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The Glasgo w Haskell Compiler License

Copyright 2002, The University Courtof the Universityof Glasgav. All rightsresened.

Redistrilution andusein sourceandbinaryforms,with or without modification,arepermitted
providedthatthefollowing conditionsaremet:

- Redistrilutionsof sourcecodemustretainthe above copyright notice,this list of conditionsand
thefollowing disclaimer

« Redistritutionsin binaryform mustreproduceheabove copyright notice,thislist of conditions
andthefollowing disclaimerin the documentatiorand/orothermaterialsprovidedwith the
distribution.

« Neithernameof the University nor the namesof its contributorsmaybe usedto endorseor
promoteproductsderivedfrom this softwarewithout specificprior written permission.

THIS SOFTWARE IS PROVIDED BY THE UNIVERSITY COURT OF THE UNIVERSITY OF
GLASGOW AND THE CONTRIBUTORS"AS IS" AND ANY EXPRESSORIMPLIED
WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF
MERCHANTABILITY AND FITNESSFORA PARTICULAR PURPOSEARE DISCLAIMED.
IN NO EVENT SHALL THE UNIVERSITY COURT OF THE UNIVERSITY OF GLASGOW OR
THE CONTRIBUTORSBE LIABLE FORANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQJENTIAL DAMA GES(INCLUDING, BUT NOT LIMITED TO,
PROCUREMENTOF SUBSTITUTEGOODSOR SER/ICES; LOSSOF USE,DATA, OR
PROFITS; ORBUSINESSINTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF
LIABILITY , WHETHERIN CONTRACT, STRICTLIABILITY , ORTORT (INCLUDING
NEGLIGENCEOR OTHERWISE) ARISING IN ANY WAY OUT OF THE USEOF THIS
SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.
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Chapter 1. Introduction to GHC

Thisis aguideto usingthe Glasgav Haslell Compiler(GHC): aninteractive andbatchcompilation
systemfor the Haslell 98 (http://www.haslell.org/) language.

GHC hastwo maincomponentsaninteractive Haslell interpreter(alsoknown asGHCi), described
in Chapter3, andabatchcompiler, describedhroughoutChapter. In fact, GHC consistf asingle
programwhichis justrunwith differentoptionsto provide eithertheinteractive or the batchsystem.

Thebatchcompilercanbe usedalongsideGHCi: compiledmodulescanbeloadedinto aninteractive
sessiorandusedin the sameway asinterpreteccode,andin factwhenusingGHCi mostof the
library codewill be pre-compiledThis meansyou getthebestof bothworlds:fastpre-compiled
library code,andfastcompileturnaroundor the partsof your programbeingactively developed.

GHC supportsnumeroudanguagesxtensionsjncluding concurreng, a foreignfunctioninterface,
exceptionstype systemextensionssuchasmulti-parametetype classeslocal universaland
existentialquantificationfunctionaldependenciescopedype variablesandexplicit unboxedtypes.
Theseareall describedn Chapter7.

GHC hasa comprehensie optimiser sowhenyou wantto Really Go For It (andyou've gottimeto
spare)GHC canproduceprettyfastcode.Alternatively, the default optionis to compileasfastas
possiblewhile not makingtoo mucheffort to optimisethe generateadode(althoughGHC probably
isn't whatyou'd describeasafastcompiler:-).

GHC's profiling systemsupports‘cost centrestacks”.a way of seeingthe profile of a Haslell
programin acall-graphlik e structure SeeChapters for moredetails.

GHC comeswith alargecollectionof libraries,with everythingfrom parsercombinatorgo
networking. Thelibrariesaredescribedn separatelocumentation.

1.1. Meta-inf ormation: Web sites, mailing lists, etc.

OntheWorld-Wide Web, thereareseveral URLs of likely interest:

- Haslell homepage(http://www.haslell.org/)
« GHC homepage(http://www.haslell.org/ghc/)
« comp.lang.functionaFAQ (http://www.cs.nott.ac.uk/Departmétaf/mpj/faghtml)

We runthefollowing mailing lists aboutGlasgav Haslell. We encouragegouto join, asyoufeelis
appropriate.

glasgav-haslell-users:

Thislist is for GHC usersto chatamongthemseles.If you have a specificquestionabout
GHC, pleasecheckthe FAQ first (Chapterl2).

15
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list emailaddress:

<glasgow-haskell-users@haskell.org >

subscribeat:

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

adminemailaddress:

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

list archives:

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

glasgav-haslell-bugs:

Sendbug reportsfor GHC to this addressThe sadandlonely peoplewho subscribeo thislist
will museuponwhat’s wrongandwhatyou mightdo aboutit.

list emailaddress:

<glasgow-haskell-bugs@haskell.org >

subscribeat:

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

adminemailaddress:

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

list archves:

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

cvs-ghc:

ThehardcoreGHC developershangout here.Thislist alsogetscommitmessagérom the CVS
repository Thereareseveralothersimilar lists for otherpartsof the CVS repository(eg.
cvs-hslibs  , cvs-happy , cvs-hdirect etc.)

list emailaddress:

<cvs-ghc@haskell.org >

subscribeat:

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

16
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adminemailaddress:

<cvs-ghc-admin@haskell.org >

list archves:

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

Thereareseveralotherhaslell andGHC-relatedmailing lists senedby www.haskell.org . Goto
http://www.haskell.org/mailman/listinfo/ for thefull list.

SomeHaslell-relateddiscussioralsotakesplacein the Usenethewvsgroup
comp.lang.functional

1.2. Reporting bugs in GHC

Glasgav Haslell is achangingsystemsotherearesureto be bugsin it.

To reportabug, either:

« GototheSourelorgeGHC page(http://sourcefoge.net/priects/ghd), goto the“bugs” section,
click on“submit”, andenteryour bug report.You canalsocheckthe outstandingugshereand
searchthearchivesto make sureit hasnt alreadybeenreported Or:

- Email your bug reportto <glasgow-haskell-bugs@haskell.org >,

1.2.1. How do I tell if | should report my bug?

Take alook atthe FAQ (Chapterl2) andChapter9, which will give you someguidanceasto
whetherthe behaiour you're seeings really a bug or not.

If it is abug, thenit might have beenreportedbefore:try searchinghe mailing list archives.The
archivesdon't have a built-in searcHacility, but we find thatGoogle(http://www.google.com/g site
searchworks prettywell: enter” site:zwww.haskell.org " followedby your searchterminto
Google.

If in doubt,justreportit.

1.2.2. What to put in a bug report

Thenameof the bug-reportinggameis: facts facts,facts.Don’t omit thembecauséOh, they won't
beinterested..”

1. Whatkind of machineareyou runningon, andexactly whatversionof the operatingsystemare
you using?(ona Unix systemuname-a or cat /etc/motd will shov thedesirednformation.)

17
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2. Whatversionof GCCareyou using?gcc-v will tell you.

3. Runthesequencef compiles/runghatcausedhe offendingbehaiour, capturingall the

input/outputin a“script” (a UNIX command)r in anEmacsshellwindow. We'd preferto see
thewholething.

4. Besureary Haslell compilationsarerunwith a-v (verboseflag, sowe canseeexactly what

wasrun, whatversionsof thingsyou have, etc.

5. Whatis the programbehaiour thatis wrong,in your opinion?
6. If practical pleasesendenoughsourcefiles for usto duplicatethe problem.

7. If youareaHeroandtrackdown the problemin thecompilation-systensourcespleasesendus

patchegelative to a known releasedrersionof GHC, or wholefiles if you prefer

1.3. GHC version numbering policy

18

As of GHC version4.08,we have adoptedhefollowing policy for numberingGHC versions:

StableReleases

Thesearenumbered.yy.z , whereyy is even andz is the patchlevel number(thetrailing .z
canbeomittedif z is zero).Patchlevelsarebug-fix release®nly, andnever changehe
programmeinterfaceto ary system-suppliedode.However, if youinstallanew patchlevel
overanold oneyouwill needto recompileary codethatwascompiledagainstheold libraries.

Thevalueof __ GLASGOW_HASKELL (seeSection4.12.3 for amajorreleasex.yy.z  isthe
integerxyy .

Snapshots/unstabieleases

We maymake snapshotelease®f the currentdevelopmentsourcegrom time to time, andthe
currentsourcesarealwaysavailablevia the CVS repository(seethe GHC web sitefor details).

Snapshoteleasesrenamedx.yy.YYYYMMDD whereyy is odd, andYYYYMMDI3 the dateof
the sourcedrom which the snapshotwashbuilt. In theory you cancheckoutthe exactsame
sourcedgrom the CVS repositoryusingthis date.

Thevalueof _ GLASGOW_HASKELL for asnapshoteleasds theintegerxyy . You should
neverwrite ary conditionalcodewhich testsfor this value,however: sinceinterfaceschangeon
aday-to-daybasis,andwe don'’t have finer granularityin the valuesof

__ GLASGOW_HASKELL, you shouldonly conditionallycompileusingpredicatesvhich test
whether_ GLASGOW_HASKELL is equalto, laterthan,or earlierthana givenmajorrelease.
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Theversionnumberof your copy of GHC canbefoundby invoking ghc with the--version  flag
(seeSectiond.4).

1.4. Release notes for version 5.04

1.4.1. User-visib le compiler changes

« Full supportfor MacOSX, includingfully optimizedcompilation,hasbeenadded Only a native
codegeneratoandsupportfor -split-objs is still missing.Everythingelseneedamoretesting,
but shouldwork.

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

« Thelatestversionof the FFI specis fully supportedThe syntaxof FFI declarationdhaschanged
accordingly Theold syntaxis still acceptedor thetime being,but will elicit awarningfrom the
compiler

« New option:-F specifiesa userdefinedpreprocessinghaseg(seeSection4.12.4.

- Major overhaulof the heapprofiling subsystemith new facilitiesfor retainerprofiling and
biographicabprofiling (alanhc98,albeitwith a coupleof omissions)The syntaxof theruntime
heap-profilingoptionshaschangedSeeSection5.4.

« Thetypesystemnow supportdull rank-Ntypes(previously only limited rank-2typeswere
supported)SeeSection7.3.9

« Explicit kind annotationg£annow begivenonary bindingoccurrencef atypevariable.See
Section7.3.3

« Thehandlingof type synorymshasbeenrationalised SeeSection7.3.1Q
- Fixesfor severalspacdeaksin thecompileritself (thesefixeswerealsomemgedinto 5.02.3).
« It is now possibleto derive arbitraryclassedor newtypes.SeeSection7.9.

- Deadlockis now anexception,ratherthanareturnstatusirom the schedulerSeethe module
Control.Exception in thelibrary documentatiorior moredetails.

- Thesyntaxandbehaiour of RULEpragmasaschangedlightly. SeeSection7.7.

« Interfacefiles arenow in a binaryformatto reducecompilationtimes.To view aninterfacefile in
plaintext, usethe--show-iface  flag.

« A restrictionontheform of classdeclarationhasbeenlifted. In Haslell 98, it is illegal for class
methodtypesto mentionconstrainton the classtypevariable.eg.

class Seq s a where

19
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elem : Ega=>a-> s a-> Bool

This restrictionhasnow beenlifted in GHC.

« Main threadscannow receve the BlockedOnDeadMVar  exceptionin the sameway asother
threads.

« The-fall-strict flag neverreally worked,andhasbeenremoved.
« Thesyntaxof .hi-boot  filesis now muchclearerandHaslell-like. SeeSection4.9.7.

- Thereisanew flag-fffi ~ whichenabled=FI supportwithoutturningontherestof the GHC
extensions.

« Thesyntaxfor implicit parametebindingshaschangedPreviously thekeywordwith wasusedto
introduceimplicit bindings,but now implicit bindingsmaybeintroducedusinglet (seeSection
7.3.9. As aresultof this, with is nolongerakeyword when-fglasgow-exts is turnedon.

Theoption-fwith  maybeusedto restoretheold behaiour.

« Infix type constructorsarenow allowed,andmustbegin with a colon (aswith dataconstructors).
SeeSection7.3.2

- Thedo-notationsyntaxis now rebindablen the sameway asotherbuilt-in syntax.SeeSection
7.5.4

« Supportfor using“frameworks” on Darwin/MacOSX hasbeenadded Seethe-framework
optionin Sectior4.12.7 andtheframework_dirs  field of a packagespecin Section4.10.4

1.4.2. User-visib le interpreter (GHCIi) changes

« New commands:browse ,:set args ,:set prog ,:show binadings ,and:show modules
(seeSection3.6).

- Thereis amuchmoreflexible mechanisnfor manipulatingthe scopefor expressiondypedatthe
prompt.For example,onecannow have boththePrelude andtheexportsof severalcompiled
modulesin scopeatthesametime. SeeSection3.4.1

« GHCinow supportgoreign  import  "wrapper" FFI declarations.

1.4.3. User-visib le librar y chang es

« GHCisin the proces®f moving to anew hierarchicaketof libraries.At themomentwe have
two setsof libraries,bothdescribedn accompaying documents:

20
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- The“new libraries” which arehierarchicalandconsistof thefollowing packagesbase ,
haskell98 , haskell-src , andnetwork . Broadlyspeakingpase containghePrelude
standardibrariesandmostof the contentof theold lang packageBy default,thebase and
haskell98 packagesreenabled.

. Thehslibs , mostof which arenow deprecatedWherepossiblenew codeshouldbewrittento
usethenew librariesinstead.

Thefollowing librariesin hslibs  have notmovedyet:

- Thepackagesin32 , xlib , graphics , andposix .
. TheEdisonlibrariesin thedata package.

In thelang packagethemodulesTimeExts , DirectoryExts , SystemExts , and
NumExts.

. TheHaXmllibrariesin thetext package.
« Intheutili packagethemodulesviD] Select , Memg Observe , andReadline

All otherlibrariesfrom hslibs  eitherhave equivalentsin the new libraries(seethe hslibs
docsfor details),or werealreadydeprecateéindhencewerenot movedinto the new hierarchy

« TheRead classis how basedn a parsingcombinatodibrary whichis vastly moreefficientthan
thepreviousone.SeethemodulesText.Read . Text.ParserCombinators.ReadP ,and
Text.ParserCombinators.ReadPrec in thelibrary documentation.

The codegeneratedby the compilerfor derivedRead instanceshouldbe muchshorterthan
before.

1.4.4. New experimental features

« Linearimplicit parametersSeeSection7.3.7.

« TheRTS hassupportfor runningin amulti-threadedervironmentandmakingnon-blocking(from
Haslell's point of view) callsto foreign C functionswhich would normally block. To enablethis
behaiour, configurewith the--enable-threaded-rts option.

- Thecompilercannow readin files containingCoresyntax(suchasthoseproducecdby the
-fext-core  option)andcompilethem.Inputfiles with the.hcr file extensionareassumedo
containCoresyntax.
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1.4.5. Internal changes

- Happy 1.13is now requiredto build GHC, becaus@f the changen namesof certainlibraries.

22
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Installingfrom binary distributionsis easiestandrecommendedWhy binaries™BecausésHC s a
Haslell compilerwrittenin Haslell, soyou’ve gotto bootstrapt somehav. We provide
machine-generated-files-from-Haskll for this purposebut it’s really quite a painto usethem.If
you mustbuild GHC from its sourcesusinga binary-distrilutedGHC to do sois a sensiblevay to
proceedFortheotherfptools  programsmary arewritten in Haslell, sobinarydistributionsallow
you to install themwithout having a Haslell compiler)

This guideis in severalparts:

« Installingon Unix-a-likes(Section2.1).
« Installingon Windows (Section2.2).

« Thelayoutof installedfiles (Section2.3). You don't needto know thisto install GHC, but it's
usefulif you arechangingheimplementation.

2.1. Installing on Unix-a-likes

2.1.1. When a platf orm-specific package is available

For certainplatforms,we provide GHC binariespackagedisingthe native packagdormatfor the
platform.Thisis likely to be by far the bestway to install GHC for your platformif oneof these
packagess available,sincedependenciewill automaticallybe handledandthe packagesystem
normally providesa way to uninstallthe packageat a later date.

We generallyprovide the following packages:

RedHator SUSELinux/x86
RPM source& binarypackage$or RedHatand SUSELinux (x86 only) areavailablefor most
majorreleases.

DebianLinux/x86

Debianpackagedor Linux (x86 only), alsofor mostmajorreleases.

FreeBSD/x86
On FreeBSD/x86GHC canbeinstalledusingeitherthe portstree(cd
{usr/ports/lang/ghc && make install ) or from a pre-compiledbackageavailablefrom

your local FreeBSDmirror.

Otherplatform-specifiqpackagesnaybeavailable,checkthe GHC downloadpagefor details.
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2.1.2. GHC binary distrib utions

24

Binary distributionscomein “bundles,”onebundleperfile calledbundl e- pl at f or mtar.gz
(Seethebuilding guidefor the definitionof a platform.) Supposehatyou untara binary-distritution
bundle,thus:

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

Thenyou shouldfind a singledirectory, ghc- ver si on, with thefollowing structure:

Makefile.in

theraw materialfrom which the Makefile ~ will bemade(Section2.1.2.1).

configure

the configurationscript(Section2.1.2.7).

README

Containghisfile summary

INSTALL

Containghis descriptionof how to install the bundle.

ANNOUNCE

Theannouncemennessagéor thebundle.

NEWS
releasenotesfor the bundle—alongerversionof ANNOUNCHE-or GHC, thereleasenotesare
containedn the UserGuideandthisfile isn’t present.

bin/ platform
containsplatform-specifiexecutabldiles to beinvokeddirectly by the user Thesearethefiles
thatmustendup in your path.

lib/  platform

containgplatform-specificsupporffiles for theinstallation.Typically thereis a subdirectoryfor
eachfptools  project,whosenameis the nameof the projectwith its versionnumber For
example for GHC therewould bea sub-directoryghc-x.xx /wherex.xx istheversion
numberof GHCin thebundle.

Thesesub-directoriefhiave thefollowing generaktructure:
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libHSstd.a etc:

supportindibrary archives.

ghc-iface.prl etc:
supportscripts.
import/

(-hi ) for theprelude.

include/

A few C #include files.

share/
containsplatform-independergupportfiles for theinstallation.Again, thereis a sub-directory
for eachfptools  project.

html/

containsHTML documentatioffiles (onesub-directoryperproject).

man/

containsUnix manualpages.

2.1.2.1. Installing

OK, solet’'s assumehatyou have unpacledyour choserbundlesinto a scratchdirectoryfptools
Whatnext? Well, youwill atleastneedto runtheconfigure  scriptby changingyour directoryto
fptools  andtyping ./configure . ThatshouldconvertMakefile.in to Makefile

You cannow eitherstartusingthetoolsin-situ without goingthroughary installationprocessjust
typemake in-place  to setthetoolsup for this. You'll alsowantto addthe pathwhich make will
now echoto your PATHervironmentvariable.This optionis usefulif you simply wantto try outthe
packageand/oryou don't have the necessaryrivileges(or inclination)to properlyinstall thetools
locally. Note thatif you do decideto install the packageproperly’ atalaterdate,you haveto go
throughtheinstallationstepsthatfollow.

Toinstallanfptools  packageyou’ll have to do thefollowing:

1. EdittheMakefile andcheckthesettingsof thefollowing variables:
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platform
the platformyou aregoingto install for.
bindir
thedirectoryin whichto install userinvokablebinaries.
libdir
thedirectoryin whichto install platform-dependerdupportfiles.

datadir

thedirectoryin whichto install platform-independergupportfiles.

infodir

thedirectoryin whichto install Emacsinfo files.

htmldir

thedirectoryin whichto install HTML documentation.
dvidir
thedirectoryin whichto install DVl documentation.

Thevaluesfor thesevariablescanbe setthroughinvocationof the configure scriptthatcomes
with thedistribution, but doingan optical diff to seeif thevaluesmatchyour expectationss
alwaysa Goodldea.

Insteadof running configure, it is perfectlyOK to copyMakef i | e. i n to Makef i | e andsetall
thesevariablesdirectlyyourself Butdoit right!

2.Runmake install . Thisshouldwork with ordinaryUnix make—no needfor fang stuff like
GNU make.

3.rehash (t?cshor zshusers)soyour shellwill seethe new stuff in your bin directory

4. Oncedonetestyour “installation” assuggestedh Section2.1.2.3 Be sureto usea-v option,
soyou canseeexactly whatpathnamed’ s using.If thingsdon't work asexpected checkthelist
of known pitfalls in the building guide.

Wheninstallingthe userinvokablebinaries this installationprocedurewill install GHC as
ghc-x.xx  wherex.xx istheversionnumberof GHC. It will alsomake alink (in thebinary
installationdirectory)from ghc to ghc-x.xx . If youinstall multiple versionsof GHC thenthelast
one“wins”, and“ghc” will invokethelastoneinstalled.You canchangehis manuallyif youwant.
But regardlessghc-x.xx  shouldalwaysinvoke GHC versionx.xx .
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2.1.2.2. What bundles there are

Thereareplentyof “non-basic’GHC bundles.Thefiles for themarecalled
ghc-x.xx- bundl e-pl at f ormtar.gz ,wherethepl at f or mis asabove,andbundl e is oneof
these:

prof :

Profiling with cost-centresYou probablywantthis.

par :

ParallelHaslell featureqsitsontop of PVM). You'll wantthisif you're into thatkind of thing.

gran :

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

ticky

“Ticky-ticky” profiling; very detailedinformationabout‘what happenedvhenl ranthis
program”—reallyfor implementors.

Onelikely scenarids thatyou will grabtwo binarybundles—basicandprofiling. We don't usually
male therest,althoughyou canbuild themyourselffrom a sourcedistribution.

ThevariousGHC bundlesaredesignedo beunpaclkedinto the samedirectory;theninstallingasper
thedirectionsabove will installthewholelot in onego. Note:you mustatleasthave the basicGHC
binarydistribution bundle theseextra bundleswon’t install on their own.

2.1.2.3. Testing that GHC seems to be working

Thewayto dothisis, of courseto compileandrun this program(in afile Main.hs ):

main = putStr  "Hello, world\n"

Compiletheprogram,usingthe-v (verboselag to verify thatlibraries,etc.,arebeingfound
properly:

% ghc -v -0 hello Main.hs

Now runit;

% ./hello
Hello, world!
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Somesimple-hut-profitabletestsareto compileandrunthe notoriousnfib - program,usingdifferent

numerictypes.Startwith nfib  :: Int -> Int , andthentry Integer , Float , Double ,
Rational andperhapgheoverloadedversion.Codefor thisis distributedin
ghc/misc/examples/nfib/ in a sourcedistribution.

For moreinformationon how to “drive” GHC, readon...

2.2. Installing on Windo ws

Gettingthe Glasgav Haslell Compiler(post5.02)to run on Windows platformsis a snap:the
Installshielddoeseverythingyou need.

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

- Downloadthelnstallshieldsetup.exe  from the GHC downloadpagehasiell.org
(http://www.haslell.org/ghc).

« Runsetup.exe . (If youhave apreviousversionof GHC, Installshieldwill offer to "modify", or
"remove” GHC. Choos€é'remove”; thenrunsetup.exe asecondime. Thistimeit shouldoffer
toinstall.)

At this pointyou shouldfind GHCi andthe GHC documentatiorareavailablein your Startmenu
under"Start/Programs/GlasgoHaslell Compiler".

- Thefinal dialoguebox from theinstall procesgells you whereGHC hasbeeninstalled.If you
wantto invoke GHC from a commandine, addthisto your PATH environmentvariable.Usually,
GHC installsinto c:/ghc/ghc-5.02 , thoughthelastpartof this pathdepend®n which version
of GHC you areinstalling,of course.You needto addc:/ghc/ghc-5.02/bin to your pathif yo

« GHCneedsadirectoryin whichto create andlaterdelete temporaryfiles. It usesthe standard
Windows procedureGetTempPath()  to find a suitabledirectory This procedureeturns:

- Thepathin ervironmentvariableTMP, if TMP is set.
. Otherwisethe pathin ervironmentvariableTEMP, if TEMP is set.

- Otherwisethereis a peruserdefaultwhich variesbetweenversionsof Windows.OnNT and
XP-ishversionsjt mightbe:c:\Documents  and Settings\<username>\Local
Settings\Temp
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Themainpointis thatif you don't do anything GHC will work fine; but if youwantto control
wherethedirectoryis, you cando soby settingTMP or TEMP.

« To testthefruits of yourlabour, try now to compilea simpleHaslell program:
bash$ cat main.hs
module Main(main)  where

main = putStrLn "Hello, world!"
bash$ ghc -0 main main.hs

bash$ ./main
Hello, world!
bash$

You do not needthe Cygwin toolchain,or anything else to installandrun GHC.

An installationof GHC requiresabout140M of disk spaceTo run GHC comfortably your machine
shouldhave atleast64M of memory

2.2.2. Moving GHC around

At themoment, GHC installsin afixedplace(c:/ghc/ghc-x.yy , but onceit is installed,you can
freely movetheentireGHC treejustby copying theghc-x.yy  directory (You mayneedto fix up
thelinks in "Start/Programs/GlasgoHaslell Compiler"if you dothis.)

It is OK to put GHC treein a directorywhosepathinvolvesspacesHowever, don’t dothisif youuse
wantto useGHC with the Cygwin tools, becaus&€ygwin cangetconfusedvhenthis happpensWe
havn’t quite got to the bottomof this, but sofaraswe know it's not a problemwith GHC itself.
Neverthelessjustto keeplife simplewe usuallyput GHC in a placewith aspace-fregath.

2.2.3. Installing ghc-win32 FAQ

1.I'm having troublewith symlinks.

Symlinksonly work underCygwin (Section2.1.2.7), sobinariesnotlinkedto the Cygwin DLL, in
particularthosebuilt for Mingwin, will notwork with symlinks.

2.I'm getting“permissiondenied’messagefom therm or mv.

This canhave variouscausestrying to renamea directorywhenan Explorerwindow is openonit
tendsto fail. Closingthewindow generallycuresthe problem,but sometimests causds more
mysteriousandlogging off andbackon or rebootingmaybethe quickestcure.
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2.3. The layout of installed files

This sectiondescribesvhatfiles getinstalledwhere.You don't needto know it if youaresimply
installingGHC, but it is vital informationif you arechangingheimplementation.

GHCis installedin two directorytrees:

Binary directory

known as$(bindir)  , holdsexecutableghattheuseris expectedo invoke. Notably, ghc and
ghci . OnUnix, this directoryis typically somethindik e /usr/local/bin .OnWindows,
however, this directoryis always$(libdir)/bin

Library directory,

known as$(libdir) , holdsall thesupportfiles neededo run GHC. On Unix, this directoryis
usuallysomethindik e /usr/lib/ghc/ghc-5.02

WhenGHC runs,it mustknow whereits library directoryis. It findsthis outin oneof two ways:

« $(libdir) is passedo GHC usingthe-B flag. On Unix (but not Windows), theinstalledghc is
justaone-lineshellscriptthatinvokesthereal GHC, passinga suitable-B flag.[All the
usersuppliedflagsfollow, andalater-B flag overridesanearlierone,soausersuppliedone
wins.]

«  OnWindows (but not Unix), if no-B flagis given,GHC usesa systemcall to find the directoryin
which therunningGHC executabldives,andderivess$(libdir) from that.[Unix lackssucha
systemcall.]

2.3.1. Layout of the librar y director y
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Thelayoutof thelibrary directoryis almostidenticalon Windows andUnix, 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]
erl.exe in32 onl
p Yy
gcc.exe [Win32 only]
ghc-x.xx GHC executable  [Unix only]



ghc-split
ghc-asm

gcc-lib/
specs

cppO0.exe
as.exe
Id.exe

crt0.0
..etc..

libmingw32.a

..etc..
*h
imports/
std/*.hi
lang/*.hi

..etc..

include/

StgMacros.h

..etc...

mingw/*.h

libHSrts.a

libHSstd.a

libHSlang.a
..etc..

HSstd1.0
HSstd2.0
HSlang.o

Notethat:

« OnWin32, the $(libdir)/bin
ghci executablds a .bat
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Asm code splitter
Asm code mangler

[Win32 only] Support files for gcc
gcc configuration

gcc support  binaries

Standard

Standard

Include files
GHC interface files

'std’ library
'lang’ library

C header files
GHC-specific
header files

[Win32 only] Mingwin header files

GHC library archives

GHClibrary linkables
(used by ghci, which does
not grok .a files yet)

directorycontainsuservisible binaries;addit to your PATH The

file which invokesghc .

The GHC executablds the Real Thing (nointerveningshellscriptsor .bat files). Reasonwe
sometimesnvoke GHC with verylong commandines,andcmd.exe (which executesbat files)
truncateghem.[We assumeeoplewon’t invoke ghciwith verylong commandines.]

On Unix, theuserinvokableghc invokes$(libdir)/ghc-

ver si on, passinga suitable-B flag.
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$(libdir) alsocontainssupportbinaries.Thesearenot expectedo be ontheusers PATH but
andareinvokeddirectly by GHC. In the Makefile systemthis directoryis alsocalled
$(libexecdir) , but youare notfreeto changeit. It mustbethe sameas$(libdir)

We distributegcc with the Win32 distribution of GHC, sothatusersdon’t needto install gcc , nor
needto careaboutwhich versionit is. All gcc 's supporffiles arekeptin $(libdir)/gcc-lib/

Similarly, we distributeperl andatouch replacemenftouchy.exe ) with theWin32
distribution of GHC.

Thesupportprogramgghc-split ~ andghc-asm arePerlscripts.Thefirstline says
#l/bin/perl ; on Unix, the scriptis indeedinvokedasa shell script,which invokesPerl;on
Windows, GHC invokes$(libdir)/perl.exe directly, which treatsthe#!/bin/perl asa
commentReasonon Windows we wantto invoke the Perldistributedwith GHC, ratherthan
assumeomeinstalledone.
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GHCi' is GHC'sinteractve ervironment,in which Haslell expressionganbeinteractiely evaluated
andprogramscanbeinterpretedlf you're famililar with Hugs(http://www.haslell.org/hugs/) then
you'll beright athomewith GHCi. However, GHCi alsohassupportfor interactizely loading
compiledcode,aswell assupportingall? the languagesxtensionghat GHC provides.

3.1. Introduction to GHCI

Let's startwith anexampleGHCi sessionYou canfire up GHCi with thecommandyhci :

$ ghci
I_AA N O
[N /A Y GHC Interactive, version 5.04, for Haskell 98.
IAA\' I Y http://www.haskell.org/ghc/
N I_N\ /| Type :? for help.
Loading package base ... linking ... done.
Loading package haskell98 ... linking ... done.
Prelude>

Theremaybea shortpausewhile GHCi loadsthe preludeandstandardibraries,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;emd>  %lt;expr> define a command :%lt;cmd>

‘help, ? display  this list of commands

iinffo [%lt;name>  ..] display  information about the given names
load  %lt;filename> load module(s) and their dependents

‘module  [+/-] [*1%It;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  %dlt;option> unset options

:quit exit GHCi

:1%It;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 GHCcommand line flags can also be set here

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

We'll explain mostof thesecommandsswe go along.For Hugsusersmary thingswork the same
asin Hugs,soyou shouldbe ableto getgoing straightaway.

Haslell expressionganbetypedatthe prompt:

Prelude> 142

3

Prelude> let x =42 in x/ 9
4.666666666666667

Prelude>

GHCi interpretsthewholeline asanexpressiorto evaluate . The expressiormay not spanseveral
lines- assoonasyou pressenter GHCi will attemptto evaluateit.

3.2. Loading sour ce files

34

Supposeve have the following Haslell sourcecode,which we placein afile Main.hs :
main = print  (fac 20)

fac 0
fac n

1
n * fac (n-1)

You cansave Main.hs arywhereyoullike, but if you sare it somavhereotherthanthe current
directory’ thenwe will needto changeto theright directoryin GHCi:

Prelude> :cd dir

wheredi r is thedirectory(or folder) in which you savedMain.hs .
To loada Haslell sourcefile into GHCI, usethe:load command:
Prelude> :load Main

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

GHCi hasloadedthe Main module,andthe prompthaschangedo “*Main> " to indicatethatthe
currentcontext for expressiongypedatthe promptis the Main modulewe justloaded(we’ll explain
whatthe* meandaterin Section3.4.1). Sowe cannow type expressionsnvolving thefunctions
from Main.hs :

*Main> fac 17
355687428096000

Loadinga multi-moduleprogramis just asstraightforvard;just give the nameof the “topmost”
moduleto the:load commandhint::load canbeabbresiatedto:l ). Thetopmostmodulewill
normallybeMain , but it doesnt have to be.GHCi will discoserwhich modulesarerequired,
directly or indirectly, by thetopmostmodule,andloadthemall in dependengordetr

3.2.1. Modules vs. filenames

Question:How doesGHC find thefilenamewhich containsmoduleM? Answer:it looksfor thefile
M.hs , or M.lhs . Thismeanghatfor mostmodulesthe modulenamemustmatchthefilename.lf it
doesnt, GHCiwon't beableto find it.

Thereis oneexceptionto this generarule: whenyou loada programwith :load , or specifyit when
youinvokeghci , you cangive afilenameratherthana modulename.This filenameis loadedif it
exists,andit may containany moduleyoulike. Thisis particularlyconvenientif you have several
Main modulesn the samedirectoryandyou cant call themall Main.hs .

Thesearchpathfor finding sourcefilesis specifiedwith the-i  optiononthe GHCi commandine,
like so:

ghci -i dir ... dir
or it canbesetusingthe:set commandrom within GHCi (seeSection3.7.2*

Oneconsequencef theway thatGHCi follows dependenciet find modulesto loadis thatevery
modulemusthave a sourcefile. The only exceptionto therule is moduleshatcomefrom a package,
includingthePrelude andstandardibrariessuchasliO andComplex . If you attemptto loada
modulefor which GHCi can't find a sourcefile, evenif thereareobjectandinterfacefiles for the
module,you’ll getanerrormessage.

Onefinal note:if youloada modulecalledMain, it mustcontainamain function,justlikein GHC.

3.2.2. Making chang es and recompilation

If you make somechangego the sourcecodeandwantGHCi to recompilethe program give the
reload commandTheprogramwill berecompiledasnecessarywith GHCi doingits bestto
avoid actuallyrecompilingmodulesf their externaldependenciesaven’t changedThis is thesame
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mechanisnwe useto avoid re-compilingmodulesin the batchcompilationsetting(seeSection
4.9.5.

3.3. Loading compiled code

36

Whenyou loada Haslell sourcemoduleinto GHCi, it is normally corvertedto byte-codeandrun
usingtheinterpreterHowever, interpreteccodecanalsorun alongsidecompiledcodein GHCi;
indeed normallywhenGHCi starts,t loadsup a compiledcopy of thebase packagewhich
containsthePrelude .

Why shouldwe wantto run compiledcodeNell, compiledcodeis roughly 10x fasterthan
interpreteccode,but takesabout2x longerto produce(perhapdongerif optimisationis on). Soit
paysto compilethe partsof a programthatarent changingvery often,andusetheinterpreterfor the
codebeingactively developed.

Whenloadingup sourcefiles with :load , GHCilooksfor ary correspondingompiledobijectfiles,
andwill useonein preferenceo interpretingthe sourceif possible For example,supposeave have a
4-moduleprogramconsistingof modulesA, B, C, andD. ModulesB andC bothimport D only, and
A importsbothB & C:

A
[\
B C
\
D

We cancompileD, thenloadthewhole program lik e 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 themessageffom the compiler, we seethatit skippedD, andusedthe objectfile D.o . The
messag&kipping nodul e indicatesthatcompilationfor nodul e isn’'t necessarbecausehe
sourceandeverythingit depend®nis unchangedincethelastcompilation.

At ary time you canusethecommandshow modules to getalist 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 pretendo: usingUnix commandouch onthesourcefile is
handyfor this), thecompilerwill nolongerbeableto usethe objectfile, becausé mightbeout 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 ( Ahs, interpreted )
Ok, modules loaded: A, B, C, D.

*Main>

NotethatmoduleD wascompiled,but in this instancebecauséts sourcehadnt really changedits
interfaceremainedhe same andtherecompilationchecler determinedhatA, B andC didn’t need
to berecompiled.

Solet’stry compilingoneof the othermodules:

*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 getthe compiledversionof C! Whathappened¥Vell, in GHCi a compiledmodulemay
only dependon othercompiledmodules andin this caseC depend®n D, which doesnt have an
objectfile, soGHCi alsorejectedC’s objectfile. Ok, solet’s alsocompileD:

*Main> :! ghc -c D.hs

*Main> :reload
Ok, modules loaded: A, B, C, D.

Nothing happenedHere's anothedessonnewly compiledmodulesarent pickedup by :reload
only :load

*Main> :load A

Skipping D ( D.hs, D.o )
Skipping C ( Chs, 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 cansurethatthe compiledversionis
up-to-datea goodtechniquenvhenworking on alarge programis to occasionallyunghc --make
to compilethewhole project(saybeforeyou go for lunch:-), thencontinueworking in the
interpreter As you modify code,thenew moduleswill beinterpretedput therestof the projectwill
remaincompiled.

3.4. Interactive evaluation at the prompt

Whenyou typeanexpressiorat the prompt, GHCi immediatelyevaluatesandprintstheresult.But
that's notthewhole story:if youtypesomethingf typelO a for somea, thenGHCi executest as
anlO-computationanddoesnt attemptto print theresult:.

Prelude> "hello"

"hello"

Prelude> putStrLn  "hello"
hello

Whatactuallyhappenss that GHCi typecheckshe expressionandif it doesnt haveanlO type,
thenit transformgt asfollows: anexpressiore turnsinto

let it = e;
print it

whichis thenrunasanl|O-action.

Hence theoriginal expressiommusthave atypewhichis aninstanceof the Show 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

Theerrormessageontainssomecluesasto the transformatiorhappeningnternally.

3.4.1. What's really in scope at the prompt?
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Whenyou typeanexpressiorat the prompt,whatidentifiersandtypesarein scope?GHCi provides
aflexible way to controlexactly how the context for anexpressioris constructedLet’s startwith the
simplecaseswhenyou startGHCi the promptlookslik e this:

Prelude>

Whichindicateshateverythingfrom themodulePrelude is currentlyin scopelf we now loada
file into GHCIi, thepromptwill change:
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Prelude> :oad Main.hs
Compiling  Main ( Main.hs, interpreted )
*Main>

Thenew promptis *Main , whichindicatesthatwe aretyping expressionsn the context of the
top-level of theMain module.Everythingthatis in scopeatthetop-level in themoduleMain we just
loadedis alsoin scopeat the prompt(probablyincluding Prelude , aslongasMain doesnt
explicitly hideit).

Thesyntax* nodul e indicatesthatit is thefull top-level scopeof nodul e thatis contributingto the
scopefor expressiongypedat the prompt.Without the* , justthe exportsof themodulearevisible.

We're notlimited to a singlemodule:GHCi cancombinescopedrom multiple modulesjn ary
mixture of * andnon+ forms.GHCi combineghe scopedrom all of thesemodulegto form the
scopethatis in effectatthe prompt.For technicalreasonsGHCIi canonly supportthe* -form for
moduleswhich areinterpretedso compiledmodulesandpackagenodulescanonly contributetheir
exportsto the currentscope.

Thescopes manipulatedusingthe:module commandFor example,if the currentscopes
Prelude , thenwe canbringinto scopetheexportsfrom themodulelO like so:

Prelude> :module +IO

Prelude,|O> hPutStrLn  stdout  "hello\n"
hello

Prelude,|O>

(Note::module canbeshortenedo :m). Thefull syntaxof the:module commands:
:module  [+]] *] mod, ... [ nod

Usingthe + form of themodule commandsddsmoduleso thecurrentscopeand- removesthem.
Without either+ or - , the currentscopes replacedoy the setof modulesspecified Notethatif you
usethisform andleave out Prelude , GHCi will assumehatyou really wantedthe Prelude and
addit in for you (if youdon't wantthePrelude , thenaskto removeit with :m -Prelude ).

The scopes automaticallysetaftera:load commandto the mostrecentlyloaded'target" module,
in a*-formif possible For example,if yousay:load foo.hs bar.hs andbar.hs contains
moduleBar , thenthe scopewill besetto *Bar if Bar isinterpretedor if Bar is compiledit will be
setto Prelude,Bar  (GHCiautomaticallyaddsPrelude if it isn’'t presenandtherearent ary
*-form modules).

With multiple modulesin scope gspeciallymultiple * -form modulesit is likely thathnameclashes
will occur Haslell specifiegshatnameclashesareonly reportedwhenanambiguousdentifieris
used,andGHCi beharesin the sameway for expressiongypedatthe prompt.

3.4.1.1. Qualified names

To makelife slightly easierthe GHCi promptalsobehaesasif thereis animplicit import
qualified  declaratiorfor every modulein every packageandevery modulecurrentlyloadedinto
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GHCi.

3.4.2. Using do- notation at the prompt

40

GHCi actuallyacceptstatementsatherthanjust expressionst the prompt. This meansyou can
bind valuesandfunctionsto namesandusethemin future expression®r statements.

Thesyntaxof a statemenacceptedtthe GHCi promptis exactly the sameasthe syntaxof a
statemenin aHaslell do expressionHowever, theres no monadoverloadinghere:statementsyped
atthepromptmustbein thelO monad.

Heresanexample:

Prelude> x <- return 42
Prelude> print X

42

Prelude>

Thestatemenk <- return 42 means'executereturn 42 in thelO monad,andbind theresult
to x”. We canthenusex in future statementsfor exampleto print it aswe did above.

Of courseyou canalsobind normalnon-l10 expressionaisingthelet -statement:

Prelude> let x = 42
Prelude> print X
42

Prelude>

An importantdifferencebetweerthetwo typesof bindingis thatthemonadicbind (p <- e) is strict
(it evaluatese), whereaswith thelet form, theexpressiorisn’t evaluatedmmediately:

Prelude> let x = error "help!"
Prelude> print X

*** Exception: help!

Prelude>

Any exceptionsraisedduringthe evaluationor executionof the statemenarecaughtandprintedby
the GHCi commandine interface(for moreinformationon exceptions seethemodule
Control.Exception in thelibrariesdocumentation).

Every new binding shadevs arny existing bindingsof the samename includingentitiesthatarein
scopein the currentmodulecontext.

WARNING: temporanbindingsintroducedat the promptonly lastuntil thenext :load  or :reload
commandatwhichtime they will besimply lost. However, they do survive a changeof context with
‘module :thetemporarybindingsjust moveto the new location.

HINT: To getalist of the bindingscurrentlyin scope usethe:show bindings command:
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Prelude> :show bindings
X & Int
Prelude>

HINT: if youturnonthe+t option, GHCi will shav thetype of eachvariableboundby a statement.
For example:

Prelude> :set +t

Prelude> let (x:ixs) = [1.]
X i Integer
xs i [Integer]

3.4.3. Theit variable

Wheneer anexpression(or a non-bindingstatementto be precise)s typedat the prompt, GHCi
implicitly bindsits valueto thevariableit . For example:

Prelude> 1+2
3

Prelude> it * 2
6

Thisis aresultof thetranslatiormentionecdearlier namelythatanexpressiore is translatedo
let it = e
print it

beforeexecution resultingin abindingfor it .

If the expressionwasof typelO a for somea, thenit will beboundto theresultof thelO
computationwhichis of typea. eg.:

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

The correspondingranslationfor anlO-typede is

Notethatit is shadevedby the new valueeachtime you evaluatea new expressionandtheold
valueof it islost.
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3.5. Invoking GHCi

GHCiis invokedwith thecommandghci or ghc --interactive . Oneor moremodulesor
filenamescanalsobe specifiedon the commandine; this instructsGHCi to loadthe specified
modulesor filenamegqandall the modulesthey dependbn), justasif you hadsaid:load nodul es
atthe GHCi prompt(seeSection3.6). For example,to startGHCi andloadthe programwhose
topmostmoduleis in thefile Main.hs , we couldsay:

$ ghci Main.hs

Most of the command-lineoptionsacceptedy GHC (seeChapterd) alsomake senseén interactive
mode.Theonesthatdon’t make sensearemostly obvious;for example,GHCi doesnt generate
interfacefiles, sooptionsrelatedto interfacefile generatiorwon’t have ary effect.

3.5.1. Packages

GHCi canmake useof all thepackageshatcomewith GHC, For exampleto startup GHCi with the
network packagdoaded:

$ ghci -package network

I VNN ()
[ 1V /A GHC Interactive, version 5.04, for Haskell 98.

IAA\" I A http://www.haskell.org/ghc/
_ N N | Type :? for help.
Loading package base ... linking ... done.
Loading package haskell98 ... linking ... done.
Loading package network ... linking ... done.
Prelude>

Notethat GHCi will alsoautomaticallyloadary package®nwhich therequesteghackagelepends.

Thefollowing commandvorksto load new packageénto arunningGHCi:

Prelude> :set -package namne

But notethatdoingthis will causeall currentlyloadedmodulesto be unloadedandyou’ll be
dumpedbackinto the Prelude.

3.5.2. Extra libraries

Extralibrariesmaybe specifiedon the commandine usingthenormal-l 1i b option.For example,
to loadthe“m” library:

$ ghci -Im
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On systemswith .so -stylesharedibraries,theactuallibrary loadedwill thelib 1i b.so . GHCi
searcheshefollowing placedor libraries,in this order:

« Pathsspecifiedusingthe-L pat h command-lineoption,

- thestandardibrary searchpathfor your systemwhich on somesystemsnaybe overridenby
settingthe LD_LIBRARY_PATHervironmentvariable.

Onsystemswith .dll  -stylesharedibraries,theactuallibrary loadedwill beli b.dll . Again,
GHCiwill signalanerrorif it cant find thelibrary.

GHCi canalsoloadplain objectfiles (.o or.obj dependingonyour platform)from the
command-lineJustaddthe namethe objectfile to thecommandine.

3.6. GHCi commands

GHCi commandsll begin with *: * andconsistof a singlecommandamefollowedby zeroor more
parametersThecommandchamemaybe abbreviated,aslong asthe abbreviationis not ambiguous.
All of thebuiltin commandswith the exceptionof :unset and:undef , maybeabbre&iatedto a
singleletter

:add nmodul e ...

Add nodul e(s)tothecurrenttarget set andperformareload.

browse [*]modul e ...

Displaystheidentifiersdefinedby themodulenodul e, which mustbeeitherloadedinto GHCi
or beamemberof apackagelf the* symbolis placedbeforethe modulename thenall the
identifiersdefinedin nodul e areshawn; otherwisethelist is limited to the exportsof

nodul e. The*-form is only availablefor moduleswhich areinterpretedfor compiled
moduleg(includingmodulesfrom packagespnly thenon+ form of :browse is available.

«cd dir
Changeshecurrentworking directoryto di r . A *~’ symbolatthebeginningof di r will be
replacedoy the contentf the environmentvariableHOME

:def nane expr

Thecommanddef name expr definesanen GHCicommand nare, implementedy the
Haslell expressiorexpr , which musthavetypeString -> 10 String . When: nane

ar gs is typedatthe prompt,GHCi will runtheexpression name ar gs) , take theresulting
String , andfeedit backinto GHCi asa hew sequencef commandsSeparateommandsn
theresultmustbeseparatedby ‘\n .
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:help
?

:info

That's all alittle confusingsoheres afew examples.To startwith, heresanev GHCi
commandvhich doesnt take any argumentsor produceary results,t just outputsthe current
date& time:

Prelude> let date _ = Time.getClockTime >>= print  >> return
Prelude> :def date date

Prelude> :date

Fri  Mar 23 15:16:40 GMT 2001

Heres anexampleof acommandhattakesanargument.lt's are-implementatiorof :cd :

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

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

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

Displaysalist of the availablecommands.

nane ...

Displaysinformationaboutthe givenname(s)For example,if nane is aclassthentheclass
methodsandtheirtypeswill be printed;if nane is atype constructorthenits definitionwill be
printed;if name is afunction,thenits typewill be printed.If name hasbeenloadedfrom a
sourcefile, thenGHCi will alsodisplaythelocationof its definitionin thesource.

:load nodul e ...

Recursvely loadsthe specifiedmdul es,andall themodulesthey dependn. Here,each
nodul e mustbeamodulenameor filename but may not be the nameof amodulein a
package.

All previously loadedmodules gxceptpackagenodules areforgotten.The new setof modules
is known asthetargetset Notethat:load canbeusedwithoutarny argumentgo unloadall the
currentlyloadedmodulesandbindings.

After a:load commandthecurrentcontet is setto:

- nmodul e, if it wasloadedsuccessfullyor

- themostrecentlysuccessfulljoadedmodule,if ary othermoduleswvereloadedasa resultof
thecurrentload , or

« Prelude otherwise.
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‘module  [+]-] ] mod, ... [ nod
Setsor modifiesthe currentcontext for statementsypedat the prompt.SeeSection3.4.1for
moredetails.

:quit

QuitsGHCi. You canalsoquit by typing a control-D atthe prompt.

‘reload
Attemptsto reloadthe currenttargetset(see:load ) if ary of themodulesin theset,or ary
dependeninodule,haschangedNotethatthis mayentailloadingnen modulesor dropping
moduleswhich areno longerindirectly requiredby the target.

:'set [option..]
Setsvariousoptions.SeeSection3.7 for alist of availableoptions.The:set commandoy
itself shavs which optionsarecurrentlyset.

'set args arg ..

Setsthelist of agumentavhich arereturnedwvhenthe programcalls System.getArgs
'set prog prog

Setsthestringto bereturnedwhenthe programcalls System.getProgName
:show bindings

Shaw thebindingsmadeat the promptandtheir types.

:show modules

Shaw thelist of modulescurrentlyload.

‘type expression

Infersandprintsthetype of expr essi on, includingexplicit forall quantifiersfor polymorphic
types.Themonomorphisnrestrictionis not appliedto the expressiorduringtypeinference.

:undef nanme

Undefinegheuserdefinedcommancdhane (seedef above).

:unset option...

Unsetscertainoptions.SeeSection3.7 for alist of availableoptions.

;1 conmand...

Executegheshellcommandconmand.
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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: atthemomentthe:set commanddoesnt supportary kind of quotingin its arguments:
qguoteswill notberemovedandcannotbe usedto groupwordstogetherFor example,:set
-DFOO="BAR BAZ’ will notdowhatyou expect.

3.7.1. GHCi options

GHCi optionsmaybesetusing:set andunsetusing:unset

Theavailable GHCi optionsare:

+r

Normally, ary evaluationof top-level expressiongotherwiseknown asCAFsor Constant
Applicative Forms)in loadedmoduleds retainedbetweerevaluations Turningon +r causesll
evaluationof top-level expressiongo be discardedftereachevaluation(they arestill retained
during a singleevaluation).

This optionmayhelpif the evaluatedop-level expressiongreconsumingargeamountsof
spaceopr if you needrepeatablg@erformanceneasurements.

+S

Display somestatsafter evaluatingeachexpressionjncludingthe elapsedime andnumberof
bytesallocated NOTE: the allocationfigureis only accuratdo the sizeof the storage
manages allocationareabecausét is calculatedat every GC. Hence,you might seevaluesof
zeroif no GC hasoccurred.

+t

Displaythetypeof eachvariableboundaftera statements enteredat the prompt.If the
statemenis a singleexpressionthenthe only variablebindingwill befor thevariable'it

3.7.2. Setting GHC command-line options in GHCi
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Normal GHC command-lineoptionsmay alsobe setusing:set . For example,to turnon
-fglasgow-exts , Youwould say:

Prelude> :set -fglasgow-exts

Any GHC command-lineoptionthatis designateésdynamic(seethetablein Section4.19), maybe
setusing:set . To unsetanoption,you cansetthereverseoption:
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Prelude> :set -fno-glasgow-exts

Section4.19lists thereversefor eachoptionwhereapplicable.

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

3.8. The . ghci file

Whenit starts,GHCi alwaysreadsandexecuteccommanddgrom $HOME/.ghci , followedby
J.ghci

The.ghci  in yourhomedirectoryis mostusefulfor turningon favourite options(eg. :set  +s),
anddefiningusefulmacrosPlacinga.ghci file in adirectorywith aHaslell projectis a usefulway
to setcertainproject-wideoptionssoyou don't have to typethemeverytimeyou startGHCi: eg. if
your projectusesGHC extensionsaandCPPR andhassourcefiles in threesubdirectorie®\ B andC,
you might putthefollowing linesin .ghci

:set  -fglasgow-exts -cpp

'set -iIAB:C

(Notethatstrictly speakinghe-i flagis astaticone,butin factit worksto setit using:set like
this. The changesvon'’t take effectuntil thenext :load , though.)

Two command-lineoptionscontrolwhetherthe .ghci  files areread:

-ignore-dot-ghci

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

-read-dot-ghci

Read.ghci and$HOME/.ghci . Thisis normallythe default, but the-read-dot-ghci option
may be usedto overridea previous-ignore-dot-ghci option.

3.9. FAQ and Things To Watch Out For

GHCi complainsaboutmain notbeingin scopewhenl loadamodule.

You probablyomittedthemodule declaratioratthetop of themodule which causeshe
modulenameto defaultto Main . In Haslell, the Main modulemustdefinea functioncalled
main . Admittedly this doesnt make a greatdealof sensdor aninterpreterbut therule was
keptfor compatibilitywith GHC.

47



Chapter3.

Notes

48

UsingGHCi

Theinterpretercant load moduleswith foreignexport declarations!

Unfortunatelynot. We haven’t implementedt yet. Pleasecompileary offendingmodulesby
handbeforeloadingtheminto GHCI.

-O doesnt work with GHCi!

For technicalreasonsthe bytecodecompilerdoesnt interactwell with oneof the optimisation
passessowe have disabledoptimisationwhenusingtheinterpreterThisisn’t agreatloss:

you'll getamuchbiggerwin by compilingthebits of your codethatneedto go fast,ratherthan
interpretingthemwith optimisationturnedon.

Unboxedtuplesdon’t work with GHCi

That'sright. You canalwayscompilea modulethatusesunboxedtuplesandloadit into GHCI,
however. (Incidentallythe previouspoint, namelythat-O is incompatiblewith GHCIi, is
becausehe bytecodecompilercan't dealwith unboxedtuples).

Concurrenthreadsdon’t carryon runningwhenGHCi is waiting for input.

No, they don't. Thisis becausehe Haslell bindingto the GNU readlinelibrary doesnt support
readingfrom theterminalin a non-blockingway, which is requiredto work properlywith
GHC's concurreng model.

After usinggetContents , | can'tusestdin againuntil | do:load or :reload

Thisis thedefinedbehaviour of getContents  : it putsthe stdinHandlein a stateknown as
semi-closedwhereinary furtherl/O operation®nit areforbidden.Becausd/O stateis
retainedbetweerncomputationsthe semi-closedtatepersistauntil thenext :load or :reload
command.

Youcanmalkestdin resetitself afterevery evaluationby giving GHCi the commandset
+r . Thisworksbecauseatdin is justatop-level expressiorthatcanberevertedto its
unevaluatedstatein the sameway asary othertop-level expression(CAF).

1. The'l’ standdor “Interactive”

2. exceptforeign  export , atthemoment

3. If youstartedup GHCi from thecommandine thenGHCi’s currentdirectoryis the sameasthe

currentdirectoryof the shellfrom whichit wasstartedIf you startedGHCi from the“Start”
menuin Windows, thenthe currentdirectoryis probablysomethindike C:\Documents  and
Settings\ user nane.

4. Notethatin GHCi, and--make mode,the-i optionis usedto specifythe searchpathfor souice

files,whereasn standardatch-compilatiormodethe-i optionis usedto specifythesearch



pathfor interfacefiles, seeSection4.9.2
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Chapter 4. Using GHC

GHC canwork in oneof three“modes”:

ghc —interactve

Interactive mode,whichis alsoavailableasghci. Interactive modeis describedn moredetailin
Chapter3.

ghc —male

In this mode,GHC will build a multi-moduleHaslell programautomaticallyfiguring out
dependenciefor itself. If you have a straightforvardHaslell program thisis likely to bemuch
easierandfasterthanusingmake.

ghe [-E[-C|-S|-]

Thisis thetraditionalbatch-compilemode,in which GHC cancompilesourcefiles oneata
time, or link objectstogetherinto anexecutable.

4.1. Options overview

GHC's behaviour is controlledby options which for historicalreasonsarealsosometimeseferred
to ascommand-lindlagsor agumentsOptionscanbe specifiedn threeways:

4.1.1. Command-line arguments

An invocationof GHC takesthefollowing form:
ghc [argument...]

Command-lineargumentsareeitheroptionsor file names.

Command-lineoptionsbegin with - . They maynotbegrouped:vO is differentfrom-v -O.
Optionsneednot preceddilenamese.g.,ghc *.0 -o foo . All optionsareprocessedndthen
appliedto all files; you cannot for example,invokeghc -¢ -O1 Foo.hs -02 Bar.hs toapply
differentoptimisationlevelsto thefiles Foo.hs andBar.hs .
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4.1.2. Command line options in sour ce files

Sometimest is usefulto make the connectiorbetweera sourcefile andthe command-lineoptionsit
requiresquitetight. For instancejf a Haslell sourcefile usesGHC extensionsit will alwaysneedto
be compiledwith the-fglasgow-exts option.Ratherthanmaintainingthelist of perfile options
in aMakefile , it is possibleto dothis directly in the sourcefile usingthe OPTIONSpragma:

{-# OPTIONS -fglasgow-exts #-}
module X where

OPTIONSpragmasareonly lookedfor atthetop of your sourcefiles, uptothefirst
(non-literate,non-emptyjne not containingOPTIONS Multiple OPTIONSpragmasarerecognised.
Notethatyour commandshelldoesnot getto the sourcefile options,they arejustincludedliterally
in thearrayof command-lineargumentghe compilerdriver maintainsinternally, soyou’ll be
desperatelglisappointedf youtry to glob etc.insideOPTIONS

NOTE: the contentof OPTIONSareprependedo the command-lineoptions,soyou do have the
ability to overrideOPTIONSsettingsvia thecommandine.

It is notrecommendetb move all the contentf your Makefilesinto your sourcefiles, butin some
circumstanceghe OPTIONSpragmais the Right Thing. (If you use-keep-hc-file-too andhave
OPTIONflagsin your module,the OPTIONSwill getputinto thegeneratedhcfile).

4.1.3. Setting options in GHCi

Optionsmay alsobe modifiedfrom within GHCIi, usingthe:set commandSeeSection3.7 for
moredetails.

4.2. Static vs. Dynamic options
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Eachof GHC’s commandine optionsis classifiedaseitherstaticor dynamic A staticflag mayonly
be specifiedon thecommandine, whereas dynamicflag mayalsobegivenin anOPTIONSpragma
in asourcefile or setfrom the GHCi command-linewith :set .

As arule of thumb,all thelanguageoptionsaredynamic,asarethewarningoptionsandthe
deluggingoptions.Therestarestatic,with the notableexceptionsof -v , -cpp , -fasm , -fvia-C
and-#include . Theflagreferencdables(Sectiond.19) lists the statusof eachflag.
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4.3. Meaningful file suffix es

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

.Ihs

A “literate Haslkell” module.

.hs

A not-so-literateHaskell module.

.hi

A Haslell interfacefile, probablycompilergenerated.

.hc
IntermediateC file producedy the Haslell compilet

A Cfile not producedby the Haslell compilet
An assembly-languagmourcefile, usuallyproducedoy the compilet

An objectfile, producedoy anassembler

Fileswith othersuffiixes(or without suffixes)arepassedtraightto thelinker.

4.4. Help and verbosity options

--help
-?

CauseGHC to speav along usagemessagéo standarcutputandthenexit.

The-v optionmakesGHC verboseit reportsits versionnumberandshows (on stderr)exactly
how it invokeseachphaseof the compilationsystemMoreover, it passeshe-v flagto most
phaseseachreportsits versionnumber(andpossiblysomeotherinformation).

Pleaseph pleasepusethe-v optionwhenreportingbugs! Knowing thatyou rantheright bitsin
theright orderis alwaysthefirst thing we wantto verify.
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To provide morecontrolover the compilers verbosity the-v flag takesanoptionalnumeric
argument.Specifying-v onits own is equivalentto -v3 , andthe otherlevelshave thefollowing
meanings:

-v0

Disableall non-essentiahessageghisis the default).

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

Printthe nameof eachcompilationphaseasit is executed(equivalentto
-dshow-passes ).

Thesameas-v2 , exceptthatin additionthefull commandine (if appropriatefor each
compilationphasds alsoprinted.

Thesameas-v3 exceptthattheintermediatgprogramrepresentatioaftereach
compilationphaséds alsoprinted(excluding preprocessedndC/assembilyiles).

--version

Printaone-linestringincluding GHC's versionnumber

--numeric-version

Print GHC’s numericversionnumberonly.

--print-libdir

Printthe pathto GHC'slibrary directory Thisis thetop of thedirectorytreecontainingGHC's
libraries,interfacesandincludefiles (usuallysomethindik e /usr/local/lib/ghc-5.04 on
Unix). Thisis thevalueof $libdir  in the packageconfiguratiorfile (seeSection4.10).
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4.5. Using ghc - - nake

Whengiventhe--make option, GHC will build a multi-moduleHaslell programby following
dependencieBom a singleroot module(usuallyMain ). For example,if your Main moduleis in a
file calledmain.hs , you couldcompileandlink the programlik e this:

ghc --make Main.hs

The commandine mustcontainonesourcefile or modulename;GHC will figureoutall the
modulesin the programby following theimportsfrom this initial module.It will thenattemptto
compileeachmodulewhichis out of date,andfinally if thetop moduleis Main , the programwill
alsobelinkedinto anexecutable.

Themainadvantageso usingghc --make overtraditionalMakefile sare:

« GHCdoesnt have to berestartedor eachcompilation,which meanst cancachenformation
betweercompilations Compilinga muli-moduleprogramwith ghc --make canbeupto twice
asfastasrunningghc individually on eachsourcefile.

- Youdon't have to write a Makefile

« GHCre-calculateshedependenciesachtimeit is invoked,sothe dependenciesever getout of
syncwith thesource.

Any of thecommand-lineoptionsdescribedn therestof this chaptercanbe usedwith --make , but
notethatary optionsyou give onthe commandine will applyto all the sourcefiles compiled,soif
you wantary optionsto applyto a singlesourcefile only, you'll needto usean OPTIONSpragma
(seeSection4.1.2.

If theprogramneedso belinkedwith additionalobjects(say someauxilliary C code) thesecanbe
specifiedon the commandine asusual.

NotethatGHC canonly follow dependencies it hasthe sourcefile available,soif your program
includesa modulefor whichthereis no sourcefile, evenif you have anobjectandaninterfacefile
for themodule ,thenGHC will complain.Theexceptionto thisruleis for packagemoduleswhich
may or may not have sourcefiles.

Thesourcefiles for the programdon't all needto bein the samedirectory;the-i optioncanbeused
to adddirectoriesto the searchpath(seeSection4.9.2).

4.6. GHC without - - nake

Without--make , GHC will compileoneor moresourcefiles givenonthecommandine.

Thefirst phaseo runis determinedy eachinput-file suffix, andthe lastphases determinecy a
flag.If norelevantflag is presentthengo all theway throughlinking. This tablesummarises:
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Phase of the Suffix saying “star t | Flag saying “stop (suffix of) output
compilation system |here” after” file
literatepre-processor |.lhs - .hs

C pre-processofopt.) |.hs (with -cpp ) -E .hspp

Haslell compiler .hs -C,-S .he s

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

assembler S -C .0

linker ot her - a.out

Thus,acommoninvocationwouldbe:ghc -¢ Foo.hs

Note: Whatthe Haslell compilerproperproducesiepend®n whethera native-codegeneratois
used(producingassemblijlanguage)r not (producingC). SeeSection4.12.6for moredetails.

Note: C pre-processings optional,the-ccp flagturnsit on. SeeSectior4.12.3for moredetails.

Note: Theoption-E runsjustthe pre-processingasse®f the compiler, dumpingtheresultin afile.
Notethatthis differsfrom the previousbehaiour of dumpingthefile to standardutput.

4.7. Re-directing the compilation output(s)
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-odir

GHC's compiledoutputnormallygoesinto a.hc , .0 , etc.,file, dependingpn thelast-run
compilationphaseTheoption-o foo re-directsheoutputof thatlast-runphaseto file foo .

Note:this “feature” canbe counterintuitve: ghc -C -o foo.ofoo.hswill puttheintermediateC
codein thefile foo.o , namenotwithstanding!

The-o optionisn’t of muchuseif you have several inputfiles... Non-interfaceoutputfiles are
normally putin the samedirectoryastheir correspondingnput file camefrom. You may
specifythatthey beputin anothedirectoryusingthe-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 beputinto asubdirectorynamedafter
thearchitectureof the executingmaching(sun4 , mips , etc). Thedirectorymustalreadyexist; it
won't becreated.

Notethatthe-odir optiondoesnot affect wheretheinterfacefiles areput. In theabove
example,they would still beputin parse/Foo.hi  , parse/Bar.hi  ,and
gurgle/Bumble.hi
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-ohi file
Theinterfaceoutputmaybe directedto anotheffile bar2/Wurble.iface with the option
-ohi  bar2/Wurble.iface (notrecommended).

WARNING: if youredirecttheinterfacefile somavherethat GHC cant find it, thenthe
recompilationchecler may getconfusedattheleast,youwon’t getary recompilation
avoidance) We recommendisinga combinationof -hidir ~ and-hisuf ~ optionsinstead f
possible.

To avoid generatinganinterfaceat all, you could usethis optionto redirecttheinterfaceinto the
bit bucket: -ohi  /dev/null , for example.

-hidir directory

Redirectsall generatednterfacefilesinto di r ect or y, insteadof thedefaultwhichis to place
theinterfacefile in the samedirectoryasthe sourcefile.

-osuf suffix
-hisuf  suffi x
-hcsuf suffix

EXOTICA: The-osuf suf fi x will changehe.o file suffix for objectfiles to whatereryou
specify We usethis whencompilinglibraries,sothatobjectsfor the profiling versionsof the
librariesdon't clobberthe normalones.

Similarly, the-hisuf suf fi x will changehe.hi file suffix for non-systeninterfacefiles
(seeSection4.9.9.

Finally, theoption-hcsuf suf fi x will changehe.hc file suffix for compilergenerated
intermediateC files.

The-hisuf /-osuf gameis usefulif youwantto compileaprogramwith bothGHC andHBC
(say)in thesamedirectory Let HBC usethestandardhi /.0 sufixes;add-hisuf  g_hi
-osuf g_o toyourmake rule for GHC compiling...

4.7.1. Keeping Intermediate Files

Thefollowing optionsareusefulfor keepingcertainintermediatdiles around whennormally GHC
would throw theseaway after compilation:
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-keep-hc-files

Keepintermediatehc fileswhendoing.hs -to-.o compilationsvia C (NOTE: .hc filesarent
generatedvhenusingthe native codegeneratoryou mayneedto use-fvia-C  to forcethemto
be produced).

-keep-s-files

Keepintermediates files.

-keep-raw-s-files

Keepintermediateraw-s files. Thesearethedirectoutputfrom the C compiler, beforeGHC
does*assemblymangling”to producethe s file. Again,thesearenot producedvhenusingthe
native codegeneratar

-keep-tmp-files

Instructsthe GHC driver not to deleteary of its temporaryfiles, whichit normallykeepsin
ftmp (or possiblyelsavhere;seeSection4.7.2). RunningGHC with -v will shav youwhat
temporaryfiles weregenerateclongtheway.

4.7.2. Redirecting temporar y files

-tmpdir

If you have troublebecaus®f runningout of spacen /tmp (or whereveryour installation
thinkstemporaryfiles shouldgo), you mayusethe-tmpdir ~ <dir> optionto specifyan
alternatedirectory For example,-tmpdir . saysto puttemporaryfilesin the currentworking
directory

Alternatively, useyour TMPDIRernvironmentvariable.Setit to the nameof the directorywhere
temporanyfiles shouldbe put. GCCandotherprogramswill honourthe TMPDIRvariableas
well.

Evenbetteridea: Setthe DEFAULT_TMPDIRmake variablewhenbuilding GHC, andnever
worry aboutTMPDIRagain.(seethebuild documentation).

4.8. Warnings and sanity-c hecking
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GHC hasa numberof optionsthatselectwhich typesof non-fatalerrormessagestherwiseknown
aswarnings,canbe generatediuringcompilation.By default, you geta standardsetof warnings
which aregenerallylikely to indicatebugsin your program.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:

-W

Providesthe standardvarningsplus-fwarn-incomplete-patterns ,
-fwarn-unused-matches , -fwarn-unused-imports , -fwarn-misc  , and
-fwarn-unused-binds

Turnsoff all warnings,ncludingthe standardnes.

-Wall :

Turnson all warningoptions.

Thefull setof warningoptionsis describedelown. To turn off any warning,simply give the
correspondingfno-warn-... optiononthecommandine.

-fwarn-deprecations

Causes warningto be emittedwhena deprecatedunctionor typeis used Entitiescanbe
markedasdeprecatedsinga pragmaseeSection7.6.7.

-fwarn-duplicate-exports

Have the compilerwarnaboutduplicateentriesin exportlists. This is usefulinformationif you
maintainlargeexportlists, andwantto avoid the continuedexport of a definitionafteryou've
deleted(one)mentionof it in theexportlist.

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

Causeshecompilerto emitawarningwhena moduleor interfacefile in the currentdirectoryis
shadeving onewith the samemodulenamein alibrary or otherdirectory

-fwarn-incomplete-patterns

Similarly for incompletepatternsthefunctiong below will fail whenappliedto non-empty
lists, sothecompilerwill emitawarningaboutthis when-fwarn-incomplete-patterns is
enabled.

gll =2
This optionisn’t enabledbe defaultbecausét canbeabit noisy, andit doesnt alwaysindicate

abugin the program However, it's generallyconsideredjoodpracticeto cover all the casesn
your functions.

-fwarn-misc

Turnsonwarningsfor variousharmlessut untidy things.This currentlyincludes:importinga
typewith (..) whentheexportis abstractandlisting duplicateclassassertiongn a qualified

type.

-fwarn-missing-fields

This optionis on by default,andwarnsyou whenever the constructiorof a labelledfield
constructoiisn’'t complete missinginitializersfor oneor morefields. While notanerror(the
missindfieldsareinitialisedwith bottoms),it is oftenanindicationof a programmeerror.

-fwarn-missing-methods

This optionis on by default, andwarnsyou whenever aninstancedeclaratioris missingoneor
moremethodsandthe correspondinglassdeclaratiorhasno default declaratiorfor them.

-fwarn-missing-signatures

If youwould like GHC to checkthateverytop-level functionialuehasatype signaturepusethe
-fwarn-missing-signatures option. This optionis off by default.
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-fwarn-name-shadowing

This optioncauses warningto be emittedwhene&eraninnerscopevaluehasthe samename

asanouterscopevalue,i.e. theinnervalueshadevs the outerone.This cancatchtypographical

errorsthatturninto hard-to-findbugs,e.qg.,in theinadwertentcyclic definitionlet x = ... x
in .

Consequentlythis optiondoeswill complainaboutcyclic recursve definitions.

-fwarn-overlapping-patterns

By default,thecompilerwill warnyouif asetof patternsareoverlapping,.e.,

f String  -> Int
f 0 =0
f (xs)y =1
f 2" =2

wherethelastpatternmatchin f won't ever bereachedasthe secondpatternoverlapsit. More
oftenthannot, redundanpatternds a programmemistale/error sothis optionis enabledy
default.

-fwarn-simple-patterns

Causeshe compilerto warnaboutlambda-boungbatternghatcanfail, eg. \(x:xs)->...
Normally, thesearent treatedasincompletepatternsby -fwarn-incomplete-patterns

-fwarn-type-defaults

Have the compilerwarn/informyou wherein your sourcethe Haslell defaultingmechanisnfor
numerictypeskicksin. Thisis usefulinformationwhencorvertingcodefrom a context that
assumedanedefaultinto onewith anothere.g.,the ‘default default’ for Haslell 1.4 causedhe
otherwiseunconstrainedaluel to begiventhetypeint , whereadaslell 98 defaultsit to
Integer . Thismayleadto differencesn performancendbehaiour, hencethe usefulnessf
beingnon-silentaboutthis.

Thiswarningis off by default.
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-fwarn-unused-binds

Reportany functiondefinitions(andlocal bindings)which areunusedFor top-level functions,
thewarningis only givenif thebindingis notexported.

-fwarn-unused-imports

Reportary objectsthatareexplicitly importedbut never used.

-fwarn-unused-matches

Reportall unusedvariableswhich arisefrom patternmatchesincluding patternsconsistingof a
singlevariable.Forinstance x y = [] wouldreportx andy asunusedTo eliminatethe
warning,all unusedvariablescanbereplacedvith wildcards.

If you'refeelingreally paranoidthe-dcore-lint optionis agoodchoice.lt turnson hearyweight
intra-passsanity-checkingvithin GHC. (It checksGHC's sanity notyours.)

4.9. Separate compilation

This sectiondescribeshow GHC supportseparateompilation.

4.9.1. Interface files
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WhenGHC compilesa sourcefile A.hs which containsamoduleA, say it generatesinobjectA.o ,
and acompaniorinterfacefile A.hi . Theinterfacefile is merelythereto helpthe compilercompile
othermodulesin the sameprogram.nterfacesarein a binaryformat,sodon’t try to look atone;
howeveryou canseethe contentof aninterfacefile by usingGHC with the --show-iface option
(seeSection4.9.4 below).

NOTE: In generalthe nameof afile containingmoduleMshouldbenamedv.hs or M.lhs . The
only exceptionto this rule is moduleMain , which canbe placedin ary file.

Theinterfacefile for A containsinformationneededy the compilerwhenit compilesarny moduleB
thatimportsA, whetherdirectly or indirectly. Whencompiling B, GHC will readA.hi to find the
detailsthatit needgo know aboutthingsdefinedin A.

Theinterfacefile may containall sortsof thingsthatarent explicitly exportedfrom A by the
programmerFor example,eventhougha datatypeis exportedabstractlyA.hi  will containthefull
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datatype definition. For smallfunctiondefinitions,A.hi will containthe completedefinitionof the
function.For biggerfunctions,A.hi  will containstrictnessnformationaboutthefunction.And so

on. GHC putsmuchmoreinformationinto .hi  files whenoptimisationis turnedon with the-O flag
(seeSectiond.11). Without-O it putsin justthe minimum;with -O it lobsin awholepile of stuff.

A.hi shouldreally bethoughtof asa compilerreadableversionof A.o . If youusea.hi file that
wasnt generatedby the samecompilationrun thatgenerateghe.o file thecompilermayassumall
sortsof incorrectthingsaboutA, resultingin coredumpsandotherunpleasanhappenings.

4.9.2. Finding interface files

In your program,you importa moduleFoo by sayingimport Foo. GHC goeslooking for an
interfacefile, Foo.hi . It hasabuiltin list of directorieg(notablyincluding. ) whereit looks.

-i<dirs>
This flag appends colon-separatelist of dirs  to the“import directories’list, whichinitially
containsasingleentry:“.”.

Thislist is scannedeforearny packagelirectorieseeSection4.10) whenlooking for imports,
but notethatif you have ahomemodulewith the samenameasa packagenodulethenthisis
likely to causetroublein otherways,with link errorsbeingtheleastnastything thatcango
wrong...

SeealsoSectiond.9.5for the significanceof usingrelative andabsolutepathnamen the -i
list.

resetghe“import directories’list backto nothing.

Seealsothe sectionon packagegSection4.10), which describediow to useinstalledlibraries.

4.9.3. Finding interfaces for hierar chical modules

GHC supportsa hierarchicaimodulenamespacasan extensionto Haslell 98 (seeSection7.5.1).

A modulenamein generakonsistof a sequencef componentseparatedhy dots(. ). When
looking for interfacefiles for a hierarchicaimodule the compilerturnsthe dotsinto pathseparators,
sofor exampleamoduleA.B.C become#/B/C (or A\B\C underWindows). Theneachcomponent
of theimport directoriedist is testedn turn; sofor exampleif thelist containsdirectoriesD, to D ,
thenthe compilerwill look for theinterfacein D /A/B/C.hi  first, thenD,/A/B/C.hi  andsoon.

Notethatit’s perfectlyreasonabléo have amodulewhich is botha leaf anda branchof thetree.For
example,if we have modulesA.B andA.B.C , thenA.B 'sinterfacefile will bein A/B.hi and
A.B.C 'sinterfacefile will bein A/B/C.hi

63



Chapter4. UsingGHC

For GHCi and--make , the searctstraty for sourcefilesis exactly the samejustreplacethe .hi
suffix in theabove descriptionwith .hs or.lhs .

4.9.4. Other options related to interface files

-ddump-hi

Dumpsthe new interfaceto standardbutput.

-ddump-hi-diffs

The compilerdoesnot overwriteanexisting .hi  interfacefile if thenew oneis the sameasthe
old one;thisis friendly to make. Whenaninterfacedoeschangeijt is oftenenlighteningo be
informed.The -ddump-hi-diffs optionwill make GHC rundiff ontheold andnew .hi

files.

-ddump-minimal-imports

Dumpto thefile "M.imports" (whereM is themodulebeingcompiled)a "minimal" setof
importdeclarationsYou cansafelyreplaceall theimport declarationsn "M.hs" with those
foundin "M.imports". Why would you wantto do that?Becausehe "minimal" imports(a)
import everythingexplicitly, by name,and(b) import nothingthatis notrequired.It canbe
quite painful to maintainthis propertyby hand,sothis flag is intendedto reducethe labour

--show-iface file

Wheref i | e is thenameof aninterfacefile, dumpsthe contentsof thatinterfacein a
human-readablésh) format.

4.9.5. The recompilation checker

-no-recomp

Turn off recompilationchecking(whichis on by default). Recompilatiorcheckingnormally
stopscompilationearly, leaving anexisting .o file in place,if it canbedeterminedhatthe
moduledoesnot needto berecompiled.

In the oldendays,GHC comparedhe newly-generatedni file with the previousversion;if they
wereidentical,it left the old onealoneanddidn’t changets modificationdate.In consequence,
importersof amodulewith anunchangedautput.hi file werenotrecompiled.

This doesnt work ary more.SupposenoduleC importsmoduleB, andB importsmoduleA. So
changedo A.hi  shouldforcearecompilationof C. And somechangedo A (changingthe definition
of afunctionthatappearsn aninlining of afunctionexportedby B, say)mayconcevably not
changeB.hi onejot. Sonow. ..
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GHC keepsa versionnumberon eachinterfacefile, andon eachtype signaturewithin theinterface
file. It alsokeepsn everyinterfacefile alist of the versionnumberof everythingit usedwhenit last
compiledthefile. If thesourcefile’s modificationdateis earlierthanthe .o file’s date(i.e. thesource
hasnt changedsincethefile waslastcompiled),andthe reompilationcheckingis on, GHC will be
clever. It comparesheversionnumberson thethingsit needshis time with the versionnumberson
thethingsit neededasttime (gleanedrom theinterfacefile of the modulebeingcompiled);if they
areall thesameit stopscompilingratherearlyin the processaying“Compilation1S NOT required”.
Whatabeautifulsight!

Patrick Sansomhada workshoppaperabouthow all thisis done(thoughthe detailshave changed
quiteabit). Ask him (mailto:sansom@dcs.gla.ac.ukyou wanta copy.

4.9.6. Using make

It is reasonablgtraightforvardto setup a Makefile  to usewith GHC, assuming/ou nameyour
sourcefiles the sameasyour modulesThus:

HC = ghc
HC_OPTS= -cpp $(EXTRA_HC_OPTS)

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

SUFFIXES : .0 .hs .hi .hs .hc s
cool_pgm : $(OBJS)

m -f $@

$(HC) -0 $@ $(HC_OPTS) $(OBJS)

# Standard suffix rules

.0.hi:

@:
.Ihs.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

(Sophisticatedanake variantsmay achieze someof the abose moreelegantly. Notably, gmake's
patternruleslet you write themorecomprehensible:

%.0 : %.lhs
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$(HC) -¢c $< $(HC_OPTS)

Whatwe've shavn shouldwork with any make.)

Notethecheesyo.hi rule: It recordghedependengof theinterface(.hi ) file onthesourceThe
rulesaysa.hi file canbemadefrom a.o file by doing...nothing.Whichis true.

Notetheinter-moduledependencieatthe endof the Makefile, which take the form

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

They tell make thatif any of Foo.o , Foo.hc or Foo.s have anearliermodificationdatethan
Baz.hi , thentheout-of-datefile mustbe broughtupto date.To bring it up to date,make looksfor a
rule to do so; oneof the precedingsuffix rulesdoesthejob nicely.

4.9.6.1. Dependenc y generation

Puttinginter-dependenciesf theform Foo.o : Bar.hi intoyourMakefile by handis rather
errorprone.Don’t worry, GHC hassupportfor automaticallygeneratinghe requireddependencies.
Add thefollowing to your Makefile

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

Now, beforeyou startcompiling,andary time you changeheimports  in your program,do make
dependbeforeyoudo make cool_pgm ghc-M will appendheneedediependencie® your
Makefile

In generaljf moduleA containgheline

import B ...blah...

thenghc-M will generateadependengline of theform:
A.0 : B.hi

If moduleA containgheline

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

thenghc-M will generateadependengline of theform:

A.0 : B.hi-boot

(SeeSectiond.9.7for detailsof hi-boot  styleinterfacefiles.) If Aimportsmultiple modulesthen
therewill bemultiple lineswith A.o asthetamet.

By default,ghc-M generatesll the dependenciegndthenconcatenatethemontothe endof
makefile  (or Makefile if makefile doesnt exist) bracketedby thelines"# DO NOT DELETE:
Beginning of Haskell dependencies "and"# DO NOT DELETE: End of Haskell
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dependencies ". If thesdinesalreadyexistin themakefile ,thentheold dependenciearedeleted
first.

Don't forgetto usethesamepackage optionsontheghc -M commandine asyouwould when
compiling;this enableghe dependenggeneratoto locateary importedmodulesthatcomefrom
packagesThe packagenoduleswon't beincludedin the dependenciegeneratedthough(but see
the--include-prelude optionbelow).

Thedependenggeneratiorphaseof GHC cantake someadditionaloptions,which you mayfind
useful.For historicalreasonseachoption passedo the dependenggeneratofrom the GHC
commandine mustbeprecededy -optdep . Forexampleto passf .depend tothedependeng
generataryou say

ghc -M -optdep-f -optdep.depend

The optionswhich affect dependenggeneratiorare:

Turn off warningsaboutinterfacefile shadaving.

f file
Usef i | e asthemakefile,ratherthanmakefile or Makefile . If fi | e doesnt exist,
mkdependHScreatest. We oftenuse-f .depend to putthedependenciem .depend and
theninclude thefile .depend into Makefile

-0 <osuf>
Use.<osuf> asthe"targetfile" suffix ( default: o). Multiple -o flagsarepermitted(GHC2.05
onwards).Thus"-o hc -o o" will generatalependenciefor .hc and.o files.

-s  <suf>

Make extra dependenciethatdeclarethatfiles with suffix .<suf>_<osuf>  dependn
interfacefiles with suffix .<suf>_hi , or (for {# SOURCE#-} imports)on .hi-boot
Multiple -s flagsarepermitted.For example,-o hc -s a -s b will make dependenciefor
.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 dependenciesnit.
-X
sameas--exclude-module

--exclude-directory=<dirs>

Regardthe colon-separatelist of directories<dirs> ascontainingstable don’'t generateary
dependenciesn modulestherein.
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--include-module=<file>
Regard<file> asnot"stable";i.e.,generatelependenciesnit (if any). Thisoptionis
normallyusedin conjunctionwith the--exclude-directory option.
--include-prelude

Regardmodulesmportedfrom packagessunstablej.e., generatalependenciesn the
packagenodulesused(includingPrelude , andall otherstandardHaslell libraries).This
optionis normally only usedby the varioussystemlibraries.

4.9.7. How to compile mutuall y recur sive modules

68

Currently thecompilerdoesnot have propersupportfor dealingwith mutually recursve modules:

module A where
import B
newtype TA = MKTA Int

f o 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 getmutuallyrecursve modulesoff theground,you needto handwrite an
interfacefile for A or B, soasto breaktheloop. Thesehand-writteninterfacefiles arecalled

hi-boot files,andareplacedin afile called<module>.hi-boot . To importfrom anhi-boot file
insteadof the standardhi file, usethefollowing syntaxin theimporting module:

import {-# SOURCE#-} A

The hand-writteninterfaceneedonly containthe bareminimum of informationneededo getthe
bootstrappingrocesstarted For example,it doesnt needto containdeclarationgor everythingthat
moduleA exports,only thethingsrequiredby the modulethatimportsA recursvely.

For theexampleat hand,the bootinterfacefile for A would look lik e the following:

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

Thesyntaxis similarto anormalHaslell sourcefile, but with someimportantdifferences:

- Non-localentitiesmustbe qualifiedwith their original definingmodule.Qualifying by amodule
which just re-exportstheentity won't do. In particular mostPrelude entitiesarent actually
definedin thePrelude (seefor exampleGHC.Base.Int in theabove example).

« Onlydata , type , newtype , class , andtypesignaturedeclarationsnaybeincluded.

Noticethatwe only putthe declaratiorfor thenentype TA in thehi-boot  file, notthe signaturefor
f, sincef isn’'t usedby B.

If youwantanhi-boot file to exporta datatype, but you don't wantto give its constructors
(becausehe constructorarent usedby the SOURCE-importingnodule),you canwrite simply:

module A where
data TA

(You mustwrite all thetype parametershut leave outthe’=" andeverythingthatfollowsit.)

4.9.8. Orphan modules and instance declarations

Haslell specifieghatwhencompilingmoduleM, ary instancedeclaratiorin any module"below" M
is visible. (Module A is "below" M if A isimporteddirectly by M, orif A is below amodulethatM
importsdirectly.) In principle, GHC mustthereforereadtheinterfacefiles of every modulebelov M,
justin casethey containaninstancedeclaratiorthatmattersto M. Thiswould be a disasteiin
practice,soGHC triesto beclever.

In particular if aninstancedeclaratioris in the samemoduleasthe definitionof ary typeor class
mentionedn the headof theinstancedeclarationthenGHC hasto visit thatinterfacefile aryway.
Example:

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

Theinstancedeclaratioris only relevantif thetypeT is in use,andif so, GHCwill have visitedA’s
interfacefile to find T's definition.

Theonly problemcomeswhena modulecontainsaninstancedeclaratiorandGHC hasno other
reasorfor visiting the module.Example:

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

Here,neitherD nor T is declaredn moduleOrphan We call suchmodules‘orphanmodules”,
definedthus:
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- An orphanmodule containsat leastoneorphaninstanceor at leastoneorphanrule.

« Aninstancedeclarationn amoduleM is anorphaninstancef noneof thetype constructoror
classesnentionedn theinstancehead(the partafterthe“=>") aredeclaredn M.

Only theinstanceéheadcounts.In theexampleabove, it is notgoodenoughfor C's declaratiorto
bein moduleA; it mustbethedeclaratiorof D or T.

« A rewrite rulein amoduleM is anorphanrule if noneof the variablestype constructorsor
classeghatarefreein theleft handsideof therule aredeclaredn M.

GHC identifiesorphanmodules andvisits the interfacefile of every orphanmodulebelow the
modulebeingcompiled.Thisis usuallywastedwork, but thereis no avoiding it. You should
thereforedo your bestto have asfew orphanmodulesaspossible.

You canidentify anorphanmoduleby lookingin its interfacefile, M.hi , usingthe --show-iface
If thereisa“!” onthefirstline, GHC considerst anorphanmodule.

4.10. Packages

4.10.1.
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Packagesrecollectionsof libraries,convenientlygroupedogetherasa singleentity. The package
systemis flexible: a packagemay consistof Haslell code foreignlanguagecode(eg. C libraries),or
amixtureof thetwo. A packagéds agoodway to grouptogetherelatedHaslell modulesandis
essentialf youintendto make themodulesinto aWindows DLL (seebelow).

BecausgackagegancontainbothHaslell andC libraries,they arealsoa goodway to provide
corvenientaccesso aHaslell layeroveraC library.

GHC comeswith severalpackagegseetheaccompaying library documentation)andpackagegan
beaddedo or removedfrom anexisting GHC installation,usingthe suppliedghc-pkg tool,
describedn Sectior4.10.4

Using a package

To usea packageaddthe-package flagtothe GHC commandine:

-package lib
This optionbringsinto scopeall the modulesfrom package i b (they still have to beimported

in your Haslell source however). It alsocausesherelevantlibrariesto belinkedwhenlinking
is beingdone.

Somepackageslependon otherpackagesfor examplethetext packagemakesuseof someof the
modulesin thelang packageThepackagesystentakescareof all thesedependenciesothatwhen
yousay-package text onthecommandine,youautomaticallyget-package lang too.
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Maintaining a local set of packages
WhenGHC startsup, it automaticallyreadsthe default setof package$rom a configuratiorfile,
normally namedpackage.conf  in your GHC installationdirectory

You canloadin additionalpackageconfiguratiorfiles usingthe -package-conf ~ option:

-package-conf file

Readin the packageconfiguratiorfile f i | e in additionto the systemdefaultfile. This allows
theuserto have alocal setof package$n additionto the system-wideones.

To createyour own packageconfiguratiorfile, just createa new file andputthestring“[] " in it.
Package<anbeaddedo the new configuratiorfile usingtheghc-pkg tool, describedn Section
4.10.4

Building a package from Haskell source

It takessomespecialconsideration$o build a new package:

« A packagemaycontainseveralHaslell modules A packagemay spanmary directoriesor mary
packagesnayexist in asingledirectory Packagesnaynotbe mutuallyrecursve.

« A packageéhasaname(e.g.base)

- TheHaslell codein apackagenaybebuilt into oneor morearchie libraries(e.g.libHSfoo.a ),
or asingleDLL onWindows (e.g.HSfoo.dll ). Therestrictionto asingleDLL onWindowsis
because¢he packagesystemis usedto tell the compilerwhenit shouldmake aninter-DLL call
ratherthananintra-DLL call (inter-DLL callsrequireanextraindirection).Building padkagesas
DLLs doesnt work at the moment;seeSectionl1.3for thegory details.

Building a staticlibrary is doneby usingthear tool, like so:
ar cgs libHSfoo.a Ao B.o Co ..

whereA.o , B.o andsoonarethecompiledHaslell modulesandlibHSfoo.a  is thelibrary you
wish to create The syntaxmay differ slightly on your systemsocheckthe documentatiorif you
runinto difficulties.

Versionsof the Haslell librariesfor usewith GHCi mayalsobeincluded:GHCi cannotload.a
filesdirectly, insteadt will look for anobjectfile calledHSfoo.o andloadthat.Onsomesystems,
theghc-pkg tool canautomaticallybuild the GHCi versionof eachlibrary, seeSection4.10.4 To
build thesdibrariesby handfrom the.a archie,it is possibleto useGNU Id asfollows:

Id -r --whole-archive -0 HSfoo.o libHSfoo.a

« GHC doesnot maintaindetailedcross-packagdependenginformation.It doesremembexvhich
modulesin otherpackageshe currentmoduledependsn, but notwhichthingswithin those
importedthings.
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To compileamodulewhichis to be partof a new packageusethe-package-name option:

-package-name f oo

This optionis addedto thecommandine whencompilinga modulethatis destinedo be part
of packageoo . If thisflagis omittedthenthe defaultpackagemain is assumed.

Failureto usethe-package-name optionwhencompilinga packagewill resultin disasteion
Windows, but is relatively harmlesson Unix atthemoment(it will justcauseafew extra
dependenciem someinterfacefiles). However, bearin mind thatwe mightaddsupportfor Unix
sharedibrariesat somepointin thefuture.

It is worth notingthaton Windows, wheneachpackages built asa DLL, sinceareferencdo aDLL
costsanextraindirection,intra-packageeferencesrecheapethaninter-packageeferencesOf
coursethis appliesto theMain packageaswell.

Package management

Theghc-pkg tool allows packageso be addedor removedfrom a packageconfiguratiorfile. By
default, the system-wideconfiguratiorfile is used but alternatvely packagesanbeadded updated
or removedfrom a userspecifiedconfigurationfile usingthe --config-file option.An empty
packageconfiguratiorfile consistsof thestring“[] ”.

Theghc-pkg programacceptghefollowing options:

--add-package

-a
Readgpackagespecificatiorfrom theinput (seebelow), andaddsit to the databasef installed
packagesThe packagespecificatiormustbe a packagehatisn't alreadyinstalled.

--input-file= file

- file
Readnew packagespecificationgrom file f i | e. If avalueof "-* is given,standardnputis
usedlIf no-i ispresenbnthecommand-lineaninputfile of "-" isassumed.

--auto-ghci-libs
-9
Automaticallygeneratehe GHCi .o versionof each.a Haslell library, usingGNU Id (if that

is available).Without this option,ghc-pkg will warnif GHCi versionsof any Haslell libraries
in thepackagedon't exist.

GHCi .o librariesdon’t necessariljhaveto livein the samedirectoryasthe correspondinga
library. However, this optionwill causethe GHCi library to becreatedn the samedirectoryas
the.a library.
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--config-file file
f file

Usef i | e insteadof thedefault packageconfiguratiorfile. This,in conjunctionwith GHC's
-package-conf  option,allows auserto have alocal setof packagesn additionto the
system-widédnstalledset.

--list-packages
-l
This optiondisplaysthelist of currentlyinstalledpackages.

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

Notethatyour GHC installationmight have a slightly differentsetof packagesnstalled.

Thegmpandrts packagesrealwayspresentandrepresenthe multi-precisionintegerand
runtimesystemlibrariesrespectiely. Thestd packagecontainstheHaslell preludeand
standardibraries.Therestof the packagesreoptionallibraries.

--remove-package f oo
-r foo

Remaesthe specifiedpackagdrom theinstalledconfiguration.
--update-package
-u

Readgackagespecificatiorfrom theinput, andaddsit to thedatabasef installedpackageslf
apackagewith the samenameis alreadyinstalled,its configurationdatais replacedwith the
new information.If the packagedoesnt alreadyexist, it's added.

--force

Causeghc-pkg toignoremissingdirectoriesandlibrarieswhenaddinga packageandjustgo
aheadandaddit anyway. This might be usefulif your packagenstallationsystemneedgo add
the packagego GHC beforebuilding andinstallingthefiles.

Whenmodifying the configuratiorfile f i | e, acopy of theoriginalfile is sarzedin f i | e.old , soin
anemepgeng you canalwaysrestorethe old settingsby copying theold file backagain.

A packagespecificatiorlookslik e this:

Package {
name = "mypkg",
import_dirs = ["${installdir}/imports/mypkg"],
source_dirs =1
library_dirs = ["${installdir}"],
hs_libraries = ["HSmypkg" 1],

[*HSmypkg_cbits"],

extra_libraries
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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"]

}

Component®f a packagespecificatiormaybe specifiedn any order andare:

name
The packages name 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 directoriescontainingHaslell sourcefiles for this packageThis field isn’t usedby
GHC, but could potentiallybe usedby anall-interpretedsystemlik e Hugs.

library_dirs

A list of directoriescontaininglibrariesfor this package.

hs_libraries

A list of librariescontainingHaslell codefor this packagewith the.a or.dll  suffix omitted.
Whenpackagesrebuilt aslibraries,thelib  prefixis alsoomitted.

For usewith GHCIi, eachlibrary shouldhave anobjectfile too. The nameof the objectfile does
nothavealib prefix,andhasthe normalobjectsuffix for your platform.

For example,if we specifyaHaslell library asHSfoo in the packagespecthenthevarious
flavoursof library that GHC actuallyuseswill becalled:

libHSfoo.a

Thenameof thelibrary on Unix andWindows (mingw) systemsNotethatwe don't
supportbuilding dynamiclibrariesof Haslell codeon Unix systems.

HSfoo.dll

Thenameof thedynamiclibrary on Windows systemgoptional).

HSfoo.0
HSfoo.obj

The objectversionof thelibrary usedby GHCi.
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extra_libraries

A list of extralibrariesfor this packageThedifferencebetweerhs_libraries and
extra_libraries is thaths_libraries normally have severalversionsto support
profiling, parallelandotherbuild options.Thevariousversionsaregivendifferentsufiixesto
distinguishthem,for examplethe profiling versionof the standardreludelibrary is named
libHSstd_p.a , with the_p indicatingthatthisis a profiling version.The suffix is added
automaticallypy GHC for hs_libraries only, no sufiix is addedfor librariesin
extra_libraries

Thelibrarieslistedin extra_libraries may beary librariessupportedy your systems
linker, includingdynamiclibraries(.so onUnix, .DLL onWindows).

Also, extra_libraries areplacedonthelinkercommandine afterthe hs_libraries for
thesamepackagelf your packagehasdependencieis the otherdirection(i.e.

extra_libraries depend®n hs_libraries ), andthelibrariesarestatic,you might need
to make two separatgackages.

include_dirs

A list of directoriescontainingC includesfor this packaggmaybethe emptylist).

c_includes
A list of files to includefor via-C compilationsusingthis packageTypically thisincludefile
will containfunctionprototypedor ary C functionsusedin the packagein casethey endup
beingcalledasaresultof Haslell functionsfrom the packagebeinginlined.

package_deps

A list of packagesvhich this packagaelepend®n.

extra_ghc_opts

Extraargumentgo be addedo the GHC commandine whenthis packagés beingused.

extra_cc_opts
Extraargumentgo be addedo thegcccommandine whenthis packages beingused(only for
via-C compilations).

extra_ld_opts

Extraargumentgo be addedo thegcccommandine (for linking) whenthis packagés being
used.
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framework_dirs
On Darwin/MacOSX, alist of directoriescontainingframeworksfor this packageThis
correspondso the-framework-path ~ option. It is ignoredon all otherplatforms.
extra_frameworks

On Darwin/MacOSX, alist of frameworksto link to. This correspondso the -framework
option. Take alook at Apple’s developerdocumentatioro find out whatframewvorksactually
are.Thisentryis ignoredon all otherplatforms.

Theghc-pkg tool performsexpansionof ervironmentvariablesoccurringin input package
specificationsSo, if the mypkg wasaddedo the packagedatabasasfollows:

$ installdir=/usr/localllib ghc-pkg -a < mypkg.pkg
The occurrencef ${installdir} is replacedwith /usr/local/lib in the packagedatathatis
addedor mypkg.

This featureenableghedistribution of packagespecificatiorfiles thatcanbe easilyconfiguredwhen
installing.

For examplesof morepackagespecificationstake alook atthepackage.conf  in your GHC
installation.

4.11. Optimisation (code impr ovement)

4.11.1.
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The-O* optionsspecifyconvenient‘packages’of optimisationflags;the-f* optionsdescribed
later on specifyindividual optimisationgo beturnedon/off; the-m* optionsspecify
madine-specifioptimisationgo beturnedon/off.

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

Therearemanyoptionsthataffect the quality of codeproducedoy GHC. Most peopleonly have a
generalgoal,somethindik e “Compile quickly” or “Make my programrunlik e greasedightning.”
Thefollowing “packages’of optimisationgor lack thereof)shouldsufice.

Onceyou choosea-O* “package, stick with it—don’t chopandchange Modules’interfaceswill
changewith a shiftto anew -O* option,andyou mayhave to recompilealarge chunkof all
importingmodulesbeforeyour programcanagainberun safely(seeSection4.9.5.

No -O* -typeoptionspecified:

Thisis takento mean:“Pleasecompilequickly; I'm not over-botherecaboutcompiled-code
quality.” So,for example:ghc-c Foo.hs
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Means‘turn off all optimisation”,revertingto the samesettingsasif no-O optionshadbeen
specified.Saying-0O0 canbeusefulif eg. make hasinserteda-O onthecommandine already

-O or-O1:

Means:*Generategood-qualitycodewithout takingtoo long aboutit.” Thus,for example:ghc
-c-O Main.lhs

Means:*Apply everynon-dangerousptimisation.evenif it meanssignificantlylongercompile
times.”

Theavoided“dangerous’optimisationsarethosethatcanmake runtimeor spaceworseif
you're unlucky. They arenormallyturnedon or off individually.

At themoment,-02 is unlikely to producebettercodethan-O.

-Ofile  <file>

(NOTE: notsupported/etin GHC 5.x. Pleaseaskif you're interestedn this.)

For thosewho needabsolutecontrol over exactlywhatoptionsareused(e.g.,compilerwriters,
sometimes-), alist of optionscanbeputin afile andthenslurpedin with -Ofile

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

Pleaseaskif you arebaffled andwould like anexampleof -Ofile !

We don't usea-0O* flag for day-to-daywork. We use-O to getrespectablspeedg.g.,whenwe
wantto measuresomethingWhenwe wantto go for broke, we tendto use-O -fvia-C  (andwe go
for lots of coffee breaks).

Theeasiestvay to seewhat-O (etc.)“really mean”is to runwith -v , thenstandbackin amazement.

- f *: platf orm-independent flags

Theseflagsturn on andoff individual optimisationsThey arenormally setvia the-O options
describedabove,andassuch,you shouldnt needto setary of themexplicitly (indeed,doingso
couldleadto unexpectedresults) However, thereareoneor two thatmaybe of interest:

-fexcess-precision
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Whenthis optionis given,intermediatdloating point valuescanhave a greaterprecision/range
thanthefinal type.Generallythis is a goodthing, but someprogramamayrely on the exact
precision/rangef Float /Double valuesandshouldnotusethis optionfor their compilation.

-fignore-asserts

CausessHC to ignoreusesof the function Exception.assert in sourcecode(in other
words,rewriting Exception.assert p e toe (seeSection7.4). Thisflagisturnedonby -O.

-fno-strictness

Turnsoff the strictnessanalysersometimest eatstoo mary cycles.

-fno-cpr-analyse

Turnsoff the CPR(constructegroductresult)analysisit is somavhatexperimental.

-funbox-strict-fields

This optioncausesll constructofieldswhich aremarkedstrict(i.e.“!”) to beunboxedor
unpacledif possible For example:

data T = T !Float IFloat

will createa constructofT containingtwo unboedfloatsif the-funbox-strict-fields flag
is given. This maynot alwaysbeanoptimisation:if theT constructoiis scrutinisecandthe
floatspassedo a non-strictfunctionfor example,they will have to bereboxed(thisis done
automaticallyby the compiler).

This optionshouldonly be usedin conjunctionwith -O, in orderto exposeunfoldingsto the
compilersothereboxingcanberemovedasoftenaspossible For example:

f = T -> Float
f (T fl f2) =f1 +f2

Thecompilerwill avoid reboxingfl andf2 by inlining + onfloats,but only when-O is on.
Any single-constructodatais eligible for unpackingfor example
data T = T !(Int,Int)

will storethetwo Int sdirectlyin the T constructoyby flatteningthe pair. Multi-level
unpackings alsosupported:

data T =TS
data S = S lint lint

will storetwo unboxedint# sdirectlyin the T constructor
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-funfolding-update-in-place<n>

Switcheson anexperimental'optimisation”.Switchingit on makesthe compileralittle keener
to inline afunctionthatreturnsa constructoyif thecontext is thatof a thunk.

X = plusint ab

If we inlined plusintwe might getanopportunityto useupdate-in-placéor thethunk’x’.

-funfolding-creation-threshold<n>

(Default: 45) Governsthe maximumsizethat GHC will allow afunctionunfoldingto be.(An
unfolding hasa “size” thatreflectsthe costin termsof “codebloat” of expandingthatunfolding
atatacall site. A biggerfunctionwould be assigned biggercost.)

Consequencesa) nothinglargerthanthiswill beinlined (unlesst hasanINLINE pragma)jb)
nothinglargerthanthis will be spavedinto aninterfacefile.

Increasinghis figureis morelik ely to resultin longercompiletimesthanfastercode.The next
optionis moreuseful:

-funfolding-use-threshold<n>

(Default: 8) Thisis themagiccut-off figurefor unfolding: below this size,a functiondefinition
will beunfoldedatthe call-site,any biggerandit won’t. The sizecomputedor afunction
depend®n two things:the actualsizeof the expressiomminusary discountghatapply (see
-funfolding-con-discount ).

4.12. Options related to a particular phase

4.12.1. Replacing the program for one or more phases

You may specifythata differentprogrambe usedfor oneof the phase®f the compilationsystemjn
placeof whatevertheghc haswiredinto it. For example,you mightwantto try adifferentassembler
Thefollowing optionsallow you to changethe externalprogramusedfor a givencompilationphase:

-pgmL cnd

Usecnd astheliteratepre-processor
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-pgmP cnd

Usecnd asthe C pre-processofwith -cpp only).

-pgmc cnd

Usecnd asthe C compilet

-pgma cnd

Usecnd astheassembler

-pgm! cnd

Usecnd asthelinker.

-pgmdll  cnd

Usecnd astheDLL generatar

-pgmdep cnd

Usecnd asthedependenggeneratar

-pgmF cnd

Usecnd asthe pre-processofwith -F only).

Forcing options to a particular phase

Optionscanbeforcedthroughto a particlarcompilationphasepsingthefollowing flags:

So,for example,to forcean-Ewurble  optionto theassembleryou would tell thedriver
-opta-Ewurble  (thedashbeforethe E is required).

GHC s itself aHaslell program soif you needto passoptionsdirectly to GHC's runtimesystem

you canenclosghemin +RTS ...  -RTS (seeSection4.16).

Options affecting the C pre-pr ocessor

-Cpp

The C pre-processatpp is runoveryour Haslell codeonly if the-cpp option is given.Unless
you arebuilding alarge systemwith significantdosesof conditionalcompilation,you really

shouldnt needit.
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-Dsynbol [=val ue]
Definemacrosynbol in theusualway. NB: doesnot affect-D macrospassedo the
C compilerwhencompilingvia C! For those,usethe-optc-Dfoo  hack... (seeSection
4.12.9.

-Usynbol

Undefinemacrosymnbol in the usualway.

- dir
Specifyadirectoryin whichto look for #include files,in theusualC way.

The GHC driver pre-defineseveralmacroswhenprocessinddaslell sourcecode(.hs or .lhs
files):

__HASKELL98__
If defined this meanghatGHC supportghelanguagelefinedby the Haslell 98 report.

__ HASKELL__ =98
In GHC 4.04andlater, the_ HASKELL__macrois definedashaving thevalue9s.

__ HASKELL1__
If definedto n, thatmeansGHC supportghe Haslell languagedefinedin the Haslell report
versionl.n. Currently5. This macrois deprecatedandwill probablydisappeamn future
versions.

__GLASGOW_HASKELL__

For versionn of the GHC systemthiswill be#define dto 100n. For example for version
5.00,it is 500.

With ary luck, _ GLASGOW_HASKELL will beundefinedn all otherimplementationshat
supportC-stylepre-processing.

(For referencethe comparablesymbolsfor othersystemsare:_ HUGS__ for Hugs,_ NHC__
for nhc98,and__HBC__for Chalmers.)

NB. This macrois setwhenpre-processingpoth Haslell sourceandC sourcejncludingtheC
sourcegeneratedrom a Haslell module(i.e. .hs , .lhs ,.c and.hc files).

__CONCURRENT_HASKELL__

This symbolis definedwhenpre-processinglaslell (input) andpre-processin@ (GHC
output).SinceGHC from verion4.00now supportoncurrentaslell by default, this symbolis
alwaysdefined.
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_ PARALLEL_HASKELL_

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

4.12.3.1. CPP and string gaps

A smallword of warning:-cpp is notfriendly to “string gaps”..In otherwords,stringssuchasthe
following:

strmod = "\
\' ' p\
\ "

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

However, it appeargshatif you adda spaceattheendof theline, thencpp (atleastGNU cpp and
possiblyothercpps) leavesthe backslash-spageairsaloneandthe string gapworks asexpected.

Options affecting a Haskell pre-processor

-F
A custompre-processas run overyour Haslell sourcefile only if the-F option is given.

Runninga custompre-processoat compile-timeis in somesettingsappropriateanduseful. The
-F optionletsyourunapre-processaaspartof the overall GHC compilationpipeline,which
hasthe advantageover runninga Haslell pre-processoseparatelyn thatit worksin interpreted
modeandyou cancontinueto take reapthe benefitsof GHC’s recompilationchecler.

The pre-processois run just beforethe Haslell compilerproperprocessethe Haslell input,
but afterthe literatemarkuphasbeenstrippedaway and(possibly)the C pre-processanas
washedheHaslell input.

-pgmF cnd

Usecnd astheHaslell pre-processoiVheninvoked,thecnd pre-processais givenatleast
threeargumentn its command-linethefirst argumentis the nameof the original sourcefile,
the seconds the nameof thefile holdingtheinput, andthethird is the nameof thefile where
cmd shouldwrite its outputto.

Additional algumentso thecnd pre-processotanbe passedn usingthe-optF option.These
arefedto cnd onthecommandine afterthe threestandardnput andoutputarguments.
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Options affecting the C compiler (if applicab le)

If you arecompilingwith lots of foreign calls,you mayneedto tell the C compileraboutsome
#include files. Thereis norealprettyway to do this, but you canusethis hackfrom the
command-line:

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

Options affecting code generation

-fasm

UseGHC's native codegeneratoratherthancompilingvia C. Thiswill compilefaster(upto
twice asfast),but may producecodethatis slightly slowerthancompilingvia C. -fasm is the
defaultwhenoptimisationis off (seeSectiorn4.11).

-fvia-C
Compilevia C insteadof usingthe native codegeneratarThis is default for optimised
compilationsandon architecture$or which GHC doesnt have a native codegeneratar
-fno-code

Omit codegeneratior(andall laterphasesgltogetherMight be of someuseif you justwantto
seedumpsof theintermediatecompilationphases.

Options affecting linking

GHC hasto link your codewith variouslibraries,possiblyincluding: usersupplied, GHC-supplied,
andsystem-supplie¢im mathlibrary, for example).

- 1ib

Link in thel i b library. On Unix systemsthiswill bein afile calledlib 1ib.a orlib Iib.so
whichresidessomavhereonthelibrary directoriespath.

Becausef the sadstateof mostUNIX linkers,theorderof suchoptionsdoesmatter If library
f oo requiredibrary bar , thenin generatl f oo shouldcomebefoe -l bar onthecommand
line.

Theres oneothergotchato bearin mind whenusingexternallibraries:if thelibrary containsa
main() function,thenthiswill belinkedin preferencéo GHC's own main() function(eg.
libf2c  andlibl  havetheirown main() s).Thisis becaus&HC'smain() comesfrom the
HSrts library, whichis normallyincludedafter all the otherlibrarieson thelinker’scommand
line. To forceGHC’'s main()  to be usedin preferenceao ary othermain() sfrom external
libraries,justaddthe option-IHSrts  beforeary otherlibrarieson thecommandine.
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-package name

If you areusinga Haslell “package”(seeSection4.10), don't forgetto addtherelevant
-package optionwhenlinking the programtoo: it will causethe appropriatdibrariesto be
linkedin with the program.Forgettingthe-package optionwill likely resultin severalpages
of link errors.

-framework nane

On Darwin/MacOSX only, link in theframewnork name. This optioncorrespondso the
-framework optionfor Apple’sLinker. Pleasenotethatframenorksandpackagesretwo
differentthings- frameworksdon’t containary haslell code.Ratherthey areApple’s way of
packagingsharedibraries.To link to Apple’s“Carbon” API, for example,you'd use
-framework  Carbon .

-Ldir
Whereto find usersuppliedibraries... Prependhedirectorydi r to thelibrary directories
path.

-framework-path  di r

On Darwin/MacOSX only, prependhedirectorydi r to theframawork directoriespath.This
optioncorrespond$o the-F optionfor Apple’sLinker (-F alreadymeanssomethingelsefor
GHC).

-split-objs
Tell thelinkerto split the singleobjectfile thatwould normally be generatednto multiple
objectfiles, onepertop-level Haslell functionor typein the module We usethis featurefor
building GHC's librarieslibraries(warning:don't useit unlessyou know whatyou’re doing!).

-static

Tell thelinkerto avoid sharedHaslell libraries,if possible Thisis thedefault.

-dynamic

Tell thelinkerto usesharedHaslell libraries,if available(this optionis only supportecn
Windows at the moment,andalsonotethatyour distribution of GHC may not have been
suppliedwith sharedibraries).

-no-hs-main

In the eventyou wantto includeghc-compilecdcodeaspartof another(non-Haslell) program,
the RTS will notbesupplyingits definitionof main() atlink-time, youwill haveto. To signal
thatto thedriver scriptwhenlinking, use-no-hs-main

Noticethatsincethe command-lingpassedo thelinkeris ratherinvolved,you probablywantto
useghcto do thefinal link of your ‘mix ed-languageapplication.Thisis notarequirement
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though,justtry linking oncewith -v onto seewhatoptionsthedriver passeshroughto the
linker.

4.13. Using Concurrent Haskell

GHC supportgConcurrenHaslell by default, without requiringa specialoptionor libraries
compiledin a certainway. To getaccesgo the supportlibrariesfor ConcurrenHaslell, justimport
Control.Concurrent (detailsarein theaccompaging library documentation).

RTS optionsareprovidedfor modifying the behaiour of thethreadeduntimesystem SeeSection
4.14.4

ConcurrentHaslell is describedn moredetailin the documentatiorfior the Control.Concurrent
module.

4.14. Using Parallel Haskell

4.14.1.

[Youwon't beableto executeparallelHaslell programaunlessPVM3 (Parallel Virtual Machine,
version3) is installedat your site.]

To compilea Haslell programfor parallelexecutionunderPVM, usethe-parallel option,both
whencompilingandlinking. Youwill probablywanttoimport  Parallel  into your Haslell
modules.

To runyour parallelprogram,oncePVM is going,justinvokeit “as normal”. ThemainextraRTS
optionis -gp<n> , to sayhow mary PVM “processors*your programto run on. (For moredetailsof
all relevantRTS options,pleaseseeSection4.14.4)

In truth, runningParallelHaslell programsandgettinginformationout of them(e.g.,parallelism
profiles)is a battlewith the vagarieof PVM, detailedin thefollowing sections.

Dummy’s guide to using PVM

Beforeyou canrun a parallelprogramunderPVM, you mustsetthe requiredervironmentvariables
(PVM'sidea,not ours);somethindik e, probablyin your.cshrc  or equialent:

setenv  PVM_ROOTwherever/you/put/it
setenv  PVM_ARCH$PVM_ROOT/lib/pvmgetarch’
setenv  PVM_DPATH$PVM_ROOT/lib/pvmd
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Creatingand/orcontrollingyour “parallel machine”is a purely-PVM businessnothingspecificto
ParallelHaslell. Thefollowing paragraphslescribenow to configureyour parallelmachine
interactiely.

If you useparallelHaslell regularly onthe samemachineconfigurationt is agoodideato maintain
afile with all machinenamesandto make theervironmentvariablePVM_HOST_FILEpointto this
file. Thenyou canavoid theinteractve operationglescribedelow by just saying

pvm $PVM_HOST FILE

You usethe pvm commando startPVM on your machine.You canthendo variousthingsto
control/monitoryour “parallel machine;"the mostusefulbeing:

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's going,but leave PVM up
conf list the currentconfiguration

ps reportprocessesstatus

pstat <pid> statusof aparticularprocess

The PVM documentatiorcantell you much,muchmoreaboutpvm!

Parallelism profiles

With ParallelHaslell programswe usuallydon'’t careaboutthe results—onlywith “how parallel” it
was!We wantpretty pictures.

Parallelismprofiles(ala hbcpp) canbegeneratedvith the-gP RTS option. The perprocessor
profiling info is dumpednto files namedkfull-path><program>.gr . Thesearethenmunged
into a PostScrippicture,which you canthendisplay For example,to run your programa.out on8
processorghenview the parallelismprofile, do:

$ .Ja.out +RTS -gP -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

The scriptsfor processinghe parallelismprofilesaredistributedin ghc/utils/parallel/
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Other useful info about running parallel programs

The“garbage-collectiorstatistics"RTS optionscanbe usefulfor seeingwhatparallelprogramsare
doing.If youdoeither+RTS -Sstderr  or +RTS -sstderr , thenyou’ll getmutator
garbage-collectiorgtc.,timeson standarcerror. The standarcerrorof all PE’s otherthanthe ‘main
thread’appearsn /tmp/pvml.nnn , courtesyof PVM.

Whetherdoing+RTS -Sstderr  or not, ahandyway to watchwhat's happeningverallis: tail -f
/tmp/pvml.nnn.

RTS options for Concurrent/P arallel Haskell

Besidegheusualruntimesystem(RTS) options(Sectiord.16), therearea few optionsparticularly
for concurrent/paralledxecution.

-gp<N>:
(PARALLEL ONLY) Use<N>PVM processor$o run this program;thedefaultis 2.

-C[<us>]

Setsthecontext switchinterval to <s> secondsA context switchwill occuratthenext heap
block allocationafterthetimer expires(a heapblock allocationoccursevery 4k of allocation).
With -C0 or -C, context switcheswill occurasoftenaspossible(atevery heapblock
allocation).By default, context switchesoccurevery 20msmilliseconds Notethat GHC'’s
internaltimer ticks every 20ms,andthe context switchtimer is alwaysa multiple of thistimer,
s020msis the maximumgranularityavailablefor timed context switches.

-q[v]

(PARALLEL ONLY) Produceaquasi-paralleprofile of threadactiity, in thefile
<program>.gp . In thestyle of hbcpp, this profile recordghe movementof threadbetween
thegreen(runnable)andred (blocked)queueslf you specifytheverbosesuboption(-qv ), the
greenqueuss splitinto green(for the currentlyrunningthreadonly) andamber(for other
runnablethreads)We do notrecommendhatyou usetheverbosesuboptionif you areplanning
to usethehbcpp profiling toolsor if you arecontext switchingat every heapcheck(with -C).
-->

-gt<num> :

(PARALLEL ONLY) Limit thethreadpool size,i.e.the numberof concurrenthreadsper
processoto <num>, Thedefaultis 32. Eachthreadrequiresslightly over 1K wordsin theheap
for threadstateandstackobjects.(For 32-bit machinesthis translatego 4K bytes,andfor
64-bitmachines8K bytes.)
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-ge<num> :

(PARALLEL ONLY) Limit thesparkpool sizei.e.the numberof pendingsparksperprocessor
to <num>. Thedefaultis 100.A largernumbermaybeappropriatéf your programgenerates
large amountof parallelisminitially.

-gQ<num>:

(PARALLEL ONLY) Setthesizeof paclketstransmittedbetweerprocessorso <num>. The
defaultis 1024words.A largernumbemmay be appropriatéf your machinehasa high
communicatiorcostrelative to computatiorspeed.

-gh<num> :

(PARALLEL ONLY) Selecta packingschemeSetthe numberof non-rootthunksto packin
onepacletto <num>-1(0 meandnfinity). By default GUM usedull-subgraphpacking,i.e. the
entiresubgraptwith therequestealosureasroot is transmitted providedit fits into one
paclet). Choosinga smallervaluereduceghe amountof pre-fetchingof work donein GUM.
This canbeadwantageou$or improving datalocality but it canalsoworsenthe balanceof the
loadin the system.

-qg<num>:

(PARALLEL ONLY) SelectaglobalisationschemeThis optionaffectsthe generatiorof
globaladdressewhentransferringdata.Globaladdresseareglobally uniqueidentifiers
requiredto maintainsharingin the distributedgraphstructure Currentlythisis a binaryoption.
With <num>=0full globalisationis used(default). This meansa globaladdresss generatedor
every closurethatis transmitted With <num>=1a thunk-onlyglobalisationrschemes used,
which generatedjlobaladdres®nly for thunks.Thelattercasemaylosesharingof databut has
areducedoverheadn packinggraphstructureandmaintaininginternaltablesof global
addresses.

4.15. Platf orm-specific Flags
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Someflagsonly make sensdor particulartargetplatforms.

-mv8:

(SFARC machinesMeansto passthelike-namedptionto GCC;it saysto usethe Version8
SFARC instructions notablyintegermultiply anddivide. The similiar -m* GCC optionsfor
SFARC alsowork, actually
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-monly-[32]-regs

(iIX86 machinesGHC triesto “steal” four registersfrom GCC, for performanceeasonsit
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.

Justgive someregistersbackwith -monly-N-regs . Try ‘3’ first, then'2". If ‘2’ doesnt work,
pleasereportthebugto us.

4.16. Running a compiled program

To make anexecutableprogram the GHC systemcompilesyour codeandthenlinks it with a
non-trivial runtimesystem(RTS), which handlesstoragemanagemenprofiling, etc.

You have somecontrolover the behaiour of the RTS, by giving specialcommand-lineargumentso
your program.

Whenyour Haslell programstartsup, its RTS extractscommand-lineargumentdracletedbetween
+RTSand-RTS asits own. For example:

% ./a.out -f +RTS -p -S -RTS -h foo bar
TheRTSwill snafle-p -S for itself, andtheremainingagumentsf -h foo bar will behanded
to your programif/whenit calls System.getArgs

No -RTS optionis requiredif the runtime-systenoptionsextendto the endof thecommandine, as
in thisexample:

% hils -ltr  /usr/etc +RTS -A5m
If you absolutelypositively wantall therestof the optionsin acommandine to goto theprogram
(andnotthe RTS), usea--RTS .

As always,for RTS optionsthattake si zes:If thelastcharacteof si ze isaK or k, multiply by
1000;if anM or m, by 1,000,000ijf aG or G, by 1,000,000,000(And ary wraparoundn the
counterds your fault!)

Giving a+RTS -f optionwill print outthe RTS optionsactuallyavailablein your program(which
vary, dependingon how you compiled).

NOTE: sinceGHC s itself compiledby GHC, you canchangeRTS optionsin the compilerusingthe
normal+RTS ... -RTS combinationeg. to increasehe maximumheapsizefor acompilationto
128M,youwould add+RTS -M128m -RTS to thecommandine.
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Setting global RTS options

RTS optionsarealsotakenfrom the ernvironmentvariableGHCRT S. For example,to setthe
maximumheapsizeto 128M for all GHC-compiledprogramgqusingansh -like shell):

GHCRTS="-M128m’
export GHCRTS

RTS optionstakenfrom the GHCRTS ervironmentvariablecanbe overridenby optionsgivenon the
commandine.

RTS options to contr ol the garbage collector

Therearesereraloptionsto give you precisecontrol over garbagecollection.Hopefully, youwon't
needary of thesein normaloperation put thereareseveralthingsthatcanbe twealedfor maximum
performance.

-Asi ze

[Default: 256k] Settheallocationareasizeusedby the garbagecollector Theallocationarea
(actuallygeneratior0 step0) is fixedandis neverresized(unlessyou use-H, below).

Increasingheallocationareasizemay or may not give betterperformanceda biggerallocation
areameanswvorsecachebehaiour but fewer garbagecollectionsandlesspromotion).

With only 1 generation(-G1) the-A optionspecifieshe minimumallocationareasincethe
actualsizeof theallocationareawill beresizedaccordingo theamountof datain theheap(see
-F , below).

Usea compactingalgorithmfor collectingthe oldestgenerationBy default, the oldest
generationis collectedusinga copying algorithm;this optioncausest to becompactedn-place
instead . The compactioralgorithmis slower thanthe copying algorithm,but the savingsin
memoryusecanbe considerable.

For a givenheapsize(usingthe-H option),compactiorcanin factreducethe GC costby
allowing fewer GCsto be performed.This is morelik ely whentheratio of live datato heapsize
is high, say>30%.

NOTE: compactiordoesnt currentlywork whena singlegeneratioris requestedisingthe-G1
option.
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-cn

[Default: 30] Automaticallyenablecompactingcollectionwhenthelive dataexceeds1% of the
maximumheapsize(seethe-M option). Notethatthe maximumheapsizeis unlimited by
default, sothis optionhasno effect unlesshe maximumheapsizeis setwith -Msi ze.

-Ffactor

[Default: 2] This optioncontrolsthe amountof memoryresenedfor the oldergenerationgand
in the caseof atwo spacecollectorthe sizeof theallocationarea)asa factorof the amountof
live data.For example,if therewas2M of live datain the oldestgeneratiorwhenwe last
collectedit, thenby defaultwe’ll wait until it growsto 4M beforecollectingit again.

Thedefault seemgo work well here.If you have plenty of memory it is usuallybetterto use
-Hsi ze thantoincreaseF f act or .

The-F settingwill beautomaticallyreducedy the garbagecollectorwhenthe maximumheap
size(the-Msi ze setting)is approaching.

-Ggener ati ons

[Default: 2] Setthe numberof generationsisedby the garbagecollector Thedefaultof 2 seems
to begood,but thegarbagecollectorcansupportany numberof generationsAnything larger
thanabout4 is probablynota goodideaunlessyour programrunsfor alongtime, becausehe
oldestgeneratiorwill hardlyevergetcollected.

Specifyingl generatiorwith +RTS -G1 givesyou a simple2-spacecollector asyouwould
expect.ln a2-spacecollector the-A option(seeabove) specifiegshe minimumallocationarea
size,sincetheallocationareawill grow with theamountof live datain theheapIn a
multi-generationatollectortheallocationareais afixedsize(unlessyou usethe-H option,see
below).

-Hsi ze

[Default: 0] This option providesa “suggestedheapsize” for the garbagecollector The garbage
collectorwill useaboutthis muchmemoryuntil the programresideng grows andthe heapsize
needdo be expandedo retainreasonabl@erformance.

By default,the heapwill startsmall,andgrow andshrinkasnecessaryrhis canbe badfor
performancesoif you have plenty of memoryit’ s worthwhile supplyingabig -Hsi ze. For
improving GC performanceusing-Hsi ze is usuallya betterbetthan-Asi ze.
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-k si ze

[Default: 1k] Settheinitial stacksizefor new threadsThreadstacks(includingthe main
threads stack)live onthehheap,andgrow asrequired.Thedefault valueis goodfor concurrent
applicationswith lots of smallthreadsjf your programdoesnt fit this modelthenincreasing
this option may helpperformance.

Themainthreadis normally startedwith a slightly largerheapto cutdown onunnecessary
stackgrowth while the programis startingup.

-Ksi ze

-mn

[Default: 1M] Setthe maximumstacksizefor anindividual threadto si ze bytes.Thisoption
is therepurelyto stopthe programeatingup all the availablememoryin the machinef it gets
into aninfinite loop.

Minimum % n of heapwhich mustbe availablefor allocation.Thedefaultis 3%.

-Msi ze

[Default: unlimited] Setthe maximumheapsizeto si ze bytes.The heapnormallygrowsand
shrinksaccordingto the memoryrequirement®f the program.Theonly reasorfor having this
optionis to stopthe heapgrowing without boundandfilling up all the availableswap space,
which attheleastwill resultin the programbeingsummarilykilled by the operatingsystem.

The maximumheapsizealsoaffectsothergarbagecollectionparameterswhenthe amountof
live datain the heapexceedsa certainfraction of the maximumheapsize,compacting
collectionwill be automaticallyenabledor theoldestgenerationandthe-F parametewill be
reducedn orderto avoid exceedinghe maximumheapsize.

sfile
-Sfile

Write modest(-s ) or verbosg(-S ) garbage-collectostatisticanto file f i | e. Thedefault
fileisprogramstat .Thefil e stderr istreatedspecially with theoutputreally being
sentto stderr

This optionis usefulfor watchinghow the storagemanageadjuststhe heapsizebasedn the
currentamountof live data.

Write aone-lineGC statssummaryafterrunningthe program.This outputis in the sameformat
asthatproducedby the-Rghc-timing  option.
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4.16.3. RTS options for hackers, debuggers, and over-interested

souls

TheseRTS optionsmight be used(a) to avoid a GHC bug, (b) to see"what’s really happening”or
(c) becausgoufeellike it. Not recommendeébr everydayuse!

-B

Soundthebell atthe startof each(major) garbagecollection.

Oddly enough peoplereally do usethis option! Our palin Durham(England),Paul Callaghan,
writes: “Somepeoplehereuseit for a variety of purposes—honestly!—e.gonfirmationthat
the code/machinés doing somethingjnfinite loop detectiongaugingcostof recentlyadded
code.Certainpeoplecaneventell whatstagethe programlis in by the beeppattern But the
major useis for anngying othersin the sameoffice...”

-Dnum

An RTS dehuggingflag; varyingquantitiesof outputdependingon which bits aresetin num
Only worksif the RTS wascompiledwith the DEBU®ption.

- file

Producéticky-ticky” statisticsatthe endof theprogramrun. Thef i | e businessvorksjust
like onthe-S RTS option(above).

“Ticky-ticky” statisticsarecountsof variousprogramactions(updatesentersgetc.) The
programmusthave beencompiledusing-ticky  (a.k.a.“ticky-ticky profiling”), and,for it to
bereally useful,linkedwith suitablesystemlibraries.Not atrivial undertakingrconsultthe
installationguideon how to setthingsup for easy'‘ticky-ticky” profiling. For moreinformation,
seeSection5.7.

(Only availablewhenthe programis compiledfor profiling.) Whenanexceptionis raisedin the
program this option causeshe currentcost-centre-stacto bedumpedo stderr

This canbeparticularlyusefulfor delugging:if your programis complainingaboutahead []
errorandyou haven't gota cluewhich bit of codeis causingt, compilingwith -prof

-auto-all andrunningwith +RTS -xc  -RTS will tell you exactly thecall stackatthe point
theerrorwasraised.
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-Z

Turn off “update-framesqueezing’at garbage-collectiotime. (Theres no particularlygood
reasorto turnit off, exceptto ensureheaccuray of certaindatacollectedregardingthunk
entrycounts.)

4.16.4. "Hooks” to change RTS behaviour

GHC letsyou exerciserudimentarycontrol over the RTS settingsfor any givenprogram by
compilingin a“hook” thatis calledby therun-timesystem.The RTS containsstubdefinitionsfor all
thesehooks,but by writing your own versionandlinking it onthe GHC commandine, you can
overridethedefaults.

Owingto thevagarieof DLL linking, thesehooksdon'’t work underWindows whenthe programis
built dynamically

ThefunctiondefaultsHook  letsyou changevariousRTS options.Thecommonestisefor thisis to
give your programa default heapand/orstacksizethatis greaterthanthe default. 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/staclsizes:thesearemorelik ely to interactbadly with
direct-mappeaachesThefull setof flagsis definedin ghc/rts/RtsFlags.h thethe GHC source
tree.

You canalsochangethe messageprintedwhentheruntimesystent'blows up,” e.g.,on stack
overflow. Thehooksfor theseareasfollows:

void ErrorHdrHook  (FILE *)
What's printedout beforethe messagérom error

void OutOfHeapHook (unsigned long, unsigned long)

Theheap-werflov message.

void StackOverflowHook (long int)

The stack-averflow message.

void MallocFailHook (long int)

Themessage@rintedif malloc fails.
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void PatErrorHdrHook (FILE *)

Themessagerintedif apattern-matchiails (thefailuresthatwerenot handledby the Haslell

programmer).

void PreTraceHook (FILE *)

What's printedout beforeatrace message.

void PostTraceHook (FILE *)
What's printedout afteratrace message.

For example,hereis the “hooks” codeusedby GHC itself:

#include "Rts.h"
#include  "../rts/RtsFlags.h"
#include "HsFFI.h"

void

defaultsHook (void)

{

6*1024*1024 | BLOCK_SIZE;
8*1024*1024 /| sizeof(W_);
COLLECT_GC_STATS;

stderr;

RtsFlags.GcFlags.heapSizeSuggestion
RtsFlags.GcFlags.maxStkSize
RtsFlags.GcFlags.giveStats
RtsFlags.GcFlags.statsFile

}

void
ErrorHdrHook  (long  fd)
{
char msg[]="\n";
write(fd,msg,1);
}

void
PatErrorHdrHook (long fd)
{
const char msg[]="\n*** Pattern-matching error  within ~ GHCN\n\nThis
piler  bug; please report it to glasgow-haskell-bugs@haskell.org.\n\nFa
write(fd,msg,sizeof(msg)-1);

}

void

PreTraceHook (long fd)

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

}

void

is a com-
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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

GHC candumpits optimizedintermediatecode(saidto bein “Core” format)to afile asa side-efect
of compilation.Corefiles, which aregiventhesufiix .hcr , canbereadandprocessedby non-GHC
back-endools. The Coreformatis formally describedn An ExternalRepesentatiorfor the GHC
Core Languaye (http://www.haslell.org/ghc/docs/ppers/coreps. @), andsampletools (in Haslell)
for manipulatingCorefiles areavailablein the GHC sourcedistribution directory
[fptools/ghc/utils/ext-core . Notethattheformatof .hcr filesis different(thoughsimilar)
to the Coreoutputformatgeneratedor dehuggingpurposegSectior4.18).

-fext-core

Generatehcr files.

4.18. Debugging the compiler

HACKER TERRITORY. HACKER TERRITORY. (Youwerewarned.)

4.18.1. Dumping out compiler intermediate structures

-ddump- pass

Make a dehuggingdumpafterpass<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 :

renamemooutput
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-ddump-tc
typecheclkroutput

-ddump-types

Dumpatypessignaturefor eachvaluedefinedatthetop level of themodule. Thelist is
sortedalphabeticallyUsing-dppr-debug  dumpsatypesignatureor all theimported
andsystem-definethingsaswell; usefulfor deluggingthe compilet

-ddump-deriv

derivedinstances

-ddump-ds :

desugareoutput

-ddump-spec :

outputof specialisatiorpass

-ddump-rules

dumpsall rewrite rules(includingthosegeneratedby the specialisatiorpass)

-ddump-simpl

simplifer output(Core-to-Coregpasses)

-ddump-inlinings

inlining info from the simplifier

-ddump-usagesp

UsageSHnferencepre-infandoutput

-ddump-cpranal

CPRanalyseoutput

-ddump-stranal

strictnessanalyseioutput

-ddump-cse :

CSEpassoutput

-ddump-workwrap

worker/wrappeisplit output
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-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 the C compiler

-ddump-stix

native-codegeneratointermediatdorm

-ddump-asm :

assembljfanguagdrom the native-codegenerator

-ddump-bcos :

byte codecompileroutput

-ddump-foreign

dumpforeignexportstubs

-dverbose-core2core
-dverbose-stg2stg

Shaw the outputof theintermediateCore-to-CoreandSTG-to-STGpassestespectiely. (Lots
of output!) So:whenwe’rereally desperate:

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

-ddump-simpl-iterations

Show the outputof eachiteration of the simplifier (eachrun of the simplifier hasa maximum
numberof iterations,normally 4). Usedwheneven-dverbose-simpl doesnt cutit.
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-dppr-debug
Deluggingoutputis in oneof several“styles.” Take the printing of types,for example.In the
“user” style (thedefault), the compiler'sinternalideasabouttypesarepresentedn Haslell
source-lgel syntax,insofar aspossibleln the“debug” style (whichis thedefaultfor dekhugging
output),thetypesareprintedin with explicit foralls, andvariableshave their unique-idattached
(soyou cancheckfor thingsthatlook the samebut arent). This flag makesdetuggingoutput
appeain the moreverbosedehug style.

-dppr-user-length
In errormessagesxpressiongreprintedto a certain“depth”, with subexpressiondeyondthe
depthreplacedy ellipses.This flag setsthe depth.

-ddump-simpl-stats
Dump statisticsabouthow mary of eachkind of transformatiortoo place.If you add
-dppr-debug  you getmoredetailedinformation.

-ddump-rn-trace

Make therenametbe*real* chattyaboutwhatit is upto.

-ddump-rn-stats

Print out summaryof whatkind of informationtherenameiadto bringin.

-dshow-unused-imports

Have therenamereportwhatimportsdoesnot contribute.

Checking for consistenc y

-dcore-lint
Turn on hearyweightintra-passanity-checkingvithin GHC, at Corelevel. (It checksGHC's
sanity notyours.)

-dstg-lint
Ditto for STGlevel. (NOTE: currentlydoesnt work).

-dusagesp-lint

Turnon checksaroundUsageSHnference(-fusagesp ). This verifiesvarioussimple
propertief theresultsof theinferenceandalsowarnsif ary identifierwith a used-once
annotatiorbeforethe inferencehasa used-mag annotatiorafterwards;this couldindicatea
non-worksafetransformatioris beingapplied.
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4.18.3. How to read Core syntax (from some - ddunp flags)

Let'sdo this by commentinganexample.It’ s from doing-ddump-ds onthis code:
skip2 m= m: skip2 (m+2)

Beforewe jumpin, aword aboutnamesof things.Within GHC, variablestype constructorsetc.,are
identifiedby their “Uniques.” Theseareof theform ‘letter’ plus‘number’ (bothlooselyinterpreted).
The'letter’ givessomeideaof wherethe Uniquecamefrom; e.g.,_ means'built-in typevariable”;t
meansfrom thetypecheckr”; s meansfrom thesimplifier”; andsoon. The ‘number’is printed
fairly compactlyin a‘base-62'format, which everyonehatesexceptme (WDP).

Remembereverythinghasa “Unique” andit is usuallyprintedout whendehugging,in someform or
anotherSoherewe go...

Desugared:
Main.skip2{-r1L6-} i _forall_ a$ 4 =>{{Num a$ 4}} -> a$ 4 -> [a$ 4]

-# 'rlL6’ 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_PRAGM#ifo that goes into interface files.

Main.skip2{-r1L6-} =
AN _4 -> \ dNumtGt ->

let {
{- CoRec -}
+t4Hg = 4 > 4 > 4
_NI_
+t4Hg = (+{-r3JH-}  _4) d.Num.t4Gt
fromInt.t4GS o Intf-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 (M) are explicit. So ‘+' is first applied to a
-# type (_4), then to a dictionary, yielding the actual addition

--# function that we will use subsequently...

-# Weplay 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 T _4
_NI_
lit.t4Hb =
let {
ds.d4Qz : Int{-2i-}
_NI_
ds.d4Qz = I# 2#
} in fromint.t4GS ds.d4Qz

-# 'l 2# is just the literal Int 2, it reflects the fact that
--# GHCdefines ‘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 T4 >[4
_NI_
skip2.t3Ja =
\ mriH4 ->
let { ds.d4QQ : [ 4]
_NI_
ds.d4QQ =
let {
ds.d4QYy : _4
_NI_

ds.d4QY = +.t4Hg m.rl1H4 lit.t4Hb
} in  skip2.t3Ja ds.d4QY
} in
4 mrlH4 ds.d4QQ

{- end CoRec -}
} in  skip2.t3Ja

(“It' sjusta simplefunctionallanguage’is anunregisterisedrademarkof Peyton JonesEnterprises,
plc.)

4.18.4. Unregisterised compilation

Theterm"unregisterised'feally means'compilevia vanilla C", disablingsomeof the
platform-specifidricks that GHC normally usesto make programsgo faster Whencompiling
unregisterisedGHC simply generates C file whichis compiledvia gcc.

Unregisteriseccompilationcanbe usefulwhenporting GHC to anew machine sinceit reduceghe
prerequisitéoolsto gcc as, andld andnothingmore,andfurthermorethe amountof
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platform-specificcodethatneedgo bewritten in orderto getunregisteriseccompilationgoingis

usuallyfairly small.

-unreg :

Compilevia vanilla ANSI C only, turning off platform-specifimptimisationsNOTE: in order
to use-unreg , you needto have a setof libraries(includingthe RTS) built for unregisterised

compilation.This amountgo building GHC with way "u" enabled.

4.19. Flag reference

This sectionis a quick-referencéor GHC’s command-lindlags.For eachflag, we alsolist its

static/dynamicstatug(seeSection4.2), andtheflag’s opposite(if available).

4.19.1. Help and verbosity options (Section 4.4)

Flag Description Static/Dynamic Reverse

-? help static -

-help help static -

-v verbosemode dynamic -
(equialentto -v3 )

-v n setverbositylevel dynamic -

--version displayGHC version static -

--numeric-version displayGHC version static -
(numericonly)

--print-libdir displayGHClibrary static -
directory

4.19.2. Whic h phases to run (Section 4.6)

Flag Description Static/Dynamic Reverse

-E Stopafterpreprocessing static -
(.hspp file)

-C StopaftergeneratingC static -
(.hc file)
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Flag Description Static/Dynamic Reverse

-S Stopaftergenerating static -
assembly(.s file)

-c Stopaftercompilingto static -
objectcode(.o file)

4.19.3. Redirecting output (Section 4.7)

Flag Description Static/Dynamic Reverse

-hesuf  suf fix setthe suffix to usefor static -
intermediateC files

-hidir  dir setdirectoryfor static -
interfacefiles

-hisuf  suffix setthe suffix to usefor static -
interfacefiles

-0 fil enane setoutputfilename static -

-odir dir setoutputdirectory static -

-ohi fil enane setthefilenamein static
whichto putthe
interface

-osuf suffix setthe outputfile suffix static -

4.19.4. Keeping intermediate files (Section 4.7.1)

Flag Description Static/Dynamic Reverse

-keep-hc-file retainintermediatehc files static -

-keep-s-file retainintermediates static -
files

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

-keep-tmp-files retainall intermediate static -

temporanyfiles
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4.19.5. Temporar y files (Section 4.7.2)

Flag Description Static/Dynamic Reverse
-tmpdir setthedirectoryfor temporary | static -
files
4.19.6. Finding impor ts (Section 4.9.2)
Flag Description Static/Dynamic Reverse
-iodirldir2:... adddi r , di r 2, etc.toimport | static -
path
-i Emptytheimport static -
directorylist
4.19.7. Interface file options (Section 4.9.4)
Flag Description Static/Dynamic Reverse
-ddump-hi Dumpthenew interfaceto dynamic -
stdout
-ddump-hi-diffs Show thedifferences dynamic -
vs.theold interface
-ddump-minimal- Dumpa minimal setof dynamic -
imports imports
--show-iface  file Readtheinterfacein static -
fil e anddumpit as
text to stdout .
4.19.8. Recompilation checking (Section 4.9.5)
Flag Description Static/Dynamic Reverse
-no-recomp Turnoff recompilation static -recomp

checking
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Flag Description Static/Dynamic Reverse
-ignore-dot-ghci Disablereadingof .ghci files | static -
-read-dot-ghci Enablereadingof static -
.ghci files
4.19.10. Packages (Section 4.10)
Flag Description Static/Dynamic Reverse
-package nane Usepackagenane static -
-package-conf Loadmorepackages static -
file fromfile
-package-name Compilecodefor static -
name packagenane
4.19.11. Langua ge options (Section 7.1)
Flag Description Static/Dynamic Reverse
-fallow-overlapping- dynamic -fno-allow-
instances overlapping-
instances
-fallow- Enableundecidable dynamic -fno-allow-
undecidable- instances undecidable-
instances instances
-fgenerics Enablegenerics dynamic -fno-fgenerics
-fglasgow-exts Enablemostlanguage dynamic -fno-glasgow-exts
extensions
-ffi  or -fffi Enableforeignfunction dynamic -fno-ffi
interface(implied by
-fglasgow-exts )
-fwith Enabledeprecated dynamic -fno-with
with keyword
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4.19.12. Warnings
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Flag Description Static/Dynamic Reverse
-fignore-asserts Ignoreassertions dynamic -fno-ignore-
asserts
-fno-implicit- Don’timplicitly dynamic -
prelude import  Prelude
-fno- Disablethe dynamic -
monomorphism- monomorphism
restriction restriction
-firrefutable- Make tuple pattern dynamic -fno-irrefutable-
tuples matchingirrefutable tuples
-fcontext-stack n setthelimit for context dynamic -
reduction
(Section 4.8)
Flag Description Static/Dynamic Reverse
-W enablenormalwarnings dynamic -w
-w disableall warnings dynamic -
-wall enableall warnings dynamic -w
-fwarn- warnaboutusesof dynamic -fno-warn-
deprecations functions& typesthat deprecations
aredeprecated
-fwarn-duplicate- warnwhenanentity is dynamic -fno-warn-
exports exportedmultiple times duplicate-exports
-fwarn-hi- warnwhena.hi filein dynamic -fno-warn-hi-
shadowing thecurrentdirectory shadowing
shadevsalibrary
-fwarn- warnwhena pattern dynamic -fno-warn-
incomplete- matchcouldfail incomplete-
patterns patterns
-fwarn-misc enablemiscellaneous dynamic -fno-warn-misc

warnings
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Flag Description Static/Dynamic Reverse
-fwarn-missing- warnwhenfieldsof a dynamic -fno-warn-
fields recordareuninitialised missing-fields
-fwarn-missing- warnwhenclass dynamic -fno-warn-
methods methodsareundefined missing-methods
-fwarn-missing- warnabouttop-level dynamic -fno-warn-
signatures functionswithout missing-

signatures signatures
-fwarn-name- warnwhennamesare dynamic -fno-warn-name-
shadowing shadeved shadowing
-fwarn- warnaboutoverlapping dynamic -fno-warn-
overlapping- patterns overlapping-
patterns patterns
-fwarn-simple- warnabout dynamic -fno-warn-simple-
patterns lambda-patternthat patterns

canfail
-fwarn-type- warnwhendefaulting dynamic -fno-warn-type-
defaults happens defaults
-fwarn-unused- warnaboutbindings dynamic -fno-warn-unusec
binds thatareunused binds
-fwarn-unused- warnabout dynamic -fno-warn-unusec
imports unnecessarynports imports
-fwarn-unused- warnaboutvariablesn dynamic -fno-warn-unusec
matches patternghatarent matches

used

4.19.13. Optimisation levels (Section 4.11)

Flag Description Static/Dynamic Reverse
-0 Enabledefault optimisation static -00

(level 1)
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4.19.14. Individual

108

Flag Description Static/Dynamic Reverse
-On Setoptimisationlevel static -00
n
optimisations (Section 4.11.2)
Flag Description Static/Dynamic Reverse
-fcase-merge Enablecase-meaging static -fno-case-merge
-fdicts-strict Make dictionariesstrict dynamic -fno-dicts-strict
-fdo-eta- Enableeta-reduction static -fno-do-eta-
reduction reduction
-fdo-lambda-eta- Enablelambda static -fno-do-lambda-
expansion eta-reduction eta-expansion
-fexcess- Enableexcess static -fno-excess-
precision intermediateprecision precision
-ffoldr-build-on Enablefoldr-build static -fno-foldr-build-
optimisation on
-fignore-asserts Ignoreassertionén the static -fno-ignore-
source asserts
-fignore- Ignorepragmasn static -fno-ignore-
interface-pragmas interfacefiles interface-pragma
-flet-no-escape Enablelet-no-escape static -fno-let-no-
optimisation escape
-fliberate-case- Tweaktheliberate-case static -fno-liberate-
threshold optimisation(default: case-threshold
10)
-fomit-interface- Don't generate static -fno-omit-

pragmas

interfacepragmas

interface-pragma
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Flag Description Static/Dynamic Reverse
-fmax-worker-args If aworker hasthat static -

mary argumentsnone

will beunpacled

anymore(default: 10)
-fmax-simplifier- Setthemaxiterations static -
iterations for the simplifier
-fno-cpr Turnoff CPRanalysis static -
-fno-cse Turnoff common static -

sub-expression
-fno-pre-inlining Turnoff pre-inlining static -
-fno-strictness Turn off strictness static -

analysis
-fnumbers-strict Make numbersstrict dynamic -fno-numbers-

strict

-funbox-strict- Flattenstrict static -fno-unbox-
fields constructoffields strict-fields
-funfolding- Tweakunfolding static -fno-unfolding-
creation- settings creation-
threshold threshold
-funfolding-fun- Tweakunfolding static -fno-unfolding-
discount settings fun-discount
-funfolding- Tweakunfolding static -fno-unfolding-
keeness-factor settings keeness-factor
-funfolding- Tweakunfolding static -fno-unfolding-
update-in-place settings update-in-place
-funfolding-use- Tweakunfolding static -fno-unfolding-
threshold settings use-threshold
-fusagesp TurnonUsageSP static -fno-usagesp
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4.19.15. Profiling options (Chapter 5)

Flag Description Static/Dynamic Reverse

-auto Auto-add_scc_ stoall static -no-auto
exportedfunctions

-auto-all Auto-add_scc_ stoall static -no-auto-all
top-level functions

-auto-dicts Auto-add_scc_ stoall static -no-auto-dicts
dictionaries

-caf-all Auto-add_scc_ stoall static -no-caf-all
CAFs

-prof Turnon profiling static -

-ticky Turnonticky-ticky static -
profiling

4.19.16. Parallelism options (Section 4.14)

Flag Description Static/Dynamic Reverse

-gransim EnableGRANSIM static -

-parallel EnableParallelHaslell static -

-smp EnableSMP support static -

4.19.17. C pre-processor options (Section 4.12.3)

Flag Description Static/Dynamic Reverse

-cpp Runthe C pre-processoon dynamic -
Haslell sourcefiles

-Dsynbol [=val ue] Defineasymbolin the dynamic -Usynbol
C pre-processor

-Usynbol Undefinea symbolin dynamic -
the C pre-processor

- dir Adddi r tothe static -

directorysearcHist for
#include files
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Flag Description Static/Dynamic Reverse
#include file Includef i | e whencompiling | dynamic -
the.hc file
4.19.19. Code generation options (Section 4.12.6)
Flag Description Static/Dynamic Reverse
-fasm Usethenative codegenerator | 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 UsedynamicHaslell libraries | static -
(if available)
- lib Link in libraryl i b static -
-Ldir Adddi r tothelist of static -
directoriessearchedor
libraries
-package hamne Link in packagenane static -
-framework name On Darwin/MacOSX static -

only, link in the
framewvork name. This
optioncorrespond$o
the-framework
optionfor Apple’s
Linker.
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Flag Description Static/Dynamic Reverse

-framework-path On Darwin/MacOSX static -

name only, adddi r tothe
list of directories
searchedor
frameworks. This
optioncorrespond$o
the-F optionfor
Apple’sLinker.

-split-objs Split objects(for static -
libraries)

-static UsestaticHaslell static -
libraries

-no-hs-main Don’t asssumghis static -
programcontainsmain

4.19.21. Replacing phases (Section 4.12.1)

Flag Description Static/Dynamic Reverse

-pgmL cnd Usecnd astheliterate static -
pre-processor

-pgmP cnd Usecnd astheC static -
pre-processofwith
-cpp_only)

-pgmc cnd Usecnd astheC static -
compiler

-pgma cnd Usecnd asthe static -
assembler

-pgml cmd Usecnd asthelinker static -

-pgmdll  cnd Usecnd astheDLL static -
generator

-pgmdep cnd Usecnd asthe static -
dependenggenerator

-pgmF cnd Usecnd asthe static -
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Flag Description Static/Dynamic Reverse

-optL option passopt i on to theliterate dynamic -
pre-processor

-optP  option passopt i on to cpp dynamic -
(with -cpp only)

-optc option passopt i on totheC dynamic -
compiler

-opta option passopt i on tothe dynamic -
assembler

-optl  option passopt i on tothe static -
linker

-optdll  option passopt i on tothe static -
DLL generator

-optdep option passopt i on tothe static -
dependenggenerator

4.19.23. Platform-specific options (Section 4.15)

Flag Description Static/Dynamic Reverse

-mv8 (SFARC only) enableversion8 | static -
support

-monly-[32]-regs (x86 only) give some dynamic -
registersbackto the C
compiler

4.19.24. External core file options (Section 4.17)
Flag Description Static/Dynamic Reverse
-fext-core Generatehcr externalCore | static -

files

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

-dcore-lint Turnoninternalsanity dynamic -
checking

-ddump-absC DumpabstracC dynamic -

-ddump-asm Dumpassembly dynamic -

-ddump-bcos Dumpinterpreterbyte dynamic -
code

-ddump-cpranal Dumpoutputfrom dynamic -
CPRanalysis

-ddump-cse Dump CSEoutput dynamic -

-ddump-deriv Dumpderiving output dynamic -

-ddump-ds Dumpdesugareoutput dynamic -

-ddump-flatC Dump*“flat” C dynamic -

-ddump-foreign Dumpforeign dynamic -
export stubs

-ddump-inlinings Dumpinlining info dynamic -

-ddump-occur-anal Dumpoccurrence dynamic -
analysisoutput

-ddump-parsed Dumpparsetree dynamic -

-ddump-realC Dump“real” C dynamic -

-ddump-rn Dumprenameioutput dynamic -

-ddump-rules Dumprules dynamic -

-ddump-sat Dumpsaturatedutput dynamic -

-ddump-simpl Dumpfinal simplifier dynamic -
output

-ddump-simpl- Dumpoutputfrom dynamic -

iterations eachsimplifier iteration

-ddump-spec Dumpspecialiser dynamic -
output

-ddump-stg Dumpfinal STG dynamic -

-ddump-stranal Dumpstrictness dynamic -
analyseoutput

-ddump-tc Dumptypechecler dynamic -
output

-ddump-types Dumptypesignatures dynamic -

-ddump-usagesp DumpUsageSP dynamic -

analysisoutput
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Flag Description Static/Dynamic Reverse

-ddump-worker- Dumpworkerwrapper dynamic -

wrapper output

-ddump-rn-trace Tracerenamer dynamic -

-ddump-rn-stats Renamestats dynamic -

-ddump-stix Native codegenerator dynamic -
intermediatdorm

-ddump-simpl- Dumpsimplifier stats dynamic -

stats

-dppr-debug Turnon delug printing static -
(moreverbose)

-dppr-noprags Don’t outputpragma static -
info in dumps

-dppr-user-length Setthedepthfor static -
printing expressionsn
errormsgs

-dsource-stats Dumphaslell source dynamic -
stats

-dstg-lint STGpasssanity dynamic -
checking

-dstg-stats Dump STGstats dynamic -

-dusagesp-lint UsageSHRanity dynamic -
checler

-dverbose- Shaw outputfrom each dynamic -

core2core core-to-corgass

-dverbose-stg2stg Shaw outputfrom each dynamic -
STG-to-STGpass

-unreg Enableunrggisterised static -
compilation

4.19.26. Misc compiler options
‘ Flag ‘ Description Static/Dynamic Reverse
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Flag Description Static/Dynamic Reverse
-funfold-casms-in-hi- Allow casmdn unfoldings static -
file
-femit-extern- ?2?? static -
decls
-fglobalise- Make all top-level static -
toplev-names nameglobal (for
-split-objs )
-fno-hi-version- Don’'t complainabout static -
check .hi file mismatches
-dno-black-holing Turnoff blackholing static -
(probablydoesnt
work)
-fno-method- Don’t share static -
sharing specialisationsf
overloadedunctions
-fno-prune-decls Renamerdon’t prune static -
declarations
-fno-prune- Renamerdon’t prune static -
tydecls typedeclarations
-fhistory-size Setsimplification static -
historysize
-funregisterised Unregisterised static -
compilation(use
-unreg instead)
-fno-asm-mangling Turn off assembly static -

mangling(use-unreg
instead)
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Glasgav Haslell comeswith atime andspaceprofiling systemlts purposeis to helpyouimprove
your understandin@f your programs executionbehaiour, soyou canimproveiit.

Any commentssuggestiongnd/orimprovements/ou have arewelcome Recommendetprofiling
tricks” would be especiallycool!

Profiling aprogramis a three-stepprocess:

1. Re-compileyour programfor profiling with the-prof  option,andprobablyoneof the-auto
or -auto-all options.Theseoptionsaredescribedn moredetailin Section5.2

2. Runyour programwith oneof the profiling options,eg. +RTS -p -RTS. Thisgenerates file
of profiling information.

3. Examinethe generategbrofiling information,usingoneof GHC's profiling tools. Thetool to
usewill dependbnthekind of profiling informationgenerated.

5.1. Cost centres and cost-centre stacks

GHC's profiling systemassignsoststo costcentes A costis simply thetime or spacerequiredto
evaluatean expressionCostcentresareprogramannotationsaroundexpressionsall costsincurred
by theannotatedxpressiorareassignedo the enclosingcostcentre Furthermore GHC will
remembethe stackof enclosingcostcentredor any givenexpressioratrun-timeandgeneratea
call-graphof costattributions.

Let'stake alook atanexample:

main

= print  (nfib  25)
nfib n =

if n<2then 1 else nfib (n-1) + nfib (n-2)

Compileandrunthis programasfollows:

$ ghc -prof -auto-all -0 Main Main.hs
$ ./Main +RTS -p

121393

$

Whena GHC-compiledprogramis runwith the-p RTS option,it generates file called
<prog>.prof . In thiscasethefile will containsomethindik e this:

Fri May 12 14:06 2000 Time and Allocation Profiling Report (Final)

Main +RTS -p -RTS

total time
total alloc

0.14 secs (7 ticks @20 ms)
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 givesthe programnameandoptions,andthetotal time andtotal memory
allocationmeasurediuringtherun of the program(notethatthe total memoryallocationfigureisn’t
the sameasthe amountof live memoryneededy the programatarny onetime; thelattercanbe
determinedusingheapprofiling, whichwe will describeshortly).

Thesecondpartof thefile is a break-devn by costcentreof the mostcostly functionsin the
program.In this casetherewasonly onesignificantfunctionin the programnamelynfib , andit
wasresponsibldor 100%o0f boththetime andallocationcostsof the program.

Thethird andfinal sectionof thefile givesa profile break-devn by cost-centrestack.Thisis roughly
a call-graphprofile of the program.In theexampleabove, it is clearthatthecostlycall to nfib came
from main .

Thetime andallocationincurredby a givenpartof the programis displayedn two ways:
“individual”, which arethe costsincurredby the codecoveredby this costcentrestackalone,and
“inherited”, which includesthe costsincurredby all the childrenof this node.

Theusefulnes®f cost-centrestackds betterdemonstratetly modifying the exampleslightly:

main = print (f 25 + g 25)

f n nfib n

gn nfib  (n ‘div' 2)

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

Compileandrunthis programasbefore,andtake alook atthe new 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

118



Chapter5. Profiling

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 althoughwe hadtwo callsto nfib in theprogram,it isimmediatelyclearthatit wasthecall
fromf whichtookall thetime.

Theactualmeaningof the variouscolumnsin the outputis:

entries

Thenumberof timesthis particularpointin the call graphwasentered.

individual %time

Thepercentagef thetotal run time of the programspentat this pointin thecall graph.

individual %alloc
Thepercentagef thetotal memoryallocationg(excluding profiling overheadsf the program
madeby this call.

inherited%time

The percentagef thetotal runtime of the programspentbelow this pointin the call graph.

inherited%alloc

The percentagef thetotal memoryallocations(excluding profiling overheadspf the program
madeby this call andall of its sub-calls.

In additionyou canusethe-P RTS option to getthefollowing additionalinformation:

ticks

Theraw numberof time “ticks” which wereattributedto this cost-centrefrom this, we getthe
%time figurementionedabore.

bytes

Numberof bytesallocatedn the heapwhile in this cost-centreagain,this is theraw number
from whichwe getthe%alloc figure mentionedabove.

Whataboutrecursve functions,andmutually recursve groupsof functionsAWVherearethe costs
attributed?Well, althoughGHC doeskeepinformationaboutwhich groupsof functionscalledeach
otherrecursvely, this informationisn’t displayedn the basictime andallocationprofile, insteadthe
call-graphis flattenednto atree. The XML profiling tool (describedn Section5.5) will beableto
displayrealloopsin thecall-graph.
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5.1.1. Inserting cost centres by hand

Costcentresarejust programannotationsWhenyou say-auto-all to thecompiler, it
automaticallyinsertsa costcentreannotatioraroundevery top-level functionin your program but
you areentirelyfreeto addthe costcentreannotationgyourself.

Thesyntaxof a costcentreannotations
{-# SCC "name" #-} <expression>

where"name" is anaribrarystring,thatwill becomehe nameof your costcentreasit appearsn the
profiling output,and<expression> is any Haslell expressionAn SCCannotatiorextendsasfarto
theright aspossiblewhenparsing.

5.1.2. Rules for attrib uting costs
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The costof evaluatingary expressiornin your programis attributedto a cost-centrestackusingthe
following rules:

- If theexpressiornis partof theone-of costsof evaluatingthe enclosingtop-level definition,then
costsareattributedto the stackof lexically enclosingSCCannotation®ntop of thespecialCAF
cost-centre.

« Otherwise costsareattributedto the stackof lexically-enclosingSCCannotationsappendedo the
cost-centrestackin effect atthe call site of the currenttop-level definition'. Noticethatthisis a
recursve definition.

Whatdo we meanby one-of costsVell, Haslell is alazy languageandcertainexpressiongre
only ever evaluatedonce.For example,if we write:

x = nfib 25

thenx will only beevaluatedonce(if atall), andsubsequendemanddgor x will immediatelygetto
seethe cachedesult. Thedefinitionx is calleda CAF (ConstantApplicative Form), becausét has
no arguments.

For the purpose®f profiling, we saythattheexpressiomfib 25 belongsto the one-of costsof
evaluatingx.

Sinceone-of costsarent strictly speakingpartof the call-graphof the program they areattributed
to aspecialtop-level costcentre CAF. TheremaybeoneCAFcostcentrefor eachmodule(the
default), or onefor eachtop-level definitionwith ary one-of costs(this behaiour canbe selectedy
giving GHC the -caf-alll flag).

If you think you have a weird profile, or the call-graphdoesnt look lik e you expectit to, feel freeto
sendit (andyour program)to us at <glasgow-haskell-bugs@haskell.org >,
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5.2. Compiler options for profiling

-prof

To make useof the profiling systemall modulesmustbe compiledandlinkedwith the -prof
option.Any SCCannotationgou’ve putin your sourcewill springto life.

Withouta-prof option,your SCG areignored;soyou cancompileSCGladencodewithout
changingt.

Thereareafew otherprofiling-relatedcompilationoptions.Usethemin additionto -prof . These
do nothaveto be usedconsistentlyfor all modulesin a program.

-auto

GHCwill automaticallyadd_scc_ constructdor all top-level, exportedfunctions.

-auto-all

All top-level functions,exportedor not, will beautomatically scc_ 'd.

-caf-all
The costsof all CAFsin amoduleareusuallyattributedto one“big” CAF cost-centreWith
this option,all CAFsgettheir own cost-centreAn “if all elsefails” option...

-ignore-scc

Ignoreary _scc_ constructssoamodulewhich alreadyhas_scc_ s canbe compiledfor
profiling with the annotationsgnored.

5.3. Time and allocation profiling

To generatetime andallocationprofile, give oneof thefollowing RTS optionsto the compiled
programwhenyourunit (RTS optionsshouldbe enclosedbetween+RTS...-RTS asusual):

-p or-P:
The-p optionproducesa standardimeprofile report.It is writteninto thefile pr ogr amprof

The-P optionproducesa moredetailedreportcontainingthe actualtime andallocationdataas
well. (Not usedmuch.)
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-px :
The-px optiongenerategrofiling informationin the XML formatunderstoody our new
profiling tool, seeSection5.5.

This optionmakesuseof the extra informationmaintainedy the cost-centre-stacgrofiler to
provide usefulinformationaboutthe locationof runtimeerrors.SeeSectior4.16.3

5.4. Profiling memory usage

In additionto profiling thetime andallocationbehaiour of your program you canalsogeneratea
graphof its memoryusageovertime. Thisis usefulfor detectingthe cause®f spaceeaks when
your programholdson to morememaoryat run-timethatit needgo. Spacdeaksleadto longer
run-timesdueto heary garbagecollectorativity, andmay evencausehe programto run out of
memoryaltogether

To generate heapprofile from your program:

1. Compilethe programfor profiling (Section5.2).

2. Runit with oneof the heapprofiling optionsdescribedelow (eg. -hc for abasicproducer
profile). This generateshefile pr og.hp .

3. Runhp2psto producea Postscripfile, pr og.ps . Thehp2psutility is describedn detailin
Sectionb.6.

4. Displaythe heapprofile usinga postscriptviewer suchasGhostviav, or print it outona
Postscript-capablerinter.

5.4.1. RTS options for heap profiling

Thereareseveraldifferentkindsof heapprofile thatcanbe generatedAll the differentprofile types
yield a graphof live heapagainstime, but they differin how thelive heapis brokendown into
bandsThefollowing RTS optionsselectwhich break-devn to use:

-hc
Breaksdown the graphby the cost-centrestackwhich producedhe data.

-hm

Breakdown thelive heapby the modulecontainingthe codewhich producedhedata.
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Breaksdown the graphby closure description For actualdata,the descriptionis justthe
constructomame for otherclosurest is a compilergeneratedtringidentifyingtheclosure.

Breaksdown the graphby type For closureswvhich have functiontypeor
unknown/polymorphictype,thestringwill represenanapproximatiorto the actualtype.
-hr
Breakdown the graphby retainerset Retainerprofiling is describedn moredetailbelow
(Section5.4.2.
-hb

Breakdown the graphby biography. Biographicalprofiling is describedn moredetailbelow
(Section5.4.3.

In addition,the profile canberestrictecdto heapdatawhich satisfiescertaincriteria- for example,
you mightwantto displaya profile by type but only for dataproducedby a certainmodule,or a
profile by retainerfor a certaintype of data.Restrictionsarespecifiedasfollows:

-hc nane,...
Restrictthe profile to closuresproducedoy cost-centrestackswith oneof the specifiedcost
centresatthetop.

-hCnane,...
Restrictthe profile to closuregproducedy cost-centrestackswith oneof the specifiedcost
centresarywherein the stack.

-hmnodul e,...

Restrictthe profile to closuregproducedoy the specifiedmodules.

-hd desc,...

Restrictthe profile to closureswith the specifieddescriptionstrings.

-hy type,...
Restrictthe profile to closureswith the specifiedtypes.

-hr cc,...

Restrictthe profile to closureswith retainersetscontainingcost-centrestackswith oneof the
specifiedcostcentresatthetop.
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-hb bi o,...

Restrictthe profile to closureswith oneof the specifiedbiographiesyherebi o is oneof lag ,
drag , void , Oruse.

For example thefollowing optionswill generate retainermrofile restrictedto Branch andLeaf
constructors:

prog +RTS -hr -hdBranch,Leaf

Therecanonly beone"break-davn" option(eg. -hr in the exampleabove),but thereis nolimit on
thenumberof furtherrestrictionsthatmaybeapplied.All theoptionsmaybe combinedwith one
exception:GHC doesnt currentlysupportmixing the-hr and-hb options.

Theres onemoreoptionwhich relatesto heapprofiling:

-i secs:

Settheprofiling (sampling)interval to secs secondgthedefaultis 0.1 second)Fractionsare
allowed:for example-i0.2  will get5 samplepersecondThisonly affectsheapprofiling;
time profilesarealwayssampledon a 1/50secondrequeng.

5.4.2. Retainer Profiling

Retainerprofiling is designedo helpanswermuestiondik e “why is this databeingretained?” We
startby definingwhatwe meanby aretainer:

A retaineris eitherthe systemstack,or anunevaluatedclosure(thunk).

In particular constructor@renot retainers.

An objectA is retainedby anobjectB if objectA canbereachedy recursvely following pointers
startingfrom objectB but not meetingary otherretainersontheway. Eachobjecthasoneor more
retainersgollectively calledits retainerset

Whenretainerprofiling is requestedby giving the programthe-hr option,agraphis generated
whichis brokendown by retainerset.A retainersetis displayedasa setof cost-centrestacks;
becausehisis usuallytoo largeto fit onthe profile graph,eachretainersetis numberedandshavn
abbreviatedon thegraphalongwith its numberandthefull list of retainersetsis dumpednto the
file pr og.prof

Retainerprofiling requiresmultiple passe®verthelive heapin orderto discoverthefull retainerset
for eachobject,which canbe quite slov. Sowe setalimit onthemaximumsizeof aretainerset,
whereall retainersetslargerthanthe maximumretainersetsizearereplaceddy the specialsetMANY
The maximumsetsizedefaultsto 8 andcanbe alteredwith the-R RTS option:
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-Rsi ze

Restrictthe numberof elementsn aretainersetto si ze (default8).

5.4.2.1. Hints for using retainer profiling

Thedefinitionof retainerds designedo reflecta commoncauseof spacdeaks:alarge structureis
retainedby anunevaluatedcomputationandwill bereleasedncethe compuations forced.A good
exampleis looking up avaluein afinite map,whereunlessthelookupis forcedin atimely manner
theunevaluatedookupwill causethewhole mappingto beretained Thesekind of spacdeakscan
oftenbe eliminatedby forcing the relevantcomputationgo be performedeagerlyusingseq or
strictnessannotation®n dataconstructoffields.

Oftena particulardatastructures beingretainedby a chainof unevaluatedclosurespnly the nearest
of whichwill bereportedby retainerprofiling - for exampleA retainsB, B retainsC, andC retainsa
large structure Theremight be alargenumberof Bs but only asingleA, soA is reallytheonewe're
interestedn eliminating.However, retainerprofiling will in this casereportB astheretainerof the
large structure To move furtherup the chainof retainersye canaskfor anotheretainerprofile but
this time restrictthe profile to B objects,sowe geta profile of theretainersof B:

prog +RTS -hr -hcB

Thistrick isn’t foolproof, becaus¢heremight be otherB closuresn the heapwhich arent the
retainerswve areinterestedn, but we've foundthis to be a usefultechniqueén mostcases.

5.4.3. Biographical Profiling

A typical heapobjectmaybein oneof thefollowing four statesat eachpointin its lifetime:

« Thelag stagewhichis thetime betweercreationandthefirst useof the object,

- theusestagewhich lastsfrom thefirst useuntil thelastuseof the object,and

« Thedrag stagewhich lastsfrom thefinal useuntil thelastreferenceo the objectis dropped.
« An objectwhichis never usedis saidto bein thevoid statefor its wholelifetime.

A biographicaheapprofile displaysthe portionof thelive heapin eachof thefour statedisted
above. Usuallythe mostinterestingstatesarethe void anddragstateslive heapin thesestateds
morelik ely to bewastedspacethanheapin thelag or usestates.

It is alsopossibleto breakdown the heapin oneor moreof thesestatesy a differentcriteria, by
restrictinga profile by biography For example to shav the portionof the heapin thedragor void
stateby producer:

prog +RTS -hc -hbdrag,void
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Onceyou know theproduceror thetypeof theheapin thedragor void statesthenext stepis usually
to find theretainer(s):

prog +RTS -hr -hc cc...

NOTE: this two stageprocesss requiredbecaus&HC cannotcurrentlyprofile usingboth
biographicalandretainerinformationsimultaneously

5.5. Graphical time/allocation profile

You canview thetime andallocationprofiling graphof your programgraphically usingghcprof.
Thisis anew tool with GHC 4.08,andwill eventuallybethe de-factostandardvay of viewing GHC
profileg

To run ghcprof, you needda\inci installed,which canbe obtainedrom TheGraphVisualisation
Tool davinci (http://www.informatik.uni-bemende/daNnci/). Install oneof the binarydistributions’,
andsetyour DAVINCIHOME environmentvariableto pointto theinstallationdirectory

ghcprof usesan XML-basedprofiling log format,andyou thereforeneedto runyour programwith a
differentoption:-px . Thefile generatedks still called<prog>.prof . To seethe profile, run ghcprof
likethis:

$ ghcprof  <prog>.prof

which shouldpopup awindow shawving the call-graphof your programin gloriousdetail. More
informationon usingghcprof canbefoundat TheCost-Cente Stak Profiling Tool for GHC
(http://lwww.dcs.varwick.ac.uk/people/adenic/Steplen.Javis/profiler/index.html).

5.6. hp2ps—heap profile to PostScript
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Usage:
hp2ps [flags] [<file>[.hp]]

Theprogramhp2pscorvertsa heapprofile asproducedoy the-h<break-down>  runtimeoption
into a PostScripgraphof the heapprofile. By corvention,thefile to be processedby hp2pshasa
.hp extension.ThePostScripbutputis writtento <file>@.ps . If <file> is omittedentirely, then
theprogrambehaesasafilter.

hp2psis distributedin ghc/utils/hp2ps in a GHC sourcedistribution. It wasoriginally
developedby Dave Wakeling aspartof the HBC/LML heapprofiler.

Theflagsare:
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In orderto make graphsmorereadablehp2ps sortsthe shadedandsfor eachidentifier The
default sortorderingis for the bandswith thelargestareato be staclked on top of the smaller
ones.The-d optioncausesougherbands(thoserepresentingeriesof valueswith thelargest
standardieviations)to be stacled on top of smoothernes.

Normally, hp2psputsthetitle of thegraphin asmallbox atthetop of the page However, if the
JOBstringis toolongto fit in asmallbox (morethan35 characters}thenhp2pswill chooseo
useabig boxinstead.The-b optionforceshp2psto useabig box.

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

-9

Generateencapsulate®ostScripsuitablefor inclusionin LaTeX documentsUsually, the
PostScripgraphis drawvn in landscapenodein anarea9 incheswide by 6 incheshigh, and
hp2psarrangedor this areato be approximatelycentredon a sheef a4 paper This formatis
corvenientof studyingthe graphin detail,but it is unsuitableor inclusionin LaTeX
documentsThe-e optioncauseshegraphto bedrawnin portraitmode,with float specifying
thewidth in inchesmillimetresor points(thedefault). TheresultingPostScripfile conformsto
the Encapsulate®ostScrip{ EPS)cornvention,andit canbeincludedin aLaTeX document
usingRokicki’'s dvi-to-PostScriptorverterdvips.

Createoutputsuitablefor the gsPostScrippreviewer (or similar). In this casethe graphis
printedin portraitmodewithout scaling.The outputis unsuitable€for alaserprinter.

Normally a profileis limited to 20 bandswith additionalidentifiersbeinggroupednto an
OTHERband.The-l flag removesthis 20 bandandlimit, producingasmary bandsas
necessaryNo key is producedasit won't fit!. It is usefulfor creationtime profileswith mary
bands.

-m<int>

P

Normally a profileis limited to 20 bandswith additionalidentifiersbeinggroupednto an
OTHERband.The-m flag specifiesaanalternatie bandlimit (the maximumis 20).

-m0 requestshebandlimit to beremoved.As mary bandsasnecessargreproducedHowever
nokey is producedasit won't fit! It is usefulfor displayingcreationtime profileswith mary
bands.

UsepreviousparametersBy default, the PostScripggraphis automaticallyscaledboth
horizontallyandvertically sothatit fills the page.However, whenpreparinga seriesof graphs
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for usein a presentationit is oftenusefulto draw a new graphusingthe samescale ,shading
andorderingasa previousone.The-p flag causeghegraphto bedrawn usingthe parameters
determineddy a previousrun of hp2psonfile . Theseareextractedfrom file@.aux

-s
Useasmallboxfor thetitle.

-t<float>
Normally traceelementsvhich sumto atotal of lessthan1% of the profile areremovedfrom
theprofile. The-t optionallows this percentag¢o be modified(maximum59%).
-t0 requestsio traceelementgo beremovedfrom the profile, ensuringthatall the datawill be
displayed.

-C
Generatecolouroutput.

Yy
Ignoremarks.

-?

Print outusaganformation.

5.7. Using “tic ky-tic ky” profiling (for implementor s)

128

(ToDo: documenproperly)

It is possibleto compileGlasgav Haslell programssothatthey will countlots andlots of interesting
things,e.g.,numberof updatespnumberof dataconstructorenteredetc.,etc. We call this
“ticky-ticky” profiling, becausehat’sthe sounda Sun4dmakeswhenit is runningup all those
countergslowly).

Ticky-ticky profiling is mainly intendedfor implementorsit is quite separatérom the main
“cost-centreprofiling systemjntendedfor all userseverywhere.

To beableto useticky-ticky profiling, youwill needto have built appropriatdibrariesandthings
whenyou madethe system See“Customisingwhatlibrariesto build,” in theinstallationguide.

To getyour compiledprogramto spit outtheticky-ticky numbersusea-r RTS option.SeeSection
4.16

Compilingyour programwith the-ticky ~ switchyieldsanexecutableghatperformsthesecounts.
Hereis asampleticky-ticky statisticsfile, generatedby theinvocationfoo +RTS -rf 0o.ticky.

foo +RTS -rfoo.ticky



ALLOCATIONS: 3964631 (11330900 words total: 3999476 admin,
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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 00 839 161 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
CATCHFRAMES: 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
UPD_PAP_IN_NEW: 34825: 0 0 0 34825 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 EINT_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 theinformationabove therow of asteriskss subjectto changeput hopefully
providesa usefulhuman-readablsummaryBelow the asterisksll countes maintainecdoy the
ticky-ticky systemaredumpedjn aformatintendedto be machine-readableeroor morespacesan

integer, a spacethe countemame,andanewline.

In fact,notall countersarenecessarilylumped;compile-or run-timeflagscanrendercertain
countergnvalid. In this case githerthe counterwill simply notappeayor it will appeamith a
modifiedcountemame possiblyalongwith anexplanationfor the omission(notice
ENT_PERM_IND_ctr appearsith aninserted above). Softwareanalysinghis outputshould
alwayscheckthatit hasthe counterst expects.Also, bevare:someof the counterscanhave large

values!

Notes

1. Thecall-siteis justthe placein the sourcecodewhich mentionsthe particularfunctionor

variable.
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2. Actually thisisn't trueany more,we areworking on anew tool for displayingheapprofiles
usingGtk+HS,soghcprof maygo away at somepointin thefuture.

3. daMnci is sadlynotopen-source(.
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Chapter 6. Advice on: sooner, faster, smaller,
thriftier

Pleaseadviseus of other“helpful hints” thatshouldgo here!

6.1. Sooner: producing a program more quic kly

Don't use-O or (especially}02:

By usingthem,you aretelling GHC thatyou arewilling to suffer longercompilationtimesfor
betterquality code.

GHC is surprisinglyzippy for normalcompilationswithout-O!

Usemorememory:

Within reasonmorememoryfor heapspacemeandessgarbagecollectionfor GHC, which
meandesscompilationtime. If you usethe-Rghc-timing  option,you’ll geta
garbage-collectareport.(Again, you canusethe cheap-and-nastyRTS -Sstderr  -RTS
optionto sendthe GC statsstraightto standarderror.)

If it saysyou'reusingmorethan20% of totaltime in garbagecollecting,thenmorememory
would help.

If theheapsizeis approachinghemaximum(64M by default), andyou have lots of memory
try increasinghe maximumwith the-M<size> option,e.g.:ghc-c -O -M1024m Foo.hs

Increasinghedefault allocationareasizeusedby the compiler's RTS mightalsohelp: usethe
-A<size> option.

If GHC persistdn beingabadmemorycitizen, pleasereportit asa bug.

Don’'t usetoo muchmemory!

As soonasGHC plusits “fellow citizens” (otherprocessesn your machine)startusingmore
thanthereal memoryon your machine andthe machinestarts‘thrashing,”the party is over.
Compiletimeswill beworsethanterrible! Usesomethindik e the csh-huiltin time commando
getareporton how mary pagefaultsyou're getting.

If youdon't know whatvirtual memory thrashing andpagefaultsare,or youdon't know the
memoryconfigurationof your machinedon't try to be clever aboutmemoryuse:you’ll just
male your life a misery(andfor otherpeopletoo, probably).
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Try to uselocal diskswhenlinking:

BecausdHaslell objectsandlibrariestendto belarge,it cantake mary realseconddo slurpthe
bits to/from aremotefilesystem.

It would be quite sensibleto compileon afastmachineusingremotely-mountedlisks;thenlink
on aslow machinethathadyour disksdirectly mounted.

Don’t derive/useRead unnecessatrily:

I’ sugly andslow.

GHC compilessomeprogramconstructslowly:

Deeply-nestetist comprehensionseemto beonesuch;in the past,very largeconstantables
werebad,too.

We'd ratheryou reportedsuchbehaiour asa bug, sothatwe cantry to correctit.

The partof thecompilerthatis occasionallyproneto wanderingoff for alongtimeis the
strictnessanalyserYou canturn this off individually with -fno-strictness

To figure outwhich partof the compileris badlybehaed,the-v2 optionis your friend.

If your modulehasbig wadsof constantdata, GHC may producea hugebasicblock thatwill
causehe native-codegeneratos registerallocatorto founder Bring on-fvia-C ~ (notthat
GCCwill bethatquick aboutit, either).

Explicit import declarations:

Insteadof sayingimport  Foo, sayimport Foo (...stuff | want..) Youcanget
GHC to tell youthe minimal setof requiredimportsby usingthe -ddump-minimal-imports
option (seeSectior4.9.4).

Truthfully, thereductionon compilationtime will bevery small.However, judicioususeof
import  declarationcanmake a programeasierto understandsoit maybeagoodidea
anyway.

6.2. Faster: producing a program that runs quic ker

Thekey tool to usein makingyour Haslell programrun fasterare GHC's profiling facilities,
describedseparatelyn Chapters. Thereis no substitutefor finding whereyour programs
time/spacas really going,asopposedo whereyou imagineit is going.
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Anotherpointto bearin mind: By far the bestway to improve a programs performancaramatically
is to usebetteralgorithms.Onceprofiling hasthrown the spotlighton the guilty time-consumer(s)t
may be betterto re-thinkyour programthanto try all thetweakslisted below.

Anotherextremelyefficientway to make your programsnapyy is to uselibrary codethathasbeen
SeriouslyTunedBy Someonetlse.You mightbeableto write abetterquicksortthanthe onein the
HBC library, but it will take you muchlongerthantypingimport  QSort . (Incidentally it doesnt
hurtif the Someonélseis LennartAugustsson.)

Pleaseeportary overly-slov GHC-compiledprogramsThe currentdefinition of “overly-slon” is
“the HBC-compiledversionranfaster”...

Optimise,using-O or-02:

Thisis themostbasicway to make your programgo faster Compilationtime will be slower,
especiallywith -O2.

At present;O2 is nearlyindistinguishabldrom -O.

Compilevia C andcrankup GCC:

Thenative code-generatds designedo be quick, notmind-bogglinglyclever. Betterto let
GCChaveago, asit triesmuchharderon registerallocation,etc.

At themoment;f youturnon-O you getGCCinstead.This maychangean thefuture.

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

Overloadedunctionsarenotyour friend:

Haslell's overloading(usingtype classes)s elegant,neat,etc.,etc.,but it is deathto
performancef left to lingerin aninnerloop. How canyou squashit?

Give explicit typesignatures:

Signaturesrethe basictrick; puttingthemon exported,top-level functionsis good
software-engineeringractice aryway. (Tip: using-fwarn-missing-signatures can
helpenforcegoodsignature-practice).

Theautomaticspecialisatiorof overloadedunctions(with -O) shouldtake careof
overloadedocal and/orunexportedfunctions.

UseSPECIALIZE pragmas:
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Specializehe overloadingon key functionsin your program.SeeSection7.6.3and
Section7.6.4

“But how do | know whereoverloadingis creepingn?”:
A low-techway: grep(search)our interfacefiles for overloadedypesignaturese.g.,:

% egrep Na-z].*:.x=> *.hi

Strict functionsareyour dearfriends:
and,amongotherthings,lazy pattern-matchings your enemy

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

Considerthesetwo codefragments:
f (Wibble x y) = .. # strict

f arg =let { (Wibble xvy) =arg } in .. # lazy
Theformerwill resultin far bettercode.

A lesscontrivedexampleshavs the useof cases insteadof lets to getstrictercode(agood
thing):

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

(@1, bl, cl) unpackFoo x
(a2, b2, c¢2) = unpackFoo vy

in ..

f (Wibble x y) # ugly, and proud of it

= case (unpackFoo x) of { (al, bl, cl) ->
case (unpackFoo vy) of { (a2, b2, c2) ->

)

GHC lovessingle-constructodata-types:

It' s all thebetterif afunctionis strictin asingle-constructotype (atypewith only one
data-constructoifpr example,tuplesaresingle-constructotypes).
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Newtypesarebetterthandatatypes:

If your datatypehasa singleconstructomwith asinglefield, useanewtype declaratiorinstead
of adata declarationThenewtype will beoptimisedaway in mostcases.

“How do| find outafunction’s strictness?”
Don’'t guess—Iookt up.

Look for your functionin theinterfacefile, thenfor thethird field in the pragmajt shouldsay
__S <string> .The<string> givesthestrictnesf thefunction'sargumentsL is lazy
(bad),S andE arestrict (good),P is “primitive” (good),U(...)  is strictand“unpackable”
(verygood),andA is absen{very good).

For an“unpackable”U(...)  argumenttheinfo insidetellsthe strictnesof its components.
So,if theargumentis a pair, andit saysU(AU(LSS)) , thatmeans'the first componenbf the
pairisn’t used;the seconccomponents itself unpackablewith threecomponentglazy in the
first, strictin thesecond& third).”

If thefunctionisn’t exported,justcompilewith the extraflag-ddump-simpl ; next to the
signaturefor ary binder, it will print the self-samepragmatidnformationaswould be putin an
interfacefile. (BesidesCoresyntaxis fun to look at!)

Forcekey functionsto be INLINE d (esp.monads):
PlacingINLINE pragman certainfunctionsthatareuseda lot canhave a dramaticeffect. See
Section7.6.1

Explicit export  list:

If youdo nothave anexplicit exportlist in amodule, GHC mustassumehateverythingin that
modulewill beexported.This hasvariouspessimisingeffects.For example,if abit of codeis
actuallyunusedperhapdecaus®f unfolding effects), GHC will notbeableto throw it away,
becausét is exportedandsomeothermodulemayberelying onits existence.

GHC canbequitea bit moreaggressie with piecesof codeif it knowsthey arenot exported.

Look atthe Coresyntax!
(Theform in which GHC manipulatesour code.)Justrun your compilationwith
-ddump-simpl  (don't forgetthe-0).

If profiling haspointedthefingerat particularfunctions,look attheir Corecode.lets arebad,
cases aregood,dictionarieq(d.<Class>.<Unique> ) [or anythingoverloading-ishprebad,
nestedambdasarebad,explicit dataconstructoraregood,primitive operationge.g.,eqint# )
aregood,...
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Useunboxedtypes(a GHC extension):
Whenyou arereally desperatéor speedandyou wantto getright down to the “raw bits.”
PleaseseeSection7.2.1for someinformationaboutusingunboxedtypes.

Useforeign  import (a GHC extension)to pluginto fastlibraries:

This maytake realwork, but... Thereexist pilesof massvely-tunediibrary code,andthebest
thing is notto competewith it, but link with it.

Chapter8 describegheforeignfunctioninterface.

Don’'t useFloat s:

We don't provide specialisationsf Preludefunctionsfor Float  (but we dofor Double ). If you
endup executingoverloadectode,youwill loseon performanceperhapsadly:.

Floats (probably32-bits)arealmostalwaysabadidea,anyway, unlessyou Really Know
WhatYou Are Doing. UseDoubles.Theresrarelya speeddisadwantage—modermachines
will usethe samefloating-pointunit for both. With Doubles , you aremuchlesslikely to hang
yourselfwith numericalerrors.

OnetimewhenFloat mightbeagoodideais if you have alot of them,saya giantarrayof
Float s.They take up halfthespacen theheapcomparedo Doubles . However, thisisn't true
ona64-bitmachine.

Useabiggerheap!

If your programs GC stats(-S RTS option)indicatethatit’s doinglots of garbage-collection
(say morethan20% of executiontime), morememorymight help—withthe-M<size> or
-A<size> RTSoptions(seeSection4.16.2.

6.3. Smaller: producing a program that is smaller
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Decreasehe“go-for-it” thresholdfor unfoldingsmallishexpressionsGive a
-funfolding-use-threshold0 optionfor the extremecase (“Only unfoldingswith zerocost
shouldproceed.”)Warning:exceptin certainspecialisedaseglik e Happy parsers}hisis likely to
actuallyincreasethe sizeof your program becauseinfolding generallyenablesextra simplifying
optimisationgo be performed.

Avoid Read.

Usestrip  onyourexecutables.
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6.4. Thriftier: producing a program that gobb les less
heap space

“l think | have aspacdeak...” Re-runyour programwith +RTS -Sstderr , andremove all doubt!
(You'll seetheheapusagegetbiggerandbigger...) [Hmmm...thismight be eveneasiemwith the
-G1 RTSoption;so... ./a.out+RTS -Sstderr-G1...]

Onceagain,theprofiling facilities (Chapter5) arethe basictool for demystifyingthe space
behaviour of your program.

Strict functionsaregoodfor spaceusageasthey arefor time, asdiscussedh the previoussection.
Strict functionsgetright down to businessratherthanfilling up theheapwith closuregqthe systems
notesto itself abouthow to evaluatesomethingshouldit eventuallyberequired).

139



Chapter6. Adviceon: soonerfaster smaller thriftier

140



Chapter 7. GHC Langua ge Features

As with all known Haslell systemsGHC implementssomeextensiongo thelanguageTo usethem,
you'll needto give a-fglasgow-exts option.

Virtually all of the Glasgav extensionssene to give you accesdo the underlyingfacilitieswith
whichwe implementHaslell. Thus,you cangetatthe Raw Iron, if you arewilling to write some
non-standardodeata moreprimitive level. You neednot be “stuck” on performancéecausef the
implementatiorcostsof Haslell's “high-level” features—yowcanalwayscode“under” them.In an
extremecaseyou canwrite all your time-criticalcodein C, andthenjustglueit togethemwith
Haslell!

Beforeyou gettoo carriedaway working atthe lowestlevel (e.g.,sloshingMutableByteArray# s
aroundyour program),you maywish to checkif therearelibrariesthatprovide a“Haskellised
veneer'overthefeaturesyou want. The separatdibrariesdocumentatiomlescribesll thelibraries
thatcomewith GHC.

7.1. Langua ge options

Theseflagscontrolwhatvariationof thelanguagearepermitted.Leaving outall of themgivesyou
standardHaslell 98.

-fglasgow-exts

This simultaneouslenablesll of the extensiongo Haslell 98 describedn Chapter7, except
whereotherwisenoted.

-ffi  and-fffi

This optionenableghelanguagesxtensiondefinedin the Haslell 98 ForeignFunctioninterface
Addendumplusdeprecatedyntaxof previousversionsof the FFI for backwardscompatibility.

-fwith

This optionenableghe deprecatediith keyword for implicit parameterst is merelyprovided
for backwardscompatibility. It is independenof the -fglasgow-exts flag.

-fno-monomorphism-restriction

Switchoff the Haslell 98 monomorphisnrestriction.Independenof 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 you alsouse-fglasgow-exts

-finline-phase

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

-fgenerics

SeeSection7.8. Independenof -fglasgow-exts

-fno-implicit-prelude

GHC normallyimportsPrelude.hi  filesfor you. If you'd ratherit didn’t, thengiveit a
-fno-implicit-prelude option.Theideais thatyou canthenimport a Preludeof your own.
(Butdon't call it Prelude ; theHaslell modulenamespacs flat, andyou mustnot conflict
with ary Preludemodule.)

Eventhoughyou have notimportedthe Prelude mostof the built-in syntaxstill refersto the
built-in Haslell Preludetypesandvalues,asspecifiedby the Haslell Report.For example the
type[int]  still meansPrelude.[] Int ; tuplescontinueto referto the standardPrelude
tuples;thetranslatiorfor list comprehensionsontinuedo usePrelude.map  etc.

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

7.2. Unboxed types and primitive operations

This chapterdefinesall thetypeswhich areprimitive in Glasgav Haslell, andthe operations
providedfor them.You bring theminto scopeby importingmoduleGHC.Exts .

Note:while you really canusethis stuff to write fastcode,we generallyfind it alot lesspainful,and
moresatisfyingin thelong run, to usehigherlevel languagdeaturesandlibraries.With ary luck,
the codeyouwrite will beoptimisedto the efficientunboxedversionin ary case And if it isn’t, we'd
like to know aboutit.

7.2.1. Unboxed types
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Mosttypesin GHC areboxed which meanghatvaluesof thattypearerepresentetdy a pointerto a
heapobject. Therepresentatioof aHaslell Int , for example,is atwo-word heapobject.An
unboxedype, however, is representely thevalueitself, no pointersor heapallocationareinvolved.
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Unboxedtypescorrespondo the “raw machine"typesyouwould usein C: Int# (longint),
Double# (double),Addr# (void *), etc. The primitive operations(PrimOps)on thesetypesarewhat
you mightexpect;e.g.,(+#) isadditiononInt# s,andis themachine-additionhatwe all know and
love—usuallyoneinstruction.

Primitive (unboxed)typescannotbe definedin Haslell, andarethereforebuilt into thelanguageand
compiler Primitive typesarealwaysunlifted; thatis, a valueof a primitive type cannotbe bottom.
We usethe corventionthat primitive types,values andoperationshave a# suffix.

Primitive valuesareoftenrepresentetly a simplebit-pattern suchasint# , Float# , Double# . But
thisis not necessarilyhe case:a primitive valuemight berepresentetty a pointerto a
heap-allocatedbject.ExampledncludeArray# , thetypeof primitive arrays.A primitive arrayis
heap-allocatetbecausdt is too big a valueto fit in aregister andwould betoo expensveto copy
around;in asenseit is accidentathatit is representetly apointer If apointerrepresents
primitive value,thenit really doespointto thatvalue:no unevaluatedhunks,no

indirections. . nothingcanbe at the otherendof the pointerthanthe primitive value.

Therearesomerestrictionson the useof primitive types,the mainonebeingthatyou can't passa
primitive valueto a polymorphicfunctionor storeonein a polymorphicdatatype. This rulesout
thingslike[int#]  (i.e.lists of primitive integers).Thereasorfor this restrictionis thatpolymorphic
argumentsandconstructoffieldsareassumedo be pointers:if anunboxedintegeris storedin oneof
thesethegarbagecollectorwould attemptto follow it, leadingto unpredictablespacdeaks.Or aseq
operationonthe polymorphiccomponentnay attemptto dereferenceéhe pointer, with disastrous
results.Evenworse,the unboxedvaluemight be largerthana pointer(Double# for instance).

NeverthelessA numerically-intensie programusingunboxedtypescango a lot fasterthanits
“standard’counterpart—wesav athreefoldspeedumn oneexample.

7.2.2. Unboxed Tuples

Unboxedtuplesarent really exportedby GHC.Exts , they’re availableby defaultwith
-fglasgow-exts . An unboxedtuplelookslik e this:

# e 1, .., e_n #)

wheree_1..e_n areexpression®f any type (primitive or non-primitive). Thetype of anunboxed
tuplelooksthesame.

Unboxedtuplesareusedfor functionsthatneedto returnmultiple values but they avoid the heap
allocationnormally associatedvith usingfully-fledgedtuples.Whenanunboxedtupleis returned,
thecomponentsreputdirectly into registersor onthe stack;the unboxedtupleitself doesnothave a
compositeaepresentatiorMany of the primitive operationdistedin this sectionreturnunboed
tuples.

Therearesomepretty stringentrestrictionson theuseof unboxedtuples:
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« Unboxedtupletypesaresubjectto the samerestrictionsasotherunboxedtypes;i.e. they maynot
be storedin polymorphicdatastructuresor passedo polymorphicfunctions.

- Unboxedtuplesmayonly beconstructeasthe directresultof afunction,andmayonly be
deconstructewvith acase expressioneg.thefollowing arevalid:

f xy=@# x+t1, y-1 #)
gx =case f x xof { # a, b# > a+ b}

but the following areinvalid:

fxy=g®# x, y#
g@# x y# =x+y

« No variablecanhave anunboedtupletype. Thisisillegal:

# Int, Int # -> # Int, Int #)

f
f x =x

becausa hasanunboedtupletype.

Note:we mayrelaxsomeof theserestrictionsn thefuture.

ThelO andST monadsuseunboyedtuplesto avoid unnecessargllocationduring sequencesf
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 really wantto know their exactequivalentsin C, seeghc/includes/StgTypes.h in the
GHC sourcetree.

Literalsfor thesetypesmay bewritten asfollows:

1# an Int#

1.2# a Float#

1.344## 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
=== /=< <=} t Int#  -> Int# -> Bool

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

7.2.5. Primitive-c haracter operations

ord# 1 Char# -> Int#
chr# : Int# -> Char#

7.2.6. Primitive- | nt operations

{+,-,*,quotint,remint,gcdint}# Do Int# > Int#E > Int#
negatelnt# Do Int# > Int#
iShiftL#, iShiftRA#, iShiftRL# Do Int# > Int#E > 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- Doubl e and Fl oat operations

{+,-* [ . Double# -> Double# -> Double#
{<,<=,==/=>=>}## :: Double# -> Double# -> Bool
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negateDouble# :» Double# -> Double#

double2int# :: Double# -> Int#

int2Double# Do Int# -> Double#
{plus,minux,times,divide}Float# . Float# -> Float# -> Float#
{ot,ge,eq,ne,lIt,le}Float# . Float# -> Float# -> Bool
negateFloat# ;. Float# -> Float#

float2Int# . Float# -> Int#

int2Float# o Int# -> Float#

And afull complementf 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#

The primitive versionof decodeDouble  (encodeDouble isimplementedasanexternalC
function):

decodeDouble# ;. Double# -> PrelNum.ReturnintAndGMP

(And thesamefor Float# s.)
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7.2.8. Operations on/for | nt eger s (interface to GMP)
We implementintegers  (arbitrary-precisionntegers)usingthe GNU multiple-precisiofGMP)
packaggversion2.0.2).

Thedatatypefor Integer is eitherasmallinteger, representedy anint , or alargeinteger
representedsingthe piecesrequiredby GMP’s MP_INT in gmp.h (seegmp.info in

ghc/includes/runtime/gmp ). It comesoutas:
data Integer = S# Int# -- small integers
| J# Int# ByteArray# -- large integers

The primitive opsto supportlargeintegers  usethe“pieces”of therepresentatiorgndareas

follows:

negatelnteger# o Int#  -> ByteArray#  -> Integer
{plus,minus,times}integer#, gcdinteger#,
guotinteger#, reminteger#, divExactinteger#

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

cmplinteger#
Int# -> ByteArray#
-> Int# -> ByteArray#
> Int# -- -1 for <; O for ==; +1 for >

cmplntegerint#
Int# -> ByteArray#
->  Int#
> Int# -- -1 for <; O for ==; +1 for >

gcdintegerint#
Int# -> ByteArray#
-> Int#
->  Int#

divModInteger#, quotReminteger#
Int¢ -> ByteArray#
-> Int# -> ByteArray#
-> (# Int#, ByteArray#,
Int#, ByteArray# #)

integer2Int# w Int#® > ByteArray# @ -> Int#
int2Integer# D 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
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A Word# is usedfor bit-twiddling operationsilt is thesamesizeasanint# , but hasno signnorary
arithmeticoperations.

type Word# --  Same sizeletc as Int# but *unsigned*
type Addr# -- A pointer from outside the "Haskell world" (from C, probably);
-- described under "arrays"

Word#s andAddr# s have the usualcomparisoroperationsOtherunboxed-Word ops(bit-twiddling
andcoercions):

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

and#, or#, xor# 1 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# o Word# -> Int#  -> Word#
-- shift  left, right  logical

int2Word# Do Int# -> Word# -- just a cast, really
word2Int# . Word# -> Int#

Unboxed-Addr ops(C castsreally):

{gt,ge,eq,ne,It,le}Addr# ©  Addr# -> Addr# -> Bool
int2Addr# v Int# ->  Addr#
addr2int# o Addr# > Int#
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addr2Integer# D Addr# > (# Int#, ByteArray# #)

Thecastsbetweernint# , Word# andAddr# correspondo null operationsatthe machindevel, but
arerequiredto keepthe Haslell type checler hapyy.

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

Arrays
ThetypeArray# elt isthetypeof primitive, unpointedarraysof valuesof typeelt .

type Array# elt

Array# is moreprimitivethana Haslell array—indeedthe Haslell Array  interfaceis implemented
usingArray# —in thatanArray# isindexedonly by Int# s, startingatzero.lt is alsomore
primitive by virtue of beingunboxed. Thatdoesnt meanthatit isn’t a heap-allocatedbject—of
coursejt is. Rather beingunboxedmeanghatit is representedly a pointerto thearrayitself, and
notto athunkwhichwill evaluateto thearray(or to bottom).Thecomponent®f anArray# are
themselesboxed.

ThetypeByteArray# is similarto Array# , exceptthatit containgustastringof (non-pointer)
bytes.

type ByteArray#

Arraysof thesetypesareusefulwhena Haslell programwishesto constructa valueto passto aC
procedurelt is alsopossibleto usethemto build (say)arraysof unboxedcharactergor internaluse
in aHaslell program.GiventheseusesByteArray# is deliberatelya bit vagueaboutthetype of its
componentsOperationsareprovidedto extractvaluesof typeChar# , Int# , Float# , Double# , and
Addr# from arbitraryoffsetswithin a ByteArray# . (For type Foo#, the $i$th offsetgetsyou the
$i$th Foo#, notthe Foo# atbyte-position$i$. Mumble.)(If youwantaWord#, grabanint# , then
coerceit.)

Lastly, we have staticbyte-arrayspf type Addr# [mentionedpreviously]. (Remembethe duality
betweerarraysandpointersin C.) Arrays of thistypesarerepresentetly a pointerto anarrayin the
world outsideHaslell, sothis pointeris notfollowedby the garbagecollector In otherrespectshey
arejustlike ByteArray# . They areonly neededn orderto passvaluesfrom C to Haslell.
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7.2.11. Reading and writing
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Primitive arraysarelinear, andindexedstartingat zero.

Thesizeandindicesof aByteArray# , Addr# , andMutableByteArray#  areall in bytes.lt'supto
the programto calculatethe correctbyte offsetfrom the startof thearray This allows a

ByteArray#  to containamixture of valuesof differenttype,whichis oftenneededvhenpreparing
datafor andunpickingresultsfrom C. (Umm... nottrueof indices... WDP 95/09)

Shouldwe providesomesi zeOf Doubl e# constants?

Out-of-rangeerrorsonindexing shouldbe caughtby the codewhich usesthe primitive operationthe
primitive operationghemselesdo not checkfor out-of-rangandexes.Theintentionis thatthe
primitive opscompileto onemachinenstructionor thereabouts.

We usetheterms‘“reading” and“writing” to referto accessingnutablearrays(seeSection7.2.14),
and“indexing” to referto readinga valuefrom animmutablearray

Immutablebyte arraysarestraightforvardto index (all indicesarein unitsof the sizeof the object
beingread):

indexCharArray# . ByteArray# -> Int# -> Char#
indexIntArray# ;. ByteArray# -> Int# -> Int#
indexAddrArray# ;. ByteArray#  -> Int# -> Addr#
indexFloatArray# ;. ByteArray# -> Int# -> Float#
indexDoubleArray# ::  ByteArray# -> Int# -> Double#
indexCharOffAddr# D Addr# -> Int#  -> Char#
indexIntOffAddr# D Addr#E -> Int#® ->  Int#
indexFloatOffAddr# @ Addr# -> Int# -> Float#
indexDoubleOffAddr# @ Addr# -> Int# -> Double#
indexAddrOffAddr# D Addr# > Int# ->  Addr#

-- Get an Addr# from an Addr# offset

Thelastof thesejndexAddrOffAddr#  , extractsanAddr# usinganoffsetfrom anotherAddr# ,
therebyproviding the ability to follow a chainof C pointers.

Somethinga bit moreinterestinggoeson whenindexing arraysof boxed objects becauseheresult
is simply the boxed object.So presumablyit shouldbe entered—wanever usuallyreturnan
unevaluatedobject! Thisis a pain: primitive opsarent supposedo do complicatedhingslike enter
objects.The currentsolutionis to returna singleelementunboxedtuple (seeSection7.2.2).

indexArray# D Array# oelt > IntqE > (# elt #)
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The state type

TheprimitivetypeState# representshe stateof a statetransformerlt is parameterisednthe
desiredtype of state which senesto keepstatefrom distinctthreadsdistinctfrom oneanotherBut
theonly effect of this parameterisatiois in thetype systemall valuesof type State# are
representeth thesameway. Indeed they areall representetly nothingatall! The codegenerator
“knows” to generateno code,andallocateno registersetc, for primitive states.

type State# s

Thetype GHC.RealWorld is truly opaquethereareno valuesdefinedof this type,andno
operationverit. It is “primiti ve” in thatsense but it is not unlifted! Its only rolein life is to bethe

typewhich distinguishegheO statetransformer

data RealWorld

State of the world

A single,primitive,valueof type State# RealWorld is provided.

realWorld# ;. State# RealWorld

(Note:in thecompiler nota PrimOp ; justa muchomagicld . Exportedfrom GHC though).

Mutab le arrays

Correspondindo Array# andByteArray# , we havethetypesof mutableversionsof each.n each
casetherepresentatioris a pointerto a suitableblock of (mutable)heap-allocatedtorage.

type MutableArray# s elt
type MutableByteArray# s

7.2.14.1. Allocation
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Mutablearrayscanbeallocated Only pointerarraysareinitialised; arraysof non-pointersarefilled
in by “usercode”ratherthanby the array-allocatiorprimitive. Reasononly the pointercasehasto
worry aboutGC striking with a partly-initialisedarray

newArray# © Int# > elt -> State# s -> (# State# s, MutableArray# s elt #)
newCharArray# © Int# -> State# s -> (# State# s, MutableByteArray# s elt #)
newlintArray# © Int# -> State# s -> (# State# s, MutableByteArray# s elt #)
newAddrArray# : Int# -> State# s -> (# State# s, MutableByteArray# s elt #)
newFloatArray# © o Int#  -> State# s -> (# State# s, MutableByteArray# s elt #)
newDoubleArray# 1 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#f -> State# s -> (# State# s, elt #)
readCharArray# 1 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# 1 MutableByteArray# s -> Int# -> State# s -> (# State# s, Float# #)
readDoubleArray# . MutableByteArray# s -> Int# -> State# s -> (# State# s, Dou-
ble# #)

writeArray# :* MutableArray# s et -> Int# -> el -> 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 compareds the nameor referenceo the mutable
array notits contents.

sameMutableArray# ;. MutableArray# s elt -> MutableArray# s elt -> Bool
sameMutableByteArray# 1 MutableByteArray# S -> MutableByteArray# s -> Bool
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7.2.14.4. Freezing mutable arrays

Only unsafe-freezbasa primitive. (Safefreezeis donedirectly in Haslell 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# #)

Synchronizing variables (M-vars)

Synchronisingrariablesarethe primitive type usedto implementConcurrenHaslell’'s MVars(see
the ConcurrenHaslell paperfor the operationabehaiour 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# : SynchvVar# s elt -> State# s -> State# s

Primitive arrays, mutable and otherwise

GHC knows aboutquite afew flavoursof Large Swathesof Bytes.

First, GHC distinguishedbetweerprimitive arraysof (boxed) Haslell objects(type Array# obj )
andprimitive arraysof bytes(type ByteArray# ).

Secondit distinguishedetween..

Immutable:
Arraysthatdo not changgaswith “standard”Haslell arrays);you canonly readfrom them.
Obviously, they do not needthe careandattentionof the state-transformamonad.
Mutable:

Arraysthatmaybechangedr “mutated.”All the operationsonthemlive within the
state-transformanonadandthe updatesapperin-place
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“Static” (in C land):

A CroutinemaypassanAddr# pointerbackinto Haslell land. Therearethenprimitive
operationswith which you maymerrily grabvaluesoverin C land, by indexing off the “static”
pointer

“Stable” pointers:

If, for somereasonyouwishto handa Haslell pointer(i.e., notanunboxedvalue)to aC
routine,you first make the pointer“stable,” sothatthe garbagecollectorwon’t forgetthatit
exists. Thatis, GHC providesa safeway to passHaslell pointersto C.

Pleaseseethe moduleForeign.StablePtr in thelibrary documentatiotior moredetails.

“Foreignobjects”:

A “foreign object” is a safeway to passan externalobject(a C-allocatedpointer, say)to
Haslell andhave Haslell dothe Right Thingwhenit nolongerreferencesheobject.So,for
example,C couldpassalargebitmapoverto Haslell andsay“pleasefree this memorywhen
you'redonewith it.”

PleaseseemoduleForeign.ForeignPtr in thelibrary documentatatiofor moredetails.

Thelibrariesdocumentatatiogivesmoredetailson all these'primiti ve array” typesandthe
operationonthem.

7.3. Type system extensions

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

data S - S *
data T a S

Syntacticallythe declarationacksthe "= constrs"part. Thetype canbe parameterisedver typesof
ary kind, but if thekind is not* thenanexplicit kind annotatiormustbe used(seeSection7.3.3.

Suchdatatypeshave only onevalue,namelybottom.Neverthelessthey canbe usefulwhendefining
"phantomtypes".
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7.3.2. Infix type constructor s

GHC allows type constructorgo be operatorsandto bewritten infix, very muchlik e expressions.
More specifically:

« A typeconstructorcanbe anoperatorbeginningwith acolon;e.g.:*: . Thelexical syntaxis the
sameasthatfor dataconstructors.

« Typescanbewritteninfix. For exampleint :*:  Bool .

- Back-quotesvork asfor expressionsbothfor type constructorandtypevariablesge.g.Int
‘Either’ Bool ,orint ‘a‘ Bool . Similarly, parenthesework thesamee.g.(:*:) Int
Bool .

- Fixities maybedeclaredor type constructorgust asfor dataconstructorsHowever, onecannot
distinguishbetweerthetwo in afixity declarationafixity declaratiorsetsthefixity for adata
constructoandthe correspondingype constructorFor example:

infixI 7T, ™

setsthefixity for bothtypeconstructofm anddataconstructoiT, andsimilarly for :*: . Int ‘&'
Bool .

« Functionarrow isinfixr  with fixity 0. (This mightchangej’'m notsurewhatit shouldbe.)

- Datatypeandtype-synoym declaration€anbewritteninfix. E.g.

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

- Theonly thing thatdiffersbetweeroperatorsn typesandoperatorsn expressionss that
ordinarynon-constructooperatorssuchas+ and* arenotallowedin types.Reasonthe uniform
thing to do would beto make themtype variablesput that's not very useful.A lessuniform but
moreusefulthing would beto allow themto betype constructos. But thatgivestroublein export
lists. Sofor now we just excludethem.

7.3.3. Explicitl y-kinded quantification

Haslell infersthekind of eachtypevariable.Sometimest is niceto beableto give thekind
explicitly as(machine-checkd)documentationjust asit is niceto give atypesignatureor a
function.On someoccasionsit is essentiato do so.For example,in his paper'RestrictedData
Typesin Haslell" (Haslell Workshop1999)JohnHugheshadto definethe datatype:

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

Theonly usefor the Unused constructomwasto forcethe correctkind for thetype variablecxt .
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GHC now insteadallows you to specifythe kind of atypevariabledirectly, whereveratypevariable
is explicitly bound.Namely:

. data declarations:

data Set (ext 1 * -> *) a = Set [q]
- type declarations:

type T (F = * > * =1 Int
- class declarations:

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

- forall ’sintypesignatures:

f = forall (ext == * -> *). Set cxt Int

The parenthesearerequired.Someof the spacesrerequiredtoo, to separatéhelexemeslf you
write (f:*->*) youwill getaparseerror, becausé::*->* " isasinglelexemein Haslell.

As partof the sameextension,you canputkind annotationgn typesaswell. Thus:

f o (nt = * -> Int

g :: forall a. a-> (a = %
The syntaxis

atype == ' ctype 7 kind )

Theparenthesearerequired.

7.3.4. Class method types

Haslell 98 prohibitsclassmethodtypesto mentionconstraintn the classtypevariable thus:

class Seq s a where
fromList D [a > s a
elem © Eqa=>a-> s a-> Bool

Thetypeof elem isillegalin Haslell 98, becausé containghe constrainttq a, constrainonly the
classtypevariable(in this casea).

With the-fglasgow-exts GHCl lifts thisrestriction.

156



Chapter7. GHC Language Featues

7.3.5. Multi-parameter type classes

This sectiondocument$GHC's implementatiorof multi-parametetype classesTheres lots of
backgroundn the paperTypeclassesexploring the designspace
(http://research.microsoft.com/~simgfipulti.ps.gz) (SimonPeyton JonesMark JonesErik
Meijer).

I’d like to thankpeoplewho reportedshorcomingsn the GHC 3.02implementationOur default
decisionswvereall conserative ones,andthe experienceof theseheroicpioneershasgivenuseful
concreteexamplesto supportseveralgeneralisationgTheseappeatbelow asdesignchoicesnot
implementedn 3.02.)

I’ve discussedhesenoteswith Mark Jonesandl believe thatHugswill migratetowardsthe same
designchoicesasl outlinehhere.Thanksto him, andto mary otherswho have offeredvery useful
feedback.

7.3.5.1. Types

Therearethefollowing restrictionson the form of a qualifiedtype:

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

(Here, |l write the "foralls" explicitly, althoughthe Haslell sourcdanguageomitsthem;in Haslell
1.4, all thefreetypevariablesof anexplicit source-languageype signatureareuniversally
guantified,exceptfor the classtypevariablesn a classdeclarationHowever, in GHC, you cangive
theforallsif youwant.SeeSection7.3.9).

1. Each universally quantifiedtypevariablet vi mustbe mentionedi.e. appearfree)in t ype.
Thereasorfor thisis thata valuewith a typethatdoesnot obey this restrictioncouldnotbe
usedwithoutintroducingambiguity Here,for example,is anillegaltype:

forall a. Eq a => Int

Whenavaluewith this typewasusedtheconstrainteq tv would beintroducedwheretv is a
freshtypevariable,and(in the dictionary-translatiommplementationthe valuewould be
appliedto adictionaryfor Eq tv . Thedifficulty is thatwe cannever know which instanceof Eq
to usebecausave nevergetany moreinformationabouttv .

2. Everyconstaintci mustmentionat leastoneof the universally quantifiedtypevariablest vi .
For example thistypeis OK becaus& a b mentiongheuniversallyquantifiedtype variableb:

forall a. Ca b => burble
Thenext typeis illegal becausehe constrainteq b doesnot mentiona:
forall a. Egq b => burble

Thereasorfor thisrestrictionis milderthanthe otherone.Theexcludedtypesarenever useful
or necessarybecausehe offendingcontext doesnt needto be withessedat this point; it canbe
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floatedout). Furthermorefloatingthemoutincreasesharing.Lastly, excludingthemis a
consenrative choice;it leavesa patchof territory freein casewe needit later

Theserestrictionsapplyto all types,whetherdeclaredn atype signatureor inferred.

Unlike Haslell 1.4, constraintsn typesdo not have to be of theform (classtype-variables)Thus,
thesetypesignatureareperfectlyOK

f © EQ(ma =>[m a] -> [m a]

g: Eqla = ..

This choicerecoversprincipaltypes,apropertythatHaslell 1.4 doesnothave.

7.3.5.2. Class declarations

1. Multi-parametertypeclassesre permitted For example:

class Collection c a where
union @ ca-> ca-> Cc a
...etc.

2. Theclasshierarchy mustbeacyclic. However, thedefinition of "acyclic" involvesonly the
superclasselationshipsFor example,thisis OK:

class C a where {
op:: Db=>a->b->5b
}

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

Here,Cis asuperclassf D, butit’s OK for aclassoperatiornop of Cto mentionD. (It would not
be OK for Dto beasuperclassf C.)

3. There are no restrictionson the contet in a classdeclaration (which introducessupeclasses),
exceptthatthe classhierarchy mustbe acyclic SotheseclassdeclarationareOK:

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

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

4. In thesignatue of a classopemtion, every constaint mustmentionat leastonetypevariable
thatis nota classtypevariable Thus:

class Collection c a where
mapC :: Collection cb= (@) ->ca->chb
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is OK becausehe constrain{Collection a b) mentionsh, eventhoughit alsomentionsthe
classvariablea. Ontheotherhand:

class C a where
op : Egqa=>(ab) -> (ab)

is not OK becausehe constrainfEq a) mentionsontheclasstypevariablea, but notb.
However, ary suchexampleis easilyfixed by moving the offendingcontext up to the superclass
context;

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

A yetmorerelaxedrule would allow the context of a class-opsignatureo mentiononly class
typevariables However, thatconflictswith Rule 1(b) for typesabove.

5. Thetypeof ead classopemtion mustmentionall of the classtypevariables For example:

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

is not OK, becausehetypeof empty doesnt mentiona. Thisruleis aconsequencef Rule

1(a),above,for types,andhasthe samemotivation. Sometimespffendingclassdeclarations
exhibit misunderstanding&or example,Coll might berewritten

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

which makesthe connectiorbetweerthetype of a collectionof a’s (hamely(s a) ) andthe
elementypea. Occasionallythis really doesnt work, in which caseyou cansplit theclasslike
this:
class CollE s where
empty

(7]

class ColE s => Coll s a where
insert s > a-> s

7.3.5.3. Instance declarations

1. Instancedeclamationsmaynot overlap. Thetwo instancedeclarations

instance  contextl => C typel where
instance  context2 => C type2 where

"overlap"if typel andtype2 unify However, if you give thecommandine option
-fallow-overlapping-instances thenoverlappinginstancedeclarationg@repermitted.
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However, GHC arrangesieverto committo usinganinstancedeclaratiorif anotherinstance
declaratioralsoapplies.eithernow or later.

« EITHERtypel andtype2 donotunify
« ORtype2 isasubstitutioninstanceof typel (butnotidenticaltotypel ), orviceversa.

Noticethattheserules

« malkeit clearwhichinstancedeclto use(pick the mostspecificonethatmatches)

. donotmentionthecontextscontextl ,context2 Reasonyou canpick whichinstance
decl"matches'basednthetype.

Howevertherulesareover-consenrative. Two instancedeclarationganoverlap,but it canstill
be clearin 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 the constraint
C (Int,Int) becausehe secondnstancecannotapply. Yell if this restrictionbitesyou.

GHCis alsoconsenative aboutcommittingto anoverlappinginstance For example:

class Ca where { op @ a -> a}
instance  C [Int] where
instance C a => C [a] where

f Ch =>1[ -> [b]

f x = op x

Fromthe RHS of f we gettheconstraintC [b] . But GHC doesnotcommitto the second
instancedeclarationpecausén aparicularcall of f, b might beinstantiateto Int, sothefirst
instancedeclaratiorwould be appropriateSo GHC rejectsthe program.If you add
-fallow-incoherent-instances GHCwill insteadsilently pick thesecondnstance,

without complainingaboutthe problemof subsequenhstantiations.

Ragrettably GHC doesnt guarante¢o detectoverlappinginstanceadeclarationsf they appeaiin
differentmodules GHC can"see"theinstancedeclarationsn thetransitve closureof all the
modulesmportedby theonebeingcompiled,soit can"see"all instancedeclswhenit is
compilingMain . However, it currentlychoosesotto look atonesthatcant possiblybe of use
in themodulecurrentlybeingcompiled,in theinterestsof efficiency. (Perhapsve should
changehatdecision atleastfor Main .)

. Ther are norestrictionson thetypein aninstancehead exceptthatat leastonemustnotbea

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
Notethatinstanceneadsmaycontainrepeatedype variables For example thisis OK:
instance  Stateful (ST s) (Mutvar s) where

The"at leastonenot atype variable"restrictionis to ensurethatcontect reductionterminates:
eachreductionstepremovesonetype constructorFor example the following would make the
typecheclerloopif it wasnt excluded:

instance C a => C a where

Therearetwo situationsn which therule is a bit of a pain.First, if oneallows overlapping
instancadeclarationghenit’s quite corvenientto have a "defaultinstance'declaratiorthat
appliesif somethingnorespecificdoesnot:

instance C a where
op = .. - Default

Secondsometimesou mightwantto usethe following to getthe effect of a“classsynorym®™:
class (Cl1 a, C2a C3a => Ca where { }

instance (Cl1 a, C2a, C3a =>C a where { }
This allows you to write shortersignatures:

f o Ca=>..
insteadof

f o (C1 a C2a C3a =>..

I'm onthelookoutfor asimplerule thatpreseresdecidabilitywhile allowing theseidioms.The
experimentallag -fallow-undecidable-instances lifts thisrestriction,allowing all the
typesin aninstanceheadto betypevariables.

Unlike Haslell 1.4, instanceheadsmayusetypesynonymsAs always,usingatypesynorymis
justshorthandor writing the RHS of thetype synorym 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 complainaboutthe overlapping(actually identical)instance
declarationsAs always,type synorymsmustbe fully applied.You cannotfor example write:

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

This designdecisionis independenof all the others,andeasilyreversedbut it makessensdo
me.
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4. Thetypesin aninstance-declaation context 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 make surethatcontext reductionterminatesVoluminous
correspondencen the Haslell mailing list hascorvincedmethatit’ s worth experimentingwith
amoreliberalrule. If you usetheflag -fallow-undecidable-instances canusearbitrary
typesin aninstancecontext. Terminationis ensuredy having afixed-depttrecursionstack.If

you exceedthe stackdepthyou geta sortof backtraceandthe opportunityto increasehe stack
depthwith -fcontext-stack N.

7.3.6. Implicit parameter s
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Implicit paramterareimplementedasdescribedn "Implicit parametersdynamicscopingwith
statictypes”,J Lewis, MB Shields E Meijer, J Launchhury, 27th ACM Symposiunon Principlesof
Programming.anguage$POPL00), Boston,Jan2000.

(Most of thefollowing, stil ratherincomplete documentations dueto Jef Lewis.)

A variableis calleddynamicallypboundwhenit is boundby the calling context of afunctionand
staticallyboundwhenboundby the callees context. In Haslell, all variablesarestaticallybound.
Dynamicbinding of variabless a notionthatgoesbackto Lisp, but waslater discardedn more
modernincarnationssuchasSchemeDynamicbinding canbe very confusingin anuntyped
languageandunfortunatelytypedlanguagesin particularHindley-Milner typedlanguagedik e
Haslell, only supportstaticscopingof variables.

However, by a simpleextensionto thetype classsystemof Haslell, we cansupportdynamic
binding.Basically we expressthe useof a dynamicallyboundvariableasa constrainton thetype.
Theseconstraintdeadto typesof theform (?x::t") => t, whichsays"this functionusesa
dynamically-boundrariable?x of typet” ". For example thefollowing expresseshetype of asort
function,implicitly parameterizetly a comparisorfunctionnamedcmp.

sort : (Pcmp & a -> a -> Bool) =>[a] -> [4]

Thedynamicbinding constraintsaarejust a new form of predicaten thetypeclasssystem.

An implicit parameteris introducedby the specialform ?x, wherex is ary valid identifier Useif
this constructalsointroducesnew dynamicbinding constraintsFor example,the following
definitionshavs how we candefineanimplicitly parameterizedortfunctionin termsof an
explicitly parameterizedortBy function:

sortBy 1 (a -> a -> Bool) -> [a] -> [a]
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sort : (Pcmp : a -> a -> Bool) =>[a] -> [a]
sort = sortBy ?cmp

Dynamicbinding constraintdbehave just lik e othertype classconstraintsn thatthey are
automaticallypropagatedT hus,whenafunctionis usedi,ts implicit parameterareinheritedby the
functionthatcalledit. For example,oursort functionmight beusedto pick outtheleastvaluein a
list:

least 2 (Pcmp  a -> a -> Bool) =>Ja] -> a
least xs = fst (sort xs)

Without lifting afinger, the 2cmp parameters propagatedo becomea parametepf least aswell.
With explicit parameterghe defaultis thatparametersustalwaysbe explicit propagatedwith
implicit parameterghedefaultis to alwayspropagatehem.

An implicit parametediffersfrom othertype classconstraintsn the following way: All usesof a
particularimplicit parametemusthave the sametype. This meanghatthetypeof (?x, ?x) is
(?x::a) => (a,a) ,andnot(?x:a, ?x:b) => (a, b),aswouldbethecasefor typeclass
constraints.

An implicit parameteis boundusingthe standardet bindingform, wherethe bindingsmustbea
collectionof simplebindingsto implicit-style variablegno function-stylebindings,andno type
signatures)thesebindingsareneitherpolymorphicor recursie. This form bindstheimplicit
parameterarisingin the body, notthefreevariablesasalet orwhere woulddo.For example,we
definethemin functionby bindingcmp.

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

Notethe following additionalconstraints:

« Youcant haveanimplicit parametein the context of a classor instancedeclarationFor
example,boththesedeclarationsreillegal:

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

Reasonexactly whichimplicit parameteyou pick up depend®n exactly whereyou invoke a
function.But the “invocation” of instancedeclarationss donebehindthe scenedy the compiler,
soit’'s hardto figure out exactly whereit is done.Easiesthingis to outlaw the offendingtypes.
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7.3.7. Linear implicit parameter s

Linearimplicit parametersreanideadevelopedby KoenClaesseniMark Shields,andSimonPJ.
They addresghelong-standingproblemthatmonadsseemover-kill for certainsortsof problem,
notably:

. distributing a supplyof uniguenames
. distributing a suppplyof randomnumbers
- distributing anoracle(asin QuickCheck)

Linearimplicit parametersrejustlik e ordinaryimplicit parametersexceptthatthey are"linear" --
thatis, they cannotbe copied,andmustbeexplicitly "split* instead Linearimplicit parameterare
written’ %X insteadof '?x’. (The'/" in the'%’ suggestshesplit!)

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) = Lamx (f env e)
where
X’ = newName %ns
env’ = extend env X X

..more equations for f..

Noticethattheimplicit parametefonsis consumed

« onceby thecall to newName

« oncebytherecursvecall to f

Sothetranslationrdoneby thetype checler makesthe parameteexplicit:

f ' NameSupply -> Env -> Expr -> Expr

f ns env (Lam x e) = Lamx (f nsl env e)
where

(ns1,ns2) = splitNS  ns
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X' = newName ns2
env = extend env x X

Noticethe call to 'split’ introducedby thetype checler. How did it know to use’splitNS’?Because
whatit really did wasto introducea call to the overloadedunction’split’, definedby the class
Splittable

class Splittable a where
split Toa > (a,a)
Theinstancefor Splittable NameSupply tells GHC how to implementsplit for namesupplies.

But we cansimply write

g X = (X, %ns, %ns)

andGHC will infer

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

The Splittable classis built into GHC. It's exportedby moduleGHC.Exts .
Otherpoints:

« '?x" and'%X areentirelydistinctimplicit parametersyou canusethemtogetherandthey won't
inteferewith eachother

« You canbind linearimplicit parameterin 'with’ clauses.

- Youcannothave implicit parametergwhetherinearor not) in the contet of a classor instance
declaration.

7.3.7.1. Warnings

Themonomaorphisnrestrictionis evenmoreimportantthanusual.Considethe exampleabove:

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

newName %ns
extend env x X

X’
env

If we replacedhetwo occurrencesf X' by (newName%ns),whichis usuallya harmlesghing to
do,we get:

f i (%ns : NameSupply) => Env -> Expr -> Expr
f env (Lam x e) = Lam (newName %ns) (f env e)
where
env’ = extend env Xx (newName %ns)
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But now thenamesupplyis consumedn threeplacesthetwo callsto newnName,andherecursve
call to f), sotheresultis utterly different.Urk! We don’'t evenhave the betarule.

Well, thisis anexperimentakchangeWith implicit parametersve have alreadylost betareduction
aryway, and(asJohnLaunchhury putsit) we cant sensiblyreasoraboutHaslell programswithout
knowing theirtyping.

7.3.8. Functional dependencies

Functionaldependencieareimplementedasdescribedy Mark Jonedn "Type Classevith
FunctionalDependencies'Mark P. Jones|n Proceedingsf the 9th EuropearSymposiunon
ProgrammingESOP2000,Berlin, Germary, March2000,SpringerVerlagLNCS 1782.

Thereshouldbe moredocumentationhut thereisn't (yet). Yell if you needit.

7.3.9. Arbitrar y-rank polymorphism
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Haslell typesignatureareimplicitly quantified.The new keywordforall — allows usto sayexactly
whatthis meansFor example:

g: b->0>b
meanghis:
g :: forall b. (b -> b)

Thetwo aretreateddentically.

However, GHC's type systemsupportsarbitrary-rank explicit universalquantificationin types.For
example,all thefollowing typesarelegal:

fi : forall ab a->b->a
gl = forall ab (Od a, Eq b) = a > b -> a

f2 :  (forall a. a>a -> Int -> Int
g2 : (forall a. Egqa=>[a -> a -> Bool) -> Int -> Int
f3 : ((forall a. a->a) -> Int) -> Bool -> Bool
Here,f1 andgl arerank-1ltypes,andcanbewrittenin standarcHaslell (e.g.f1 :: a->b->a ).

Theforall makesexplicit the universalquantificationthatis implicitly addedoy Haslell.

Thefunctionsf2 andg2 have rank-2types;theforall  is ontheleft of afunctionarrron. As g2
shaws, the polymorphictype ontheleft of thefunctionarron canbeoverloaded.

Thefunctionsf3 andg3 have rank-3types;they have rank-2typesontheleft of afunctionarrow.
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GHC allows typesof arbitraryrank;you cannestforall ~ sarbitrarily deepin functionarrovs. (GHC
usedto berestrictedo rank 2, but thatrestrictionhasnow beenlifted.) In particulat aforall-type
(alsocalleda "type scheme")jncludinganoperationatype classcontext, is legal:

« Ontheleft of afunctionarrow
« Ontheright of afunctionarrow (seeSection7.3.17

- Astheargumentof a constructoyor type of afield, in adatatypedeclarationFor example,ary of
thef1,f2,3,91,92,93 above would bevalid field type signatures.

« Asthetypeof animplicit parameter
« In apatterntypesignatureseeSection7.3.13

Thereis oneplaceyou cannotputaforall  : youcannotinstantiateatypevariablewith aforall-type.
Soyou cannotmalke aforall-type the agumentof atype constructorSothesetypesareillegal:

x1 :  [forall a. a->a]
x2 i (forall a. a>a, Int)
x3 1 Maybe (forall a. a->a)

Of courseforall  becomes keyword; you can't useforall  asatypevariableany more!

7.3.9.1. Examples

In adata ornewtype declaratioronecanquantifythetypesof theconstructolargumentsHereare
severalexamples:

data T a = T1 (forall b. b-> b -> b a
data MonadT m = MkMonad { return ;o forall a. a -> ma,
bind ;o forall ab ma-=> (a -> mb) -> mb
}
newtype Swizzle = MkSwizzle (Ord a => [a] -> [a])

The constructordiave rank-2types:

T1 :: forall a. (forall b. b->b->0Db >a->Ta

MkMonad ::  forall m. (forall a. a-> ma)
-> (forall ab ma-> (a -> mb) -> mb)
-> MonadT m

MkSwizzle :: (Ord a => [a] -> [a]) -> Swizzle
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Noticethatyoudon't needto useaforall  if theresanexplicit context. For examplein thefirst
argumentof the constructoMkSwizzle , animplicit “forall a. " is prefixedto theargumenttype.
Theimplicit forall — quantifiesall typevariableghatarenot alreadyin scopeandarementionedn

thetype quantifiedover.
As for type signaturesimplicit quantificatiorhappengor non-overloadedypestoo. Soif you write
this:

data T a = MKT (Either ab) (b > b

it’ s justasif you hadwritten this:

data T a = MKT (forall b. Either a b) (forall b. b -> b)

Thatis, sincethetypevariableb isn't in scopejt’simplicitly universallyquantified.(Arguably; it
would be betterto require explicit quantificationon constructomargumentswvherethatis whatis
wanted.Feedbackvelcomed.)

You constructvaluesof typesT1, MonadT, Swizzle by applyingthe constructotto suitable
values justasusual.For example,

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

a2, a3 : Swizzle
a2 MkSwizzle sort
a3 MkSwizzle reverse

a4 : MonadT Maybe
a4 = let r x = Just X
b mk = case m of
Just y > k vy
Nothing -> Nothing
in
MkMonad r b

mkTs @ (forall b. b->b->0b > a-> [T g
mkTs f x y = [T1 f x, T1 f vy]

Thetype of theargumentcan,asusual,be moregenerakhanthetyperequired,as(MkSwizzle
reverse) shaws.(reverse doesnotneedtheOrd constraint.)

Whenyou usepatternmatching the boundvariablesmaynow have polymorphictypes.For example:

f 2 Ta-> a-> (a Char
f (T wk) 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]
hm[ =return mf{]
h m(xxxs) = bind mx $\y ->

bind m (h m xs) $\lys >
return ~ m (y:ys)

In thefunctionh we usetherecordselectorseturn andbind to extractthe polymorphichind and
returnfunctionsfrom the MonadT datastructure ratherthanusingpatternmatching.

7.3.9.2. Type inference

In generaltypeinferencefor arbitrary-ranktypesis undecideableGHC usesanalgorithmproposed
by Odersly andLaufer ("Puttingtype annotationgo work", POPL'96) to geta decidablealgorithm
by requiringsomehelpfrom the programmerWe do not yet have a formal specificatiorof "some
help" but theruleis this:

For a lambda-boundr case-boundariable, x, eitherthe programmerprovidesan explicit
polymorphictypefor x, or GHC'stypeinferencewill assumehat x’stypehasnoforalls in it.

Whatdoesit meanto "provide" anexplicit typefor x? You cando thatby giving a type signaturefor
x directly, usinga patterntype signaturg(Section7.3.13, thus:

\ f = (forall a. a>a) -> (f True, f 'C)

Alternatively, you cangive atypesignatureto the enclosingcontext, which GHC can"pushdown” to
find thetypefor thevariable:

N f > (f True, f 'C)) o (forall a. a->a) -> (Bool,Char)

Herethetypesignatureon the expressiorcanbe pushednwardsto give a type signaturefor f.
Similarly, andmorecommonly onecangive atype signaturefor the functionitself:

h :: (forall a. a->a) -> (Bool,Char)
hf = True, f 'C)

Youdon't needto give atypesignaturef thelambdaboundvariableis a constructomrgumentHere
is anexamplewe saw earlier:

f : Ta-> a-> (a Char
f (TL wk) x = (w k x, w'c 'd)

Herewe do notneedto give atypesignatureo w, becausét is anargumentof constructorr1 and
thattells GHC all it needgo know.
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7.3.9.3. Implicit quantification

GHC performsimplicit quantificationasfollows. At the top level (only) of userwritten types,if and
onlyif thereis no explicit f or al | , GHC findsall thetypevariablesmentionedn thetypethat are
notalreadyin scopeanduniversally quantifieshem.For example thefollowing pairsare

equivalent:
f o a-> a
f o forall a. a-> a
g (x:a) = let
h: a->b->0>b
hxy=y
in
g (x:a) = let

h :» forall b. a->b->0»0
hxy-=y

Noticethat GHC doesnot find theinnermostpossiblequantificationpoint. For example:

f o (@ -—>a > Int
--  MEANS
f = forall 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. Od a =>a-> a) -> Int

Thelatterproducesanillegal type,which youmightthink is silly, but atleasttherule is simple.If
you wantthelattertype,you canwrite your for-alls explicitly. Indeed,doing sois stronglyadvised
for rank-2types.

7.3.10. Liberalised type synonyms

Typesynonmysarelike macrosatthetypelevel, and GHC doesvalidity checkingontypesonly after
expandingtypesynonymsThatmeanghat GHC canbevery muchmoreliberal abouttype
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synorymsthanHaslell 98:

« Youcanwrite aforall  (includingoverloading)in atype synorym, thus:

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

f :» Discard a
f xy = (x, show y)

g Discard Int -> (Int,Bool) - A rank-2 type
gf =1f Int True

« Youcanwrite anunboedtuplein atypesynorym:
type Pr = (# Int, Int #)

h: Int -> Pr
h x=®# x, x #)

« Youcanapplyatypesynorymto aforall type:

type Foo a = a -> a -> Bool

f = Foo (forall b. b->b)
After expandingthesynorym, f hasthelegal (in GHC) type:
f = (forall b. b->b) -> (forall b. b->b) -> Bool

« Youcanapplyatypesynorym to a partially appliedtype synorym:
type Generic i o = forall X. I X > 0 X
type Id x = X
foo : Generic Id ]

After epxandinghesynorym, foo hasthelegal (in GHC) type:

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

GHC currentlydoeskind checkingbeforeexpandingsynoryms(thougheventhatcouldbechanged.)

After expandingtype synoryms, GHC doesvalidity checkingon types,looking for the following
mal-formedneswhichisn’t detectedsimply by kind checking:

- Typeconstructomappliedto atypeinvolving for-alls.
« Unboxedtupleonleft of anarrow.
« Partially-appliedtype synorym.

So,for example thiswill berejected:
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7.3.11.

7.3.12.
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type Pr = (# Int, Int #)

h  Pr -> Int
h x = ...

becaus&HC doesnot allow unboxedtupleson theleft of afunctionarrow.

For-all hoisting

It is oftencorvenientto usegeneralisedype synorymsattheright handendof anarrow, thus:

type Discard a = forall b. a-> b -> a

g Int -> Discard Int
gxyz=xty

Simply expandingthe type synorym would give
g Int -> (forall b. Int -> b -> Int)
but GHC "hoists"theforall  to givetheisomorphictype
g :: forall b. Int -> Int -> b -> Int

In generaltherule is this: to determinehetypespecifiedoy any explicit userwrittentype(e.g. in a
typesignatue), GHC expandstypesynonymsndthenrepeatedlyperformsthetransformation:

typel -> forall al.an. context2 => type2
==>
forall al.an. context2 => typel -> type2

(In fact, GHC triesto retainasmuchsynorym informationaspossiblefor usein errormessagesut
thatis ausabilityissue.)This rule applies,of coursewhetheror nottheforall comesfrom a
synorym. For example,hereis anothervalid way to write g’s type signature:

g: Int -> Int -> forall b. b > Int

Existentiall y quantified data constructor s

Theideaof usingexistentialquantificationin datatype declarationsvassuggestedby Laufer(l
believe, thoughtdoubtlessomeonewill correctme),andimplementedn Hope+.It'sbeenin
LennartAugustssors hbc Haslell compilerfor severalyears,andprovedvery useful. Heres the
idea.Considerthedeclaration:
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data Foo = forall a. MkFoo a (a -> Bool)
| Nil

Thedatatype Foo hastwo constructorsvith types:

MkFoo :: forall a. a-> (a -> Bool) -> Foo

Nil @ Foo
Noticethatthetypevariablea in thetype of MkFoo doesnot appeatin the datatypeitself, whichis
plain Foo. For example thefollowing expressioris fine:

[MkFoo 3 even, MkFoo 'c’ isUpper] : [Foo]

Here,(MkFoo 3 even) packagesnintegerwith afunctioneven thatmapsanintegerto Bool ;
andMkFoo 'c’ isUpper packages charactemwith acompatiblefunction. Thesetwo thingsare
eachof type Foo andcanbeputin alist.

Whatcanwe do with avalueof typeFoo?. In particular whathappensvhenwe pattern-matcton
MkFoo?

f (MkFoo val fn) = ?2??
Sinceall we know aboutval andfn isthatthey arecompatibletheonly (useful)thing we cando
with themis to applyfn toval togetabooleanForexample:

f i Foo -> Bool

f (MkFoo val fn) = fn val

Whatthis allows usto dois to packageheterogenousaluestogethemwith a bunchof functionsthat
manipulatehem,andthentreatthatcollectionof package$n a uniform mannerYou canexpress
quite a bit of object-oriented-like programminghis way.

7.3.12.1. Why existential?

Whathasthis to do with existentialquantificationSimply thatMkFoo hasthe (nearly)isomorphic
type

MkFoo :: (exists a . (a, a -> Bool)) -> Foo
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But Haslell programmersansafelythink of the ordinaryuniversally quantifiedtype givenabove,
therebyavoiding addinga new existentialquantificationconstruct.

7.3.12.2. Type classes
An easyextension(implementedn hbc) is to allow arbitrarycontexts beforethe constructorFor

example:

data Baz = forall a. Eq a => Bazl a a
| forall b. Show b => Baz2 b (b -> b)

Thetwo constructordiave thetypesyou’d expect:
Bazl : forall a. Eqa =>a -> a -> Baz

Baz2 :: forall b. Showb == b > (b > b) -> Baz

But whenpatternmatchingonBaz1 the matchedvaluescanbe comparedor equality andwhen
patternmatchingon Baz2 thefirst matchedvaluecanbe corvertedto a string (aswell asapplying
thefunctionto it). Sothis programis legal:

f ' Baz -> String
f Bazl pq) | p ==4 = "Yes"
| otherwise = "No"

f (Baz2 v fn) show (fn V)

Operationallyin a dictionary-passingmplementationthe constructor8az1l andBaz2 muststore
thedictionariesfor Eq andShow respectrely, andextractit on patternmatching.

Noticetheway thatthe syntaxfits smoothlywith thatusedfor universalquantificatiorearlier

7.3.12.3. Restrictions

Therearesereralrestrictionson thewaysin which existentially-quantifiedconstructorganbeuse.

«  Whenpatternmatching,eachpatternmatchintroducesa new, distinct,typefor eachexistential
typevariable.Thesetypescannotbe unifiedwith any othertype,nor canthey escapdrom the
scopeof the patternmatch.For example thesefragmentsareincorrect:

fli (MkFoo a f) = a
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Here,thetypeboundby MkFoo "escapes"pecausa is theresultof f1 . Oneway to seewhy this
iswrongis to askwhattypefl has:

fi = Foo -> a -- Weird!
Whatis this"a" in theresulttype?Clearlywe don't meanthis:

fi :  forall a. Foo > a -- Wrong!
Theoriginal programis just plain wrong.Here'’s anothersortof error

f2 (Bazl a b) (Bazl p q) = a==q
It'sok to saya==b or p==q, but a==q is wrongbecausét equateshetwo distincttypesarising
from thetwo Baz1 constructors.
You cant pattern-matcton anexistentially quantifiedconstructoiin alet orwhere groupof
bindings.Sothisisillegal:

f3 x = a==b where { Bazl a b = x }
You canonly pattern-matclon an existentially-quantifiecconstructoiin acase expressiororin
the patternsof a functiondefinition. Thereasorfor this restrictionis really animplementation
one.Type-checkingindinggroupsis alreadya nightmarewithout existentialscomplicatingthe
picture.Also anexistentialpatternbindingatthetop level of a moduledoesnt malke sense,
becausét’ s not clearhow to preventthe existentially-quantifiedype "escaping” Sofor now,
theres a simple-to-stateestriction.We'll seehow anng/ingit is.
You cant useexistentialquantificationfor newtype declarationsSothisisillegal:

newtype T = forall a. Ord a => MKT a
Reasonavalueof type T mustberepresentedsa pair of adictionaryfor Ord t andavalueof
typet . Thatcontradictgheideathatnewtype shouldhave no concreterepresentatiorYou can
getjustthe sameefficiency andeffectby usingdata insteadof newtype . If thereis no
overloadinginvolved,thenthereis moreof a casefor allowing anexistentially-quantified
newtype , becaus¢hedata becausehedata versiondoescarryanimplementatiorcost,but

single-fieldexistentially quantifiedconstructorarent muchuse.Sothe simplerestriction(no
existentialstuff on newtype ) standsunlesstherearecorvincing reasongo changat.

Youcant usederiving  to defineinstance®f a datatypewith existentially quantifieddata
constructorsReasonin mostcasest would not make senseFor example:#

data T = forall a. MKT [a] deriving( Eq )

To derive Eq in the standardvay we would needto have equalitybetweerthe singlecomponenbf
two MKT constructors:

instance  Eq T where
(MKT a) == (MKT b) = 2?2?72

But a andb have distincttypes,andsocant becomparedIt’s justaboutpossibleto imagine
examplesin which the derivedinstancewvould malke sensebut it seemsltogetheisimplersimply
to prohibit suchdeclarationsDefineyour own instances!
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7.3.13. Scoped type variables
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A patterntypesignatue canintroducea scopedypevariable. For example

f (xs:[a]) = ys ++ ys
where
ys = [a]

ys = reverse XS

The pattern(xs::[a]) includesatypesignaturefor xs . This bringsthetypevariablea into scope;
it scopeover all the patternsandright handsidesfor this equatiorfor f . In particular it is in scope
atthetypesignaturefor y.

Patterntype signaturesrecompletelyorthogonato ordinary separatéype signaturesThetwo can
be usedindependentlyr togetherAt ordinarytype signaturessuchasthatfor ys, ary type
variablesmentionedn thetype signaturghatare notin scopeareimplicitly universallyquantified.
(If therearenotypevariablesn scopeall type variablesmentionedn the signatureareuniversally
guantifiedwhichis justasin Haslell 98.) In this case sincea is in scopeijt is notuniversally
guantified,sothetypeof ys is thesameasthatof xs . In Haslell 98it is not possibleto declarea
typefor ys ; amajorbenefitof scopedypevariabless thatit becomegossibleto do so.

Scopedypevariablesareimplementedn both GHC andHugs.Wheretheimplementationsliffer
from the specificatiorbelow, thosedifferencesarenoted.

Somuchfor the basicidea.Herearethedetails.

7.3.13.1. What a pattern type signature means

A typevariablebroughtinto scopeby a patterntype signaturds simply thenamefor atype.The
restrictionthey expresss thatall occurrencesf the samenamemeanthe sametype. For example:

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

The patterntype signature®n theleft handsideof f expressthefactthatxs mustbealist of things
of sometypea; andthaty musthave this sametype. Thetype signatureon the expressionhead

xs) specifieghatthis expressiormusthave the sametypea. Thele is no requirrmenthatthetype
namedby"a" isin factatypevariable Indeed,in this casethetypenamedby "a" isInt . (Thisis a
slightliberalisationfrom the original rathercomplex rules,which specifiedthata pattern-boundype

variableshouldbe universallyquantified.)For example,all of thesearelegal:

t (x:a) (y::a) = X+y*2
f (x:a) (y::b) = [xy] -- a unifies with b
g (x:a) = x + l:nt -- a unifies with  Int
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a is free in the
environment

h x =let k (y:a) = [xy]
in k x

-- a unifies with  Int

k (x:a) True
k (x:Int) False

w o [b] -> [b]
w (x::a) = X -- a unifies with  [b]

7.3.13.2. Scope and implicit quantification

« All thetypevariablesnentionedn apatternthatarenotalreadyin scopearebroughtinto scope
by the pattern We describethis setasthe typevariablesboundby the pattern For example:
f (x:a) = let g (y:(ab)) = fst y
in
g (x,True)

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

« Thetypevariable(s)poundby the patternhave the samescopeasthetermvariable(s)oundby
the pattern.For example:
let
f (x:a) = <..rhs of f..>
(p::b, g:b) = (1,2
in <..body of let..>
Here,thetypevariablea scopesvertheright handsideof f , justlike x doeswhile thetype
variableb scopeoverthebodyof thelet , andall the otherdefinitionsin thelet , justlikep and
g do.Indeedthenewly boundtype variablesalsoscopeover ary ordinary separateype
signaturesn thelet group.

« Thetypevariablesboundby the patternmaybe mentionedn ordinarytype signature®r pattern
type signaturesnywherewithin their scope.

- In ordinarytype signaturesary typevariablementionedn the signaturehatis in scopes not
universallyquantified.

- Ordinarytypesignatureslo notbring any new typevariablesinto scope(exceptin thetype
signaturetself!). Sothisis illegal:

f o a-> a
f x = x:a

It'sillegal because is notin scopein thebodyof f , sothe ordinarysignaturex:a is equivalent
to x::forall a.a ; andthatis anincorrecttyping.
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- Thepatterntype signaturds a monotype:
- A patterntypesignaturecannotcontainary explicit forall  quantification.

. Thetypevariablesboundby a patterntype signaturecanonly beinstantiatedo monotypesnot
to typeschemes.

Thereis noimplicit universalquantificationon patterntype signaturegin contrasto ordinary
typesignatures).

« Thetypevariablesn theheadof aclass orinstance declaratiorscopeoverthe methods
definedin thewhere part.For example:
class C a where
op :: [a -> a

op xs = let ys:[a]
yS = reverse Xs
in
head ys
(Not implementedn Hugsyet, Dec98).

7.3.13.3. Result type signatures

« Theresulttypeof afunctioncanbegivenasignaturethus:

f (x:a) To[@ = [xxX]
Thefinal:: [a] afterall thepatterngyivesa signatureto theresulttype.Sometimeghisis the
only way of namingthetypevariableyou want:

f oo Int > [a -> [a]

fn: (& ->[a) =let g (x:a, yia) = (V.X)

in \xs -> map g (reverse xs ‘zip' XS)

Resulttype signaturesrenot yetimplementedn Hugs.

7.3.13.4. Where a pattern type signature can occur

A patterntype signaturecanoccurin ary pattern.For example:

« A patterntypesignaturecanbeon anarbitrarysub-patternnot uston a variable:
f((xy):(ab)) = (yx) = (ba)
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« Patterntypesignaturesincludingtheresultpart,canbe usedin lambdaabstractions:

N (x:a, y) & a-> x)

- Patterntypesignaturesincludingtheresultpart,canbe usedin case expressions:
case e of { (x:a, y) &= a-> x}
- To avoid ambiguity thetypeafterthe“:: " in aresultpatternsignatureon alambdaor case must

beatomic(i.e. asingletokenor a parenthesisetype of somesort). To seewhy, considetow one
would parsethis:

\'' x o a-> b -> x

- Patterntypesignaturesanbind existentialtype variables For example:
data T = forall a. MKT [a]

f o T->T
f (MKT [t:a]) = MKT t3
where
t3::[a] = [t

- Patterntypesignaturezanbeusedin patternbindings:

f x =1let (y, z:a) = xin

fli x = let (y, z:Int) = x in
f2  (x:(Int,a)) = let (y, z:a) = x in
f3 = (b->b) =\ > X

In all suchcasesthebindingis notgeneraliseaverthe pattern-boundypevariablesThusf3 is
monomorphicf3 hastypeb -> b for sometypeb, andnot forall b. b -> b.Incontrast,
thebinding

f4 : b->b
f4 =\x > x

makesa polymorphicfunction,but b is notin scopearnywherein f4 ’s scope.

7.4. Asser tions

If youwantto make useof assertionsn your standardHaslell code,you coulddefineafunctionlike

thefollowing:

assert 1 Bool -> a -> a

assert False x = error "assertion failed!"
assert X = X
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which works, but givesyou backa lessthanusefulerrormessage- anassertiorfailed,but which
andwhere?

Oneway outis to defineanextendedassert  functionwhich alsotakesa descriptve stringto
includein the errormessageandperhapsombinethis with the useof a pre-processawhichinserts
thesourcelocationwhereassert wasused.

Ghcoffersahelpinghandhere,doingall of this for you. For every useof assert in theusers
source:

kelvinToC :: Double -> Double
kelvinToC k = assert (k >= 0.0) (k+273.15)

Ghcwill rewrite thisto alsoincludethe sourceocationwherethe assertiorwasmade,

assert pred val ==> assertError "Main.hs|15" pred val

Therewrite is only performedby the compilerwhenit spotsapplicationsof

Control.Exception.assert , soyou canstill defineanduseyour own versionsof assert ,
shouldyou sowish. If not,import Control.Exception to make useassert in your code.

To have the compilerignoreusesof assertusethe compileroption-fignore-asserts . Thatis,
expression®f theform assert pred e will berewrittento e.

Assertionfailurescanbe caught seethe documentatiorior the Control.Exception library for the
details.

7.5. Syntactic extensions

7.5.1. Hierar chical Modules
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GHC supportsa smallextensionto the syntaxof modulenamesa modulenameis allowedto
containadot‘.’ . Thisis alsoknown asthe“hierarchicalmodulenamespaceé&xtensionbecauset
extendsthe normallyflat Haslell modulenamespacto a moreflexible hierarchyof modules.

This extensionhasvery little impactonthelanguagetself; moduleshamesarealwaysfully
qualified,soyou canjustthink of thefully qualifiedmodulenameas“the modulename”.In
particular this meanghatthefull modulenamemustbe givenafterthemodule keyword atthe
beginningof the module;for example themoduleA.B.C mustbegin

module A.B.C
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It is acommonstratey to usetheas keywordto saze sometyping whenusingqualifiednameswith
hierarchicaimodules For example:

import  qualified Control.Monad.ST.Strict as ST

Hierarchicalmoduleshave animpacton theway that GHC searchesor files. For adescriptionsee
Section4.9.3

GHC comeswith alargecollectionof librariesarrangechierarchically;seetheaccompaying library
documentationThereis anongoingprojectto createandmaintaina stablesetof “core” libraries
usedby severalHaslell compilers,andthelibrariesthat GHC comeswith representhecurrent
statusof that project.For moredetails,seeHaslell Libraries
(http://'www.haslell.org/~simonmatr/libaries/libaries.timl).

7.5.2. Pattern guards

Thediscussiorthatfollowsis anabbreviatedversionof SimonPeyton Joness original proposal
(http://research.microsoft.com/~simgfipaskell/guards.htm). (Notethatthe proposalwaswritten
beforepatternguardswereimplementedsorefersto themasunimplemented.)

Supposeve have anabstractatatype of finite mapswith alookupoperation:
lookup : FiniteMap -> Int -> Maybe Int

ThelookupreturnsNothing if thesuppliedkey is notin thedomainof the mapping,and(Just  v)
otherwisewherev is thevaluethatthe key mapsto. Now considerthe following definition:

clunky env varl var2 | okl && ok2 = vall + val2
| otherwise = varl + var2
where

ml = lookup env varl
m2 = lookup env var2
okl = maybeToBool ml
ok2 = maybeToBool m2
vall = expectJust ml
val2 = expectlust m2

Theauxiliary functionsare

maybeToBool :: Maybe a -> Bool

maybeToBool (Just x) = True

maybeToBool Nothing = False

expectJust 1 Maybe a -> a

expectJust (Just x) = x

expectJust  Nothing = error "Unexpected Nothing"
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Whatis clunky doing?Theguardokl && ok2 checksthatbothlookupssucceedusing
maybeToBool to corvertthe Maybe typesto booleansThe (lazily evaluatedexpectust  calls
extractthevaluesfrom theresultsof the lookups,andbindsthereturnedvaluesto vall andval2
respectiely. If eitherlookupfails, thenclunky takestheotherwise = caseandreturnsthesumof its
arguments.

Thisis certainlylegal Haslell, but it is atremendouslyerboseandun-ohviousway to achieve the
desiredeffect. Arguably a moredirectway to write clunky would beto usecaseexpressions:

clunky env varl varl = case lookup env varl of
Nothing -> fail
Just vall -> case lookup env var2 of
Nothing -> fail
Just val2 -> vall + val2
where
fail = vall + val2

Thisis abit shorter but hardlybetter Of coursewe canrewrite arny setof pattern-matchingguarded
equationsascaseexpressionsthatis preciselywhatthe compilerdoeswhencompilingequations!
ThereasorthatHaslell providesguardedequationss becausehey allow usto write down thecases
we wantto consideyoneatatime, independentlypf eachother This structureis hiddenin the case
version.Two of theright-handsidesarereally the same(fail ), andthewhole expressiortendsto
becomemoreandmoreindented.

Hereis how | would write clunky:

clunky env varl varl
| Just vall <- lookup env varl
, Just val2 <- lookup env var2
= vall + val2

...other equations  for clunky...

Thesemanticshouldbe clearenoughThequalifersarematchedn order For a<- qualifier, whichl
call apatternguard,theright handsideis evaluatedandmatchedagainsthe patternontheleft. If the
matchfails thenthewhole guardfails andthe next equationis tried. If it succeedshenthe
appropriatébindingtakesplace,andthe next qualifieris matchedjn theaugmenteernvironment.
Unlike list comprehensiondiowever, thetype of the expressiorto theright of the<- is thesameas
thetypeof thepatternto its left. The bindingsintroducedby patternguardsscopeover all the
remainingguardqualifiers,andovertheright handsideof theequation.

Justaswith list comprehensionfioolearexpressionsanbefreely mixedwith amongthe pattern
guards For example:

fox | b < x
,y >3
, Just z <- hy
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Haslell's currentguardshereforeemegeasa specialcasejn which the qualifierlist hasjustone
elementabooleanexpression.

7.5.3. Parallel List Comprehensions

Parallellist comprehensionarea naturalextensionto list comprehensiond.ist comprehensionsan
bethoughtof asa nice syntaxfor writing mapsandfilters. Parallelcomprehensionextendthis to
includethe zipWith family.

A parallellist comprehensiohasmultiple independenbranche®f qualifierlists, eachseparatedby
a‘|"” symbol.For example thefollowing zipstogethertwo lists:

[ & ¥ | x < xs|y< ys]
Thebehaior of parallellist comprehensionfllows thatof zip, in thattheresultinglist will havethe
sameengthastheshortesbranch.

We candefineparallellist comprehensionBy translationto regularcomprehensionsieresthe
basicidea:

Givena parallelcomprehensioof theform:

[ e] pl <- ell, p2 < el2,
| g1 <- e2l1, g2 <- e22,

]
Thiswill betranslatedo:

[ e ] ((p1,p2), (q1,92), ) <- zipN [(p1,p2) | pl <- ell, p2 <- el2,
[(a1,92) | g1 <- e21, g2 <- e22,

]

where'zipN’ is the appropriatezip for the givennumberof branches.

7.5.4. Rebindab le syntax

GHC allows mostkindsof built-in syntaxto bereboundby the user to facilitatereplacingthe
Prelude with ahome-grevn version,for example.

You maywantto defineyour own numericclasshierarchy It completelydefeatshatpurpossf the
literal "1" means'Prelude.frominteger 1", whichis whatthe Haslell ReportspecifiesSothe
-fno-implicit-prelude flag causeghefollowing piecesof built-in syntaxto referto whateveris
in scope notthe Preludeversions:
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- Integerandfractionalliterals mean"frominteger 1" and"fromRational 3.2 ", notthe
Prelude-qualifiedersionspothin expressiongndin patterns.

« Negation(e.g."- (f x)") means'negate (f x)" (notPrelude.negate ).

« In ann+k pattern the standard”reludeOrd classis still usedfor comparisonbut thenecessary
subtractioruseswhatever"(-) " isin scope(not”Prelude.(-) ").

- "Do0" notationis translatedisingwhatever functions(>>=) , (>>) ,fail , andreturn ,arein
scope(notthe Preludeversions)List comprehensiongndparallelarraycomprehensiongre
unafected.

Be warned:thisis anexperimentafacility, with fewer checksthanusual.In particular it is essential
thatthefunctionsGHC findsin scopemusthave theappropriateaypes,namely:

frominteger o forall a. (..) => Integer > a
fromRational o forall a. (..) => Rational -> a
negate o forall a. (.. = a -> a
) o forall a. (..) =>a-> a-> a
>>=) o forall ma. (...) = ma -> (@ -> mb) -> mb
(>>) o forall ma. (..) =>ma -> mb -> mb
return o forall ma. (..) = a > ma
fail : forall ma. (..) => String -> ma

(The(...) partcanbeary context includingthe emptycontext; thatpartis up to you.) If thefunctions
don't have theright type, very peculiarthingsmayhappenlUse-dcore-lint to typecheckhe
desugaregrogram.If CorelLint is happy you shouldbeall right.

7.6. Pragmas

GHC supportsseveralpragmasgr instructionsto the compilerplacedin the sourcecode.Pragmas
don't normally affectthe meaningof the program but they might affect the efficiency of the
generateatode.

Pragmasll taketheform{-# word .. #} wherewor d indicateghetypeof pragmaandis
followedoptionally by informationspecificto thattype of pragmaCaseis ignoredin wor d. The
variousvaluesfor wor d thatGHC understandaredescribedn thefollowing sectionsary pragma
encountereavith anunrecognisedwr d is (silently) ignored.

7.6.1. INLINE pragma

GHC (with -0, asalways)triesto inline (or “unfold”) functionshaluesthatare“small enough,’thus
avoiding the call overheadandpossiblyexposingothermore-wonderfuloptimisations.

Youwill probablyseetheseunfoldings(in Coresyntax)in yourinterfacefiles.
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Normally, if GHC decidesafunctionis “too expensie” to inline, it will notdo so,norwill it export
thatunfoldingfor othermodulesto use.

Thesledgehammeyou canbringto bearis the INLINE pragmausedthusly:

key_function @ Int -> String -> (Bool, Double)

#ifdef _ GLASGOW_HASKELL_
{-# INLINE Kkey_function #-}
#endif

(Youdon't needto dothe C pre-processotarry-onunlessyou’re goingto stick the codethrough
HBC—it doesnt like INLINE pragmas.)

Themajoreffectof anINLINE pragmais to declareafunction’s “cost” to beverylow. Thenormal
unfoldingmachinerywill thenbeverykeentoinline it.

An INLINE pragmafor afunctioncanbe put arywhereits type signaturecould be put.

INLINE pragmasarea particularlygoodideafor thethen /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 pragmadoesexactly whatyou'd expect:it stopsthe namedfunctionfrom being
inlined by the compiler You shouldnt ever needto do this, unlessyou're very cautiousaboutcode
size.

NOTINLINE is asynorym for NOINLINE (NOTINLINE is specifiedby Haslell 98 asthe standardvay
to disableinlining, soit shouldbe usedif youwantyour codeto be portable).

7.6.3. SPECIALIZE pragma

(UK spellingalsoaccepted.for key overloadedunctions,you cancreateextraversiongNB: more
codespace)specialisedo particulartypes.Thus,if you have anoverloadedunction:

hammeredLookup : Ord key => [(key, value)] -> key -> value
If it is heavily usedon listswith Widget keys,you couldspecialisat asfollows:

{-# SPECIALIZE hammeredLookup : [(Widget, value)] -> Widget -> value #-}
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To getveryfangy, you canalsospecifyanamedfunctionto usefor the specialised/alue,asin:
{-# RULES hammeredLookup = blah #}

whereblah is animplementatiorof hammerdLookup written specialyfor Widget lookups.It's
Your Responsibilityo make surethatblah really behavesasa specialisedrersionof
hammeredLookup !!!

Notewe usethe RULEpragmahereto indicatethathammeredLookup appliedata certaintype
shouldbereplaceddy blah . SeeSection7.6.6for moreinformationon RULES

An examplein which usingRULESfor specialisatiorwill 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

Thei2d functionis virtually onemachinenstruction;the default conversion—viaanintermediate
Rational —is obscenelyexpensve by comparison.

A SPECIALIZE pragmafor afunctioncanbe putanywhereits type signaturecould be put.

7.6.4. SPECIALIZE instance pragma

Sameidea,exceptfor instancedeclarationskFor example:
instance (Eq a) => Eq (Foo a) where {

{-# SPECIALIZE instance Eq (Foo [(Int, Bar)]) #}
usual  stuff

}

Thepragmamustoccurinsidethewhere partof theinstancedeclaration.

Compatiblewith HBC, by the way, exceptperhapsn the placementf the pragma.

7.6.5. LINE pragma

This pragmais similarto C's#line  pragmaandis mainly for usein automaticallygenerated
Haslell code.lt letsyou specifytheline numberandfilenameof the original code;for example

{-# LINE 42 "Foo.vhs" #}
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if you'd generatedhe currentfile from somethingcalledFoo.vhs andthisline correspondso line
42in theoriginal. GHC will adjustits errormessagew referto theline/file namedn the LINE
pragma.

7.6.6. RULES pragma

The RULES pragmaletsyou specifyrewrite rules.lt is describedn Section7.7.

7.6.7. DEPRECATED pragma
The DEPRECAED pragmaletsyou specifythata particularfunction, class,or type,is deprecated.

Therearetwo forms.

- Youcandeprecatanentiremodulethus:
module Wibble {# DEPRECATEDUse Wobble instead" #-} where

Whenyou compilearny modulethatimport Wibble , GHC will print the specifiedmessage.

- Youcandeprecate function, class,or type,with thefollowing top-level declaration:
{-# DEPRECATEL, C, T "Don't use these" #}

Whenyou compileary modulethatimportsandusesary of the specifedentities,GHC will print
the specifiedmessage.

You cansuppresshewarningswith the flag -fno-warn-deprecations

7.7. Rewrite rules

The programmercanspecifyrewrite rulesaspartof the sourceprogram(in a pragma) GHC applies
theserewrite ruleswhereverit can.

Hereis anexample:

{# RULES
"map/map" forall f gxs. mapf (map g xs) = map (f.g) XS
#}
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7.7.1. Syntax

Froma syntacticpoint of view:

Eachrule hasa name enclosedn doublequotesThe nameitself hasno significanceatall. It is
only usedwhenreportinghow mary timestherule fired.

Theremaybezeroor morerulesin aRULESpragma.

Layoutappliesin a RULESpragmaCurrentlyno new indentationevel is set,soyou mustlay out
your rulesstartingin the samecolumnasthe enclosingdefinitions.

Eachvariablementionedn arule musteitherbein scope(e.g.map), or boundby theforall
(e.0.f, g, xs). Thevariablesboundby theforall ~ arecalledthe patternvariablesThey are
separatedby spacesjustlikein atypeforall

A patternvariablemay optionallyhave atypesignaturelf thetypeof the patternvariableis
polymorphic,it musthave atype signature For example hereis thefoldr/build rule:

"fold/build" forall k z (g:forall b. (a->b->b) -=> b -> D)
foldr k z (build g) =9 k z

Sinceg hasapolymorphictype,it musthave atypesignature.

Theleft handsideof arule mustconsistof atop-level variableappliedto arbitraryexpressions.
For example,thisis not OK:

"wrongl1" forall el e2. case True of { True -> el; False -> e2 } = el
"wrong2" forall f. f True = True

In "wrongl" ,thelLHS is notanapplication;in "wrong2" , the LHS hasa patternvariablein the
head.

A rule doesnot needto bein the samemoduleas(ary of) thevariablest mentionsthoughof
coursethey needto bein scope.

Rulesareautomaticallyexportedfrom a module just asinstancedeclarationsre.

7.7.2. Semantics

188

Froma semantigoint of view:

« Rulesareonly appliedif you usethe-O flag.

Rulesareregardedasleft-to-right rewrite rules.WhenGHC finds anexpressiorthatis a
substitutioninstanceof the LHS of arule, it replaceghe expressiorby the
(appropriately-substitutedHS. By "a substitutioninstance'we meanthatthe LHS canbemade
equalto the expressiorby substitutingfor the patternvariables.
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TheLHS andRHS of arule aretypecheckd,andmusthave the sametype.

GHC makesabsolutelyno attemptto verify thatthe LHS andRHS of arule have thesame
meaningThatis undecideablén generalandinfeasiblein mostinterestingcasesThe
responsibilityis entirelythe programmers!

GHC makesno attemptto make surethatthe rulesareconfluentor terminating.For example:
"loop" forall X,Y. f xy=1fyx
This rule will causethe compilerto gointo aninfinite loop.
If morethanonerule matches call, GHC will chooseonearbitrarily to apply.

GHC currentlyusesa very simple,syntactic,matchingalgorithmfor matchingarule LHS with an
expressionlt seeksa substitutionwhich makesthe LHS andexpressiorsyntacticallyequal
moduloalphacorversion.Thepattern(rule), but notthe expressionjs eta-epandedf necessary
(Eta-expandingthe epressiorcanleadto lazinessugs.)But not betacorversion(that's called
higherordermatching).

Matchingis carriedouton GHC's intermediatdanguagewhich includestypeabstractiongnd
applicationsSoarule only matchesf thetypesmatchtoo. SeeSection7.7.4below.

GHC keepdtrying to applytherulesasit optimisesthe program.For example,consider:

let s = map f
t =mapg
n
s (t xs)
Theexpressiors (t xs) doesnot matchtherule "'map/map” , but GHC will substitutefor s and
t, giving anexpressiorwhichdoesmatch.If s ort was(a) usedmorethanonce,and(b) largeor
arede, thenit would not be substitutedandthe rule would notfire.

In the earlierphase®f compilation,GHC inlinesnothingthat appeas onthe LHS of a rule,
becaus@nceyou have substitutedor somethingyou can't matchagainsit (giventhesimple
mindedmatching).Soif youwrite therule

"map/map" forall f,g. map f . map g = map (f.g)

thiswon'’t matchtheexpressiommap f (map g xs) . It will only matchsomethingwritten with

explicit useof ".". Well, not quite. It will matchthe expression
wibble f g xs

wherewibble is defined:

wibble f g =mapf . mapg

becausavibble will beinlined (it's small).Lateron in compilation,GHC startsinlining even
thingsonthe LHS of rules,but still leavestherulesenabledThis inlining policy is controlledby
the persimplification-pas$lag -finline-phase n.

All rulesareimplicitly exportedfrom themodule,andarethereforein forcein any modulethat
importsthe modulethatdefinedtherule, directly or indirectly. (Thatis, if A importsB, which
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importsC, thenC’s rulesarein forcewhencompilingA.) Thesituationis very similar to thatfor
instancedeclarations.

7.7.3. List fusion

The RULES mechanisnis usedto implementfusion (deforestationpf commonlist functions.If a
"good consumer'tonsumesnintermediatdist constructedy a "goodproducer” theintermediate
list shouldbe eliminatedentirely.

Thefollowing aregoodproducers:

« List comprehensions

« Enumeration®f Int andChar (e.g.['a..'z"] ).
« Explicit lists (e.g.[True, False] )

« Theconsconstructole.g3:4:] )

o ++

- map

- filter

- terate ,repeat

e zip , zipWith

Thefollowing aregoodconsumers:

« List comprehensions

« array (onits secondargument)
- length

« ++ (onits firstagument)

- foldr

. map

- filter

+ concat

e unzip ,unzip2 ,unzip3 ,unzip4

« zip ,zipWith (butononeargumentonly; if botharegoodproducerszip will fusewith onebut
nottheother)
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e partition

+ head

« and,or,any,all
« sequence_

. msum

« sortBy

So,for example thefollowing shouldgeneratao intermediatdists:

array (1,10)  [(i,i*I) | i <= map (+ 1) [0..9]]

Thislist couldreadilybe extendedjf therearePreludefunctionsthatyou usealot which arenot
included,pleaseell us.

If youwantto write your own goodconsumer®r producerslook at the Preludedefinitionsof the
above functionsto seehow to do so.

7.7.4. Specialisation

Rewrite rulescanbeusedto getthe sameeffect asafeaturepresenin earlierversionof GHC:
{-# SPECIALIZE fromintegral 2 Int8  -> Intl6 = int8ToIntl6 #-}

Thistold GHCto useint8ToIntl6  insteadof fromintegral wheneerthelatterwascalledwith
typelnt8 -> Intl6 . Thatis, ratherthanspecialisinghe original definition of fromintegral the
programmeis promisingthatit is safeto useint8ToInt16  instead.

This featureis nolongerin GHC. But rewrite ruleslet you do the samething:
{-# RULES

"fromIntegral/Int8/Int16" fromintegral = int8TolInt16
#-}

This slightly odd-lookingrule instructsGHC to replacefromintegral byint8ToIntl6  wheneer
thetypesmatd. Speakingnoreoperationally GHC addsthetypeanddictionaryapplicationgo get
thetypedrule

forall (d1:Integral Int8)  (d2::Num  Int16)
fromintegral Int8 Intl6é dl1 d2 = int8Tolntl6

Whatis more,this rule doesnotneedto bein the samefile asfromintegral, unlike the SPECIALISE
pragmasvhich currentlydo (sothatthey have anoriginal definitionavailableto specialise).
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7.7.5. Controlling what's going on

« Use-ddump-rules  to seewhattransformationulesGHC is using.

» Use-ddump-simpl-stats
moredetailedlisting.

« Thedefintionof (say)build in PrelBase.lhs  looksllik e this:

build forall a. (forall b. @ > b ->b) > b -> b)
{-# INLINE build #}
buld g =9 () 0

NoticetheINLINE ! Thatprevents(:)

to seewhatrulesarebeingfired. If youadd-dppr-debug

yougeta

> [a]

from beinginlined whencompilingPrelBase , sothatan

importingmodulewill “see”the(:) , andcanmatchit ontheLHS of arule.INLINE preventsary

inlining happeningn the RHS of the INLINE thing. | regretthe delicag of this.
« In ghcl/lib/std/PrelBase.lhs

PrelList.lhs

7.8. Generic classes

(Note: supportfor genericclassess currentlybrokenin GHC 5.02).

look attherulesfor mapto seehow to write rulesthatwill do
fusionandyet give anefficient programevenif fusiondoesnt happenMore rulesin

Theideasbehindthis extensionaredescribedn detailin "Derivabletype classes"Ralf Hinzeand
SimonPeyton JonesHaslell Workshop,Montreal Sept2000,pp94-105An examplewill givethe

idea:

import  Generics

class Bin a where
toBin a -> [Int]
fromBin [Int] > (a, [Int])
toBin {| Unit |} Unit =
toBin {| a :+: b [} (nl x) =0 : toBin x
toBin {| a :+ b |} (nr ) =1: toBin vy
toBin {| a ™ b |} (x * y) =toBin x ++ toBin vy
fromBin {| Unit [} bs = (Unit, bs)
fromBin {| a :+ b [} (O:bs) = (Inl %, bs’) where (x,bs’)
fromBin {| a :+: b [} (1bs) = (Inr vy, bs) where (y,bs’)
fromBin {| a * b |} bs = (x * vy, bs") where (xbs’

(y,bs™) = fromBin bs’
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This classdeclaratiorexplainshow toBin  andfromBin  work for arbitrarydatatypes.They do so
by giving casedor unit, product,andsum,which aredefinedthusin thelibrary moduleGenerics :

data Unit = Unit
data a :+: b =1Inl a| Inr b
data a * b =a:* b

Now you canmalke a datatypeinto aninstanceof Bin lik e this:

instance  (Bin a, Bin b) => Bin (ab)
instance Bin a => Bin [q]

Thatis, just leave off the "where" clasuseOf course you canputin thewhereclauseandover-ride
whichevermethodsyou please.

7.8.1. Using generics

To usegenericsyou needto

« Usetheflags-fglasgow-exts (to enablethe extrasyntax),-fgenerics ~ (to generatesxtra
perdata-typecode),and-package lang (to maketheGenerics library available.

- ImportthemoduleGenerics fromthelang packageThisimportbringsinto scopethe data
typesunit ,:*: ,and:+: .(Youdon't needthisimportif you don’t mentionthesetypesexplicitly;
for example,if youaresimply giving instancedeclarations.)

7.8.2. Changes wrt the paper

Notethatthetypeconstructors+: and:*: canbewritteninfix (indeed,you cannow useary
operatorstartingin acolonasaninfix typeconstructor) Also notethatthetype constructor@renot
exactly asin the paper(Unit insteadof 1, etc).Finally, notethatthe syntaxof thetype patternsn the
classdeclaratioruses'{| " and"|} " braclets;curly bracesalonewould ambiguousvhenthey
appeaion right handsides(anextensionwe anticipatewanting).

7.8.3. Terminology and restrictions

Terminology A "genericdefault method"in a classdeclaratioris onethatis definedusingtype
patternsaasabove. A "polymorphicdefault method"is a default methoddefinedasin Haslell 98. A
"genericclassdeclaration'is a classdeclaratiorwith atleastonegenericdefault method.

Restrictions:

« Alas,we donotyetimplementthe stuff aboutconstructomamesandfield labels.

« A genericclasscanhave only oneparameteryou cant have a genericmulti-parameteclass.
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« A default methodmustbe definedentirely usingtype patternspr entirelywithout. Sothisis

illegal:
class Foo a where
op :: a -> (a, Bool)
op {| Unit |} Unit = (Unit, True)
op X = (x, False)

Howeverit is perfectlyOK for somemethodsof a genericclassto have genericdefaultmethods
andothersto have polymorphicdefault methods.

Thetypevariable(s)n thetype patternfor agenericmethoddeclaratiorscopeovertheright hand
side.Sothisis legal (hotetheuseof thetypevariable“p” in atypesignatureontheright handside:

class Foo a where
op :: a -> Bool
op{l[ p™ agff x ™ y =opx 1 p

Thetype patternsn agenericdefault methodmusttake oneof theforms:

a:+ b
a:* b
Unit

where"a" and"b" aretypevariablesFurthermoreall thetype patterndor a singletype
constructoi(:*: , say)mustbeidentical;they mustusethe sametype variables Sothisis illegal:

class Foo a where
op @ a -> Bool
op{{ a:+ b} (nl X True
op {| p:*+ ql} (nr y) = False

Thetype patternamnustbeidentical,evenin equationdor differentmethodsof the class.Sothis
tooisillegal:

class Foo a where
opl :: a -> Bool
opl {| a:* b ]} (x * y) = True

op2 :: a -> Bool

op2 {| p:* q |} (x * y) = False
(Thereasorfor this restrictionis thatwe gatherall the equationgor a particulartype consructor
into a singlegenericinstancedeclaration.)

« A genericmethoddeclaratiormustgive a casefor eachof thethreetype constructors.

« Thetypefor agenericmethodcanbe built only from:

- Functionarrows
- Typevariables

Tuples
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Arbitrary typesnotinvolving typevariables

Herearesomeexampletype signaturesor genericmethods:

opl :: a -> Bool

op2 :: Bool -> (a,Bool)
op3 : [Inf] > a -> a
op4 :: [a] -> Bool

Here,opl,0p2,0p3areOK, but op4is rejected pecausét hasatypevariableinsideallist.

This restrictionis animplementatiorrestriction:we justhavn’t got aroundto implementinghe
necessarpidirectionalmapsover arbitrarytype constructorslt would berelatively easyto add
specifictype constructorssuchasMaybeandlist, to the onesthatareallowed.

« In aninstancedeclaratiorfor a genericclass theideais thatthe compilerwill fill in themethods
for you, basedon the generictemplatesHoweverit canonly do soif

Theinstancetypeis simple(atype constructoappliedto typevariablesasin Haslell 98).
No constructoiof theinstanceype hasunboxedfields.

(Of coursethesethingscanonly ariseif you arealreadyusingGHC extensions.However, you
canstill give aninstancedeclarationgor typeswhich breaktheserules,providedyou give explicit
codeto overrideary genericdefault methods.

Theoption-ddump-deriv.  dumpsincomprehensiblstuff giving detailsof whatthe compilerdoes
with genericdeclarations.

7.8.4. Another example

Justto finishwith, heres anotherexamplel ratherlik e:

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 ]} (nl x) =tag x

nCons (bot::a) + tag vy

tag {| a:+ b} (nr vy
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7.9. Generalised derived instances for newtypes

Whenyou defineanabstractype usingnewtype , you maywantthe new typeto inheritsome
instancegrom its representatiorin Haslell 98, you caninheritinstance®f Eq, Ord, Enumand
Bounded by deriving them,but for ary otherclassesgou have to write anexplicit instance
declarationFor example,if you define

newtype Dollars = Dollars Int
andyou wantto usearithmeticon Dollars , you have to explicitly defineaninstanceof Num

instance  Num Dollars  where
Dollars a + Dollars b = Dollars (a+b)

All theinstancedoesis applyandremovethenewtype constructorlt is particularlygalling that,
sincethe constructodoesnt appearat run-time,this instancedeclaratiordefinesa dictionarywhich
is wholly equivalento theInt dictionary only slower!

7.9.1. Generalising the deriving clause

GHC now permitssuchinstanceso be derivedinstead soonecanwrite

newtype Dollars = Dollars Int deriving (Eq,Show,Num)
andtheimplementatiorusesthe sameNumdictionaryfor Dollars ~ asfor Int . Notionally, the
compilerderivesaninstancedeclaratiorof theform

instance Num Int => Num Dollars

which justaddsor removesthenewtype constructoraccordingto thetype.

We canalsoderive instance®f constructorclassesn a similarway. For example,supposeave have
implementedstateandfailure monadtransformerssuchthat

instance  Monad m => Monad (State s m)
instance  Monad m => Monad (Failure m)

In Haslell 98, we candefinea parsingmonadby

type Parser tok ma = State [tok] (Failure m) a
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which is automaticallya monadthanksto theinstancedeclarationsabove. With the extensionwe
canmalke the parsertype abstractwithout needingo write aninstanceof classMonad, via

newtype Parser tok ma = Parser (State [tok] (Failure m) a)
deriving Monad

In this casethederivedinstancedeclaratioris of theform

instance  Monad (State [tok] (Failure m)) => Monad (Parser tok m)

Noticethat,sinceMonad is a constructorclass theinstances apartial applicationof the new type,
notthe entireleft handside.We canimaginethatthetype declaratioris “eta-corverted”to generate
thecontext of theinstancedeclaration.

We canevenderiveinstance®f multi-parameteclassesprovidedthe nentypeis the lastclass
parametern this casea “partial application”of the classappearsn thederiving  clauseFor
example,giventheclass

class StateMonad s m| m-> s where
instance Monad m => StateMonad s (State s m) where
thenwe canderive aninstanceof StateMonad for Parser sby
newtype Parser tok ma = Parser (State [tok] (Failure m) a)
deriving (Monad, StateMonad [tok])
Thederivedinstances obtainedoy completingthe applicationof the classto the new type:

instance  StateMonad [tok] (State [tok] (Failure m)) =>
StateMonad [tok] (Parser tok m)

As aresultof this extension all derivedinstancesn newtypedeclarationgretreateduniformly (and
implementedust by reusingthe dictionaryfor therepresentatiotype),exceptShow andRead,
which really behae differentlyfor the nentype andits representation.

7.9.2. A more precise specification
Derivedinstancedeclarationsreconstructedsfollows. Considetthe declarationafterexpansion

of any typesynoryms)

newtype T vl..vn =T (S tl..tk vk+1...vn) deriving (cl...cm)
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whereSis atypeconstructortl..tk  aretypes,vk+1l..vn aretypevariableswhich do notoccur
in ary of theti , andtheci arepartialapplicationf classe®f theform C t1'...tj .The
derivedinstancedeclarationsire,for eachci ,

instance ci (S tl..tk vk+1...v) => ci (T vi..vp)

wherep is chosersothatT v1..vp is of theright kind for thelastparametepf classCi .

As anexamplewhich doesnot work, consider

newtype NonMonad m s = NonMonad (State s ms) deriving Monad

Herewe cannotderive theinstance

instance  Monad (State s m) => Monad (NonMonad m)

becausehetypevariables occursin State s m andsocannotbe "eta-coverted"away. It is a
goodthing thatthisderiving  clauses rejected becausé&lonMonad mis not, in fact,a monad---
for thesamereasonTry defining>>= with the correcttype:youwon'’t beableto.

Noticealsothatthe order of classparameterbecomesmportant,sincewe canonly derive instances
for thelastone.If the StateMonad classabove wereinsteaddefinedas

class StateMonad ms | m-> s where

thenwe would not have beenableto derive aninstancefor theParser typeabove. We hypothesise
thatmulti-parameteclassesisuallyhave one"main" parametefor which deriving new instancess
mostinteresting.

7.10. Concurrent and Parallel Haskell
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ConcurrentandParallelHaslell areGlasgav extensiongo Haslell which let you structureyour
programasagroupof independenthreads’.

ConcurrentandParallelHaslell have very differentpurposes.

ConcurrenHaslell is for applicationsvhich have aninherentstructureof interacting,concurrent
tasks(i.e. ‘threads’). Threadsn suchprogramsmay berequired. For example,if aconcurrenthread
hasbeenspavnedto handlea mouseclick, it isn't optional—theuserwantssomethingdone!

A Concurrentaslell programimplies multiple ‘threads’runningwithin a singleUnix procesona
singleprocessar
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Youwill find atleastonepaperaboutConcurrenHaslell hangingoff of SimonPeyton Joness Web
page(http://research.microsoft.com/~simgp.

ParallelHaslell is aboutspeed—spavning threadsonto multiple processorsothatyour program
will runfaster The ‘threads’arealwaysadvisory—if theruntimesystenthinksit cangetthe job
donemorequickly by sequentiakxecution,thenfine.

A ParallelHaslell programimplies multiple processesunningon multiple processorsjndera PVM
(ParallelVirtual Machine)framework. An MPI interfaceis underdevelopmentout not fully
functional,yet.

ParallelHaslell is still relatively new; it is moreabout‘researchfun” thanabout‘speed.”Thatwill
change.

Checkthe GPH Page(http://www.cee.hwac.uk/~dsg/gh/) for moreinformationon “GPH”
(Haslell98 with extensiondor parallelexecution),thelatestversionof “GUM” (theruntimesystem
to enableparallelexecutionslandpaperson researclissuesA list of publicationsaboutGPHand
aboutGUM is alsoavailablefrom Simon's Web Page.

SomedetailsaboutParallelHaslell follow. For moreinformationaboutconcurrentaslell, seethe
moduleControl.Concurrent in thelibrary documentation.

Features specific to Parallel Haskell

7.10.1.1. The Paral | el interface (recommended)

GHC providestwo functionsfor controlling parallelexecution throughthe Parallel  interface:

interface Parallel where
infixr 0 ‘par
infixr 1 ‘seq’

par = a-> b -> b
seq : a-> b ->b

Theexpressionx ‘par y) sparkstheevaluationof x (to weakheadnormalform) andreturnsy.
Sparksarequeuedor executionin FIFO order, but arenot executedmmediately At the next heap
allocation,the currentlyexecutingthreadwill yield controlto the schedulerandthe schedulewill
starta new thread(until reachingthe active threadlimit) for eachsparkwhich hasnotalreadybeen
evaluatedto WHNF.

Theexpressionx ‘seq’ y) evaluatesx to weakheadnormalform andthenreturnsy. Theseq
primitive canbe usedto force evaluationof anexpressiorbeyond WHNF, or to imposea desired
executionsequencéor the evaluationof anexpression.

For example,considerthefollowing parallelversionof our old nemesisnfib :
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import  Parallel

nfib : Int -> Int
nfib n|] n<=1=1
| otherwise = par nl (seq n2 (h1 + n2 + 1))

where nl = nfib (n-1)
n2 = nfib (n-2)

For valuesof n greaterthanl, we usepar to sparkathreadto evaluatenfib  (n-1) , andthenwe
useseq to forcetheparentthreadto evaluatenfio  (n-2) beforegoingonto addtogetherthese
two subexpressionslin this divide-and-conqueapproachwe only sparka new threadfor onebranch
of thecomputation(leaving the parentto evaluatethe otherbranch).Also, we mustuseseq to
ensurghatthe parentwill evaluaten2 befoenl in theexpressionnl + n2 + 1).lItisnot
sufficientto reordertheexpressioras(n2 + nl + 1), becaus¢hecompilermaynotgenerateode
to evaluatetheaddenddrom left to right.

7.10.1.2. Underlying functions and primitives

Thefunctionspar andseq arewiredinto GHC, andunfold into usesof thepar# andseq#
primitives,respectiely. If you'd like to seethis with your very own eyes,justrun GHC with the
-ddump-simpl  option. (Anything for agoodtime...)

7.10.1.3. Scheduling polic y for concurrent threads

Runnablehreadsarescheduledn round-robinfashion.Context switchesaresignalledby the
generatiorof new sparksor by the expiry of avirtual timer (thetimer interval is configurablewith
the-C[<num>] RTS option).However, a context switchdoesnt really happeruntil the currentheap
blockis full. You cant getary fastercontext switchingthanthis.

Whena context switchoccurs pendingsparkswhich have not alreadybeenreducedo weakhead
normalform areturnedinto new threadsHowever, thereis alimit to the numberof active threads
(runnableor blocked)which areallowedatany giventime. Thislimit canbe adjustedwith the
-t<num> RTSoption (thedefaultis 32). Oncethethreadimit is reachedary remainingsparksare
deferreduntil someof the currentlyactive threadsarecompleted.

7.10.1.4. Scheduling polic y for parallel threads

In GUM we useanunfair schedulerwhich meanghatathreadcontinuego performgraphreduction
until it blockson a closureunderevaluation,on a remoteclosureor until thethreadfinishes.
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7.11. Haskell 98 vs. Glasgo w Haskell: langua ge
non-compliance

This sectionlists Glasgav Haslell infelicities in its implementatiorof Haslell 98. Seealsothe
“when thingsgo wrong” section(Chapter9) for informationaboutcrashesspacdeaks,andother
undesirablgphenomena.

Thelimitationsherearelistedin Haslell Reportorder(roughly).

7.11.1. Divergence from Haskell 98

7.11.1.1. Lexical syntax

« TheHaslell reportspecifieghatprogramanay bewritten usingUnicode.GHC only acceptghe
ISO-8859-1charactesetatthe moment.

« Certainlexical rulesregardingqualifiedidentifiersareslightly differentin GHC comparedo the
Haslell report.Whenyou have nodul e. r eser vedop, suchasM.\ , GHCwill interpretit asa
singlequalifiedoperatoratherthanthetwo lexemesviand.\ .

« When-fglasgow-exts is on, GHC resenesseveralkeywordsbeginningwith two underscores.
Thisis dueto thefactthat GHC useshe sameexical analyseifor interfacefile parsingasit does
for sourcefile parsing,andthesekeywordsareusedin interfacefiles. Do notuseary identifiers
beginningwith a doubleunderscorén -fglasgow-exts mode.

7.11.1.2. Conte xt-free syntax

« GHCdoesnt dofixity resolutionin expressiongluringparsing.For example,accordingto the
Haslell report,thefollowing expressioris legal Haslell:

let x = 42 in x == 42 == True
andparsess:
(let x =42 in x == 42) == True

becauseaccordingto thereport,thelet expressiorfextendsasfarto theright aspossible”.Since
it cant extendpastthe secondequalssignwithout causinga parseerror (== is hon-fix), the

let -expressiommustterminatethere.GHC simply gobblesup thewhole expressionparsinglike
this:

(let x =42 in x == 42 == True)

TheHaslell reportis arguablywronghere,but neverthelesst’ s a differencebetweerGHC &
Haslell 98.
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7.11.1.3. Expressions and patterns

VerylongString  constants:

May not go through.If youadda “string gap” every few thousandcharactersthenthe strings
canbeaslong asyou like.

Bearin mind thatstringgapsandthe-cpp optiondon’t mix verywell (seeSectior4.12.3.

7.11.1.4. Declarations and bindings

Noneknown.

7.11.1.5. Module system and interface files

Namespaceollution

Severalmodulesinternalto GHC arevisible in the standarchamespaceAll of thesemodules
begin with Prel , sotheruleis: don't useary modulesheginningwith Prel in your program,
or you maybe comprehensiely screved.

7.11.1.6. Number s, basic types, and built-in classes

Multiply-definedarrayelements—nothecled:
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
TheHaslell reportsaysthatthe Char typeholds16 bits. GHC followsthe SO-10646standard
alittle moreclosely:maxBound :: Char in GHCis Ox10FFFF.

Arbitrary-sizedtuples:

Tuplesarecurrentlylimited to size61. HOWEVER: standardnstancedor tuples(Eq, Ord,
Bounded, Ix Read, andShow) areavailableonly upto 5-tuples.

This limitation is easilysubvertible,sopleaseaskif you getstuckonit.
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7.11.2. GHC'’s interpretation of undefined behaviour in Haskell 98

This sectiondocument$HC's take on variousissueghatareleft undefinedor implementation
specificin Haslell 98.

Sizedintegral types

In GHCtheint typefollowsthesizeof anaddres®nthehostarchitecturejn otherwordsit
holds32 bits on a 32-bit machine and64-bitson a 64-bit machine.

Arithmeticonint is unchecledfor overflow, soall operation®nint happemmodulo2” where
n is thesizein bits of theInt type.

Thefrominteger  function(andhencealsofromintegral ) is aspecialcasewhencorverting

toInt . Thevalueof fromintegral x : Int isgivenby takingthelowern bits of (abs

x) , multiplied by thesignof x (in 2’s complemenn-bit arithmetic).This behaiour waschosen
sothatfor examplewriting Oxffffffff . Int preseresthebit-patternin theresultingint .

Negative literals,suchas-3 , arespecifiedby (a carefulreadingof) the Haslell Reportas
meaningPrelude.negate (Prelude.frominteger 3) . S0-2147483648 meansmegate
(fromInteger 2147483648) . Sincefrominteger  takesthelower 32 bits of the
representatiorfrominteger (2147483648::Integer) , computedattypelnt is
-2147483648::Int . Thenegate operatiorthenoverflows,butit is unchecled,sonegate
(-2147483648::Int) isjust-2147483648 . In short,onecanwrite minBound::Int  asa
literal with the expectedmeaning(but thatis notin generalguaranteed.

Thefromintegral functionalsopreseresbit-patternavhenconvertingbetweerthe sized
integraltypes(Int8 , Int16 ,Int32 ,Int64 andtheunsignediord variants)seethemodules
Data.Int  andData.Word in thelibrary documentation.

Unchecledfloat arithmetic

Operation®nFloat andDouble numbersareunchededfor overflow, underflav, andother
sadoccurrencegnote,howeverthatsomearchitecturesrap floating-pointoverflov and
loss-of-precisiorandreporta floating-pointexception,probablyterminatingthe program).
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Chapter 8. Foreign function interface (FFI)

GHC (mostly) conformsto the Haslell 98 ForeignFunctioninterfaceAddenduml.0,whose
definitionis availablefrom http://haskell.org/ . TheFFI supportin GHC divergesfrom the
Addendumin the following ways:

« Theroutineshs_init()  , hs_exit() ,andhs_set_argv()  from Chapter6.1 of the Addendum
arenot supportedyet.

« Syntacticformsandlibrary functionsproposedn earlierversionsof the FFI arestill supportedor
backwardscompatibility.

« GHCimplementsa numberof GHC-specificextensiongo the FFI Addendum Theseextensions
aredescribedn Section8.1, but pleasenotethatprogramsusingthesefeaturesarenot portable.
Hence thesefeaturesshouldbe avoidedwherepossible.

TheFFl librariesaredocumentedn the accompaying library documentationseefor examplethe
Foreign module.

8.1. GHC extensions to the FFI Addendum

The FFI featureghataredescribedn this sectionarespecificto GHC. Avoid themwherepossibleto
notcompromisehe portability of theresultingcode.

8.1.1. Arrays

ThetypesByteArray andMutableByteArray — maybeusedasbasicforeigntypes(seeFFl
Addendum Section3.2).In C land,they mapto (char  *) .

8.1.2. Unboxed types

Thefollowing unboxedtypesmaybe usedasbasicforeigntypes(seeFFI Addendum Section3.2):
Int# , Word#, Char# , Float# , Double# , Addr# , StablePtr# a, MutableByteArray#
ForeignObj# , andByteArray#

8.2. Using the FFI with GHC

Thefollowing sectionsalsogive somehintsandtips on the useof theforeignfunctioninterfacein
GHC.
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8.2.1. Using foreign export and forei gn i nport ccall
"wr apper " with GHC

206

WhenGHC compilesamodule(sayM.hs ) which usesforeign ~ export or foreign  import
"wrapper" , it generateswo additionalfiles,M_stub.c andM_stub.h . GHC will automatically
compileM_stub.c togenerateM_stub.o atthesametime.

Foraplainforeign  export ,thefile M_stub.h containsa C prototypefor theforeignexported
function,andM_stub.c containgts definition. For example,if we compilethefollowing module:

module Foo where
foreign  export ccall foo : Int -> IO Int

foo @ Int -> 10 Int
foo n = return (length (f n))

f Int  -> [Int]
f 0=1
f n=nmnf (1)

ThenFoo_stub.h  will containsomethindik e this:

#include  "HsFFIL.h"
extern Hsint foo(HslInt a0);

andFoo_stub.c containghe compilergeneratedefinitionof foo() . Toinvokefoo() fromC,
just#include  "Foo_stub.h"  andcall foo()

8.2.1.1. Using your own nai n()

Normally, GHC’s runtimesystemprovidesamain() , which arrangego invoke Main.main in the
Haslell program.However, you mightwantto link someHaslell codeinto a programwhich hasa
mainfunctionwrittenin anothedanguagemsayC. In orderto do this, you have to initialize the
Haslell runtimesystemexplicitly .

Let'stake the examplefrom above, andinvoke it from a standaloneC program.Heresthe C code:

#include <stdio.h>
#include  "foo_stub.h"

#include  "RtsAPLh"
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  O;

}

Thecall to startupHaskell() initializes GHC’s runtimesystem Do NOT try to invoke any
Haslell functionsbeforecalling startupHaskell() : strangethingswill undoubtediyhappen.

We passargc andargv to startupHaskell() sothatit canseparat®@ut arny argumentdor the
RTS (i.e.thoseargumentdbetween+RTS...-RTS ).

Thethird argumentto startupHaskell() is usedfor initializing the Haslell modulesin the
program.t mustbethe nameof theinitialization functionfor the"top" modulein the
program/library- in otherwords,the modulewhich directly or indirectlyimportsall the other
Haslell modulesin the program.n a standalonddaslell programthis would be moduleMain , but
whenyou areonly usingtheHaslell codeasalibrary it maynotbe.If yourlibrary doesnt have such
amodule thenit is straightforwardto createone,purelyfor this initialization processThe nameof
theinitialization functionfor moduleMis __stginit_ M, andit maybedeclaredasanexternal
functionsymbolasin thecodeabove.

After we'vefinishedinvoking our Haslell functions,we cancall shutdownHaskell() , which
terminateghe RTS. It runsary outstandindinalizersandgenerategary profiling or statsoutputthat
might have beenrequested.

ThefunctionsstartupHaskell() andshutdownHaskell() may be calledonly onceeach,and
only in thatordet

NOTE: whenlinking thefinal programiit is normally easiesto do thelink usingGHC, althoughthis
isn't essentiallf you douseGHC, thendon't forgettheflag-no-hs-main , otherwiseGHC will try
to link to theMain Haslell module.

8.2.1.2. Using foreign inport ccall "w apper" with GHC

Whenforeign  import ccall “"wrapper" isusedin aHaslell module,The C stubfile

M_stub.c generatedy GHC containssmallhelperfunctionsusedby the codegeneratedor the
importedwrapper soit mustbelinkedin to thefinal program Whenlinking the program remember
to includeM_stub.o in thefinal link commandine, or you'll getlink errorsfor the missing
function(s)(this isn't necessaryhenbuilding your programwith ghc --make , asGHC will
automaticallylink in thecorrectbits).
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8.2.2. Using function headers

WhengeneratingC (usingthe-fvia-C  directive),onecanassisthe C compilerin detectingtype
errorsby usingthe-#include  directive (Section4.12.9 to provide .h files containingfunction
headers.

For example,

#include "HsFFI.h"

void initialiseEFS (HsInt  size);

Hsint terminateEFS  (void);

HsForeignObj  emptyEFS(void);

HsForeignObj  updateEFS (HsForeignObj a, HsIint i, HsInt x);
Hsint lookupEFS (HsForeignObj a, Hsint i);

ThetypesHsint , HsForeignObj etc.aredescribedn the H98 FFI Addendum.

Notethatthis approachs only essentiafor returningfloat s (or if sizeof(int) I=
sizeof(int *) onyourarchitecturebut is a GoodThing for anyonewho caresaboutwriting
solid code.You're crazynotto doit.
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If you still have aproblemafterconsultingthis section thenyou mayhave founda bug—please
reportit! SeeSectionl.2for detailson how to reporta bug andalist of thingswe’d lik e to know
aboutyourbug. If in doubt,sendareport—welove mail from irate users:-!

(Section7.11, which describesGlasgav Haslell’s shortcomingwvs. the Haslell languagedefinition,
may alsobe of interest.)

9.1. When the compiler “does the wrong thing”

“Help! Thecompilercrashedor ‘panic'd)!”

Theseeventsarealwaysbugsin the GHC system—pleaseeportthem.

“This is aterribleerrormessage.”

If you think thatGHC could have produceda bettererrormessagepleasaeportit asa bug.

“What aboutthis warningfrom the C compiler?”
For example:“. ..warning:‘Foo’ declaredstatic’ but never defined.”Unsightly, but shouldnt
beaproblem.

Sensitvity to .hi interfacefiles:

GHC is very sensitve aboutinterfacefiles. For example,if it picksup anon-standard
Prelude.hi file, prettyterriblethingswill happenlf you turnon -fno-implicit-prelude ,
thecompilerwill almostsurelydie, unlessyou know whatyou aredoing.

Furthermoreassketchedbelow, you may have big problemsrunningprogramscompiledusing
unstablédnterfaces.

“l think GHC is producingincorrectcode”:

Unlikely :-) A usefulbe-more-paranoidptionto give to GHC is -dcore-lint ; this causes
“lint” passto checkfor errors(notablytypeerrors)aftereachCore-to-Cordransformatiorpass.
We runwith -dcore-lint onall thetime; it costsabout5% in compiletime.

“Why did | getalink error?”

If thelinker complainsaboutnotfinding _<something>_fast , thensomethings
inconsistentyou probablydidn’t compilemodulesin the properdependengordet

209



Chapter9. Whatto do whensomethinggoeswrong

“Is thisline numbermight?”

Onthis score GHC usuallydoesprettywell, especiallyif you “allow” it to be off by oneor
two. In the caseof aninstanceor classdeclarationthe line numbemayonly pointyouto the
declarationnotto a specificmethod.

Pleaseeportline-numbererrorsthatyou find particularlyunhelpful.

9.2. When your program “does the wrong thing”

(For adviceaboutoverly slow or memory-hungryHaslell programspleaseseeChapter6).

“Help! My programcrashed!”
(e.g.,a‘segmentatiorfault’ or ‘core dumped’)

If your programhasno foreigncallsin it, andno callsto known-unsafdunctions(suchas
unsafePerformlO ) thena crashis alwaysa BUG in the GHC system exceptin onecasef
your programis madeof severalmodules eachmodulemusthave beencompiledafterany
modulesonwhich it dependgunlessyou use.hi-boot  files,in which casethesemustbe
correctwith respecto themodulesource).

For example,if aninterfaceis lying aboutthe type of animportedvaluethenGHC maywell
generateluff codefor theimportingmodule.Thisappliesto pragmasinsideinterfacestoo! If
thepragmais lying (e.g.,aboutthe“arity” of avalue),thenduff codemayresult.Furthermore,
aritiesmay changesvenif typesdo not.

In short,if you compileamoduleandits interfacechangesthenall the modulesthatimportthat
interfacemustbere-compiled.

A usefuloptionto alertyou wheninterfaceschangds -hi-diffs . It will rundiff onthe
changednterfacefile, beforeandafter, whenapplicable.

If you areusingmake, GHC canautomaticallygeneratehe dependenciesequiredin orderto
male surethatevery moduleis up-to-datewith respecto its importedinterfaces Pleasesee
Section4.9.6.1

If you aredown to your last-compile-before-atm-reprt, we would recommendhatyou adda
-dcore-lint option (for extra checking)to your compilationoptions.

So,beforeyou reporta bug becausef a coredump,you shouldprobably:

% rm *.0 # 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 coursejf you have foreigncallsin your programthenall betsareoff, becauserou cantrash
theheap the stack,or whatever.
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“My programenteredan‘absent’argument.”

Thisis definitelycausedy abugin GHC. Pleaseaeportit (seeSectionl.2).

“What's with this ‘arithmetic (or ‘floating’) exception’?

Int , Float ,andDouble arithmeticis uncheded. Overflows, underflavs andlossof precision
areeithersilentor reportedasanexceptionby the operatingsystem(dependingn the
platform). Divide-by-zeromaycauseanuntrappecdxception(pleasereportit if it does).
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This sectiondescribeotherprogram(s)vhich we distribute, thathelp with the GreatHaslell
Programmingrask.

10.1. Ctags and Etags for Haskell: haskta gs
hasktagsis avery simpleHaslell programthatproducestags'tags"andetags TAGS" files for
Haslell programs.

Whenloadedinto aneditorsuchanNEdit, Vim, or Emacsthis allows oneto easilynavigatearound
amulti-file program finding definitionsof functions,types,andconstructors.

InvocationSyntax:

hasktags files

Thiswill readall thefileslistedin files andproducea ctags'tags"file andanetags'TAGS"file in
the currentdirectory

Exampleusage

find -name \*.\*hs | xargs hasktags

Thiswill find all haslell sourcefilesin the currentdirectoryandbelow, andcreatetagsfiles indexing
themin the currentdirectory

hasktagsis a simpleprogramthatusessimpleparsingrulesto find definitionsof functions,
constructorsandtypes.lt isn't guranteedo find everything,andwill sometimegreatefalseindex
entries but it usuallygetsthe job donefairly well. In particular at presentfunctionsareonly
indexedif atypesignaturds givenfor them.

Beforehasktagsthereusedto be fptags andhstags which did essentiallythe sameob, however
neitherof theseseemo bemaintainedany more.

10.1.1. Using tags with your editor

With NEdit, loadthe "tags"file using"File/Load TagsFile". Use"Ctrl-D" to searchfor atag.
With XEmacsloadthe"TAGS"file using"visit-tags-table"Use"M-." to searchfor atag.
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10.2. “Yacc for Haskell”: happy

Andy Gill andSimonMarlow have written a parsergeneratofor Haslell, calledhappy. Happy is
to Haslell whatYaccis to C.

You cangethappy from the Happy Homepagéhttp://www.haslell.org/hapy/).
Happy is atits shiningbestwhencompiledby GHC.

10.3. Writing Haskell interfaces to C code: hsc2hs

10.3.1.
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Thehsc2hscommandcanbe usedto automatesomepartsof the procesf writing Haslell bindings
to C code.lt readsanalmost-Haskll sourcewith embeddedpecialconstructsandoutputsareal
Haslell file with theseconstructgprocessedyasedn informationtakenfrom someC headersThe
extra constructglealwith accessing datafrom Haslell.

It mayalsooutputa C file which containsadditionalC functionsto belinkedinto the program,
togethemith a C headetthatgetsincludedinto the C codeto which the Haslell modulewill be
compiled(whencompiledvia C) andinto the C file. Thesetwo files arecreatedvhenthe#def
constructis used(seebelow).

Actually hsc2hsdoesnot outputthe Haslell file directly. It createsa C programthatincludesthe
headersgetsautomaticallyjcompiledandrun. Thatprogramoutputsthe Haslell code.

In thefollowing, “Haskell file” is themainoutput(usuallya .hs file), “compiledHaslell file” is the
Haslell file afterghc hascompiledit to C (i.e.a.hc file), “C program”is the programthatoutputs
theHaslell file, “C file” is the optionallygenerated file, and“C header’is its headeffile.

Command line syntax

hsc2hstakesinputfiles asargumentsandflagsthatmodify its behavior:

-t FILE or --template=FILE

Thetemplatefile (seebelow).

-c  PRO®r --cc=PROG

The C compilerto use(default: ghc)

-l  PROQOr --ld=PROG
Thelinkerto use(default: gco).

-C FLAGoOr --cflag=FLAG

An extraflag to passo the C compiler
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-l DIR

Passedo the C compiler

-L FLAGoOTr --Iflag=FLAG

An extraflagto pasgo thelinker.

-l FILE or --include=FILE

As if theappropriatetinclude directive wasplacedin the source.

-D NAME[=VALUE] or --define=NAME[=VALUE]

As if theappropriatetdefine  directive wasplacedin the source.

-0 FILE or --output=FILE
Nameof theHaslell file.

--help

Displaya summaryof theavailableflags.

--version

Outputversioninformation.

--no-compile

Stopafterwriting outtheintermediateC programto disk. Thefile namefor theintermediateC
programis theinputfile namewith .hsc replacedwith _hsc_make.c .

Theinputfile shouldendwith .hsc(it shouldbe plain Haslell sourceonly; literateHaslell is not
supportecht the moment) .Outputfiles by default getnameswith the .hsc  suffix replaced:

.hs Haslell file
_hsc.h C header
_hsc.c Cfile

The C programis compiledusingthe Haslell compiler This providestheincludepathto HsFFI.h
whichis automaticallyincludedinto the C program.

10.3.2. Input syntax

All specialprocessings triggeredby the# operator To outputa literal #, write it twice: ##. Inside
stringliteralsandcomments# charactersirenot processed.

A # is followedby optionalspacesandtabs,analphanumerikeyword thatdescribeshekind of
processingandits argumentsArgumentdook like C expressionseparatethy commagthey are
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notwritten insideparens) They extendup to thenearestinmatched ,] or}, or to theendof line if
it occursoutsideary ) [ { " ™ 7/ andisnotprecededy abackslashBackslash-neline
pairsarestripped.

In addition#{stuff}  is equivalentto #stuff exceptthatit’'s self-delimitedandthusneedsotto
beplacedattheendof line or in somebraclets.

Meaningsof specifickeywords:

#include <file.h>
#include "file.h"

The specifiedfile getsincludedinto the C program the compiledHaslell file, andthe C header
<HsFFl.h> isincludedautomatically

#define  name
#define  name value
#undef name

Similarto #include . Notethat#includes and#defines maybeputin the samefile twice
sothey shouldnotassumetherwise.

#let name parameters = "definition"

Definesa macroto be appliedto the Haslell source Parametenamesarecomma-separatedpt
insideparens Suchmacrois invokedasother#-constructsstartingwith #name. The definition
will beputin the C programinsideparensasargumentof printf . To referto a parameter
closethe quote,put a parametenameandopenthe quoteagain,to let C stringliterals
concatenateOr useprintf  'sformatdirectives.Valuesof agumentsnustbe givenasstrings,
unlessthe macrostringifiesthemitself usingthe C preprocessos#parameter  syntax.

#def C_definition

Thedefinition (of afunction,variable structor typedef)is written to the C file, andits
prototypeor externdeclaratiorto the C headerlnline functionsarehandledcorrectly struct
definitionsandtypedefsarewritten to the C programtoo. Theinline , struct  or typedef
keyword mustcomejust afterdef .

#if  condition
#ifdef name
#ifndef name
#elif  condition
#else

#endif

#error  message
#warning message

Conditionalcompilationdirectivesarepassedinmodifiedto the C program C file, andC
headerPuttingthemin the C programmeanghatappropriatgartsof the Haslell file will be
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skipped.

#const C_expression
The expressiommustbe corvertibleto long or unsigned long . Its value(literal or negated
literal) will be output.

#const_str  C_expression

Theexpressiormustbe corvertibleto constcharpointer Its value(stringliteral) will be output.

#ype C_type
A Haslell equivalentof the C 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.lt will havethetypeStorable b =>
Ptr a -> 10 b. Theintentionis that#peek and#poke canbeusedfor implementinghe
operation®f classStorable  for a givenC struct(seethe Foreign.Storable modulein the
library documentation).

#poke struct_type, field
Similarly for poke. It will havethetypeStorable b => Ptr a -> b -> 10 () .

#ptr  struct_type, field

Makesapointerto afield struct.It will havethetypePtr a -> Ptr b.

#enum type, constructor, value, value,

A shortcutfor multiple definitionswhich use#const . Eachvalue is anameof aC integer
constante.g.enumeratiorvalue.The namewill betranslatedo Haslell by makingeachletter
following anunderscoreippercasanakingall therestlowercaseandremoving underscores.
You cansupplya differenttranslationby writing hs_name = c_value insteadof avalue ,in
whichcasec_value maybeanarbitraryexpressionThehs_name will be definedashaving
thespecifiedype . Its definitionis the specifiedconstructor ~ (whichin factmaybean
expressioror beempty)appliedto the appropriaténtegervalue.You canhave multiple #enum
definitionswith the sametype ; this constructdoesnot emit the type definitionitself.

Custom constructs

#eonst , #type , #peek , #poke and#ptr arenothardwiredinto thehsc2hs but aredefinedin aC
templatethatis includedin the C programitemplate-hsc.h . Customconstructsandtemplatecan
beusedtoo. Any #-constructwith unknavn key is expectedo behandledby a C template.

A C templateshoulddefinea macroor functionwith nameprefixedby hsc_ thathandleshe
constructy emitting the expansionto stdout.Seetemplate-hsc.h for examples.
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Suchmacroscanalsobedefineddirectly in the source They areusefulfor makinga#let -like
macrowhoseexpansionusesother#let macrosPlain#let prepend$isc_ to themacronameand
wrapsthedefininitionin aprintt  call.
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On Win32 platforms,the compileris capableof both producingandusingdynamiclink libraries
(DLLs) containingghc-compileccode.This sectionshavs you how to make useof this facility.

Until recently strip didn’t work reliably on DLLs, soyou shouldtestyour versionwith care,or
malke sureyou have thelatestbinutils. Unfortunately we don’t know exactly which versionof
binutils curedthe problem(it wassupposedlyixed someyearsago).

11.1. Linking with DLLs

Thedefaulton Win32 platformsis to link applicationdn sucha way thatthe executablesvill usethe
PreludeandsystemlibrariesDLLs, ratherthancontain(large chunksof) them.Thisis transparenat
thecommand-lineso

sh$ cat main.hs

module Main where

main = putStrLn "hello, world!"

sh$ ghc -0 main main.hs

ghc: module version changed to 1; reason: no old .hi file
sh$ strip  main.exe

sh$ Is -l main.exe

-PWXI-Xr-X 1 544 everyone 4608 May 3 17:11 main.exe*
sh$ ./main

hello, world!

sh$

will giveyouabinaryasbefore,butthemain.exe generateavill usethe PreludeandRTS DLLs
insteadof linking themin statically

4K for a"hello,  world" application—nobad,huh?:-)

11.2. Not linking with DLLs

If youwantto build anexecutablehatdoesnt dependon any ghc-compiledDLLs, usethe -static
optionto link in the codestatically

Noticethatyou cannotmix codethathasbeencompiledwith -static  andnot, soyou haveto use
the-static  optiononall theHaslell modulesthatmalke up your application.
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11.3. Creating a DLL
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Makinglibrariesinto DLLs doesnt work on Windowsat the momen{andis nolonger supported);
however, all themadineryis still there. If you'reinterested contactthe GHC team.Notethat
building an entire Haslell applicationasa DLL is still supportedit’ sjustinter-DLL Haslell calls
thatdon't work). Sealingup your Haslell library insidea DLL is straightforvard;compileup the
objectfiles thatmalke up thelibrary, andthenbuild the DLL by issuingacommancbf theform:

ghc --mk-dll -0 foo.dll bar.o baz.o wibble.a -Ilfooble

By feedingthe ghccompilerdrivertheoption--mk-dil it will build aDLL ratherthanproducean
executableTheDLL will consistof all the objectfiles andarchivesgivenonthecommandine.

To createa ‘static’ DLL, i.e. onethatdoesnotdependnthe GHC DLLs, usethe-static ~ when
compilingup your Haslell codeandbuilding the DLL.

A coupleof thingsto notice:

« SinceDLLs correspondo packagegseeSection4.10) you needto use-package-name
dil-name whencompilingmodulesthatbelongto aDLL if you're goingto call themfrom
Haslell. Otherwise Haslell codethatcallsentrypointsin thatDLL will do soincorrectly and
crash.For similar reasonsyou canonly compilea singlemoduletreeinto aDLL, as
startupHaskell needdo beableto call its initialisationfunction,andonly takesonesuch
argument(seeSectionl1.4). Hencethe modulesyou compileinto a DLL musthave acommon
root.

- By default, theentrypointsof all the objectfiles will beexportedfrom the DLL whenusing
--mk-dil . Shouldyou wantto constrainthis, you canspecifythe moduledefinitionfile to useon
thecommandine asfollows:

ghc --mk-dll -0 ... -optdll--def -optdliMyDef.def

SeeMicrosoft documentatiofior details,but amoduledefinitionfile simply lists whatentrypoints
you wantto export. Here's onethat’s suitablewhenbuilding a Haslell COM senerDLL:

EXPORTS
DlICanUnloadNow DlICanUnloadNow@0
DliGetClassObject DliGetClassObject@12

DlIRegisterServer DlIRegisterServer@0

DllUnregisterServer = DllUnregisterServer@0

- In additionto creatinga DLL, the--mk-dll  optionalsocreatesanimportlibrary. Theimport
library nameis derivedfrom the nameof the DLL, asfollows:

DLL: HScool.dll ==> import lib: libHScool_imp.a

Thenamingschemeanaylook a bit weird, but it hasthe purposeof allowing the co-existenceof
import librarieswith ordinarystaticlibraries(e.g.,libHSfoo.a  andlibHSfoo_imp.a
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Additionally, whenthe compilerdriveris linking in non-statiomode,it will rewrite occurrencef
-IHSfoo onthecommandine to -IHSfoo_imp . By doingthis for you, switchingfrom
non-statido staticlinking is simply aquestionof adding-static =~ to your commandine.

11.4. Making DLLs to be called from other languages

If youwantto packageup Haslell codeto be calledfrom otherlanguagessuchasVisual Basicor
C++,therearesomeextrathingsit is usefulto know. Thedirty detailsarein the Foreign Function
Interfacedefinition,but it canbetricky to work out how to combinethis with DLL building, so
heresanexample:

« Useforeign  export declarationgo exportthe Haslell functionsyou wantto call from the
outside.For example,

module Adder where

adder : Int -> Int -> 10 Int -- gratuitous use of 10
adder x y = return  (xty)

foreign  export stdcall adder : Int -> Int -> 10 Int

« Compileit up:
ghc -c adder.hs -fglasgow-exts
Thiswill producetwo files,addero andadder_stulo

. compileupaDliMain()  thatstartsup the Haslell RTS-—apossiblemplementatioris:
#include  <windows.h>

#include <Rts.h>

EXTFUN(__stginit_Adder);

static  char* args[] = { "ghcDI", NULL };
/* N.B. argv arrays must end with NULL */
BOOL
STDCALL
DlIMain
( HANDLEhModule
, DWORDeason

, void* reserved

)

{

if (reason == DLL_PROCESS_ATTACHY
/* By now, the RTS DLL should have been hoisted in, but we need to start it
startupHaskell(1, args, __stginit_Adder);
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return TRUE;

}
return  TRUE;

}

Here,Adder is thenameof therootmodulein the moduletree(asmentionedabove,theremustbe
asingleroot module,andhencea singlemoduletreein theDLL). Compilethis up:

ghc -c dlIMain.c

« ConstructheDLL:
ghc --mk-dll -0 adder.dll adder.o adder_stub.o diiMain.o

« Startusingadder from VBA-—hereshow | would Declare it:

Private Declare Function adder Lib "adder.dll" Alias "adder@8"
(Byval x As Long, ByVal y As Long) As Long

Sincethis Haslell DLL depend®n acoupleof theDLLs thatcomewith GHC, make surethat
they arein scopelvisible.

Building staticallylinkedDLLs is the sameasin the previoussection:it sufficesto add-static
to thecommandsisedto compileup the Haslell sourceandbuild the DLL.
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This sectionhastheanswerdo questionghatgetaskedregularly onthe GHC mailinglists, in no
particularorder Pleasdet usknow if youthink theres a question/answehatshouldbeaddecdhere.

How do| port GHC to platform X?
Therearetwo distinctpossibilities:either

« Thehardwarearchitecturdor your systemis alreadysupportedby GHC, but you're running
anOSthatisn’t supportedor perhapshasbeensupportedn the past,but currentlyisn’t).
This is the easiestypeof portingjob, but it still requiressomecarefulbootstrapping.

- Your systems hardwarearchitecturasn’t supportedy GHC. Thiswill bea moredifficult
port (thoughby comparisorperhapsot asdifficult asportinggcc).

Both waysrequireyou to bootrapfrom intermediateHCfiles: thesearethe stylisedC files
generatedy GHC whenit compilesHaslell source Basicallytheideais to take the HC files
for GHC itself to thetargetmachineandcompilethemwith gcc to getaworking GHC,andgo
from there.

TheBuilding Guide(http://www.haslell.org/ghc/latest/bilding/building-guide html) hasall the
detailson how to bootstrapGHC on a new platform.

Why doesnt GHC usesharedibraries?

The subjectof sharedibrarieshascomeup severaltimesin the past— take alook throughthe
mailing-listarchivesfor someof the previousdiscussionsThe upshotis thatsharedibraries
wouldn't really buy muchunlessyou really needto save the disk spacein all other
considerationsstaticlinking comesout better

UnfortunatelyGHC-compiledibrariesarevery tightly coupled which meanst’s unlikely
you'd beableto swapouta sharedibrary for a newer versionunlessit wascompiledwith
exactlythe samecompilerandsetof librariesastheold version.

| cant getstringgapsto work
If you're alsousingCPR bewareof the known pitfall with stringgapsmentionedn Section
4.12.3.1

GHCi complainsaboutmissingsymbolslike CC_LIST whenloadinga previously compiled.ofile.

This probablymeanghe .o filesin questionwerecompiledfor profiling (with -prof ).
Workaroundrecompilethemwithout profiling. We really oughtto detectthis situationandgive
apropererrormessage.
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Linking a programcauseshefollowing erroron Linux: /usr/bin/Id: cannot open -lgmp:
No such file  or directory

The problemis thatyour systemdoesnt have the GMP library installed.If thisis a RedHat
distribution, installthe RedHat-suppliedmp-devel packageandthegmppackagef youdon't
alreadyhave it. Therehave beenreportsthatinstallingthe RedHatpackagesilsoworksfor
SUuSE(SuSEdon't supplya sharedgmplibrary).

| Cant run GHCi on Linux, becausé complainsabouta missinglibreadline.so.3

The"correct"fix for this problemis to install the correctRPM for the particularflavour of
Linux onyour machinelf thisisn't anoption,however, thereis a hackthatmightwork: make a
symboliclink from libreadline.so.4 to libreadline.so.3 in/usrlib . Wetriedthis
onaSuSE7.1boxandit seemedo work, but YMMV .

Solarisusersmay sometimegetlink errorsdueto librariesneededy GNU Readline.

We suggest/ourtry linking in somecombinationof thetermcap , curses andncurses
libraries,by giving -ltermcap , -lcurses  and-Incurses  respectiely. If you encountethis
problem,we would appreciatdeedbaclonit, sincewe don't fully understandvhat’s goingon
here.

Whenl try to startghci (probablyonel compiledmyself)it saysghc-5.02:  not built  for
interactive use

To build aworking ghci, you needto build GHC 5.02with itself; the above messagappearsf
you build it with 4.08.X,for example.It’ Il still work fine for batch-modecompilation,though.
Notethatyou really mustbuild with exactly the sameversionof the compiler Building 5.02
with 5.00.2,for example,may or may not give a working interactive systemjt probablywon't,
andcertainlyisn’t supportedNote alsothatyou canbuild 5.02with ary oldercompiler, backto
4.08.1,if youdon't wantaworking interactve systemgthat's OK, andsupported.

Whenl useaforeignfunctionthattakesor returnsafloat, it givesthewrongansweyor crashes.
You shouldusethe -#include  optionto bring the correctprototypeinto scope(seeSection
4.12.5.

My programthatusesareally large heapcrashemn Windows.

For utterly horriblereasonsprogramghatusemorethan128Mbof heapwon’t work when
compileddynamicallyon Windows (they shouldbefine staticallycompiled).

GHC doesnt like filenamescontaining+.

Indeednot. You couldchanget to p or plus .

Whenl opena FIFO (hamedpipe)andtry to readfrom it, | getEOFimmediately

Thisis aconsequencef thefactthatGHC opensthe FIFO in non-blockingmode.The
behaiour variesfrom OSto OS:onLinux andSolarisyou canwait for a writer by doingan
explicit threadWaitRead onthefile descriptor(gottenfrom Posix.handleToFd ) beforethe
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first read,but this doesnt work on FreeBSD(althoughrumourhasit thatrecentversionsof
FreeBSDchangedhe behaourto matchotherOSs).A workaroundfor all systemss to open
the FIFO for writing yourself,before(or atthe sametime as)openingit for reading.

Whenl foreign  import afunctionthatreturnschar orshort , | getgarbageback.

Thisis aknown bugin GHC versionsprior to 5.02.2.GHC doesnt maskout the more
significantbits of theresult.It doesnt manifestwith gcc2.95,but apparentlyshavs up with
g++andgcc3.0.
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