugs”section,
click on “submit”, andenteryourbugreport.You canalsochecktheoutstandingbugshereand
searchthearchivesto makesureit hasn’t alreadybeenreported.Or:

• Email yourbug reportto <glasgow-haskell-bugs@haskell.org >.

1.2.1. How do I tell if I should repor t my bug?
Take a look at theFAQ (Chapter12) andChapter9, which will giveyou someguidanceasto
whetherthebehaviour you’reseeingis really abug or not.

If it is a bug, thenit might havebeenreportedbefore:try searchingthemailing list archives.The
archivesdon’t havea built-in searchfacility, but we find thatGoogle(http://www.google.com/)’ssite
searchworksprettywell: enter“site:www.haskell.org ” followedby yoursearchterminto
Google.

If in doubt,just reportit.

1.2.2. What to put in a bug repor t
Thenameof thebug-reportinggameis: facts,facts,facts.Don’t omit thembecause“Oh, they won’t
beinterested.. . ”

1. Whatkind of machineareyou runningon,andexactlywhatversionof theoperatingsystemare
youusing?(ona Unix system,uname-a or cat /etc/motdwill show thedesiredinformation.)
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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.

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

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 oneyouwill needto recompileany codethatwascompiledagainsttheold libraries.

Thevalueof __GLASGOW_HASKELL__(seeSection4.12.3) 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.

18
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Theversionnumberof yourcopy of GHCcanbefoundby invokingghc with the --version flag
(seeSection4.4).

1.4. Release notes for version 5.04

1.4.1. User-visib le compiler chang es

• Full supportfor MacOSX, includingfully optimizedcompilation,hasbeenadded.Only anative
codegeneratorandsupportfor -split-objs is still missing.Everythingelseneedsmoretesting,
but shouldwork.

• ghc-pkg : new options--auto-ghci-libs , -u /--update-package , --force , and
-i /--input-file , andsuppportfor expandingenvironmentvariablesin packagedescriptions.
SeeSection4.10).

• Thelatestversionof theFFI specis fully supported.Thesyntaxof FFI declarationshaschanged
accordingly. Theold syntaxis still acceptedfor thetimebeing,but will elicit a warningfrom the
compiler.

• New option:-F specifiesauser-definedpreprocessingphase(seeSection4.12.4).

• Major overhaulof theheapprofiling subsystem,with new facilitiesfor retainerprofiling and
biographicalprofiling (alanhc98,albeitwith a coupleof omissions).Thesyntaxof theruntime
heap-profilingoptionshaschanged.SeeSection5.4.

• Thetypesystemnow supportsfull rank-Ntypes(previouslyonly limited rank-2typeswere
supported).SeeSection7.3.9.

• Explicit kind annotationscannow begivenonany bindingoccurrenceof a typevariable.See
Section7.3.3.

• Thehandlingof typesynonymshasbeenrationalised.SeeSection7.3.10.

• Fixesfor severalspaceleaksin thecompileritself (thesefixeswerealsomergedinto 5.02.3).

• It is now possibleto derivearbitraryclassesfor newtypes.SeeSection7.9.

• Deadlockis now anexception,ratherthana returnstatusfrom thescheduler. Seethemodule
Control.Exception in thelibrary documentationfor moredetails.

• Thesyntaxandbehaviour of RULEpragmashaschangedslightly. SeeSection7.7.

• Interfacefilesarenow in a binaryformatto reducecompilationtimes.To view aninterfacefile in
plain text, usethe --show-iface flag.

• A restrictionon theform of classdeclarationshasbeenlifted. In Haskell 98, it is illegal for class
methodtypesto mentionconstraintson theclasstypevariable.eg.

class Seq s a where
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elem :: Eq a => a -> s a -> Bool

This restrictionhasnow beenlifted in GHC.

• Main threadscannow receive theBlockedOnDeadMVar exceptionin thesamewayasother
threads.

• The-fall-strict flagnever really worked,andhasbeenremoved.

• Thesyntaxof .hi-boot files is now muchclearerandHaskell-like.SeeSection4.9.7.

• Thereis anew flag -fffi whichenablesFFI supportwithout turningon therestof theGHC
extensions.

• Thesyntaxfor implicit parameterbindingshaschanged.Previously thekeywordwith wasusedto
introduceimplicit bindings,but now implicit bindingsmaybeintroducedusinglet (seeSection
7.3.6). As a resultof this,with is no longerakeywordwhen-fglasgow-exts is turnedon.

Theoption-fwith maybeusedto restoretheold behaviour.

• Infix typeconstructorsarenow allowed,andmustbegin with a colon(aswith dataconstructors).
SeeSection7.3.2.

• Thedo-notationsyntaxis now rebindablein thesamewayasotherbuilt-in syntax.SeeSection
7.5.4.

• Supportfor using“frameworks” on Darwin/MacOSX hasbeenadded.Seethe-framework

optionin Section4.12.7, andthe framework_dirs field of a packagespecin Section4.10.4.

1.4.2. User-visib le interpreter (GHCi) chang es

• New commands::browse , :set args , :set prog , :show binadings , and:show modules

(seeSection3.6).

• Thereis amuchmoreflexible mechanismfor manipulatingthescopefor expressionstypedat the
prompt.For example,onecannow haveboththePrelude andtheexportsof severalcompiled
modulesin scopeat thesametime.SeeSection3.4.1.

• GHCi now supportsforeign import "wrapper" FFI declarations.

1.4.3. User-visib le librar y chang es

• GHCis in theprocessof moving to a new hierarchicalsetof libraries.At themoment,wehave
two setsof libraries,bothdescribedin accompanying documents:
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• The“new libraries” whicharehierarchicalandconsistof thefollowing packages:base ,
haskell98 , haskell-src , andnetwork . Broadlyspeaking,base containsthePrelude ,
standardlibrariesandmostof thecontentsof theold lang package.By default, thebase and
haskell98 packagesareenabled.

• Thehslibs , mostof whicharenow deprecated.Wherepossible,new codeshouldbewritten to
usethenew librariesinstead.

Thefollowing librariesin hslibs havenot movedyet:

• Thepackageswin32 , xlib , graphics , andposix .

• TheEdisonlibrariesin thedata package.

• In the lang package,themodulesTimeExts , DirectoryExts , SystemExts , and
NumExts .

• TheHaXml librariesin the text package.

• In theutil package,themodulesMD5, Select , Memo, Observe , andReadline .

All otherlibrariesfrom hslibs eitherhaveequivalentsin thenew libraries(seethehslibs

docsfor details),or werealreadydeprecatedandhencewerenot movedinto thenew hierarchy.

• TheRead classis now basedon aparsingcombinatorlibrary which is vastlymoreefficient than
thepreviousone.SeethemodulesText.Read . Text.ParserCombinators.ReadP , and
Text.ParserCombinators.ReadPrec in thelibrary documentation.

Thecodegeneratedby thecompilerfor derivedRead instancesshouldbemuchshorterthan
before.

1.4.4. New experimental features

• Linearimplicit parameters.SeeSection7.3.7.

• TheRTS hassupportfor runningin amulti-threadedenvironmentandmakingnon-blocking(from
Haskell’spoint of view) callsto foreignC functionswhich wouldnormallyblock.To enablethis
behaviour, configurewith the--enable-threaded-rts option.

• Thecompilercannow readin filescontainingCoresyntax(suchasthoseproducedby the
-fext-core option)andcompilethem.Input files with the .hcr file extensionareassumedto
containCoresyntax.
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1.4.5. Internal chang es

• Happy 1.13is now requiredto build GHC,becauseof thechangein namesof certainlibraries.
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Chapter 2. Installing GHC
Installingfrom binarydistributionsis easiest,andrecommended!(Why binaries?BecauseGHCis a
Haskell compilerwritten in Haskell, soyou’vegot to bootstrapit 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 severalparts:

• Installingon Unix-a-likes(Section2.1).

• Installingon Windows(Section2.2).

• Thelayoutof installedfiles (Section2.3). Youdon’t needto know this to install GHC,but it’s
usefulif you arechangingtheimplementation.

2.1. Installing on Unix-a-likes

2.1.1. When a platf orm-specific package is availab le
For certainplatforms,we provideGHCbinariespackagedusingthenativepackageformatfor the
platform.This is likely to beby far thebestway to install GHCfor yourplatformif oneof these
packagesis available,sincedependencieswill automaticallybehandledandthepackagesystem
normallyprovidesa way to uninstallthepackageat a laterdate.

We generallyprovidethefollowing packages:

RedHator SuSELinux/x86

RPMsource& binarypackagesfor RedHatandSuSELinux (x86only) areavailablefor most
majorreleases.

DebianLinux/x86

Debianpackagesfor Linux (x86only), alsofor mostmajorreleases.

FreeBSD/x86

On FreeBSD/x86,GHCcanbeinstalledusingeithertheportstree(cd

/usr/ports/lang/ghc && make install ) or from a pre-compiledpackageavailablefrom
your localFreeBSDmirror.

Otherplatform-specificpackagesmaybeavailable,checktheGHCdownloadpagefor details.
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2.1.2. GHC binar y distrib utions

Binary distributionscomein “bundles,”onebundleperfile calledbundle- platform.tar.gz .
(Seethebuilding guidefor thedefinitionof aplatform.)Supposethatyouuntara binary-distribution
bundle,thus:

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

Thenyoushouldfind a singledirectory, ghc- version, with thefollowing structure:

Makefile.in

theraw materialfrom which theMakefile will bemade(Section2.1.2.1).

configure

theconfigurationscript(Section2.1.2.1).

README

Containsthis file summary.

INSTALL

Containsthis descriptionof how to install thebundle.

ANNOUNCE

Theannouncementmessagefor thebundle.

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:
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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.

2.1.2.1. 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
throughtheinstallationstepsthatfollow.

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

1. Edit theMakefile andcheckthesettingsof thefollowing variables:
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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.

dvidir

thedirectoryin which to install DVI documentation.

Thevaluesfor thesevariablescanbesetthroughinvocationof theconfigurescriptthatcomes
with 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 Section2.1.2.3. 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 .
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2.1.2.2. What bundles there are

Thereareplentyof “non-basic”GHCbundles.Thefiles for themarecalled
ghc-x.xx- bundle- platform.tar.gz , wheretheplatform is asabove,andbundle 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.

Onelikely scenariois thatyouwill grabtwobinarybundles—basic,andprofiling. We don’t usually
make therest,althoughyoucanbuild themyourselffrom asourcedistribution.

ThevariousGHCbundlesaredesignedto beunpackedinto thesamedirectory;theninstallingasper
thedirectionsabovewill install thewholelot in onego.Note:youmustat leasthavethebasicGHC
binarydistributionbundle,theseextra bundleswon’t install on their own.

2.1.2.3. 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!
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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,readon...

2.2. Installing on Windo ws
GettingtheGlasgow Haskell Compiler(post5.02)to runon Windowsplatformsis asnap:the
Installshielddoeseverythingyou need.

2.2.1. Installing GHC on Windo ws
To installGHC,usethefollowing steps:

• DownloadtheInstallshieldsetup.exe from theGHCdownloadpagehaskell.org
(http://www.haskell.org/ghc).

• Runsetup.exe . (If youhavea previousversionof GHC,Installshieldwill offer to "modify", or
"remove" GHC.Choose"remove"; thenrun setup.exe a secondtime.This time it shouldoffer
to install.)

At this point you shouldfind GHCi andtheGHCdocumentationareavailablein yourStartmenu
under"Start/Programs/Glasgow Haskell Compiler".

• Thefinal dialoguebox from theinstall processtells you whereGHChasbeeninstalled.If you
wantto invokeGHCfrom a commandline, addthis to yourPATH environmentvariable.Usually,
GHC installsinto c:/ghc/ghc-5.02 , thoughthelastpartof thispathdependson whichversion
of GHCyou areinstalling,of course.You needto addc:/ghc/ghc-5.02/bin to yourpathif yo

• GHCneedsa directoryin which to create,andlaterdelete,temporaryfiles. It usesthestandard
WindowsprocedureGetTempPath() to find a suitabledirectory. Thisprocedurereturns:

• Thepathin environmentvariableTMP, if TMP is set.

• Otherwise,thepathin environmentvariableTEMP, if TEMP is set.

• Otherwise,thereis aper-userdefaultwhich variesbetweenversionsof Windows.On NT and
XP-ishversions,it mightbe:c:\Documents and Settings\<username>\Local

Settings\Temp
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Themainpoint is thatif you don’t do anythingGHCwill work fine; but if you wantto control
wherethedirectoryis, you candosoby settingTMP or TEMP.

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

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

main = putStrLn "Hello, world!"
bash$ ghc -o main main.hs
..
bash$ ./main
Hello, world!
bash$

You do not needtheCygwin toolchain,or anythingelse,to install andrun GHC.

An installationof GHCrequiresabout140Mof diskspace.To runGHCcomfortably, yourmachine
shouldhaveat least64M of memory.

2.2.2. Moving GHC around
At themoment,GHC installsin a fixedplace(c:/ghc/ghc-x.yy , but onceit is installed,youcan
freely movetheentireGHCtreejustby copying theghc-x.yy directory. (Youmayneedto fix up
thelinks in "Start/Programs/Glasgow Haskell Compiler"if you do this.)

It is OK to putGHCtreein adirectorywhosepathinvolvesspaces.However, don’t do this if youuse
wantto useGHCwith theCygwin tools,becauseCygwin cangetconfusedwhenthis happpens.We
havn’t quitegot to thebottomof this,but sofaraswe know it’snot a problemwith GHC itself.
Nevertheless,just to keeplife simpleweusuallyput GHC in a placewith aspace-freepath.

2.2.3. Installing ghc-win32 FAQ

1. I’m having troublewith symlinks.

Symlinksonly work underCygwin (Section2.1.2.1), sobinariesnot linkedto theCygwin DLL, in
particularthosebuilt for Mingwin, will not work with symlinks.

2. I’m getting“permissiondenied”messagesfrom therm or mv.

This canhavevariouscauses:trying to renamea directorywhenanExplorerwindow is openon it
tendsto fail. Closingthewindow generallycurestheproblem,but sometimesits causeis more
mysterious,andloggingoff andbackon or rebootingmaybethequickestcure.
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2.3. The layout of installed files
This sectiondescribeswhatfiles getinstalledwhere.You don’t needto know it if youaresimply
installingGHC,but it is vital informationif youarechangingtheimplementation.

GHC is installedin two directorytrees:

Binary directory

known as$(bindir) , holdsexecutablesthattheuseris expectedto invoke.Notably, ghc and
ghci . OnUnix, this directoryis typically somethinglike /usr/local/bin . OnWindows,
however, this directoryis always$(libdir)/bin .

Library directory,

known as$(libdir) , holdsall thesupportfilesneededto runGHC.OnUnix, thisdirectoryis
usuallysomethinglike /usr/lib/ghc/ghc-5.02 .

WhenGHCruns,it mustknow whereits library directoryis. It findsthis out in oneof two ways:

• $(libdir) is passedto GHCusingthe-B flag.On Unix (but not Windows),theinstalledghc is
just a one-lineshellscriptthatinvokestherealGHC,passingasuitable-B flag. [All the
user-suppliedflagsfollow, anda later -B flagoverridesanearlierone,soa user-suppliedone
wins.]

• OnWindows(but not Unix), if no -B flag is given,GHCusesasystemcall to find thedirectoryin
which therunningGHCexecutablelives,andderives$(libdir) from that.[Unix lackssucha
systemcall.]

2.3.1. Layout of the librar y director y
Thelayoutof thelibrary directoryis almostidenticalon WindowsandUnix, asfollows: layout:

$(libdir)/
package.conf GHC package configuration
ghc-usage.txt Message displayed by ghc --help

bin/ [Win32 only] User-visible binaries
ghc.exe
ghci.bat

unlit Remove literate markup

touchy.exe [Win32 only]
perl.exe [Win32 only]
gcc.exe [Win32 only]

ghc-x.xx GHC executable [Unix only]
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ghc-split Asm code splitter
ghc-asm Asm code mangler

gcc-lib/ [Win32 only] Support files for gcc
specs gcc configuration

cpp0.exe gcc support binaries
as.exe
ld.exe

crt0.o Standard
..etc.. binaries

libmingw32.a Standard
..etc.. libraries

*.h Include files

imports/ GHC interface files
std/*.hi ’std’ library

lang/*.hi ’lang’ library
..etc..

include/ C header files
StgMacros.h GHC-specific
..etc... header files

mingw/*.h [Win32 only] Mingwin header files

libHSrts.a GHC library archives
libHSstd.a
libHSlang.a

..etc..

HSstd1.o GHC library linkables
HSstd2.o (used by ghci, which does
HSlang.o not grok .a files yet)

Notethat:

• OnWin32, the$(libdir)/bin directorycontainsuser-visible binaries;addit to your PATH. The
ghci executableis a .bat file which invokesghc .

TheGHCexecutableis theRealThing (no interveningshellscriptsor .bat files).Reason:we
sometimesinvokeGHCwith very longcommandlines,andcmd.exe (whichexecutes.bat files)
truncatesthem.[We assumepeoplewon’t invokeghciwith very longcommandlines.]

OnUnix, theuser-invokableghc invokes$(libdir)/ghc- version, passinga suitable-B flag.
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• $(libdir) alsocontainssupportbinaries.Thesearenot expectedto beon theuser’s PATH, but
andareinvokeddirectly by GHC.In theMakefilesystem,thisdirectoryis alsocalled
$(libexecdir) , but youare not freeto changeit. It mustbethesameas$(libdir) .

• We distributegcc with theWin32 distributionof GHC,sothatusersdon’t needto install gcc , nor
needto careaboutwhich versionit is. All gcc ’ssupportfilesarekeptin $(libdir)/gcc-lib/ .

• Similarly, we distributeperl anda touch replacement(touchy.exe ) with theWin32
distributionof GHC.

• Thesupportprogramsghc-split andghc-asm arePerlscripts.Thefirst line says
#!/bin/perl ; on Unix, thescriptis indeedinvokedasashellscript,which invokesPerl;on
Windows,GHC invokes$(libdir)/perl.exe directly, which treatsthe#!/bin/perl asa
comment.Reason:on Windowswe wantto invokethePerldistributedwith GHC,ratherthan
assumesomeinstalledone.
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GHCi1 is GHC’s interactiveenvironment,in whichHaskell expressionscanbeinteractively evaluated
andprogramscanbeinterpreted.If you’re famililar with Hugs(http://www.haskell.org/hugs/),then
you’ll beright at homewith GHCi. However, GHCi alsohassupportfor interactively loading
compiledcode,aswell assupportingall2 thelanguageextensionsthatGHCprovides.

3.1. Intr oduction to GHCi
Let’s startwith anexampleGHCi session.Youcanfire upGHCi with thecommandghci :

$ ghci
___ ___ _

/ _ \ /\ /\/ __(_)
/ /_\// /_/ / / | | GHC Interactive, version 5.04, for Haskell 98.

/ /_\\/ __ / /___| | http://www.haskell.org/ghc/
\____/\/ /_/\____/|_| Type :? for help.

Loading package base ... linking ... done.
Loading package haskell98 ... linking ... done.
Prelude>

Theremaybea shortpausewhile GHCi loadsthepreludeandstandardlibraries,afterwhich the
promptis shown. If we follow theinstructionsandtype :? for help,we get:

Commands available from the prompt:

%lt;stmt> evaluate/run %lt;stmt>
:add %lt;filename> ... add module(s) to the current target set
:browse [*]%lt;module> display the names defined by %lt;module>
:cd %lt;dir> change directory to %lt;dir>
:def %lt;cmd> %lt;expr> define a command :%lt;cmd>
:help, :? display this list of commands
:info [%lt;name> ...] display information about the given names
:load %lt;filename> ... load module(s) and their dependents
:module [+/-] [*]%lt;mod> ... set the context for expression evaluation
:reload reload the current module set

:set %lt;option> ... set options
:set args %lt;arg> ... set the arguments returned by System.getArgs
:set prog %lt;progname> set the value returned by System.getProgName

:show modules show the currently loaded modules
:show bindings show the current bindings made at the prompt

:type %lt;expr> show the type of %lt;expr>
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:undef %lt;cmd> undefine user-defined command :%lt;cmd>
:unset %lt;option> ... unset options
:quit exit GHCi
:!%lt;command> run the shell command %lt;command>

Options for ‘:set’ and ‘:unset’:

+r revert top-level expressions after each evaluation
+s print timing/memory stats after each evaluation
+t print type after evaluation
-%lt;flags> most GHC command line flags can also be set here

(eg. -v2, -fglasgow-exts, etc.)

We’ll explainmostof thesecommandsaswe go along.For Hugsusers:many thingswork thesame
asin Hugs,soyoushouldbeableto getgoingstraightaway.

Haskell expressionscanbetypedat theprompt:

Prelude> 1+2
3
Prelude> let x = 42 in x / 9
4.666666666666667
Prelude>

GHCi interpretsthewholeline asanexpressionto evaluate.Theexpressionmaynot spanseveral
lines- assoonasyoupressenter, GHCi will attemptto evaluateit.

3.2. Loading sour ce files
Supposewe have thefollowing Haskell sourcecode,whichwe placein a file Main.hs :

main = print (fac 20)

fac 0 = 1
fac n = n * fac (n-1)

You cansaveMain.hs anywhereyou like,but if yousave it somewhereotherthanthecurrent
directory3 thenwe will needto changeto theright directoryin GHCi:

Prelude> :cd dir

wheredir is thedirectory(or folder) in which yousavedMain.hs .

To loada Haskell sourcefile into GHCi, usethe :load command:

Prelude> :load Main
Compiling Main ( Main.hs, interpreted )
Ok, modules loaded: Main.
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*Main>

GHCi hasloadedtheMain module,andtheprompthaschangedto “ *Main> ” to indicatethatthe
currentcontext for expressionstypedat thepromptis theMain modulewe just loaded(we’ll explain
whatthe* meanslaterin Section3.4.1). Sowe cannow typeexpressionsinvolving thefunctions
from Main.hs :

*Main> fac 17
355687428096000

Loadingamulti-moduleprogramis just asstraightforward;justgive thenameof the“topmost”
moduleto the :load command(hint: :load canbeabbreviatedto :l ). Thetopmostmodulewill
normallybeMain , but it doesn’t haveto be.GHCi will discoverwhich modulesarerequired,
directly or indirectly, by thetopmostmodule,andloadthemall in dependency order.

3.2.1. Modules vs. filenames
Question:How doesGHCfind thefilenamewhichcontainsmoduleM?Answer:it looksfor thefile
M .hs , or M .lhs . Thismeansthatfor mostmodules,themodulenamemustmatchthefilename.If it
doesn’t, GHCi won’t beableto find it.

Thereis oneexceptionto this generalrule:whenyou loada programwith :load , or specifyit when
you invokeghci , you cangivea filenameratherthana modulename.This filenameis loadedif it
exists,andit maycontainany moduleyou like.This is particularlyconvenientif youhaveseveral
Main modulesin thesamedirectoryandyou can’t call themall Main.hs .

Thesearchpathfor findingsourcefiles is specifiedwith the-i optionon theGHCi commandline,
like so:

ghci -i dir
1
:...: dir

n

or it canbesetusingthe :set commandfrom within GHCi (seeSection3.7.2)4

Oneconsequenceof theway thatGHCi followsdependenciesto find modulesto loadis thatevery
modulemusthavea sourcefile. Theonly exceptionto therule is modulesthatcomefrom apackage,
includingthePrelude andstandardlibrariessuchasIO andComplex . If you attemptto loada
modulefor whichGHCi can’t find asourcefile, evenif thereareobjectandinterfacefiles for the
module,you’ll getanerrormessage.

Onefinal note:if you loada modulecalledMain, it mustcontainamain function,just like in GHC.

3.2.2. Making chang es and recompilation
If you makesomechangesto thesourcecodeandwantGHCi to recompiletheprogram,give the
:reload command.Theprogramwill berecompiledasnecessary, with GHCi doingits bestto
avoid actuallyrecompilingmodulesif their externaldependencieshaven’t changed.This is thesame
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mechanismwe useto avoid re-compilingmodulesin thebatchcompilationsetting(seeSection
4.9.5).

3.3. Loading compiled code
Whenyou loada Haskell sourcemoduleinto GHCi, it is normallyconvertedto byte-codeandrun
usingtheinterpreter. However, interpretedcodecanalsorun alongsidecompiledcodein GHCi;
indeed,normallywhenGHCi starts,it loadsup acompiledcopy of thebase package,which
containsthePrelude .

Why shouldwe wantto run compiledcode?Well, compiledcodeis roughly10x fasterthan
interpretedcode,but takesabout2x longerto produce(perhapslongerif optimisationis on).Soit
paysto compilethepartsof a programthataren’t changingveryoften,andusetheinterpreterfor the
codebeingactively developed.

Whenloadingup sourcefileswith :load , GHCi looksfor any correspondingcompiledobjectfiles,
andwill useonein preferenceto interpretingthesourceif possible.For example,supposewe havea
4-moduleprogramconsistingof modulesA, B, C, andD. ModulesB andC bothimportD only, and
A importsbothB & C:

A
/ \

B C
\ /

D

We cancompileD, thenloadthewholeprogram,like this:

Prelude> :! ghc -c D.hs
Prelude> :load A
Skipping D ( D.hs, D.o )
Compiling C ( C.hs, interpreted )
Compiling B ( B.hs, interpreted )
Compiling A ( A.hs, interpreted )
Ok, modules loaded: A, B, C, D.
*Main>

In themessagesfrom thecompiler, we seethatit skippedD, andusedtheobjectfile D.o . The
messageSkipping module indicatesthatcompilationfor module isn’t necessary, becausethe
sourceandeverythingit dependson is unchangedsincethelastcompilation.

At any time youcanusethecommand:show modules to geta list of themodulescurrentlyloaded
into GHCi:

*Main> :show modules
D ( D.hs, D.o )
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C ( C.hs, interpreted )
B ( B.hs, interpreted )
A ( A.hs, interpreted )
*Main>

If we now modify thesourceof D (or pretendto: usingUnix commandtouch on thesourcefile is
handyfor this), thecompilerwill no longerbeableto usetheobjectfile, becauseit might beout of
date:

*Main> :! touch D.hs
*Main> :reload
Compiling D ( D.hs, interpreted )
Skipping C ( C.hs, interpreted )
Skipping B ( B.hs, interpreted )
Skipping A ( A.hs, interpreted )
Ok, modules loaded: A, B, C, D.
*Main>

NotethatmoduleD wascompiled,but in this instancebecauseits sourcehadn’t really changed,its
interfaceremainedthesame,andtherecompilationcheckerdeterminedthatA, B andC didn’t need
to berecompiled.

Solet’s try compilingoneof theothermodules:

*Main> :! ghc -c C.hs
*Main> :load A
Compiling D ( D.hs, interpreted )
Compiling C ( C.hs, interpreted )
Compiling B ( B.hs, interpreted )
Compiling A ( A.hs, interpreted )
Ok, modules loaded: A, B, C, D.

We didn’t getthecompiledversionof C! Whathappened?Well, in GHCi a compiledmodulemay
only dependon othercompiledmodules,andin this caseC dependson D, which doesn’t havean
objectfile, soGHCi alsorejectedC’s objectfile. Ok, solet’salsocompileD:

*Main> :! ghc -c D.hs
*Main> :reload
Ok, modules loaded: A, B, C, D.

Nothinghappened!Here’sanotherlesson:newly compiledmodulesaren’t pickedup by :reload ,
only :load :

*Main> :load A
Skipping D ( D.hs, D.o )
Skipping C ( C.hs, C.o )
Compiling B ( B.hs, interpreted )
Compiling A ( A.hs, interpreted )
Ok, modules loaded: A, B, C, D.
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HINT: sinceGHCi will only usea compiledobjectfile if it cansurethatthecompiledversionis
up-to-date,a goodtechniquewhenworkingon a largeprogramis to occasionallyrun ghc --make

to compilethewholeproject(saybeforeyougo for lunch:-), thencontinueworking in the
interpreter. As youmodify code,thenew moduleswill beinterpreted,but therestof theprojectwill
remaincompiled.

3.4. Interactive evaluation at the prompt
Whenyou typeanexpressionat theprompt,GHCi immediatelyevaluatesandprintstheresult.But
that’snot thewholestory:if you typesomethingof typeIO a for somea, thenGHCi executesit as
anIO-computation,anddoesn’t attemptto print theresult:.

Prelude> "hello"
"hello"
Prelude> putStrLn "hello"
hello

Whatactuallyhappensis thatGHCi typecheckstheexpression,andif it doesn’t havean IO type,
thenit transformsit asfollows:anexpressione turnsinto

let it = e;
print it

which is thenrunasanIO-action.

Hence,theoriginalexpressionmusthavea typewhich is aninstanceof theShow class,or GHCi will
complain:

Prelude> id
No instance for ‘Show (a -> a)’
arising from use of ‘print’
in a ‘do’ expression pattern binding: print it

Theerrormessagecontainssomecluesasto thetransformationhappeninginternally.

3.4.1. What’s reall y in scope at the prompt?
Whenyou typeanexpressionat theprompt,whatidentifiersandtypesarein scope?GHCi provides
a flexible way to controlexactlyhow thecontext for anexpressionis constructed.Let’sstartwith the
simplecases;whenyoustartGHCi thepromptlookslike this:

Prelude>

Which indicatesthateverythingfrom themodulePrelude is currentlyin scope.If we now loada
file into GHCi, thepromptwill change:
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Prelude> :load Main.hs
Compiling Main ( Main.hs, interpreted )
*Main>

Thenew promptis *Main , which indicatesthatwe aretypingexpressionsin thecontext of the
top-level of theMain module.Everythingthatis in scopeat thetop-level in themoduleMain we just
loadedis alsoin scopeat theprompt(probablyincludingPrelude , aslongasMain doesn’t
explicitly hideit).

Thesyntax* module indicatesthatit is thefull top-level scopeof module thatis contributing to the
scopefor expressionstypedat theprompt.Without the* , just theexportsof themodulearevisible.

We’re not limited to asinglemodule:GHCi cancombinescopesfrom multiple modules,in any
mixtureof * andnon-* forms.GHCi combinesthescopesfrom all of thesemodulesto form the
scopethatis in effectat theprompt.For technicalreasons,GHCi canonly supportthe* -form for
moduleswhich areinterpreted,socompiledmodulesandpackagemodulescanonly contributetheir
exportsto thecurrentscope.

Thescopeis manipulatedusingthe :module command.For example,if thecurrentscopeis
Prelude , thenwe canbring into scopetheexportsfrom themoduleIO like so:

Prelude> :module +IO
Prelude,IO> hPutStrLn stdout "hello\n"
hello
Prelude,IO>

(Note: :module canbeshortenedto :m). Thefull syntaxof the :module commandis:

:module [+|-] [*] mod
1

... [*] mod
n

Usingthe+ form of themodule commandsaddsmodulesto thecurrentscope,and- removesthem.
Without either+ or - , thecurrentscopeis replacedby thesetof modulesspecified.Notethatif you
usethis form andleaveout Prelude , GHCi will assumethatyou really wantedthePrelude and
addit in for you (if youdon’t wantthePrelude , thenaskto remove it with :m -Prelude ).

Thescopeis automaticallysetaftera :load command,to themostrecentlyloaded"target"module,
in a * -form if possible.For example,if yousay:load foo.hs bar.hs andbar.hs contains
moduleBar , thenthescopewill besetto *Bar if Bar is interpreted,or if Bar is compiledit will be
setto Prelude,Bar (GHCi automaticallyaddsPrelude if it isn’t presentandtherearen’t any
* -form modules).

With multiplemodulesin scope,especiallymultiple * -form modules,it is likely thatnameclashes
will occur. Haskell specifiesthatnameclashesareonly reportedwhenanambiguousidentifieris
used,andGHCi behavesin thesameway for expressionstypedat theprompt.

3.4.1.1. Qualified names

To make life slightly easier, theGHCi promptalsobehavesasif thereis animplicit import

qualified declarationfor everymodulein everypackage,andeverymodulecurrentlyloadedinto
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GHCi.

3.4.2. Using do-notation at the prompt
GHCi actuallyacceptsstatementsratherthanjust expressionsat theprompt.This meansyou can
bind valuesandfunctionsto names,andusethemin futureexpressionsor statements.

Thesyntaxof astatementacceptedat theGHCi promptis exactly thesameasthesyntaxof a
statementin aHaskell do expression.However, there’snomonadoverloadinghere:statementstyped
at thepromptmustbein the IO monad.

Here’sanexample:

Prelude> x <- return 42
Prelude> print x
42
Prelude>

Thestatementx <- return 42 means“executereturn 42 in the IO monad,andbind theresult
to x”. We canthenusex in futurestatements,for exampleto print it aswe did above.

Of course,youcanalsobindnormalnon-IOexpressionsusingthe let -statement:

Prelude> let x = 42
Prelude> print x
42
Prelude>

An importantdifferencebetweenthetwo typesof bindingis thatthemonadicbind(p <- e) is strict
(it evaluatese), whereaswith the let form, theexpressionisn’t evaluatedimmediately:

Prelude> let x = error "help!"
Prelude> print x
*** Exception: help!
Prelude>

Any exceptionsraisedduringtheevaluationor executionof thestatementarecaughtandprintedby
theGHCi commandline interface(for moreinformationon exceptions,seethemodule
Control.Exception in thelibrariesdocumentation).

Everynew bindingshadowsany existing bindingsof thesamename,includingentitiesthatarein
scopein thecurrentmodulecontext.

WARNING: temporarybindingsintroducedat thepromptonly lastuntil thenext :load or :reload

command,at which time they will besimply lost.However, they do survivea changeof context with
:module : thetemporarybindingsjust moveto thenew location.

HINT: To geta list of thebindingscurrentlyin scope,usethe :show bindings command:
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Prelude> :show bindings
x :: Int
Prelude>

HINT: if you turnon the+t option,GHCi will show thetypeof eachvariableboundby a statement.
For example:

Prelude> :set +t
Prelude> let (x:xs) = [1..]
x :: Integer
xs :: [Integer]

3.4.3. The it variab le
Wheneveranexpression(or a non-bindingstatement,to beprecise)is typedat theprompt,GHCi
implicitly bindsits valueto thevariableit . For example:

Prelude> 1+2
3
Prelude> it * 2
6

This is a resultof thetranslationmentionedearlier, namelythatanexpressione is translatedto

let it = e;
print it

beforeexecution,resultingin abindingfor it .

If theexpressionwasof type IO a for somea, thenit will beboundto theresultof the IO

computation,which is of typea. eg.:

Prelude> Time.getClockTime
Prelude> print it
Wed Mar 14 12:23:13 GMT 2001

Thecorrespondingtranslationfor anIO-typede is

it <- e

Notethat it is shadowedby thenew valueeachtime youevaluatea new expression,andtheold
valueof it is lost.
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3.5. Invoking GHCi
GHCi is invokedwith thecommandghci or ghc --interactive . Oneor moremodulesor
filenamescanalsobespecifiedon thecommandline; this instructsGHCi to loadthespecified
modulesor filenames(andall themodulesthey dependon), just asif youhadsaid:load modules

at theGHCi prompt(seeSection3.6). For example,to startGHCi andloadtheprogramwhose
topmostmoduleis in thefile Main.hs , we couldsay:

$ ghci Main.hs

Most of thecommand-lineoptionsacceptedby GHC(seeChapter4) alsomakesensein interactive
mode.Theonesthatdon’t makesensearemostlyobvious;for example,GHCi doesn’t generate
interfacefiles,sooptionsrelatedto interfacefile generationwon’t haveany effect.

3.5.1. Packages
GHCi canmakeuseof all thepackagesthatcomewith GHC,For example,to startupGHCi with the
network packageloaded:

$ ghci -package network
___ ___ _

/ _ \ /\ /\/ __(_)
/ /_\// /_/ / / | | GHC Interactive, version 5.04, for Haskell 98.

/ /_\\/ __ / /___| | http://www.haskell.org/ghc/
\____/\/ /_/\____/|_| Type :? for help.

Loading package base ... linking ... done.
Loading package haskell98 ... linking ... done.
Loading package network ... linking ... done.
Prelude>

NotethatGHCi will alsoautomaticallyloadany packageson which therequestedpackagedepends.

Thefollowing commandworksto loadnew packagesinto a runningGHCi:

Prelude> :set -package name

But notethatdoingthis will causeall currentlyloadedmodulesto beunloaded,andyou’ll be
dumpedbackinto thePrelude.

3.5.2. Extra libraries
Extralibrariesmaybespecifiedon thecommandline usingthenormal-l lib option.For example,
to loadthe“m” library:

$ ghci -lm

42



Chapter3. UsingGHCi

Onsystemswith .so -stylesharedlibraries,theactuallibrary loadedwill the lib lib.so . GHCi
searchesthefollowing placesfor libraries,in thisorder:

• Pathsspecifiedusingthe-L path command-lineoption,

• thestandardlibrary searchpathfor yoursystem,whichon somesystemsmaybeoverridenby
settingtheLD_LIBRARY_PATHenvironmentvariable.

Onsystemswith .dll -stylesharedlibraries,theactuallibrary loadedwill belib.dll . Again,
GHCi will signalanerrorif it can’t find thelibrary.

GHCi canalsoloadplainobjectfiles (.o or .obj dependingon yourplatform)from the
command-line.Justaddthenametheobjectfile to thecommandline.

3.6. GHCi commands
GHCi commandsall begin with ‘ : ’ andconsistof asinglecommandnamefollowedby zeroor more
parameters.Thecommandnamemaybeabbreviated,aslongastheabbreviation is not ambiguous.
All of thebuiltin commands,with theexceptionof :unset and:undef , maybeabbreviatedto a
singleletter.

:add module ...

Add module(s) to thecurrenttargetset, andperforma reload.

:browse [* ]module ...

Displaystheidentifiersdefinedby themodulemodule, whichmustbeeitherloadedinto GHCi
or bea memberof apackage.If the* symbolis placedbeforethemodulename,thenall the
identifiersdefinedin module areshown; otherwisethelist is limited to theexportsof
module. The* -form is only availablefor moduleswhich areinterpreted;for compiled
modules(includingmodulesfrom packages)only thenon-* form of :browse is available.

:cd dir

Changesthecurrentworking directoryto dir. A ‘~’ symbolat thebeginningof dir will be
replacedby thecontentsof theenvironmentvariableHOME.

:def name expr

Thecommand:def name expr definesa new GHCi command: name, implementedby the
Haskell expressionexpr, which musthave typeString -> IO String . When: name

args is typedat theprompt,GHCi will run theexpression( name args) , take theresulting
String , andfeedit backinto GHCi asa new sequenceof commands.Separatecommandsin
theresultmustbeseparatedby ‘ \n ’.
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That’sall a little confusing,sohere’sa few examples.To startwith, here’sa new GHCi
commandwhich doesn’t takeany argumentsor produceany results,it just outputsthecurrent
date& time:

Prelude> let date _ = Time.getClockTime >>= print >> return ""
Prelude> :def date date
Prelude> :date
Fri Mar 23 15:16:40 GMT 2001

Here’sanexampleof acommandthattakesanargument.It’sa re-implementationof :cd :

Prelude> let mycd d = Directory.setCurrentDirectory d >> return ""
Prelude> :def mycd mycd
Prelude> :mycd ..

Or I coulddefinea simpleway to invoke“ghc --make Main ” in thecurrentdirectory:

Prelude> :def make (\_ -> return ":! ghc --make Main")

:help

:?

Displaysa list of theavailablecommands.

:info name ...

Displaysinformationaboutthegivenname(s).For example,if name is aclass,thentheclass
methodsandtheir typeswill beprinted;if name is a typeconstructor, thenits definitionwill be
printed;if name is a function,thenits typewill beprinted.If name hasbeenloadedfrom a
sourcefile, thenGHCi will alsodisplaythelocationof its definitionin thesource.

:load module ...

Recursively loadsthespecifiedmodules,andall themodulesthey dependon.Here,each
module mustbea modulenameor filename,but maynotbethenameof a modulein a
package.

All previously loadedmodules,exceptpackagemodules,areforgotten.Thenew setof modules
is known asthetargetset. Notethat :load canbeusedwithout any argumentsto unloadall the
currentlyloadedmodulesandbindings.

After a :load command,thecurrentcontext is setto:

• module, if it wasloadedsuccessfully, or

• themostrecentlysuccessfullyloadedmodule,if any othermoduleswereloadedasaresultof
thecurrent:load , or

• Prelude otherwise.
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:module [+|-] [*] mod
1

... [*] mod
n

Setsor modifiesthecurrentcontext for statementstypedat theprompt.SeeSection3.4.1for
moredetails.

:quit

QuitsGHCi. Youcanalsoquit by typingacontrol-Dat theprompt.

:reload

Attemptsto reloadthecurrenttargetset(see:load ) if any of themodulesin theset,or any
dependentmodule,haschanged.Notethatthis mayentail loadingnew modules,or dropping
moduleswhich areno longerindirectly requiredby thetarget.

:set [option...]

Setsvariousoptions.SeeSection3.7 for a list of availableoptions.The :set commandby
itself showswhich optionsarecurrentlyset.

:set args arg ...

Setsthelist of argumentswhich arereturnedwhentheprogramcallsSystem.getArgs .

:set prog prog

Setsthestringto bereturnedwhentheprogramcallsSystem.getProgName .

:show bindings

Show thebindingsmadeat thepromptandtheir types.

:show modules

Show thelist of modulescurrentlyload.

:type expression

Infersandprintsthetypeof expression, includingexplicit forall quantifiersfor polymorphic
types.Themonomorphismrestrictionis not appliedto theexpressionduringtypeinference.

:undef name

Undefinestheuser-definedcommandname (see:def above).

:unset option...

Unsetscertainoptions.SeeSection3.7 for a list of availableoptions.

:! command...

Executestheshellcommandcommand.
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3.7. The :set command
The :set commandsetstwo typesof options:GHCi options,which begin with ‘+” and
“command-line”options,which begin with ‘-’.

NOTE: at themoment,the :set commanddoesn’t supportany kind of quotingin its arguments:
quoteswill not beremovedandcannotbeusedto groupwordstogether. For example,:set

-DFOO=’BAR BAZ’ will not do whatyou expect.

3.7.1. GHCi options
GHCi optionsmaybesetusing:set andunsetusing:unset .

TheavailableGHCi optionsare:

+r

Normally, any evaluationof top-level expressions(otherwiseknown asCAFsor Constant
ApplicativeForms)in loadedmodulesis retainedbetweenevaluations.Turningon+r causesall
evaluationof top-level expressionsto bediscardedaftereachevaluation(they arestill retained
duringa singleevaluation).

This optionmayhelpif theevaluatedtop-level expressionsareconsuminglargeamountsof
space,or if youneedrepeatableperformancemeasurements.

+s

Displaysomestatsafterevaluatingeachexpression,includingtheelapsedtimeandnumberof
bytesallocated.NOTE: theallocationfigureis only accurateto thesizeof thestorage
manager’sallocationarea,becauseit is calculatedat everyGC.Hence,youmight seevaluesof
zeroif no GChasoccurred.

+t

Displaythetypeof eachvariableboundaftera statementis enteredat theprompt.If the
statementis a singleexpression,thentheonly variablebindingwill befor thevariable‘ it ’.

3.7.2. Setting GHC command-line options in GHCi
NormalGHCcommand-lineoptionsmayalsobesetusing:set . For example,to turnon
-fglasgow-exts , you wouldsay:

Prelude> :set -fglasgow-exts

Any GHCcommand-lineoptionthatis designatedasdynamic(seethetablein Section4.19), maybe
setusing:set . To unsetanoption,youcansetthereverseoption:

46



Chapter3. UsingGHCi

Prelude> :set -fno-glasgow-exts

Section4.19lists thereversefor eachoptionwhereapplicable.

Certainstaticoptions(-package , -I , -i , and-l in particular)will alsowork, but somemaynot
take effectuntil thenext reload.

3.8. The .ghci file
Whenit starts,GHCi alwaysreadsandexecutescommandsfrom $HOME/.ghci , followedby
./.ghci .

The .ghci in yourhomedirectoryis mostusefulfor turningon favouriteoptions(eg. :set +s ),
anddefiningusefulmacros.Placinga .ghci file in a directorywith aHaskell projectis a usefulway
to setcertainproject-wideoptionssoyou don’t have to typethemeverytimeyoustartGHCi: eg. if
yourprojectusesGHCextensionsandCPP, andhassourcefiles in threesubdirectoriesA B andC,
you mightput thefollowing linesin .ghci :

:set -fglasgow-exts -cpp
:set -iA:B:C

(Notethatstrictly speakingthe-i flag is astaticone,but in factit worksto setit using:set like
this.Thechangeswon’t takeeffectuntil thenext :load , though.)

Two command-lineoptionscontrolwhetherthe .ghci filesareread:

-ignore-dot-ghci

Don’t readeither./.ghci or $HOME/.ghci whenstartingup.

-read-dot-ghci

Read.ghci and$HOME/.ghci . This is normallythedefault,but the-read-dot-ghci option
maybeusedto overridea previous-ignore-dot-ghci option.

3.9. FAQ and Things To Watch Out For

GHCi complainsaboutmain not beingin scopewhenI loadamodule.

You probablyomittedthemodule declarationat thetop of themodule,which causesthe
modulenameto default to Main . In Haskell, theMain modulemustdefinea functioncalled
main . Admittedly this doesn’t makea greatdealof sensefor aninterpreter, but therule was
keptfor compatibilitywith GHC.
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Theinterpretercan’t loadmoduleswith foreignexportdeclarations!

Unfortunatelynot.We haven’t implementedit yet.Pleasecompileany offendingmodulesby
handbeforeloadingtheminto GHCi.

-O doesn’t work with GHCi!

For technicalreasons,thebytecodecompilerdoesn’t interactwell with oneof theoptimisation
passes,sowe havedisabledoptimisationwhenusingtheinterpreter. This isn’t a greatloss:
you’ll getamuchbiggerwin by compilingthebits of yourcodethatneedto go fast,ratherthan
interpretingthemwith optimisationturnedon.

Unboxedtuplesdon’t work with GHCi

That’s right. You canalwayscompilea modulethatusesunboxedtuplesandloadit into GHCi,
however. (Incidentallythepreviouspoint,namelythat-O is incompatiblewith GHCi, is
becausethebytecodecompilercan’t dealwith unboxedtuples).

Concurrentthreadsdon’t carryon runningwhenGHCi is waiting for input.

No, they don’t. This is becausetheHaskell bindingto theGNU readlinelibrary doesn’t support
readingfrom theterminalin a non-blockingway, which is requiredto work properlywith
GHC’s concurrency model.

After usinggetContents , I can’t usestdin againuntil I do :load or :reload .

This is thedefinedbehaviour of getContents : it putsthestdinHandlein astateknown as
semi-closed, whereinany furtherI/O operationson it areforbidden.BecauseI/O stateis
retainedbetweencomputations,thesemi-closedstatepersistsuntil thenext :load or :reload

command.

You canmakestdin resetitself aftereveryevaluationby giving GHCi thecommand:set

+r . This worksbecausestdin is just a top-level expressionthatcanberevertedto its
unevaluatedstatein thesamewayasany othertop-level expression(CAF).

Notes
1. The‘i’ standsfor “Interactive”

2. exceptforeign export , at themoment

3. If youstartedupGHCi from thecommandline thenGHCi’s currentdirectoryis thesameasthe
currentdirectoryof theshellfrom which it wasstarted.If youstartedGHCi from the“Start”
menuin Windows,thenthecurrentdirectoryis probablysomethinglikeC:\Documents and

Settings\ user name.

4. Notethatin GHCi, and--make mode,the-i optionis usedto specifythesearchpathfor source
files,whereasin standardbatch-compilationmodethe-i optionis usedto specifythesearch
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pathfor interfacefiles,seeSection4.9.2.
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Chapter 4. Using GHC
GHCcanwork in oneof three“modes”:

ghc ––interactive

Interactivemode,which is alsoavailableasghci. Interactivemodeis describedin moredetail in
Chapter3.

ghc ––make

In this mode,GHCwill build amulti-moduleHaskell programautomatically, figuringout
dependenciesfor itself. If you havea straightforwardHaskell program,this is likely to bemuch
easier, andfaster, thanusingmake.

ghc [-E | -C | -S | -c]

This is thetraditionalbatch-compilermode,in whichGHCcancompilesourcefilesoneat a
time,or link objectstogetherinto anexecutable.

4.1. Options overview
GHC’s behaviour is controlledby options, which for historicalreasonsarealsosometimesreferred
to ascommand-lineflagsor arguments.Optionscanbespecifiedin threeways:

4.1.1. Command-line arguments
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 optionsareprocessedandthen
appliedto all files; youcannot,for example,invokeghc -c -O1 Foo.hs -O2 Bar.hs to apply
differentoptimisationlevelsto thefiles Foo.hs andBar.hs .
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4.1.2. Command line options in sour ce files
Sometimesit is usefulto make theconnectionbetweena sourcefile andthecommand-lineoptionsit
requiresquitetight. For instance,if aHaskell sourcefile usesGHCextensions,it will alwaysneedto
becompiledwith the-fglasgow-exts option.Ratherthanmaintainingthelist of per-file options
in aMakefile , it is possibleto do this directly in thesourcefile usingtheOPTIONSpragma:

{-# OPTIONS -fglasgow-exts #-}
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,soyoudo 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).

4.1.3. Setting options in GHCi
Optionsmayalsobemodifiedfrom within GHCi, usingthe :set command.SeeSection3.7for
moredetails.

4.2. Static vs. Dynamic options
Eachof GHC’scommandline optionsis classifiedaseitherstaticor dynamic. A staticflagmayonly
bespecifiedon thecommandline, whereasa dynamicflagmayalsobegivenin anOPTIONSpragma
in asourcefile or setfrom theGHCi command-linewith :set .

As a rule of thumb,all thelanguageoptionsaredynamic,asarethewarningoptionsandthe
debuggingoptions.Therestarestatic,with thenotableexceptionsof -v , -cpp , -fasm , -fvia-C ,
and-#include . Theflag referencetables(Section4.19) lists thestatusof eachflag.
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4.3. 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.

.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.

4.4. Help and verbosity options

--help

-?

CauseGHCto spew a long usagemessageto standardoutputandthenexit.

-v

The-v optionmakesGHCverbose: it reportsits versionnumberandshows(on stderr)exactly
how it invokeseachphaseof thecompilationsystem.Moreover, it passesthe-v flag to most
phases;eachreportsits versionnumber(andpossiblysomeotherinformation).

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

To providemorecontrolover thecompiler’sverbosity, the-v flag takesanoptionalnumeric
argument.Specifying-v on its own is equivalentto -v3 , andtheotherlevelshavethefollowing
meanings:

-v0

Disableall non-essentialmessages(this is thedefault).

-v1

Minimal verbosity:print oneline percompilation(this is thedefaultwhen--make or
--interactive is on).

-v2

Print thenameof eachcompilationphaseasit is executed.(equivalentto
-dshow-passes ).

-v3

Thesameas-v2 , exceptthatin additionthefull commandline (if appropriate)for each
compilationphaseis alsoprinted.

-v4

Thesameas-v3 exceptthattheintermediateprogramrepresentationaftereach
compilationphaseis alsoprinted(excludingpreprocessedandC/assemblyfiles).

--version

Print aone-linestringincludingGHC’s versionnumber.

--numeric-version

Print GHC’snumericversionnumberonly.

--print-libdir

Print thepathto GHC’s library directory. This is thetop of thedirectorytreecontainingGHC’s
libraries,interfaces,andincludefiles (usuallysomethinglike /usr/local/lib/ghc-5.04 on
Unix). This is thevalueof $libdir in thepackageconfigurationfile (seeSection4.10).
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4.5. Using ghc --make

Whengiventhe--make option,GHCwill build amulti-moduleHaskell programby following
dependenciesfrom a singleroot module(usuallyMain ). For example,if your Main moduleis in a
file calledMain.hs , you couldcompileandlink theprogramlike this:

ghc --make Main.hs

Thecommandline mustcontainonesourcefile or modulename;GHCwill figureout all the
modulesin theprogramby following theimportsfrom this initial module.It will thenattemptto
compileeachmodulewhich is out of date,andfinally if thetop moduleis Main , theprogramwill
alsobelinkedinto anexecutable.

Themainadvantagesto usingghc --make over traditionalMakefile sare:

• GHCdoesn’t have to berestartedfor eachcompilation,which meansit cancacheinformation
betweencompilations.Compilinga muli-moduleprogramwith ghc --make canbeup to twice
asfastasrunningghc individually on eachsourcefile.

• You don’t have to write aMakefile .

• GHCre-calculatesthedependencieseachtime it is invoked,sothedependenciesnevergetout of
syncwith thesource.

Any of thecommand-lineoptionsdescribedin therestof this chaptercanbeusedwith --make , but
notethatany optionsyougiveon thecommandline will applyto all thesourcefilescompiled,soif
you wantany optionsto applyto a singlesourcefile only, you’ll needto useanOPTIONSpragma
(seeSection4.1.2).

If theprogramneedsto belinkedwith additionalobjects(say, someauxilliary C code),thesecanbe
specifiedon thecommandline asusual.

NotethatGHCcanonly follow dependenciesif it hasthesourcefile available,soif yourprogram
includesamodulefor which thereis no sourcefile, evenif youhaveanobjectandaninterfacefile
for themodule,thenGHCwill complain.Theexceptionto this rule is for packagemodules,which
mayor maynothavesourcefiles.

Thesourcefiles for theprogramdon’t all needto bein thesamedirectory;the-i optioncanbeused
to adddirectoriesto thesearchpath(seeSection4.9.2).

4.6. GHC without --make

Without --make , GHCwill compileoneor moresourcefilesgivenon thecommandline.

Thefirst phaseto run is determinedby eachinput-filesuffix, andthelastphaseis determinedby a
flag. If no relevantflag is present,thengoall theway throughlinking. This tablesummarises:
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Phase of the
compilation system

Suffix saying “star t
here”

Flag saying “stop
after”

(suffix of) output
file

literatepre-processor .lhs - .hs

C pre-processor(opt.) .hs (with -cpp ) -E .hspp

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

C compiler(opt.) .hc or .c -S .s

assembler .s -c .o

linker other - a.out

Thus,acommoninvocationwould be:ghc -c Foo.hs

Note:WhattheHaskell compilerproperproducesdependson whethera native-codegeneratoris
used(producingassemblylanguage)or not (producingC). SeeSection4.12.6for moredetails.

Note:C pre-processingis optional,the-ccp flag turnsit on.SeeSection4.12.3for moredetails.

Note:Theoption-E runsjust thepre-processingpassesof thecompiler, dumpingtheresultin a file.
Notethatthisdiffersfrom thepreviousbehaviour of dumpingthefile to standardoutput.

4.7. Re-directing the compilation output(s)

-o

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
codein thefile foo.o , namenotwithstanding!

-odir

The-o optionisn’t of muchuseif you haveseveral input files.. . Non-interfaceoutputfilesare
normallyput in thesamedirectoryastheir correspondinginputfile camefrom. Youmay
specifythatthey 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 asubdirectorynamedafter
thearchitectureof theexecutingmachine(sun4 , mips , etc).Thedirectorymustalreadyexist; it
won’t becreated.

Notethatthe-odir optiondoesnot affectwheretheinterfacefilesareput. In theabove
example,they would still beput in parse/Foo.hi , parse/Bar.hi , and
gurgle/Bumble.hi .
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-ohi file

Theinterfaceoutputmaybedirectedto anotherfile bar2/Wurble.iface with theoption
-ohi bar2/Wurble.iface (not recommended).

WARNING: if you redirecttheinterfacefile somewherethatGHCcan’t find it, thenthe
recompilationcheckermaygetconfused(at theleast,youwon’t getany recompilation
avoidance).We recommendusinga combinationof -hidir and-hisuf optionsinstead,if
possible.

To avoid generatinganinterfaceatall, youcouldusethisoptionto redirecttheinterfaceinto the
bit bucket: -ohi /dev/null , for example.

-hidir directory

Redirectsall generatedinterfacefiles into directory , insteadof thedefaultwhich is to place
theinterfacefile in thesamedirectoryasthesourcefile.

-osuf suffix
-hisuf suffix
-hcsuf suffix

EXOTICA: The-osuf suffix will changethe .o file suffix for objectfiles to whateveryou
specify. We usethis whencompilinglibraries,sothatobjectsfor theprofiling versionsof the
librariesdon’t clobberthenormalones.

Similarly, the-hisuf suffix will changethe .hi file suffix for non-systeminterfacefiles
(seeSection4.9.4).

Finally, theoption-hcsuf suffix will changethe .hc file suffix for compiler-generated
intermediateC files.

The-hisuf /-osuf gameis usefulif youwantto compileaprogramwith bothGHCandHBC
(say)in thesamedirectory. Let HBC usethestandard.hi /.o suffixes;add-hisuf g_hi

-osuf g_o to yourmake rule for GHCcompiling.. .

4.7.1. Keeping Intermediate Files
Thefollowing optionsareusefulfor keepingcertainintermediatefiles around,whennormallyGHC
would throw theseawayaftercompilation:
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-keep-hc-files

Keepintermediate.hc fileswhendoing .hs -to-.o compilationsvia C (NOTE: .hc files aren’t
generatedwhenusingthenativecodegenerator, youmayneedto use-fvia-C to forcethemto
beproduced).

-keep-s-files

Keepintermediate.s files.

-keep-raw-s-files

Keepintermediate.raw-s files.Thesearethedirectoutputfrom theC compiler, beforeGHC
does“assemblymangling”to producethe .s file. Again, thesearenot producedwhenusingthe
nativecodegenerator.

-keep-tmp-files

InstructstheGHCdrivernot to deleteany of its temporaryfiles,which it normallykeepsin
/tmp (or possiblyelsewhere;seeSection4.7.2). RunningGHCwith -v will show you what
temporaryfilesweregeneratedalongtheway.

4.7.2. Redirecting temporar y files

-tmpdir

If you havetroublebecauseof runningout of spacein /tmp (or whereveryour installation
thinkstemporaryfilesshouldgo),youmayusethe-tmpdir <dir> optionto specifyan
alternatedirectory. For example,-tmpdir . saysto put temporaryfiles in thecurrentworking
directory.

Alternatively, useyour TMPDIRenvironmentvariable.Setit to thenameof thedirectorywhere
temporaryfilesshouldbeput.GCCandotherprogramswill honourtheTMPDIRvariableas
well.

Evenbetteridea:SettheDEFAULT_TMPDIRmakevariablewhenbuilding GHC,andnever
worry aboutTMPDIRagain.(seethebuild documentation).

4.8. 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-deprecations , -fwarn-duplicate-exports ,
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-fwarn-missing-fields , and-fwarn-missing-methods . Thefollowing flagsaresimpleways
to selectstandard“packages”of warnings:

-W:

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

-w :

Turnsoff all warnings,includingthestandardones.

-Wall :

Turnson all warningoptions.

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

-fwarn-deprecations :

Causesa warningto beemittedwhenadeprecatedfunctionor typeis used.Entitiescanbe
markedasdeprecatedusinga pragma,seeSection7.6.7.

-fwarn-duplicate-exports :

Have thecompilerwarnaboutduplicateentriesin export lists.This is usefulinformationif you
maintainlargeexport lists,andwantto avoid thecontinuedexport of a definitionafteryou’ve
deleted(one)mentionof it in theexport list.

This optionis on by default.
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-fwarn-hi-shadowing :

Causesthecompilerto emitawarningwhenamoduleor interfacefile in thecurrentdirectoryis
shadowing onewith thesamemodulenamein a library or otherdirectory.

-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.

-fwarn-misc :

Turnson warningsfor variousharmlessbut untidy things.This currentlyincludes:importinga
typewith (..) whentheexport is abstract,andlisting duplicateclassassertionsin aqualified
type.

-fwarn-missing-fields :

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

-fwarn-missing-methods :

This optionis on by default,andwarnsyou wheneveraninstancedeclarationis missingoneor
moremethods,andthecorrespondingclassdeclarationhasno default declarationfor them.

-fwarn-missing-signatures :

If you would like GHCto checkthatevery top-level function/valuehasa typesignature,usethe
-fwarn-missing-signatures option.Thisoptionis off by default.
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-fwarn-name-shadowing :

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

... in .

Consequently, this optiondoeswill complainaboutcyclic recursivedefinitions.

-fwarn-overlapping-patterns :

By default, thecompilerwill warnyou if asetof 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-simple-patterns :

Causesthecompilerto warnaboutlambda-boundpatternsthatcanfail, eg. \(x:xs)->... .
Normally, thesearen’t treatedasincompletepatternsby -fwarn-incomplete-patterns .

-fwarn-type-defaults :

Have thecompilerwarn/informyou wherein yoursourcetheHaskell defaultingmechanismfor
numerictypeskicks in. This is usefulinformationwhenconvertingcodefrom acontext 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.
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-fwarn-unused-binds :

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

-fwarn-unused-imports :

Reportany objectsthatareexplicitly importedbut neverused.

-fwarn-unused-matches :

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

If you’re feelingreally paranoid,the-dcore-lint optionis a goodchoice.It turnson heavyweight
intra-passsanity-checkingwithin GHC.(It checksGHC’ssanity, notyours.)

4.9. Separate compilation
This sectiondescribeshow GHCsupportsseparatecompilation.

4.9.1. Interface files
WhenGHCcompilesasourcefile A.hs whichcontainsa moduleA, say, it generatesanobjectA.o ,
andacompanioninterfacefile A.hi . Theinterfacefile is merelythereto helpthecompilercompile
othermodulesin thesameprogram.Interfacesarein a binaryformat,sodon’t try to look at one;
howeveryou canseethecontentsof aninterfacefile by usingGHCwith the--show-iface option
(seeSection4.9.4, below).

NOTE: In general,thenameof afile containingmoduleMshouldbenamedM.hs or M.lhs . The
only exceptionto this rule is moduleMain , whichcanbeplacedin any file.

Theinterfacefile for A containsinformationneededby thecompilerwhenit compilesany moduleB

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

Theinterfacefile maycontainall sortsof thingsthataren’t explicitly exportedfrom A by the
programmer. For example,eventhoughadatatypeis exportedabstractly, A.hi will containthefull
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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
(seeSection4.11). Without -O it putsin just theminimum;with -O it lobsin a wholepile 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.

4.9.2. 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.

-i<dirs>

This flagappendsacolon-separatedlist of dirs to the“import directories”list, which initially
containsasingleentry:“.”.

This list is scannedbeforeany packagedirectories(seeSection4.10) whenlooking for imports,
but notethatif youhaveahomemodulewith thesamenameasa packagemodulethenthis is
likely to causetroublein otherways,with link errorsbeingtheleastnastything thatcango
wrong...

SeealsoSection4.9.5for thesignificanceof usingrelativeandabsolutepathnamesin the -i

list.

-i

resetsthe“import directories”list backto nothing.

Seealsothesectiononpackages(Section4.10), which describeshow to useinstalledlibraries.

4.9.3. Finding interfaces for hierar chical modules
GHCsupportsa hierarchicalmodulenamespaceasanextensionto Haskell 98 (seeSection7.5.1).

A modulenamein generalconsistsof a sequenceof componentsseparatedby dots(‘ . ’). When
looking for interfacefiles for a hierarchicalmodule,thecompilerturnsthedotsinto pathseparators,
sofor examplea moduleA.B.C becomesA/B/C (or A\B\C underWindows).Theneachcomponent
of theimport directorieslist is testedin turn; sofor exampleif thelist containsdirectoriesD

1
to D

n
,

thenthecompilerwill look for theinterfacein D
1
/A/B/C.hi first, thenD

2
/A/B/C.hi andsoon.

Notethatit’sperfectlyreasonableto havea modulewhich is botha leafandabranchof thetree.For
example,if we havemodulesA.B andA.B.C , thenA.B ’s interfacefile will bein A/B.hi and
A.B.C ’s interfacefile will bein A/B/C.hi .
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For GHCi and--make , thesearchstrategy for sourcefiles is exactly thesame,just replacethe .hi

suffix in theabovedescriptionwith .hs or .lhs .

4.9.4. Other options related to interface files

-ddump-hi

Dumpsthenew interfaceto standardoutput.

-ddump-hi-diffs

Thecompilerdoesnot overwriteanexisting .hi interfacefile if thenew oneis thesameasthe
old one;this is friendly to make. Whenaninterfacedoeschange,it is oftenenlighteningto be
informed.The-ddump-hi-diffs optionwill makeGHCrundiff on theold andnew .hi

files.

-ddump-minimal-imports

Dumpto thefile "M.imports" (whereM is themodulebeingcompiled)a "minimal" setof
importdeclarations.You cansafelyreplaceall theimportdeclarationsin "M.hs" with those
foundin "M.imports". Why would youwantto do that?Becausethe"minimal" imports(a)
importeverythingexplicitly, by name,and(b) importnothingthatis not required.It canbe
quitepainful to maintainthispropertyby hand,sothisflag is intendedto reducethelabour.

--show-iface file

Wherefile is thenameof aninterfacefile, dumpsthecontentsof thatinterfacein a
human-readable(ish) format.

4.9.5. The recompilation checker

-no-recomp

Turn off recompilationchecking(which is on by default).Recompilationcheckingnormally
stopscompilationearly, leaving anexisting .o file in place,if it canbedeterminedthatthe
moduledoesnot needto berecompiled.

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.

This doesn’t work any more.SupposemoduleC importsmoduleB, andB importsmoduleA. So
changesto A.hi shouldforcea recompilationof C. And somechangesto A (changingthedefinition
of a functionthatappearsin aninlining of a functionexportedby B, say)mayconceivablynot
changeB.hi onejot. Sonow. . .
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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),andthereompilationcheckingis on,GHCwill be
clever. It comparestheversionnumberson thethingsit needsthis timewith theversionnumberson
thethingsit neededlasttime (gleanedfrom theinterfacefile of themodulebeingcompiled);if they
areall thesameit stopscompilingratherearlyin theprocesssaying“CompilationIS NOT required”.
Whatabeautifulsight!

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

4.9.6. 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 -f $@
$(HC) -o $@ $(HC_OPTS) $(OBJS)

# Standard suffix rules
.o.hi:

@:

.lhs.o:
$(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
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$(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.

4.9.6.1. 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:

A.o : B.hi

If moduleA containstheline

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

thenghc -M will generatea dependency line of theform:

A.o : B.hi-boot

(SeeSection4.9.7for detailsof hi-boot styleinterfacefiles.) If A importsmultiple modules,then
therewill bemultiple 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
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dependencies ". If theselinesalreadyexist in themakefile , thentheold dependenciesaredeleted
first.

Don’t forgetto usethesame-package optionson theghc -M commandline asyouwould when
compiling;this enablesthedependency generatorto locateany importedmodulesthatcomefrom
packages.Thepackagemoduleswon’t beincludedin thedependenciesgenerated,though(but see
the--include-prelude optionbelow).

Thedependency generationphaseof GHCcantakesomeadditionaloptions,which youmayfind
useful.For historicalreasons,eachoptionpassedto thedependency generatorfrom theGHC
commandline mustbeprecededby -optdep . For example,to pass-f .depend to thedependency
generator, yousay

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

Theoptionswhich affectdependency generationare:

-w

Turn off warningsaboutinterfacefile shadowing.

-f file

Usefile asthemakefile,ratherthanmakefile or Makefile . If file 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".)

--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.
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--include-module=<file>

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

--include-prelude

Regardmodulesimportedfrom packagesasunstable,i.e.,generatedependencieson the
packagemodulesused(includingPrelude , andall otherstandardHaskell libraries).This
optionis normallyonly usedby thevarioussystemlibraries.

4.9.7. 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

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:

module A where
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newtype TA = MkTA GHC.Base.Int

Thesyntaxis similar to anormalHaskell sourcefile, but with someimportantdifferences:

• Non-localentitiesmustbequalifiedwith theiroriginal definingmodule.Qualifyingby amodule
which just re-exportstheentity won’t do. In particular, mostPrelude entitiesaren’t actually
definedin thePrelude (seefor exampleGHC.Base.Int in theaboveexample).

• Only data , type , newtype , class , andtypesignaturedeclarationsmaybeincluded.

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

If you wantanhi-boot file to exporta datatype,but youdon’t wantto give its constructors
(becausetheconstructorsaren’t usedby theSOURCE-importingmodule),youcanwrite simply:

module A where
data TA

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

4.9.8. Orphan modules and instance declarations
Haskell specifiesthatwhencompilingmoduleM, any instancedeclarationin any module"below" M
is visible. (ModuleA is "below" M if A is importeddirectlyby M, or if A is below amodulethatM
importsdirectly.) In principle,GHCmustthereforereadtheinterfacefilesof everymodulebelow M,
just in casethey containaninstancedeclarationthatmattersto M. This wouldbea disasterin
practice,soGHCtriesto beclever.

In particular, if aninstancedeclarationis in thesamemoduleasthedefinitionof any typeor class
mentionedin theheadof theinstancedeclaration,thenGHChasto visit thatinterfacefile anyway.
Example:

module A where
instance C a => D (T a) where ...
data T a = ...

Theinstancedeclarationis only relevantif thetypeT is in use,andif so,GHCwill havevisitedA’s
interfacefile to find T’sdefinition.

Theonly problemcomeswhena modulecontainsaninstancedeclarationandGHChasno other
reasonfor visiting themodule.Example:

module Orphan where
instance C a => D (T a) where ...
class C a where ...

Here,neitherD nor T is declaredin moduleOrphan.We call suchmodules“orphanmodules”,
definedthus:
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• An orphanmodule containsat leastoneorphaninstanceor at leastoneorphanrule.

• An instancedeclarationin a moduleM is anorphaninstanceif noneof thetypeconstructorsor
classesmentionedin theinstancehead(thepartafterthe“=>”) aredeclaredin M.

Only theinstanceheadcounts.In theexampleabove,it is not goodenoughfor C’s declarationto
bein moduleA; it mustbethedeclarationof D or T.

• A rewrite rule in amoduleM is anorphanrule if noneof thevariables,typeconstructors,or
classesthatarefreein theleft handsideof therulearedeclaredin M.

GHC identifiesorphanmodules,andvisits theinterfacefile of everyorphanmodulebelow the
modulebeingcompiled.This is usuallywastedwork, but thereis no avoiding it. You should
thereforedoyourbestto haveasfew orphanmodulesaspossible.

You canidentify anorphanmoduleby looking in its interfacefile, M.hi , usingthe --show-iface .
If thereis a “!” on thefirst line, GHCconsidersit anorphanmodule.

4.10. Packages
Packagesarecollectionsof libraries,convenientlygroupedtogetherasa singleentity. Thepackage
systemis flexible: a packagemayconsistof Haskell code,foreignlanguagecode(eg. C libraries),or
a mixtureof thetwo. A packageis agoodway to grouptogetherrelatedHaskell modules,andis
essentialif you intendto make themodulesinto a WindowsDLL (seebelow).

BecausepackagescancontainbothHaskell andC libraries,they arealsoa goodway to provide
convenientaccessto a Haskell layeroveraC library.

GHCcomeswith severalpackages(seetheaccompanying library documentation),andpackagescan
beaddedto or removedfrom anexistingGHC installation,usingthesuppliedghc-pkg tool,
describedin Section4.10.4.

4.10.1. Using a package
To usea package,addthe-package flag to theGHCcommandline:

-package lib

This optionbringsinto scopeall themodulesfrom packagelib (they still have to beimported
in yourHaskell source,however).It alsocausestherelevantlibrariesto belinkedwhenlinking
is beingdone.

Somepackagesdependonotherpackages,for examplethe text packagemakesuseof someof the
modulesin the lang package.Thepackagesystemtakescareof all thesedependencies,sothatwhen
you say-package text on thecommandline, youautomaticallyget-package lang too.
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4.10.2. Maintaining a local set of packages
WhenGHCstartsup, it automaticallyreadsthedefaultsetof packagesfrom a configurationfile,
normallynamedpackage.conf in yourGHC installationdirectory.

You canloadin additionalpackageconfigurationfilesusingthe-package-conf option:

-package-conf file

Readin thepackageconfigurationfile file in additionto thesystemdefaultfile. Thisallows
theuserto havea local setof packagesin additionto thesystem-wideones.

To createyourown packageconfigurationfile, just createanew file andput thestring“ [] ” in it.
Packagescanbeaddedto thenew configurationfile usingtheghc-pkg tool, describedin Section
4.10.4.

4.10.3. Building a package from Haskell sour ce
It takessomespecialconsiderationsto build a new package:

• A packagemaycontainseveralHaskell modules.A packagemayspanmany directories,or many
packagesmayexist in asingledirectory. Packagesmaynot bemutuallyrecursive.

• A packagehasa name(e.g.base )

• TheHaskell codein apackagemaybebuilt into oneor morearchive libraries(e.g.libHSfoo.a ),
or a singleDLL on Windows(e.g.HSfoo.dll ). Therestrictionto a singleDLL on Windowsis
becausethepackagesystemis usedto tell thecompilerwhenit shouldmakeaninter-DLL call
ratherthananintra-DLL call (inter-DLL callsrequireanextra indirection).Building packagesas
DLLs doesn’t work at themoment;seeSection11.3for thegorydetails.

Building astaticlibrary is doneby usingthear tool, like so:

ar cqs libHSfoo.a A.o B.o C.o ...

whereA.o , B.o andsoon arethecompiledHaskell modules,andlibHSfoo.a is thelibrary you
wish to create.Thesyntaxmaydiffer slightly on yoursystem,socheckthedocumentationif you
run into difficulties.

Versionsof theHaskell librariesfor usewith GHCi mayalsobeincluded:GHCi cannotload .a

filesdirectly, insteadit will look for anobjectfile calledHSfoo.o andloadthat.Onsomesystems,
theghc-pkg tool canautomaticallybuild theGHCi versionof eachlibrary, seeSection4.10.4. To
build theselibrariesby handfrom the .a archive,it is possibleto useGNU ld asfollows:

ld -r --whole-archive -o HSfoo.o libHSfoo.a

• GHCdoesnot maintaindetailedcross-packagedependency information.It doesrememberwhich
modulesin otherpackagesthecurrentmoduledependson,but notwhich thingswithin those
importedthings.
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To compileamodulewhich is to bepartof a new package,usethe-package-name option:

-package-name foo

This optionis addedto thecommandline whencompilingamodulethatis destinedto bepart
of packagefoo . If this flag is omittedthenthedefaultpackageMain is assumed.

Failureto usethe-package-name optionwhencompilingapackagewill resultin disasteron
Windows,but is relatively harmlesson Unix at themoment(it will just causea few extra
dependenciesin someinterfacefiles).However, bearin mind thatwe mightaddsupportfor Unix
sharedlibrariesatsomepoint in thefuture.

It is worthnotingthaton Windows,wheneachpackageis built asa DLL, sincea referenceto aDLL
costsanextra indirection,intra-packagereferencesarecheaperthaninter-packagereferences.Of
course,this appliesto theMain packageaswell.

4.10.4. Package management
Theghc-pkg tool allowspackagesto beaddedor removedfrom a packageconfigurationfile. By
default, thesystem-wideconfigurationfile is used,but alternatively packagescanbeadded,updated
or removedfrom a user-specifiedconfigurationfile usingthe--config-file option.An empty
packageconfigurationfile consistsof thestring“ [] ”.

Theghc-pkg programacceptsthefollowing options:

--add-package

-a

Readspackagespecificationfrom theinput (seebelow), andaddsit to thedatabaseof installed
packages.Thepackagespecificationmustbea packagethatisn’t alreadyinstalled.

--input-file= file

-i file

Readnew packagespecificationsfrom file file. If a valueof "-" is given,standardinput is
used.If no -i is presenton thecommand-line,aninput file of "-" is assumed.

--auto-ghci-libs

-g

AutomaticallygeneratetheGHCi .o versionof each.a Haskell library, usingGNU ld (if that
is available).Without this option,ghc-pkg will warnif GHCi versionsof any Haskell libraries
in thepackagedon’t exist.

GHCi .o librariesdon’t necessarilyhaveto live in thesamedirectoryasthecorresponding.a
library. However, this optionwill causetheGHCi library to becreatedin thesamedirectoryas
the .a library.
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--config-file file

-f file

Usefile insteadof thedefault packageconfigurationfile. This, in conjunctionwith GHC’s
-package-conf option,allowsa userto havea local setof packagesin additionto the
system-wideinstalledset.

--list-packages

-l

This optiondisplaysthelist of currentlyinstalledpackages.

$ ghc-pkg --list-packages
gmp, rts, std, lang, concurrent, data, net, posix, text, util

NotethatyourGHC installationmight haveaslightly differentsetof packagesinstalled.

Thegmpandrts packagesarealwayspresent,andrepresentthemulti-precisionintegerand
runtimesystemlibrariesrespectively. Thestd packagecontainstheHaskell preludeand
standardlibraries.Therestof thepackagesareoptionallibraries.

--remove-package foo

-r foo

Removesthespecifiedpackagefrom theinstalledconfiguration.

--update-package

-u

Readspackagespecificationfrom theinput,andaddsit to thedatabaseof installedpackages.If
a packagewith thesamenameis alreadyinstalled,its configurationdatais replacedwith the
new information.If thepackagedoesn’t alreadyexist, it’sadded.

--force

Causesghc-pkg to ignoremissingdirectoriesandlibrarieswhenaddinga package,andjust go
aheadandaddit anyway. Thismight beusefulif yourpackageinstallationsystemneedsto add
thepackageto GHCbeforebuilding andinstallingthefiles.

Whenmodifying theconfigurationfile file, a copy of theoriginal file is savedin file.old , soin
anemergency youcanalwaysrestoretheold settingsby copying theold file backagain.

A packagespecificationlookslike this:

Package {
name = "mypkg",
import_dirs = ["${installdir}/imports/mypkg"],
source_dirs = [],
library_dirs = ["${installdir}"],
hs_libraries = ["HSmypkg" ],
extra_libraries = ["HSmypkg_cbits"],
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include_dirs = [],
c_includes = ["HsMyPkg.h"],
package_deps = ["text", "data"],
extra_ghc_opts = [],
extra_cc_opts = [],
extra_ld_opts = ["-lmy_clib"]

}

Componentsof apackagespecificationmaybespecifiedin any order, andare:

name

Thepackage’sname,for usewith the-package flagandaslistedin the --list-packages

list.

import_dirs

A list of directoriescontaininginterfacefiles (.hi files) for this package.

source_dirs

A list of directoriescontainingHaskell sourcefiles for this package.Thisfield isn’t usedby
GHC,but couldpotentiallybeusedby anall-interpretedsystemlikeHugs.

library_dirs

A list of directoriescontaininglibrariesfor this package.

hs_libraries

A list of librariescontainingHaskell codefor this package,with the .a or .dll suffix omitted.
Whenpackagesarebuilt aslibraries,the lib prefix is alsoomitted.

For usewith GHCi, eachlibrary shouldhaveanobjectfile too.Thenameof theobjectfile does
not havea lib prefix,andhasthenormalobjectsuffix for yourplatform.

For example,if we specifya Haskell library asHSfoo in thepackagespec,thenthevarious
flavoursof library thatGHCactuallyuseswill becalled:

libHSfoo.a

Thenameof thelibrary on Unix andWindows(mingw)systems.Notethatwe don’t
supportbuilding dynamiclibrariesof Haskell codeonUnix systems.

HSfoo.dll

Thenameof thedynamiclibrary onWindowssystems(optional).

HSfoo.o

HSfoo.obj

Theobjectversionof thelibrary usedby GHCi.
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extra_libraries

A list of extra librariesfor this package.Thedifferencebetweenhs_libraries and
extra_libraries is thaths_libraries normallyhaveseveralversions,to support
profiling, parallelandotherbuild options.Thevariousversionsaregivendifferentsuffixesto
distinguishthem,for exampletheprofiling versionof thestandardpreludelibrary is named
libHSstd_p.a , with the_p indicatingthatthis is aprofiling version.Thesuffix is added
automaticallyby GHCfor hs_libraries only, no suffix is addedfor librariesin
extra_libraries .

Thelibrarieslistedin extra_libraries maybeany librariessupportedby yoursystem’s
linker, includingdynamiclibraries(.so on Unix, .DLL onWindows).

Also, extra_libraries areplacedon thelinkercommandline afterthehs_libraries for
thesamepackage.If yourpackagehasdependenciesin theotherdirection(i.e.
extra_libraries dependson hs_libraries ), andthelibrariesarestatic,youmight need
to maketwo separatepackages.

include_dirs

A list of directoriescontainingC includesfor this package(maybetheemptylist).

c_includes

A list of files to includefor via-C compilationsusingthis package.Typically this includefile
will containfunctionprototypesfor any C functionsusedin thepackage,in casethey endup
beingcalledasa resultof Haskell functionsfrom thepackagebeinginlined.

package_deps

A list of packageswhich this packagedependson.

extra_ghc_opts

Extraargumentsto beaddedto theGHCcommandline whenthis packageis beingused.

extra_cc_opts

Extraargumentsto beaddedto thegcccommandline whenthispackageis beingused(only for
via-C compilations).

extra_ld_opts

Extraargumentsto beaddedto thegcccommandline (for linking) whenthis packageis being
used.
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framework_dirs

On Darwin/MacOSX, a list of directoriescontainingframeworksfor thispackage.This
correspondsto the-framework-path option.It is ignoredonall otherplatforms.

extra_frameworks

On Darwin/MacOSX, a list of frameworksto link to. Thiscorrespondsto the-framework

option.Takea look at Apple’sdeveloperdocumentationto find out whatframeworksactually
are.This entryis ignoredon all otherplatforms.

Theghc-pkg tool performsexpansionof environmentvariablesoccurringin inputpackage
specifications.So,if themypkg wasaddedto thepackagedatabaseasfollows:

$ installdir=/usr/local/lib ghc-pkg -a < mypkg.pkg

Theoccurrenceof ${installdir} is replacedwith /usr/local/lib in thepackagedatathatis
addedfor mypkg.

This featureenablesthedistributionof packagespecificationfiles thatcanbeeasilyconfiguredwhen
installing.

For examplesof morepackagespecifications,takea look at thepackage.conf in yourGHC
installation.

4.11. Optimisation (code impr ovement)
The-O* optionsspecifyconvenient“packages”of optimisationflags;the-f* optionsdescribed
lateronspecifyindividualoptimisationsto beturnedon/off; the-m* optionsspecify
machine-specificoptimisationsto beturnedon/off.

4.11.1. -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(seeSection4.9.5).

No -O* -typeoptionspecified:

This is takento mean:“Pleasecompilequickly; I’m not over-botheredaboutcompiled-code
quality.” So,for example:ghc -c Foo.hs
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-O0 :

Means“turn off all optimisation”,revertingto thesamesettingsasif no -O optionshadbeen
specified.Saying-O0 canbeusefulif eg. make hasinserteda -O on thecommandline already.

-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 .

-Ofile <file> :

(NOTE: not supportedyet in GHC5.x. Pleaseaskif you’re interestedin this.)

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 !

We don’t usea -O* flag for day-to-daywork. We use-O to getrespectablespeed;e.g.,whenwe
wantto measuresomething.Whenwewantto go for broke,we tendto use-O -fvia-C (andwe go
for lots of coffeebreaks).

Theeasiestway to seewhat-O (etc.)“really mean”is to run with -v , thenstandbackin amazement.

4.11.2. -f*: platf orm-independent flags
Theseflagsturnon andoff individualoptimisations.They arenormallysetvia the-O options
describedabove,andassuch,youshouldn’t needto setany of themexplicitly (indeed,doingso
couldleadto unexpectedresults).However, thereareoneor two thatmaybeof interest:

-fexcess-precision :

77



Chapter4. UsingGHC

Whenthis optionis given,intermediatefloatingpoint valuescanhaveagreaterprecision/range
thanthefinal type.Generallythis is a goodthing,but someprogramsmayrely on theexact
precision/rangeof Float /Double valuesandshouldnot usethisoptionfor their compilation.

-fignore-asserts :

CausesGHCto ignoreusesof thefunctionException.assert in sourcecode(in other
words,rewriting Exception.assert p e to e (seeSection7.4). This flag is turnedon by -O .

-fno-strictness

Turnsoff thestrictnessanalyser;sometimesit eatstoomany cycles.

-fno-cpr-analyse

Turnsoff theCPR(constructedproductresult)analysis;it is somewhatexperimental.

-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:

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.
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-funfolding-update-in-place<n>

Switcheson anexperimental"optimisation".Switchingit onmakesthecompilera little keener
to inline a functionthatreturnsa constructor, if thecontext is thatof a thunk.

x = plusInt a b

If we inlinedplusIntwemight getanopportunityto useupdate-in-placefor thethunk’x’.

-funfolding-creation-threshold<n> :

(Default: 45)GovernsthemaximumsizethatGHCwill allow a functionunfoldingto be.(An
unfoldinghasa “size” thatreflectsthecostin termsof “codebloat” of expandingthatunfolding
at at acall site.A biggerfunctionwouldbeassigneda biggercost.)

Consequences:(a)nothinglargerthanthiswill beinlined(unlessit hasanINLINE pragma);(b)
nothinglargerthanthis will bespewedinto aninterfacefile.

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 functiondefinition
will beunfoldedat thecall-site,any biggerandit won’t. Thesizecomputedfor a function
dependson two things:theactualsizeof theexpressionminusany discountsthatapply(see
-funfolding-con-discount ).

4.12. Options related to a par ticular phase

4.12.1. Replacing the program for one or more phases
You mayspecifythata differentprogrambeusedfor oneof thephasesof thecompilationsystem,in
placeof whatever theghchaswired into it. For example,youmightwantto try adifferentassembler.
Thefollowing optionsallow you to changetheexternalprogramusedfor a givencompilationphase:

-pgmL cmd

Usecmd astheliteratepre-processor.
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-pgmP cmd

Usecmd astheC pre-processor(with -cpp only).

-pgmc cmd

Usecmd astheC compiler.

-pgma cmd

Usecmd astheassembler.

-pgml cmd

Usecmd asthelinker.

-pgmdll cmd

Usecmd astheDLL generator.

-pgmdep cmd

Usecmd asthedependency generator.

-pgmF cmd

Usecmd asthepre-processor(with -F only).

4.12.2. Forcing options to a par ticular phase
Optionscanbeforcedthroughto a particlarcompilationphase,usingthefollowing flags:

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

GHC is itself a Haskell program,soif youneedto passoptionsdirectly to GHC’s runtimesystem
you canenclosethemin +RTS ... -RTS (seeSection4.16).

4.12.3. Options affecting the C pre-pr ocessor

-cpp

TheC pre-processorcpp is runoveryourHaskell codeonly if the-cpp option is given.Unless
you arebuilding a largesystemwith significantdosesof conditionalcompilation,you really
shouldn’t needit.
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-Dsymbol[=value]

Definemacrosymbol in theusualway. NB: doesnot affect -D macrospassedto the
C compilerwhencompilingvia C! For those,usethe -optc-Dfoo hack.. . (seeSection
4.12.2).

-Usymbol

Undefinemacrosymbol 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.

__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,this will be#define d to 100n. For example,for version
5.00,it is 500.

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

(For reference:thecomparablesymbolsfor othersystemsare:__HUGS__for Hugs,__NHC__

for nhc98,and__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__

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

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

4.12.3.1. CPP and string gaps

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.

4.12.4. Options affecting a Haskell pre-pr ocessor

-F

A custompre-processoris run overyourHaskell sourcefile only if the-F option is given.

Runningacustompre-processorat compile-timeis in somesettingsappropriateanduseful.The
-F optionletsyou runa pre-processoraspartof theoverallGHCcompilationpipeline,which
hastheadvantageover runninga Haskell pre-processorseparatelyin thatit worksin interpreted
modeandyoucancontinueto take reapthebenefitsof GHC’s recompilationchecker.

Thepre-processoris run just beforetheHaskell compilerproperprocessestheHaskell input,
but aftertheliteratemarkuphasbeenstrippedawayand(possibly)theC pre-processorhas
washedtheHaskell input.

-pgmF cmd

Usecmd astheHaskell pre-processor. Wheninvoked,thecmd pre-processoris givenat least
threeargumentson its command-line:thefirst argumentis thenameof theoriginal sourcefile,
thesecondis thenameof thefile holdingtheinput,andthethird is thenameof thefile where
cmd shouldwrite its outputto.

Additionalargumentsto thecmd pre-processorcanbepassedin usingthe-optF option.These
arefed to cmd on thecommandline afterthethreestandardinput andoutputarguments.
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4.12.5. Options affecting the C compiler (if applicab le)
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

4.12.6. Options affecting code generation

-fasm

UseGHC’s nativecodegeneratorratherthancompilingvia C. This will compilefaster(up to
twice asfast),but mayproducecodethatis slightly slower thancompilingvia C. -fasm is the
defaultwhenoptimisationis off (seeSection4.11).

-fvia-C

Compilevia C insteadof usingthenativecodegenerator. This is default for optimised
compilations,andon architecturesfor whichGHCdoesn’t haveanativecodegenerator.

-fno-code

Omit codegeneration(andall laterphases)altogether. Might beof someuseif you just wantto
seedumpsof theintermediatecompilationphases.

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

-l lib

Link in thelib library. OnUnix systems,this will bein afile calledlib lib.a or lib lib.so

which residessomewhereon thelibrary directoriespath.

Becauseof thesadstateof mostUNIX linkers,theorderof suchoptionsdoesmatter. If library
foo requireslibrary bar, thenin general-l foo shouldcomebefore -l bar on thecommand
line.

There’soneothergotchato bearin mind whenusingexternallibraries:if thelibrary containsa
main() function,thenthis will belinkedin preferenceto GHC’sown main() function(eg.
libf2c andlibl havetheir own main() s).This is becauseGHC’s main() comesfrom the
HSrts library, which is normallyincludedafter all theotherlibrarieson thelinker’scommand
line. To forceGHC’s main() to beusedin preferenceto any othermain() s from external
libraries,just addtheoption-lHSrts beforeany otherlibrarieson thecommandline.

83



Chapter4. UsingGHC

-package name

If you areusinga Haskell “package”(seeSection4.10), don’t forgetto addtherelevant
-package optionwhenlinking theprogramtoo: it will causetheappropriatelibrariesto be
linkedin with theprogram.Forgettingthe -package optionwill likely resultin severalpages
of link errors.

-framework name

On Darwin/MacOSX only, link in theframeworkname. Thisoptioncorrespondsto the
-framework optionfor Apple’sLinker. Pleasenotethatframeworksandpackagesaretwo
differentthings- frameworksdon’t containany haskell code.Rather, they areApple’swayof
packagingsharedlibraries.To link to Apple’s “Carbon”API, for example,you’d use
-framework Carbon .

-L dir

Whereto find user-suppliedlibraries.. . Prependthedirectorydir to thelibrary directories
path.

-framework-path dir

On Darwin/MacOSX only, prependthedirectorydir to theframework directoriespath.This
optioncorrespondsto the-F optionfor Apple’sLinker (-F alreadymeanssomethingelsefor
GHC).

-split-objs

Tell thelinker to split thesingleobjectfile thatwould normallybegeneratedinto multiple
objectfiles,onepertop-level Haskell functionor typein themodule.We usethis featurefor
building GHC’s librarieslibraries(warning:don’t useit unlessyouknow whatyou’redoing!).

-static

Tell thelinker to avoid sharedHaskell libraries,if possible.This is thedefault.

-dynamic

Tell thelinker to usesharedHaskell libraries,if available(this optionis only supportedon
Windowsat themoment,andalsonotethatyourdistributionof GHCmaynot havebeen
suppliedwith sharedlibraries).

-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
useghc to do thefinal link of your ‘mixed-language’application.This is not a requirement
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though,just try linking oncewith -v on to seewhatoptionsthedriverpassesthroughto the
linker.

4.13. Using Concurrent Haskell
GHCsupportsConcurrentHaskell by default,without requiringaspecialoptionor libraries
compiledin a certainway. To getaccessto thesupportlibrariesfor ConcurrentHaskell, just import
Control.Concurrent (detailsarein theaccompanying library documentation).

RTS optionsareprovidedfor modifying thebehaviour of thethreadedruntimesystem.SeeSection
4.14.4.

ConcurrentHaskell is describedin moredetail in thedocumentationfor theControl.Concurrent

module.

4.14. 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 -qp<n> , to sayhow many PVM “processors”yourprogramto run on.(For moredetailsof
all relevantRTS options,pleaseseeSection4.14.4.)

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

4.14.1. 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
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Creatingand/orcontrollingyour “parallelmachine”is apurely-PVMbusiness;nothingspecificto
ParallelHaskell. Thefollowing paragraphsdescribehow to configureyourparallelmachine
interactively.

If you useparallelHaskell regularlyon thesamemachineconfigurationit is a goodideato maintain
a file with all machinenamesandto make theenvironmentvariablePVM_HOST_FILEpoint to this
file. Thenyou canavoid theinteractiveoperationsdescribedbelow by just saying

pvm $PVM_HOST_FILE

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!

4.14.2. Parallelism profiles

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

Parallelismprofiles(à la hbcpp) canbegeneratedwith the-qP 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 -qP -qp8
$ 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/ .
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4.14.3. 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.

4.14.4. RTS options for Concurrent/P arallel Haskell

Besidestheusualruntimesystem(RTS)options(Section4.16), therearea few optionsparticularly
for concurrent/parallelexecution.

-qp<N> :

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

-C[<us>] :

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.

-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 ).
-->

-qt<num> :

(PARALLEL ONLY) Limit thethreadpoolsize,i.e. thenumberof concurrentthreadsper
processorto <num>. Thedefault is 32.Eachthreadrequiresslightly over1K words in theheap
for threadstateandstackobjects.(For 32-bitmachines,this translatesto 4K bytes,andfor
64-bitmachines,8K bytes.)
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-qe<num> :

(PARALLEL ONLY) Limit thesparkpool sizei.e. thenumberof pendingsparksperprocessor
to <num>. Thedefault is 100.A largernumbermaybeappropriateif yourprogramgenerates
largeamountsof parallelisminitially.

-qQ<num>:

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

-qh<num> :

(PARALLEL ONLY) Selecta packingscheme.Setthenumberof non-rootthunksto packin
onepacket to <num>-1(0 meansinfinity). By defaultGUM usesfull-subgraphpacking,i.e. the
entiresubgraphwith therequestedclosureasroot is transmitted(providedit fits into one
packet).Choosinga smallervaluereducestheamountof pre-fetchingof work donein GUM.
This canbeadvantageousfor improving datalocality but it canalsoworsenthebalanceof the
loadin thesystem.

-qg<num> :

(PARALLEL ONLY) Selecta globalisationscheme.This optionaffectsthegenerationof
globaladdresseswhentransferringdata.Globaladdressesaregloballyuniqueidentifiers
requiredto maintainsharingin thedistributedgraphstructure.Currentlythis is a binaryoption.
With <num>=0full globalisationis used(default).Thismeansaglobaladdressis generatedfor
everyclosurethatis transmitted.With <num>=1a thunk-onlyglobalisationschemeis used,
which generatedglobaladdressonly for thunks.Thelattercasemaylosesharingof databut has
a reducedoverheadin packinggraphstructuresandmaintaininginternaltablesof global
addresses.

4.15. 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.
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-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.
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.

4.16. 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

TheRTS will 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 optionsthattakesizes: 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: sinceGHCis itself compiledby GHC,youcanchangeRTS optionsin thecompilerusingthe
normal+RTS ... -RTS combination.eg. to increasethemaximumheapsizefor acompilationto
128M,youwould add+RTS -M128m -RTS to thecommandline.
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4.16.1. Setting global RTS options
RTS optionsarealsotakenfrom theenvironmentvariableGHCRTS.For example,to setthe
maximumheapsizeto 128M for all GHC-compiledprograms(usingansh -likeshell):

GHCRTS=’-M128m’
export GHCRTS

RTS optionstakenfrom theGHCRTS environmentvariablecanbeoverridenby optionsgivenon the
commandline.

4.16.2. 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).

-c

Usea compactingalgorithmfor collectingtheoldestgeneration.By default, theoldest
generationis collectedusingacopying algorithm;thisoptioncausesit to becompactedin-place
instead.Thecompactionalgorithmis slower thanthecopying algorithm,but thesavingsin
memoryusecanbeconsiderable.

For a givenheapsize(usingthe -H option),compactioncanin factreducetheGCcostby
allowing fewerGCsto beperformed.This is morelikely whentheratioof livedatato heapsize
is high,say>30%.

NOTE: compactiondoesn’t currentlywork whenasinglegenerationis requestedusingthe-G1

option.
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-c n

[Default: 30] Automaticallyenablecompactingcollectionwhenthelivedataexceedsn% of the
maximumheapsize(seethe-M option).Notethatthemaximumheapsizeis unlimitedby
default,sothis optionhasno effectunlessthemaximumheapsizeis setwith -Msize.

-F factor

[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
-Hsize thanto increase-F factor.

The-F settingwill beautomaticallyreducedby thegarbagecollectorwhenthemaximumheap
size(the-Msize setting)is approaching.

-Ggenerations

[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 hardlyevergetcollected.

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).

-Hsize

[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 -Hsize. For
improving GCperformance,using-Hsize is usuallya betterbetthan-A size.
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-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.

-K size

[Default: 1M] Setthemaximumstacksizefor anindividual threadto size bytes.Thisoption
is therepurelyto stoptheprogrameatingup all theavailablememoryin themachineif it gets
into aninfinite loop.

-mn

Minimum % n of heapwhich mustbeavailablefor allocation.Thedefault is 3%.

-Msize

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

Themaximumheapsizealsoaffectsothergarbagecollectionparameters:whentheamountof
livedatain theheapexceedsacertainfractionof themaximumheapsize,compacting
collectionwill beautomaticallyenabledfor theoldestgeneration,andthe-F parameterwill be
reducedin orderto avoid exceedingthemaximumheapsize.

-s file
-S file

Write modest(-s ) or verbose(-S ) garbage-collectorstatisticsinto file file. Thedefault
file is program.stat . Thefile stderr is treatedspecially, with theoutputreally being
sentto stderr .

This optionis usefulfor watchinghow thestoragemanageradjuststheheapsizebasedon the
currentamountof livedata.

-t

Write aone-lineGCstatssummaryafterrunningtheprogram.Thisoutputis in thesameformat
asthatproducedby the-Rghc-timing option.
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4.16.3. 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.

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.. . ”

-Dnum

An RTS debuggingflag; varyingquantitiesof outputdependingon whichbits aresetin num.
Only worksif theRTS wascompiledwith theDEBUGoption.

-r file

Produce“ticky-ticky” statisticsat theendof theprogramrun.Thefile 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,
seeSection5.7.

-xc

(Only availablewhentheprogramis compiledfor profiling.) Whenanexceptionis raisedin the
program,this optioncausesthecurrentcost-centre-stackto bedumpedto stderr .

This canbeparticularlyusefulfor debugging:if yourprogramis complainingaboutahead []

errorandyouhaven’t gota cluewhich bit of codeis causingit, compilingwith -prof

-auto-all andrunningwith +RTS -xc -RTS will tell youexactly thecall stackat thepoint
theerrorwasraised.
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-Z

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

4.16.4. “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
-M128m -K1m:

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

RtsFlags.GcFlags.maxStkSize = 1000002 / sizeof(W_);
RtsFlags.GcFlags.maxHeapSize = 128*1024*1024 / BLOCK_SIZE_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.
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void PatErrorHdrHook (FILE *)

Themessageprintedif apattern-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 "Rts.h"
#include "../rts/RtsFlags.h"
#include "HsFFI.h"

void
defaultsHook (void)
{

RtsFlags.GcFlags.heapSizeSuggestion = 6*1024*1024 / BLOCK_SIZE;
RtsFlags.GcFlags.maxStkSize = 8*1024*1024 / sizeof(W_);
RtsFlags.GcFlags.giveStats = COLLECT_GC_STATS;
RtsFlags.GcFlags.statsFile = stderr;

}

void
ErrorHdrHook (long fd)
{

char msg[]="\n";
write(fd,msg,1);

}

void
PatErrorHdrHook (long fd)
{

const char msg[]="\n*** Pattern-matching error within GHC!\n\nThis is a com-
piler bug; please report it to glasgow-haskell-bugs@haskell.org.\n\nFa il:";

write(fd,msg,sizeof(msg)-1);
}

void
PreTraceHook (long fd)
{

const char msg[]="\n";
write(fd,msg,sizeof(msg)-1);

}

void
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PostTraceHook (long fd)
{
#if 0

const char msg[]="\n";
write(fd,msg,sizeof(msg)-1);

#endif
}

4.17. Generating External Core Files
GHCcandumpits optimizedintermediatecode(saidto bein “Core” format)to afile asaside-effect
of compilation.Corefiles,which aregiventhesuffix .hcr , canbereadandprocessedby non-GHC
back-endtools.TheCoreformatis formally describedin AnExternalRepresentationfor theGHC
Core Language (http://www.haskell.org/ghc/docs/papers/core.ps.gz),andsampletools(in Haskell)
for manipulatingCorefilesareavailablein theGHCsourcedistributiondirectory
/fptools/ghc/utils/ext-core . Notethattheformatof .hcr files is different(thoughsimilar)
to theCoreoutputformatgeneratedfor debuggingpurposes(Section4.18).

-fext-core

Generate.hcr files.

4.18. Debugging the compiler
HACKERTERRITORY. HACKERTERRITORY. (Youwerewarned.)

4.18.1. Dumping out compiler intermediate structures

-ddump- pass

Makea debuggingdumpafterpass<pass> (maybecommonenoughto needashortform.. . ).
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
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-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

-ddump-spec :

outputof specialisationpass

-ddump-rules :

dumpsall rewrite rules(includingthosegeneratedby thespecialisationpass)

-ddump-simpl :

simplifer output(Core-to-Corepasses)

-ddump-inlinings :

inlining info from thesimplifier

-ddump-usagesp :

UsageSPinferencepre-inf andoutput

-ddump-cpranal :

CPRanalyseroutput

-ddump-stranal :

strictnessanalyseroutput

-ddump-cse :

CSEpassoutput

-ddump-workwrap :

worker/wrappersplit output

97



Chapter4. UsingGHC

-ddump-occur-anal :

‘occurrenceanalysis’output

-ddump-sat :

outputof “saturate”pass

-ddump-stg :

outputof STG-to-STGpasses

-ddump-absC :

unflattenedAbstractC

-ddump-flatC :

flattenedAbstractC

-ddump-realC :

sameaswhatgoesto theC compiler

-ddump-stix :

native-codegeneratorintermediateform

-ddump-asm :

assemblylanguagefrom thenative-codegenerator

-ddump-bcos :

bytecodecompileroutput

-ddump-foreign :

dumpforeignexportstubs

-dverbose-core2core

-dverbose-stg2stg

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 eachiteration of thesimplifier (eachrun of thesimplifierhasa maximum
numberof iterations,normally4). Usedwheneven-dverbose-simpl doesn’t cut it.
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-dppr-debug

Debuggingoutputis in oneof several“styles.” Take theprintingof types,for example.In the
“user” style(thedefault), thecompiler’s internalideasabouttypesarepresentedin Haskell
source-level syntax,insofaraspossible.In the“debug” style(which is thedefault for debugging
output),thetypesareprintedin with explicit foralls,andvariableshavetheir unique-idattached
(soyoucancheckfor thingsthatlook thesamebut aren’t). This flagmakesdebuggingoutput
appearin themoreverbosedebugstyle.

-dppr-user-length

In errormessages,expressionsareprintedto acertain“depth”, with subexpressionsbeyondthe
depthreplacedby ellipses.Thisflagsetsthedepth.

-ddump-simpl-stats

Dumpstatisticsabouthow many of eachkind of transformationtoo place.If you add
-dppr-debug you getmoredetailedinformation.

-ddump-rn-trace

Make therenamerbe*real* chattyaboutwhatit is upto.

-ddump-rn-stats

Print outsummaryof whatkind of informationtherenamerhadto bring in.

-dshow-unused-imports

Have therenamerreportwhatimportsdoesnot contribute.

4.18.2. Checking for consistenc y

-dcore-lint

Turn onheavyweightintra-passsanity-checkingwithin GHC,atCorelevel. (It checksGHC’s
sanity, not yours.)

-dstg-lint :

Ditto for STGlevel. (NOTE: currentlydoesn’t work).

-dusagesp-lint :

Turn onchecksaroundUsageSPinference(-fusagesp ). Thisverifiesvarioussimple
propertiesof theresultsof theinference,andalsowarnsif any identifierwith a used-once
annotationbeforetheinferencehasaused-many annotationafterwards;thiscouldindicatea
non-worksafetransformationis beingapplied.
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4.18.3. 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
_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.
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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

(“It’ s justa simplefunctionallanguage”is anunregisterisedtrademarkof PeytonJonesEnterprises,
plc.)

4.18.4. Unregisterised compilation
Theterm"unregisterised"really means"compilevia vanillaC", disablingsomeof the
platform-specifictricks thatGHCnormallyusesto makeprogramsgo faster. Whencompiling
unregisterised,GHCsimply generatesa C file which is compiledvia gcc.

UnregisterisedcompilationcanbeusefulwhenportingGHCto anew machine,sinceit reducesthe
prerequisitetoolsto gcc, as, andld andnothingmore,andfurthermoretheamountof
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platform-specificcodethatneedsto bewritten in orderto getunregisterisedcompilationgoingis
usuallyfairly small.

-unreg :

Compilevia vanillaANSI C only, turningoff platform-specificoptimisations.NOTE: in order
to use-unreg , youneedto havea setof libraries(includingtheRTS) built for unregisterised
compilation.This amountsto building GHCwith way "u" enabled.

4.19. Flag reference
This sectionis aquick-referencefor GHC’scommand-lineflags.For eachflag,we alsolist its
static/dynamicstatus(seeSection4.2), andtheflag’sopposite(if available).

4.19.1. Help and verbosity options (Section 4.4)

Flag Description Static/Dynamic Reverse

-? help static -

-help help static -

-v verbosemode
(equivalentto -v3 )

dynamic -

-v n setverbositylevel dynamic -

--version displayGHCversion static -

--numeric-version displayGHCversion
(numericonly)

static -

--print-libdir displayGHC library
directory

static -

4.19.2. Whic h phases to run (Section 4.6)

Flag Description Static/Dynamic Reverse

-E Stopafterpreprocessing
(.hspp file)

static -

-C StopaftergeneratingC
(.hc file)

static -
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Flag Description Static/Dynamic Reverse

-S Stopaftergenerating
assembly(.s file)

static -

-c Stopaftercompilingto
objectcode(.o file)

static -

4.19.3. Redirecting output (Section 4.7)

Flag Description Static/Dynamic Reverse

-hcsuf suffix setthesuffix to usefor
intermediateC files

static -

-hidir dir setdirectoryfor
interfacefiles

static -

-hisuf suffix setthesuffix to usefor
interfacefiles

static -

-o filename setoutputfilename static -

-odir dir setoutputdirectory static -

-ohi filename setthefilenamein
which to put the
interface

static

-osuf suffix settheoutputfile suffix static -

4.19.4. Keeping intermediate files (Section 4.7.1)

Flag Description Static/Dynamic Reverse

-keep-hc-file retainintermediate.hc files static -

-keep-s-file retainintermediate.s
files

static -

-keep-raw-s-file retainintermediate
.raw_s files

static -

-keep-tmp-files retainall intermediate
temporaryfiles

static -
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4.19.5. Temporar y files (Section 4.7.2)

Flag Description Static/Dynamic Reverse

-tmpdir setthedirectoryfor temporary
files

static -

4.19.6. Finding impor ts (Section 4.9.2)

Flag Description Static/Dynamic Reverse

-i dir1:dir2:... adddir, dir2, etc.to import
path

static -

-i Emptytheimport
directorylist

static -

4.19.7. Interface file options (Section 4.9.4)

Flag Description Static/Dynamic Reverse

-ddump-hi Dumpthenew interfaceto
stdout

dynamic -

-ddump-hi-diffs Show thedifferences
vs. theold interface

dynamic -

-ddump-minimal-

imports

Dumpa minimalsetof
imports

dynamic -

--show-iface file Readtheinterfacein
file anddumpit as
text to stdout .

static -

4.19.8. Recompilation checking (Section 4.9.5)

Flag Description Static/Dynamic Reverse

-no-recomp Turnoff recompilation
checking

static -recomp
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4.19.9. Interactive-mode options (Section 3.8)

Flag Description Static/Dynamic Reverse

-ignore-dot-ghci Disablereadingof .ghci files static -

-read-dot-ghci Enablereadingof
.ghci files

static -

4.19.10. Packages (Section 4.10)

Flag Description Static/Dynamic Reverse

-package name Usepackagename static -

-package-conf

file
Loadmorepackages
from file

static -

-package-name

name
Compilecodefor
packagename

static -

4.19.11. Langua ge options (Section 7.1)

Flag Description Static/Dynamic Reverse

-fallow-overlapping-

instances

dynamic -fno-allow-

overlapping-

instances

-fallow-

undecidable-

instances

Enableundecidable
instances

dynamic -fno-allow-

undecidable-

instances

-fgenerics Enablegenerics dynamic -fno-fgenerics

-fglasgow-exts Enablemostlanguage
extensions

dynamic -fno-glasgow-exts

-ffi or -fffi Enableforeignfunction
interface(impliedby
-fglasgow-exts )

dynamic -fno-ffi

-fwith Enabledeprecated
with keyword

dynamic -fno-with
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Flag Description Static/Dynamic Reverse

-fignore-asserts Ignoreassertions dynamic -fno-ignore-

asserts

-fno-implicit-

prelude

Don’t implicitly
import Prelude

dynamic -

-fno-

monomorphism-

restriction

Disablethe
monomorphism
restriction

dynamic -

-firrefutable-

tuples

Make tuplepattern
matchingirrefutable

dynamic -fno-irrefutable-

tuples

-fcontext-stack n setthelimit for context
reduction

dynamic -

4.19.12. Warnings (Section 4.8)

Flag Description Static/Dynamic Reverse

-W enablenormalwarnings dynamic -w

-w disableall warnings dynamic -

-Wall enableall warnings dynamic -w

-fwarn-

deprecations

warnaboutusesof
functions& typesthat
aredeprecated

dynamic -fno-warn-

deprecations

-fwarn-duplicate-

exports

warnwhenanentity is
exportedmultiple times

dynamic -fno-warn-

duplicate-exports

-fwarn-hi-

shadowing

warnwhena .hi file in
thecurrentdirectory
shadowsa library

dynamic -fno-warn-hi-

shadowing

-fwarn-

incomplete-

patterns

warnwhena pattern
matchcouldfail

dynamic -fno-warn-

incomplete-

patterns

-fwarn-misc enablemiscellaneous
warnings

dynamic -fno-warn-misc
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Flag Description Static/Dynamic Reverse

-fwarn-missing-

fields

warnwhenfieldsof a
recordareuninitialised

dynamic -fno-warn-

missing-fields

-fwarn-missing-

methods

warnwhenclass
methodsareundefined

dynamic -fno-warn-

missing-methods

-fwarn-missing-

signatures

warnabouttop-level
functionswithout
signatures

dynamic -fno-warn-

missing-

signatures

-fwarn-name-

shadowing

warnwhennamesare
shadowed

dynamic -fno-warn-name-

shadowing

-fwarn-

overlapping-

patterns

warnaboutoverlapping
patterns

dynamic -fno-warn-

overlapping-

patterns

-fwarn-simple-

patterns

warnabout
lambda-patternsthat
canfail

dynamic -fno-warn-simple-

patterns

-fwarn-type-

defaults

warnwhendefaulting
happens

dynamic -fno-warn-type-

defaults

-fwarn-unused-

binds

warnaboutbindings
thatareunused

dynamic -fno-warn-unused-

binds

-fwarn-unused-

imports

warnabout
unnecessaryimports

dynamic -fno-warn-unused-

imports

-fwarn-unused-

matches

warnaboutvariablesin
patternsthataren’t
used

dynamic -fno-warn-unused-

matches

4.19.13. Optimisation levels (Section 4.11)

Flag Description Static/Dynamic Reverse

-O Enabledefault optimisation
(level 1)

static -O0
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Flag Description Static/Dynamic Reverse

-On Setoptimisationlevel
n

static -O0

4.19.14. Individual optimisations (Section 4.11.2)

Flag Description Static/Dynamic Reverse

-fcase-merge Enablecase-merging static -fno-case-merge

-fdicts-strict Makedictionariesstrict dynamic -fno-dicts-strict

-fdo-eta-

reduction

Enableeta-reduction static -fno-do-eta-

reduction

-fdo-lambda-eta-

expansion

Enablelambda
eta-reduction

static -fno-do-lambda-

eta-expansion

-fexcess-

precision

Enableexcess
intermediateprecision

static -fno-excess-

precision

-ffoldr-build-on Enablefoldr-build
optimisation

static -fno-foldr-build-

on

-fignore-asserts Ignoreassertionsin the
source

static -fno-ignore-

asserts

-fignore-

interface-pragmas

Ignorepragmasin
interfacefiles

static -fno-ignore-

interface-pragmas

-flet-no-escape Enablelet-no-escape
optimisation

static -fno-let-no-

escape

-fliberate-case-

threshold

Tweaktheliberate-case
optimisation(default:
10)

static -fno-liberate-

case-threshold

-fomit-interface-

pragmas

Don’t generate
interfacepragmas

static -fno-omit-

interface-pragmas
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Flag Description Static/Dynamic Reverse

-fmax-worker-args If aworkerhasthat
many arguments,none
will beunpacked
anymore(default:10)

static -

-fmax-simplifier-

iterations

Setthemaxiterations
for thesimplifier

static -

-fno-cpr Turnoff CPRanalysis static -

-fno-cse Turnoff common
sub-expression

static -

-fno-pre-inlining Turnoff pre-inlining static -

-fno-strictness Turnoff strictness
analysis

static -

-fnumbers-strict Makenumbersstrict dynamic -fno-numbers-

strict

-funbox-strict-

fields

Flattenstrict
constructorfields

static -fno-unbox-

strict-fields

-funfolding-

creation-

threshold

Tweakunfolding
settings

static -fno-unfolding-

creation-

threshold

-funfolding-fun-

discount

Tweakunfolding
settings

static -fno-unfolding-

fun-discount

-funfolding-

keeness-factor

Tweakunfolding
settings

static -fno-unfolding-

keeness-factor

-funfolding-

update-in-place

Tweakunfolding
settings

static -fno-unfolding-

update-in-place

-funfolding-use-

threshold

Tweakunfolding
settings

static -fno-unfolding-

use-threshold

-fusagesp Turnon UsageSP
analysis

static -fno-usagesp
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4.19.15. Profiling options (Chapter 5)

Flag Description Static/Dynamic Reverse

-auto Auto-add_scc_ s to all
exportedfunctions

static -no-auto

-auto-all Auto-add_scc_ s to all
top-level functions

static -no-auto-all

-auto-dicts Auto-add_scc_ s to all
dictionaries

static -no-auto-dicts

-caf-all Auto-add_scc_ s to all
CAFs

static -no-caf-all

-prof Turnon profiling static -

-ticky Turnon ticky-ticky
profiling

static -

4.19.16. Parallelism options (Section 4.14)

Flag Description Static/Dynamic Reverse

-gransim EnableGRANSIM static -

-parallel EnableParallelHaskell static -

-smp EnableSMPsupport static -

4.19.17. C pre-pr ocessor options (Section 4.12.3)

Flag Description Static/Dynamic Reverse

-cpp RuntheC pre-processoron
Haskell sourcefiles

dynamic -

-Dsymbol[=value] Definea symbolin the
C pre-processor

dynamic -Usymbol

-Usymbol Undefinea symbolin
theC pre-processor

dynamic -

-I dir Add dir to the
directorysearchlist for
#include files

static -
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4.19.18. C compiler options (Section 4.12.5)

Flag Description Static/Dynamic Reverse

-#include file Includefile whencompiling
the .hc file

dynamic -

4.19.19. Code generation options (Section 4.12.6)

Flag Description Static/Dynamic Reverse

-fasm Usethenativecodegenerator dynamic -fvia-C

-fvia-C Compilevia C dynamic -fasm

-fno-code Omit codegeneration static -

4.19.20. Linking options (Section 4.12.7)

Flag Description Static/Dynamic Reverse

-dynamic UsedynamicHaskell libraries
(if available)

static -

-l lib Link in library lib static -

-L dir Add dir to thelist of
directoriessearchedfor
libraries

static -

-package name Link in packagename static -

-framework name OnDarwin/MacOSX
only, link in the
frameworkname. This
optioncorrespondsto
the-framework

optionfor Apple’s
Linker.

static -
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Flag Description Static/Dynamic Reverse

-framework-path

name
OnDarwin/MacOSX
only, adddir to the
list of directories
searchedfor
frameworks.This
optioncorrespondsto
the-F optionfor
Apple’sLinker.

static -

-split-objs Split objects(for
libraries)

static -

-static UsestaticHaskell
libraries

static -

-no-hs-main Don’t asssumethis
programcontainsmain

static -

4.19.21. Replacing phases (Section 4.12.1)

Flag Description Static/Dynamic Reverse

-pgmL cmd Usecmd astheliterate
pre-processor

static -

-pgmP cmd Usecmd astheC
pre-processor(with
-cpp only)

static -

-pgmc cmd Usecmd astheC
compiler

static -

-pgma cmd Usecmd asthe
assembler

static -

-pgml cmd Usecmd asthelinker static -

-pgmdll cmd Usecmd astheDLL
generator

static -

-pgmdep cmd Usecmd asthe
dependency generator

static -

-pgmF cmd Usecmd asthe
pre-processor(with -F

only)

static -
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4.19.22. Forcing options to par ticular phases (Section 4.12.2)

Flag Description Static/Dynamic Reverse

-optL option passoption to theliterate
pre-processor

dynamic -

-optP option passoption to cpp
(with -cpp only)

dynamic -

-optc option passoption to theC
compiler

dynamic -

-opta option passoption to the
assembler

dynamic -

-optl option passoption to the
linker

static -

-optdll option passoption to the
DLL generator

static -

-optdep option passoption to the
dependency generator

static -

4.19.23. Platf orm-specific options (Section 4.15)

Flag Description Static/Dynamic Reverse

-mv8 (SPARC only) enableversion8
support

static -

-monly-[32]-regs (x86only) givesome
registersbackto theC
compiler

dynamic -

4.19.24. External core file options (Section 4.17)

Flag Description Static/Dynamic Reverse

-fext-core Generate.hcr externalCore
files

static -

4.19.25. Compiler debugging options (Section 4.18)
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Flag Description Static/Dynamic Reverse

-dcore-lint Turnon internalsanity
checking

dynamic -

-ddump-absC DumpabstractC dynamic -

-ddump-asm Dumpassembly dynamic -

-ddump-bcos Dumpinterpreterbyte
code

dynamic -

-ddump-cpranal Dumpoutputfrom
CPRanalysis

dynamic -

-ddump-cse DumpCSEoutput dynamic -

-ddump-deriv Dumpderiving output dynamic -

-ddump-ds Dumpdesugareroutput dynamic -

-ddump-flatC Dump“flat” C dynamic -

-ddump-foreign Dump foreign

export stubs
dynamic -

-ddump-inlinings Dumpinlining info dynamic -

-ddump-occur-anal Dumpoccurrence
analysisoutput

dynamic -

-ddump-parsed Dumpparsetree dynamic -

-ddump-realC Dump“real” C dynamic -

-ddump-rn Dumprenameroutput dynamic -

-ddump-rules Dumprules dynamic -

-ddump-sat Dumpsaturatedoutput dynamic -

-ddump-simpl Dumpfinal simplifier
output

dynamic -

-ddump-simpl-

iterations

Dumpoutputfrom
eachsimplifier iteration

dynamic -

-ddump-spec Dumpspecialiser
output

dynamic -

-ddump-stg Dumpfinal STG dynamic -

-ddump-stranal Dumpstrictness
analyseroutput

dynamic -

-ddump-tc Dumptypechecker
output

dynamic -

-ddump-types Dumptypesignatures dynamic -

-ddump-usagesp DumpUsageSP
analysisoutput

dynamic -
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Flag Description Static/Dynamic Reverse

-ddump-worker-

wrapper

Dumpworker-wrapper
output

dynamic -

-ddump-rn-trace Tracerenamer dynamic -

-ddump-rn-stats Renamerstats dynamic -

-ddump-stix Nativecodegenerator
intermediateform

dynamic -

-ddump-simpl-

stats

Dumpsimplifier stats dynamic -

-dppr-debug Turnon debugprinting
(moreverbose)

static -

-dppr-noprags Don’t outputpragma
info in dumps

static -

-dppr-user-length Setthedepthfor
printing expressionsin
errormsgs

static -

-dsource-stats Dumphaskell source
stats

dynamic -

-dstg-lint STGpasssanity
checking

dynamic -

-dstg-stats DumpSTGstats dynamic -

-dusagesp-lint UsageSPsanity
checker

dynamic -

-dverbose-

core2core

Show outputfrom each
core-to-corepass

dynamic -

-dverbose-stg2stg Show outputfrom each
STG-to-STGpass

dynamic -

-unreg Enableunregisterised
compilation

static -

4.19.26. Misc compiler options

Flag Description Static/Dynamic Reverse
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Flag Description Static/Dynamic Reverse

-funfold-casms-in-hi-

file

Allow casmsin unfoldings static -

-femit-extern-

decls

??? static -

-fglobalise-

toplev-names

Makeall top-level
namesglobal(for
-split-objs )

static -

-fno-hi-version-

check

Don’t complainabout
.hi file mismatches

static -

-dno-black-holing Turnoff blackholing
(probablydoesn’t
work)

static -

-fno-method-

sharing

Don’t share
specialisationsof
overloadedfunctions

static -

-fno-prune-decls Renamer:don’t prune
declarations

static -

-fno-prune-

tydecls

Renamer:don’t prune
typedeclarations

static -

-fhistory-size Setsimplification
historysize

static -

-funregisterised Unregisterised
compilation(use
-unreg instead)

static -

-fno-asm-mangling Turnoff assembly
mangling(use-unreg

instead)

static -
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Chapter 5. 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 Section5.2

2. Runyourprogramwith oneof theprofiling options,eg. +RTS -p -RTS. Thisgeneratesa file
of profiling information.

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

5.1. 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 (Final)

Main +RTS -p -RTS

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

nfib Main 100.0 100.0

individual inherited
COST CENTRE MODULE entries %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
CAF Main 9 0.0 0.0 100.0 100.0
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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 Section5.5) will beableto
displayrealloopsin thecall-graph.
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5.1.1. 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 SCCannotationextendsasfar to
theright aspossiblewhenparsing.

5.1.2. 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 enclosingSCCannotationson top of thespecialCAF

cost-centre.

• Otherwise,costsareattributedto thestackof lexically-enclosingSCCannotations,appendedto the
cost-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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5.2. Compiler options for profiling

-prof :

To makeuseof theprofiling systemall modulesmustbecompiledandlinkedwith the-prof

option.Any SCCannotationsyou’veput in yoursourcewill springto life.

Without a -prof option,your SCCsareignored;soyoucancompileSCC-ladencodewithout
changingit.

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.

5.3. Time and allocation profiling
To generatea time andallocationprofile,giveoneof thefollowing RTS optionsto thecompiled
programwhenyou run it (RTSoptionsshouldbeenclosedbetween+RTS...-RTS asusual):

-p or -P :

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

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

The-px optiongeneratesprofiling informationin theXML formatunderstoodby ournew
profiling tool, seeSection5.5.

-xc

This optionmakesuseof theextra informationmaintainedby thecost-centre-stackprofiler to
provideusefulinformationaboutthelocationof runtimeerrors.SeeSection4.16.3.

5.4. 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:

1. Compiletheprogramfor profiling (Section5.2).

2. Runit with oneof theheapprofiling optionsdescribedbelow (eg. -hc for a basicproducer
profile).Thisgeneratesthefile prog.hp .

3. Runhp2psto producea Postscriptfile, prog.ps . Thehp2psutility is describedin detail in
Section5.6.

4. Displaytheheapprofile usingapostscriptviewersuchasGhostview, or print it out on a
Postscript-capableprinter.

5.4.1. RTS options for heap profiling
Thereareseveraldifferentkindsof heapprofile thatcanbegenerated.All thedifferentprofile types
yield a graphof liveheapagainsttime,but they differ in how theliveheapis brokendown into
bands.Thefollowing RTS optionsselectwhich break-down to use:

-hc

Breaksdown thegraphby thecost-centrestackwhich producedthedata.

-hm

Breakdown theliveheapby themodulecontainingthecodewhich producedthedata.
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-hd

Breaksdown thegraphby closuredescription. For actualdata,thedescriptionis just the
constructorname,for otherclosuresit is acompiler-generatedstringidentifying theclosure.

-hy

Breaksdown thegraphby type. For closureswhich havefunctiontypeor
unknown/polymorphictype,thestringwill representanapproximationto theactualtype.

-hr

Breakdown thegraphby retainerset. Retainerprofiling is describedin moredetailbelow
(Section5.4.2).

-hb

Breakdown thegraphby biography. Biographicalprofiling is describedin moredetailbelow
(Section5.4.3).

In addition,theprofile canberestrictedto heapdatawhich satisfiescertaincriteria- for example,
you mightwantto displaya profileby typebut only for dataproducedby acertainmodule,or a
profile by retainerfor a certaintypeof data.Restrictionsarespecifiedasfollows:

-hc name,...

Restricttheprofile to closuresproducedby cost-centrestackswith oneof thespecifiedcost
centresat thetop.

-hCname,...

Restricttheprofile to closuresproducedby cost-centrestackswith oneof thespecifiedcost
centresanywherein thestack.

-hmmodule,...

Restricttheprofile to closuresproducedby thespecifiedmodules.

-hd desc,...

Restricttheprofile to closureswith thespecifieddescriptionstrings.

-hy type,...

Restricttheprofile to closureswith thespecifiedtypes.

-hr cc,...

Restricttheprofile to closureswith retainersetscontainingcost-centrestackswith oneof the
specifiedcostcentresat thetop.
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-hb bio,...

Restricttheprofile to closureswith oneof thespecifiedbiographies,wherebio is oneof lag ,
drag , void , or use .

For example,thefollowing optionswill generatea retainerprofile restrictedto Branch andLeaf

constructors:

prog +RTS -hr -hdBranch,Leaf

Therecanonly beone"break-down" option(eg. -hr in theexampleabove),but thereis no limit on
thenumberof furtherrestrictionsthatmaybeapplied.All theoptionsmaybecombined,with one
exception:GHCdoesn’t currentlysupportmixing the-hr and-hb options.

There’sonemoreoptionwhich relatesto heapprofiling:

-i secs:

Settheprofiling (sampling)interval to secs seconds(thedefault is 0.1second).Fractionsare
allowed:for example-i0.2 will get5 samplespersecond.Thisonly affectsheapprofiling;
time profilesarealwayssampledon a1/50secondfrequency.

5.4.2. Retainer Profiling
Retainerprofiling is designedto helpanswerquestionslike “why is this databeingretained?”.We
startby definingwhatwemeanby aretainer:

A retaineris eitherthesystemstack,or anunevaluatedclosure(thunk).

In particular, constructorsarenot retainers.

An objectA is retainedby anobjectB if objectA canbereachedby recursively following pointers
startingfrom objectB but not meetingany otherretainerson theway. Eachobjecthasoneor more
retainers,collectively calledits retainerset.

Whenretainerprofiling is requestedby giving theprogramthe-hr option,a graphis generated
which is brokendown by retainerset.A retainersetis displayedasasetof cost-centrestacks;
becausethis is usuallytoo largeto fit on theprofilegraph,eachretainersetis numberedandshown
abbreviatedon thegraphalongwith its number, andthefull list of retainersetsis dumpedinto the
file prog.prof .

Retainerprofiling requiresmultiple passesover theliveheapin orderto discover thefull retainerset
for eachobject,which canbequiteslow. Sowe seta limit on themaximumsizeof a retainerset,
whereall retainersetslargerthanthemaximumretainersetsizearereplacedby thespecialsetMANY.
Themaximumsetsizedefaultsto 8 andcanbealteredwith the-R RTS option:
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-Rsize

Restrictthenumberof elementsin a retainersetto size (default8).

5.4.2.1. Hints for using retainer profiling

Thedefinitionof retainersis designedto reflecta commoncauseof spaceleaks:a largestructureis
retainedby anunevaluatedcomputation,andwill bereleasedoncethecompuationis forced.A good
exampleis looking upa valuein a finite map,whereunlessthelookupis forcedin a timely manner
theunevaluatedlookupwill causethewholemappingto beretained.Thesekind of spaceleakscan
oftenbeeliminatedby forcing therelevantcomputationsto beperformedeagerly, usingseq or
strictnessannotationsondataconstructorfields.

Oftenaparticulardatastructureis beingretainedby achainof unevaluatedclosures,only thenearest
of which will bereportedby retainerprofiling - for exampleA retainsB, B retainsC, andC retainsa
largestructure.Theremightbea largenumberof Bsbut only asingleA, soA is really theonewe’re
interestedin eliminating.However, retainerprofiling will in this casereportB astheretainerof the
largestructure.To movefurtherup thechainof retainers,we canaskfor anotherretainerprofilebut
this time restricttheprofile to B objects,sowe geta profileof theretainersof B:

prog +RTS -hr -hcB

This trick isn’t foolproof,becausetheremightbeotherB closuresin theheapwhicharen’t the
retainersweareinterestedin, but we’ve foundthis to bea usefultechniquein mostcases.

5.4.3. Biographical Profiling
A typical heapobjectmaybein oneof thefollowing four statesateachpoint in its lifetime:

• The lag stage,which is thetime betweencreationandthefirst useof theobject,

• theusestage,which lastsfrom thefirst useuntil thelastuseof theobject,and

• Thedrag stage,which lastsfrom thefinal useuntil thelastreferenceto theobjectis dropped.

• An objectwhich is neverusedis saidto bein thevoid statefor its wholelifetime.

A biographicalheapprofile displaystheportionof theliveheapin eachof thefour stateslisted
above.Usuallythemostinterestingstatesarethevoid anddragstates:liveheapin thesestatesis
morelikely to bewastedspacethanheapin thelagor usestates.

It is alsopossibleto breakdown theheapin oneor moreof thesestatesby a differentcriteria,by
restrictingaprofile by biography. For example,to show theportionof theheapin thedragor void
stateby producer:

prog +RTS -hc -hbdrag,void
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Onceyouknow theproduceror thetypeof theheapin thedragor void states,thenext stepis usually
to find theretainer(s):

prog +RTS -hr -hc cc...

NOTE: this two stageprocessis requiredbecauseGHCcannotcurrentlyprofile usingboth
biographicalandretainerinformationsimultaneously.

5.5. Graphical time/allocation profile
You canview thetimeandallocationprofiling graphof yourprogramgraphically, usingghcprof.
This is anew tool with GHC4.08,andwill eventuallybethede-factostandardwayof viewing GHC
profiles2

To runghcprof, youneeddaVinci installed,which canbeobtainedfrom TheGraphVisualisation
Tool daVinci (http://www.informatik.uni-bremen.de/daVinci/). Installoneof thebinarydistributions3,
andsetyourDAVINCIHOME 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).

5.6. 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.

Theflagsare:

126



Chapter5. Profiling

-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
horizontallyandverticallysothatit fills thepage.However, whenpreparinga seriesof graphs
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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.

5.7. 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
4.16.

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 admin, 6098829 goods, 1232595 slop)
total words: 2 3 4 5 6+

69647 ( 1.8%) function values 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 values 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 applications 0.0 0.0 0.0 100.0 0.0
2 ( 0.0%) thread state objects 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

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
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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!

Notes
1. Thecall-siteis just theplacein thesourcecodewhich mentionstheparticularfunctionor

variable.
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2. Actually this isn’t trueany more,weareworking on anew tool for displayingheapprofiles
usingGtk+HS,soghcprof maygo awayatsomepoint in thefuture.

3. daVinci is sadlynot open-source:-(.
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Chapter 6. Advice on: sooner , faster , smaller ,
thriftier

Pleaseadviseusof other“helpful hints” thatshouldgo here!

6.1. 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-Rghc-timing option,you’ll geta
garbage-collectorreport.(Again,youcanusethecheap-and-nasty+RTS -Sstderr -RTS

optionto sendtheGCstatsstraightto 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-v2 optionis your friend.

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

Explicit import declarations:

Insteadof sayingimport Foo, sayimport Foo (...stuff I want...) You canget
GHCto tell you theminimal setof requiredimportsby usingthe-ddump-minimal-imports

option(seeSection4.9.4).

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

6.2. Faster: producing a program that runs quic ker

Thekey tool to usein makingyourHaskell programrun fasterareGHC’sprofiling facilities,
describedseparatelyin Chapter5. 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:

Thenativecode-generatoris designedto bequick,notmind-bogglinglyclever. Betterto let
GCChavea go,asit triesmuchharderon registerallocation,etc.

At themoment,if you turnon -O you getGCCinstead.Thismaychangein thefuture.

So,whenwe wantvery fastcode,we use:-O -fvia-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:
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Specializetheoverloadingon key functionsin yourprogram.SeeSection7.6.3and
Section7.6.4.

“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).
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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
(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
Section7.6.1.

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,.. .
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Useunboxedtypes(aGHCextension):

Whenyou arereallydesperatefor speed,andyouwantto getright down to the“raw bits.”
PleaseseeSection7.2.1for 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.

Chapter8 describestheforeignfunctioninterface.

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(seeSection4.16.2).

6.3. 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 certainspecialisedcases(likeHappy parsers)this is likely to
actuallyincreasethesizeof yourprogram,becauseunfoldinggenerallyenablesextra simplifying
optimisationsto beperformed.

Avoid Read.

Usestrip on yourexecutables.
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6.4. Thriftier: 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(Chapter5) 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
notesto itself abouthow to evaluatesomething,shouldit eventuallyberequired).
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Chapter 7. 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!

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

7.1. Langua ge options
Theseflagscontrolwhatvariationof thelanguagearepermitted.Leaving out all of themgivesyou
standardHaskell 98.

-fglasgow-exts :

This simultaneouslyenablesall of theextensionsto Haskell 98 describedin Chapter7, except
whereotherwisenoted.

-ffi and-fffi :

Thisoptionenablesthelanguageextensiondefinedin theHaskell 98 ForeignFunctionInterface
Addendumplusdeprecatedsyntaxof previousversionsof theFFI for backwardscompatibility.

-fwith :

This optionenablesthedeprecatedwith keyword for implicit parameters;it is merelyprovided
for backwardscompatibility. It is independentof the-fglasgow-exts flag.

-fno-monomorphism-restriction :

Switchoff theHaskell 98monomorphismrestriction.Independentof the-fglasgow-exts

flag.
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-fallow-overlapping-instances

-fallow-undecidable-instances

-fallow-incoherent-instances

-fcontext-stack

SeeSection7.3.5.3. Only relevantif youalsouse-fglasgow-exts .

-finline-phase

SeeSection7.7. Only relevantif you alsouse-fglasgow-exts .

-fgenerics

SeeSection7.8. Independentof -fglasgow-exts .

-fno-implicit-prelude

GHCnormallyimportsPrelude.hi files for you. If you’d ratherit didn’t, thengive it a
-fno-implicit-prelude option.Theideais thatyoucanthenimportaPreludeof yourown.
(But don’t call it Prelude ; theHaskell modulenamespaceis flat, andyou mustnot conflict
with any Preludemodule.)

Eventhoughyouhavenot importedthePrelude,mostof thebuilt-in syntaxstill refersto the
built-in Haskell Preludetypesandvalues,asspecifiedby theHaskell Report.For example,the
type [Int] still meansPrelude.[] Int ; tuplescontinueto referto thestandardPrelude
tuples;thetranslationfor list comprehensionscontinuesto usePrelude.map etc.

However, -fno-implicit-prelude doeschangethehandlingof certainbuilt-in syntax:see
Section7.5.4.

7.2. Unbo xed types and primitive operations
This chapterdefinesall thetypeswhichareprimitive in Glasgow Haskell, andtheoperations
providedfor them.You bring theminto scopeby importingmoduleGHC.Exts .

Note:while you really canusethis stuff to write fastcode,wegenerallyfind it a lot lesspainful,and
moresatisfyingin thelong run, to usehigher-level languagefeaturesandlibraries.With any luck,
thecodeyouwrite will beoptimisedto theefficientunboxedversionin any case.And if it isn’t, we’d
like to know aboutit.

7.2.1. 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.
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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
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.

7.2.2. Unboxed Tuples
Unboxedtuplesaren’t really exportedby GHC.Exts , 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:
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• 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.

7.2.3. 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>’#
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"a"# an Addr# (a ‘char *’); only characters ’\0’..’\255’ allowed

7.2.4. Comparison operations

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

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

7.2.5. Primitive-c haracter operations

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

7.2.6. Primitive- Int operations

{+,-,*,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!

7.2.7. Primitive- Double and Float operations

{+,-,*,/}## :: Double# -> Double# -> Double#
{<,<=,==,/=,>=,>}## :: Double# -> Double# -> Bool
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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# :

float2Double# :: Float# -> Double#
double2Float# :: Double# -> Float#

Theprimitiveversionof decodeDouble (encodeDouble is implementedasanexternalC
function):

decodeDouble# :: Double# -> PrelNum.ReturnIntAndGMP

(And thesamefor Float# s.)
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7.2.8. 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#

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

7.2.9. 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

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#
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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”.

7.2.10. 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
world outsideHaskell, sothis pointeris not followedby thegarbagecollector. In otherrespectsthey
arejust like ByteArray# . They areonly neededin orderto passvaluesfrom C to Haskell.
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7.2.11. 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(seeSection7.2.14),
and“indexing” to referto readingavaluefrom an immutablearray.

Immutablebytearraysarestraightforwardto index (all indicesarein unitsof thesizeof theobject
beingread):

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(seeSection7.2.2).

indexArray# :: Array# elt -> Int# -> (# elt #)
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7.2.12. 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

7.2.13. 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).

7.2.14. 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

7.2.14.1. Allocation
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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 #)

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.

7.2.14.2. 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, Dou-
ble# #)

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

7.2.14.3. Equality

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
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7.2.14.4. Freezing mutab le arrays

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

unsafeFreezeArray# :: MutableArray# s elt -> State# s -> (# State# s, Ar-
ray# s elt #)
unsafeFreezeByteArray# :: MutableByteArray# s -> State# s -> (# State# s, ByteAr-
ray# #)

7.2.15. 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

7.2.16. 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.
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“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.

PleaseseethemoduleForeign.StablePtr in thelibrary documentationfor 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.”

PleaseseemoduleForeign.ForeignPtr in thelibrary documentatationfor moredetails.

Thelibrariesdocumentatationgivesmoredetailsonall these“primiti vearray” typesandthe
operationson them.

7.3. Type system extensions

7.3.1. Data types with no constructor s
With the-fglasgow-exts flag,GHC letsyou declarea datatypewith no constructors.For
example:

data S -- S :: *
data T a -- T :: * -> *

Syntactically, thedeclarationlacksthe"= constrs"part.Thetypecanbeparameterisedover typesof
any kind, but if thekind is not * thenanexplicit kind annotationmustbeused(seeSection7.3.3).

Suchdatatypeshaveonly onevalue,namelybottom.Nevertheless,they canbeusefulwhendefining
"phantomtypes".
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7.3.2. Infix type constructor s
GHCallows typeconstructorsto beoperators,andto bewritten infix, verymuchlikeexpressions.
More specifically:

• A typeconstructorcanbeanoperator, beginningwith acolon;e.g.:*: . Thelexical syntaxis the
sameasthatfor dataconstructors.

• Typescanbewritten infix. For exampleInt :*: Bool .

• Back-quoteswork asfor expressions,bothfor typeconstructorsandtypevariables;e.g.Int

‘Either‘ Bool , or Int ‘a‘ Bool . Similarly, parentheseswork thesame;e.g.(:*:) Int

Bool .

• Fixities maybedeclaredfor typeconstructorsjustasfor dataconstructors.However, onecannot
distinguishbetweenthetwo in a fixity declaration;a fixity declarationsetsthefixity for adata
constructorandthecorrespondingtypeconstructor. For example:

infixl 7 T, :*:

setsthefixity for bothtypeconstructorT anddataconstructorT, andsimilarly for :*: . Int ‘a‘

Bool .

• Functionarrow is infixr with fixity 0. (Thismightchange;I’m not surewhatit shouldbe.)

• Datatypeandtype-synonym declarationscanbewritten infix. E.g.

data a :*: b = Foo a b
type a :+: b = Either a b

• Theonly thing thatdiffersbetweenoperatorsin typesandoperatorsin expressionsis that
ordinarynon-constructoroperators,suchas+ and* arenot allowedin types.Reason:theuniform
thing to do wouldbeto make themtypevariables,but that’snot veryuseful.A lessuniform but
moreusefulthing wouldbeto allow themto betypeconstructors. But thatgivestroublein export
lists.Sofor now we just excludethem.

7.3.3. Explicitl y-kinded quantification
Haskell infersthekind of eachtypevariable.Sometimesit is niceto beableto give thekind
explicitly as(machine-checked)documentation,just asit is niceto givea typesignaturefor a
function.On someoccasions,it is essentialto do so.For example,in his paper"RestrictedData
Typesin Haskell" (Haskell Workshop1999)JohnHugheshadto definethedatatype:

data Set cxt a = Set [a]
| Unused (cxt a -> ())

Theonly usefor theUnused constructorwasto forcethecorrectkind for thetypevariablecxt .
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GHCnow insteadallowsyou to specifythekind of a typevariabledirectly, wherevera typevariable
is explicitly bound.Namely:

• data declarations:

data Set (cxt :: * -> *) a = Set [a]

• type declarations:

type T (f :: * -> *) = f Int

• class declarations:

class (Eq a) => C (f :: * -> *) a where ...

• forall ’s in typesignatures:

f :: forall (cxt :: * -> *). Set cxt Int

Theparenthesesarerequired.Someof thespacesarerequiredtoo, to separatethelexemes.If you
write (f::*->*) youwill geta parseerror, because"::*->* " is a singlelexemein Haskell.

As partof thesameextension,youcanput kind annotationsin typesaswell. Thus:

f :: (Int :: *) -> Int
g :: forall a. a -> (a :: *)

Thesyntaxis

atype ::= ’(’ ctype ’::’ kind ’)

Theparenthesesarerequired.

7.3.4. Class method types
Haskell 98 prohibitsclassmethodtypesto mentionconstraintson theclasstypevariable,thus:

class Seq s a where
fromList :: [a] -> s a
elem :: Eq a => a -> s a -> Bool

Thetypeof elem is illegal in Haskell 98,becauseit containstheconstraintEq a, constrainsonly the
classtypevariable(in this casea).

With the-fglasgow-exts GHClifts this restriction.
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7.3.5. 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.

7.3.5.1. 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.SeeSection7.3.9).

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

Whenavaluewith this typewasused,theconstraintEq tv wouldbeintroducedwheretv is a
freshtypevariable,and(in thedictionary-translationimplementation)thevaluewouldbe
appliedto a dictionaryfor Eq tv . Thedifficulty is thatwecanneverknow which instanceof Eq

to usebecausewe 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.Theexcludedtypesareneveruseful
or necessary(becausetheoffendingcontext doesn’t needto bewitnessedat this point; it canbe
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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.

7.3.5.2. 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 a superclassof D, but it’s OK for aclassoperationop of C to mentionD. (It would not
beOK 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
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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 thesuperclass
context:

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

A yet morerelaxedrule wouldallow thecontext of a class-opsignatureto mentiononly class
typevariables.However, thatconflictswith Rule1(b) for typesabove.

5. Thetypeof each classoperationmustmentionall of theclasstypevariables. For example:

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

is not OK, becausethetypeof empty doesn’t mentiona. This rule is aconsequenceof Rule
1(a),above,for types,andhasthesamemotivation.Sometimes,offendingclassdeclarations
exhibit misunderstandings.For example,Coll might berewritten

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

whichmakestheconnectionbetweenthetypeof a collectionof a’s (namely(s a) ) andthe
elementtypea. Occasionallythis really doesn’t work, in which caseyoucansplit theclasslike
this:

class CollE s where
empty :: s

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

7.3.5.3. 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 thenoverlappinginstancedeclarationsarepermitted.
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However, GHCarrangesnever to committo usinganinstancedeclarationif anotherinstance
declarationalsoapplies,eithernow or later.

• 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.

However therulesareover-conservative.Two instancedeclarationscanoverlap,but it canstill
beclearin particularsituationswhich to use.For example:

instance C (Int,a) where ...
instance C (a,Bool) where ...

Thesearerejectedby GHC’s rules,but it is clearwhatto do whentrying to solve theconstraint
C (Int,Int) becausethesecondinstancecannotapply. Yell if this restrictionbitesyou.

GHC is alsoconservativeaboutcommittingto anoverlappinginstance.For example:

class C a where { op :: a -> a }
instance C [Int] where ...
instance C a => C [a] where ...

f :: C b => [b] -> [b]
f x = op x

FromtheRHSof f we gettheconstraintC [b] . But GHCdoesnotcommitto thesecond
instancedeclaration,becausein aparicularcall of f, b might beinstantiateto Int, sothefirst
instancedeclarationwould beappropriate.SoGHCrejectstheprogram.If you add
-fallow-incoherent-instances GHCwill insteadsilentlypick thesecondinstance,
withoutcomplainingabouttheproblemof subsequentinstantiations.

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
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 ...
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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:
eachreductionstepremovesonetypeconstructor. For example,thefollowing wouldmake the
typechecker loop if it wasn’t excluded:

instance C a => C a where ...

Therearetwo situationsin which therule is a bit of apain.First, if oneallowsoverlapping
instancedeclarationsthenit’squiteconvenientto havea"default instance"declarationthat
appliesif somethingmorespecificdoesnot:

instance C a where
op = ... -- Default

Second,sometimesyoumightwantto 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 { }

Thisallowsyou to write shortersignatures:

f :: C a => ...

insteadof

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

I’m on thelookout for asimplerule 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 ...

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

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

Thisdesigndecisionis independentof all theothers,andeasilyreversed,but it makessenseto
me.
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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.

7.3.6. Implicit parameter s
Implicit paramtersareimplementedasdescribedin "Implicit parameters:dynamicscopingwith
statictypes",JLewis, MB Shields,E Meijer, JLaunchbury, 27thACM Symposiumon Principlesof
ProgrammingLanguages(POPL’00), Boston,Jan2000.

(Mostof thefollowing, stil ratherincomplete,documentationis dueto Jeff Lewis.)

A variableis calleddynamicallyboundwhenit is boundby thecalling context of a functionand
staticallyboundwhenboundby thecallee’scontext. In Haskell, all variablesarestaticallybound.
Dynamicbindingof variablesis a notionthatgoesbackto Lisp, but waslaterdiscardedin more
modernincarnations,suchasScheme.Dynamicbindingcanbeveryconfusingin anuntyped
language,andunfortunately, typedlanguages,in particularHindley-Milner typedlanguageslike
Haskell, only supportstaticscopingof variables.

However, by a simpleextensionto thetypeclasssystemof Haskell, wecansupportdynamic
binding.Basically, weexpresstheuseof a dynamicallyboundvariableasa constrainton thetype.
Theseconstraintsleadto typesof theform (?x::t’) => t , whichsays"this functionusesa
dynamically-boundvariable?x of type t’ ". For example,thefollowing expressesthetypeof a sort
function,implicitly parameterizedby a comparisonfunctionnamedcmp.

sort :: (?cmp :: a -> a -> Bool) => [a] -> [a]

Thedynamicbindingconstraintsarejust anew form of predicatein thetypeclasssystem.

An implicit parameteris introducedby thespecialform ?x , wherex is any valid identifier. Useif
this constructalsointroducesnew dynamicbindingconstraints.For example,thefollowing
definitionshowshow we candefineanimplicitly parameterizedsortfunctionin termsof an
explicitly parameterizedsortBy function:

sortBy :: (a -> a -> Bool) -> [a] -> [a]
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sort :: (?cmp :: a -> a -> Bool) => [a] -> [a]
sort = sortBy ?cmp

Dynamicbindingconstraintsbehave just likeothertypeclassconstraintsin thatthey are
automaticallypropagated.Thus,whena functionis used,its implicit parametersareinheritedby the
functionthatcalledit. For example,our sort functionmight beusedto pick out theleastvaluein a
list:

least :: (?cmp :: a -> a -> Bool) => [a] -> a
least xs = fst (sort xs)

Without lifting afinger, the?cmp parameteris propagatedto becomeaparameterof least aswell.
With explicit parameters,thedefault is thatparametersmustalwaysbeexplicit propagated.With
implicit parameters,thedefault is to alwayspropagatethem.

An implicit parameterdiffersfrom othertypeclassconstraintsin thefollowing way:All usesof a
particularimplicit parametermusthave thesametype.Thismeansthatthetypeof (?x, ?x) is
(?x::a) => (a,a) , andnot (?x::a, ?x::b) => (a, b) , aswouldbethecasefor typeclass
constraints.

An implicit parameteris boundusingthestandardlet bindingform, wherethebindingsmustbea
collectionof simplebindingsto implicit-stylevariables(no function-stylebindings,andno type
signatures);thesebindingsareneitherpolymorphicor recursive.This form bindstheimplicit
parametersarisingin thebody, not thefreevariablesasa let or where woulddo.For example,we
definethemin functionby bindingcmp.

min :: [a] -> a
min = let ?cmp = (<=) in least

Notethefollowing additionalconstraints:

• You can’t haveanimplicit parameterin thecontext of aclassor instancedeclaration.For
example,boththesedeclarationsareillegal:

class (?x::Int) => C a where ...
instance (?x::a) => Foo [a] where ...

Reason:exactlywhich implicit parameteryou pick up dependson exactlywhereyou invokea
function.But the“invocation”of instancedeclarationsis donebehindthescenesby thecompiler,
soit’shardto figureout exactlywhereit is done.Easiestthing is to outlaw theoffendingtypes.
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7.3.7. Linear implicit parameter s
Linearimplicit parametersareanideadevelopedby KoenClaessen,Mark Shields,andSimonPJ.
They addressthelong-standingproblemthatmonadsseemover-kill for certainsortsof problem,
notably:

• distributinga supplyof uniquenames

• distributinga suppplyof randomnumbers

• distributinganoracle(asin QuickCheck)

Linearimplicit parametersarejust likeordinaryimplicit parameters,exceptthatthey are"linear" --
thatis, they cannotbecopied,andmustbeexplicitly "split" instead.Linearimplicit parametersare
written ’%x’ insteadof ’?x ’. (The’/’ in the’%’ suggeststhesplit!)

For example:

import GHC.Exts( Splittable )

data NameSupply = ...

splitNS :: NameSupply -> (NameSupply, NameSupply)
newName :: NameSupply -> Name

instance Splittable NameSupply where
split = splitNS

f :: (%ns :: NameSupply) => Env -> Expr -> Expr
f env (Lam x e) = Lam x’ (f env e)

where
x’ = newName %ns
env’ = extend env x x’

...more equations for f...

Noticethattheimplicit parameter%nsis consumed

• onceby thecall to newName

• onceby therecursivecall to f

Sothetranslationdoneby thetypecheckermakestheparameterexplicit:

f :: NameSupply -> Env -> Expr -> Expr
f ns env (Lam x e) = Lam x’ (f ns1 env e)

where
(ns1,ns2) = splitNS ns
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x’ = newName ns2
env = extend env x x’

Noticethecall to ’split’ introducedby thetypechecker. How did it know to use’splitNS’?Because
whatit really did wasto introduceacall to theoverloadedfunction’split’, definedby theclass
Splittable :

class Splittable a where
split :: a -> (a,a)

Theinstancefor Splittable NameSupply tellsGHChow to implementsplit for namesupplies.
But we cansimplywrite

g x = (x, %ns, %ns)

andGHCwill infer

g :: (Splittable a, %ns :: a) => b -> (b,a,a)

TheSplittable classis built into GHC.It’sexportedby moduleGHC.Exts .

Otherpoints:

• ’?x ’ and’%x’ areentirelydistinctimplicit parameters:youcanusethemtogetherandthey won’t
inteferewith eachother.

• You canbind linearimplicit parametersin ’with’ clauses.

• You cannothave implicit parameters(whetherlinearor not) in thecontext of a classor instance
declaration.

7.3.7.1. Warnings

Themonomorphismrestrictionis evenmoreimportantthanusual.Considertheexampleabove:

f :: (%ns :: NameSupply) => Env -> Expr -> Expr
f env (Lam x e) = Lam x’ (f env e)

where
x’ = newName %ns
env’ = extend env x x’

If we replacedthetwo occurrencesof x’ by (newName%ns),which is usuallyaharmlessthing to
do,weget:

f :: (%ns :: NameSupply) => Env -> Expr -> Expr
f env (Lam x e) = Lam (newName %ns) (f env e)

where
env’ = extend env x (newName %ns)
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But now thenamesupplyis consumedin threeplaces(thetwo callsto newName,andtherecursive
call to f), sotheresultis utterly different.Urk! We don’t evenhavethebetarule.

Well, this is anexperimentalchange.With implicit parameterswehavealreadylost betareduction
anyway, and(asJohnLaunchbury putsit) we can’t sensiblyreasonaboutHaskell programswithout
knowing their typing.

7.3.8. Functional dependencies
Functionaldependenciesareimplementedasdescribedby Mark Jonesin "TypeClasseswith
FunctionalDependencies",Mark P. Jones,In Proceedingsof the9th EuropeanSymposiumon
Programming,ESOP2000,Berlin, Germany, March2000,Springer-VerlagLNCS 1782.

Thereshouldbemoredocumentation,but thereisn’t (yet).Yell if you needit.

7.3.9. Arbitrar y-rank pol ymorphism
Haskell typesignaturesareimplicitly quantified.Thenew keyword forall allowsusto sayexactly
whatthis means.For example:

g :: b -> b

meansthis:

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

Thetwo aretreatedidentically.

However, GHC’s typesystemsupportsarbitrary-rankexplicit universalquantificationin types.For
example,all thefollowing typesarelegal:

f1 :: forall a b. a -> b -> a
g1 :: forall a b. (Ord a, Eq b) => a -> b -> a

f2 :: (forall a. a->a) -> Int -> Int
g2 :: (forall a. Eq a => [a] -> a -> Bool) -> Int -> Int

f3 :: ((forall a. a->a) -> Int) -> Bool -> Bool

Here,f1 andg1 arerank-1types,andcanbewritten in standardHaskell (e.g.f1 :: a->b->a ).
The forall makesexplicit theuniversalquantificationthatis implicitly addedby Haskell.

Thefunctionsf2 andg2 haverank-2types;the forall is on theleft of a functionarrrow. As g2

shows,thepolymorphictypeon theleft of thefunctionarrow canbeoverloaded.

Thefunctionsf3 andg3 haverank-3types;they haverank-2typeson theleft of a functionarrow.
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GHCallows typesof arbitraryrank;youcannestforall sarbitrarilydeepin functionarrows.(GHC
usedto berestrictedto rank2, but thatrestrictionhasnow beenlifted.) In particular, a forall-type
(alsocalleda "type scheme"),includinganoperationaltypeclasscontext, is legal:

• Ontheleft of a functionarrow

• Ontheright of a functionarrow (seeSection7.3.11)

• As theargumentof aconstructor, or typeof afield, in adatatypedeclaration.For example,any of
the f1,f2,f3,g1,g2,g3 abovewouldbevalid field typesignatures.

• As thetypeof animplicit parameter

• In a patterntypesignature(seeSection7.3.13)

Thereis oneplaceyoucannotputa forall : youcannotinstantiatea typevariablewith a forall-type.
Soyoucannotmakea forall-typetheargumentof a typeconstructor. Sothesetypesareillegal:

x1 :: [forall a. a->a]
x2 :: (forall a. a->a, Int)
x3 :: Maybe (forall a. a->a)

Of courseforall becomesa keyword;youcan’t useforall asa typevariableany more!

7.3.9.1. Examples

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])

Theconstructorshaverank-2types:

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
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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.)

You constructvaluesof typesT1, MonadT, Swizzle by applyingtheconstructorto suitable
values,just asusual.For example,

a1 :: T Int
a1 = T1 (\xy->x) 3

a2, a3 :: Swizzle
a2 = MkSwizzle sort
a3 = MkSwizzle reverse

a4 :: MonadT Maybe
a4 = let r x = Just x

b m k = case m of
Just y -> k y
Nothing -> Nothing
in
MkMonad r b

mkTs :: (forall b. b -> b -> b) -> a -> [T a]
mkTs f x y = [T1 f x, T1 f y]

Thetypeof theargumentcan,asusual,bemoregeneralthanthetyperequired,as(MkSwizzle

reverse) shows.(reverse doesnot needtheOrd constraint.)

Whenyouusepatternmatching,theboundvariablesmaynow havepolymorphictypes.For example:

f :: T a -> a -> (a, Char)
f (T1 w k) x = (w k x, w ’c’ ’d’)

g :: (Ord a, Ord b) => Swizzle -> [a] -> (a -> b) -> [b]
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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.

7.3.9.2. Type inf erence

In general,typeinferencefor arbitrary-ranktypesis undecideable.GHCusesanalgorithmproposed
by Odersky andLaufer("Puttingtypeannotationsto work", POPL’96) to geta decidablealgorithm
by requiringsomehelpfrom theprogrammer. We do not yethavea formal specificationof "some
help" but therule is this:

For a lambda-boundor case-boundvariable, x, eithertheprogrammerprovidesan explicit
polymorphictypefor x, or GHC’s typeinferencewill assumethat x’s typehasno foralls in it.

Whatdoesit meanto "provide" anexplicit typefor x? Youcando thatby giving a typesignaturefor
x directly, usinga patterntypesignature(Section7.3.13), thus:

\ f :: (forall a. a->a) -> (f True, f ’c’)

Alternatively, youcangivea typesignatureto theenclosingcontext, whichGHCcan"pushdown" to
find thetypefor thevariable:

(\ f -> (f True, f ’c’)) :: (forall a. a->a) -> (Bool,Char)

Herethetypesignatureon theexpressioncanbepushedinwardsto givea typesignaturefor f.
Similarly, andmorecommonly, onecangivea typesignaturefor thefunctionitself:

h :: (forall a. a->a) -> (Bool,Char)
h f = (f True, f ’c’)

You don’t needto givea typesignatureif thelambdaboundvariableis a constructorargument.Here
is anexamplewe saw earlier:

f :: T a -> a -> (a, Char)
f (T1 w k) x = (w k x, w ’c’ ’d’)

Herewe do not needto givea typesignatureto w, becauseit is anargumentof constructorT1 and
thattellsGHCall it needsto know.
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7.3.9.3. Implicit quantification

GHCperformsimplicit quantificationasfollows.At thetop level (only)of user-written types,if and
only if there is no explicit forall, GHCfindsall thetypevariablesmentionedin thetypethatare
not alreadyin scope, anduniversallyquantifiesthem.For example,thefollowing pairsare
equivalent:

f :: a -> a
f :: forall a. a -> a

g (x::a) = let
h :: a -> b -> b
h x y = y

in ...
g (x::a) = let

h :: forall b. a -> b -> b
h x y = y

in ...

NoticethatGHCdoesnot find theinnermostpossiblequantificationpoint.For example:

f :: (a -> a) -> Int
-- MEANS

f :: forall a. (a -> a) -> Int
-- NOT

f :: (forall a. a -> a) -> Int

g :: (Ord a => a -> a) -> Int
-- MEANSthe illegal type

g :: forall a. (Ord a => a -> a) -> Int
-- NOT

g :: (forall a. Ord a => a -> a) -> Int

Thelatterproducesanillegal type,which youmight think is silly, but at leasttherule is simple.If
you wantthelattertype,youcanwrite your for-allsexplicitly. Indeed,doingsois stronglyadvised
for rank-2types.

7.3.10. Liberalised type synon yms
Typesynonmysarelikemacrosat thetypelevel, andGHCdoesvalidity checkingon typesonly after
expandingtypesynonyms. ThatmeansthatGHCcanbeverymuchmoreliberal abouttype
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synonymsthanHaskell 98:

• You canwrite a forall (includingoverloading)in a typesynonym, thus:

type Discard a = forall b. Show b => a -> b -> (a, String)

f :: Discard a
f x y = (x, show y)

g :: Discard Int -> (Int,Bool) -- A rank-2 type
g f = f Int True

• You canwrite anunboxedtuplein a typesynonym:

type Pr = (# Int, Int #)

h :: Int -> Pr
h x = (# x, x #)

• You canapplya typesynonym to a forall type:

type Foo a = a -> a -> Bool

f :: Foo (forall b. b->b)

After expandingthesynonym, f hasthelegal (in GHC) type:

f :: (forall b. b->b) -> (forall b. b->b) -> Bool

• You canapplya typesynonym to apartially appliedtypesynonym:

type Generic i o = forall x. i x -> o x
type Id x = x

foo :: Generic Id []

After epxandingthesynonym, foo hasthelegal (in GHC) type:

foo :: forall x. x -> [x]

GHCcurrentlydoeskind checkingbeforeexpandingsynonyms(thougheventhatcouldbechanged.)

After expandingtypesynonyms,GHCdoesvalidity checkingon types,looking for thefollowing
mal-formednesswhich isn’t detectedsimply by kind checking:

• Typeconstructorappliedto a typeinvolving for-alls.

• Unboxedtupleon left of anarrow.

• Partially-appliedtypesynonym.

So,for example,thiswill berejected:
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type Pr = (# Int, Int #)

h :: Pr -> Int
h x = ...

becauseGHCdoesnot allow unboxedtupleson theleft of a functionarrow.

7.3.11. For-all hoisting
It is oftenconvenientto usegeneralisedtypesynonymsat 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

In general,therule is this: to determinethetypespecifiedbyanyexplicit user-written type(e.g. in a
typesignature),GHCexpandstypesynonymsandthenrepeatedlyperformsthetransformation:

type1 -> forall a1..an. context2 => type2
==>

forall a1..an. context2 => 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

7.3.12. 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:
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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) = ???

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.

7.3.12.1. Why existential?

Whathasthis to do with existentialquantification?Simply thatMkFoo hasthe(nearly)isomorphic
type

MkFoo :: (exists a . (a, a -> Bool)) -> Foo
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But Haskell programmerscansafelythink of theordinaryuniversallyquantifiedtypegivenabove,
therebyavoidingaddinganew existentialquantificationconstruct.

7.3.12.2. 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 (Baz2 v fn) = show (fn v)

Operationally, in a dictionary-passingimplementation,theconstructorsBaz1 andBaz2 muststore
thedictionariesfor Eq andShow respectively, andextractit on patternmatching.

Noticetheway thatthesyntaxfits smoothlywith thatusedfor universalquantificationearlier.

7.3.12.3. 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

174



Chapter7. GHCLanguageFeatures

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 distincttypesarising
from 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
thepatternsof a functiondefinition.Thereasonfor this restrictionis really animplementation
one.Type-checkingbindinggroupsis alreadya nightmarewithout existentialscomplicatingthe
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 shouldhaveno concreterepresentation.Youcan
getjust thesameefficiency andeffectby usingdata insteadof newtype . If thereis no
overloadinginvolved,thenthereis moreof acasefor allowing anexistentially-quantified
newtype , becausethedata becausethedata versiondoescarryanimplementationcost,but
single-fieldexistentiallyquantifiedconstructorsaren’t muchuse.Sothesimplerestriction(no
existentialstuff 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 thestandardwaywewouldneedto 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!

175



Chapter7. GHCLanguageFeatures

7.3.13. 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 .

Patterntypesignaturesarecompletelyorthogonalto ordinary, separatetypesignatures.Thetwo can
beusedindependentlyor together. At ordinarytypesignatures,suchasthatfor ys , any type
variablesmentionedin thetypesignaturethatare not in scopeareimplicitly universallyquantified.
(If thereareno typevariablesin scope,all typevariablesmentionedin thesignatureareuniversally
quantified,which is justasin Haskell 98.) In this case,sincea is in scope,it is not universally
quantified,sothetypeof ys is thesameasthatof xs . In Haskell 98 it is not possibleto declarea
typefor ys ; a majorbenefitof scopedtypevariablesis thatit becomespossibleto do so.

Scopedtypevariablesareimplementedin bothGHCandHugs.Wheretheimplementationsdiffer
from thespecificationbelow, thosedifferencesarenoted.

Somuchfor thebasicidea.Herearethedetails.

7.3.13.1. What a pattern type signature means

A typevariablebroughtinto scopeby a patterntypesignatureis simply thenamefor a type.The
restrictionthey expressis thatall occurrencesof thesamenamemeanthesametype.For example:

f :: [Int] -> Int -> Int
f (xs::[a]) (y::a) = (head xs + y) :: a

Thepatterntypesignatureson theleft handsideof f expressthefactthatxs mustbea list of things
of sometypea; andthaty musthave this sametype.Thetypesignatureon theexpression(head

xs) specifiesthatthis expressionmusthave thesametypea. There is no requirementthat thetype
namedby "a" is in fact a typevariable. Indeed,in this case,thetypenamedby "a" is Int . (This is a
slight liberalisationfrom theoriginal rathercomplex rules,which specifiedthatapattern-boundtype
variableshouldbeuniversallyquantified.)For example,all of thesearelegal:

t (x::a) (y::a) = x+y*2

f (x::a) (y::b) = [x,y] -- a unifies with b

g (x::a) = x + 1::Int -- a unifies with Int
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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]

7.3.13.2. Scope and implicit quantification

• All thetypevariablesmentionedin a pattern,thatarenot alreadyin scope,arebroughtinto scope
by thepattern.We describethis setasthetypevariablesboundby thepattern. For example:

f (x::a) = let g (y::(a,b)) = fst y
in
g (x,True)

Thepattern(x::a) bringsthetypevariablea into scope,aswell asthetermvariablex . The
pattern(y::(a,b)) containsanoccurrenceof thealready-in-scopetypevariablea, andbrings
into scopethetypevariableb.

• Thetypevariable(s)boundby thepatternhave thesamescopeasthetermvariable(s)boundby
thepattern.For example:

let
f (x::a) = <...rhs of f...>
(p::b, q::b) = (1,2)

in <...body of let...>

Here,thetypevariablea scopesover theright handsideof f , just likex does;while thetype
variableb scopesover thebodyof the let , andall theotherdefinitionsin the let , just likep and
q do.Indeed,thenewly boundtypevariablesalsoscopeoverany ordinary, separatetype
signaturesin the let group.

• Thetypevariablesboundby thepatternmaybementionedin ordinarytypesignaturesor pattern
typesignaturesanywherewithin their scope.

• 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 equivalent
to x::forall a.a ; andthatis anincorrecttyping.
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• Thepatterntypesignatureis a monotype:

• A patterntypesignaturecannotcontainany explicit forall quantification.

• Thetypevariablesboundby a patterntypesignaturecanonly beinstantiatedto monotypes,not
to typeschemes.

• Thereis no implicit universalquantificationonpatterntypesignatures(in contrastto ordinary
typesignatures).

• 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).

7.3.13.3. Result type signatures

• Theresulttypeof a functioncanbegivenasignature,thus:

f (x::a) :: [a] = [x,x,x]

Thefinal :: [a] afterall thepatternsgivesa signatureto theresulttype.Sometimesthis is the
only wayof namingthetypevariableyouwant:

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.

7.3.13.4. Where a pattern type signature can occur

A patterntypesignaturecanoccurin any pattern.For example:

• A patterntypesignaturecanbeon anarbitrarysub-pattern,not uston a variable:

f ((x,y)::(a,b)) = (y,x) :: (b,a)
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• Patterntypesignatures,includingtheresultpart,canbeusedin lambdaabstractions:

(\ (x::a, y) :: a -> x)

• Patterntypesignatures,includingtheresultpart,canbeusedin case expressions:

case e of { (x::a, y) :: a -> 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

• Patterntypesignaturescanbindexistentialtypevariables.For example:

data T = forall a. MkT [a]

f :: T -> T
f (MkT [t::a]) = MkT t3

where
t3::[a] = [t,t,t]

• Patterntypesignaturescanbeusedin patternbindings:

f x = let (y, z::a) = x in ...
f1 x = let (y, z::Int) = x in ...
f2 (x::(Int,a)) = let (y, z::a) = x in ...
f3 :: (b->b) = \x -> x

In all suchcases,thebindingis not generalisedover thepattern-boundtypevariables.Thusf3 is
monomorphic;f3 hastypeb -> b for sometypeb, andnot forall b. b -> b. In contrast,
thebinding

f4 :: b->b
f4 = \x -> x

makesa polymorphicfunction,but b is not in scopeanywherein f4 ’s scope.

7.4. 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
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which works,but givesyou backa lessthanusefulerrormessage-- anassertionfailed,but which
andwhere?

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

Therewrite is only performedby thecompilerwhenit spotsapplicationsof
Control.Exception.assert , soyou canstill defineanduseyourown versionsof assert ,
shouldyou sowish. If not, import Control.Exception to makeuseassert in yourcode.

To havethecompilerignoreusesof assert,usethecompileroption-fignore-asserts . Thatis,
expressionsof theform assert pred e will berewritten to e.

Assertionfailurescanbecaught,seethedocumentationfor theControl.Exception library for the
details.

7.5. Syntactic extensions

7.5.1. Hierar chical Modules
GHCsupportsa smallextensionto thesyntaxof modulenames:a modulenameis allowedto
containa dot ‘.’ . This is alsoknown asthe“hierarchicalmodulenamespace”extension,becauseit
extendsthenormallyflat Haskell modulenamespaceinto a moreflexible hierarchyof modules.

This extensionhasvery little impacton thelanguageitself; modulesnamesarealwaysfully
qualified,soyoucanjust think of thefully qualifiedmodulenameas“the modulename”.In
particular, thismeansthatthefull modulenamemustbegivenafterthemodule keywordat the
beginningof themodule;for example,themoduleA.B.C mustbegin

module A.B.C
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It is acommonstrategy to usetheas keyword to save sometypingwhenusingqualifiednameswith
hierarchicalmodules.For example:

import qualified Control.Monad.ST.Strict as ST

Hierarchicalmoduleshaveanimpacton theway thatGHCsearchesfor files.For adescription,see
Section4.9.3.

GHCcomeswith a largecollectionof librariesarrangedhierarchically;seetheaccompanying library
documentation.Thereis anongoingprojectto createandmaintaina stablesetof “core” libraries
usedby severalHaskell compilers,andthelibrariesthatGHCcomeswith representthecurrent
statusof thatproject.For moredetails,seeHaskell Libraries
(http://www.haskell.org/~simonmar/libraries/libraries.html).

7.5.2. Pattern guar ds
Thediscussionthatfollows is anabbreviatedversionof SimonPeytonJones’soriginalproposal
(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"
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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
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
= ...
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Haskell’s currentguardsthereforeemergeasa specialcase,in which thequalifierlist hasjustone
element,abooleanexpression.

7.5.3. Parallel List Comprehensions
Parallellist comprehensionsarea naturalextensionto list comprehensions.List comprehensionscan
bethoughtof asanicesyntaxfor writing mapsandfilters.Parallelcomprehensionsextendthis to
includethezipWith family.

A parallellist comprehensionhasmultiple independentbranchesof qualifierlists,eachseparatedby
a ‘|’ symbol.For example,thefollowing zipstogethertwo lists:

[ (x, y) | x <- xs | y <- ys ]

Thebehavior of parallellist comprehensionsfollowsthatof zip, in thattheresultinglist will havethe
samelengthastheshortestbranch.

We candefineparallellist comprehensionsby translationto regularcomprehensions.Here’s the
basicidea:

Givenaparallelcomprehensionof theform:

[ e | p1 <- e11, p2 <- e12, ...
| q1 <- e21, q2 <- e22, ...
...

]

This will betranslatedto:

[ e | ((p1,p2), (q1,q2), ...) <- zipN [(p1,p2) | p1 <- e11, p2 <- e12, ...]
[(q1,q2) | q1 <- e21, q2 <- e22, ...]
...

]

where‘zipN’ is theappropriatezip for thegivennumberof branches.

7.5.4. Rebindab le syntax
GHCallowsmostkindsof built-in syntaxto bereboundby theuser, to facilitatereplacingthe
Prelude with a home-grown version,for example.

You maywantto defineyourown numericclasshierarchy. It completelydefeatsthatpurposeif the
literal "1" means"Prelude.fromInteger 1", which is whattheHaskell Reportspecifies.Sothe
-fno-implicit-prelude flagcausesthefollowing piecesof built-in syntaxto referto whatever is
in scope, not thePreludeversions:
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• Integerandfractionalliteralsmean"fromInteger 1" and"fromRational 3.2 ", not the
Prelude-qualifiedversions;bothin expressionsandin patterns.

• Negation(e.g."- (f x) ") means"negate (f x) " (not Prelude.negate ).

• In ann+k pattern,thestandardPreludeOrd classis still usedfor comparison,but thenecessary
subtractionuseswhatever"(-) " is in scope(not "Prelude.(-) ").

• "Do" notationis translatedusingwhatever functions(>>=) , (>>) , fail , andreturn , arein
scope(not thePreludeversions).List comprehensions,andparallelarraycomprehensions,are
unaffected.

Bewarned:this is anexperimentalfacility, with fewerchecksthanusual.In particular, it is essential
thatthefunctionsGHCfindsin scopemusthave theappropriatetypes,namely:

fromInteger :: forall a. (...) => Integer -> a
fromRational :: forall a. (...) => Rational -> a
negate :: forall a. (...) => a -> a
(-) :: forall a. (...) => a -> a -> a
(>>=) :: forall m a. (...) => m a -> (a -> m b) -> m b
(>>) :: forall m a. (...) => m a -> m b -> m b
return :: forall m a. (...) => a -> m a
fail :: forall m a. (...) => String -> m a

(The(...) partcanbeany context includingtheemptycontext; thatpartis up to you.) If thefunctions
don’t havetheright type,verypeculiarthingsmayhappen.Use-dcore-lint to typecheckthe
desugaredprogram.If CoreLint is happy you shouldbeall right.

7.6. Pragmas
GHCsupportsseveralpragmas,or instructionsto thecompilerplacedin thesourcecode.Pragmas
don’t normallyaffect themeaningof theprogram,but they might affect theefficiency of the
generatedcode.

Pragmasall take theform {-# word ... #-} whereword indicatesthetypeof pragma,andis
followedoptionallyby informationspecificto thattypeof pragma.Caseis ignoredin word. The
variousvaluesfor word thatGHCunderstandsaredescribedin thefollowing sections;any pragma
encounteredwith anunrecognisedword is (silently) ignored.

7.6.1. 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.
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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:

#ifdef __GLASGOW_HASKELL__
{-# INLINE thenUs #-}
{-# INLINE returnUs #-}
#endif

7.6.2. NOINLINE pragma
TheNOINLINE pragmadoesexactlywhatyou’d expect:it stopsthenamedfunctionfrom being
inlined by thecompiler. Youshouldn’t everneedto do this,unlessyou’reverycautiousaboutcode
size.

NOTINLINE is asynonym for NOINLINE (NOTINLINE is specifiedby Haskell 98asthestandardway
to disableinlining, soit shouldbeusedif youwantyourcodeto beportable).

7.6.3. 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 #-}
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To getvery fancy, you canalsospecifyanamedfunctionto usefor thespecialisedvalue,asin:

{-# RULES hammeredLookup = blah #-}

whereblah is animplementationof hammerdLookup writtenspecialyfor Widget lookups.It’s
Your Responsibilityto makesurethatblah reallybehavesasaspecialisedversionof
hammeredLookup !!!

Notewe usetheRULEpragmahereto indicatethathammeredLookup appliedat acertaintype
shouldbereplacedby blah . SeeSection7.6.6for moreinformationon RULES.

An examplein whichusingRULESfor specialisationwill 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.

A SPECIALIZE pragmafor a functioncanbeputanywhereits typesignaturecouldbeput.

7.6.4. SPECIALIZE instance pragma
Sameidea,exceptfor instancedeclarations.For example:

instance (Eq a) => Eq (Foo a) where {
{-# SPECIALIZE instance Eq (Foo [(Int, Bar)]) #-}
... usual stuff ...

}

Thepragmamustoccurinsidethewhere partof theinstancedeclaration.

Compatiblewith HBC, by theway, exceptperhapsin theplacementof thepragma.

7.6.5. 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" #-}
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if you’d generatedthecurrentfile from somethingcalledFoo.vhs andthis line correspondsto line
42 in theoriginal.GHCwill adjustits errormessagesto referto theline/file namedin theLINE

pragma.

7.6.6. RULES pragma
TheRULESpragmaletsyou specifyrewrite rules.It is describedin Section7.7.

7.6.7. DEPRECATED pragma
TheDEPRECATED pragmaletsyouspecifythata particularfunction,class,or type,is deprecated.
Therearetwo forms.

• You candeprecateanentiremodulethus:

module Wibble {-# DEPRECATED"Use Wobble instead" #-} where
...

Whenyou compileany modulethatimport Wibble , GHCwill print thespecifiedmessage.

• You candeprecatea function,class,or type,with thefollowing top-level declaration:

{-# DEPRECATEDf, C, T "Don’t use these" #-}

Whenyou compileany modulethatimportsandusesany of thespecifedentities,GHCwill print
thespecifiedmessage.

You cansuppressthewarningswith theflag -fno-warn-deprecations .

7.7. 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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7.7.1. 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 "wrong2" , theLHS hasapatternvariablein the
head.

• A rule doesnotneedto bein thesamemoduleas(any of) thevariablesit mentions,thoughof
coursethey needto bein scope.

• Rulesareautomaticallyexportedfrom a module,just asinstancedeclarationsare.

7.7.2. 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.
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• TheLHS andRHSof a rule aretypechecked,andmusthave thesametype.

• 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 rule will 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.SeeSection7.7.4below.

• 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 and
t , giving anexpressionwhich doesmatch.If s or t was(a)usedmorethanonce,and(b) largeor
a redex, thenit would not besubstituted,andtherule wouldnot fire.

• 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 even
thingson theLHS of rules,but still leavestherulesenabled.This inlining policy is controlledby
theper-simplification-passflag -finline-phase n.

• All rulesareimplicitly exportedfrom themodule,andarethereforein forcein any modulethat
importsthemodulethatdefinedtherule,directlyor indirectly. (Thatis, if A importsB, which
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importsC, thenC’s rulesarein forcewhencompilingA.) Thesituationis verysimilar to thatfor
instancedeclarations.

7.7.3. 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)

• foldr

• map

• filter

• concat

• unzip , unzip2 , unzip3 , unzip4

• zip , zipWith (but on oneargumentonly; if botharegoodproducers,zip will fusewith onebut
not theother)
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• partition

• head

• and , or , any , all

• sequence_

• msum

• sortBy

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.

7.7.4. 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).
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7.7.5. 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]
{-# 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 .

7.8. Generic classes
(Note:supportfor genericclassesis currentlybrokenin GHC5.02).

Theideasbehindthis extensionaredescribedin detail in "Derivabletypeclasses",Ralf Hinzeand
SimonPeytonJones,Haskell Workshop,MontrealSept2000,pp94-105.An examplewill give the
idea:

import Generics

class Bin a where
toBin :: a -> [Int]
fromBin :: [Int] -> (a, [Int])

toBin {| Unit |} Unit = []
toBin {| a :+: b |} (Inl x) = 0 : toBin x
toBin {| a :+: b |} (Inr y) = 1 : toBin y
toBin {| a :*: b |} (x :*: y) = toBin x ++ toBin y

fromBin {| Unit |} bs = (Unit, bs)
fromBin {| a :+: b |} (0:bs) = (Inl x, bs’) where (x,bs’) = fromBin bs
fromBin {| a :+: b |} (1:bs) = (Inr y, bs’) where (y,bs’) = fromBin bs
fromBin {| a :*: b |} bs = (x :*: y, bs”) where (x,bs’ ) = fromBin bs

(y,bs”) = fromBin bs’
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This classdeclarationexplainshow toBin andfromBin work for arbitrarydatatypes.They do so
by giving casesfor unit, product,andsum,whicharedefinedthusin thelibrary moduleGenerics :

data Unit = Unit
data a :+: b = Inl a | Inr b
data a :*: b = a :*: b

Now you canmakea datatypeinto aninstanceof Bin like this:

instance (Bin a, Bin b) => Bin (a,b)
instance Bin a => Bin [a]

Thatis, just leaveoff the"where"clasuse.Of course,youcanput in thewhereclauseandover-ride
whichevermethodsyouplease.

7.8.1. Using generics
To usegenericsyou needto

• Usetheflags-fglasgow-exts (to enabletheextrasyntax),-fgenerics (to generateextra
per-data-typecode),and-package lang (to make theGenerics library available.

• Import themoduleGenerics from the lang package.This importbringsinto scopethedata
typesUnit , :*: , and:+: . (Youdon’t needthis import if youdon’t mentionthesetypesexplicitly;
for example,if youaresimply giving instancedeclarations.)

7.8.2. Chang es wr t the paper
Notethatthetypeconstructors:+: and:*: canbewritten infix (indeed,youcannow useany
operatorstartingin acolonasaninfix typeconstructor).Also notethatthetypeconstructorsarenot
exactly asin thepaper(Unit insteadof 1, etc).Finally, notethatthesyntaxof thetypepatternsin the
classdeclarationuses"{| " and"|} " brackets;curly bracesalonewould ambiguouswhenthey
appearon right handsides(anextensionwe anticipatewanting).

7.8.3. Terminology and restrictions
Terminology. A "genericdefaultmethod"in a classdeclarationis onethatis definedusingtype
patternsasabove.A "polymorphicdefaultmethod"is a defaultmethoddefinedasin Haskell 98.A
"genericclassdeclaration"is a classdeclarationwith at leastonegenericdefaultmethod.

Restrictions:

• Alas,we donot yet implementthestuff aboutconstructornamesandfield labels.

• A genericclasscanhaveonly oneparameter;youcan’t haveagenericmulti-parameterclass.
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• A defaultmethodmustbedefinedentirelyusingtypepatterns,or entirelywithout.Sothis is
illegal:

class Foo a where
op :: a -> (a, Bool)
op {| Unit |} Unit = (Unit, True)
op x = (x, False)

However it is perfectlyOK for somemethodsof a genericclassto havegenericdefaultmethods
andothersto havepolymorphicdefaultmethods.

• Thetypevariable(s)in thetypepatternfor agenericmethoddeclarationscopeover theright hand
side.Sothis is legal (notetheuseof thetypevariable“p” in a typesignatureontheright handside:

class Foo a where
op :: a -> Bool
op {| p :*: q |} (x :*: y) = op (x :: p)
...

• Thetypepatternsin agenericdefaultmethodmusttakeoneof theforms:

a :+: b
a :*: b
Unit

where"a" and"b" aretypevariables.Furthermore,all thetypepatternsfor a singletype
constructor(:*: , say)mustbeidentical;they mustusethesametypevariables.Sothis is illegal:

class Foo a where
op :: a -> Bool
op {| a :+: b |} (Inl x) = True
op {| p :+: q |} (Inr y) = False

Thetypepatternsmustbeidentical,evenin equationsfor differentmethodsof theclass.Sothis
too is illegal:

class Foo a where
op1 :: a -> Bool
op1 {| a :*: b |} (x :*: y) = True

op2 :: a -> Bool
op2 {| p :*: q |} (x :*: y) = False

(Thereasonfor this restrictionis thatwe gatherall theequationsfor a particulartypeconsructor
into a singlegenericinstancedeclaration.)

• A genericmethoddeclarationmustgivea casefor eachof thethreetypeconstructors.

• Thetypefor a genericmethodcanbebuilt only from:

• Functionarrows

• Typevariables

• Tuples
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• Arbitrary typesnot involving typevariables

Herearesomeexampletypesignaturesfor genericmethods:

op1 :: a -> Bool
op2 :: Bool -> (a,Bool)
op3 :: [Int] -> a -> a
op4 :: [a] -> Bool

Here,op1,op2,op3areOK, but op4is rejected,becauseit hasa typevariableinsidea list.

This restrictionis animplementationrestriction:we just havn’t got aroundto implementingthe
necessarybidirectionalmapsoverarbitrarytypeconstructors.It would berelatively easyto add
specifictypeconstructors,suchasMaybeandlist, to theonesthatareallowed.

• In aninstancedeclarationfor a genericclass,theideais thatthecompilerwill fill in themethods
for you,basedon thegenerictemplates.However it canonly do soif

• Theinstancetypeis simple(a typeconstructorappliedto typevariables,asin Haskell 98).

• No constructorof theinstancetypehasunboxedfields.

(Of course,thesethingscanonly ariseif youarealreadyusingGHCextensions.)However, you
canstill giveaninstancedeclarationsfor typeswhich breaktheserules,providedyougiveexplicit
codeto overrideany genericdefaultmethods.

Theoption-ddump-deriv dumpsincomprehensiblestuff giving detailsof whatthecompilerdoes
with genericdeclarations.

7.8.4. Another example
Justto finishwith, here’sanotherexampleI ratherlike:

class Tag a where
nCons :: a -> Int
nCons {| Unit |} _ = 1
nCons {| a :*: b |} _ = 1
nCons {| a :+: b |} _ = nCons (bot::a) + nCons (bot::b)

tag :: a -> Int
tag {| Unit |} _ = 1
tag {| a :*: b |} _ = 1
tag {| a :+: b |} (Inl x) = tag x
tag {| a :+: b |} (Inr y) = nCons (bot::a) + tag y
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7.9. Generalised derived instances for newtypes
Whenyou defineanabstracttypeusingnewtype , youmaywantthenew typeto inherit some
instancesfrom its representation.In Haskell 98,youcaninherit instancesof Eq, Ord , Enumand
Bounded by deriving them,but for any otherclassesyou haveto write anexplicit instance
declaration.For example,if you define

newtype Dollars = Dollars Int

andyouwantto usearithmeticonDollars , youhave to explicitly defineaninstanceof Num:

instance Num Dollars where
Dollars a + Dollars b = Dollars (a+b)
...

All theinstancedoesis applyandremovethenewtype constructor. It is particularlygalling that,
sincetheconstructordoesn’t appearat run-time,this instancedeclarationdefinesa dictionarywhich
is wholly equivalentto the Int dictionary, only slower!

7.9.1. Generalising the deriving clause
GHCnow permitssuchinstancesto bederivedinstead,soonecanwrite

newtype Dollars = Dollars Int deriving (Eq,Show,Num)

andtheimplementationusesthesameNumdictionaryfor Dollars asfor Int . Notionally, the
compilerderivesaninstancedeclarationof theform

instance Num Int => Num Dollars

which just addsor removesthenewtype constructoraccordingto thetype.

We canalsoderive instancesof constructorclassesin a similarway. For example,supposewe have
implementedstateandfailuremonadtransformers,suchthat

instance Monad m => Monad (State s m)
instance Monad m => Monad (Failure m)

In Haskell 98,we candefinea parsingmonadby

type Parser tok m a = State [tok] (Failure m) a
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which is automaticallyamonadthanksto theinstancedeclarationsabove.With theextension,we
canmake theparsertypeabstract,without needingto write aninstanceof classMonad, via

newtype Parser tok m a = Parser (State [tok] (Failure m) a)
deriving Monad

In this casethederivedinstancedeclarationis of theform

instance Monad (State [tok] (Failure m)) => Monad (Parser tok m)

Noticethat,sinceMonad is aconstructorclass,theinstanceis apartial applicationof thenew type,
not theentireleft handside.We canimaginethatthetypedeclarationis “eta-converted”to generate
thecontext of theinstancedeclaration.

We canevenderive instancesof multi-parameterclasses,providedthenewtypeis thelastclass
parameter. In this case,a “partial application”of theclassappearsin thederiving clause.For
example,giventheclass

class StateMonad s m | m -> s where ...
instance Monad m => StateMonad s (State s m) where ...

thenwe canderiveaninstanceof StateMonad for Parser sby

newtype Parser tok m a = Parser (State [tok] (Failure m) a)
deriving (Monad, StateMonad [tok])

Thederivedinstanceis obtainedby completingtheapplicationof theclassto thenew type:

instance StateMonad [tok] (State [tok] (Failure m)) =>
StateMonad [tok] (Parser tok m)

As a resultof this extension,all derivedinstancesin newtypedeclarationsaretreateduniformly (and
implementedjustby reusingthedictionaryfor therepresentationtype),exceptShow andRead,
which really behavedifferentlyfor thenewtypeandits representation.

7.9.2. A more precise specification
Derivedinstancedeclarationsareconstructedasfollows.Considerthedeclaration(afterexpansion
of any typesynonyms)

newtype T v1...vn = T’ (S t1...tk vk+1...vn) deriving (c1...cm)
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whereS is a typeconstructor, t1...tk aretypes,vk+1...vn aretypevariableswhichdo not occur
in any of the ti , andtheci arepartialapplicationsof classesof theform C t1’...tj’ . The
derivedinstancedeclarationsare,for eachci ,

instance ci (S t1...tk vk+1...v) => ci (T v1...vp)

wherep is chosensothatT v1...vp is of theright kind for thelastparameterof classCi .

As anexamplewhich doesnot work, consider

newtype NonMonad m s = NonMonad (State s m s) deriving Monad

Herewe cannotderive theinstance

instance Monad (State s m) => Monad (NonMonad m)

becausethetypevariables occursin State s m, andsocannotbe"eta-converted"away. It is a
goodthing thatthis deriving clauseis rejected,becauseNonMonad mis not, in fact,a monad---
for thesamereason.Try defining>>= with thecorrecttype:youwon’t beableto.

Noticealsothattheorder of classparametersbecomesimportant,sincewe canonly derive instances
for thelastone.If theStateMonad classabovewereinsteaddefinedas

class StateMonad m s | m -> s where ...

thenwe wouldnot havebeenableto deriveaninstancefor theParser typeabove.We hypothesise
thatmulti-parameterclassesusuallyhaveone"main" parameterfor which deriving new instancesis
mostinteresting.

7.10. 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.
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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. An MPI interfaceis underdevelopmentbut not fully
functional,yet.

ParallelHaskell is still relatively new; it is moreabout“researchfun” thanabout“speed.”Thatwill
change.

ChecktheGPHPage(http://www.cee.hw.ac.uk/~dsg/gph/) for moreinformationon “GPH”
(Haskell98with extensionsfor parallelexecution),thelatestversionof “GUM” (theruntimesystem
to enableparallelexecutions)andpaperson researchissues.A list of publicationsaboutGPHand
aboutGUM is alsoavailablefrom Simon’sWebPage.

SomedetailsaboutParallelHaskell follow. For moreinformationaboutconcurrentHaskell, seethe
moduleControl.Concurrent in thelibrary documentation.

7.10.1. Features specific to Parallel Haskell

7.10.1.1. 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 :
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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.

7.10.1.2. 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
-ddump-simpl option.(Anything for a goodtime.. . )

7.10.1.3. Scheduling polic y for concurrent 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.

7.10.1.4. Scheduling polic y for parallel threads

In GUM we useanunfair scheduler, which meansthata threadcontinuesto performgraphreduction
until it blocksona closureunderevaluation,ona remoteclosureor until thethreadfinishes.
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7.11. Haskell 98 vs. Glasgo w Haskell: langua ge
non-compliance

This sectionlistsGlasgow Haskell infelicities in its implementationof Haskell 98.Seealsothe
“when thingsgo wrong” section(Chapter9) for informationaboutcrashes,spaceleaks,andother
undesirablephenomena.

Thelimitationsherearelistedin Haskell Reportorder(roughly).

7.11.1. Diver gence from Haskell 98

7.11.1.1. Lexical syntax

• TheHaskell reportspecifiesthatprogramsmaybewrittenusingUnicode.GHConly acceptsthe
ISO-8859-1charactersetat themoment.

• Certainlexical rulesregardingqualifiedidentifiersareslightly differentin GHCcomparedto the
Haskell report.Whenyouhavemodule. reservedop, suchasM.\ , GHCwill interpretit asa
singlequalifiedoperatorratherthanthetwo lexemesMand.\ .

• When-fglasgow-exts is on,GHCreservesseveralkeywordsbeginningwith two underscores.
This is dueto thefactthatGHCusesthesamelexical analyserfor interfacefile parsingasit does
for sourcefile parsing,andthesekeywordsareusedin interfacefiles.Do notuseany identifiers
beginningwith a doubleunderscorein -fglasgow-exts mode.

7.11.1.2. Conte xt-free syntax

• GHCdoesn’t do fixity resolutionin expressionsduringparsing.For example,accordingto the
Haskell report,thefollowing expressionis legalHaskell:

let x = 42 in x == 42 == True

andparsesas:

(let x = 42 in x == 42) == True

becauseaccordingto thereport,the let expression“extendsasfar to theright aspossible”.Since
it can’t extendpastthesecondequalssignwithout causinga parseerror(== is non-fix), the
let -expressionmustterminatethere.GHCsimply gobblesup thewholeexpression,parsinglike
this:

(let x = 42 in x == 42 == True)

TheHaskell reportis arguablywronghere,but neverthelessit’sa differencebetweenGHC&
Haskell 98.
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7.11.1.3. 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 (seeSection4.12.3).

7.11.1.4. Declarations and bindings

Noneknown.

7.11.1.5. 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 maybecomprehensively screwed.

7.11.1.6. Number s, basic types, and built-in classes

Multiply-definedarrayelements—notchecked:

This codefragmentshouldelicit a fatalerror, but it doesnot:

main = print (array (1,1) [(1,2), (1,3)])

7.11.1.7. In Prelude suppor t

TheChar type

TheHaskell reportsaysthattheChar typeholds16 bits.GHCfollowstheISO-10646standard
a little moreclosely:maxBound :: Char in GHC is 0x10FFFF .

Arbitrary-sizedtuples:

Tuplesarecurrentlylimited to size61.HOWEVER:standardinstancesfor tuples(Eq, Ord ,
Bounded , Ix Read, andShow) areavailableonly up to 5-tuples.

This limitation is easilysubvertible,sopleaseaskif yougetstuckon it.
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7.11.2. GHC’s interpretation of undefined behaviour in Haskell 98
This sectiondocumentsGHC’s take onvariousissuesthatareleft undefinedor implementation
specificin Haskell 98.

Sizedintegral types

In GHCthe Int typefollows thesizeof anaddresson thehostarchitecture;in otherwordsit
holds32 bitson a 32-bitmachine,and64-bitson a64-bitmachine.

Arithmeticon Int is uncheckedfor overflow, soall operationson Int happenmodulo2n where
n is thesizein bits of the Int type.

The fromInteger function(andhencealsofromIntegral ) is a specialcasewhenconverting
to Int . Thevalueof fromIntegral x :: Int is givenby takingthelowern bitsof (abs

x) , multipliedby thesignof x (in 2’scomplementn-bit arithmetic).Thisbehaviour waschosen
sothatfor examplewriting 0xffffffff :: Int preservesthebit-patternin theresultingInt .

Negative literals,suchas-3 , arespecifiedby (acarefulreadingof) theHaskell Reportas
meaningPrelude.negate (Prelude.fromInteger 3) . So-2147483648 meansnegate

(fromInteger 2147483648) . SincefromInteger takesthelower32 bits of the
representation,fromInteger (2147483648::Integer) , computedat type Int is
-2147483648::Int . Thenegate operationthenoverflows,but it is unchecked,sonegate

(-2147483648::Int) is just -2147483648 . In short,onecanwrite minBound::Int asa
literal with theexpectedmeaning(but thatis not in generalguaranteed.

The fromIntegral functionalsopreservesbit-patternswhenconvertingbetweenthesized
integral types(Int8 , Int16 , Int32 , Int64 andtheunsignedWord variants),seethemodules
Data.Int andData.Word in thelibrary documentation.

Uncheckedfloatarithmetic

Operationson Float andDouble numbersareunchecked for overflow, underflow, andother
sadoccurrences.(note,however thatsomearchitecturestrapfloating-pointoverflow and
loss-of-precisionandreportafloating-pointexception,probablyterminatingtheprogram).
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Chapter 8. Foreign function interface (FFI)
GHC(mostly)conformsto theHaskell 98 ForeignFunctionInterfaceAddendum1.0,whose
definitionis availablefrom http://haskell.org/ . TheFFI supportin GHCdivergesfrom the
Addendumin thefollowing ways:

• Theroutineshs_init() , hs_exit() , andhs_set_argv() from Chapter6.1of theAddendum
arenot supportedyet.

• Syntacticformsandlibrary functionsproposedin earlierversionsof theFFI arestill supportedfor
backwardscompatibility.

• GHCimplementsanumberof GHC-specificextensionsto theFFI Addendum.Theseextensions
aredescribedin Section8.1, but pleasenotethatprogramsusingthesefeaturesarenot portable.
Hence,thesefeaturesshouldbeavoidedwherepossible.

TheFFI librariesaredocumentedin theaccompanying library documentation;seefor examplethe
Foreign module.

8.1. GHC extensions to the FFI Addendum
TheFFI featuresthataredescribedin this sectionarespecificto GHC.Avoid themwherepossibleto
not compromisetheportabilityof theresultingcode.

8.1.1. Arra ys
ThetypesByteArray andMutableByteArray maybeusedasbasicforeigntypes(seeFFI
Addendum,Section3.2).In C land,they mapto (char *) .

8.1.2. Unboxed types
Thefollowing unboxedtypesmaybeusedasbasicforeigntypes(seeFFI Addendum,Section3.2):
Int# , Word#, Char# , Float# , Double# , Addr# , StablePtr# a, MutableByteArray# ,
ForeignObj# , andByteArray# .

8.2. Using the FFI with GHC
Thefollowing sectionsalsogivesomehintsandtipson theuseof theforeignfunctioninterfacein
GHC.
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8.2.1. Using foreign export and foreign import ccall

"wrapper" with GHC
WhenGHCcompilesamodule(sayM.hs ) which usesforeign export or foreign import

"wrapper" , it generatestwo additionalfiles,M_stub.c andM_stub.h . GHCwill automatically
compileM_stub.c to generateM_stub.o at thesametime.

For a plain foreign export , thefile M_stub.h containsaC prototypefor theforeignexported
function,andM_stub.c containsits definition.For example,if wecompilethefollowing module:

module Foo where

foreign export ccall foo :: Int -> IO Int

foo :: Int -> IO Int
foo n = return (length (f n))

f :: Int -> [Int]
f 0 = []
f n = n:(f (n-1))

ThenFoo_stub.h will containsomethinglike this:

#include "HsFFI.h"
extern HsInt foo(HsInt a0);

andFoo_stub.c containsthecompiler-generateddefinitionof foo() . To invoke foo() from C,
just #include "Foo_stub.h" andcall foo() .

8.2.1.1. Using your own main()

Normally, GHC’s runtimesystemprovidesamain() , which arrangesto invokeMain.main in the
Haskell program.However, youmightwantto link someHaskell codeinto a programwhichhasa
mainfunctionwritten in anotherlanguagem,sayC. In orderto do this,youhave to initialize the
Haskell runtimesystemexplicitly.

Let’s take theexamplefrom above,andinvoke it from a standaloneC program.Here’s theC code:

#include <stdio.h>
#include "foo_stub.h"

#include "RtsAPI.h"

extern void __stginit_Foo ( void );

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

int i;
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startupHaskell(argc, argv, __stginit_Foo);

for (i = 0; i < 5; i++) {
printf("%d\n", foo(2500));

}

shutdownHaskell();

return 0;
}

Thecall to startupHaskell() initializesGHC’s runtimesystem.Do NOT try to invokeany
Haskell functionsbeforecalling startupHaskell() : strangethingswill undoubtedlyhappen.

We passargc andargv to startupHaskell() sothatit canseparateout any argumentsfor the
RTS (i.e. thoseargumentsbetween+RTS...-RTS ).

Thethird argumentto startupHaskell() is usedfor initializing theHaskell modulesin the
program.It mustbethenameof theinitialization functionfor the"top" modulein the
program/library- in otherwords,themodulewhich directlyor indirectly importsall theother
Haskell modulesin theprogram.In a standaloneHaskell programthis wouldbemoduleMain , but
whenyouareonly usingtheHaskell codeasa library it maynotbe.If your library doesn’t havesuch
a module,thenit is straightforwardto createone,purelyfor this initializationprocess.Thenameof
theinitialization functionfor moduleM is __stginit_ M , andit maybedeclaredasanexternal
functionsymbolasin thecodeabove.

After we’vefinishedinvokingourHaskell functions,wecancall shutdownHaskell() , which
terminatestheRTS. It runsany outstandingfinalizersandgeneratesany profiling or statsoutputthat
might havebeenrequested.

ThefunctionsstartupHaskell() andshutdownHaskell() maybecalledonly onceeach,and
only in thatorder.

NOTE: whenlinking thefinal program,it is normallyeasiestto do thelink usingGHC,althoughthis
isn’t essential.If youdo useGHC,thendon’t forgettheflag -no-hs-main , otherwiseGHCwill try
to link to theMain Haskell module.

8.2.1.2. Using foreign import ccall "wrapper" with GHC

Whenforeign import ccall "wrapper" is usedin a Haskell module,TheC stubfile
M_stub.c generatedby GHCcontainssmallhelperfunctionsusedby thecodegeneratedfor the
importedwrapper, soit mustbelinkedin to thefinal program.Whenlinking theprogram,remember
to includeM_stub.o in thefinal link commandline, or you’ll get link errorsfor themissing
function(s)(this isn’t necessarywhenbuilding yourprogramwith ghc --make , asGHCwill
automaticallylink in thecorrectbits).
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8.2.2. Using function header s
WhengeneratingC (usingthe-fvia-C directive),onecanassisttheC compilerin detectingtype
errorsby usingthe-#include directive(Section4.12.5) to provide .h filescontainingfunction
headers.

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 theH98 FFI Addendum.

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.
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If you still haveaproblemafterconsultingthis section,thenyou mayhave founda bug—please
reportit! SeeSection1.2 for detailson how to reportabug anda list of thingswe’d like to know
aboutyourbug. If in doubt,sendareport—welovemail from irateusers:-!

(Section7.11, whichdescribesGlasgow Haskell’s shortcomingsvs. theHaskell languagedefinition,
mayalsobeof interest.)

9.1. When the compiler “does the wrong thing”

“Help! Thecompilercrashed(or ‘panic’d)!”

Theseeventsarealwaysbugsin theGHCsystem—pleasereportthem.

“This is a terribleerrormessage.”

If you think thatGHCcouldhaveproduceda bettererrormessage,pleasereportit asa bug.

“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.
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“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.

9.2. When your program “does the wrong thing”
(For adviceaboutoverly slow or memory-hungryHaskell programs,pleaseseeChapter6).

“Help! My programcrashed!”

(e.g.,a ‘segmentationfault’ or ‘coredumped’)

If yourprogramhasno foreigncallsin it, andnocallsto known-unsafefunctions(suchas
unsafePerformIO ) thena crashis alwaysa BUG in theGHCsystem,exceptin onecase:If
yourprogramis madeof severalmodules,eachmodulemusthavebeencompiledafterany
moduleson which it depends(unlessyouuse.hi-boot files, in which casethesemustbe
correctwith 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
Section4.9.6.1.

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.

210



Chapter9. Whatto do whensomethinggoeswrong

“My programenteredan‘absent’argument.”

This is definitelycausedby abug in GHC.Pleasereportit (seeSection1.2).

“What’swith this ‘arithmetic(or ‘floating’) exception’”?

Int , Float , andDouble arithmeticis unchecked. Overflows,underflowsandlossof precision
areeithersilentor reportedasanexceptionby theoperatingsystem(dependingon the
platform).Divide-by-zeromaycauseanuntrappedexception(pleasereportit if it does).
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Chapter 10. Other Haskell utility programs
This sectiondescribesotherprogram(s)which wedistribute,thathelpwith theGreatHaskell
ProgrammingTask.

10.1. Ctags and Etags for Haskell: haskta gs
hasktagsis a verysimpleHaskell programthatproducesctags"tags"andetags"TAGS"files for
Haskell programs.

Whenloadedinto aneditorsuchanNEdit, Vim, or Emacs,thisallowsoneto easilynavigatearound
a multi-file program,findingdefinitionsof functions,types,andconstructors.

InvocationSyntax:

hasktags files

This will readall thefiles listedin files andproducea ctags"tags"file andanetags"TAGS" file in
thecurrentdirectory.

Exampleusage

find -name \*.\*hs | xargs hasktags

This will find all haskell sourcefiles in thecurrentdirectoryandbelow, andcreatetagsfiles indexing
themin thecurrentdirectory.

hasktagsis a simpleprogramthatusessimpleparsingrulesto find definitionsof functions,
constructors,andtypes.It isn’t guranteedto find everything,andwill sometimescreatefalseindex
entries,but it usuallygetsthejob donefairly well. In particular, at present,functionsareonly
indexedif a typesignatureis givenfor them.

Beforehasktags,thereusedto befptags andhstags, whichdid essentiallythesamejob, however
neitherof theseseemto bemaintainedany more.

10.1.1. Using tags with your editor
With NEdit, loadthe"tags"file using"File/LoadTagsFile". Use"Ctrl-D" to searchfor a tag.

With XEmacs,loadthe"TAGS" file using"visit-tags-table".Use"M-." to searchfor a tag.
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10.2. “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.

10.3. Writing Haskell interfaces to C code: hsc2hs
Thehsc2hscommandcanbeusedto automatesomepartsof theprocessof writing Haskell bindings
to C code.It readsanalmost-Haskell sourcewith embeddedspecialconstructs,andoutputsa real
Haskell file with theseconstructsprocessed,basedon informationtakenfrom someC headers.The
extra constructsdealwith accessingC datafrom Haskell.

It mayalsooutputa C file whichcontainsadditionalC functionsto belinkedinto theprogram,
togetherwith a C headerthatgetsincludedinto theC codeto which theHaskell modulewill be
compiled(whencompiledvia C) andinto theC file. Thesetwo filesarecreatedwhenthe#def

constructis used(seebelow).

Actually hsc2hsdoesnot outputtheHaskell file directly. It createsaC programthatincludesthe
headers,getsautomaticallycompiledandrun.ThatprogramoutputstheHaskell code.

In thefollowing, “Haskell file” is themainoutput(usuallya .hs file), “compiledHaskell file” is the
Haskell file afterghchascompiledit to C (i.e. a .hc file), “C program”is theprogramthatoutputs
theHaskell file, “C file” is theoptionallygeneratedC file, and“C header”is its headerfile.

10.3.1. Command line syntax
hsc2hstakesinputfilesasarguments,andflagsthatmodify its behavior:

-t FILE or --template=FILE

Thetemplatefile (seebelow).

-c PROGor --cc=PROG

TheC compilerto use(default:ghc)

-l PROGor --ld=PROG

Thelinker to use(default:gcc).

-C FLAGor --cflag=FLAG

An extraflag to passto theC compiler.
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-I DIR

Passedto theC compiler.

-L FLAGor --lflag=FLAG

An extraflag to passto thelinker.

-i FILE or --include=FILE

As if theappropriate#include directivewasplacedin thesource.

-D NAME[=VALUE] or --define=NAME[=VALUE]

As if theappropriate#define directivewasplacedin thesource.

-o FILE or --output=FILE

Nameof theHaskell file.

--help

Displaya summaryof theavailableflags.

--version

Outputversioninformation.

--no-compile

Stopafterwriting out theintermediateC programto disk.Thefile namefor theintermediateC
programis theinputfile namewith .hsc replacedwith _hsc_make.c .

Theinput file shouldendwith .hsc(it shouldbeplainHaskell sourceonly; literateHaskell is not
supportedat themoment).Outputfilesby defaultgetnameswith the .hsc suffix replaced:

.hs Haskell file

_hsc.h C header

_hsc.c C file

TheC programis compiledusingtheHaskell compiler. Thisprovidestheincludepathto HsFFI.h

which is automaticallyincludedinto theC program.

10.3.2. Input syntax
All specialprocessingis triggeredby the# operator. To outputa literal #, write it twice: ##. Inside
stringliteralsandcomments# charactersarenotprocessed.

A # is followedby optionalspacesandtabs,analphanumerickeyword thatdescribesthekind of
processing,andits arguments.Argumentslook like C expressionsseparatedby commas(they are
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not written insideparens).They extendup to thenearestunmatched) , ] or } , or to theendof line if
it occursoutsideany () [] {} ” "" /**/ andis not precededby a backslash.Backslash-newline
pairsarestripped.

In addition#{stuff} is equivalentto #stuff exceptthatit’s self-delimitedandthusneedsnot to
beplacedat theendof line or in somebrackets.

Meaningsof specifickeywords:

#include <file.h>

#include "file.h"

Thespecifiedfile getsincludedinto theC program,thecompiledHaskell file, andtheC header.
<HsFFI.h> is includedautomatically.

#define name

#define name value

#undef name

Similar to #include . Notethat#includes and#defines maybeput in thesamefile twice
sothey shouldnotassumeotherwise.

#let name parameters = "definition"

Definesamacroto beappliedto theHaskell source.Parameternamesarecomma-separated,not
insideparens.Suchmacrois invokedasother#-constructs,startingwith #name. Thedefinition
will beput in theC programinsideparensasargumentsof printf . To referto a parameter,
closethequote,put aparameternameandopenthequoteagain,to let C stringliterals
concatenate.Or useprintf ’s formatdirectives.Valuesof argumentsmustbegivenasstrings,
unlessthemacrostringifiesthemitself usingtheC preprocessor’s#parameter syntax.

#def C_definition

Thedefinition(of a function,variable,structor typedef)is written to theC file, andits
prototypeor externdeclarationto theC header. Inline functionsarehandledcorrectly. struct
definitionsandtypedefsarewritten to theC programtoo.The inline , struct or typedef

keywordmustcomejust afterdef .

#if condition

#ifdef name

#ifndef name

#elif condition

#else

#endif

#error message

#warning message

Conditionalcompilationdirectivesarepassedunmodifiedto theC program,C file, andC
header. Puttingthemin theC programmeansthatappropriatepartsof theHaskell file will be
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skipped.

#const C_expression

Theexpressionmustbeconvertibleto long or unsigned long . Its value(literal or negated
literal) will beoutput.

#const_str C_expression

Theexpressionmustbeconvertibleto constcharpointer. Its value(stringliteral) will beoutput.

#type C_type

A Haskell equivalentof theC numerictypewill beoutput.It will beoneof
{Int,Word}{8,16,32,64} , Float , Double , LDouble .

#peek struct_type, field

A functionthatpeeksafield of a C structwill beoutput.It will havethetypeStorable b =>

Ptr a -> IO b. Theintentionis that#peek and#poke canbeusedfor implementingthe
operationsof classStorable for a givenC struct(seetheForeign.Storable modulein the
library documentation).

#poke struct_type, field

Similarly for poke.It will have thetypeStorable b => Ptr a -> b -> IO () .

#ptr struct_type, field

Makesapointerto a field struct.It will havethetypePtr a -> Ptr b.

#enum type, constructor, value, value, ...

A shortcutfor multipledefinitionswhichuse#const . Eachvalue is a nameof a C integer
constant,e.g.enumerationvalue.Thenamewill betranslatedto Haskell by makingeachletter
following anunderscoreuppercase,makingall therestlowercase,andremoving underscores.
You cansupplya differenttranslationby writing hs_name = c_value insteadof avalue , in
which casec_value maybeanarbitraryexpression.Thehs_name will bedefinedashaving
thespecifiedtype . Its definitionis thespecifiedconstructor (which in factmaybean
expressionor beempty)appliedto theappropriateintegervalue.Youcanhavemultiple#enum

definitionswith thesametype ; thisconstructdoesnotemit thetypedefinitionitself.

10.3.3. Custom constructs
#const , #type , #peek , #poke and#ptr arenot hardwiredinto thehsc2hs, but aredefinedin aC
templatethatis includedin theC program:template-hsc.h . Customconstructsandtemplatescan
beusedtoo.Any #-constructwith unknown key is expectedto behandledby a C template.

A C templateshoulddefineamacroor functionwith nameprefixedby hsc_ thathandlesthe
constructby emittingtheexpansionto stdout.Seetemplate-hsc.h for examples.
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Suchmacroscanalsobedefineddirectly in thesource.They areusefulfor makinga#let -like
macrowhoseexpansionusesother#let macros.Plain#let prependshsc_ to themacronameand
wrapsthedefininitionin a printf call.
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OnWin32 platforms,thecompileris capableof bothproducingandusingdynamiclink libraries
(DLLs) containingghc-compiledcode.Thissectionshowsyou how to makeuseof this facility.

Until recently, strip didn’t work reliably onDLLs, soyoushouldtestyourversionwith care,or
makesureyouhave thelatestbinutils.Unfortunately, wedon’t know exactlywhich versionof
binutils curedtheproblem(it wassupposedlyfixedsomeyearsago).

11.1. 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 4608 May 3 17:11 main.exe*
sh$ ./main
hello, world!
sh$

will giveyoua binaryasbefore,but themain.exe generatedwill usethePreludeandRTS DLLs
insteadof linking themin statically.

4K for a "hello, world" application—notbad,huh?:-)

11.2. 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.
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11.3. Creating a DLL
Makinglibrariesinto DLLsdoesn’t work on Windowsat themoment(andis no longer supported);
however, all themachineryis still there. If you’re interested,contacttheGHC team.Notethat
building an entireHaskell applicationasa DLL is still supported(it’ s just inter-DLL Haskell calls
thatdon’t work). Sealingup yourHaskell library insideaDLL is straightforward;compileup the
objectfiles thatmakeup thelibrary, andthenbuild theDLL by issuingacommandof theform:

ghc --mk-dll -o foo.dll bar.o baz.o wibble.a -lfooble

By feedingtheghccompilerdriver theoption--mk-dll , it will build a DLL ratherthanproducean
executable.TheDLL will consistof all theobjectfilesandarchivesgivenon thecommandline.

To createa ‘static’ DLL, i.e. onethatdoesnot dependon theGHCDLLs, usethe -static when
compilingup yourHaskell codeandbuilding theDLL.

A coupleof thingsto notice:

• SinceDLLs correspondto packages(seeSection4.10) youneedto use-package-name

dll-name whencompilingmodulesthatbelongto a DLL if you’regoingto call themfrom
Haskell. Otherwise,Haskell codethatcallsentrypointsin thatDLL will do soincorrectly, and
crash.For similar reasons,youcanonly compileasinglemoduletreeinto a DLL, as
startupHaskell needsto beableto call its initialisationfunction,andonly takesonesuch
argument(seeSection11.4). Hencethemodulesyoucompileinto a DLL musthavea common
root.

• By default, theentrypointsof all theobjectfileswill beexportedfrom theDLL whenusing
--mk-dll . Shouldyou wantto constrainthis,youcanspecifythemoduledefinitionfile to useon
thecommandline asfollows:

ghc --mk-dll -o .... -optdll--def -optdllMyDef.def

SeeMicrosoft documentationfor details,but amoduledefinitionfile 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 optionalsocreatesanimport 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 .
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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.

11.4. Making DLLs to be called from other langua ges
If you wantto packageup Haskell codeto becalledfrom otherlanguages,suchasVisualBasicor
C++, therearesomeextra thingsit is usefulto know. Thedirty detailsarein theForeignFunction
Interfacedefinition,but it canbetricky to work out how to combinethis with DLL building, so
here’sanexample:

• Useforeign export declarationsto export theHaskell functionsyouwantto call from the
outside.For example,

module Adder where

adder :: Int -> Int -> IO Int -- gratuitous use of IO
adder x y = return (x+y)

foreign export stdcall adder :: Int -> Int -> IO Int

• Compileit up:

ghc -c adder.hs -fglasgow-exts

This will producetwo files,adder.o andadder_stub.o

• compileupa DllMain() thatstartsup theHaskell RTS-––apossibleimplementationis:

#include <windows.h>
#include <Rts.h>

EXTFUN(__stginit_Adder);

static char* args[] = { "ghcDll", NULL };
/* N.B. argv arrays must end with NULL */

BOOL
STDCALL
DllMain

( HANDLE hModule
, DWORDreason
, void* reserved
)

{
if (reason == DLL_PROCESS_ATTACH){

/* By now, the RTS DLL should have been hoisted in, but we need to start it up. */
startupHaskell(1, args, __stginit_Adder);
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return TRUE;
}
return TRUE;

}

Here,Adder is thenameof therootmodulein themoduletree(asmentionedabove,theremustbe
a singlerootmodule,andhencea singlemoduletreein theDLL). Compilethisup:

ghc -c dllMain.c

• ConstructtheDLL:

ghc --mk-dll -o adder.dll adder.o adder_stub.o dllMain.o

• Startusingadder from VBA-––here’show I would Declare it:

Private Declare Function adder Lib "adder.dll" Alias "adder@8"
(ByVal x As Long, ByVal y As Long) As Long

SincethisHaskell DLL dependson acoupleof theDLLs thatcomewith GHC,makesurethat
they arein scope/visible.

Building staticallylinkedDLLs is thesameasin theprevioussection:it sufficesto add-static

to thecommandsusedto compileup theHaskell sourceandbuild theDLL.

222



Chapter 12. GHC FAQ
This sectionhastheanswersto questionsthatgetaskedregularlyon theGHCmailing lists, in no
particularorder. Pleaselet usknow if you think there’sa question/answerthatshouldbeaddedhere.

How do I portGHCto platformX?

Therearetwo distinctpossibilities:either

• Thehardwarearchitecturefor yoursystemis alreadysupportedby GHC,but you’rerunning
anOSthatisn’t supported(or perhapshasbeensupportedin thepast,but currentlyisn’t).
This is theeasiesttypeof portingjob, but it still requiressomecarefulbootstrapping.

• Your system’shardwarearchitectureisn’t supportedby GHC.This will beamoredifficult
port (thoughby comparisonperhapsnot asdifficult asportinggcc).

Both waysrequireyou to bootrapfrom intermediateHCfiles: thesearethestylisedC files
generatedby GHCwhenit compilesHaskell source.Basicallytheideais to take theHC files
for GHC itself to thetargetmachineandcompilethemwith gcc to geta working GHC,andgo
from there.

TheBuilding Guide(http://www.haskell.org/ghc/latest/building/building-guide.html)hasall the
detailson how to bootstrapGHCon a new platform.

Why doesn’t GHCusesharedlibraries?

Thesubjectof sharedlibrarieshascomeup severaltimesin thepast— takea look throughthe
mailing-list archivesfor someof thepreviousdiscussions.Theupshotis thatsharedlibraries
wouldn’t reallybuy muchunlessyou really needto save thediskspace:in all other
considerations,staticlinking comesout better.

UnfortunatelyGHC-compiledlibrariesarevery tightly coupled,which meansit’sunlikely
you’d beableto swapout asharedlibrary for a newerversionunlessit wascompiledwith
exactly thesamecompilerandsetof librariesastheold version.

I can’t getstringgapsto work

If you’realsousingCPP, bewareof theknown pitfall with stringgapsmentionedin Section
4.12.3.1.

GHCi complainsaboutmissingsymbolslike CC_LIST whenloadingapreviouslycompiled.o file.

Thisprobablymeansthe.o files in questionwerecompiledfor profiling (with -prof ).
Workaround:recompilethemwithoutprofiling. We really oughtto detectthis situationandgive
a propererrormessage.
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Linking a programcausesthefollowing erroron Linux: /usr/bin/ld: cannot open -lgmp:

No such file or directory

Theproblemis thatyoursystemdoesn’t have theGMP library installed.If this is a RedHat
distribution, install theRedHat-suppliedgmp-devel package,andthegmppackageif youdon’t
alreadyhave it. TherehavebeenreportsthatinstallingtheRedHatpackagesalsoworksfor
SuSE(SuSEdon’t supplya sharedgmplibrary).

I Can’t run GHCi on Linux, becauseit complainsabouta missinglibreadline.so.3 .

The"correct"fix for this problemis to install thecorrectRPMfor theparticularflavourof
Linux on yourmachine.If this isn’t anoption,however, thereis ahackthatmight work: makea
symboliclink from libreadline.so.4 to libreadline.so.3 in /usr/lib . We tried this
on a SuSE7.1boxandit seemedto work, but YMMV.

Solarisusersmaysometimesgetlink errorsdueto librariesneededby GNU Readline.

We suggestyou try linking in somecombinationof the termcap , curses andncurses

libraries,by giving -ltermcap , -lcurses and-lncurses respectively. If youencounterthis
problem,wewould appreciatefeedbackon it, sincewedon’t fully understandwhat’sgoingon
here.

WhenI try to startghci (probablyoneI compiledmyself)it saysghc-5.02: not built for

interactive use

To build a working ghci,youneedto build GHC5.02with itself; theabovemessageappearsif
you build it with 4.08.X,for example.It’ ll still work fine for batch-modecompilation,though.
Notethatyou really mustbuild with exactly thesameversionof thecompiler. Building 5.02
with 5.00.2,for example,mayor maynot givea working interactivesystem;it probablywon’t,
andcertainlyisn’t supported.Notealsothatyoucanbuild 5.02with any oldercompiler, backto
4.08.1,if youdon’t wanta working interactivesystem;that’sOK, andsupported.

WhenI usea foreignfunctionthattakesor returnsafloat, it givesthewronganswer, or crashes.

You shouldusethe -#include optionto bring thecorrectprototypeinto scope(seeSection
4.12.5).

My programthatusesa really largeheapcrashesonWindows.

For utterly horriblereasons,programsthatusemorethan128Mbof heapwon’t work when
compileddynamicallyon Windows(they shouldbefinestaticallycompiled).

GHCdoesn’t likefilenamescontaining+.

Indeednot.Youcouldchange+ to p or plus .

WhenI openaFIFO (namedpipe)andtry to readfrom it, I getEOFimmediately.

This is aconsequenceof thefactthatGHCopenstheFIFO in non-blockingmode.The
behaviour variesfrom OSto OS:onLinux andSolarisyoucanwait for a writer by doingan
explicit threadWaitRead on thefile descriptor(gottenfrom Posix.handleToFd ) beforethe
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first read,but this doesn’t work on FreeBSD(althoughrumourhasit thatrecentversionsof
FreeBSDchangedthebehavour to matchotherOSs).A workaroundfor all systemsis to open
theFIFOfor writing yourself,before(or at thesametimeas)openingit for reading.

WhenI foreign import a functionthatreturnschar or short , I getgarbageback.

This is aknown bug in GHCversionsprior to 5.02.2.GHCdoesn’t maskout themore
significantbits of theresult.It doesn’t manifestwith gcc2.95,but apparentlyshowsup with
g++ andgcc3.0.
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