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The Glasgo w Haskell Compiler License

Copyright 1999, 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 mustreproducehe above copyright notice,thislist of conditions
andthefollowing disclaimerin thedocumentatiorand/orothermaterialsprovidedwith the
distribution.

- Neithernameof the University nor the nameof 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 GLASGOWN 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 CAUSEDAND ON ANY THEORY OF
LIABILITY , WHETHERIN CONTRACT, STRICTLIABILITY , ORTORT (INCLUDING
NEGLIGENCEOR OTHERWISE) ARISING IN ANY WAY OUT OF THE USEOFTHIS
SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.



Chapter 1. Introduction to GHC

Thisis aguideto usingthe Glasgav Haslell compilation(GHC) systemlt is abatchcompilerfor
theHaslell 98 languagewith supportfor variousGlasgav-only extensionsin this documentwe
assumahat GHC hasbeeninstalledat your siteasghc . A separateglocument,Building and
Installingthe Glasgav FunctionalProgrammingrools Suite”, describesow to installghc .

Many peoplewill useGHC very simply: compilesomemodules—ghc -¢ -O Foo.hs Bar.hs ;
andlink them—ghc -0 wiggle -O Foo.o Bar.o .

But if you needto do somethingnorecomplicatedGHC cando that,too:
ghc -c -O -fno-foldr-build -dcore-lint -fvia-C -ddump-simpl Foo.lhs

Staytuned—allwill berevealed!

Therestof this sectionprovide sometutorial informationon batch-stylecompilation;if you're
familiar with theseconceptsalreadythenfeel freeto skip to the next section.

1.1. The (batc h) compilation system components

The GloriousHaslell CompilationSystemaswith mostUNIX (batch)compilationsystemshas
severalinteractingparts:

1. A driver ghc —which you usuallythink of as“the compiler"—isa programthatmerely
invokes/glues-togethehe otherpiecesof the system(listed below), passingheright optionsto
eachslurpingin theright libraries, etc.

2. A literatepre-processor unlit  thatextractsHaslell codefrom aliteratescript; usedif you
believein thatsortof thing.

3. TheHaslellisedC pre-processor hscpp , only neededy peoplerequiringconditional
compilation,probablyfor large systemsThe“Haskellised” partjust meanghat#line
directivesin the outputhave beencorvertedinto properHaslell {-# LINE .. -} pragmas.
You mustgive anexplicit -cpp option for the C pre-processato beinvoked.

4. TheHaslell compiler hsc, which—in normaluse—talesits input from the C pre-processor
andproducesassembly-languageutput(sometimesANSI C output).

5. The ANSIC Haslell high-levelassembler-) compileshsc ’s C outputinto assemblyanguage
for a particulartargetarchitectureln fact,the only C compilerwe currentlysupportis gcc ,
becausave make useof certainextensiongo the C languageonly supportedy gcc. Version2.x
is amust;we recommendrersion2.7.2.1for stability (we've heardbothgoodandbadreportsof
laterversions).

6. Theassembler—a standardJNIX one,probablyas.
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Chapterl. Introductionto GHC

7. Thelinker—a standardJNIX one,probablyid .

8. A runtimesystemincluding (mostnotably)a storagemanagerthelinker links in the codefor
this.

9. TheHaslell standad prelude alargelibrary of standardunctions,is linkedin aswell.

10. Partsof otherinstalledlibrariesthatyou have at your site maybelinkedin also.

1.2. What really happens when | “compile” a Haskell
program?

You invoke the Glasgav Haslell compilationsystemthroughthedriver programghc . For example,
if you hadtypeda literate“Hello, world!” programinto hello.lhs , andyou theninvoked:

ghc hello.lhs
thefollowing would happen:

1. Thefile hello.lhs is runthroughtheliterate-prograntodeextractorunlit , feedingits output
to

2. TheHaslell compilerproperhsc , which producesnputfor

3. Theassemble(or thatubiquitous*high-level assemblegt a C compiler),which producesan
objectfile andpassedt to

4. Thelinker, whichlinks your codewith theappropriatdibraries(includingthe standardorelude),
producinganexecutableprogramin the default outputfile nameda.out .

You have considerableontroloverthe compilationprocessYou feedcommand-lineargumentqcall
them“options,” for short)to thedriver, ghc ; the“types” of theinputfiles (asencodedn their
names’suffixes)alsomatter

Here’s hopingthis is enoughbackgroundsothatyou canreadtherestof this guide!

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

OntheWorld-Wide Web, thereareseveral URLSs 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/Department/Stémhpj/fag.iml)
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Chapterl. Introductionto GHC

We runtwo mailing lists aboutGlasgav Haslell. We encouragerou to join, asyou feelis
appropriate.

glasgav-haslell-users:

Thislist is for GHC usergto chatamongthemseles.Subscribeby sendingmail to
<majordomo@haskell.org >, with amessagéody (notheader)ikethis:

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

(Thelastbit is your all-importante-mailaddressof course.)

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

To contactthelist administratorsendmail to
<owner-glasgow-haskell-users@haskell.org >. An archive of thelist is availableon
the Webat the glasgav-haslell-useramailing list archive
(http://vww.mail-archive.com/glasge-haslell-users@hasil.org).

glasgav-haslell-bugs:

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

Subscribevia <majordomo@haskell.org > with:
subscribe  glasgow-haskell-bugs My Name <m.y.self@hackers.r.us>

Again, you maycontactthelist administratoat
<owner-glasgow-haskell-bugs@haskell.org >.And, yes,anarchie of thelist is
availableon the Web at the glasgav-haslell-bugsmailing list archive
(http://vww.mail-archive.com/glasge-haslell-bugs@haséll.org)

Thereis alsothegeneraHaslell mailing list. Subscribeoy sendingemailto
<majordomo@haskell.org >, with theusualmessagéody:

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

SomeHaslell-relateddiscussiortakesplacein the Usenetewsgroupcomp.lang.functional

1.4. GHC version numbering policy

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

12



Chapterl. Introductionto GHC

StableReleases

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

Thevalueof _ GLASGOW_HASKELL _(seeSection3.9.1)for amajorreleasex.yy.z isthe
integerxyy .

Snapshots/unstabieleases

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

Snapshoteleasesrenamedx.yy.YYYYMMDD whereyy is odd, andYYYYMMDI3 the dateof
the sourcegrom which the snapshowasbuilt. In theory you cancheckoutthe exactsame
sourcedgrom the CVSrepositoryusingthis date.

Thevalueof __ GLASGOW_HASKELL for asnapshoteleasés theintegerxyy . You should
neverwrite ary conditionalcodewhichtestsfor this value,however: sinceinterfaceschangeon
a day-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.

Theversionnumberof your copy of GHC canbefoundby invoking ghc with the-version  flag.

1.5. Release notes for version 4.08 (July 2000)

1.5.1. User-visib le compiler changes

- New profiling subsystembasedon cost-centrestacks SeeChapterd.

« Thex86 native codegeneratohasbeenreworkedconsiderablyandnow worksreliably. Usingthe
NCG ratherthancompilingvia C reducesompilationtimesby roughly a half while having
minimal effect on the run-timeof the compiledprogram(about2-4%slower, worsefor
floating-pointintensive programs).

The NCGis usedby defaultfor non-optimisingcompiles.You canuseit with -O by addingthe
-fasm-x86 flagto GHC’s commandine, after-O.

- Implicit parametersThis Haslell extensiongivesa statically-typedsersionof dynamicscoping
thatavoidstheworstproblemsof dynamicscopingin lisp. Seethe POPL paper
(http://www.cse.ogi.ed/~jiis/implicit.ps.gz)for moredetails.It is enabledby
-fglasgow-exts

13



Chapterl.

Introductionto GHC

New DEPRECATEPragmafor markingoutdatednterfacesasdeprecated.

New flag: -ddump-minimal-imports , whichdumpsafile M.imports  thatcontainghe
(allegedly) minimal bunchof importsneededy the currentmodule.

New “package”systentor libraries.SeeSection3.7.4.1for thedetails.

Thelong-standindoug thatcausedsomeprogramswhich usedtrace  to exit with adeadlockerror
hasbeenfixed.

Trying to putinto afull Mvar will now raisea PutFullMvar  exception.

If athreadis aboutto be garbagecollected becausét is waitingon anMvar thatno otherthread
hasaccesgo, thenit will now be sentthe BlockedOnDeadMVar exception.

A threadthatis foundto be blockedagainstitself (i.e. is blackholed)is now senta
NonTermination  exception.

Operationsvhich mayblock, suchastakeMVvar , raiseinThread , andseverall/O operations,
may now receie asynchronousxceptionsavenin the scopeof a blockAsyncExceptions
ThesearecalledinterruptibleoperationsSeeSectior4.8.7.2in Haslell Librariesfor moredetails.

Resulttype signaturesiow work.

A truckloadof bugfixes.

1.5.2. User-visib le librar y changes
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The FFI hasbeenrevisedandexpandedseeSection4.9in Haslell Libraries Section4.5in
Haslell Libraries andSection4.6in Haslell Libraries.

HaXml, alibrary for parsingandgeneratingKML, hasbeenaddedo thetext packaggSection
8.1in Haslell Libraries).

TheQuickCheck library for performingfunctionaltestinghasbeenaddedo theutii  package
(Section9.3in Haslell Libraries).

Two new experimentainterfaceso arraysiArray for immutablearrays(Section4.12in Haslell
Libraries), andMArray for mutablearrays(Section4.16in Haslell Libraries). Commenton
theseinterfacesarewelcome;eventuallywe’'d like themto replaceByteArray , MutableArray
IOArray , andSTArray .

New function:tryTakeMVar

hPutBuf , hPutBufBA , hGetBuf , andhGetBufBA , have beenrenamedo hPutBufFull
hPutBufBAFull , hGetBufFull , andhGetBufBAFull . Functionswith theold namesstill exist,
but have slightly differentsemanticsSeeSection4.14.5in Haslell Librariesfor moredetails.
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1.5.3. Internal changes

« Con is gone;theCoreExpr typeis simpler

« NoRepLits havegone.

- Betterusaganfo in interfacefiles, which meandessrecompilation.
« CCallprimopis tidied up.

« Constanfolding is now doneby Rules.

- Lots of hacleryin the simplifier.

+ Improvementsn CPRandstrictnessanalysis.

15



Chapter 2. Installing from binary distrib utions

Installingfrom binary distributionsis easiestandrecommended!Why binaries™BecausdsHC s a
Haslell compilerwritten in Haslell, soyou've gotto “bootstrap”it, someha. 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
proceedFor theotherfptools  programsmary arewritten in Haslell, sobinarydistributionsallow
you to install themwithout having a Haslell compiler)

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

2.1. Installing on Unix-a-likes

2.1.1. Bundle structure

Binary distributionscomein “bundles,’onebundleperfile called
<bundle>-<platform>.tar.gz . (Seethebuilding guidefor thedefinitionof a platform.)
Supposéhatyou untara binary-distritution bundle,thus:

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

Thenyou shouldfind a singledirectory, fptools , with thefollowing structure:

Makefile.in

theraw materialfrom whichtheMakefile ~ will bemade(Section2.1.1.1).

configure

the configurationscript(Section2.1.1.1).

README

Containghisfile summary

INSTALL

Containghis descriptionof how to install the bundle.

ANNOUNCE

Theannouncemennessagéor thebundle.

16
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NEWS
releasenotesfor the bundle—alongerversionof ANNOUNCH-or GHC, thereleasenotesare
containedn theUserGuideandthisfile isn’t present.

bin/<platform>
containsplatform-specifieexecutabldiles to be invokeddirectly by the user Thesearethefiles
thatmustendup in your path.

lib/<platform>/

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

Thesesub-directoriehiave thefollowing generaktructure:

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.

This structureis designedsothatyou canunpackmultiple bundles(including onesfrom different
release®r platforms)into asinglefptools  directory® :

% cd /your/scratch/space

17
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% gunzip < ghc-x.xx-sun-sparc-solaris2.tar.gz | tar xvf -
% gunzip < happy-X.Xx-sun-sparc-sunos4.tar.gz | tar xvf -

Whenyou do multiple unpackdik e this, thetop level Makefile , READMEandINSTALL get
overwritteneachtime. That's fine—they shouldbethe same Lik ewise,the ANNOUNCE-<bundle>
andNEWS-<bundle> fileswill beduplicatedacrosamultiple platforms,sothey will beharmlessly
overwrittenwhenyou do multiple unpacksFinally, theshare/  stuff will getharmlesslyoverwritten
whenyou do multiple unpackgor onebundleon differentplatforms.

2.1.1.1. Installing

OK, solet’s assumehatyou have unpacledyour choserbundlesinto a scratchdirectoryfptools
Whatnext? Well, youwill atleastneedto runtheconfigure  scriptby changingyour directoryto
fptools  andtyping ./configure . ThatshouldcornvertMakefile.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 necessaryprivileges(or inclination)to properlyinstall thetools
locally. Note thatif you do decideto install the packagéeproperly’ atalaterdate,you haveto go
throughtheinstallationstepsthatfollows.

Toinstallanfptools  packageyou’ll haveto dothefollowing:

1. EdittheMakefile andcheckthe settingsof thefollowing variables:

platform

theplatformyou aregoingto install for.
bindir

thedirectoryin whichto install userinvokablebinaries.
libdir

thedirectoryin whichto install platform-dependergupportfiles.
datadir

thedirectoryin whichto install platform-independergupporffiles.
infodir

thedirectoryin whichto install Emacsinfo files.

htmldir

thedirectoryin whichto install HTML documentation.
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dvidir
thedirectoryin whichto install DVI documentation.

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

Insteadof running configure, it is perfectlyOK to copyNMakefi | 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. Oncedone testyour “installation” assuggesteih Section2.1.1.3.Be sureto usea-v option,
soyou canseeexactly whatpathnamedt’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 canchangethis manuallyif youwant.
But regardlessghc-x.xx  shouldalwaysinvoke GHC versionx.xx .

2.1.1.2. What bundles there are

Thereareplentyof “non-basic’GHC bundles.Thefiles for themarecalled
ghc-x.xx-<bundle>-<platform>.tar.gz , Wherethe <platform>  is asabove,and<bundle>
is oneof these:

prof :

Profiling with cost-centresYou probablywantthis.

par :

ParallelHaslell featureqsitsontop of PVM). You'll wantthisif you'reinto 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.
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Onelikely scenarids thatyouwill grabtwo binarybundles—basicandprofiling. We don't usually
male therest,althoughyou canbuild themyourselffrom a sourcedistribution.

2.1.1.3. 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 (verboseflag to verify thatlibraries,etc.,arebeingfound
properly:

% ghc -v -0 hello Main.hs

Now runit:

% ./hello
Hello,  world!

Somesimple-hut-profitabletestsareto compileandrunthe notoriousnfib - program,usingdifferent

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

For moreinformationon how to “drive” GHC, eitherdoghc -help or consulttheUsers Guide
(distributedin severalpre-compiledormatswith a binarydistribution, or in sourceform in
ghc/docs/users_guide in asourcedistribution).

2.2. Installing on Windo ws

Gettingthe Glasgav Haslell Compiler(GHC) to run on Windows platformscanbe a bit of atrying
experienceThis documentriesto simplify thetaskby enumeratinghe stepsyou needto follow in
orderto setup andconfigureyour machineto run GHC (atleastthat’s theintention;-)

2.2.1. System requirements

An installationof GHC requiresca.200M of disk spacewhichis split roughly 50-50betweenGHC
andthe supportingsoftware.To run GHC comfortably your machineshouldhave at least64M of
memory

20
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2.2.2. Software required

You needtwo chunksof softwareotherthanGHC itself: the Cygwin toolchain,andPerl.Here’s how
to getandinstallthem.

2.2.2.1. The cygwin toolc hain (1.1)

GHC dependstthe momenton the cygwin toolsto operatewhich dressesip the Win32
ervironmentinto somethingmoreUNIX-lik e. (notably it providesgcc asandld), soyou'll needto
install thesetoolsfirst. You alsoneedCygwin to useCVS. (We don't yet supportlaterversionsof
Cygwin.)

ImportantgrungyinformationaboutCygwin:

- Cygwindoesnt dealwell with filenameghatincludespaces'Program Files " and"Local
files " arecommongotchas.

- Cygwinimplementsa symboliclink asatext file with somemagicaltext in it. Soprogramshat
don't useCygwin’s1/O librarieswon’t recognisesuchfiles assymlinks.In particular programs
compiledby GHC aremeantto be runnablewithout having Cygwin, sothey don't usethe Cygwin
library, sothey don't recognisesymlinks.

Heres how to install Cygwin.

« Install Cygwin 1.1 from sources.redhat.cothttp://sources.redhat.conyfgwin/) Install this
somavherelocally. Despitethe warnings thingsseemnmto work betterif you install Cygwininto the
root directoryratherthancygwin , whichis thedefault.If you're upgradingfrom Cygwin B20.1,
runningmount —import-old-mounts immediatelyafterinstallationmay help. Eitherway, you
wantto endup with your maindrive mountedn t ext node, andonly thebin directoriesmounted
in binmode .

+ Createthefollowing directoried(if they arent alreadythere;substitutehedrive you installed
Cygwinonforc: ):

+ ciletc
« c:/bin
« c:/usr/local/bin
(usingmkdir -p /bin, etc.)
« Copy bash.exe fromthebin directoryof the cygwin tree(cygwin/bin/bash.exe )to/bin as
sh.exe . Youmightthink thatit waseasierto usebashdirectly from it original Cygwin directory

but (a) someUNIX utils have got/bin/sh  hardwiredin, and(b) the pathfollowing #! is limited
to 32 characters.

- If you'reanEmacsuserandwantto beableto runbashfrom within ashellbuffer, seethe NT
Emacshomepage(http://www.cs.washington.edu/honséoelker/ntemacs. htnh) for instructions
onhow to setthis up.
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2.2.2.2. Environment variables

In caseyou don't alreadyknow how to setervironmentvariableson a Windows machine heres
how. OnWIinNT/Win2k, to edityour PATHvariable(for example),do thefollowing:

- PressStart/Settings/Contrdtanels

+ Double-clickSystem

+ PressAdvanced

+ PressEnvironmentVariables

- UnderSystenmVariablesselectPATH

+ PresEdit

« Add";C:/whatever/ " totheendof thestring(for example)
« PresOK

Someervironmentvariablesare“uservariables”andsomeare“systemvariables”.I’'m notsureof
thedifferencebut botharechangedhoughthe samedialogue.

In addition,whenrunningbashyou cansetenvironmentvariablesn your .bashrc  file. Butit is
betterto setyour ervironmentvariablesfrom the controlpanel(they getinheritedby bash)because
thenthey arevisible to applicationghatarent startedoy bash.For example whenyou'reinvoking
CVS (andssh)via Emacskeybindings;it invokescvs.exe  withoutgoingvia bash.

OnaWin9x machineyou needto editautoexec.bat  usingWindows/system/Sysedit .You
mustrebootto make the new settingstake effect.

Thefollowing ervironmentvariablesmustbe set:

does not

TMPDIRUserSettoc:imp  (note the forward slash). For some reason, Win2k
invisibly sets this variable to point to a temporary directory in your
profile, that contains embedded spaces. If GHCsees the TMPDIR variable
set, it tries to use it for temporary files, but Cygwin doesn't grok
filenames  with spaces, so disaster results. Furthermore, it seems that
TMPDIR must be set to a directory in the same file system in which you
invoke GHC. Otherwise you get very weird messages when you invoke GHC,
such as:
exist Action: openFile Reason: file does not exist /tmp/ghc11068.cpp

We think this is due to a bug in Cygwin.
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In addition,we’ve hadproblemsin the pastwith certainervironmentvariablesbeingsetthatseento
have badeffectson GHC. If you have installedothersystemgortedfrom Unix, you mighttoo. If
you getweird inexplicablefailuresto build GHC, thenit might beworth weedingoutunused
ervironmentvariables Known culpritsfrom the pastincludeGCC_EXEC_PREFDandINCLUDE
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2.2.2.3. Perl5

Thedriver scriptis writtenin Perl,soyou’ll needto have this installedtoo. However, the ghcbinary
distributionincludesa perl binaryfor you to make useof, shouldyou not alreadyhave a cygwin
compatibleone.Note: GHC doesnot work with the ActiveStateport of perl.

2.2.3. Installing GHC

Downloada GHC distribution:

ghc-4.08—InstallShieléhstaller 20M: http (http://www.haslell.org/ghc/dist/ghe4-08.exe)

(Theversionnumbemaychange.)t is packagedip usinganinstallerthatshouldbe
familiarlooking to Windows users.

Note: The cygwin supportfor long file namescontainingspacess not 100%,somake surethat
youinstallghcin adirectorythathasno embeddedpacedi.e., resistthetemptationto putit in
/Program  Files/ !)

Whentheinstallerhascompletedmake sureyou addthelocationof theghchin/  directoryto
your path(i.e. /path/to/wherever/ghc-4.08/bin ). Youneedto dothisin orderto bring
thevariousGHC DLLs into scopeijf not,thenyou needto copy the DLLs into adirectorythat
is (the systemdirectory, for example).

Note:If you haven't got perl alreadyinstalled,youwill have to manuallycopy the perl.exe
binaryfrom theghcbin/ into your/bin directorybeforecontinuing—thenstallerwill not
currentlydothis.

Make surethatyou setall the ervironmentvariablesdescribechbore underCygwininstallation,
including TMPDIR

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

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

main = putStrLn "Hello, world!"
bash$ /path/to/the/ghc/bin/directory/ghc-4.08 -0 main main.hs

bash$ ./main
Hello,  world!
bash$

OK, assuminghatworked,you’re all set.Go forth andwrite usefulHaslell programs-) If not,
consulttheinstallationFAQ (Section2.2.4);if thatstill doesnt helpthenpleaseeportthe problems
you're experiencing(seeChapter8).

23



Chapter2. Installing frombinary distributions

Furtherinformationon usingGHC underWindows canbefoundin SigbjgrnFinne’s pages
(http://lwww.dcs.gla.ac.uk/~sof/ghc-w@2.html). Note: ignoretheinstallationinstructionswhich are
ratherout of date;the Miscellaneousectionat the bottomof the pageis of mostinterest,covering
topicsbeyondthe scopeof this manual.

2.2.4. Installing ghc-win32 FAQ

1. Invoking ghcdoesnt seemto do anything, it immediatelyreturnswithout having compiledthe
inputfile.

Onecauseof thisis that/bin/sh  is missing.To verify, openup abashsessiorandtypels -|
/bin/sh.exe If sh.exe isreportedasnotbeingthere,copy bash.exe (whichyou'll find insidethe
cygwin installationtreeasH-i586-cygwin32/bin/bash.exe ) to /bin/sh.exe

All beingwell, ghcshouldthenstartto function.

2.I'm having troublewith symlinks.

Symlinksonly work underCygwin (Section2.1.1.1),sobinariesnotlinkedto the Cygwin DLL, in
particularthosebuilt for Mingwin, will notwork with symlinks.

3.I'm having troublewith -static

Staticlinking is nolongersupportedinderWindows, andprobablywon’t work.

4.I'm getting“permissiondenied”"messagefom rm or mv.

This canhave variouscausestrying to renamea directorywhenan Explorerwindow is openon it
tendsto fail. Closingthewindow generallycuresthe problem,but sometimests causdas more
mysteriousandlogging off andbackon or rebootingmaybethe quickestcure.

5.1 geterrorswhentrying to build GHC 4.08with GHC 4.05.

This seemgo work betterif youdon't use-O in GhcHcOpts . It'sabugin 4.05,unfortunately
Anyway, betterto install 4.08 binariesandusethose.

2.3. Building the documentation

We usethe DocBookDTD, whichis widely used.Most shrink-wrappedlistributionsseento be
brokenin oneway or anotherthanksto heroicefforts by Sven PanneandManuelChakraarty, we
now supportmostof them,plus properlyinstalledversions.

Instructionsoninstallingandconfiguringthe DocBooktoolsfollow.
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2.3.1. Installing the DocBook tools from RPMs

If you're usinga systenthatcanhandleRedHatRPM packagesyou canprobablyusethe Cygnus
DocBooktools (http://sourcerare.ggnus.com/dobaok-tools/),which is the mostshrink-wrapped
SGML suitethatwe couldfind. You needall the RPMsexceptfor psgmi(i.e. docbook , jade ,
jadetex , sgmlcommon andstylesheets ). Notethatmostof theseRPMsarearchitectureneutral,
soarelikely to befoundin anoarch directory The SUSERPMsalsowork; the RedHatonesdon't
atthemoment.

2.3.2. Installing from binaries on Windo ws

It' sagoodideato useNormanWalshs installationnotes
(http://nwalsh.com/docbook/dsssl/doc/instaliti) asa guide.You shouldgetversion3.1 of
DocBook,andnotethathisfile test.sgm  won't work, asit needsversion3.0. You shouldunpack
Jadeinto\Jade , alongwith the entities,DocBookinto \docbook , andthe DocBookstylesheets
into \docbook\stylesheets (sothey actuallyendupin \docbook\stylesheets\docbook ).

2.3.3. Installing the DocBook tools from source

2.3.3.1. Jade

Install OpenJadéhttp://openjade.sourcefge net/)(Windows binariesareavailableaswell as
sources)lf youwantDVI, PS,or PDFtheninstall JadeEX from thedsssl subdirectory(If you get
theerror:

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

your versionof hyperrefis out of date;downloadit from CTAN
(macros/latex/contrib/supported/hyperref ), andmalke it, ensuringthatyou have first
removedor renamedyour old copy. If you startgettingfile notfound errorswhenmakingthetestfor
hyperref, you canabortatthatpointandproceedstraightto make install, or enterthemas

.1 filename)

Make links from virtex  to jadetex andpdfvirtex  to pdfiadetex  (otherwiseDVI, PostScript
andPDF outputwill notwork). Copy dsssl/*.{dtd,dsl} andcatalog to
Jusr/[local/]lib/sgml

2.3.3.2. DocBook and the DocBook stylesheets

Geta Zip of DocBook(http://www.oasis-open.@fdoctpok/sgm/3.1/index.html) andinstall the
contentsn /usr/[local/]/lib/sgml
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Getthe DocBookstylesheetghttp://nwalsh.com/dochook&ssl/)andinstall in
{usr/[local/lib/sgml/stylesheets (therebycreatinga subdirectorydocbook).For
indexing, copy or link collateindex.pl from the DocBookstylesheetarchivein bin into a
directoryon your PATH

Downloadthe SO entities(http://www.oasis-open.@/cover/ISOETrts.zip)into
Jusr/[local/]lib/sgml

2.3.4. Configuring the DocBook tools

Oncethe DocBooktools areinstalled,the configurescriptwill detecthemandsetup the build
systemaccordinglyIf you have asystenthatisn’t supportedlet usknow, andwe’ll try to help.

2.3.5. Remaining problems

If youinstallfrom sourceyou’ll geta pile of warningsof theform
DTDDECLcatalog entries are not supported

everytime you build anything. Thesecansafelybeignored,but if you find themtediousyou canget
rid of themby removing all the DTDDECLentriesfrom docbook.cat

Notes

1. thisdoesnt work atthemoment
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GHC is acommand-linecompiler:in orderto compilea Haslell program,GHC mustbeinvokedon
the sourcefile(s) by typing acommando theshell. The stepsnvolvedin compilinga programcan
beautomatedisingthe maketool (this is especiallyusefulif the programconsistsof multiple source
fileswhich dependon eachother). This sectiondescribeshow to useGHC from thecommand-line.

3.1. Overall command-line structure
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 optionsareprocessedndthenapplied
to all files; you cannotfor example,invoke ghc-c -O1 Foo.hs-O2 Bar.hsto applydifferent
optimisationlevelsto thefiles Foo.hs andBar.hs . For conflictingoptions,e.g.,-c -S, weresene
theright to do anything we want. (Usually, thelastoneapplies.)

3.2. Meaningful file suffix es

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

dhs

A “literate Haslell” module.

.hs

A not-so-literateHaslell module.
.hi
A Haslell interfacefile, probablycompilergenerated.

.hc :
IntermediateC file producedy the Haslell compilet
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A Cfile not producedby the Haslell compilet

An assembly-languagmourcefile, usuallyproducedoy the compilet

An objectfile, producedoy anassembler

Fileswith othersuffixes(or without sufixes)arepassedtraightto thelinker.

3.3. Help and verbosity options

A goodoptionto startwith is the-help  (or -? ) option. GHC spevs along messagé¢o standard
outputandthenexits.

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

Pleaseph pleaseusethe-v optionwhenreportingbugs! Knowing thatyou rantheright bitsin the
right orderis alwaysthefirst thing we wantto verify.

If you'rejustinterestedn thecompilerversionnumberthe-version  optionprintsoutaone-line
string containingthe requestednfo.

3.4. Running the right phases in the right order

28

Thebasictaskof theghcdriveris to run eachinputfile throughtheright phasegcompiling, linking,
etc.).

Thefirst phasdo runis determinedy theinput-file sufiix, andthelastphasds determinedy aflag.
If norelevantflagis presentthengo all theway throughlinking. This tablesummarises:

Phaseof the compilationSuffix saying“startherelFlagsaying“stop after” |(suffix of) outputfile
system

literatepre-processor |.lhs - -

C pre-processofopt.)

Haslell compiler .hs -C,-S .hc,.s
C compiler(opt.) .hcor.c -S .S
assembler .S -C .0
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linker other - a.out

Thus,acommoninvocationwould be:ghc -c Foo.hs

Note: Whatthe Haslell compilerproperproducesiepend®n whethera native-codegeneratois
used(producingassembljfanguagepr not (producingC).

Theoption-cpp mustbe givenfor the C pre-processophaseto berun, thatis, the pre-processor
will berunoveryourHaslell sourcefile beforecontinuing.

Theoption-E runsjustthe pre-processingasse®f the compiler, outputtingtheresulton stdout
beforestopping.If usedin conjunctionwith -cpp,the outputis the codeblocksof theoriginal
(literal) sourceafterhaving putit throughthe grinderthatis the C pre-processoSans-cpp , the
outputis the de-littedversionof theoriginal source.

Theoption-optcpp-E  runsjustthe pre-processingtageof the C-compilingphasesendingthe
resultto stdout.(For deluggingor obfuscatiorcontestsusually)

3.5. Re-directing the compilation output(s)

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

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

EXOTICA: Butthe-o optionisn't of muchuseif you have several inputfiles... Non-interface
outputfiles arenormally putin the samedirectoryastheir correspondingnputfile camefrom. You
may specifythatthey be putin 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 asubdirectorynamedafterthe
architectureof the executingmachine(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  , andgurgle/Bumble.hi

MOREEXOTICA: The-osuf <suffix>  will changehe.o file suffix for objectfilesto whatever
you specify (We usethisin compilingthe prelude.) Similarly, the-hisuf ~ <suffix>  will change
the.hi file suffix for non-systeninterfacefiles (seeSection3.7.3).

The-hisuf /-osuf gameis usefulif youwantto compilea programwith bothGHC andHBC (say)
in thesamedirectory Let HBC usethestandardhi /.o sufiixes;add-hisuf g _hi -osuf g oto
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your make rule for GHC compiling...

FURTHER EXOTICA: If youaredoinganormal.hs -to-.0 compilationbut would like to hangonto
theintermediatehc C file, justthrow in a-keep-hc-file-too option.If youwould like to look
attheassembleoutput,tossin a-keep-s-file-too , too.

3.5.1. Saving GHC'’s standar d error output

Sometimesyou may causeGHC to beratherchattyon standarderror; with -v , for example.You
caninstructGHC to appendthis outputto a particularlog file with a-odump <blah> option.

3.5.2. Redirecting temporar y files

If you have troublebecausef runningout of spacen /tmp (or whereveryour installationthinks
temporanfiles shouldgo), you mayusethe-tmpdir ~ <dir> optionto specifyanalternate
directory For example,-tmpdir . saysto puttemporaryfilesin the currentworking directory

Alternatively, useyour TMPDIRernvironmentvariable.Setit to the nameof the directorywhere
temporaryfiles shouldbe put. GCCandotherprogramswill honourthe TMPDIRvariableaswell.

Evenbetteridea: Setthe TMPDIRvariablewhenbuilding GHC, andnever worry aboutTMPDIR
again.(seethe build documentation).

3.6. Warnings and sanity-c hecking

GHC hasa numberof optionsthatselectwhich typesof non-fatalerrormessagestherwiseknown
aswarnings,canbegeneratediuringcompilation.By default, you geta standardsetof warnings
which aregenerallylikely to indicatebugsin your program.Theseare:

-fwarn-overlpapping-patterns , -fwarn-duplicate-exports ,and
-fwarn-missing-methods . Thefollowing flagsaresimplewaysto selectstandardpackages’of
warnings:

-Wnot :

Turnsoff all warnings,ncludingthe standardnes.

-W:

Synorym for -Wnot .
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Providesthe standardvarningsplus-fwarn-incomplete-patterns ,
-fwarn-unused-imports and-fwarn-unused-binds

-Wall :
Turnson all warningoptions.

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

-fwarn-name-shadowing

This optioncauses warningto be emittedwheneer aninnerscopevaluehasthe samename

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

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

Consequentlythis optiondoesnot allow cyclic recursve definitions.

-fwarn-overlapping-patterns

By default,the compilerwill warnyouif a setof patternsareoverlappingi.e.,

f String > Int
fa =0
f (xs) =1
f I|2II = 2

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

-fwarn-incomplete-patterns

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

gfll =2

This optionisn’t enablecbe defaultbecausédt canbeabit noisy, andit doesnt alwaysindicate
abugin the program However, it's generallyconsideredjoodpracticeto cover all the casesn
your functions.
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-fwarn-missing-methods
This optionis on by default,andwarnsyou whenezer aninstancedeclaratioris missingone
or moremethodsandthe correspondinglassdeclaratiorhasno default declaratiorfor them.
-fwarn-missing-fields
This optionis on by default, andwarnsyou wheneer the constructiorof a labelledfield
constructoiisn’'t complete missinginitializersfor oneor morefields. While notanerror(the
missingfieldsareinitialisedwith bottoms),it is oftenanindicationof a programmeeerror.

-fwarn-unused-imports

Reportary objectsthatareexplicitly importedbut neverused.

-fwarn-unused-binds
Reportary functiondefinitions(andlocal bindings)which areunusedFor top-level
functions,thewarningis only givenif thebindingis notexported.
-fwarn-unused-matches

Reportall unusedvariableswhich arisefrom patternmatchesincluding patternsconsistingof
asinglevariable.Forinstanceg x y = [| wouldreportx andy asunusedTo eliminatethe
warning,all unusedvariablescanbereplacedwith wildcards.

-fwarn-duplicate-exports

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

This optionis on by default.

-fwarn-type-defaults

Have thecompilerwarn/informyou wherein your sourcethe Haslell defaultingmechanism
for numerictypeskicksin. Thisis usefulinformationwhencorvertingcodefrom a context that
assumedanedefaultinto onewith anothere.g.,the ‘defaultdefault’ for Haslell 1.4 causedhe
otherwiseunconstrainedaluel to begiventhetypeint , whereadaslell 98 defaultsit to
Integer . Thismayleadto differencesn performanceindbehaiour, hencethe usefulnesef
beingnon-silentaboutthis.

Thiswarningis off by default.

-fwarn-missing-signatures

If youwould like GHC to checkthatevery top-level functionNaluehasatype signaturepse
the -fwarn-missing-signatures option. This optionis off by default.
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If you'refeelingreally paranoidthe-dcore-lint optionis agoodchoice.lt turnson hearyweight
intra-passsanity-checkingvithin GHC. (It checksGHC's sanity notyours.)

3.7. Separate compilation

This sectiondescribesiow GHC supportsseparateompilation.

3.7.1. Interface files

WhenGHC compilesa sourcefile F which containsa moduleA, say it generatesinobjectF.o , and
acompaniorinterfacefile A.hi . Theinterfacefile is notintendedfor humanconsumptionasyou’ll
seeif youtake alook atone.It's merelythereto helpthe compilercompileothermodulesin the
sameprogram.

NOTE: Having the nameof theinterfacefile follow themodulenameandnotthefile name means
thatworking with toolssuchasmake becomeharder make implicitly assumeshatany outputfiles
producedy processing@ translationunit will have file nameghatcanbederivedfrom thefile name
of thetranslationunit. For instance patternrulesbecomesinusableFor this reasonwe recommend
you stick to usingthe samefile nameasthe modulename.

Theinterfacefile for A containsinformationneededy the compilerwhenit compilesary moduleB
thatimportsA, whetherdirectly or indirectly. WhencompilingB, GHC will readA.hi to find the
detailsthatit needsto know aboutthingsdefinedin A.

FurthermorewhencompilingmoduleC whichimportsB, GHC maydecidethatit needso know
somethingaboutA—for example,B might exporta functionthatinvolvesatypedefinedin A. In this
case GHCwill goandreadA.hi eventhoughC doesnotexplicitly importA atall.

Theinterfacefile may containall sortsof thingsthatarent explicitly exportedfrom A by the
programmerFor example,eventhoughadatatypeis exportedabstractlyA.hi  will containthefull
datatypedefinition. For smallfunctiondefinitions,A.hi will containthecompletedefinitionof the
function.For biggerfunctions,A.hi  will containstrictnessnformationaboutthefunction.And so
on. GHC putsmuchmoreinformationinto .hi fileswhenoptimisationis turnedon with the-0O flag.
Without-O it putsin justthe minimum;with -O it lobsin awhole pile of stuff.

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

3.7.2. Finding interface files

In your program,you importa moduleFoo by sayingimport Foo. GHC goeslooking for an
interfacefile, Foo.hi . It hasahbuiltin list of directorieg(notablyincluding. ) whereit looks.
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-i<dirs>

This flag prepends colon-separatelist of dirs  to the“import directories’list. Seealso
Section3.7.4for the significanceof usingrelative andabsolutepathnamen the-i  list.

resetghe“import directories’list backto nothing.

-fno-implicit-prelude

GHC normallyimportsPrelude.hi  filesfor you. If you'd ratherit didn’t, thengiveit a
-fno-implicit-prelude option.You areunlikely to getvery farwithouta Prelude but, hey,
it's afreecountry

-package <lib>

If youareusinga system-suppliedon-Preludéibrary (e.g.,the POSIXlibrary), justusea
-package posix option(for example).Therightinterfacefiles shouldthenbeavailable.The
accompaying HsLibsdocumentists the librariesavailableby this mechanism.

-l<dir>

Oncea Haslell modulehasbeencompiledto C (.hc file), you maywish to specifywhere
GHC tellsthe C compilerto look for .h files. (Or, if youareusingthe-cpp option,whereit
tellsthe C pre-processato look...) For this purposeusea-l optionin theusualC-ishway.

3.7.3. Other options related to interface files

34

Theinterfaceoutputmaybe directedto anotheffile bar2/Wurble.iface with the option-ohi
bar2/Wurble.iface (notrecommended).

To avoid generatinganinterfacefile atall, usea-nohi option.

The compilerdoesnot overwriteanexisting .hi  interfacefile if thenew oneis byte-forbytethe
sameastheold one;thisis friendly to make. Whenaninterfacedoeschangeit is oftenenlightening
to beinformed.The-hi-diffs optionwill make GHC rundiff ontheold andnew .hi files. You
canalsorecordthe differencein theinterfacefile itself, the -keep-hi-diffs optiontakescareof
that.

The.hi filesfrom GHC contain“usage”informationwhich change®ftenanduninterestinglylf
you really wantto seethesechangeseportedyou needto usethe
-hi-diffs-with-usages option.

Interfacefiles arenormallyjammedfull of compilerproducedoragmas which recordarities,
strictnessnfo, etc.If you think thesepragmasaremessingyou up (or you aredoingsomekind of
weird experiment) you cantell GHC to ignorethemwith the

-fignore-interface-pragmas option.
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Whencompilingwithout optimisationson, the compileris extra-carefulaboutnot slurpingin data
constructorandinstancedeclarationghatit will notneed.If you believeit is gettingit wrongand
notimporting stuff which you think it should,this optimisationcanbe turnedoff with
-fno-prune-tydecls and-fno-prune-instdecls

SeealsoSection3.9.3,which describesow thelinker finds standardHaslell libraries.

3.7.4. The recompilation checker

-recomp

(On by default) Turn on recompilationchecking.This will stopcompilationearly; leaving an
existing.o file in place,if it canbe determinedhatthe moduledoesnot needto berecompiled.

-no-recomp

Turn off recompilationchecking.

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

This doesnt work any more.In our earlierexample,moduleC doesnotimport moduleA directly, yet
changedo A.hi shouldforcearecompilationof C. And somechangego A (changingthe definition
of afunctionthatappearsn aninlining of afunctionexportedby B, say)may concevably not
changeB.hi onejot. Sonow...

GHC keepsaversionnumberon eachinterfacefile, andon eachtype signaturewithin theinterface
file. It alsokeepsin everyinterfacefile alist of the versionnumbersof everythingit usedwhenit last
compiledthefile. If thesourcefile’s modificationdateis earlierthanthe .o file's date(i.e. thesource
hasnt changedsincethefile waslastcompiled),andthe -recomp is givenonthecommandine,
GHCwill beclever. It comparesheversionnumbersonthethingsit needshis time with theversion
numberson thethingsit neededasttime (gleanedrom theinterfacefile of themodulebeing
compiled);if they areall thesameit stopscompilingratherearlyin the processaying“Compilation
IS NOT required”.Whata beautifulsight!

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

3.7.4.1. Packages

To simplify organisatiorandcompilation,GHC keepdibrariesin padkages Packagesrealso
compiledinto singlelibrarieson Unix, andDLLs on Windows. Theterm“package”canbeused
pretty muchsynorymouslywith “library”, exceptthatanapplicationalsoformsa packagethe Main
package.
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- A packages agroupof moduleslt mayspanmary directoriesor mary packagesnayexistin a
singledirectory Packagesnaynotbe mutuallyrecursve.

+ A packagehasaname(e.g.std )

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

- The-package-name foo flagtells GHC thatthemodulebeingcompiledis destinedor package
foo . If thisis omitted,the defaultpackageMain , is assumed.

« The-package foo flagtells GHC to make availablemodulesfrom packageoo . It replaces
-syslib  foo , whichis now deprecated.

+ GHC doesnot maintaindetailedcross-packagdependenginformation.It doesremembemwhich
modulesin otherpackageshe currentmoduledepend®n, but notwhich thingswithin those
importedthings.

All of thistidiesup the PreludeenormouslyThe PreludeandStandard.ibrariesarebuilt into a
singlepackagecalledstd . (Thisis achangethelibrary is now calledlibHSstd.a  insteadof
libHS.a ).

It is worth notingthaton Windows, becauseachpackages built asaDLL, andareferencdo a
DLL costsanextraindirection,intra-packageeferencesrecheapethaninterpackageeferences.
Of coursethis appliesto theMain packageaswell. Thisis notnormallythe caseon mostUnices.

3.7.5. Using make

It is reasonabltraightforvardto 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 $@

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

# Standard suffix rules
.0.hi:

@:

.Ihs.o:
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$(HC) -¢ $< $(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 the morecomprehensible:

%.0 : %.lhs
$(HC) -¢c $< $(HC_OPTS)
Whatwe've shavn shouldwork with any make.)

Notethecheesyo.hi rule: It recordghedependengof theinterface(.hi ) file onthesourceThe
rulesaysa.hi file canbemadefroma.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.

3.7.6. 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 changetheimports  in your program,do make
dependbeforeyou do make cool_pgm ghc-M will appendheneedediependenciet your
Makefile

In generaljf moduleA containgheline

import B ...blah...

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

If moduleA containgheline

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

thenghc-M will generateadependengline of theform:

A.0 : B.hi-boot

(SeeSection3.7.1for detailsof interfacefiles.) If Aimportsmultiple modulesthentherewill be
multiple lineswith A.o asthetarmet.

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

Internally, GHC usesa scriptto generatehe dependenciegalledmkdependHS This scripthas
someoptionsof its own, which you might find useful.Optionscanbe passedlirectly to
mkdependHSwith GHC’s -optdep  option. For example,to generatéhe dependenciesito afile
called.depend insteadof Makefile

ghc -M -optdep-f optdep.depend

Thefull list of optionsacceptedy mkdependHSis:

Turn off warningsaboutinterfacefile shadaving.

-f  blah

Useblah asthe malefile, ratherthanmakefile or Makefile . If blah 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 generatelependenciefor .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".)
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-exclude-module=<file>

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

sameas-exclude-module

-exclude-directory=<dirs>

Regardthe colon-separatelist of directories<dirs> ascontainingstable don’'t generateary
dependenciesn modulestherein.

-xdirs

sameas-exclude-directory

-include-module=<file>

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

-include-prelude

Regardpreludelibrariesasunstablej.e., generatelependenciesn the preludemodulesused
(includingPrelude ). Thisoptionis normallyonly usedby the varioussystemlibraries.If a
-package optionis used,dependenciewill alsobegenerateanthelibrary’sinterfaces.

3.7.7. How to compile mutuall y recur sive modules
Currently thecompilerdoesnothave propersupportfor dealingwith mutually recursve modules:

module A where

import B

newtype TA = MKTA Int
f o TB-> TA

f (MKTB x) = MKTA x
;-é;jule B where

import A

data TB = MKTB !Int

g: TA -> TB
g (MKTA x) = MKTB x
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Whencompiling eithermoduleA 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 thestandardhi 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:

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

Thesyntaxis essentialljthe sameasanormal.hi  file (unfortunately) but you canusuallytailor an
existing.hi  file to make a.hi-boot file.

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

Thenumber‘l” after*__interfaceA” givestheversionnumberof moduleA,; it is incremented
wheneeranythingin A'sinterfacefile changesThe“404” is theversionnumberof theinterfacefile
syntax we changet whenwe changethe syntaxof interfacefiles sothatyou geta bettererror
message&vhenyou try to readanold-formatfile with a newv-formatcompiler

Thenumber‘1l” atthebeginningof a declaratioris the versionnumberof thatdeclarationfor the
purpose®f .hi-boot  filesthesecanall besetto 1. All nameanustbefully qualifiedwith the
original modulethatanobjectcomesrom: for example thereferenceo Int in theinterfacefor A
comesfrom PrelBase , whichis amoduleinternalto GHC's prelude lt’s a pain, but that's theway
it is.

If youwantanhi-bootfile to exporta datatype,but you don't wantto give its constructorgbecause
the constructorsarent usedby the SOURCE-importingnodule),you canwrite simply:

__interface A 1 404 where
__export A TA;

1 data TA

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

Note: Thisis all atemporarysolution,a versionof the compilerthathandlesmutuallyrecursve
modulesproperlywithout the manualconstructiorof interfacefiles, is (allegedly)in theworks.
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3.8. Optimisation (code improvement)

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

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

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

Onceyou choosea-O* “package,’stick with it—don’t chopandchange Modules’interfaceswill
changewith ashift to anew -O* option,andyou may have to recompilealarge chunkof all
importingmodulesbeforeyour programcanagainberun safely(seeSection3.7.4).

No -O* -type optionspecified:
Thisis takento mean:“Pleasecompilequickly; I’'m notover-botherecaboutcompiled-code
quality.” So,for example:ghc-c Foo.hs

-O or-O1:
Means:*Generategood-qualitycodewithout takingtoo long aboutit.” Thus,for example:ghc
-c-O Main.lhs

-02:

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.

-O2-for-C
Saysto run GCCwith -02, which maybeworth afew percentin executionspeedDon't forget
-fvia-C , lestyou usethe native-codegeneratoandbypassGCCaltogether!

-Onot :

This optionwill make GHC “for get” any -Oish optionsit hasseensofar. Sometimesuseful;for
example:make all EXTRA_HC_OPTS=-Onot.
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3.8.2. -
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-Ofile <file>

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 !

At Glasgav, we don't usea-O* flag for day-to-daywork. We use-O to getrespectablepeedg.g.,
whenwe wantto measuresomethingWhenwe wantto go for broke, we tendto use-O -fvia-C
-02-for-C  (andwe go for lots of coffee breaks).

Theeasiestvay to seewhat-O (etc.)“really mean”is to runwith -v , thenstandbackin amazement.
Alternatively, justlook attheHsC_minus<blah> listsin the GHC driver script.

f *: platf orm-independent flags

Flagscanbeturnedoff individually. (NB: | hopeyou have agoodreasorfor doingthis...) To turn
off the-ffoo  flag, justusethe-fno-foo  flag. So,for example,you cansay-02
-fno-strictness , whichwill thendropoutary runningof thestrictnessanalyser

The optionsyou aremostlik ely to wantto turn off are:

« -fno-strictness (strictnessanalyserbecausét is sometimeslow),

« -fno-specialise (automaticspecialisatiorof overloadedunctions,becausé canmalke your
codebigger)(US spellingalsoaccepted)and

«+ -fno-cpr-analyse switchesoff the CPR(constructegroductresult)analyser
Shouldyouwishto turnindividual flagson, you areadvisedo usethe-Ofile  option,described

above.Becauseheorderin which optimisationpassesrerunis sometimegrucial,it’ s quite hardto
dowith command-lineoptions.

Herearesome“dangerous’optimisationsyou mightwantto try:

-fvia-C

Compilevia C, anddon't usethe native-codegeneratar(Therearemary casesvhenGHC does
thisonits own.) You might pick up alittle bit of speedby compilingvia C (e.g.for
floating-pointintensize codeon Intel). If youuse_casm_s (which areutterly deprecated)you
probablyhaveto use-fvia-C

Thelower-casencantation;fvia-c  , is synorymous.
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Compilingvia C will probablybe slawer (in compilationtime) thanusingGHC's native code
generatar

-funfolding-interface-threshold<n>

(Default: 30) By raisingor loweringthis number you canraiseor lower theamountof
pragmatiqunk thatgetsspavedinto interfacefiles. (An unfoldinghasa “size” thatreflectsthe
costin termsof “codebloat” of expandingthatunfoldingin anothemodule.A biggerfunction
would be assigned biggercost.)

-funfolding-creation-threshold<n>

(Default: 30) This optionis similar to -funfolding-interface-threshold , exceptthatit
governsunfoldingswithin asinglemodule.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,afunction
definitionwill beunfoldedatthe call-site,arny biggerandit won't. Thesizecomputedor a
functiondepend®n two things:theactualsizeof theexpressiomrminusary discountghatapply
(see-funfolding-con-discount ).

-funfolding-con-discount<n>

(Default: 2) If thecompilerdecideghatit caneliminatesomecomputatiorby performingan
unfolding,thenthis is adiscountfactorthatit appliesto thefuncitonsizebeforedeciding
whetherto unfoldit or not.

OK, folks, thesemagicnumbers30’, ‘8", and’2’ aremildly arbitrary;they areof the“seemto
be OK” variety. The'8’ is themorecritical one;it's whatdeterminehow eagetGHC is about
expandingunfoldings.

-funbox-strict-fields

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

data T = T !Float IFloat

will createaconstructoiT containingtwo unboedfloatsif the-funbox-strict-fields flag
is given. This maynot alwaysbeanoptimisation:if theT constructoiis scrutinisedandthe
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:
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f & T -> Float
f (T f1 f2) =1 +f2

Thecompilerwill avoid reboxingfl andf2 by inlining + on floats,but only when-O is on.
Any single-constructodatais eligible for unpackingfor example

data T = T !(Int,Int)

will storethetwo Int sdirectlyin theT constructorby flatteningthe pair. Multi-level
unpackings alsosupported:

data T
data S

TIS
S lint  lnt

will storetwo unboxedint# sdirectlyin the T constructor

-fsemi-tagging

This option (which doesnotwork with the native-codegenerator}ells the compilerto addextra
codeto testfor already-®aluatedvalues.Youwin if you have lots of suchvaluesduringarun of
your program,you loseotherwise (And you payin extra codespace.)

We have not playedwith -fsemi-tagging enoughto recommenadt. (For all we know, it
doesnt evenwork arymore... Sigh.)

3.8.3. - nr: platf orm-specific flags
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Someflagsonly make sensedor particulartargetplatforms.

-mv8:

(SFARC machinesMeansto passthelike-namedptionto GCC;it saysto usethe Version8
SFARC instructions hotablyinteger multiply anddivide. The similiar -m* GCC optionsfor
SFARC alsowork, actually

-mlong-calls

(HPRA machinesMeansto passhelike-namedptionto GCC.Requiredfor Very Big
modulesmaybe (Probablymeansyou'’rein trouble...)

-monly-[32]-regs

(iIX86 machines)GHC triesto “steal” four registersfrom GCC, for performanceeasonsit
almostalwaysworks. However, whenGCC is compilingsomemoduleswith four stolen
registers,it will crashprobablysaying:

Foo.hc:533: fixed or forbidden register was spilled.



Chapter3. UsingGHC

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.

3.8.4. Code impr ovement by the C compiler .

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

If youwantto run GCCwith -O02—which maybeworth afew percentn executionspeed—youcan
givea-0O2-for-C  option.

3.9. Options related to a particular phase

3.9.1. The C pre-pr ocessor

The C pre-processoepp is run overyour Haslell codeonly if the-cpp option is given.Unlessyou
arebuilding alarge systemwith significantdosesof conditionalcompilation,you really shouldnt
needit.

-D<foo> :

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

-U<foo> :

Undefinemacro<foo>in theusualway.

-I<dir>

Specifyadirectoryin whichto look for #include files,in the usualC way.

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

__HASKELL98_:
If defined this meanghatGHC supportghelanguagedefinedby the Haslell 98 report.
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__ 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 probablydisappeain future
versions.

__GLASGOW_HASKELL: _
For versionn of the GHC systemthiswill be#define dto 100n So,for version4.00,it is 400.

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

(For referencethe comparablesymbolsfor othersystemsare:_ HUGS__for Hugsand
__HBC__for Chalmers.)

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

__ _CONCURRENT_HASKELL:

This symbolis definedwhenpre-processinglaslell (input) andpre-processing (GHC
output).SinceGHC from verion4.00now supportsoncurrentaslell by default, this symbolis
alwaysdefined.
__ _PARALLEL_HASKELL_:
Only definedwhen-parallel isin use!This symbolis definedwhenpre-processingiaslell
(input) andpre-processing (GHC output).
Optionsotherthantheabove canbeforcedthroughto the C pre-processowith the-opt flags(see
Section3.13.2).

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 appearshatif you adda spaceattheendof theline, thencpp (atleastGNU cpp and
possiblyothercpps) leavesthe backslash-spagmairsaloneandthe string gapworks asexpected.
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3.9.2. Options affecting the C compiler (if applicab le)

At themoment quite afew commonC-compileroptionsarepassean quietly to the C compilation
of Haslell-compilergenerated files. THIS MAY CHANGE. Meanwhile,optionssosentare:

-ansi do ANSI C (notK&R)
-pedantic beso
-dgcce-lint (hack)shortfor “make GCCvery paranoid”

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

3.9.3. Linking and consistenc y-checking

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

-I<FOO> :
Link in alibrary namedib<FOO>.a whichresidessomavhereonthelibrary directoriespath.

Becausaf the sadstateof mostUNIX linkers,the orderof suchoptionsdoesmatter Thus:ghc
-lbar *.0 is almostcertainlywrong,becauset will searchibbar.a  beforit hascollected
unresohedsymbolsfrom the*.o files.ghc*.o -lbar is probablybetter

Thelinkerwill of coursebeinformedaboutsomeGHC-suppliedibrariesautomaticallythese

are:
-l equivalent description

-IHSrts,-IHSclib basicruntimelibraries

-IHS standardPreluddibrary

-IHS_chits C supportcodefor standardPreludelibrary
-lgmp GNU multi-precisionlibrary (for Integers)
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-package <name>:

If you areusinga Haslell “systemlibrary” (e.g.,the POSIXlibrary), just usethe-package
posix option,andthe correctcodeshouldbelinkedin.

-L<dir>

Whereto find usersuppliedlibraries... Prependhedirectory<dir> to thelibrary directories
path.

-static

Tell thelinker to avoid sharedibraries.

-no-link-chk and-link-chk

By default,immediatelyafterlinking anexecutable GHC verifiesthatthe pieceshatwent
into it werecompiledwith compatibleflags;a “consisteng check”.(Thisis to avoid mysterious
failurescausedy non-meshingf incompatibly-compilegprogramsg.g.,if one.o file was
compiledfor a parallelmachineandthe otherswerent.) You mayturn off this checkwith
-no-link-chk . Youcanturnit (back)onwith -link-chk  (the default).

-no-hs-main

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

Noticethatsincethe command-lingpassedo thelinkeris ratherinvolved,you probablywantto
usetheghcdriverscriptto do thefinal link of your ‘mix ed-languageapplication.Thisis nota
requirementhough,justtry linking oncewith -v onto seewhatoptionsthedriver passes
throughto thelinker.

3.10. Using Concurrent Haskell
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GHC (asof version4.00)supportsConcurrentHaslell by default, without requiringa specialoption
or librariescompiledin a certainway. To getaccesso the supportlibrariesfor ConcurrentHaslell
(i.e.Concurrent  andfriends),usethe-package concurrent  option.

ThreeRTS optionsareprovidedfor modifying the behaiour of thethreadeduntimesystem Seethe
description®f -C[<us>] ,-q, and-t<num> in Section3.11.4.

ConcurrenHaslell is describedn moredetailin Chapter2 in Haslell Libraries
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3.11. Using Parallel Haskell

3.11.1.

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

To compileaHaslell 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 -N<n>, to sayhow mary PVM “processors’our programto run on. (For moredetailsof
all relevantRTS options,pleaseseeSection3.11.4.)

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

Dummy’s guide to using PVM

Beforeyou canrun a parallelprogramunderPVM, you mustsettherequiredervironmentvariables
(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

Creatingand/orcontrollingyour “parallel machine”is a purely-PVM businessnothingspecificto
ParallelHaslell.

You usethe pvm commando startPVM onyour 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 a particularprocess

The PVM documentatiorrantell you much,muchmoreaboutpvm!
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3.11.2.

3.11.3.

3.11.4.
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Parallelism profiles

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

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

% ./a.out +RTS -N8 -q

% grs2gr  *.???2.0r > temp.gr # combine the 8 .gr files into one
% gr2ps -O temp.gr # cvt to .ps; output in temp.ps
% ghostview  -seascape temp.ps # look at it

Thescriptsfor processinghe parallelismprofilesaredistributedin ghc/utils/parallel/

Other useful info about running parallel programs

The“garbage-collectiorstatistics”"RTS optionscanbe usefulfor seeingwhatparallelprogramsare
doing.If youdo either+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(Section3.12),therearea few optionsparticularly
for concurrent/paralledxecution.

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

Cl<s>]

Setsthe context 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 20msmillisecondsNotethat GHC'’s
internaltimer ticks every 20ms,andthe context switchtimer is alwaysa multiple of thistimer,
s020msis the maximumgranularityavailablefor timed context switches.
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-q[v]

(PARALLEL ONLY) Produceaquasi-paralleprofile of threadactity, in thefile
<program>.gp . In thestyleof hbcpp, this profile recordghe movementof threadbetween
thegreen(runnable)andred (blocked)queueslf you specifytheverbosesuboption(-qv ), the
greenqueusis 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).

-t<num>

(PARALLEL ONLY) Limit thenumberof concurrenthreadsperprocessoto <num>. The
defaultis 32. Eachthreadrequiresslightly over 1K wordsin the heapfor threadstateandstack
objects (For 32-bit machinesthis translateso 4K bytes,andfor 64-bitmachines8K bytes.)

(PARALLEL ONLY) Turnondehugging.lt popsup onexterm(or GDB, or something..) per
PVM processaWe usethe standarddebugger scriptthatcomeswith PVM3, but we
sometimesneddlewith the debugger2 script. We includeoursin the GHC distribution, in
ghc/utils/pvm/

-e<num>:
(PARALLEL ONLY) Limit the numberof pendingsparksper processoto <num>. Thedefault
is 100.A largernumbemay be appropriatef your programgeneratetargeamountsof
parallelisminitially.

-Q<num>:

(PARALLEL ONLY) Setthesizeof paclketstransmittecbetweerprocessor$o <num>. The
defaultis 1024words.A largernumbemay be appropriatef your machinehasa high
communicatiorcostrelative to computatiorspeed.

3.12. 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
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TheRTSwill snafle-p -S for itself, andtheremainingargumentsf -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:

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

If you absolutelypositively wantall therestof the optionsin acommandine to go to theprogram
(andnottheRTS),usea-RTS.

As always,for RTS optionsthattake <size> s:If thelastcharacteof size isaK or k, multiply by
1000;if anM orm, 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: to sendRTS optionsto the compileritself, you needto prefix the optionwith -optCrts | eg.
to increasehe maximumheapsizefor a compilationto 128M, youwould add-optCrts-M128m  to
thecommandine. The compilerunderstandsomeoptionsdirectly without needing-optCrts
theseare-H and-K.

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.

-A<size>

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

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

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

-F<factor>
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[Default: 2] This option controlsthe amountof memoryresenedfor the oldergenerationgand
in the caseof atwo spacecollectorthesizeof theallocationarea)asa factorof theamountof
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
-H<size> thanto increaseF<factor>

The-F settingwill beautomaticallyreducedy the garbagecollectorwhenthe maximumheap
size(the-M<size> setting)is approaching.

-G<generations>

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

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 theheap.n a
multi-generationatollectortheallocationareais afixedsize(unlessyou usethe-H option,see
below).

-H<size>

[Default: 0] This optionprovidesa "suggestedheapsize"for thegarbagecollector Thegarbage
collectorwill useaboutthis muchmemoryuntil the programresideng grows andthe heapsize
needgo be expandedo retainreasonabl@erformance.

By default,theheapwill startsmall,andgrow andshrinkasnecessaryThis canbe badfor
performancesoif you have plenty of memoryit’s worthwhile supplyingabig -H<size> . For
improving GC performanceusing-H<size> is usuallyabetterbetthan-A<size>

-k<size>

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

Themainthreadis normally startedwith a slightly largerheapto cutdown on unnecessary
stackgrowth while the programis startingup.
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-K<size>

[Default: 1M] Setthe maximumstacksizefor anindividual threadto <size> bytes.This
optionis therepurelyto stopthe programeatingup all the availablememoryin themachingf it
getsinto aninfinite loop.

-m<n>:

Minimum % <n> of heapwhich mustbe availablefor allocation.The defaultis 3%.

-M<size>

[Default: 64M] Setthe maximumheapsizeto <size> bytes.Theheapnormallygrowsand
shrinksaccordingto the memoryrequirementsf 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.

-s<file> or -S<file>

Write modest(-s ) or verbosg(-S ) garbage-collectostatisticsinto file <file> . Thedefault
<file> is<program>@.stat .The<file> stderr istreatedspecially with theoutputreally
beingsentto stderr

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

RTS options for profiling and Concurrent/P arallel Haskell

The RTS optionsrelatedto profiling aredescribedn Section4.5; andthosefor concurrent/parallel
stuff, in Section3.11.4.

RTS options for hackers, debuggers, and over-interested

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

Soundthebell atthe startof each(major) garbagecollection.



3.12.4.

Chapter3. UsingGHC

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

-r<file>

Producé€ticky-ticky” statisticsatthe endof the programrun. The<file>  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 undertakingconsultthe
installationguideon how to setthingsup for easy'ticky-ticky” profiling. For moreinformation,
seeSection4.7.

-D<num>:

An RTS deluggingflag; varying quantitiesof outputdependingn which bits aresetin <num>.
Only worksif the RTS wascompiledwith the DEBU®ption.

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

“Hooks” to change RTS behaviour

GHC letsyou exerciserudimentarycontrolover the RTS settingsfor ary 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
giveyour programa default heapand/orstacksizethatis greaterthanthe default. For example to set
-H8m -K1m:

#include  "Rts.h"
#include  "RtsFlags.h"
void defaultsHook (void)  {
RTSflags.GcFlags.stksSize = 1000002 / sizeof(W_);
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RTSflags.GcFlags.heapSize = 8000002 / sizeof(W );
}
Don't usepowersof two for heap/staclsizes:thesearemorelik ely to interactbadly with
direct-mappedachesThefull setof flagsis definedin ghc/rts/RtsFlags.h thethe GHC source
tree.

You canalsochangehe messageprintedwhentheruntimesystent'blows up,” e.g.,on stack
overflow. The hooksfor theseareasfollows:

void ErrorHdrHook  (FILE *) :

What's printedout beforethe messagérom error

void OutOfHeapHook (unsigned long, unsigned long)

Theheap-werflow message.

void StackOverflowHook (long int)

The stack-aerflov message.

void MallocFailHook (long int)

Themessagerintedif malloc fails.

void PatErrorHdrHook (FILE *) :

Themessage@rintedif a pattern-matchails (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  <stdio.h>
#define  W_unsigned long int

#define 1_ long int
void
ErrorHdrHook  (FILE *where)
{
fprintf(where, "\n"); /* no "Fail: "o
}
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void
OutOfHeapHook (W_ request_size, W_ heap_size) /* both sizes in bytes */
{
fprintf(stderr, "GHC's heap exhausted;\nwhile trying to
allocate %lu bytes in a %lu-byte heap;\nuse the ‘-H<size>’
option to increase the total heap size.\n",
request_size,
heap_size);
}
void
StackOverflowHook (I_ stack_size) [* in bytes *
{
fprintf(stderr, "GHC stack-space overflow: current  size
%Id bytes.\nUse the ‘-K<size>’ option to increase it\n",
stack_size);
}
void
PatErrorHdrHook (FILE *where)
{
fprintf(where, "\nrrx Pattern-matching error within ~ GHCN\n\n
This is a compiler bug; please report it to
glasgow-haskell-bugs@haskell.org.\n\nFa i ")
}
void
PreTraceHook (FILE *where)
{
fprintf(where, "\n"); /* not "Trace On" */
}
void
PostTraceHook  (FILE *where)
{
fprintf(where, "\n"); /* not "Trace Off" */
}

3.13. Debugging the compiler

HACKER TERRITORY. HACKER TERRITORY. (Youwerewarned.)
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Replacing the program for one or more phases.

You may specifythata differentprogrambe usedfor oneof the phase®f the compilationsystemjn
placeof whatever thedriver ghc haswiredinto it. For example,you mightwantto try adifferent
assemblerThe-pgm<phase-code><program-name>  optionto ghcwill causat to use
<program-name> for phase<phase-code> , wherethecodeso indicatethe phasesre:

code phase

L literatepre-processor

P C pre-processafif -cpponly)

C Haslell compiler

C C compiler

a assembler

I linker

dep Makefile dependenggenerator

Forcing options to a particular phase.

The precedingsectionsdescribedriver optionsthataremostly applicableto oneparticularphase.
You may alsoforce a specificoption<option> to bepassedo aparticularphase<phase-code>
by feedingthedriver the option-opt<phase-code><option> . Thecodesto indicatethephases
arethe sameasin the previoussection.

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

Besidegettingoptionsto the Haslell compilerwith -optC<blah> , you cangetoptionsthroughto
its runtimesystemwith -optCrts<blah>

So,for example:whenl wantto usemy normaldriver but with my profiledcompilerbinary; | use
this script:

#! /bin/sh

exec /local/grasp_tmp3/simonpj/ghc-BUILDS/worki ng-alp ha/ghc /drive r/ghc \
-pgmCllocal/grasp_tmp3/simonpj/ghc-BUILDS/ workin g-hsc- prof/h sc \
-optCrts-i0.5 \
-optCrts-PT \
"$@"
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Dumping out compiler intermediate structures

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

-hi
Do generataninterfacefile. This would normallybe usedin conjunctionwith -noC , which
turnsoff interfacegenerationthus:-noC -hi .

-dshow-passes
Printsamessagé¢o stderraseachpassstarts.Givesawarm but undoubtedlymisleadingfeeling
thatGHC is telling you what’s happening.

-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 :

renameipoutput

-ddump-tc
typecheckroutput

-ddump-types

Dumpatype signaturefor eachvaluedefinedatthetop level of themodule. Thelist is
sortedalphabeticallyUsing-dppr-debug  dumpsatypesignaturdor all theimported
andsystem-definethingsaswell; usefulfor deluggingthe compiler

-ddump-deriv

derivedinstances

-ddump-ds :

desugareoutput
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-ddump-spec

outputof specialisatiorpass

-ddump-rules

dumpsall rewrite rules(includingthosegeneratedby the specialisatiorpass)

-ddump-simpl

simplifer output(Core-to-Corepasses)

-ddump-usagesp

UsageSHnferencepre-infandoutput

-ddump-cpranal

CPRanalyseioutput

-ddump-stranal

strictnessanalyseioutput

-ddump-workwrap

worker/wrappeisplit output

-ddump-occur-anal

‘occurrenceanalysis’output

-ddump-stg
outputof STG-to-STGpasses

-ddump-absC :
unflattenedAbstractC

-ddump-flatC
flattenedAbstractC

-ddump-realC

sameaswhatgoesto the C compiler

-ddump-asm :

assembljfanguagedrrom the native-codegenerator
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-dverbose-simpl and-dverbose-stg

Show the outputof theintermediateCore-to-CoreandSTG-to-STGpassesiespectiely. (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.
-dppr-{user,debug }:

Dehuggingoutputis in oneof several“styles.” Take the printing of types,for example.In the
“user” style,the compilersinternalideasabouttypesarepresentedn Haslell source-leel
syntax,insofar aspossibleIn the“debug” style (whichis the defaultfor detuggingoutput),the
typesareprintedin with explicit foralls, andvariableshave their unique-idattachedsoyou can
checkfor thingsthatlook the samebut arent).

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

-ddump-raw-asm

Dumpoutthe assembly-languagsuff, beforethe “mangler” getsit.

-ddump-rn-trace

Make therenamembe*real* chattyaboutwhatit is upto.

-dshow-rn-stats

Printout summaryof whatkind of informationtherenametadto bring in.

-dshow-unused-imports

Have therenamerreportwhatimportsdoesnot contrikute.

Checking for consistenc y

-dcore-lint

Turnon hearyweightintra-passanity-checkingvithin GHC, at Corelevel. (It checksGHC's
sanity notyours.)
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-dstg-lint
Ditto for STGlevel.

-dusagesp-lint

Turnon checksaroundUsageSRnference(-fusagesp ). This verifiesvarioussimple
propertieof theresultsof theinference andalsowarnsif ary identifierwith aused-once
annotatiorbeforethe inferencehasa used-mag annotatiorafterwards;this couldindicatea
non-worksafetransformatioris beingapplied.

3.13.5. 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, variablestypeconstructorsetc.,are
identifiedby their “Uniques.” Theseareof theform ‘letter’ plus‘number’ (bothlooselyinterpreted).
The'letter’ givessomeideaof wherethe Uniquecamefrom; e.g., means'built-in typevariable”;t
means‘from thetypecheckr”; s means'from the simplifier”; 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-} o _forall_ a$ 4 =>{{Num a$ 4}} > a$ 4 -> [a$ 4]

-# ‘rlL6’ is the Unigque 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#Mfo that goes into interface files.

Main.skip2{-r1L6-} =
N 4 -> \ dNum.t4Gt ->
let {
{- CoRec -}
+t4Hg = 4 > 4 > 4
_NI_
+.t4Hg = (+{-r3JH-} _4) d.Num.t4Gt

fromInt.t4GS o Int{-2i-} > 4
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_NI_
fromInt.t4GS = (fromInt{-r3JX-} _4) d.Num.t4Gt

The ‘+' class method (Unique: r3JH) selects the addition code

from a ‘Num’ dictionary (now an explicit lamba’d argument).
Because Core is 2nd-order lambda-calculus, type applications
and lambdas (\) are explicit. So ‘+' is first applied to a
type (‘_4), then to a dictionary, yielding the actual addition
function that we will use subsequently...
We play the exact same game with the (non-standard) class method
‘fromint’. Unsurprisingly, the type ‘Int’ is wired into the
compiler.
lit.t4Hb 4
_NI_
lit.t4Hb =
let {
ds.d4Qz : Int{-2i-}
NI

ds.d4Qz = I# 2#
} in  fromInt.t4GS ds.d4Qz

‘# 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 ‘I' after ‘I# indicates that this is a *saturated*
application of the ‘W  data constructor (i.e., not partially
applied).
skip2.t3Ja 4 >[4
_NI_
skip2.t3Ja =
\ mriH4 ->
let { ds.d4QQ : [4]
_NI_
ds.d4QQ =
let {
ds.d4QY : 4
_NI_

ds.d4QY = +.t4Hg m.rlH4 lit.t4Hb
} in skip2.t3Ja ds.d4QY
} in
4 mrlH4 ds.d4QQ

{- end CoRec -}
} in  skip2.t3Ja
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3.13.6.

64

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

Command line options in sour ce files

Sometimest is usefulto make the connectiorbetweera sourcefile andthe command-lineoptionsit
requiresquitetight. For instancejf a(Glasgav) Haslell sourcefile usescasms, the C back-end
oftenneedso betold aboutwhich headefiles to include.Ratherthanmaintainingthelist of files the
sourcedepend®nin aMakefile  (usingthe-#include  command-lineoption),it is possibleto do
this directly in the sourcefile usingthe OPTIONSpragma

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

OPTIONSpragmasareonly lookedfor atthetop of your sourcefiles, uptothefirst
(non-literate,non-emptyline 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: thecontentof OPTIONSareprependedo thecommand-lineoptions,soyou *do* have the
ability to overrideOPTIONSsettingsvia the commandine.

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).
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Glasgav Haslell comeswith atime andspaceprofiling systemlts purposeis to helpyouimprove
your understandingf your programs executionbehaviour, soyou canimproveiit.

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

Profiling aprogramis athree-stepprocess:

1. Re-compileyour programfor profiling with the-prof  option,andprobablyoneof the-auto
or -auto-all options.Theseoptionsaredescribedn moredetailin Section4.4

2. Runyour programwith oneof the profiling options-p or -h . This generatesafile of profiling
information.

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

4.1. Cost centres and cost-centre stacks

GHC's profiling systemassigngoststo costcentes A costis simply thetime or spaceequiredto
evaluatean expressionCostcentresareprogramannotationsaroundexpressionsall costsincurred
by the annotatedxpressiorareassignedo the enclosingcostcentre FurthermoreGHC will
remembethe stackof enclosingcostcentredor any givenexpressiorat run-timeandgeneratea
call-graphof costattributions.

Let'stake alook atanexample:

main

= print (nfib  25)
nfibo 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  (Fi-
nal)

Main +RTS -p -RTS

total time = 0.14 secs (7 ticks @20 ms)
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total alloc = 8,741,204  bytes (excludes  profiling overheads)
COST CENTRE MODULE %time %alloc
nfib Main 100.0 100.0
individual inherited

COST CENTRE MODULE scc  %time %alloc %time %alloc
MAIN MAIN 0 0.0 0.0 100.0 100.0
main Main 0 0.0 0.0 0.0 0.0
CAF PrelHandle 3 0.0 0.0 0.0 0.0
CAF PrelAddr 1 0.0 0.0 0.0 0.0
CAF Main 6 0.0 0.0 100.0 100.0

main Main 1 0.0 0.0 100.0 100.0

nfib Main 242785 100.0 100.0 100.0 100.0

Thefirst partof thefile givesthe programnameandoptions,andthetotal time andtotal memory
allocationmeasurediuringtherun of the program(notethatthe total memoryallocationfigureisn’t
the sameastheamountof live memoryneededy the programatary onetime; thelattercanbe
determinedusingheapprofiling, which we will describeshortly).

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

Thethird andfinal sectionof thefile givesa profile break-devn by cost-centrestack.Thisis roughly
a call-graphprofile of the program.In the exampleabove, 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”, whichincludesthe costsincurredby all the childrenof this node.

Theusefulnes®f cost-centrestackss betterdemonstratetdy modifying the exampleslightly:

main = print (f 25 + g 25)
f n =nfib n
gn =nfib (n ‘div' 2)

nfib n =1if 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
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CAF Main 9 0.0 0.0 100.0 100.0
main Main 1 0.0 0.0 100.0 100.0
g Main 1 0.0 0.0 0.0 0.2
nfib Main 465 0.0 0.2 0.0 0.2

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

Now althoughwe hadtwo callsto nfib  in theprogramiit is immediatelyclearthatit wasthecall
fromf whichtookall thetime.

Theactualmeaningof thevariouscolumnsin the outputis:

entries

Thenumberof timesthis particularpointin the call graphwasentered.

individual %time

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

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

inherited%time

Thepercentagef thetotal run time of the programspentbelow this pointin the call graph.

inherited%alloc

Thepercentagef thetotal memoryallocationg(excluding profiling overheadsf 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 figure mentionecabove.

bytes

Numberof bytesallocatedn the heapwhile in this cost-centreagain,thisis theraw number
from which we getthe %alloc  figure mentionedabove.

Whataboutrecursve functions,andmutually recursve groupsof functionsWVherearethe 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 Section4.3) will beableto
displayrealloopsin thecall-graph.
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4.1.1. 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 costcentreannotationis

_scc_ "name" <expression>

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

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

- If theexpressionis partof theone-of costsof evaluatingthe enclosingtop-level definition,then
costsareattributedto the stackof lexically enclosing scc_ annotation®n top of the specialCAF
cost-centre.

« Otherwise costsareattributedto the stackof lexically-enclosing scc_ annotationsappendedo
the cost-centrestackin effect at the call site of the currenttop-level definition'. Noticethatthisis
arecursve definition.

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

x = nfib 25

thenx will only beevaluatedonce(if atall), andsubsequendemanddor x will immediatelygetto
seethe cachedesult. Thedefinitionx is calleda CAF (ConstantApplicative Form), becausét has
noarguments.

For the purpose®f profiling, we saythatthe expressiomfib 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 arny one-of costs(this behaiour canbe selectedy
giving GHC the-caf-all flag).

If you think you have aweird profile, or the call-graphdoesnt look like you expectit to, feel freeto
sendit (andyour program)to us at <glasgow-haskell-bugs@haskell.org >,
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4.2. Profiling memory usage

In additionto profiling thetime andallocationbehaiour of your program you canalsogenerate
graphof its memoryusageovertime. This is usefulfor detectinghe cause®f spaceleaks when
your programholdson to morememoryatrun-timethatit needdo. Spacdeaksleadto longer
run-timesdueto heary garbagecollectorativity, andmay evencausehe programto run out of
memoryaltogether

To generate heapprofile from your program,compileit asbefore,but thistime runit with the-h
runtimeoption. This generateafile <prog>.hp file, whichyouthenprocesswith hp2psto produce
aPostscripfile <prog>.ps . ThePostscripfile canbeviewedwith somethindik e ghostview, or
printedout on a Postscript-compatiblprinter.

For the RTS optionsthatcontrolthekind of heapprofile generatedseeSection4.5. Detailson the
usageof thehp2psprogramaregivenin Section4.6

4.3. 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
profiles.

To run ghcprof, you needdaMnci installed,which canbe obtainedrom TheGraph Visualisation
Tool daMnci (http://www.tzi.de/~dainci/). Install oneof the binarydistributiong, andsetyour
DAVINCIHOME ervironmentvariableto pointto theinstallationdirectory

ghcprof usesan XML-basedprofiling log format,andyou thereforeneedto run your programwith a
differentoption:-px . Thefile generateds still called<prog>.prof . To seetheprofile, run ghcprof
like this:

$ ghcprof  <prog>.prof

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

4.4. Compiler options for profiling

To make useof the costcentreprofiling systemall modulesmustbe compiledandlinkedwith the
-prof option.Any _scc_ constructg/ou’ve putin your sourcewill springto life.

Withouta-prof option,your_scc_ sareignored;soyou cancompiled_scc_ -ladencodewithout
changingt.
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Thereareafew otherprofiling-relatedcompilationoptions.Usethemin additionto -prof . These
do nothave to be usedconsistenthyfor 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
Thecostsof 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.

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

Whenyou run your profiled program you musttell theruntimesystem(RTS) whatyou wantto
profile (e.g.,time and/orspace)andhow you wish the collecteddatato bereported.You alsomay
wish to setthe samplinginterval usedin time profiling.

Executve summary./a.out+RTS -pT producesatime profilein a.out.prof  ;./a.out+RTS-hC
producesspace-profilingnfo which canbe mangledby hp2psandviewedwith ghostview(or
equialent).

Profiling runtimeflagsarepassedo your programbetweerthe usual+RTSand-RTS options.

-p or-P:

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

The-P optionproducesa moredetailedreportcontainingthe actualtime andallocationdataas
well. (Not usedmuch.)

-px :

The-px optiongenerateprofiling informationin the XML formatunderstoody our new
profiling tool, seeSection4.3.
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-i<secs>
Settheprofiling (sampling)interval to <secs> secondgthe defaultis 1 second)Fractionsare
allowed:for example-i0.2  will get5 samplegersecondThisonly affectsheapprofiling;
time profilesarealwayssampledon a 1/50secondrequeng.

-h<break-down>

Producea detailedheapprofile of theheapoccupiedby live closuresThe profile is writtento
thefile <program>.hp  from which a PostScripgraphcanbe producedisinghp2ps(see
Section4.6).

Theheapspaceprofile maybe brokendown by differentcriteria:

-hC:

costcentrewhich producedhe closure(the default).

-hM:

costcentremodulewhich producedheclosure.

-hD:

closuredescription—astring describingthe closure.

-hY:

closuretype—astringdescribingthe closures type.

-hx :

The-hx optiongeneratefieapprofiling informationin the XML formatunderstoody our new
profiling tool (NOTE: heapprofiling with thennew tool is notyetworking! Usehp2ps-style
heapprofiling for thetime being).

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

The programhp2ps corvertsa heapprofile asproducedoy the -h<break-down>  runtimeoption
into a PostScripgraphof the heapprofile. By corvention,thefile to beprocessethy hp2pshasa
.hp extension.The PostScripbutputis writtento <file>@.ps . If <file> is omittedentirely, then
theprogrambehaesasafilter.

hp2psis distributedin ghc/utils/hp2ps in aGHC sourcedistribution. It wasoriginally
developedby Dave Wakeling aspartof the HBC/LML heapprofiler.
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Theflagsare:

-d

In orderto make graphsmorereadablehp2pssortsthe shadedandsfor eachidentifier The
default sortorderingis for the bandswith thelargestareato be stacked on top of the smaller
ones.The-d optioncausesougherbands(thoserepresentingeriesof valueswith thelargest
standardleviations)to be stacled on top of smootherwnes.

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]

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

Createoutputsuitablefor the gsPostScrippreviewer (or similar). In this casethe graphis
printedin portraitmodewithout scaling.The outputis unsuitablefor 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>

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

-m0 requestshe bandlimit to beremoved.As mary bandsasnecessargreproducedHowever
no key is producedasit won't fit! It is usefulfor displayingcreationtime profileswith mary
bands.

UsepreviousparametersBy default, the PostScripgraphis automaticallyscaledboth
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horizontallyandvertically sothatit fills the page.However, whenpreparinga seriesof graphs
for usein apresentationit is oftenusefulto drav a new graphusingthe samescale,shading
andorderingasa previousone.The-p flagcauseghegraphto bedravn usingthe parameters
determineddy a previousrun of hp2psonfile . Theseareextractedfrom file@.aux

Usea smallbox for 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.

Generateolouroutput.

Ignoremarks.
-?

Print outusagéanformation.

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

(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, becausé¢hat’s the sounda Sun4makeswhenit 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
3.12.

Compilingyour programwith the-ticky  switchyieldsanexecutablehatperformsthesecounts.
Hereis a sampleticky-ticky statisticsfile, generatedby theinvocationfoo +RTS -rf 0o.ticky.

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

to-
tal  words: 2 3 4 5 6+
69647 ( 1.8%) function val-
ues 50.0 50.0 0.0 0.0 0.0
2382937 ( 60.1%) thunks 00 839 161 0.0 0.0
1477218 ( 37.3%) data val-
ues 66.8 33.2 0.0 0.0 0.0
0 ( 0.0%) big tuples
2 ( 0.0%) black holes 0.0 100.0 0.0 0.0 0.0
0 ( 0.0%) prim things
34825 (  0.9%) partial applica-
tions 0.0 0.0 0.0 100.0 0.0
2 ( 0.0%) thread state ob-
jects 0.0 0.0 0.0 0.0 100.0
Total storage-manager allocations: 3647137 (11882004 words)
[551104 words lost to speculative heap-checks]

STACK USAGE:

ENTERS: 9400092 of which 2005772 (21.3%) direct to the entry code
[the rest indirected via Node's info ptr]
1860318 ( 19.8%) thunks
3733184 ( 39.7%) data values
3149544 ( 33.5%) function values
[of which 1999880 (63.5%) bypassed arg-satisfaction chk]
348140 ( 3.7%) partial applications
308906 ( 3.3%) normal indirections
0 ( 0.0%) permanent indirections

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

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

RET_NEW: 2137257: 325% 46.2% 21.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
RET_OLD: 3733184: 28% 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
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0 ( 0.0%) data values
34827 ( 1.6%) partial applications
[2 in place, 34825 allocated new space]
2206898 ( 98.4%) updates to existing heap objects (46 by squeezing)
UPD_CON_IN_NEW: 0: 0 0 0 0 0
UPD_PAP_IN_NEW: 34825: 0 0 0 34825 0 0

o

NEWGEN UPDATES: 2274700 ( 99.9%)
OLD GEN UPDATES: 1852 ( 0.1%)

Total bytes copied during GC: 190096

* *kkk *kk * K*kkkkk *kk

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 countersarenecessarilyumped;compile-or run-timeflagscanrendercertain
counterdnvalid. In this case githerthe counterwill simply notappeayor it will appeamwith a
modifiedcountemame possiblyalongwith anexplanationfor the omission(notice
ENT_PERM_IND_ctr appearsvith aninserted above). Softwareanalysingthis outputshould
alwayscheckthatit hasthe counterst expects.Also, bevare:someof thecounterscanhave large
values!
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Notes

1. Thecall-siteis justthe placein the sourcecodewhich mentionsthe particularfunctionor
variable.

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

Pleaseadviseus of other“helpful hints” thatshouldgo here!

5.1. 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 youusethe-Rgc-stats  option,you’ll geta garbage-collector

report.(Again, you canusethe cheap-and-nastpptCrts-Sstderr optionto sendthe GC
statsstraightto standarcerror)

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

If theheapsizeis approachinghe maximum(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 persistsn 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 you don't know whatvirtual memory thrashingandpagefaultsare,or youdon’t know the
memoryconfigurationof your machinedon't try to be clever aboutmemoryuse:you'll just
male your life a misery(andfor otherpeople too, probably).
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Try to uselocal diskswhenlinking:

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

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

Don’t derive/useRead unnecessatrily:

It'sugly andslow.

GHC compilessomeprogramconstructslowly:

Deeply-nestetist comprehensionseemo beonesuch;in the past,very large constantables
werebad,too.

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

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

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

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

Avoid the consisteng-checkon linking:
Use-no-link-chk ; saveseffort. Thisis probablysafein al-only-compile-things-onevay
setup.

Explicit import declarations:
Insteadof sayingimport  Foo, sayimport Foo (...stuff | want...)

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

5.2. Faster: producing a program that runs quic ker

Thekey tool to usein makingyour Haslell programrun fasterare GHC'’s profiling facilities,
describedseparatelyn Chapterd. 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 performancealramatically
is to usebetteralgorithms.Onceprofiling hasthrown the spotlighton the guilty time-consumer(s)t
may bebetterto re-thinkyour programthanto try all thetweakslisted below.

Anotherextremelyefficientway to make your programsnapyy is to uselibrary codethathasbeen
SeriouslyTunedBy Someondlse.You mightbe ableto write abetterquicksortthanthe onein the
HBC library, but it will take you muchlongerthantypingimport  QSort . (Incidentally it doesnt
hurtif the Someonélseis LennartAugustsson.)

Pleaseaeportary overly-slov GHC-compiledprogramsThe currentdefinitionof “overly-slon” is
“the HBC-compiledversionranfaster”...

Optimise,using-O or-02:

Thisis the mostbasicway to make your programgo faster Compilationtime will be slower,
especiallywith -02.

At present;O2 is nearlyindistinguishabldrom -O.

Compilevia C andcrankup GCC:

Evenwith -O, GHC triesto usea native-codegeneratoyif available.But the native
code-generatds designedo be quick, not mind-bogglinglyclever. Betterto let GCChave a
go, asit triesmuchharderon registerallocation,etc.

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

Overloadedunctionsarenotyour friend:

Haslell's overloading(usingtype classes)s elegant,neat,etc.,etc.,but it is deathto
performancef left to lingerin aninnerloop. How canyou squasht?

Give explicit typesignatures:

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

Theautomaticspecialisatiorof overloadedunctions(with -O) shouldtake careof
overloadedocal and/orunexportedfunctions.

UseSPECIALIZE pragmas:

Specializehe overloadingon key functionsin your program.SeeSection6.11.3and
Section6.11.4.
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“But how do | know whereoverloadingis creepingn?”:
A low-techway: grep(search)your 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
(@2, b2, c¢2) = unpackFoo vy
in

f (Wibble x y) # ugly, and proud of it
= case (unpackFoo x) of { (a1, bl, cl) ->
case (unpackFoo vy) of { (a2, b2, c2) ->
1
GHC lovessingle-constructodata-types:
It'sall thebetterif afunctionis strictin a single-constructotype (atypewith only one
data-constructoifpr example tuplesaresingle-constructotypes).
Newtypesarebetterthandatatypes:
If your datatypehasa singleconstructomwith asinglefield, useanewtype declaratiorinstead
of adata declarationThenewtype will beoptimisedaway in mostcases.
“How dol 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
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(bad),S andE arestrict (good),P is “primiti ve” (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-samepragmatidanformationaswould be putin an
interfacefile. (BesidesCoresyntaxis fun to look at!)

Forcekey functionsto be INLINE d (esp.monads):
PlacingINLINE pragmason certainfunctionsthatareuseda lot canhave adramaticeffect. See
Section6.11.1.

Explicit export list:

If you do not have anexplicit exportlist in amodule,GHC mustassumehateverythingin that
modulewill beexported.This hasvariouspessimisingeffects.For example,if abit of codeis
actuallyunusedperhapdecausef unfolding effects), GHC will notbeableto throw it away,
becausét is exportedandsomeothermodulemayberelying onits existence.

GHC canbequiteabit moreaggressie with piecesof codeif it knowsthey arenotexported.

Look atthe Coresyntax!

(Theform in which GHC manipulateyour code.)Justrunyour 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,...

Useunboxedtypes(a GHC extension):
Whenyou arereally desperatéor speedandyou wantto getright down to the “raw bits.”
PleaseseeSection6.1.1for someinformationaboutusingunboxedtypes.

Useforeign  import (a GHC extension)to pluginto fastlibraries:

This maytake realwork, but... Thereexist pilesof massvely-tunedlibrary code,andthebest
thing is notto competewith it, but link with it.

Section6.5describesheforeigncalling interface.
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Don’'t useFloat s:

We don't provide specialisationsf Preludefunctionsfor Float (butwe dofor Double ). If you
endup executingoverloadedcode you will loseon performanceperhapadly.

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 half thespacen theheapcomparedo Doubles . However, thisisn't true
on a 64-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(seeSection3.12.1).

5.3. Smaller: producing a program that is smaller

Decrease¢he“go-for-it” thresholdfor unfoldingsmallishexpressionsGive a
-funfolding-use-threshold0 optionfor the extremecase (“Only unfoldingswith zerocost
shouldproceed.”)Warning:exceptin certainspecialiiseccaseglik e Happy parsers}hisis likely to
actuallyincreasethe sizeof your program becauseinfolding generallyenablesxtra simplifying
optimisationgo be performed.

Avoid Read.

Usestrip  onyourexecutables.

5.4. Stingier: producing a program that gobb les less
heap space
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“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,the profiling facilities (Chapter4) arethe basictool for demystifyingthe space
behaiour of your program.

Strictfunctionsaregoodfor spaceusageasthey arefor time, asdiscussedh the previoussection.
Strict functionsgetright down to businessratherthanfilling up theheapwith closuregthe systems
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notesto itself abouthow to evaluatesomethingshouldit eventuallyberequired).
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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 accesgo 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—yowanalwayscode“under” them.In an
extremecaseyou canwrite all your time-criticalcodein C, andthenjustglueit togethemwith
Haslell!

Executive summaryof our extensions:

Unboxedtypesandprimitive operations:

You cangetright down to theraw machinetypesandoperationsincludedin this are“primiti ve
arrays”(directaccesgo Big Wadsof Bytes).PleaseseeSection6.1.1andfollowing.

Multi-parametettypeclasses:

GHC's type systemsupportextendedype classesvith multiple parametersPleaseseeSection
6.6.

Local universalguantification:

GHC's typesystemsupportsexplicit universalguantificationin constructofieldsandfunction
argumentsThisis usefulfor thingslike definingrunST from the state-threadvorld. See
Section6.7.

Extistentiallyquantificationin datatypes:

Someor all of thetype variablesn a datatypedeclaratiormaybe existentiallyquantified More
detailsin Section6.8.

Scopedypevariables:

Scopedypevariablesenablethe programmeto supplytype signaturegor somenested
declarationswherethis would notbelegalin Haslell 98. Detailsin Section6.10.

Patternguards

Insteadof beinga booleanexpressionaguardis alist of qualifiers,exactly asin alist
comprehensiorSeeSection6.4.

Foreigncalling:

Justwhatit sounddik e. We provide lots of ropethatyou candanglearoundyour neck.Please
seeChapter7.
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Pragmas

Pragmasrespecialinstructionsto the compilerplacedin the sourcefile. The pragmassHC
supportsaredescribedn Section6.11.

Rewrite rules:

The programmecanspecifyrewrite rulesaspartof the sourceprogram(in apragma) GHC
appliestheserewrite ruleswhereserit can.Detailsin Section6.12.

Beforeyou gettoo carriedaway working atthelowestlevel (e.g.,sloshingMutableByteArray# S
aroundyour program),you maywish to checkif therearelibrariesthatprovide a“Haskellised
veneer’overthefeaturesyou want.SeeHaslell Libraries

6.1. Unboxed types and primitive operations

This moduledefinesall thetypeswhich areprimitive in Glasgav Haslell, andthe operations
providedfor them.

6.1.1. Unboxed types

Mosttypesin GHC areboxed which meanghatvaluesof thattypearerepresentetly a pointerto a
heapobject. Therepresentatioof aHaslell Int , for example,is atwo-word heapobject.An
unboxedype, however, is representetly thevalueitself, no pointersor heapallocationareinvolved.

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-additiothatwe 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 corventionthatprimitive types,values,andoperationdhave a# suffix.

Primitive valuesareoftenrepresentetly a simplebit-pattern suchasint# , Float# , Double# . But
thisis not necessarilyhe case:a primitive valuemight berepresentetly a pointerto a
heap-allocatedbject.ExamplesncludeArray# , thetypeof primitivearrays.A primitive arrayis
heap-allocatetbecausdét is too big a valueto fit in aregister andwould betoo expensveto copy
around;in asenseit is accidentathatit is representely a pointer If apointerrepresents
primitive value,thenit really doespointto thatvalue:no unevaluatecthunks,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 thisrestrictionis thatpolymorphic
argumentsandconstructoffieldsareassumedo be pointers:if anunboxedintegeris storedin oneof
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thesethegarbagecollectorwould attemptto follow it, leadingto unpredictablespacdeaks.Or aseq
operationon the polymorphiccomponentnay attemptto dereferencéhe pointer, with disastrous
results.Evenworse,the unboxedvaluemight belargerthana pointer(Double# for instance).

NeverthelessA numerically-intensie programusingunboxedtypescango a lot fasterthanits
“standard”counterpart—wesan athreefoldspeedumn oneexample.

6.1.2. Unboxed Tuples
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Unboxedtuplesarent really exportedby PrelGHC , they’re availableby default with
-fglasgow-exts . An unboxedtuplelookslik e this:

# e 1, .. en #)

wheree_1..e_n areexpression®f ary 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;theunboxedtupleitself doesnothave a
compositeaepresentatiorMany of the primitive operationdistedin this sectionreturnunboed
tuples.

Therearesomepretty stringentrestrictionson theuseof unboxedtuples:

« Unboxedtupletypesaresubjectto the samerestrictionsasotherunboedtypes;i.e. they maynot
be storedin polymorphicdatastructuresor passedo polymorphicfunctions.

- Unboxedtuplesmayonly beconstructeasthedirectresultof afunction,andmayonly be
deconstructedvith acase expressioneg.thefollowing arevalid:

f xy=@# x+t1, y-1 #)
gx =case f x xof { # a, b# -> a+ b}

but the following areinvalid:
fxy=9g®# x, y#H
g@# x, y# =x+y
- Novariablecanhave anunboedtupletype.Thisis illegal:

# Int, Int # -> # Int, Int #)

f
f x =x

because hasanunboxedtupletype.

Note:we mayrelaxsomeof theserestrictionsn thefuture.

ThelO andST monadsuseunboyedtuplesto avoid unnecessargllocationduring sequencesf
operations.



6.1.3. Character and numeric types

Therearethefollowing obviousprimitive types:

type Char#
type Int#

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

Chapter6. GHC Language Featues

If you really wantto know their exactequivalentsin C, seeghc/includes/StgTypes.h in the

GHC sourcetree.

Literalsfor thesetypesmaybewritten asfollows:

1# an Int#
1.2# a Float#
1.34## a Double#
at a Char#; for weird characters, use e.g. ’\o<octal>'#
"a"# an Addr# (a ‘char *); characters \0'..\255’ al-
lowed
6.1.4. Comparison operations
{>o=== /=< <= © Int# > Int# -> Bool
{gt,ge,eq,ne,lt,le}Char# i Char# -> Char# -> Bool

- ditto for Word# and Addr#

6.1.5. Primitive-c haracter operations

ord# :: Char# -> Int#
chr# 1 Int# -> Char#

6.1.6. Primitive- | nt operations
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{+,-*,quotint,remint,gcdint}# o Int#E > Int#E > Int#
negatelnt# G Int# > Int#
iShiftL#, iShiftRA#, iShiftRL# Dont#E o > Int® > Int#

- shift  left, right  arithmetic, right  logical
addIntC#, subIntC#, mullntC# = Int# -> Int# -> (# Int#, Int#
- add, subtract, multiply with  carry

Note: No error/overflow checking!

6.1.7. Primitive- Doubl e and Fl oat operations
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{+,-* [ ;. Double# -> Double# -> Double#
{<,<===,/=>=>}# ::  Double# -> Double# -> Bool
negateDouble# ;» Double# -> Double#

double2int# ;2 Double# -> Int#

int2Double# oo Int# -> Double#
{plus,minux,times,divide}Float# . Float# -> Float# -> Float#
{gt,ge,eq,ne,lt,le}Float# . Float# -> Float# -> Bool
negateFloat# . Float# -> Float#

float2Int# » Float# -> Int#

int2Float# D 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# :
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float2Double# ;. Float# -> Double#
double2Float# ;. Double# -> Float#

The primitive versionof decodeDouble  (encodeDouble isimplementedcasanexternalC
function):

decodeDouble# ;. Double# -> PrelNum.ReturnintAndGMP

(And thesamefor Float# S.)

6.1.8. Operations on/for I nt eger s (interface to GMP)
We implementintegers  (arbitrary-precisiornntegers)usingthe GNU multiple-precisiofGMP)
packaggversion2.0.2).

Thedatatypefor Integer is eitherasmallinteger, representetly 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

Theprimitive opsto supportlargeintegers  usethe“pieces”of therepresentatiorandareas

follows:

negatelnteger# o Int#  -> ByteArray#  -> Integer
{plus,minus,times}integer#, gcdinteger#,
quotinteger#, reminteger#, divExactinteger#

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

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

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

gcdintegerint#
Int# -> ByteArray#
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-> Int#
-> |nt#

divModInteger#, quotReminteger#
Int# -> ByteArray#
-> Int# -> ByteArray#
> (# Int#, ByteArray#,
Int#, ByteArray# #)

integer2Int# o Int# > ByteArray# > Int#

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

addr2Integer# . Addr# ->  Integer

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

6.1.9. Words and addresses

A Word# is usedfor bit-twiddling 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# : Word# -> Word# -> Word#
- standard bit ops.

quotWord#, remWord# :: Word# -> Word# -> Word#

- word (i.e. unsigned)  versions are different from int
- versions, so we have to provide these explicitly.

not# : Word# -> Word#

shiftL#, shiftRL# @ Word# -> Int# -> Word#

- shift  left, right  logical
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int2Word# t Int# -> Word# - just a cast, really
word2Int# o Word# -> Int#

Unboxed-Addr ops(C castsreally):

{gt,ge,eq,ne,It,le}Addr# » Addr# -> Addr# -> Bool
int2Addr# D Int# ->  Addr#

addr2int# n Addr# -> Int#

addr2Integer# m Addr# > (# Int#, ByteArray# #)

Thecastsbetweennt# , Word# andAddr# correspondo null operationsat the 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 moreprimitivethanaHaslell array—indeedthe Haslell Array  interfaceis implemented
usingArray# —in thatanArray# isindexedonly by Int# s, startingatzero.lt is alsomore
primitive by virtue of beingunboed. Thatdoesnt meanthatit isn’t a heap-allocatedbject—of
coursejt is. Rather beingunboxedmeanghatit is representetly a pointerto thearrayitself, and
notto athunkwhich will evaluateto thearray(or to bottom).Thecomponent®f anArray# are
themselesboxed.

ThetypeByteArray# is similarto Array# , exceptthatit containgustastringof (non-pointer)
bytes.

type ByteArray#

Arraysof thesetypesareusefulwhenaHaslell programwishesto construcia valueto passto aC
procedurelt is alsopossibleto usethemto build (say)arraysof unboxedcharactergor internaluse
in aHaslell program.GiventheseusesByteArray# is deliberatelyabit vagueaboutthetype of its
componentsOperationsareprovidedto extractvaluesof typeChar# , Int# , Float# , Double# , and
Addr# from arbitraryoffsetswithin a ByteArray# . (For type Foo#, the $i$th offsetgetsyou the
$isth Foo#, notthe Foo# at byte-position$i$. Mumble.)(If youwantaWord#, grabanint# , then
coerceit.)

Lastly, we have staticbyte-arrayspf type Addr# [mentionedpreviously]. (Remembethe duality
betweerarraysandpointersin C.) Arraysof thistypesarerepresentetly a pointerto anarrayin the
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6.1.11.
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world outsideHaslell, sothis pointeris notfollowedby the garbagecollector In otherrespectshey
arejustlike ByteArray# . They areonly neededn orderto passvaluesfrom C to Haslell.

Reading and writing

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 containa mixture 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-rangeéndexes.Theintentionis thatthe
primitive opscompileto onemachineinstructionor thereabouts.

We usetheterms‘reading” and“writing” to referto accessingnutablearrays(seeSection6.1.14),
and“indexing” to referto readinga valuefrom animmutablearray

Immutablebytearraysarestraightforvardto index (all indicesin bytes):

indexCharArray# ;. ByteArray# -> Int# -> Char#
indexIntArray# ;. ByteArray# -> Int# -> Int#
indexAddrArray# ;. ByteArray# -> Int# -> Addr#
indexFloatArray# ;. ByteArray# -> Int# -> Float#
indexDoubleArray# . ByteArray#  -> Int# -> Double#
indexCharOffAddr# 0 Addr# -> Int# -> Char#
indexIntOffAddr# D Addr#E -> Int# ->  Int#
indexFloatOffAddr# ;o Addr# -> Int#  -> Float#
indexDoubleOffAddr# o Addr# -> Int# -> Double#
indexAddrOffAddr# o 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 because¢heresult
is simply the boxed object.So presumablyt shouldbe entered—wanever usuallyreturnan
unevaluatedobject! Thisis a pain: primitive opsarent supposedo do complicatedhingslike enter
objects.The currentsolutionis to returna singleelementunboxedtuple (seeSection6.1.2).

indexArray# o Array# oelt > IntE > (# 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 generatano code,andallocateno registersetc, for primitive states.

type State# s
Thetype GHC.RealWorld is truly opaquethereareno valuesdefinedof this type,andno
operationverit. It is “primitive” in thatsense but it is not unlifted! Its only rolein life is to bethe

typewhich distinguisheshelO statetransformer

data RealWorld

State of the world

A single,primitive,valueof type State# RealWorld is provided.

realWorld# ;. State# RealWorld

(Note:in thecompiler nota PrimOp ; justamuchomagicld . Exportedfrom GHG though).

Mutab le arrays

Correspondindo Array# andByteArray# , we havethetypesof mutableversionsof each.n each
casetherepresentatiors a pointerto a suitableblock of (mutable)heap-allocatedtorage.

type MutableArray# s elt
type MutableByteArray# s

6.1.14.1. Allocation

Mutablearrayscanbeallocated Only pointerarraysareinitialised; arraysof non-pointersarefilled
in by “usercode”ratherthanby the array-allocatiorprimitive. Reasononly the pointercasehasto
worry aboutGC striking with a partly-initialisedarray

newArray# n Int# > elt -> State# s -
> (# State# s, MutableArray# s elt #)
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newCharArray#

> (# State# s,
newlntArray#

> (# State# s,
newAddrArray#

> (# State# s,
newFloatArray#

> (# State# s,
newDoubleArray#
> (# State# s,

Int# -> State# s -
MutableByteArray# s elt
Int# -> State# s -
MutableByteArray# s elt
Int# -> State# s -
MutableByteArray# s elt
Int# -> State# s -
MutableByteArray# s elt
Int# -> State# s -
MutableByteArray# s elt

Thesizeof aByteArray# is givenin bytes.

6.1.14.2. Reading and writing

readArray#

> (# State# s,
readCharArray#

> (# State# s,
readIntArray#

> (# State# s,
readAddrArray#

> (# State# s,
readFloatArray#

> (# State# s,
readDoubleArray#
> (# State# s,

writeArray#

> State# s
writeCharArray#
> State# s
writeIntArray#
> State# s
writeAddrArray#
> State# s
writeFloatArray#
> State# s
writeDoubleArray#
> State# s

MutableArray# s elt
elt #)

MutableByteArray# S
Char# #)

MutableByteArray# S
Int#  #)

MutableByteArray# S
Addr#  #)

MutableByteArray# S
Float# #)

MutableByteArray# S
Double# #)

MutableArray# s elt
MutableByteArray#
MutableByteArray#
MutableByteArray#
MutableByteArray#

MutableByteArray#

6.1.14.3. Equality

#)

#)

#)

#)

#)

S

->

->

->

->

->

->

->

->

->

->

Int#

Int#

Int#

Int#

Int#

Int#

Int#

Int#

Int#

Int#

Int#

Int#

->

->

->

->

->

->

State# s
State# s
State# s
State# s
State# s
State# s
elt
Char#
Int#
Addr#
Float#
Double#

->

State#

State#

State#

State#

State#

State#
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Onecantake “equality” of mutablearrays.Whatis compareds the nameor referenceo the mutable
array notits contents.

sameMutableArray# ;. MutableArray# s elt -> MutableArray# s elt -
> Bool
sameMutableByteArray# ;. MutableByteArray# s -> MutableByteArray# s -
> Bool

6.1.14.4. Freezing mutable arrays

Only unsafe-freezbasa primitive. (Safefreezeis donedirectly in Haslell by copying thearrayand
thenusingunsafeFreeze .)

unsafeFreezeArray# ;. MutableArray# s elt -> State# s -
> (# State# s, Array# s elt #)
unsafeFreezeByteArray# :» MutableByteArray# s -> State# s -

> (# State# s, ByteArray# #)

Sync hronizing variables (M-vars)

Synchronisingrariablesarethe primitive type usedto implementConcurrentHaslell’s MVars(see
the ConcurrenHaslell paperfor the operationabehaviour of theseoperations).

type MVar# s elt - primitive

newMVar# . State# s -> (# State# s, MVar# s elt #)

takeMVar# @ SynchVar# s elt -> State# s -> (# State# s, elt #)
putMVar# . SynchVar# s elt -> State# s -> State# s

6.2. Primitive state-transf ormer monad

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

The ST library, which providesaccesdo the ST monad,is describedn Section4.21in Haslell
Libraries
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6.3. Primitive arrays, mutable and otherwise

GHC knows aboutquite a few flavoursof Large Swathesof Bytes.

First, GHC distinguishedbetweerprimitive arraysof (boxed)Haslell objects(type Array# obj )
andprimitive arraysof bytes(type ByteArray# ).

Secondit distinguishebetween..

Immutable:
Arraysthatdo not changgaswith “standard”Haslell arrays);you canonly readfrom them.
Obviously, they do not needthe careandattentionof the state-transformamonad.

Mutable:
Arraysthatmaybe changedr “mutated.”All theoperationnthemlive within the
state-transformamonadandthe updatesappenn-place

“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)toaC
routine,you first make the pointer“stable,” sothatthe garbagecollectorwon't forgetthatit
exists. Thatis, GHC providesa safeway to passHaslell pointersto C.

PleaseseeSection4.24in Haslell Librariesfor 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're donewith it.”

PleaseseeSection4.10in Haslell Librariesfor moredetails.

Thelibrariesdocumentatatiogivesmoredetailson all these'primiti ve array” typesandthe
operationnthem.

6.4. Pattern guards

Thediscussiorthatfollowsis anabbreviatedversionof SimonPeyton Joness original proposal
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(http://research.microsoft.com/~simgftpaskell/guards.htm). (Notethatthe proposalwaswritten
beforepatternguardswereimplementedsorefersto themasunimplemented.)

Supposeave 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 mil

ok2 = maybeToBool m2

vall expectJust ml

val2 expectJust m2

Theauxiliary functionsare

maybeToBool :: Maybe a -> Bool

maybeToBool (Just x) = True

maybeToBool Nothing = False

expectJust ' Maybe a -> a

expectJust (Just x) = x

expectJust Nothing = error "Unexpected Nothing"

Whatis clunky doing?Theguardokl && ok2 checksthatbothlookupssucceedusing
maybeToBool to corverttheMaybe typesto booleansThe (lazily evaluated)expectdust  calls
extractthevaluesfrom theresultsof the lookups,andbindsthereturnedvaluesto vall andval2
respectiely. If eitherlookupfails, thenclunky takestheotherwise  caseandreturnsthesumof its
arguments.

Thisis certainlylegal Haslell, but it is atremendouslywerboseandun-otviousway to achiese 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
fali = vall + val2

Thisis abit shorter but hardlybetter Of coursewe canrewrite any setof pattern-matchingguarded
equationsascaseexpressionsthatis preciselywhatthe compilerdoeswhencompiling equations!
ThereasorthatHaslell providesguardedequationss becausehey allow usto write down thecases
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we wantto consideroneatatime, 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 patternon theleft. If the
matchfails thenthewhole guardfails andthe next equationis tried. If it succeedghenthe
appropriatébindingtakesplace,andthe next qualifieris matchedjn theaugmente@rnvironment.
Unlike list comprehension$owever, thetype of the expressiorto theright of the<- is thesameas
thetypeof the patternto its left. The bindingsintroducedby patternguardsscopeover all the
remainingguardqualifiers,andovertheright handsideof the equation.

Justaswith list comprehensionfyooleanexpressionsanbefreely mixedwith amongthe pattern
guardsFor example:

fox | [yl < X
Yy >3
Just z <- hy

Haslell's currentguardsthereforeemegeasa specialcasejn which the qualifierlist hasjustone
elementabooleanexpression.

6.5. The foreign interface
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Theforeigninterfaceconsistof the following components:

« TheForeignFunctioninterfacelanguagespecification(includedin this manualjin Chapter7).

- TheForeign module(seeSection4.9in Haslell Libraries) collectstogetherseveralinterfaces
which areusefulin specifyingforeignlanguageanterfacesjncludingthe following:

- TheForeignObj module(seeSection4.10in Haslell Libraries), for managingpointersfrom
Haslell into the outsideworld.

. TheStablePtr module(seeSection4.24in Haslell Libraries), for managingpointersinto
Haslell from the outsideworld.

- TheCTypes module(seeSection4.5in Haslell Libraries) givesHaslell equivalentsfor the
standardC datatypesfor usein makingHaslell bindingsto existing C libraries.
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- TheCTypesiSO module(seeSection4.6in Haslell Libraries) givesHaslell equivalentsfor C
typesdefinedby thelSO C standard.

- ThesStorable library, for primitive marshallingof datatypesbetweerHaslell andtheforeign
language.

Thefollowing sectionsalsogive somehintsandtips on the useof theforeignfunctioninterfacein
GHC.
6.5.1. Using function headers

WhengeneratindgC (usingthe-fvia-C  directive),onecanassisthe C compilerin detectingtype
errorsby usingthe-#include directive to provide .h files containingfunctionheaders.

For example,

#include  "HsFFIL.h"

void initialiseEFS (HsInt  size);

Hsint terminateEFS  (void);

HsForeignObj  emptyEFS(void);

HsForeignObj  updateEFS (HsForeignObj a, HsInt i, HsInt x);
Hsint lookupEFS (HsForeignObj a, Hsint i);

ThetypesHsint , HsForeignObj etc.aredescribedn Table7-1.

Notethatthis approachs only essentiafor returningfloat s (or if sizeof(int) I=
sizeof(int *) onyourarchitectureput is a GoodThing for aryonewho caresaboutwriting
solid code.You'recrazynotto doit.

6.6. Multi-parameter type classes

This sectiondocument$sHC’s implementatiorof multi-parametetype classesTheres lots of
backgroundn the paperTypeclassesexploring the designspace

(http://research.microsoft.com/~simgfpulti.ps.gz) (SimonPeyton JonesMark JonesErik
Meijer).

I'd like to thankpeoplewho reportedshorcomingsn the GHC 3.02implementationOur default
decisionawvereall conserative ones,andthe experienceof theseheroicpioneershasgivenuseful
concreteexamplesto supportseveralgeneralisationgTheseappeatbelon asdesignchoicesnot
implementedn 3.02.)

I’ve discussedhesenoteswith Mark Jonesandl believe thatHugswill migratetowardsthe same
designchoicesasl outline here.Thanksto him, andto mary otherswho have offeredvery useful
feedback.
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6.6.1. Types

Therearethefollowing restrictionson theform 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. SeeSection6.7).

1. Eadh univesally quantifiedtypevariablet vi mustbe mentionedi.e. appearfree)in t ype.
Thereasorfor thisis thatavaluewith atypethatdoesnot obey this restrictioncould notbe
usedwithoutintroducingambiguity Here,for example,is anillegaltype:

forall a. Eq a => Int

Whenavaluewith thistypewasused theconstrainttq tv would beintroducedwheretv is afresh
typevariable,and(in thedictionary-translatiommplementation}he valuewould be appliedto a
dictionaryfor Eq tv . Thedifficulty is thatwe cannever know which instanceof Eq to use
becauseve never getany moreinformationabouttv .

2. Everyconstaintci mustmentionat leastoneof the universally quantifiedtypevariablest vi .
For example thistypeis OK because& a b mentiongheuniversallyquantifiedtypevariableb:

forall a. Ca b => burble
Thenext typeis illegal becausehe constrainteq b doesnot mentiona:
forall a. Eg b => burble

Thereasorfor thisrestrictionis milder thanthe otherone. Theexcludedtypesarenever usefulor
necessarybecause¢he offendingcontext doesnt needto be witnessedat this point; it canbe
floatedout). Furthermorefloatingthemoutincreasesharing.Lastly, excludingthemis a
consenative 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,
thesetypesignaturesreperfectlyOK

f o EQmMa =>[ma -> [m a]
g: Eqla => ..

This choicerecoversprincipaltypes,a propertythatHaslell 1.4 doesnothave.
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6.6.2. Class declarations

1. Multi-parametertypeclassesre permitted For example:

class Collection c a where
union @ ca -> ca-> Cc a
...etc.

2. Theclasshierarchy mustbeacyclic However, the definitionof "acyclic” involvesonly the
superclasselationshipsFor example,thisis OK:

class C a where {
op: Db=>a->b->0>
}

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

Here,Cis asuperclassf D, butit's OK for a classoperationop of Cto mentionD. (It would notbe
OK for Dto beasuperclassf C.)

3. There are norestrictionson the contet in a classdeclaration (which introducessupeclasses),
exceptthatthe classhierarchy mustbe acyclic Sotheseclassdeclarationare OK:

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

is OK becausghe constrain{Collection a b) mentionsb, eventhoughit alsomentionshe
classvariablea. Ontheotherhand:

class C a where
op = Ega=>(@b) -> (ab)

is not OK becausehe constrainfEq a) mentionsontheclasstypevariablea, but notb. However,
ary suchexampleis easilyfixed by moving the offendingcontext up to the superclassontext:

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

A yetmorerelaxedrule would allow the context of a class-opsignatureo mentiononly classtype
variables However, thatconflictswith Rule 1(b) for typesabove.

5. Thetypeof ead classopemtion mustmentionall of theclasstypevariables For example:

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

is not OK, becausehetypeof empty doesnt mentiona. Thisruleis aconsequencef Rule1(a),
above, for types,andhasthe samemotivation. Sometimespffendingclassdeclarationgxhibit
misunderstanding$or example,Coll mightberewritten

class Coll s a where
empty & s a
insert % s a->a-> s a

which makesthe connectiorbetweerthetype of a collectionof a’s (hamely(s a) ) andtheelement
typea. Occasionallythis really doesnt work, in which caseyou cansplit the classlik e this:

class CollE s where
empty o s

class ColE s => Coll s a where
insert w s -> a-> s

6.6.3. Instance declarations

1. Instancedeclamtionsmaynotoverlap. 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 thentwo overlappinginstancedeclarationsarepermitted
iff
« EITHERtypel andtype2 donotunify
« ORtype2 isasubstitutioninstanceof typel (butnotidenticaltotypel )

« ORviceversa

Noticethattheserules

- malkeit clearwhichinstancedeclto use(pick the mostspecificonethatmatches)

- donotmentionthecontetscontextl ,context2 Reasonyoucanpick whichinstance
decl"matches'basednthetype.

Ragrettably GHC doesnt guarante¢o detectoverlappinginstancedeclarationsf they appeain
differentmodules GHC can"see"theinstanceadeclarationsn thetransitive closureof all the
modulesmportedby theonebeingcompiled,soit can"see"all instancedeclswhenit is
compilingMain . However, it currentlychoosesotto look atonesthatcant possiblybe of use
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in themodulecurrentlybeingcompiled,in theinterestsof efficiengy. (Perhapsve should
changehatdecision atleastfor Main .)

2. Ther are norestrictionsonthetypein aninstancehead exceptthat at leastonemustnotbea
typevariable Theinstancé'head"is thebit afterthe"=>" in aninstancedecl. For example,
theseareOK:

instance C Int a where
instance D (Int, Int)  where

instance  E [[a]] where
Notethatinstanceheadsmaycontainrepeatedype variables For example,thisis OK:
instance  Stateful (ST s) (MutvVar s) where

The"at leastonenot atypevariable"restrictionis to ensurethatcontet reductionterminateseach
reductionstepremovesonetype constructorFor example thefollowing would make the type
checlerloopif it wasnt excluded:

instance C a => C a where

Therearetwo situationsin whichtherule is a bit of apain.First,if oneallows overlappinginstance
declarationghenit’s quite corvenientto have a "defaultinstance'declaratiorthatappliesif
somethingmorespecificdoesnot:

instance C a where
op = ... - Default

Secondsometimegou might wantto usethefollowing to getthe effectof a"classsynorym®™:
class (Cl1 a, C2a C3a) =>C a where { }

instance (Cl1 a, C2a, C3a =>Ca where { }
This allows you to write shortersignatures:

f o Ca= ..
insteadof

f o (Cla C2a C3a =>..

I’'m onthelookoutfor asimplerule thatpreseresdecidabilitywhile allowing theseidioms. The
experimentaflag -fallow-undecidable-instances lifts this restriction,allowing all the
typesin aninstanceheadto betypevariables.

3. Unlike Haslell 1.4,instanceheadsmayusetypesynonymsAs always,usinga type synorym is
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 you added

instance  C (Int,Int) where
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aswell, thenthe compilerwill 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 independendf all the others,andeasilyreversedbut it makessensdo me.
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 surethatcontet reductionterminatesVoluminous
correspondencen the Haslell mailing list hascorvincedmethatit’ s worth experimentingwith
amoreliberalrule. If you usetheflag -fallow-undecidable-instances canusearbitrary
typesin aninstancecontet. Terminationis ensuredy having afixed-depttrecursionstack.If
you exceedthe stackdepthyou geta sortof backtraceandthe opportunityto increasehe stack
depthwith -fcontext-stack N.

6.7. Explicit univer sal quantification
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GHC now allows you to write explicitly quantifiedtypes.GHC'’s syntaxfor this now agreeswith
Hugs's, namely:

forall ab (Od a, Eq b) =>a -> b -> a

Thecontext is, of coursepptional.Youcan't useforall ~ asatypevariableany more!

Haslell typesignaturesareimplicitly quantified.Theforall  allows usto sayexactly whatthis
meansFor example:

g: b-=>05>
meanghis:
g :: forall b. (b > b)

Thetwo aretreateddentically.
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6.7.1. Univer sally-quantified data type fields

In adata ornewtype declaratioronecanquantifythetypesof theconstructomrgumentsHereare
severalexamples:

data T a = T1 (forall b. b->b->b) a
data MonadT m = MkMonad { return : forall a. a-> ma,
bind o forall ab ma->(a -> mb) > mb
}
newtype Swizzle = MkSwizzle (Ord a => [a] -> [a])

Theconstructorsiow have so-calledrank 2 polymorphictypes,in which thereis afor-all in the
argumenttypes.:

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

Noticethatyou don't needto useaforall  if theresanexplicit context. For examplein thefirst
argumentof the constructoMkSwizzle , animplicit "forall a. " is prefixedto theargumenttype.
Theimplicit forall  quantifiesall type variableshatarenotalreadyin 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 constructomargumentsvherethatis whatis
wanted.Feedbackvelcomed.)

6.7.2. Construction

You constructvaluesof typesT1, MonadT, Swizzle by applyingthe constructorto suitable
values justasusual.For example,

(T1 (\y->x) 3) = Tint
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(MkSwizzle  sort) ;. Swizzle
(MkSwizzle reverse) ;o Swizzle
(let r x = Just x

b mk = case m of

Just y > k vy
Nothing -> Nothing
in
MkMonad r b) :: MonadT Maybe

Thetype of theargumentcan,asusual,be moregenerathanthetyperequired,as(MkSwizzle
reverse) shaws.(reverse doesnotneedtheOrd constraint.)

6.7.3. Pattern matc hing
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Whenyou usepatternmatching the boundvariablesmaynow have polymorphictypes.For example:

—h

w Ta-> a-> (a Char
(M f k x=(@Ff kx, f'c 'd)

—h

g: (Ord a Ord b) => Swizzle -> [a -> (a > b) -> [b]
g (MkSwizzle s) xs f = s (map f (s xs))

h ' MonadT m-> [m a] -> m]a]

hm[ =return mf]

h m(xxs) = bind mx $\y >

bind m (h m xs) $\ys ->
return  m (y:ys)

In thefunctionh we usetherecordselectorseturn andbind to extractthe polymorphichind and
returnfunctionsfrom the MonadT datastructure ratherthanusingpatternmatching.

You cannotpattern-matctagainstanargumentthatis polymorphic.For example:

newtype TIM s a = TIM (ST s (Maybe a))

runTIM 2 (forall s. TIM s a) -> Maybe a
runTIM (TIM m) = runST m

Herethe pattern-matcliails, becauseou cant pattern-matclagainstan argumentof type (forall
s. TIM s a).Insteadyou mustbind thevariableandpatternmatchin theright handside:

runTIM 2 (forall s. TIM s a) -> Maybe a
runTIM tm = case tm of { TIM m-> runST m}
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Thetm ontheright handsideis (invisibly) instantiatedlik e any polymorphicvalueatits occurrence
site,andnow you canpattern-matclagainstt.

6.7.4. The partial-application restriction

Thereis really only oneway in which datastructuresvith polymorphiccomponentsnight surprise
you: you mustnot partially apply them.For example thisis illegal:

map MkSwizzle [sort, reverse]

Therestrictionis this: every subexpressionof the program musthavea typethat hasno for-alls,
exceptthatin a functionapplication(f el... en)thepartial applicationsare not subjectto thisrule.
Therestrictionmakestypeinferencefeasible.

In theillegal example the sub-expressiorMkSwizzle hasthe polymorphictype(Ord b => [b]
-> [b]) -> Swizzle andis notasub-epressiorof anenclosingapplication.Ontheotherhand,
this expressions OK:

map (T1 (\a b -> a)) [1,2,3]

eventhoughit involvesa partialapplicationof T1, becaus¢he sub-epressiorml (\a b -> a)
hastypeint -> T Int .

6.7.5. Type signatures

Onceyou have dataconstructorsvith universally-quantifiedields, or constantsuchasrunST that
have rank-2types,it isn’'t long beforeyou discover thatyou needmore! Consider:

mkTs f x y = [T1 f x, T1 f vy]

mkTs is afuctionthatconstructssomevaluesof type T, usingsomepiecespassedo it. Thetroubleis
thatsincef is afunctionargumentHaslell assumeshatit is monomorphicsowe’ll getatypeerror
whenapplyingT1 to it. Thisis arathersilly example,but the problemreally bitesin practice Lots of
peopletrip overthefactthatyou cant make "wrappersfunctions"for runST for exactly thesame
reasonln short,it is impossibleto build abstractionaroundfunctionswith rank-2types.

Thesolutionis fairly clear We provide theability to give arank-2type signaturefor ordinary
functions(not only dataconstructors)thus:

mkTs 1 (forall b. b > b > b) > a-> [T 4
mkTs f x y = [T1 f x, Tl f vy]
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Thistypesignatureells the compilerto attributef with the polymorphictype (forall b. b >
b -> b) whentypecheckingthebodyof mkTs, sonaw theapplicationof T1 is fine.

Therearetwo restrictions:

« Youcanonly definearank2 type,specifiedby thefollowing grammar:

rank2type = [forall tyvars ] [context =>] funty

funty w=  ([forall tyvars ] [context =>] ty) -> funty
| ty

ty = ..current Haskell ~monotype syntax...

Informally, the universalquantificationmustall beright atthe beginning, or atthetop level of a
functionargument.

- Thereis arestrictiononthe definitionof afunctionwhosetype signatures arank-2type:the
polymorphicargumentsnustbe matchedon theleft handsideof the"=" sign. You cant define
mkTs lik e this:

mkTs = (forall b. b > b > b)) > a-> [T g
mkTs =\ f xy > [T1 f x, T1 f V]

Thesamepartial-applicatiorrule appliesto ordinaryfunctionswith rank-2typesasappliedto data
constructors.

6.7.6. Type synon yms and hoisting

GHC alsoallowsyouto write aforall  in atypesynorym, thus:

type Discard a = forall b. a-> b -> a
f : Discard a
f Xy =x

However, it is oftenconvenientto usethesesortof synorymsatthe right handendof anarraow, 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
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In generaltherule is this: to determinghetypespecifiedby any explicit userwrittentype(e.g. in a
typesignatue), GHC expandstypesynonymsndthenrepeatedlyperformsthetransformation:

typel -> forall a. type2
==>
forall a. typel -> type2

(In fact, GHC triesto retainasmuchsynorym informationaspossiblefor usein errormessagedut
thatis a usabilityissue.)This rule applies,of coursewhetheror nottheforall comesfroma
synorym. For example hereis anothewalid way to write g’stype signature:

g: Int -> Int -> forall b. b > Int

6.8. Existentiall y quantified data constructor s

Theideaof usingexistentialquantificationin datatype declarationsvassuggestedyy Laufer(l
believe, thoughtdoubtlessomeonewill correctme),andimplementedn Hope+.It's beenin
LennartAugustssors hbc Haslell compilerfor severalyears,andprovedvery useful. Here'sthe
idea.Considertthe declaration:

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 expressions fine:

[MkFoo 3 even, MkFoo 'c’ isUpper] : [FoQ]
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-matcion
MkFoo?

f (MkFoo val fn) = ?2??
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Sinceall we know aboutval andfn isthatthey arecompatibletheonly (useful)thingwe cando
with themis to applyfn toval togetabooleanForexample:

f ' Foo -> Bool
f (MkFoo val fn) = fn val

Whatthis allows usto dois to packageheterogenousaluestogethemith a bunchof functionsthat
manipulatehem,andthentreatthatcollectionof package$n a uniform mannerYou canexpress
quite a bit of object-oriented-like programminghis way.

6.8.1. Why existential?

Whathasthis to do with existentialquantificationSimply thatMkFoo hasthe (nearly)isomorphic
type

MkFoo :: (exists a. (a a-> Bool) -> Foo

But Haslell programmergansafelythink of the ordinaryuniversally quantifiedtype givenabove,
therebyavoiding addinga new existentialquantificationconstruct.

6.8.2. 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 constructordhiave thetypesyou'd expect:

Bazl :: forall a. Eqa =>a -> a -> Baz
Baz2 :: forall b. Showb == b > (b > b) -> Baz

But whenpatternmatchingon Baz1 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 == = "Yes"
| otherwise = "No"

f (Bazl v fn) show (fn V)
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Operationallyin adictionary-passingmplementationthe constructor8az1l andBaz2 muststore
thedictionariesfor Eq andShow respectrely, andextractit on patternmatching.

Noticetheway thatthe syntaxfits smoothlywith thatusedfor universalquantificatiorearliet

6.8.3. Restrictions

Therearesereralrestrictionson thewaysin which existentially-quantifiedconstructorganbe use.

« Whenpatternmatchingeachpatternmatchintroducesanew, distinct, typefor eachexistential
typevariable.Thesetypescannotbe unifiedwith any othertype,nor canthey escapdrom the
scopeof the patternmatch.For example thesefragmentsareincorrect;

fi (MkFoo a f) = a
Here,thetypeboundby MkFoo "escapes'because is theresultof f1 . Oneway to seewhy thisis
wrongis 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 plainwrong.Here’s anothersortof error
f2 (Bazl a b) (Bazl p q) = a==

It'sok to saya==Db or p==q, but a==q is wrongbecausét equateshe two distincttypesarisingfrom
thetwo Bazl constructors.

- Youcan' pattern-matclon anexistentially quantifiedconstructoin alet orwhere groupof
bindings.Sothisis illegal:

f3 x = a==b where { Bazl a b = x }

You canonly pattern-matcton anexistentially-quantifiecconstructoiin acase expressioror in the
patternsof afunctiondefinition. Thereasorfor this restrictionis really animplementatiorone.
Type-checkinginding groupsis alreadya nightmarewithout existentialscomplicatingthe
picture.Also anexistentialpatternbinding atthetop level of amoduledoesnt make sense,
becausdt’s not clearhow to preventthe existentially-quantifiedype "escaping” Sofor now,
theres a simple-to-stateestriction.We'll seehow anng/ing it is.

« Youcan' useexistentialquantificationfor newtype declarationsSothisisillegal:
newtype T = forall a. Ord a => MKT a

Reasonavalueof type T mustberepresentedsa pair of adictionaryfor Ord t andavalueof type
t . Thatcontradictgheideathatnewtype shouldhave no concreterepresentatiorYou cangetjust
thesameefficiency andeffect by usingdata insteadof newtype . If thereis no overloading
involved,thenthereis moreof a casefor allowing anexistentially-quantifiechewtype , because
thedata becausehedata versiondoescarryanimplementatiorcost,but single-field
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existentially quantifiedconstructorarent muchuse.Sothe simplerestriction(no existentialstuff
onnewtype ) standspunlesstherearecorvincing reasongo changet.

+ Youcantusederiving 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 singlecomponenbof
two MKT constructors:

instance Eq T where
(MKT a) == (MKT b) = ???

But a andb have distincttypes,andsocant becomparedlt’s justaboutpossibleto imagine
examplesin whichthe derivedinstancenvould make sensebut it seemsaltogethessimplersimply
to prohibit suchdeclarationsDefineyour own instances!

6.9. Asser tions
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If youwantto make useof assertionsn your standardHaslell code,you coulddefinea functionlike
thefollowing:

assert 1 Bool -> a -> a
assert False x = error "assertion failed!"
assert X = X

whichworks, but givesyou backa lessthanusefulerrormessage- anassertiorfailed, but which and
where?

Oneway outis to defineanextendedassert  functionwhich alsotakesadescriptie stringto
includein theerrormessagandperhapssombinethis 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 sourcdocationwherethe assertiorwasmade,

assert pred val ==> assertError "Main.hs|15" pred val
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Therewrite is only performedby thecompilerwhenit spotsapplicationsof Exception.assert , SO
you canstill defineanduseyour own versionsof assert , shouldyou sowish. If not,import
Exception to make useassert in yourcode.

To have the compilerignoreusesof assertusethe compileroption-fignore-asserts . Thatis,
expression®f theformassert  pred e will berewrittento e.

Assertionfailurescanbe caught,seethedocumentatiorfior the Exception  library (Section4.8in
Haslell Libraries) for the details.

6.10. Scoped Type Variables

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.

At ordinarytype signaturessuchasthatfor ys, any typevariablesmentionedn thetypesignature
thatare notin scopeareimplicitly universallyquantified.(If thereareno typevariablesin scopeall
typevariablesmentionedn the signatureareuniversallyquantified which s just asin Haslell 98.)
In this case sincea is in scopejt is notuniversallyquantified sothetype of ys is the sameasthat
of xs. In Haslell 98it is not possibleto declarea typefor ys ; amajorbenefitof scopedype
variableds thatit becomegpossibleto do so.

Scopedypevariablesareimplementedn both GHC andHugs.Wheretheimplementationsliffer
from the specificatiorbelow, thosedifferencesrenoted.

Somuchfor thebasicidea.Herearethedetails.

6.10.1. Scope and implicit quantification

« All thetypevariablesmentionedn the patterngor a singlefunctiondefinitionequationthatare
notalreadyin scopearebroughtinto scopeby the patternsWe describehis setasthetype
variablesboundby the equation

« Thetypevariableghusbroughtinto scopemaybe mentionedn ordinarytype signatureor
patterntype signaturegnywherewithin their scope.
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- In ordinarytypesignaturesary typevariablementionedn the signaturethatis in scopes not
universallyquantified.

- Ordinarytypesignatureglo not bring 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 , sotheordinarysignaturex::a is equivalentto
x::forall a.a ; andthatis anincorrecttyping.

- Thereis noimplicit universalquantificationon patterntype signaturesnor may onewrite an
explicit forall  typein apatterntypesignatureThe patterntype signatureés a monotype.

« 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).

6.10.2. Polymorphism

- Patterntypesignaturesrecompletelyorthogonato ordinary, separatéype signaturesThetwo
canbeusedindependentlyr togetherThereis no scopingassociatedvith the namesof thetype
variablesin a separatéype signature.

f o [@ -> [a]
f (xs:[b]) = reverse Xxs
« Thefunctionmustbe polymorphicin thetype variablesboundby all its equationsOperationally
thetypevariablesboundby oneequationmustnot:
Be unifiedwith atype(suchasint ,or[a] ).
Be unifiedwith atypevariablefreein theervironment.

Be unifiedwith eachother (They mayunify with thetype variablesboundby anotherequation
for thesamefunction, of course.)

For example,thefollowing all fail to type check:
f (x:a) (y::b) = [xy] - a unifies with b
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g (x:a) = x + lint - a unifies with  Int
h x = let k (y:a) = [xy] - ais free in the
in k x - environment

k (x:a) True - a unifies with  Int

k (x:Int) False

w: [b] -> [b]
w (x::a) =X - a unifies with  [b]

The pattern-boundype variablemay, however, be constrainedy the context of the principal

type,thus:
f (x:a) (y::a) = x+y*2
getstheinferredtype:forall a. Numa => a -> a -> a.

6.10.3. Result type signatures

Theresulttype of afunctioncanbegivenasignaturethus:

f (x:a) o[@ = [xxx]

Thefinal:: [a] afterall thepatterngyivesa signatureto theresulttype.Sometimeshisis theonly

way of namingthetypevariableyou want:

f o Int > [a -> [q]
fn: (& ->[a) =let g (x:a, yia) = (V,X)
in \xs -> map g (reverse xs ‘zip’ XS)

Resulttype signaturesrenotyetimplementedn Hugs.

6.10.4. Pattern signatures on other constructs

A patterntype signaturecanbe on anarbitrarysub-patternnotjuston avariable:
f ((xy):(ab)) = (yx) = (ba)

Patterntype signaturesincludingtheresultpart,canbe usedin lambdaabstractions:
N (x:a, y) & a -> Xx)

Typevariablesboundby thesepatternamustbe polymorphicin the sensedefinedabove. For
example:
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fl  (x:c) =fl x - ok
f2 = \(x:c) > f2 x - not ok

Here,f1 is OK, butf2 is not,because getsunifiedwith atypevariablefreein theervironment,in
this casethetypeof f2 , whichis in the environmentwhenthe lambdaabstractioris checled.

- Patterntypesignaturesincludingtheresultpart,canbe usedin case expressions:
case e of { (x:a, y) & a-> x}

The pattern-boundype variablesmust,asusual,be polymorphicin thefollowing senseeachcase
alternatve, consideredsalambdaabstractionmustbe polymorphic.Thusthis is OK:

case (True,False) of { (x:a, y) > x}

Eventhoughthe context is thatof a pair of booleansthealternatve itself is polymorphic.Of course,
it is alsoOK to say:

case (True,False) of { (x:Bool, y) > 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 i a->b->x
- Patterntypesignatureghatbind new typevariablesmaynot be usedin patternbindingsatall. So
thisisillegal:
f x =1let (yy z:a) = xin

But theseareOK, becausehey do notbind freshtypevariables:

fl x let (y, z:Int) = Xx in
f2  (x::(Int,a)) =let (y, z:a) = X in

However a singlevariableis consideredh degeneratdunctionbinding, ratherthana degeratepattern
binding, sothisis permitted,eventhoughit bindsatypevariable:

f o (b->b) = \(x:b) > X

Suchdegneratefunctionbindingsdo not fall underthe monomorphisnrestriction.Thus:
g: a->a-> Bool =\ y x==y

Hereg hastypeforall a. Eq a => a > a -> Bool,justasif g hadaseparataype
signatureLackingatypesignatureg would geta monomorphidype.
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Existentials

- Patterntypesignaturesanbind existentialtype variables For example:

data T = forall a. MKT [a]

fo T->T
f (MKT [t:a]) = MKT t3
where
t3::[a] = [t

6.11. Pragmas

6.11.1.

GHC supportsseveralpragmasgr instructionsto the compilerplacedin the sourcecode.Pragmas
don't affectthe meaningof the program but they mightaffect the efficiency of thegeneratedaode.

INLINE pragma

GHC (with -0, asalways)triesto inline (or “unfold”) functionshaluesthatare“small enough,’thus
avoiding the call overheadandpossiblyexposingothermore-wonderfuloptimisations.

Youwill probablyseetheseunfoldings(in Coresyntax)in your interfacefiles.

Normally, if GHC decidesafunctionis “too expensve” to inline, it will notdo so,norwill it export
thatunfoldingfor othermodulesto use.

The sledgehammeyou canbringto bearis the INLINE pragmajusedthusly:

key_function : Int -> String -> (Bool, Double)

#ifdef _ GLASGOW_HASKELL_
{-# INLINE key_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 thenbeverykeento inline 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:
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6.11.2.

6.11.3.
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#ifdef _ GLASGOW_HASKELL_
{-# INLINE thenUs #-}

{-# INLINE returnUs #-}
#endif

NOINLINE pragma

TheNOINLINE pragmadoesexactly whatyou'd expect:it stopsthe namedfunctionfrom being
inlined by the compiler You shouldnt ever needto dothis, unlessyou're very cautiousaboutcode
size.

SPECIALIZE pragma

(UK spellingalsoaccepted.Jor 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 #-}

To getveryfangy, you canalsospecifyanamediunctionto usefor the specialisedvalue,by adding=
blah , asin:

{-# SPECIALIZE hammeredLookup : ..as before... = blah #-}

It's Your Responsibilityo make surethatblah really beharesasa specialisedrersionof
hammeredLookup !!!

NOTE: the=blah featureisn’'timplementedn GHC 4.xx.

An examplein whichthe= blah form will Win Big:

toDouble :: Real a => a -> Double
toDouble = fromRational . toRational
{-# SPECIALIZE toDouble : Int -> Double = i2d #}

i2d (I# i) = D# (int2Double# i) - uses Glasgow prim-op directly

Thei2d functionis virtually onemachineinstruction;the default corversion—viaanintermediate
Rational —is obscenelyexpensve by comparison.
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By usingthe US spelling,your SPECIALIZE pragmawill work with HBC, too. NotethatHBC
doesnt supportthe= blah form.

A SPECIALIZE pragmafor afunctioncanbe putanywhereits type signaturecould be put.

SPECIALIZE instance pragma
Sameidea,exceptfor instancedeclarationsFor example:

instance (Eq a) => Eq (Foo a) where { ... usual stuff .. }
{-# SPECIALIZE instance Eq (Foo [(Int, Bar)] #-}

Compatiblewith HBC, by theway.

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.hs" #}

if you'd generatedhe currentfile from somethingcalledFoo.vhs  andthisline correspondso line
42in the original. GHC will adjustits errormessageto referto theline/file namedn theLINE
pragma.

RULES pragma

The RULES pragmaletsyou specifyrewrite rules.It is describedn Section6.12.

6.12. 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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6.12.1.

6.12.2.
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Syntax

Froma syntacticpoint of view:

« Eachrule hasaname enclosedn doublequotes.The nameitself hasno significanceatall. It is
only usedwhenreportinghow mary timestherule fired.

- Theremaybezeroor morerulesin aRULESpragma.

- Layoutappliesin aRULESpragmaCurrentlyno new indentationlevel is set,soyou mustlay out
your rulesstartingin the samecolumnasthe enclosingdefinitions.

« Eachvariablementionedn arule musteitherbein scope(e.g.map), or boundby theforall
(e.g.f, g, xs). Thevariablesdboundby theforall ~ arecalledthe patternvariablesThey are
separatedy spacesjustlikein atypeforall

« A patternvariablemayoptionallyhave atype signaturelf thetype of 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 -> b)
foldr k z (build g) =g 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" ,theLHS s notanapplication;in "wrongl" ,the LHS hasapatternvariablein the
head.

- A rule doesnot needto bein thesamemoduleas(ary of) thevariablest mentionsthoughof
coursethey needto bein scope.

« Rulesareautomaticallyexportedfrom a module justasinstancedeclarationsare.

Semantics

Fromasemantigoint of view:

« Rulesareonly appliedif you usethe-O flag.

+ Rulesareregardedasleft-to-right rewrite rules. WhenGHC findsanexpressiorthatis a
substitutioninstanceof the LHS of arule, it replacegshe expressiorby the
(appropriately-substitutedjHS. By "a substitutioninstance'we meanthatthe LHS canbemade
equalto the expressiorby substitutingfor the patternvariables.

« TheLHS andRHSof arule aretypecheckd,andmusthave the sametype.
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-  GHC makesabsolutelyno attemptto verify thatthe LHS andRHS of arule have thesame
meaning.Thatis undecideablén generalandinfeasiblein mostinterestingcasesThe
responsibilityis entirelythe programmers!

«  GHC makesno attemptto make surethatthe rulesareconfluentor terminating.For example:
"loop" forall X,Y. f xy=fyx

Thisrule will causethecompilerto gointo aninfinite loop.

+ If morethanonerule matchesa call, GHC will chooseonearbitrarily to apply.

«  GHCcurrentlyusesavery simple,syntacticmatchingalgorithmfor matchingarule LHS with an
expressionlt seeksa substitutionwhich makesthe LHS andexpressiorsyntacticallyequal
moduloalphacorversion.Thepattern(rule), but notthe expressionjs eta-epandedf necessary
(Eta-xpandingthe epressiortanleadto lazinessugs.)But not betacorversion(that’s called
higherordermatching).

Matchingis carriedouton GHC's intermediatdanguagewhich includestypeabstractiongnd
applicationsSoarule only matchesf thetypesmatchtoo. SeeSection6.12.4below.

- GHCkeepdrying to applytherulesasit optimiseshe 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 andt ,
giving anexpressionwhich doesmatch.If s ort was(a) usedmorethanonce,and(b) largeor a
rede, thenit would not be substitutedandtherule would notfire.

« Intheearlierphase®f compilation,GHC inlinesnothingthat appeas onthe LHS of a rule,
becaus@nceyou have substitutedor somethingyou cant matchagainsit (giventhe simple
mindedmatching).Soif youwrite therule

"map/map” forall f,0. 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). Lateronin compilation,GHC startsinlining eventhings
ontheLHS of rules,but still leavestherulesenabledThis inlining policy is controlledby the
persimplification-pasélag -finline-phase n.

« All rulesareimplicitly exportedfrom themodule,andarethereforen forcein any modulethat
importsthe modulethatdefinedtherule, directly or indirectly. (Thatis, if A importsB, which
importsC, thenC’s rulesarein forcewhencompiling A.) Thesituationis very similar to thatfor
instancedeclarations.
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6.12.3. List fusion
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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’..'2"] ).
- Explicit lists(e.g.[True, False] )

- Theconsconstructole.g3:4:[] )

o ++

. map

- filter

« terate ,repeat

e zip , zipWith

Thefollowing aregoodconsumers:

- List comprehensions

- array (onitssecondargument)
« length

+ ++ (onits first argument)

« map

- filter

¢ concat

e unzip ,unzip2 ,unzip3 ,unzip4

. zip ,zipwith (but ononeargumentonly;if botharegoodproducerszip will fusewith onebut
nottheother)

« partition

« head

« and,or,any,all
« sequence_

. msum

e SortBy



6.12.4.

6.12.5.

Chapter6. GHC Language Featues

So,for example,thefollowing shouldgeneratano intermediatdists:

array (1,10)  [(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.

Specialisation
Reawrite rulescanbe usedto getthe sameeffect asafeaturepresenin earlierversionof GHC:

{-# SPECIALIZE fromIntegral @ Int8 -> Intl6 = int8Tolntl6 #-}

Thistold GHCto useint8ToIntl6  insteadof fromintegral wheneerthelatterwascalledwith
typelnt8 -> Intl6 . Thatis, ratherthanspecialisingheoriginal definitionof fromintegral the
programmeis promisingthatit is safeto useint8ToIntl6  instead.

Thisfeatureis nolongerin GHC. But rewrite ruleslet you do the samething:

{-# RULES
"fromIntegral/Int8/Int16" fromIntegral = int8Tolnt16
#}

This slightly odd-lookingrule instructsGHC to replacefromintegral byint8ToIntl6  wheneer
thetypesmatd. Speakingnoreoperationally GHC addsthetypeanddictionaryapplicationgo get
thetypedrule

forall (d1::Integral Int8)  (d2::Num  Int16)
fromintegral Int8 Intlé dl1 d2 = int8ToIntl6

Whatis more,this rule doesnotneedto bein the samefile asfromintegral, unlike the SPECIALISE
pragmaswhich currentlydo (sothatthey have anoriginal definitionavailableto specialise).

Controlling what’'s going on

« Use-ddump-rules to seewhattransformatiorrulesGHC is using.

+ Use-ddump-simpl-stats to seewhatrulesarebeingfired. If youadd-dppr-debug yougeta
moredetailedlisting.

« Thedefintionof (say)build in PrelBase.lhs  looksllik e this:
build o forall a. (forall b. @ > b ->b) > b -> b)) > [a]
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{# INLINE build #}
build g =g (1) 1]
NoticetheINLINE ! Thatprevents(:) 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 ghc/lib/std/PrelBase.lhs look attherulesfor mapto seehow to write rulesthatwill do
fusionandyet give anefficient programevenif fusiondoesnt happenMorerulesin
PrelList.lhs

6.13. Concurrent and Parallel Haskell
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ConcurrentandParallelHaslell areGlasgav extensiongo Haslell which let you structureyour
programasagroupof independentthreads’.

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 ConcurrenHaslell programimplies multiple ‘threads’runningwithin a singleUnix procesna
singleprocessar

Youwill find atleastonepaperaboutConcurrentHaslell hangingoff of SimonPeyton Joness Web
page(http://research.microsoft.com/~simgp).

ParallelHaslell is aboutspeed—spavning threadsontomultiple processorsothatyour program
will runfaster The‘threads’arealwaysadvisory—if theruntimesystenthinksit cangetthe job
donemorequickly by sequentiakxecution,thenfine.

A ParallelHaslell programimplies multiple processesunningon multiple processorgjndera PVM
(ParallelVirtual Machine)framework.

ParallelHaslell is still relatively new; it is moreabout‘researchun” thanabout‘speed."Thatwill
change.

Again, checkSimon's Web pagefor publicationsaboutParallelHaslell (including“GUM”, thekey
bits of theruntimesystem).

SomedetailsaboutParallelHaslell follow. For moreinformationaboutconcurrentHaslell, see
Chapter2 in Haslell Libraries
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6.13.1. Features specific to Parallel Haskell

6.13.1.1. The Paral | el interface (recommended)

GHC providestwo functionsfor controlling parallelexecution throughtheParallel  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) evaluates 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 :

import  Parallel

nfib = Int -> Int
nfib n| n<=1=1
| otherwise = par nl (seq n2 (n1 + 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 subepressionsin this divide-and-conqueapproachwe only sparka new threadfor onebranch
of thecomputation(leaving the parentto evaluatethe otherbranch).Also, we mustuseseq to
ensurehatthe parentwill evaluaten2 befoenl in theexpressionnl + n2 + 1).ltisnot
sufficientto reordertheexpressioras(n2 + nl1 + 1), becaus¢hecompilermaynotgenerateode
to evaluatethe addendgrom left to right.

6.13.1.2. Underl ying functions and primitives

Thefunctionspar andseq arewiredinto GHC, andunfoldinto usesof thepar# andseqg#
primitives,respectiely. If you'd like to seethis with your very own eyes,justrun GHC with the
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-ddump-simpl  option. (Anything for agoodtime...)

6.13.1.3. Scheduling polic y for concurrent/parallel threads

Runnablehreadsarescheduledn round-robinfashion.Contet 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. Youcant 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> RTS option(thedefaultis 32). Oncethethreadimit is reachedany remainingsparksare
deferreduntil someof the currentlyactive threadsarecompleted.

6.14. 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(Chapter8) for informationaboutcrashesspacdeaks,andother
undesirablgghenomena.

Thelimitationsherearelistedin Haslell-Reportorder(roughly).

6.14.1. Expressions and patterns
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Verylong String  constants:

May notgo through.If you adda“string gap” every few thousandccharactersthenthe strings
canbeaslongasyoulike.

Bearin mind thatstringgapsandthe-cpp optiondon’t mix verywell (seeSection3.9.1).

Singlequotesin modulenames:

It mightwork, but it’ s just beggingfor trouble.
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6.14.2. Declarations and bindings

Noneknown.

6.14.3. Module system and interface files

Namespaceollution

Severalmodulesinternalto GHC arevisible in the standarchamespaceAll of thesemodules
begin with Prel , sotheruleis: don't useary modulesheginningwith Prel in your program,
or youwill becomprehensiely scraved.

6.14.4. Number s, basic types, and built-in classes

Unchecledarithmetic:

Arguablynot aninfelicity, but... Bearin mindthatoperationsonint , Float , andDouble
numbersareuncheded for overflow, underflav, andothersadoccurrencegnote,however that
somearchitecturesrapfloating-pointoverflow andloss-of-precisiorandreporta floating-point
exception,probablyterminatingthe program).

Uselnteger , Rational , etc.,numerictypesif this stuff keepsyou awake atnight.

Multiply-definedarrayelements—nothecled:
This codefragmentshouldelicit a fatal error, but it doesnot:
main = print (array (1,1) [ 1:=2, 1:=3 )

6.14.5. In Prelude suppor t

Arbitrary-sizedtuples:
Plainold tuplesof arbitrarysizedo work.

HOWEVER: standardnstancedor tuples(Eq, Ord, Bounded , Ix Read, andShow) are
availableonly upto 5-tuples.

Thesdimitationsareeasilysubvertible,sopleaseaskif you getstuckonthem.
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Unicodecharacteset:
Haslell 98 embraceshe Unicodecharacteset,but GHC doesnt handleit. Yet.
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7.1. Intr oduction

Themotivationbehindthis foreignfunctioninterface(FFI) specificationis to make it possibleto
describan Haslell souicecodetheinterfaceto foreignfunctionalityin a Haslell systemindependent
mannerlt builds on experiencesnadewith the previousforeignfunctioninterfacesprovidedby

GHC andHugs.However, the FFI specifiedn this documents notin the marlket of trying to
completelybridgethe gapbetweerthe actualtype of anexternalfunction,andwhatis a corvenient
typefor thatfunctionto the Haslell programmerThatis the domainof toolslike HaslellDirect or
GreenCard,bothof which arecapableof generatindHaslell codethatuseshis FFI.

Generallythe FFI consistof threeparts:

1. extensiongo thebasdanguageHaslell 98 (mostnotablyforeign  import andforeign
export declarations)which arespecifiedn thepresentdlocument,

2. alow-level marshallindibrary, which is partof the Languaye partof the Haslell Extension
Library (seeSection4.25in Haslell Libraries), anda

3. ahigh-level marshallingibrary, whichis still underdevelopment.

Beforediving into the detailsof the languagesxtensioncomingwith the FFI, let usbriefly outline
thetwo othercomponent®f theinterface.

Thelow-level marshallingibrary consistsof aportionthatis independentf the targetedforeign
languageanddedicatedsupportfor Haslell bindingsto C libraries(specialsupportfor other
languagesnaybe addedn thefuture). Thelanguageéndependenpartis givenby the module
Foreign module(seeSection4.9in Haslell Libraries). It providessupportfor handlingreferences
to foreignstructuresfor passingeferenceso Haslell structureutto foreignroutines,andfor
storingprimitive datatypesin raw memoryblocksin aportablemannerThesupportfor C libraries
essentiallyprovidesHaslell representationfor all basictypesof C (seeSectiond.5in Haslell
LibrariesandSectiond.6in Haslell Libraries).

Thehigh-level library, of which theinterfacedefinitionis not yetfinalised,providesroutinesfor
marshallingcomplex Haslell structuresaswell ashandlingout andin-out parameterin a
corvenient,yet protableway.

In thefollowing, we will discusghelanguagextensionof the FFI (ie, thefirst pointabove). They
canbesplit up into two complementarphalves;onehalf thatprovidesHaslell constructgor
importingforeignfunctionalityinto Haslell, the otherwhich letsyou exposeHaslell functionsto the
outsideworld. We startwith theformer, how to import externalfunctionalityinto Haslell.
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7.2. Calling foreign functions

To bind a Haslell variablenameandtypeto anexternalfunction,we introducea new construct:
foreign  import . It definesthetype of aHaslell functiontogethemwith the nameof anexternal
functionthatactuallyimplementdt. Thesyntaxof foreign  import construcis asfollows:

topdecl

| “foreign’ 'import’ [callconv] [ext_fun] [un-
safe’] varid 7 prim_type

A foreign  import declarationis only allowedasatoplevel declarationlt consistsof two parts,
onegiving theHaslell type (prim_type ), Haslkell name(varid ) andaflagindicatingwhetherthe
primitive is unsafe the othergiving detailsof the nameof the externalfunction (ext_fun ) andits
callinginterface(callconv )

Giving aHaslell nameandtypeto anexternalentry pointis clearlyanunsafething to do, asthe
externalnamewill in mostcasedeuntyped.The onusis onthe programmeusingforeign

import  to ensurghatthe Haslell type givencorrectlymapson to the type of the externalfunction.
SectionSection7.2.5specifiegshe mappingfrom Haslell typesto externaltypes.

7.2.1. Giving the external function a Haskell name

The externalfunction hasto be givena Haslell name.ThenamemustbeaHaslell varid , sothe
languageaulesregardingvariablenamesnustbefollowed,i.e., it muststartwith alower casdetter
followedby a sequencef alphanumerig‘in the Unicodesense’charactersr’. *

varid : small ( small | large | udigit | ")

7.2.2. Naming the external function
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The nameof the externalfunctionconsistsof two parts,onespecifyingits location,the otherits
name:

ext_fun : ext_loc ext_name
| ext_name

ext_name : string

ext_loc 1 string

For example,
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foreign  import  stdcall "Advapi32" "RegCloseKey" regCloseKey : Addr -
> 10 ()

stateghatthe externalfunctionnamedRegCloseKey atlocationAdvapi32 shouldbeboundto the
Haslell nameregCloseKey . For aWin32 Haslell implementatiorthatsupportgheloadingof
DLLs on-the-fly this declaratiorwill mostlikely causeherun-timesystemto loadthe
Advapi32.dll DLL beforelooking up thefunctionRegCloseKey() thereinto getatthefunction
pointerto usewheninvoking regCloseKey

Compiledimplementationsnay do somethingcompletelydifferent,i.e., mangle"RegClosekey” to
corvertit into anarchive/importlibrary symbol,that's assumedo bein scopewhenlinking. The
detailsof which areplatform (andcompilercommand-lineplependent.

If thelocationpartis left out, the nameof the externalfunctionspecifiesa symbolthatis assumedo
bein scopewhenlinking.

Thelocationpartcaneithercontainanabsolutéaddress((i.e., path)of thearchive/DLL, or justits
name Jeaving it up to the underlyingsystem(systemmeaningoothRTS/compilerandOS)to resohe
thenameto its reallocation.

An implementatioris expectedo beableto intelligently transformtheext_loc  locationto fit
platform-specifigpracticedor namingdynamiclibraries.For instancegiventhe declaration

foreign  import "Foo" "foo" foo : Int -> Int -> 10 ()

animplementatiorshouldmapFoo to "Foo.dll'  onaWin32 platform,andlibFoo.so  onELF
platforms.If thelookup of thedynamiclibrary with this transformedocationnameshouldfail, the
implementatiorshouldthenattemptto usethe original namebeforeeventuallygiving up. As partof
their documentationimplementation®f foreign  import  shouldspecifythe exactdetailsof how
ext_loc saretransformedandresohed,includingthelist of directoriessearchedandtheorderin
whichthey are.)

In the casethe Haslell nameof theimportedfunctionis identicalto the externalname theext_fun
canbeomitted.i.e.,

foreign  import sin :: Double -> IO Double
is identicalto

foreign  import  "sin sin :: Double -> 10 Double

7.2.3. Calling conventions

Thenumberof calling conventionssupporteds fixed:
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callconv  : ccall | stdcall

ccall
The’default’ calling conventionon a platform,i.e., the oneusedto do (C) functioncalls.

In the caseof x86 platforms,the caller pushedunctionargumentsrom right to left onthe C
stackbeforecalling. Thecalleris responsibldor poppingthe argumentsoff of the C stackon
return.

stdcall

A Win32 specificcalling convention.Thesameasccall , exceptthatthe calleecleansuptheC
stackbeforereturning.?

Someemarks:

- Interoperatingvell with externalcodeis the nameof the gamehere,sothe guiding principlewhen
decidingonwhatcalling corventionsto includein callconv  is thattheres ademonstratedeed
for a particularcalling corvention.Shouldit emegethattheinclusionof othercalling corventions
will generallyimprovethequality of this Haslell FFI, they will beconsideredor futureinclusion
in callconv

- Supportingstdcall  (andperhapstherplatform-specifiacalling conventions)raisesthe issueof
whethera Haslell FFI shouldallow the userto write platform-specifiHaslell code.Thecalling
cornventionis clearlyanintegral partof anexternalfunction’sinterface,soif theoneuseddiffers
from the standardnespecifiecby the platform’s ABI andthatconventionis usedby a non-trivial
amountof externalfunctions,theview of the FFIl authorss thata Haslell FFI shouldsupportit.

« Forforeign  import (andotherforeign  declarations)supplyingthe calling corventionis
optional.If it isn't supplied,t is treatedasif ccall wasspecifiedUsersareencouragedo leave
out the specificatiorof the calling corvention,if possible.

7.2.4. External function types
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Therangeof typesthatcanbe passedsargumentdo anexternalfunctionis restrictedasarethe
rangeof resultscomingback):

prim_type : 10 prim_result
| prim_result
| prim_arg ’->'  prim_type
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- If youassociat@anon-lI0typewith anexternalfunction,you have the sameproof obligations’as
whenyou make useof IOExts.unsafePerformlO in your Haslell programs.

« Theexternalfunctionis strictin all its arguments.
« GHConly: The GHC FFl implementatiorprovidesoneextensionto prim_type
prim_type

| unsafe_arr_ty ->' prim_type
unsafe_arr_ty . ByteArray a
| MutableByteArray i s a

GHC permitsthe passingof its byte arrayprimitive typesto externalfunctions.Theres some
restrictionson whenthey canbe used;seeSectionSection7.2.4.1for moredetails.

SectionSection7.2.4.2definesprim_result  ; SectionSection7.2.4.1definesprim_arg

7.2.4.1. Argument types

The externalfunctionexpectszeroor moreargumentsThe setof legal algumenttypesis restricted
to thefollowing set:

prim_arg : extty | new_ty | ForeignObj
new_ty : a Haskell newtype of a prim_arg.
ext ty : int_ty | word_ty | float_ty

| Addr | Char | StablePtr a

| Bool
int_ty ;o Int | Int8 | Int16 | Int32 | Int64
word_ty : Word8 | Wordl6 | Word32 | Word64
float_ty : Float | Double

« ext_ty representhesetof basictypessupportedy C-like languagesalthoughthe numeric
typesareexplicitly sized.Thestablepointer StablePtr  typelooksoutof placein thislist of
C-like types,but it hasawell-definedandsimpleC mapping seeSectionSection7.2.5for details.

- prim_arg representhesetof permissibleargumenttypes.In additionto ext_ty , ForeignObj
is alsoincluded.TheForeignObj  typerepresentaluesthatarepointersto someexternal
entity/object.It differsfrom the Addr typein thatForeignObj sarefinalized i.e.,oncethe
garbagecollectordetermineshata ForeignObj  is unreachabldt will invoke afinalising
procedureattachedo the ForeignObj  to notify the outsideworld thatwe're throughwith using
it.

- Haslell newtype sthatwrapupaprim_arg typecanalsobepassedo externalfunctions.
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- Haslell typesynorymsfor ary of theabove canalsobeusedin foreign ~ import  declarations.
Qualifiednamedik ewise,i.e. Word.Word32 is legal.

- foreign  import doesnotsupportthe bindingto externalconstants/ariablesA foreign
import declaratiorthattakesno agumentsepresena bindingto afunctionwith no arguments.

« GHConly: GHC'simplementatiorof the FFI providestwo extensions:

- Supportfor passingheapallocatecbyte arraysto anexternalfunction

prim_type
| prim_arg ’->' prim_type
| unsafe_arr_ty > prim_type
unsafe_arr_ty . ByteArray a
| MutableByteArray i s a

GHC'sByteArray andMutableByteArray  primitivetypesare(im)mutablechunksof memory
allocatedon the Haslell heap,andpointersto thesecanbe passedo foreign  import ed
externalfunctionsprovidedthey aremarkedasunsafe . Sinceit is inherentlyunsafeto hand
outreferenceso objectsin the Haslell heapif the externalcall may causea garbagecollection
to happenyou have to annotateheforeign  import declaratiorwith the attribute unsafe .
By doingso,theuserexplicitly stateghattheexternalfunctionwon’t provoke agarbage
collection,sopassingout heapreferenceso the externalfunctionis allright.

- AnotherGHC extensionis the supportfor unboxedtypes:

prim_arg : .. | unboxed_h_ty
ext_ty S | unboxed_ext_ty
unboxed_ext_ty Do Int# | Word# | Char#
| Float# | Double# | Addr#
| StablePtr# a
unboxed_h_ty : MutableByteArray# | ForeignObj#
| ByteArray#

Clearly, if youwantto be portableacrosHaslell systemsusingsystem-specifiextensionssuch
asthisis notadvisableavoid usingthemif you can.(Supportfor usingunboxedtypesmightbe
withdrawn sometimen thefuture.)

7.2.4.2. Result type

An externalfunctionis permittedto returnthefollowing rangeof types:

prim_result coextty | new.extty | ()

new_ext ty : a Haskell newtype of an ext_ty.

where() representsoid /noresult.
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- Externalfunctionscannotraiseexceptions(IO exceptionsor non-lI0ones.)lt is theresponsibility
of theforeign  import userto layerary errorhandlingon top of anexternalfunction.

« Only externaltypes(ext_ty ) canbepassedack,i.e.,returningForeignObj sis not
supported/allared.

- Haslell newtypesthatwrapupext_ty arealsopermitted.

7.2.5. Type mapping

For the FFI to be of ary practicaluse,the propertiesandsizesof the varioustypesthatcanbe
communicatedetweerthe Haslell world andthe outside needso be preciselydefined We do this
by presentinga mappingto C, asit is commonlyusedandmostotherlanguageslefinea mappingto
it. TableTable7-1 defineshe mappingbetweerHaslkell andC types.

Table 7-1. Mapping of Haskell typesto C types

Haskell type C type requirement range (9)
Char Hs Char unspec.integral type HS_CHAR M N ..
HS_CHAR_ MAX
| nt Hs| nt signedintegral of HS INT_M N ..
unspec.size(4) HS | NT_MAX
Int8 (2) Hsl nt 8 8 bit signedintegral HS_INT8_M N ..
HS_| NT8_MAX
I nt16 (2) Hsl nt 16 16 bit signedintegral HS | NT16_M N ..
HS | NT16_MAX
I nt32 (2) Hsl nt 32 32bit signedintegral HS_INT32_M N ..
HS_ | NT32_MAX
I nt64 (2,3) Hsl nt 64 64 bit signedintegral HS I NT64_M N . .
(3) HS | NT64_MAX
Wor d8 (2) HsWor d8 8 bit unsignedintegral 0 .. HS WORD8_MAX
Wor d16 (2) HsWor d16 16 bit unsigned 0 .. HS WORD16_MAX
integral
Wor d32 (2) HsWor d32 32bit unsigned 0 .. HS WORD32_MAX
integral
Wor d64 (2, 3) HsWor d64 64 bit unsigned 0 .. HS WORD64_MAX
integral (3)
Fl oat HsFl oat floating point of (20)
unspec.size(5)
Doubl e HsDoubl e floating point of (20)
unspec.size(5)
Bool Hs Bool unspec.integral type (11)
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Addr Hs Addr void* (6)
For ei gnj HsFor ei gnObj void* (7)
St abl ePt r Hs St abl ePt r void* (8)
Someremarks:

1. A Haslell systemthatimplementghe FFI will supplyaheadefile HsFFI.h thatincludestarget
platformspecificdefinitionsfor theabove typesandvalues.

2. ThesizednumerictypesHs{Int,Word}{8,16,32,64} have a 1-1 mappingto ISOC 99's
{,u}int{8,16,32,64} t . For systemghatdoesnt supportthis revision of ISO C, a best-fit
mappingontothe supportedC typesis provided.

3. An implementatiorwhich doesnot support64 bit integral typeson the C sideshouldimplement
Hs{int,Word}64  asastruct.In this casetheboundsHS_INT64_{MIN,MAX} and
HS WORDG64_MAateundefined.

4. A valid Haslell representatioof Int hasto beequalto or widerthan30 bits. The Hsint
synorym is guaranteedo mapontoa C typethatsatisifiesHaslell's requirementor Int .

5. It is guaranteedhat Hs{Float,Double} areoneof C’'s floating-pointtypes
float /double /long double .

6. It is guaranteethatHsAddr is of the samesizeasvoid* , soary otherpointertype canbe
convertedto andfrom HsAddrwithoutary lossof information(K&R, AppendixA6.8).

7. Foreignobjectsarehandledike Addr by the FFI, sothereis againthe guarante¢hat
HsForeignObj is thesameasvoid* . Theseparat@ameis meantasareminderthatthereis a
finalizerattachedo the objectpointedto.

8. Stablepointersarepassedsaddresseby the FFI, but thisis only becaus@void* is usedasa
genericcontainerin mostAPIs, notbecausehey arerealaddressesio make this specialcase
clear aseparateC typeis usedhere.

9. Theboundsarepreprocessamacrossothey canbeusedin #if andfor arraybounds.

10. Floating-pointlimits arealittle bit morecomplicatedso preprocessomacrosmirroring ISO
C'sfloath  areprovided:

HS_{FLOAT,DOUBLE} RADIX
HS_{FLOAT,DOUBLE} ROUNDS
HS_{FLOAT,DOUBLE} EPSILON
HS_{FLOAT,DOUBLE} DIG
HS_{FLOAT,DOUBLE} MANT_DIG
HS_{FLOAT,DOUBLE} MIN
HS_{FLOAT,DOUBLE} MIN_EXP
HS_{FLOAT,DOUBLE} MIN_10_EXP
HS_{FLOAT,DOUBLE} MAX
HS_{FLOAT,DOUBLE} MAX_EXP
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HS_{FLOAT,DOUBLE} MAX_10_EXP

11.1t is guaranteethatHaslell's False /True mapto C's0/1, respectiely, andvice versa.The
mappingof ary otherintegral valueto Bool is left unspecified.

12. To avoid nameclashesidentifiersstartingwith Hs andmacrosstartingwith HS_areresenedfor
the FFI.

13.GHC only: The GHC specifictypesByteArray andMutableByteArray ~ bothmapto char* .

7.2.6. Some forei gn inport wrinkles

- By default,aforeign  import functionis safe A safeexternalfunctionmaycausea Haslell
garbagecollectionasa resultof beingcalled. Thiswill typically happerwhentheimported
functionendup calling Haslell functionsthatresidein the sameHaskell world’ (i.e., shareghe
samestoragemanageheap)- seeSectionSection?.4 for detailsof how the FFI let’'s you call
Haslell functionsfrom the outside.If the programmercanguarante¢hattheimportedfunction
won't call backinto Haslell, theforeign  import canbemarkedas’unsafe’(seeSection
Section7.2for detailsof how to dothis.) Unsafecallsarecheapethansafeones so
distinguishingthe two classe®f externalcalls may beworth yourwhile if you're extraconscious
aboutperformance.

- Aforeign  import edfunctionshouldclearlynotneedto know thatit is beingcalledfrom
Haslell. Oneconsequencef thisis thatthelifetimesof theargumentghatarepassedrom
Haslell mustequalthatof anormalC call. For instancefor thefollowing decl,

foreign  import "mumble" mumble : ForeignObj -> 10 ()

f = Addr -> 10 ()

f ptr = do
fo <- newForeignObj ptr myFinalizer
mumble fo

TheForeignObj mustlive acrosshe call to mumble evenif it is not subsequentlysed/reachable.
Why theinsistenceon this?Considemwhathappensf mumble callsafunctionwhich callsback
into the Haslell world to executea function, behindour backasit were.This evaluationmay
possiblycausea garbagecollection,with theresultthatfo mayendup beingfinalised.By
guaranteeinghatfo will beconsideredive acrosghe call to mumble, the unfortunatesituation
wherefo is finalised(andhencethereferencgpassedo mumble is suddenlynolongervalid) is
avoided.
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7.3. Invoking external functions via a pointer

A foreign  import declarationmportsanexternalfunctioninto Haslell. (The nameof the
externalfunctionis staticallyknown, but theloading/linkingof it mayvery well bedelayeduntil
run-time.)A foreign  import declarationis then(approximatelyjustatype castof anexternal
functionwith a staticallyknownname

An extensionof foreign  import is thesupportfor dynamictype castsof external
names/addresses:

topdecl

| ‘foreign’ 'import’ [callconv] "dynamic’ [unsafe’]
varid 1 Addr -> (prim_args -> 10 prim_result)

i.e.,identicalto aforeign  import declarationput for the specificatiorof dynamic insteadof the
nameof anexternalfunction. The presencef dynamic indicateshatwhenanapplicationof varid
is evaluatedthefunction pointedto by its first argumentwill beinvoked,passingt therestof

varid 'sarguments.

Whatarethe usesof this?Native invocationof COM methods? Haslell librariesthatwantto be
dressedip asC libs (andhencemayhave to supportC callbacks)Haslell codethatneedto
dynamicallyloadandexecutecode.

7.4. Exposing Haskell functions
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Sofarwe've providedthe Haslell programmemwith waysof importing externalfunctionsinto the
Haslell world. The otherhalf of the FFI coinis how to exposeHaslell functionalityto the outside
world. So,dualto theforeign  import declaratioris foreign  export :

topdecl

| ‘’foreign’ ‘export’ callconv [ext_name] wvarid : prim_type
A foreign  export declaratiortellsthe compilerto exposealocally definedHaslell functionto
theoutsideworld, i.e.,wrapit up behindacalling interfacethat's useabldrom C. It is only permitted
atthetoplevel, whereyou have to specifythetypeatwhich you wantto export the function,along
with thecalling corventionto use.For instancethefollowing export declaration:

foreign  export ccall “"foo" bar : Int -> Addr -> 10 Double

will causea Haslell systento generatéhefollowing C callablefunction:
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HsDouble foo(HslInt argl, HsAddr arg2);

Wheninvoked, it will call theHaslell functionbar , passingt thetwo argumentghatwaspassedo
foo()

- Therangeof typesthatcanbe passedsargumentsandresultsis restrictedsincevarid hasgota
prim_type

- It is not possibleto directly export operatorsymbols.

« Thetypecheclerwill verify thatthetypegivenfor theforeign  export declaratioris

compatiblewith the typegivento functiondefinitionitself. Thetypein theforeign  export
may belessgenerathanthatof thefunctionitself. For examplethisis legal:

f  Numa =>a -> a
foreign  export ccall "fint" f o Int -> Int
foreign  export ccall "fFloat" f » Float -> Float

Thesedeclarationgxporttwo C-callableprocedured$int andfFloat , bothof whichare
implementedy the (overloadedHaslell functionf .

« Theforeign  export edlO actionmustcatchall exceptionsasthe FFI doesnotaddresiow to
signalHaslell exceptiongto the outsideworld.

7.4.1. Exposing Haskell function values

Theforeign  export declaratiorgivesthe C programmemccesgo staticallydefinedHaslell
functions.It doesnotallow youto corvenientlyexposedynamically-createtaslell functionvalues
asC functionpointersthough.To permitthis, the FFI supportsdynamicforeign ~ export s:

topdecl

| ‘’foreign’ ‘export’ [callconv] "dynamic’ varid : prim_type -> |0 Addr

A foreign  export dynamic declaratiordeclaresa C functionpointergenertor. GivenaHaslell
functionvalueof somerestrictedtype,the generatomwrapsit up behindanexternallycallable
interface returningan Addr to anexternally callable(C) functionpointer

Whenthatfunction pointeris eventuallycalled,the correspondingdaslell functionvalueis applied
to thefunctionpointer's agumentsandevaluatedreturningtheresult(if any) backto thecaller.

Themappingbetweertheargumentto aforeign  export  dynamic declaratiorandits
corresponding function pointertype,is asfollows:

typedef  cType[[Res]] (*Varid_FunPtr)
(cType[[Ty_1]] v CType[[Ty_n]]);
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wherecType[[]] istheHaslell to C typemappingpresentedn SectionSection7.2.5.

To makeit all abit moreconcreteheres anexample:

foreign  export dynamic mkCallback : (Int -> 10 Int) -> 10 Addr
foreign  import  registerCallback 2 Addr -> 10 ()
exportCallback o (nt > 10 Int) -> 10 ()

exportCallback f = do
fx <- mkCallback f
registerCallback fx

TheexportCallback  letsyouregistera Haslell functionvalueasa callbackfunctionto some
externallibrary. The C type of the callbackthatthe externallibrary expectsin
registerCallback() ,is: 4

typedef Hsint (*mkCallback_FunPtr) (HsInt  argl);

Creatingtheview of a Haslell closureasa C function pointerentailsregisteringthe Haslell closure
asa'root’ with theunderlyingHaslell storagesystem sothatit won't begarbagecollected.The FFI
implementatiortakescareof this, but whenthe outsideworld is throughwith usinga C function
pointergeneratedby aforeign  export dynamic declarationjt needgo beexplicitly freed.This
is doneby calling:

void freeHaskellFunctionPtr(void *ptr);

In theeventyou needto free thesefunction pointersfrom within Haslell, a standardforeign
import’edbinding of theabove C entry pointis alsoprovided,

Foreign.freeHaskellFunctionPtr : Addr -> 10 ()

7.4.2. Code addresses
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Theforeign  import declaratiorallows usto invoke anexternalfunction by namefrom within the
comfortsof the Haslell world, while foreign ~ import  dynamic letsusinvoke anexternal
functionby addressHowever, theres no way of gettingat the codeaddres®of someparticular
externallabelthough whichis attimesuseful,e.g.for the constructiorof methodtablesfor, say
Haslell COM componentsTo supportthis,the FFl hasgotforeign  label s:

foreign  label "freeAtLast" addrOf_freeAtLast  Addr
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Themeaningof this declaratioris thataddrOf_freeAtLast will now containtheaddres®f the
labelfreeAtLast

Notes

1. Noticethatwith Haslell 98,underscord’ ') isincludedin thecharacteclasssmall .

2. Thestdcall isaMicrosoftWin32 specificwrinkle; it usedthroughouthe Win32 AP, for
instance On platformswherestdcall  isn’t meaningful,it shouldbetreatedasbeingequalto
ccall

Or theinterfacingto ary othersoftwarecomponentechnologies.

4. An FFlimplementations encouragedio generatdéhe C typedefcorrespondindo aforeign
export dynamic declarationputisn’t requiredto doso.
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Chapter 8. What to do when something goes
wrong

If you still have aproblemafterconsultingthis section thenyou mayhave founda bug—please
reportit! SeeSection8.3for alist of thingswe'd like to know aboutyour bug. If in doubt,senda
report—welove mail from irate users:-!

(Section6.14,which describesSlasgav Haslell’s shortcomingwvs. the Haslell languagedefinition,
may alsobe of interest.)

8.1. When the compiler “does the wrong thing”

“Help! Thecompilercrashedor ‘panic’d)!”

Theseeventsarealwaysbugsin the GHC system—pleaseeportthem.

“The compilerranout of heap(or stack)whencompilingitself!”

It happensWe try to supplyreasonableH<n> flagsfor ghc/compiler/ andghc/lib/ , but
GHC’s memoryconsumptiorcanvary by platform (e.g.,on a 64-bit machine).

Justsaymake all EXTRA_HC_OPTS=-H<a reasonablenumber> andseehow you get
along.

Notethatthisis lesslik ely to happerif you arecompilingwith GHC 4.000r later, sincethe
introductionof the dynamicallyexpandingheap.

“The compilerdiedwith a pattern-matchingrror”

Thisis abugjustassurelyasa“panic.” Pleasaeportit.

“This is aterribleerrormessage.”
If you think thatGHC could have produceda bettererrormessagepleasaeportit asa bug.

“What aboutthese'trace’ messagefom GHC?”

Almost surelynot a problem.About somespecificcases..

Simplifier still goingafterN iterations:

Sad,but harmlessYou canchangehe numberwith a
-fmax-simplifier-iterations<N> option (no space)andyou canseewhatactions
took placein eachiterationby turning on the -fshow-simplifier-progress option.

If thesimplifier definitelyseemgo be“looping,” pleasereportit.
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“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 youturnon-fno-implicit-prelude ,
thecompilerwill almostsurelydie, unlessyou know whatyou aredoing.

Furthermoreassketchedbelow, you may have big problemsrunningprogramscompiledusing
unstablenterfaces.

“I think GHC is producingincorrectcode”:
Unlikely :-) A usefulbe-more-paranoidptionto give to GHC is -dcore-lint ; this causes
“lint” passto checkfor errors(notablytype errors)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

“What's a‘consisteng error'?”
(Thesearereportedust afterlinking your program.)

Youtriedto link incompatibleobjectfiles, e.g.,normalones(registerised Appel
garbage-collectomyith profiling ones(two-spacecollector).Or thosecompiledby a previous
versionof GHC with anincompatiblenewer version.

If yourunnm -0 *.0 | egrep’t (cclhsc)\. (or, onunregisterisediles: what *.0), you'll seeall
the consisteng tags/stringsn your objectfiles. They mustall bethe same!(ToDo: tell you
whatthey mean..)

“Is thisline numbenight?”

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.

8.2. When your program “does the wrong thing”

(For adviceaboutoverly slow or memory-hungryHaslell programspleaseseeChapters).
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“Help! My programcrashed!”
(e.g.,a‘segmentatiorfault’ or ‘core dumped’)

If your programhasno foreigncallsin it, thena crashis alwaysa BUG in the GHC system,
exceptin onecaself your programis madeof severalmodulesgachmodulemusthave been
compiledafterany modulesonwhichit dependgunlessyou use.hi-boot  files,in which case
thesemustbe correctwith respecto themodulesource).

For example,if aninterfaceis lying aboutthe type of animportedvaluethenGHC maywell
generataluff codefor theimportingmodule.Thisappliesto pragmasinsideinterfacestoo! If
thepragmais lying (e.g.,aboutthe“arity” of avalue),thenduff codemayresult.Furthermore,
aritiesmay changeavenif typesdo not.

In short,if you compileamoduleandits interfacechangesthenall themodulesthatimport that
interfacemustbere-compiled.

A usefuloptionto alertyou wheninterfaceschangds -hi-diffs . It will rundiff onthe
changednterfacefile, beforeandafter, whenapplicable.

If you areusingmake, GHC canautomaticallygeneratehe dependencieequiredin orderto
male surethatevery moduleis up-to-datewith respecto its importedinterfaces Pleasesee
Section3.7.6.

If you aredown to your last-compile-before-atg-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, becausegou cantrash
theheap the stack,or whateser.

If you areinterestedn hard-coredeluggingof a crashingGHC-compiledprogram pleasesee
Section8.4.

“My programenteredan‘absent’argument.”

Thisis definitelycausedy abugin GHC. Pleaseaeportit.

“What's with this ‘arithmetic (or ‘floating’) exception’?

Int , Float ,andDouble arithmeticis uncheded. Overflows, underflavs andlossof precision
areeithersilentor reportedasanexceptionby the operatingsystem(dependingn the
architecture)Divide-by-zeromaycausean untrappedxception(pleasereportit if it does).
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8.3. How to report a bug in the GHC system

Glasgav Haslell is achangingsystemsotherearesureto be bugsin it. Pleaseeportthemto
<glasgow-haskell-bugs@haskell.org >! (However, pleasecheckthe earlierpartof this section
to besureit’ s nota known not-really-aproblem.)

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

1. Whatkind of machineareyou runningon, andexactly whatversionof the operatingsystemare
you using?(uname-a or cat/etc/motd will showv thedesiredinformation.)

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

3. Runthesequencef compiles/runghatcausedhe offendingbehaiour, capturingall the
input/outputin a“script” (a UNIX command)or in anEmacsshellwindow. We'd preferto see
thewholething.

4. Besureary Haslell compilationsarerunwith a-v (verboseflag, sowe canseeexactly what
wasrun, whatversionsof thingsyou have, etc.

5. Whatis theprogrambehasiour 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 prefet

8.4. Hard-core debugging of GHC-compiled programs

If your programis crashingyou shouldalmostsurelyfile abug report,asoutlinedin previous
sections.

This sectionsuggestsvaysto Make FurtherProgresgAnyway.

Thefirst thing to establishis: Is it a garbage-collectiofGC) bug?Try your programwith avery
largeheapanda-Sstderr RTSflag.

- If it crashesvithoutgarbage-collectinghenit is definitelynota GC bug.

- If youcanmalkeit crashwith oneheapsizebut notwith anotherthenit probablyis a GC bug.

. If it crashesvith thenormalcollector, but notwhenyou forcetwo-spacecollection(-G1 runtime
flag), thenit probablyis a GC bug.

If it isaGC bug, youmaybeableto avoid it by usinga particularheapsizeor by usinga-G1

runtimeflag. (But don't forgetto reportthe bug!!!)

ToDo: morehere?
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This sectiondescribe®therprogram(s)vhich we distribute, thathelpwith the GreatHaslell
Programmingrask.

9.1. Emacs ‘TAGS’ for Haskell: hstags

‘Tags'is afacility for indexing the definitionsof programming-languagthingsin a multi-file
programandthenusingthatindex to jump aroundamongthesedefinitions.

Ratherthanscratchyour head,saying“Now wheredid we define'foo’?”, youjustdo (in Emacs)
M-. foo RET, andYou're There!Somepeoplegowild overthis stuf. ..

GHC comeswith a programhstags which build Emacs-abl&AGSfiles. Theinvocationsyntaxis:

hstags [GHC-options] file  [files...]

Thebestthingis justto feedit your GHC command-lindlags.A goodMakefile entry might be:

tags:
$(RM) TAGS
hstags $(GHC_FLAGS) *.lhs

Theonly flagsof its own are:-v to beverbose;a to APPENDto the TAGSfile, ratherthanwrite to
it.

Shortcomings(1) Instancedeclarationslon’t getinto the TAGSfile (but the definitionsinsidethem
do); asinstancesrent namedthisis probablyjustaswell. (2) Data-constructodefinitionsdon't get
in. Go for the correspondindype constructotinstead.

(Actually, GHC alsocomeswith etags[for C], andperltags[for You Know What]. And—I cannot
tell alie—thereis DenisHowe's fptags [for Haslell, etc.]in theghc/CONTRIB section..)

9.2. “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/happy/).
Happy is atits shiningbestwhencompiledby GHC.
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9.3. Pretty-printing Haskell: pphs

Andrew Preecéhaswritten pphs, a utility to pretty-printHaslell codein LaTeX documents.
Keywordsin bolds,variabledn italics—thatsortof thing. It is goodatlining up programclausesand
equalssigns,thingsthatarevery tiresometo do by hand.

Thecodeis distributedwith GHC in ghc/CONTRIB/pphs .
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OnWin32 platforms,the compileris capableof both producingandusingdynamiclink libraries
(DLLs) containingghc-compileccode.This sectionshavs you how to make useof this facility.

10.1. Linking with DLLs

Thedefaulton Win32 platformsis to link applicationsn suchaway thatthe executablewill usethe
PreludeandsystemlibrariesDLLs, ratherthancontain(large chunksof) them.This s 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 - main.exe

-PWXTr-Xr-X 1 544 everyone 6144 May 3 17:11 main.exe*
sh$ ./main

hello, world!

sh$

will giveyouabinaryasbefore,butthemain.exe generateavill usethe PreludeandRTS DLLs
instead.

6K for a"hello, world" application—nobad,huh?:-)

10.2. Not linking with DLLs

If youwantto build anexecutablehatdoesnt dependon ary ghc-compiledDLLs, usethe -static
optionto link in the codestatically

Noticethatyou cannotmix codethathasbeencompiledwith -static ~ andnot, soyou haveto use
the-static  optiononall the Haslell modulesthatmake up your application.

10.3. Creating a DLL

Sealingupyour Haslell library insidea DLL is quite straightforvard;compileup the objectfiles that
male up thelibrary, andthenbuild the DLL by issuingthe following command:
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ghc -mk-dll -0 HSsuper.dll A.0 Super.o B.o libmine.a -lgdi32

By feedingthe ghccompilerdriverthe option-mk-dil , it will build aDLL ratherthanproducean
executableTheDLL will consistof all the objectfiles andarchivesgivenonthecommandine.

A coupleof thingsto notice:

- SinceDLLs correspondo packagegseeSection3.7.4.1)you needto use-package-name
dil-name whencompilingmodulesthatbelongto aDLL. If youdon't, Haslell codethatcalls
entrypointsin thatDLL will do soincorrectly andacrashwill result.

+ By default,theentrypointsof all theobjectfiles will beexportedfrom theDLL whenusing
-mk-dll . Shouldyou wantto constrainthis, you canspecifythe moduledefinitionfile to useon
thecommandine asfollows:

ghc -mk-dll -0 ... -optdll-def -optdlIMyDef.def

SeeMicrosoft documentatiorfior details,but a moduledefinitionfile simply lists whatentry points
you wantto export. Here's onethat’s suitablewhenbuilding aHaslell COM senerDLL:

EXPORTS
DliCanUnloadNow
DliGetClassObject
DlIRegisterServer
DllUnregisterServer

DlICanUnloadNow@0
DliGetClassObject@12
DlIRegisterServer@0
DllUnregisterServer@0

« In additionto creatinga DLL, the-mk-dll  optionwill alsocreateanimportlibrary. Theimport
library nameis derivedfrom the nameof the DLL, asfollows:

DLL: HScool.dll ==> import lib: libHScool_imp.a

Thenamingschememaylook abit weird, but it hasthe purposeof allowing the co-existenceof
import librarieswith ordinarystaticlibraries(e.g.,libHSfoo.a  andlibHSfoo_imp.a
Additionally, whenthe compilerdriveris linking in non-statianode,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.
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Chapter 1. Introduction

HugsandGHC provide acommonsetof librariesto aid portability. This documenspecifiesghe
interfacesto thesdibrariesanddocumentknown differencesilt is the hopeof the GHC teamthat
thesdibrariesin thelong run becomepartof every Haslell system.

1.1. Naming Conventions

Thesetof interfacesspecifiedn this documentry to adhereo the following namingcorventions:

« Actionsthatcreatea new valueshave the prefix new followedby the nameof the type of object
they’re creating.e.g.,newlORef , newChan etc.

- Operationghatreada valuefrom amutableobjectareprefixedwith read , andoperationghat
updatethe contentshave the prefixwrite , e.g.,readChan , readlOArray . Notes:

. Thisdiffersfrom the corventionusedto namethe operationgor readingandwriting to afile
Handle , whereget andput areusedinstead.

- Operationgprovidedby variousconcurreng abstractionse.g.,MVar, CVar , alsodeviatefrom
this namingschemeThis is perhapglefensible sincethe readandwrite operationhave
additionalbehaviour, e.g.,takeMVar triesto readthe currentvalueof anMvar, lockingit if it
succeeds.

- Corversionsoperatorave theform AToB whereA andB arethetypeswe’re corvertingbetween.

« Operationghatlazily readvaluesfrom a mutableobject/handlehave theform getXContents
e.g.,Channel.getChanContents andIO.hGetContents . (OK, sothelatterisn’t called
getHandleContents  , but you hopefullygetthe picture.)
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Chapter 2. The concurrent category:
concurrenc y suppor t

2.1. Concurrent Haskell
GHC andHugsbothprovide concurreng extensionsasdescribedn Concurrentaslell
(http://lwww.haslell.org/ghc/docs/ppers/concurent-taslell.ps.gz)

Concurreng in GHC andHugsis "lightweight", which meanghatboththreadcreationandcontext
switchingoverheadsreextremelylow. Schedulingof Haslell threadds doneinternallyin the
Haslell runtimesystemanddoesnt make useof ary operatingsystem-suppliethreadpackages.

Haslell threadscancommunicatevia MVars, a kind of synchroniseanutablevariable(seeSection
2.4.3).Severalcommonconcurrenyg abstractionganbe built from MVars, andtheseareprovidedby
theConcurrent  library, whichis describedn thelatersectionsThreadsnayalsocommunicatezia
exceptions.

2.2. Concurrenc y Basics

To gainaccesgo theconcurreng primitives,justimport  Concurrent  in your Haslell module.In
GHC,youalsoneedto addthe-syslib ~ concurrent  optionto thecommandine.

To createa new thread,useforklO
forklO ' 10 () -> IO Threadld

This sparksoff a new threadto runthelO computatiorpassedsthefirst argument.

ThereturnedThreadld is anabstractyperepresenting handleto the newly createdhread.The
Threadld typeis aninstanceof bothEq andOrd, wherethe Ord instancamplementsanarbitrary
total orderingover Threadid s.

Threadsnayalsobekilled via the Threadld :
killThread :» Threadld -> 10 ()

thisterminateghegiventhread(Note:killThread  is notimplementedn Hugsyet). Any work
alreadydoneby thethreadisn’t lost: the computatioris suspendedntil requiredby anotherthread.
Thememoryusedby thethreadwill be garbagecollectedif it isn’t referencedrom arywhereelse.

More generallyanarbitraryexception(seeSectiond4.8) mayberaisedin ary threadfor whichwe
haveaThreadld , with raiselnThread
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raiselnThread ;. Threadld -> Exception -> 10 ()

Actually killThread ~ justraisesheThreadKilled  exceptionin thetargetthreadthenormal
actionof whichis to justterminatethethread.Thetargetthreadwill stopwhatererit wasdoing
(evenif it wasblockedon anMvar or othercomputationandhandlethe exception.

Oneimportantpropertyof raiseinThread ~ (andthereforekillThread ) is thatthey are
syndironous in thesensdhatafterperformingaraiseinThread ~ operationthecalling threadcan
be certainthatthetargetthreadhasrecevvedthe exception.In otherwords,thetargetthreadcannot
performary moreprocessinginlesst handleghe exceptionthathasjustbeenraisedin it. Thisis a
usefulpropertyto know whendealingwith raceconditions:eg. if therearetwo threadgshatcankill
eachother; it is guaranteedhatonly oneof thethreadswill getto kill the othet

TheThreadld for the currentthreadcanbe obtainedwith myThreadld :

myThreadld :: 10 Threadld

NOTE: if youhaveaThreadld , you essentiallyhave a pointerto the threaditself. This meanghe
threaditself can't be garbagecollecteduntil you dropthe Threadld . This misfeaturewill hopefully
becorrectechtalaterdate.

2.3. Scheduling

GHC usespreemptivemultitasking context switchescanoccuratary time. At presentHugsuses
coopeative multitasking context switchesonly occurwhenyou useoneof the primitivesdefinedin
this module.This meanghatprogramssuchas:

main = forklO (write 'a’) » write b’
where write ¢ = putChar c » write ¢

will print eitheraaaaaaaaaaaaaa...  or bbbbbbbbbbbb... , insteadof somerandominterlearing
of asandbs. In practice cooperatie multitaskingis sufficient for writing simplegraphicaluser
interfaces.

Theyield actionforcesa context-switchto ary othercurrentlyrunnablethreadqif ary), andis
occasionallyusefulwhenimplementingconcurreng abstractions:

yield = 10 ()

2.3.1. Thread Waiting

Thereareoperationgo delaya concurrenthread,andto make onewait:
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threadDelay ToInt > 10 ()
threadWaitRead oInt > 10 ()
threadWaitWrite ToInt > 10 ()

ThethreadDelay  operationwill causethe currentthreadto suspendor a givennumberof
microseconddNotethattheresolutionusedby the Haslell runtimesystems internaltimer together
with thefactthatthe threadmaytake sometime to berescheduledfterthetime hasexpired,means
thattheaccuray is morelike 1/50second.

threadWaitRead andthreadwaitWrite canbeusedto block athreaduntil I/0 is availableon a
givenfile descriptor Theseprimitivesareusedby thel/O subsystento ensurethata threadwaiting
on I/O doesnt hangthe entiresystem.

2.3.2. Blocking

Calling aforeignC procedurgsuchasgetchar ) thatblockswaiting for inputwill blockall threads,
in bothGHC andHugs.The GHC I/O systemusesnon-blockingl/O internallyto implement
thread-friendiyl/O, socalling standardHaslell /O functionsblocksonly the theadmakingthecall.

2.4. Concurrenc y abstractions

2.4.1. Chan: Channels

A Channel is anunboundedthannel:

data Chan a

newChan 10 (Chan a)

writeChan : Chana > a -> 10 ()
readChan : Chan a > 10 a
dupChan i Chan a -> 10 (Chan a)
unGetChan : Chana > a -> 10 ()
getChanContents : Chan a -> 10 [a]
writeList2Chan 2 Chana > [a] -> 10 ()

2.4.2. Cvar : Channel variables

A channelvariable (Cvar) is a one-elementhannelasdescribedn the paper:

data CVar a
newCVar :: 10 (CVar a)
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putCvar :: CVar a -> a -> 10 ()
getCvar @ CVar a -> 10 a

2.4.3. War : Synchronising variables

TheMVar interfaceprovidesaccesgo “MV ars” (pronouncedem-vars”), which aresyndironising
variables An MVar is simply a box, which maybeemptyor full. Thebasicoperationsavailableover
MVars aregivenbelow:

data MVar a - abstract
instance Eq (MVar a)

newEmptyMVar : 10 (MVar a)

newMVar ©oa-> 10 (MVar a)
takeMVar % Mvar a -> 10 a
putMVar % Mvara-> a-> 10 ()
readMVar % Mvar a -> 10 a
swapMVar o MVara -> a -> 10 a
tryTakeMVar : Mvar a -> 10 (Maybe a)
isEmptyMVar . Mvar a -> 10 Bool
newEmptyMVar

newMVar

New emptyMVars canbe createdwith newEmptyMVar . To createanMVar with aninitial value,
usenewMVar.

takeMVar
ThetakeMVar operatiorreturnsthe contentof the Mvar if it wasfull, or waitsuntil it
becomedull otherwise.

putMVvar
TheputMVvar operationputsa valueinto anemptyMvar. Calling putMvar onanalreadyfull
MVar resultsin aPutFullMVar — exceptionbeingraised(seeSection4.8).

tryTakeMVar

ThetryTakeMVar is anon-blockingversionof takeMvar . If theMVvar is full, thenit returns
Just a (wherea is thecontentof the Mvar) andemptieshe Mvar. If theMvar is empty it
immediatelyreturnsNothing

isEmptyMVar

TheoperationsEmptyMVar returnsaflagindicatingwhetherthe Mvar is currentlyemptyor
filled in, i.e.,will athreadblockwhenperformingatakeMvar onthatMvar or not?
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Pleaseoticethatthe Booleanvaluereturnedfrom isEmptyMVar represenjustasnapshobf
the stateof the Mvar. By thetime athreadgetsto inspecttheresultandactuponit, other
threadsmayhave accessethe Mvar andchangedhefilled-in’ statusof thevariable.Thesame

proviso appliesto isEmptyChan (next sub-section).

readMVar
Thisis acombinationof takeMVvar andputMVar ; ie. it takesthevaluefrom the Mvar, putsit
back,andalsoreturnsit.

swapMVar
swapMVar swapsthe contentsof anMvar for anew value.

2.4.4. Gem General semaphores

data QSem

newQSem © Int -> |0 QSem
waitQSem . QSem -> 10 ()
signalQSem © QSem -> 10 ()

2.4.5. @GenN: Quantity semaphores

data QSemN

newQSemN o Int > 10 QSemN
signalQSemN : QSemN-> Int -> 10 ()
waitQSemN : QSemN-> Int -> 10 ()

2.4.6. Sanpl eVar : Sample variables

A samplevariable (Samplevar ) is slightly differentfrom anormalMvar:

ReadinganemptySampleVar causeshereaderto block (sameastakeMVar onemptyMVar).

Readingafilled Samplevar emptiest andreturnsvalue.(sameastakeMVar )

- Writing to anemptySampleVvar fills it with avalue,andpotentially wakesup ablockedreader
(sameasfor putMvar onemptyMvar).

« Writing to afilled SampleVar overwritesthe currentvalue.(differentfrom putMvar onfull
MVar.)
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type SampleVar a = MVar (Int, MVar a)

emptySampleVar 1 SampleVar a -> 10 ()
newSampleVar 1O (SamplevVar a)
readSample ;. SampleVar a -> 10 a
writeSample . Samplevar a -> a -> 10 ()

2.4.7. Merging Streams

Merging streams—binarandn-ary:

mergelO 1 [a] > [a] -> 10 [q]
nmergelO :: [[a]] -=> 10 [a]

Theseactionsfork onethreadfor eachinputlist thatconcurrentlyevaluateghatlist; theresultsare
memgedinto a singleoutputlist.

Note: Hugsdoesnot provide the functionsmergelO or nmergelO sincetheserequirepreemptve
multitasking.

2.5. The Concurrent library interface
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Thefull interfacefor theConcurrent  library is givenbelow for reference:

data Threadld - thread identifiers
instance Eq Threadld
instance  Ord Threadld

forklO w10 () -> 10 Threadld
myThreadld 10 Threadld

killThread : Threadld -> 10 ()
par T a->b->0>0

seq T a-=>b->0>0

fork » a->b->0b

yield 10 ()

threadDelay oInt -> 10 ()
threadWaitRead o Int > 10 ()
threadWaitWrite oInt -> 10 ()
mergelO T [a] > [a -> 10 [q]
nmergelO : [[a]] >y 10 [a]
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module Chan
module CVar
module MVar
module QSem
module QSemN
module SampleVar

2.6. GHC-specific concurrenc y issues

In astandalon&HC program,only the mainthreadis requiredto terminatein orderfor the process
to terminate Thusall otherforkedthreadswill simply terminateatthe sametime asthe mainthread
(theterminologyfor this kind of behaviour is “daemonicthreads”).

If youwantthe programto wait for child threadgo finish beforeexiting, you needto programthis
yourself.A simplemechanisnis to have eachchild threadwrite to anMvar whenit completesand
have the mainthreadwait on all the Mvars beforeexiting:

myForklO = 10 () -> 10 (Mvar ()
myForklO o = do
mvar <- newEmptyMVar
forklO  (io ‘finally* putMVar mvar ())
return  mvar

Notethatwe usefinally ~ from the Exception moduleto make surethatthe Mvar is writtento
evenif thethreaddiesor is killed for somereason.

A bettermethodis to keepa globallist of all child threadswvhich we shouldwait for atthe endof the
program:

children : MVar [MVar ()]
children = unsafePerformlO (newMVar [])

waitForChildren 10 ()
waitForChildren = do
(mvar:mvars) <- takeMVar children
putMVar children mvars
takeMVar mvar
waitForChildren

forkChild 2 10 () > 10 ()
forkChild io = do
mvar <- newEmptyMVar
forklO (p ‘finally’ putMVar mvar ())
childs <- takeMVar children
putMVar children (mvar:childs)
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later = flip finally
main =
later  waitForChildren $
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Chapter 3. The dat a categor y: datatypes

3.1. Edison

Edisonis acompletepackageof datastructuredor Haslell. Documentatiortancurrentlybefound
at The Edisonhomepage(http://www.cs.columbia.edu/~cdo/ebry).

3.2. The Fi ni t eMap type

Whatfunctionalprogrammergall a finite map everyoneelsecallsalookuptable.

Out codeis derivedfrom thatin this paperS Adams"Efficient sets:a balancingact" Journalof
functionalprogramming3(4) Oct 1993,page553-562"Guessvhat?Theimplementatioruses

balancedrees.

data FiniteMap key elt - abstract

- BUILDING

emptyFM . FiniteMap  key elt

unitFM : key -> elt -> FiniteMap key elt

listToFM w Ord key => [(key,elt)] -> FiniteMap key elt

- In the case of duplicates, the last is taken

- ADDING AND DELETING
- Throws away any previous binding

In the list case, the items are added starting with  the
- first one in the list

addToFM : Ord key => FiniteMap key elt -> key -> elt -
> FiniteMap  key elt
addListToFM . Ord key => FiniteMap key elt -> [(key,elt)] -

> FiniteMap  key elt

- Combines with previous binding

- In the combining function, the first argument is
- the "old" element, while the second is the "new" one.
addToFM_C : Ord key => (elt -> elt -> elt)

-> FiniteMap key elt -> key -> elt
-> FiniteMap key elt

addListToFM_C : Ord key => (elt -> elt -> elt)
-> FiniteMap key elt -> [(key,elt)]
-> FiniteMap key elt
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Deletion  doesnt complain if you try to delete something
- which isnt  there

delFromFM : Ord key => FiniteMap key elt -> key -
> FiniteMap key elt
delListFromFM  Ord key => FiniteMap key elt -> [key] -

> FiniteMap  key elt

- COMBINING
- Bindings in right argument shadow those in the left
plusFM © Ord key => FiniteMap key elt -> FiniteMap key elt
-> FiniteMap key elt

Combines bindings for the same thing with the given function
plusFM_C : Ord key => (elt -> elt -> elt)
-> FiniteMap key elt -> FiniteMap key elt

> FiniteMap  key elt

minusFM © Ord key => FiniteMap key elt -> FiniteMap key elt -
> FiniteMap  key elt

(minuskFM al a2) deletes from al any bindings which are bound in a2

intersectFM © Ord key => FiniteMap key elt -> FiniteMap key elt -
> FiniteMap key elt
intersectFM_C : Ord key => (elt -> elt -> elt)

-> FiniteMap key elt -> FiniteMap key elt

> FiniteMap key elt

- MAPPING, FOLDING, FILTERING

foldFM i (key -> elt -> a -> a) -> a -> FiniteMap key elt ->
mapFM n (key -> eltl -> elt2) -> FiniteMap key eltl -

> FiniteMap  key elt2

filterFM  Ord key => (key -> elt -> Bool)

-> FiniteMap key elt -> FiniteMap key elt

- INTERROGATING

sizeFM @ FiniteMap key elt -> Int
isEmptyFM ;. FiniteMap key elt -> Bool
elemFM . Ord key => key -> FiniteMap key elt -> Bool
lookupFM . Ord key => FiniteMap key elt -> key -> Maybe elt
lookupWithDefaultFM
: Ord key => FiniteMap key elt -> elt -> key -> elt
- lookupWithDefaultFM supplies a "default" elt
- to return for an unmapped key
- LISTIFYING
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fmToList . FiniteMap key elt -> [(key,elt)]
keysFM . FiniteMap key elt -> [key]
eltsFM : FiniteMap key elt -> [elf]

3.3. The Set type
Ourimplementatiorof sets(key property:no duplicatesjs justavariantof theFiniteMap module.

data Set - abstract
- instance of: Eq

emptySet . Set a

mkSet : Ord a => [a] -> Set a

setToList © Set a > [a]

unitSet  a -> Set a

singletonSet  a -> Set a - deprecated, use unitSet.
union : Ord a => Set a -> Set a -> Set a
unionManySets : Ord a => [Set a] -> Set a

minusSet  Ord a => Set a -> Set a -> Set a
mapSet : Ord a=> (b -> a -> Set b -> Set a
intersect 2 Ord a => Set a -> Set a -> Set a
elementOf ©» Ord a => a -> Set a -> Bool
iSEmptySet © Set a -> Bool

cardinality : Set a -> Int
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Chapter 4. The | ang categor y: langua ge
suppor t

4.1. Addr

Thislibrary providesmachineaddresses,e., handleso chunksof raw memory It is primarily
intendedfor usewith the ForeignFunctioninterface(FFI) andwill usuallybeimportedvia the
moduleForeign (seeSection4.9).

4.1.1. Address Type and Arithmetic

data Addr - abstract handle for memory addresses
- instance of: Eqg, Ord, Show, Typeable

data AddrOff - abstract handle of address offsets

instance  of: Eq, Ord, Show, Enum, Num, Real, Integral, Typeable
nullAddr ;o Addr

alignAddr @ Addr -> Int ->  Addr

plusAddr »  Addr -> AddrOff -> Addr

minusAddr 1 Addr -> Addr ->  AddrOff

Thefollowing specifieshe behaiour of thefour functiondefinitions.

nullAddr o Addr

TheconstanhullAddr  containsadistinguishedralueof Addr thatdenotegheabsencef an
addresshatis associatedvith avalid memorylocation.

alignAddr @ Addr -> Int -> Addr

GivenanarbitraryaddresandanalignmentconstraintalignAddr  yieldsthenext higher
addresshatfulfills thealignmentconstraintAn alignmentconstrainix is fulfilled by any
addresdlivisible by x. This operationis idempotent.

plusAddr :: Addr -> AddrOff -> Addr

Advanceghe givenaddressy the givenaddres®ffset.

minusAddr 1 Addr -> Addr -> AddrOff

Computeghe offsetrequiredto getfrom thefirst to the secondargument We have
a2 == al ‘plusAddr (@2 ‘minusAddr al)
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4.1.2. The Standar d C-side Interface

Thefollowing definitionis availableto C programsnter-operatingwith Haslell codewhen
includingtheheadeHsFFI.h .

typedef void* HsAddr; /* C representation of an Addr */

4.1.3. Deprecated Functions

Thefollowing functionsaredeprecatedh thenew FFI. UsethemoduleStorable  (Section4.25)
instead.

- read value out of _immutable_ memory

indexCharOffAddr x Addr -> Int -> Char
indexIntOffAddr 0 Addr > Int > Int
indexAddrOffAddr o Addr -> Int -> Addr
indexFloatOffAddr ;> Addr -> Int -> Float
indexDoubleOffAddr  Addr -> Int -> Double
indexWord8OffAddr x Addr -> Int -> Word8
indexWord160ffAddr 2 Addr -> Int -> Word16
indexWord32OffAddr x  Addr -> Int -> Word32
indexWord640ffAddr : Addr > Int -> Word64
indexInt8OffAddr x Addr -> Int -> Int8
indexInt160OffAddr > Addr > Int -> Intl6
indexInt320ffAddr m Addr -> Int -> Int32
indexInt64OffAddr o Addr -> Int -> Int64
indexStablePtrOffAddr :: Addr -> Int -> StablePtr a

- read value out of mutable memory

readCharOffAddr x Addr -> Int -> 10 Char
readIntOffAddr > Addr > Int > 10 Int
readAddrOffAddr x Addr -> Int -> IO Addr
readFloatOffAddr m Addr -> Int -> 10 Float
readDoubleOffAddr > Addr -> Int -> 10 Double
readWord8OffAddr » Addr -> Int -> 10 Word8
readWord160ffAddr > Addr > Int -> 10 Wordl6
readWord320ffAddr x Addr -> Int -> IO Word32
readWord640OffAddr 2 Addr > Int -> 10 Word64
readInt8OffAddr x Addr -> Int -> IO Int8
readInt160ffAddr : Addr -> Int -> 10 Intl6
readInt320ffAddr : Addr -> Int -> 10 Int32
readInt64O0ffAddr m Addr -> Int -> 10 Int64
readStablePtrOffAddr @ Addr -> Int -> |0 (StablePtr a)

- write value into mutable memory
writeCharOffAddr : Addr -> Int -> Char > 10 ()
writeIntOffAddr © Addr -> Int -> Int > 10 ()
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writeAddrOffAddr x Addr -> Int -> Addr > 10 ()
writeFloatOffAddr @ Addr -> Int -> Float > 10 ()
writeDoubleOffAddr © Addr -> Int -> Double -> 10 ()
writeWord8OffAddr 2 Addr -> Int -> Word8 -> 10 ()
writeWord160ffAddr © Addr -> Int -> Wordlé -> 10 ()
writeWord320ffAddr o Addr -> Int -> Word32 -> 10 ()
writeWord64OffAddr 2 Addr -> Int -> Word64 -> 10 ()
writeInt8OffAddr x Addr -> Int -> Int8 > 10 ()
writeInt160ffAddr @ Addr -> Int -> Intl6 > 10 ()
writeInt320ffAddr : Addr -> Int -> Int32 > 10 ()
writeInt64OffAddr @ Addr -> Int -> Int64 > 10 ()
writeForeignObjOffAddr x Addr -> Int -> ForeignObj -> 10 ()
writeStablePtrOffAddr »  Addr -> Int -> StablePtr a-> 10 ()
- conversion to/from Int, a little bit  doubtful...

addrTolnt ©  Addr -> Int

intToAddr oo Int ->  Addr

- completely  deprecated

data Word = W# Word#

wordTolnt : Word > Int
intToWord o Int -> Word

4.1.4. Hugs Specifics

HugsprovidesAddr andnullAddr  but doesnot provide ary of theindex, reador write functions.
They canbeimplementedisingGreenCardf required.

4.2.Bits

This moduledefineshitwise operationgor signedandunsignednts. Instance®f class Bits can
beobtainedromtheint (Sectiond.13)andword (Section4.27)modules.

infixI 8 ‘shift’, ‘rotate’
infixl 7 &

infixI| 6 ‘xor

infixI| 5 .

class Bits a where

(.&), 1), xor a-> a-> a
complement a-> a

shift a-> Int > a
rotate a-> Int -> a
bit Int -> a
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setBit a-> Int > a
clearBit a-> Int -> a
complementBit a-> Int -> a
testBit a -> Int -> Bool
bitSize a -> Int
isSigned a -> Bool
shiftL, shiftR Bits a=>a-> Int -> a
rotateL, rotateR Bits a=>a -> Int -> a
shiftL a i = shift ai
shiftR a i = shift a (-)
rotateL a i = rotate a i
rotateR a i = rotate a (-)
Notes:

- bitSize andisSigned arelik e floatRadix
typeof theiragumentratherthanof the particularargumentthey areappliedto. bitSize
thenumberof bitsin thetype; andisSigned

andfloatDigits

—they returnparametersf the

returnswhetherthetypeis signedor not.

returns

- shift performssignextensionon signednumbertypes.Thatis, right shiftsfill thetop bits with 1
if thenumberis negative andwith 0 otherwise.

« Bits arenumberedrom 0 with bit O beingthe leastsignificantbit.
. shift x i androtate x i shifttotheleftif i is positve andto theright otherwise.

- bit i isthevaluewith thei’ th bit set.

4.3. Byt eArr ay

NOTE: TheByteArray interfaceis deprecatedpleaseuselArray  (Sectiond.12)or MArray
(Section4.16)instead.

ByteArray sarechunksof immutableHaslell heap:

data ByteArray ix - abstract

instance  Eq (ByteArray ix)

newByteArray Do Ixoix = (ix,ix) -> ST s (ByteArray iX)
indexCharArray o Ix ix => ByteArray ix -> ix -> Char
indexIntArray mIX ix => ByteArray ix -> ix -> Int
indexWordArray o Ix ix => ByteArray ix -> ix -> Word
indexAddrArray ©o X ix => ByteArray ix -> ix -> Addr
indexFloatArray o Ix ix => ByteArray ix -> ix -> Float
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indexDoubleArray o Ix ix => ByteArray ix -> ix -> Double
indexStablePtrArray © o IX ix => ByteArray ix -> ix -> (StablePtr a)
sizeofByteArray @ Ix ix => ByteArray ix -> Int

boundsOfByteArray o Ix ix => ByteArray ix -> (ix, ix)

Remarks:

« TheoperatiomewByteArray createsa bytearrayof lengthequalto therangeof its indicesin
bytes

+ sizeofByteArray returnsthe sizeof thebytearray in bytes

- Equalityon bytearraysis valueequality not pointerequality(asis the casefor its mutable
variant.)Two byte arraysareequalif they're of the samelengthandthey’re pairwiseequal.

4.4. CCal |

This moduleis deprecatedJsethe ForeignFunctioninterfaceinstead.

TheCcCall moduledefinesheclasse<Callable andCReturnable , alongwith instancedor the
primitivetypes(int , Int# , Float , Float# etc.)GHC knowsto importthis moduleif youuse
_ccall_ , butif youneedto defineyour own instance®f theseclassesyou will needto import
CCall explicitly.

4.5. CTypes

This moduleis partof thelanguage-dependepartof the ForeignFunctioninterface(FFl) - for the
language-independepart,seeSection4.9. It definesHaslell typesthatcanhold the primitive types
of C andcandirectly beusedin foreignimport andexport declarations.

Every type hasa constructoiof the samename whichis currentlyexported,too. Giventhelarge set
of instancedor eachtype, it is notclearif accesdo theconcreterepresentatiois really necessary
Someexperiences neededeforeafinal decisioncanbe madein thisrespect.

4.5.1. Integral types
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Thefollowing integral typeshave instancedor the classe<€q, Ord, Num Read, Show, Enum,
Typeable , Storable , Bounded, Real , Integral , andBits :

newtype CChar - char
newtype CSChar - signed char
newtype CUChar - unsigned char
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newtype CShort - short

newtype CUShort - unsigned short
newtype Cint - int

newtype CUInt - unsigned int

newtype ClLong - long

newtype CULong - unsigned long
newtype CLLong - long long

newtype CULLong - unsigned long long

4.5.2. Floating types

Thefollowing floatingtypeshave instancedor the classe€q, Ord, Num Read, Show, Enum,
Typeable , Storable , Real , Fractional , Floating , RealFrac , andRealFloat

newtype CFloat - float
newtype CDouble - double
newtype CLDouble - long double

4.6. CTypesl| SO

This moduleis partof thelanguage-dependepartof the ForeignFunctioninterface(FFI) - for the
language-independepart,seeSection4.9. It definesHaslell typescorrespondinghe most
importantlSO typesof C thatarenot coveredin themoduleCTypes.

Every type hasa constructoiof the samename whichis currentlyexported,too. Giventhelarge set
of instancedor eachtype, it is not clearif accesdo theconcreterepresentatiors really necessary
Someexperiences neededeforeafinal decisioncanbe madein thisrespect.

4.6.1. Integral types

Thefollowing integral typeshave instacedor theclassesq, Ord, Num Read, Show, Enum
Typeable , Storable , Bounded, Real , Integral , andBits :

newtype CPtrdiff - ptrdiff_t
newtype CSize - size_t

newtype CWChar - wchar_t
newtype CSigAtomic - sig_atomic_t
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4.6.2. Numeric types

Thefollowing numerictypeshave instancedor theclasse€q, Ord, Num Read, Show, Enum,
Typeable , andStorable

newtype CClock - clock t
newtype CTime - time_t

4.6.3. Misc types

Thefollowing typeshave instancedor the classes???

newtype CFile - FILE
newtype CFpos - fpos_t
newtype CJmpBuf - jmp_buf

4.7. Dynami c

TheDynamic library providescheap-and-cheerfalynamictypesfor Haslell. A dynamicallytyped
valueis onewhich carriestypeinformationwith it atrun-time,andis representetiereby the
abstractype Dynamic . Valuescanbe corvertedinto Dynamic oneswhich canthenbecombined
andmanipulatedy the programusingthe operationgprovidedoverthe abstractdynamictype.One
of theseoperationsallows you to (try to) corverta dynamically-typedraluebackinto a valuewith
the same(monomorphic}ypeit hadbeforecorvertingit into a dynamically-typedsalue.If the
dynamically-typedralueisn’t of thedesiredtype,the coercionwill fail.

TheDynamic library is capableof dealingwith monomorphidypesonly; no supportfor
polymorphicdynamicvalues but hopefullythatwill beaddedat alaterstage.

Exampleswvherethis library may comein handy(dynamictypes,really - hopefullythelibrary
providedherewill sufiice) are:persistenprogrammingjnterpretersdistributedprogramminggtc.

Thefollowing operationsareprovidedoverthe Dynamic type:

data Dynamic - abstract, instance  of: Show, Typeable
instance  Show Dynamic

toDyn . Typeable a => a -> Dynamic
fromDyn :: Typeable a => Dynamic -> a -> a
fromDynamic :: Typeable a => Dynamic -> Maybe a
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. toDyn corvertsavalueinto adynamicone,providedtoDyn knowsthe(concrete)ype
representatioof thevalue. The Typeable typeclassis usedto encodethis, overloadinga
functionthatreturnsthe typerepresentationf a value.More on this below.

« Therestwo waysof goingfrom adynamicvalueto onewith aconcreteype:fromDyn , triesto
corvertthedynamicvalueinto avaluewith the sametype asits secondargumentIf thisfails, the
default secondargumentis justreturnedfromDynamic returnsa Maybe typeinsteadNothing
comingbackif thecorversionwasnot possible.

- TheDynamic typehasgota Showinstancewvhich returnsa pretty printedstring of thetypeof the
dynamicvalue.(Usefulwhendelugging).

4.7.1. Representing types

Haslell typesarerepresentedstermsusingthe TypeRep abstractype:

data TypeRep - abstract, instance  of: Eq, Show, Typeable
data TyCon - abstract, instance  of: Eq, Show, Typeable
mkTyCon :: String -> TyCon

mkAppTy : TyCon -> [TypeRep] -> TypeRep

mkFunTy : TypeRep -> TypeRep -> TypeRep

applyTy . TypeRep -> TypeRep -> Maybe TypeRep

- mkAppTy appliesatype constructotto a sequencef types,returningatype.

« mkFunTy is aspecialcaseof mkAppTy, applyingthe functiontype constructoto a pair of types.
- applyTy appliesatypeto afunctiontype.If possibletheresulttypeis returned.

« Typeconstructor@rerepresentedly the abstractype, TyCon.

« Mostimportantly TypeRep s canbe comparedor equality Typeequalityis usedwhenconverting
aDynamic valueinto avalueof somespecifictype,comparingthetyperepresentatiothatthe
Dynamic valueembedswith equalityof thetyperepresentationf thetypewe're trying to corvert
thedynamically-typedsalueinto.

- To allow comparisondetweenmypeRep sto beimplementecefficiently, theabstract TyCon type
is used,with the constructorfunctionmkTyCon provided:

mkTyCon :: String -> TyCon
An implementatiorof the Dynamic interfaceguaranteethefollowing,
mkTyCon "a" == mkTyCon "a"

A really efficientimplementations possiblef we guarantee/demarttiatthe stringsareunique,and
for aparticulartype constructorthe applicationmkTyCon to the stringthatrepresentshetype
constructoiis never duplicated Q: Would this constaint be unworkablein practice?

175



Chapter4. Thel ang category: language support

- Both TyCon andTypeRep areinstance®f the Show typeclassesTo have tupletypesbeshavnin
infix form, the Show instanceguaranteethattype constructorsonsistingof n-commasij.e.,
(mkTyCon ",," ), isshovnasan(n+1) tuplein infix form.

4.7.2. The Typeable class

To easethe constructiorof Dynamic valueswe introducethefollowing type classto helpworking
with TypeReps:

class Typeable a where
typeOf : a -> TypeRep

- ThetypeOf functionis overloadedo returnthetyperepresentatioassociateavith atype.

- Important: Theargumentto typeOf is only usedto carrytypeinformationaroundsothat
overloadingcanberesohed. Typeable instanceshouldnever, everlook atthis argument.

« TheDynamic library providesTypeable instancedor all Preludetypesandall typesfrom the
lang packagdgiventhattheircomponentypesarethemselesTypeable).They are:

Prelude types:
[a], 0, (ab), (a,b,c), (a,b,c,d), (a,b,c,d,e), (a->b),
(Array a b), Bool, Char, (Complex a), Double, (Either a b),
Float, Handle, Int, Integer, (I0 a), (Maybe a), Ordering

Hugs/GHC types:
Addr, AddrOff, Dynamic, ForeignObj, (IORef  a),
Int8, Intl6, Int32, Int64, (ST s a), (StablePtr a),
TyCon, TypeRep, Word8, Wordl6, Word32, Word64

GHC types:
ArithException, AsyncException, (ByteArray i), CChar, CClock,
CDouble, CFile, CFloat, CFpos, Cint, CJmpbuf, CLDouble,
CLLong, CLong, CPtrdiff, CSChar, CShort, CSigAtomic, CSize,
CTime, CUChar, CUInt, CULLong, CULong, CUShort, CWchar,
Exception, (ICArray i e), (IOUArray i e), (MutableByteArray S i),
PackedString, (STArray s i e), (STUArray s i e), (StableName a),
(UArray i e), (Weak a)

Note: GHC's librariescurrentlycontainthe Typeable instancegor the datatypesin themodules
Exception , CTypes, andCTypesISO in thosemoduleshemseles.Thisis probablyanywaythe
right way to go, Dynamic shouldonly containinstancegor Preludetypes.
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4.7.3. Utility functions

Operationdor applyinga dynamicfunctiontypeto a dynamicallytypedargumentarecommonly
useful,andalsoprovided:

dynApply :: Dynamic -> Dynamic -> Dynamic - unsafe.
dynApplyMb :: Dynamic -> Dynamic -> Maybe Dynamic

4.8. Excepti on

The Exceptionlibrary providesaninterfacefor raisingandcatchingbothbuilt-in anduserdefined
exceptions.

Exceptionsaredefinedby thefollowing (non-abstractyiatatype:

- instance of Eq, Ord, Show, Typeable
data Exception

BlockedOnDeadMVar - Blocking on a dead MVar
NonTermination

= |OException IOError - 10 exceptions (from  'ioError’)

|  ArithException ArithException - Arithmetic exceptions

| ArrayException ArrayException - Array-related exceptions

| ErrorCall String - Calls to ’error

| NoMethodError String - A non-existent method was invoked
| PatternMatchFail String - A pattern  match failed

| RecSelError  String - Selecting a non-existent field

| RecConError String - Field missing in record construction

| RecUpdError String - Record doesn't contain updated field

| AssertionFailed String - Assertions

| DynException Dynamic - Dynamic exceptions

| AsyncException AsyncException - Externally generated  errors
| PutFullMVar - Put on a full MVar

I

|

- instance of Eq, Ord, Show, Typeable
data ArithException
= Overflow
| Underflow
| LossOfPrecision
| DivideByZero
| Denormal

- instance of Eqg, Ord, Show, Typeable
data AsyncException

= StackOverflow

| HeapOverflow
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| ThreadKilled
- instance of Eq, Ord, Show, Typeable
data ArrayException

= IndexOutOfBounds String - out-of-range array access
| UndefinedElement String - evaluating an undefined element

4.8.1. Kinds of exception

An implementatiorshouldraisethe appropriateexceptionwhenonceof the following conditions
arises:

IOException

Thesearethe standardO exceptionsfrom Haslell’s 10 monad.lO Exceptionsareraisedby
10.ioError

ArithException

Exceptiongaisedby arithmeticoperation

Overflow
Underflow
LossOfPrecision
DivisionByZero

Denormal

ArrayException

Exceptiongaisedby array-relatedperation$

IndexOutOfBounds

An attemptwasmadeto index anarrayoutsideits declaredoounds.
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UndefinedElement

An attemptwasmadeto evaluateanelemenf anarraythathadnotbeeninitialized.

ErrorCall
TheErrorCall  exceptionis thrown by error . TheString argumentof ErrorCall  isthe
stringpassedo error  whenit wascalled.

NoMethodError
An attemptwasmadeto invoke a classmethodwhich hasno definitionin thisinstanceand
therewasno defaultdefinitiongivenin theclassdeclarationGHC issuesa warningwhenyou
compileaninstancevhich hasmissingmethods.

PatternMatchFail
A patternmatchingfailure.TheString argumentshouldcontaina descriptve message
includingthefunctionname sourcefile andline number

RecSelError

A field selectionwasattemptedn a constructothatdoesnt have therequestedield. This can
happerwith multi-constructorecordswhenoneor morefields aremissingfrom someof the
constructorsTheString  argumentgivesthelocationof therecordselectionin the source
program.
RecConError
An attemptwasmadeto evaluateafield of arecordfor which no valuewasgivenat construction
time.TheString argumentgivesthelocationof therecordconstructionin the sourceprogram.
RecUpdError

An attemptwasmadeto updateafield in arecord,wheretherecorddoesnt have therequested
field. This canonly occurwith multi-constructorecordswhenoneor morefieldsaremissing
from someof the constructorsTheString  argumentgivesthelocationof the recordupdatein
the sourceprogram.

AssertionFailed
This exceptionis thrown by theassert  operatiorwhenthe conditionfails. The String
argumentcontainsthelocationof theassertiorin the sourceprogram.

DynException
Dynamicallytypedexceptionsdescribedn Section4.8.5.

AsyncException

Asynchronougxceptions.Thesearedescribedn moredetailin Section4.8.7. Thetypesof
asynchronousxceptionare:

179



Chapter4. Thel ang category: language support

StackOverflow
The currentthreads stackexceededts limit. Sinceanexceptionhasbeenraisedthe
threads stackwill certainlybebelow its limit again,but the programmeshouldtake
remedialactionimmediately

HeapOverflow
The programs heapis reachingts limit, andthe programshouldtake actionto reducethe
amountof live datait has*.

ThreadKilled

This exceptionis raisedby anotherthreadcalling killThread ~ (seeSection2.2),or by the
systemif it needgo terminatethethreadfor somereason.

PutFullMVar
A callto putMvar (Section2.4.3)waspassedfull Mvar .

BlockedOnDeadMVar

The currentthreadwasexecutinga call to takeMvar (Section2.4.3)thatcouldneverreturn,
becausghereareno otherreferenceso this Mvar.

NonTermination

Thecurrentthreadis stuckin aninfinite loop. This exceptionmay or may not bethrown when
the programis non-terminating.

4.8.2. Throwing exceptions

Exceptionanaybethrown explicitly from anywhere:

throw : Exception -> a

4.8.3. The t ry functions

Therearesereralfunctionsfor catchingandexaminingexceptionsall of themmayonly beused
from within thelO monad Firstly thetry family of functions:

tryAll Doa -> 10 (Either Exception  a)

tryAlllO © 10 a -> 10 (Either Exception a)

try :t (Exception -> Maybe b) -> a -> 10 (Either b a)
trylO ;o (Exception -> Maybe b) -> 10 a -> 10 (Either b a)
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Thesimplestversionis tryAll . It takesa singleargument evaluatest (asif you'd appliedseq to
it), andreturnseitherRight a if theevaluationsucceedewvith resulta, or Left e if anexception
wasraised wheree is the exception.Notethatdueto Haslell's unspecifiedevaluationorder, an
expressiormayreturnoneof severalpossibleexceptions.considerthe expressiorerror  "urk”  +
1 div' 0. DoestryAll  returnJust (ErrorCall "urk™)  orJust (ArithError

DivideByZero) ? Theanswels "either":tryAll  makesanon-deterministichoiceaboutwhich
exceptionto return.If you call it again,you might geta differentexceptionback.Thisis ok, because
tryAll  isanlO computation.

tryAlllO  isthesameastryAll  exceptthattheargumentto evaluateis anlO computationDon’t
try to usetryAll  to catchexceptionsin IO computationsin GHC anexpressiorof typelO aisin
factafunction,soevaluatingit doesnothingat all (andthereforeraisesno exceptions) Hencethe
needfor tryAllO  , whichrunslO computationgproperly

Thefunctionstry andtrylO take anextraargumentwhich is anexceptionpredicate afunction
which selectsvhich type of exceptionswe’re interestedn. Thefull setof exceptionpredicatess

givenbelow:

justloErrors ;. Exception -> Maybe IOError
justArithExceptions :» Exception -> Maybe ArithException
justErrors ;. Exception -> Maybe String

justDynExceptions ;o Exception -> Maybe Dynamic
justAssertions :»  Exception -> Maybe String
justAsyncExceptions . Exception -> Maybe AsyncException

For example to catchjust callsto 'error’ we couldusesomethindike
result  <- try justErrors thing_to_try

Any otherexceptionswhich arent matchedy the predicatearere-raisedandmay be caughtby an
enclosingry or catch .

4.8.4. The cat ch functions

Thecatch family is similarto thetry family:

catchAll Toa -> (Exception > |0 a > I0 a
catchAlllO w10 a -> (Exception > 10 a > 10 a
catch :» (Exception  -> Maybe b) -> a > (b > 10 a -> 10 a
catchlO . (Exception -> Maybe b) > 10 a > (b > I0 a) > IO a

Thedifferenceis thatinsteadof returninganEither  typeastheresult,thecatch functionstake a
handlerargumentwhich is invokedin the casethatanexceptionwasraisedwhile evaluatingthefirst
argument.

catch andcatchlO take exceptionpredicateargumentsn the sameway astry andtrylO
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NotethatcatchlO justloErrors is identicalto I0.catch . In fact,theimplementatiorof IO
errorsin GHC usesexceptions'underthehood".

Also, don't forgettoimport  Prelude hiding (catch) whenusingthislibrary, to avoid the
nameclashbetweerException.catch andlO.catch

4.8.5. Dynamic Exceptions

BecausdheException datatypdsn’t extensible we addedaninterfacefor throwing andcatching
exceptionsof type Dynamic (seeSectiond.7),which allows exceptionvaluesof ary typein the
Typeable classto bethrown andcaught.

throwDyn :: Typeable exception => exception -> b
catchDyn : Typeable exception => I0 a -> (exception > 10 a) > 10 a

ThecatchDyn functiononly catchesxceptionsof therequiredtype;all otherexceptionsare
re-thravn aswith catchlO andfriendsabove.

4.8.6. Other Utilities
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Thebracket functionsareusefulfor makingsurethatresourcesirereleasegroperlyby codethat
may raiseexceptions:

bracket » I0Oa->(a > 10b > (@ ->10¢c > 10c
bracket_ w I0Oa->10b->10¢c¢c->10 ¢
finally w I0Oa->10b->100b

For example,to openafile, do somework onit andthencloseit again,we mightusesomethindike:

process_file =
bracket
(openFile "filename" ReadMode)
(closeFile)
(do { .. }

bracket worksasfollows:it executests first argument("open"), thenits third algumentfollowed
finally by its secondargument(“close").If thethird algumenthappenedo raiseanexception,then
the closeoperatiorwill still be performedandtheexceptionwill bere-raised.

This meanghatin the exampleabove thefile will alwaysbeclosed,evenif anerroroccursduring
processing.

Theargumentgo bracket arein this ordersothatwe canpartially applyit, like:

withFile name = bracket (openFile name) closeFile
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Thebracket_  functionis avariantof bracket thatthrows away theresultof theopen,and
finally  is anevensimplerversionwherewe justwantsomeclosingcode.

4.8.7. Async hronous exceptions

Asynchronougxceptionsareso-calledbecausehey arisedueto externalinfluencesandcanbe
raisedat ary point duringexecution.StackOverflow  andHeapOverflow aretwo examplesof
system-generateabynchronousxceptions.

The primary sourceof asynchronousxceptionshowever, is raiseinThread  , from the
Concurrent  library (seeSection2.2):

raiseInThread :» Threadld -> Exception -> 10 ()

raiseinThread  allows onerunningthreadto raiseanarbitraryexceptionin anothetthread.The
exceptionis thereforeasynchronousiith respecto thetargetthread which couldbedoingarything
atthetime it receivesthe exception.Greatcareshouldbe takenwith asynchronousxceptionsit is
all too easyto introduceraceconditionsby the over zealoususeof raiseInThread

Therearetwo functionswhich allow athreadto controlthedelivery of asynchronousxceptions
duringcritical sections:

blockAsyncExceptions 10 (0 > 10 ()
unblockAsyncExceptions 10 (0 > 10 ()

Applying blockAsyncExceptions to acomputatiorwill executethatcomputatiorwith
asynchronousxceptionsblocked. Thatis, any threadwhich attemptgo raiseanexceptionin the
currentthreadwill be blockeduntil asynchronousxceptionsareenabledagain.Theresno needto
worry aboutre-enablingasynchronougexceptionsthat's doneautomaticallyon exiting the scopeof
blockAsyncExceptions

To re-enableasynchronousxceptionsinsidethe scopeof blockAsyncExceptions ,
unblockAsyncExceptions canbeused.t scopesn exactly the sameway, soon exit from
unblockAsyncExceptions asynchronousxceptiondelivery will bedisabledagain.

For someexamplesof the useof thesefunctions,seethedefinitionsof finally ~ andbracket in the
sourcedo theException module.

4.8.7.1. Applying bl ockAsyncExcept i ons to an exception handler

Theresanimplied blockAsyncExceptions aroundevery exceptionhandlern a call to oneof the
catch family of functions.Thisis becausé¢hat’'s whatyou wantmostof thetime - it eliminatesa
commonraceconditionin startinganexceptionhandler becaus¢heremaybe no exceptionhandler
onthestackto handleanotherexceptionif onearrivesimmediately If asynchronousxceptionsare
blockedon enteringthe handlerthough,we have time to install a new exceptionhandlerbefore
beinginterruptedIf this werent thedefault,you'd have to write somethindike
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blockAsyncExceptions (
catchAlllO (unblockAsyncExceptions ()
(\e -> handler)

)

If you needto unblockasynchronousxceptionsagainin the exceptionshandlerjustuse
unblockAsyncExceptions asnormal.

Notethattry andfriendsdon’t have asimilar default, becausehereis no exceptionhandlerin this
caself youwantto usetry in anasynchronous>eeptionsafeway, you'll needto use
blockAsyncExceptions

4.8.7.2. Interruptib le operations

Someoperationsareinterruptible, which meanghatthey canreceve asynchronousxceptionseven
in the scopeof ablockAsyncExceptions . Any functionwhich mayitself block is definedas
interruptible;thisincludestakeMvar , andmostl/O-performingoperationsThereasorfor having
interruptibleoperationss sothatwe canwrite thingslike

blockAsyncExceptions (
a <- takeMVar m
catch  (unblockAsyncExceptions ()
(e -> .
)

if thetakeMvar wasnt interruptible thenthis particularcombinationcouldleadto deadlock,
becausehethreaditself would be blockedin a statewhereit can't receve ary asynchronous
exceptionsWith takeMVar interruptible however, we canbe safein theknowledgethatthethread
canreceve exceptionsright up until the pointwhenthetakeMvar succeedsSimilararguments
applyfor otherinterruptibleoperationdik e 10.openFile

4.9. For ei gn
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The ForeignFunctioninterface(FFI) consistsof threeparts:

1. foreignimportandexport declarationgdefinedin anextradocumentA Haslell Foreign
Functioninterface,

2. alow-level marshallindibrary (seeSection4.13,Section4.27,Sectiond.1, Section4.10,
Sectiond.24,Section4.25,Section4.5,andSection4.6),and

3. ahigh-level marshallingibrary (thisis still underdevelopmentandnotincludedin the current
distribution).
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ThemoduleForeign providestheinterfaceto thelanguage independenportion of the second
componenti.e.,themodulesint (Section4.13),Word (Section4.27),Addr (Section4.1),
ForeignObj (Section4.10),StablePtr  (Sectiond.24),andStorable  (Section4.25). Thetwo
modulesCTypes (Section4.5)andCTypesISO (Section4.6)arespecificto codeinterfacingwith C
- especiallyfor implementingportableHaslell bindingsto C libraries.However, currentlythereis
no dedicatecsupportfor language®therthanC, sothatForeign  will usuallybeusedin
conjunctionwith CTypes andCTypesISO .

The codefor marshallingof Haslell structuresnto a foreignrepresentatioandvice versacan
generallypbeimplementedn eitherHaslell or theforeignlanguageAt leastif theforeignlanguage
is a significantlylower level languagesuchasC, therearegoodreasongor doingthemarshallingin
Haslell:

« Haslell'slazy evaluationstrategly would requireary foreigncodethatattemptgo acces$aslell
structurego forcethe evaluationof the structuredeforeaccessinghem.Thiswould leadto
complicateccodein theforeignlanguagebut doesnot needary extra consideratiowhencoding
themarshallingn Haslell.

- Despitethefactthatmarshallingcodein Haslell tendsto look like C in Haslell syntax the strong
typesystenstill catchesnary errorsthatwould otherwisdeadto difficult to detug runtimefaults.

- Directaccesso Haslell heapstructuresrom alanguagdike C - especiallywhenmarshalling
from C to Haslell, i.e.,whenHaslell structuresarecreated carriestherisk of corruptingthe
heapwhich usuallyleadsto faultsthatarevery hardto dehug. (Paradoxasit mayseemthecause
for corruptedC structuress usuallyeasierto locate,atleastwhena conventionaldetuggerlike
gdbis athand.)

Consequentlythe Haslell FFI emphasiseBlaslell-sidemarshalling.

4.10. For ei gnQoj

4.10.1.

This moduleis partof the ForeignFunctioninterface(FFI) andwill usuallybeimportedvia the
moduleForeign (seeSection4.9). ThetypeForeignObj representseferenceso objectsthatare
maintainedn aforeignlanguagei.e., thatarenot partof the datastructuresisuallymanagedy the
Haslell storagemanagerTheessentiatlifferencebetweerForeignObj  sandvanillamemory
reference®f type Addr (Sectiord.1)is thattheformermaybeassociateavith finalisers. A finaliser
is aroutinethatis invokedwhenthe Haslell storageananagedetectghat- within the Haslell heap
andstack- thereareno morereferenceseft thatarepointingto the ForeignObj . Typically, the
finaliserwill, then,invoke routinesin theforeignlanguagehatfreetheresourcedoundby the
foreignobject.

The Standar d Interface

data ForeignObj - abstract handle to foreign  object
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instance  Eq ForeignObj

newForeignObj ;o Addr -> 10 () -> IO ForeignObj
addForeignFinalizer :» ForeignObj > 10 () -> 10 ()
foreignObjToAddr ;. ForeignObj -> Addr - *unsafe* operation

Thebehaiour of thefunctionsis asfollows:

newForeignObj ' Addr -> 10 () -> 10 ForeignObj

Turnsaplain memoryreferencento a foreignobjectby associating finaliser- givenby the
monadicoperation with thereferenceThefinaliserwill beexecutedafterthelastreferenceo
theforeignobjectis dropped Note thatthereis no guarante@n how soonthefinaliseris
executedafterthelastreferencevasdroppedithis depend®on the detailsof the Haslell storage
managerTheonly guaranteés thatthefinaliserrunsbeforethe programterminates.

addForeignFinalizer :» ForeignObj -> 10 () -> 10 ()

This functionaddsanotheffinaliserto the givenforeignobject.No guaranteearemadeon the
orderin which multiple finalisersfor a singleobjectarerun.

foreignObjToAddr ;. ForeignObj -> Addr
Extractthe plain memoryreferencecontainedn aforeignobject.

Thisroutineshouldbe handledwith a lot of care: Thereferenceo theforeignobjectthatis
passedn acall to foreignObjToAddr ~ maybethelastreferencdo the objectthatexistsin
Haslell land.In this casethefinalisersof the foreignobjectmaybeactivatedary time afterthe
call to foreignObjToAddr  is evaluatedIf thefinalisers for example triggerdeallocatiorof
theforeignobjects memoryareathe Addr obtainedby thecall to foreignObjToAddr ~ may
berenderednvalid whengarbagecollectionhits afterthe call. Whetherthis is a problemor not
depend®n thedetailsof thefinalisercodeandthe operationsubsequentlperformedon the
Addr .

If it mustbeguaranteedhatthefinalisersarenotyetrun, a stablepointer(Sectiond.24)should
be usedto establisha guaranteedeferencdo theforeignobject. Thefinaliserswill, then,
certainlynot be run beforeStablePtr.freeStablePtr is used.

4.10.2. The Standar d C-side Interface
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Thefollowing definitionis availableto C programsdnter-operatingwith Haslell codewhen
includingtheheadeHsFFl.h .

typedef  void* HsForeignObj; /¥ C representation of a ForeignObj */
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4.10.3. Deprecated Functions

Thefollowing functionsaredeprecateih the new FFI. Do not usethefollowing functionsif youare
interestedn portability. Insteadof theindexXXX , readXXX , andwriteXXX functions,usethe
moduleStorable  (Section4.25).

Most of thesefunctionsareherefor legag/ reasonandmayjustvanishoneday. You have been

warned.

writeForeignObj :» ForeignObj  -> Addr{-new value-} -> 10 ()
makeForeignObj  :: Addr -> Addr -> 10 ForeignObj
indexCharOffForeignObj :» ForeignObj -> Int -> Char
indexIntOffForeignObj :» ForeignObj -> Int -> Int
indexWordOffForeignObj :» ForeignObj -> Int -> Word
indexAddrOffForeignObj :»  ForeignObj -> Int -> Addr
indexFloatOffForeignObj :» ForeignObj -> Int -> Float
indexDoubleOffForeignObj :» ForeignObj -> Int -> Double
indexWord8OffForeignObj :»  ForeignObj -> Int -> Word8
indexWord160ffForeignObj :» ForeignObj -> Int -> Word16
indexWord320ffForeignObj :» ForeignObj -> Int -> Word32
indexWord640OffForeignObj :» ForeignObj -> Int -> Word64
indexInt8OffForeignObj ;. ForeignObj  -> Int -> Int8
indexInt160ffForeignObj ;. ForeignObj -> Int -> Intl6
indexInt320ffForeignObj :» ForeignObj -> Int -> Int32
indexInt640ffForeignObj ;. ForeignObj -> Int -> Int64

- read value out of mutable memory

readCharOffForeignObj ;. ForeignObj -> Int -> 10 Char
readIntOffForeignObj :» ForeignObj -> Int -> [0 Int
readWordOffForeignObj ;. ForeignObj -> Int -> 10 Word
readAddrOffForeignObj :;» ForeignObj -> Int -> |10 Addr
readFloatOffForeignObj ;. ForeignObj -> Int -> 10 Float
readDoubleOffForeignObj ;. ForeignObj -> Int -> 10 Double
readWord8OffForeignObj :» ForeignObj -> Int -> |10 Word8
readWord160ffForeignObj ;o ForeignObj -> Int -> 10 Wordl6
readWord320ffForeignObj :»  ForeignObj -> Int -> |0 Word32
readWord64OffForeignObj ;o ForeignObj -> Int -> 10 Word64
readInt8OffForeignObj ;0 ForeignObj -> Int -> 10 Int8
readInt160ffForeignObj ;. ForeignObj -> Int -> 10 Intl6
readInt320ffForeignObj ;. ForeignObj -> Int -> 10 Int32
readInt640ffForeignObj :» ForeignObj -> Int -> 10 Int64
writeCharOffForeignObj :» ForeignObj -> Int -> Char > 10 ()
writeIntOffForeignObj ;o ForeignObj -> Int -> Int > 10 ()
writeWordOffForeignObj :»  ForeignObj -> Int -> Word > 10 ()
writeAddrOffForeignObj ;. ForeignObj -> Int -> Addr > 10 ()
writeFloatOffForeignObj :»  ForeignObj -> Int -> Float > 10 ()
writeDoubleOffForeignObj :: ForeignObj -> Int -> Double -> 10 ()

187



Chapter4. Thel ang category: language support

writeWord8OffForeignObj ;. ForeignObj -> Int -> Word8 -> 10 ()
writeWord160ffForeignObj :: ForeignObj -> Int -> Wordl6é -> 10 ()
writeWord320ffForeignObj ;. ForeignObj -> Int -> Word32 -> 10 ()
writeWord640ffForeignObj :» ForeignObj -> Int -> Word64 -> 10 ()
writeInt8OffForeignObj :» ForeignObj -> Int -> Int8 > 10 ()
writeInt160ffForeignObj :» ForeignObj -> Int -> Intl6 > 10 ()
writelnt320ffForeignObj :;» ForeignObj  -> Int -> Int32 > 10 ()
writeInt64O0ffForeignObj :» ForeignObj -> Int -> Int64 > 10 ()

4.11. d aExt s

TheGlaExts interfaceprovidesaccesdo extensionghatonly GHC implementsThesecurrently
are:unboxedtypes,includingtherepresentationsf the primitive types(Int, Float,etc.),andthe
GHC primitive operationg+#, ==#, etc.).

This moduleusedto provide accesgo all the Glasgav extensionsput thesehave sincebeenmoved
into separatdibrariesfor compatibility with Hugs(version2.09:in fact,you canstill getat this stuff
via GlaExts for compatibility; but this facility will likely beremovedin thefuture).

- the representation of some basic types:

data Char = C# Char#

data Int = I# Int#

data Addr = A# Addr#

data Word = W# Word#

data Float = F# Float#

data Double = D# Double#

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

module GHC - all primops and primitive types.

4.12. 1 Array

This moduleprovidesa family of immutablearraydatatypes,andis intendedo beareplacementor
Haslell's standardarray module.ln addition,a family of mutablearraytypesis providedby the
MArray module(seeSection4.16).

4.12.1. | Array and HasBounds type classes

Two new typeclassesareprovided,HasBounds andlArray
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class HasBounds a where
bounds ' Ix ix => a ix e -> (ix,ix)

class HasBounds a => |Array a e where
0] DoIx o ix =>aix e -> ix > e
array DoIxoix = (ix,ix) > [(ix,e)] > aix e

instance  HasBounds (Array.Array)
instance  |Array  Array.Array e

wherethetypevariablea denoteghearraytype constructorix denotesheindex type,ande is the
elementype.

TheArray , (1) , andbounds methodgrovidedareexactly analoguouso thoseprovidedby the
Haslell 98 Array module,andindeedinstance®f HasBounds andlArray areprovidedfor the
standardirray type.

UAr ray: immutab le unbo xed arrays

TheUArray typeis aflat, strict,unboxedarraytype,which hasinstance®f IArray for common
integral elementtypes:

data UArray ix e

instance  HasBounds UArray
instance  |Array UArray Char
instance  |Array  UArray Int
instance  |Array UArray Word
instance  |Array UArray Addr
instance  |Array UArray Float
instance  |Array UArray Double

Theideahereis thatarny codewhich currentlyusesa standarchon-strictpolymorphicArray  with
oneof theseelementypescanbeeasilycorvertedto useUArray by simply importinglArray and
changinghetypeof thearrayfrom Array to UArray . Theapplicationwill thengetthe performance
benefitof strict unboxedarrays whithoutmakingsignificantchangego the existing code.

Useful combinator s

ThelArray modulealsoprovidesversionsof the standardarraycombinatordrom Haslell 98’s
Array module:

assocs o (x ix, lArray a e) => a ix e -> [(ix,e)]
indices o (x ix, lArray a e) => aix e -> [ix]
h oo (x ix, lArray a e) => aix e -> [(ix,e)] > aix e
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listArray wo(x ix, lArray a e) => (ix,ix) > [e] > aix e
elems o (x ix, lArray a e) => aix e -> [e]
amap o (x ix, lArray a x, lArray ay) =>

x -=>vy) > aix x> aix y

accum © (x ix, IlArray a e) =>

(e->f->e) > aix e -> [(ix,0)] > aix e
accumArray :: (Ix ix, lArray a e) =>

(e->f->e) > e > (ix,ix) -> [(ix,0] > aix e
ixmap o (xoix,  Ixoiy) =

(ix,ix) > (ix->ly) > aiy e -> aix e

4.13. | nt

This interfaceprovidesa collectionof sized,signedintegers.Thetypessupportedareasfollows:

type numberof bits
Int8 8

Int16 16

Int32 32

Int64 64

For eachtypel above,we provide thefollowing instances.

data | - Signed Ints
instance  Eq I
instance  Ord I
instance Show I
instance Read I
instance  Bounded |
instance Num I
instance  Real I
instance  Integral I
instance  Enum I
instance Ix I
instance Bits I
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Notes

« All arithmeticis performedmodulo2”n.

- For coercingbetweervariousintegertypes,usefromintegral ~ , whichis specializedor all the
commoncasesoshouldbefastenough.

« Therulesthathold for Enuminstance®veraboundedypesuchasint (seethesectionof the
Haslell reportdealingwith arithmeticsequences)lisohold for the Enuminstance®verthe
variousint typesdefinedhere.

+ Rightandleft shiftsby amountgyreaterthanor equalto thewidth of thetyperesultin eitherzero
or -1, dependingn the sign of thevaluebeingshifted. This is contraryto the behaiour in C,
whichis undefineda commoninterpretatioris to truncatethe shift countto thewidth of thetype,
for examplel « 32 == 1 in someC implementations.

« Hugsdoesnot provide Int64 atthemoment.

Deprecated Functions

Thefollowing functionsaredeprecatedh thenew FFI. Do not usethefollowing functionsif you are
interestedn portability. Most of thesefunctionsareherefor legag/ reason@ndmayjustvanishone
day. You have beenwarned.

Theint modulealsoexportsthe overloadedperationgor corvertingto andfrom Haslell Int s.
However, for coercingbetweervariousintegertypes,betterusefromintegral ~ , whichis
specializedor all thecommoncasessoshouldbefastenough.

tolnt : (Integral a) => a -> Int
fromint @ (Num a) => Int -> a

Portability note:bothHugs98andall release®f GHC prior to ghc-4.05alsoexportsthesetwo via
thePrelude So,to have codethatusesolnt andfromint  bemaximally portable make sureyou
addanimportonint (evenif theversionof Hugsor GHC you're currentlyusingmay not export
thesetwo from there.)

4.14. 1 OExt s

Thislibrary is thehomefor miscellaneou$O-relatedextensions.
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4.14.1. 10 monad extensions

fixkO = (@ -> 10 a) > 10 a
fixlO allowsrecursve lO operationdo bedefined.Thefirstagumentto fixilO  shouldbea
functionthattakesits own outputasanargument(sometimesalled"tying the knot").
unsafePerformlO 10 a > a

Thisis the"backdoor"into thelO monadallowing 10 computatiorto be performedat any
time. For this to be safe,thelO computatiorshouldbe free of sideeffectsandindependenof
its ervironment.

If thel/O computationvrappedn unsafePerformiO  performssideeffects,thentherelative
orderin whichthosesideeffectstake place(relative to themain|/O trunk, or othercallsto
unsafePerformlO ) is indeterminate.

However, it is lesswell known thatunsafePerformlO  is nottypesafe.For example:

test : IORef [a]
test = unsafePerformlO $ newlORef ]
main = do

writelORef test [42]
bang <- readlORef test
print  (bang : [Char])

This programwill coredump.This problemwith polymorphicreferencess well known in the
ML community anddoesnotarisewith normalmonadicuseof referencesThereis no easy
way to make it impossibleonceyou useunsafePerformlO . Indeed,it is possibleto write

coerce : a -> b withthehelpof unsafePerformiO . Sobecareful!
unsafelnterleavelO © 10 a-> 10 a
unsafelnterleavelO allows10 computatiorto be deferredazily. Whenpassead valueof

typelO a, thelO will only be performedwhenthevalueof thea is demandedThisis usedto
implementlazy file reading,seelO.hGetContents

4.14.2. Mutable Variables

data IORef - instance of: Eq

newlORef ' a -> 10 (IORef a)

readlORef : IORef a -> 10 a

writelORef 2 IORef a -> a -> 10 ()
updatelORef :: IORef a -> (@ -> a) -> 10 ()
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Mutab le Arrays

data [OArray - instance of: Eq

newlOArray DooIxoix = (ix,ix) > elt -> 10 (I0OArray ix elt)
boundslOArray oo Ix o ix => I0Array ix elt -> (ix, ix)
readlOArray Do IXo ix => I0Array ix elt -> ix -> 10 elt
writelOArray o Ix ix => I0Array ix elt -> ix -> elt -> 10 ()
freezelOArray Do IXo ix => I0Array ix elt -> 10 (Array ix elt)
thawlOArray Do Ix ix => Array ix elt -> 10 (IOArray ix elt)
unsafeFreezelOArray o Ix ix => I0Array ix elt -> 10 (Array ix elt)
unsafeThawlOArray © o Ix o ix => Array ix elt -> 10 (IOArray ix elt)

Note:unsafeFreezelOArray andunsafeThawlOArray  arenotprovidedby Hugs.

Extended file modes

data IOModeEx
= BinaryMode |IOMode
| TextMode IOMode
deriving (Eq, Read, Show)

openFileEx :» FilePath  -> IOModeEx -> 10 Handle
hSetBinaryMode ' Handle -> Bool -> 10 Bool

openFileEx extendsthestandardpenFile actionwith supportfor openingbinaryfiles.

Bulk transf ers

hGetBuf : Handle -> Addr -> Int -> 10 Int
hGetBufFull . Handle -> Addr -> Int -> 10 Int
hPutBuf . Handle -> Addr -> Int -> 10 Int
hPutBufFull : Handle -> Addr -> Int -> 10 ()

Thesefunctionsreadandwrite chunksof datato/from a handle . The versionswithouta Full -~ suffix
may returnearlyif therequestould have blocked;in this casethey will returnthe numberof
charactersictuallytransferedTheversionswith aFull  suffix will returnonly wheneitherthefull
buffer hasbeentransferedpr the endof file is reachedin the caseof hGetBufFull

If theendof file is reachedvhenreading thenthe operationwill returnashortread,andhisEof
will hencefortheeturnTrue for thehandlelt isn’t possibleto tell whetherthe endof file is reached
usinghGetBuf alone,becausea shortreadmayindicateblocking.

hGetBufBA ;. Handle -> MutableByteArray RealWorld a -> Int -> 10 Int
hGetBufBAFull ' Handle -> MutableByteArray RealWorld a -> Int -> 10 Int
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RealWorld
RealWorld

Int ->

Int

Handle
Handle

hPutBufBA
hPutBufBAFull

-> MutableByteArray
-> MutableByteArray

a ->
a ->

10 0

> 10 ()

These(GHC-only) functionsmirror the previoussetof functions,but operateon
MutableByteArray  sinsteadof Addr s. This maybemorecorvenientand/orfaster dependingpn
thecircumstances.

Terminal contr ol

hisTerminalDevice Handle -> 10 Bool
hSetEcho Handle -> Bool -> 10 ()
hGetEcho Handle -> 10 Bool
Redirecting handles
withHandleFor Handle -> Handle -> 10 a -> 10 a
withStdout I0 a-> 10 a
withStdin I0 a > 10 a
withStderr I0 a > 10 a
Trace
trace String > a > a

Whencalled,trace printsthestringin its first agumentto standarderror, beforereturningthe
secondargumentasits result. Thetrace  functionis notreferentiallytransparentandshouldonly be
usedfor delugging,or for monitoringexecution.Someimplementation®f trace maydecoratehe
stringthat’s outputto indicatethatyou're tracing.

trace isimplementedisingunsafePerformlO
Miscellan y
mkWeaklORef x IORef a -> 10 () -> 10 (Weak (IORef a))
unsafePtrEq a -> a -> Bool
slurpFile ;. FilePath -> 10 (Addr, Int)
hConnectTo Handle -> Handle -> 10 ()
performGC 10 ()
freeHaskellFunctionPtr Addr -> 10 ()

performGC triggersanimmediategarbagecollection
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unsafePtrEq compareswo valuesfor pointerequalitywithout evaluatingthem.Theresultsarenot
referentiallytransparenandmay vary significantlyfrom onecompilerto anotheror in thefaceof
semantics-preservingrogramchangesHowever, pointerequalityis usefulin creatinga numberof
referentiallytransparentonstructsuchasthis simplified memoisatiorfunction:

> cache & (@ -> b) > (@ -> b)

> cache f = \x -> unsafePerformlO (check x)
> where

> ref = unsafePerformlO (newlORef (error  "cache", error  "cache"))
> check x = readlORef ref »=\ (x,a) ->
> if  x ‘unsafePtrEq’ X' then

> return a

> else

> let a=f xin

> writelORef ref (x, a) »

> return a

4.15. LazyST

Thislibrary is identicalto ST exceptthatthe ST monadinstances lazy. Thelazy ST monadtendsto
bemoreproneto spacdeaksthanthe strict version,somostprogrammersvill usetheformerunless
lazinesds explicitly required.LazyST providestwo additionaloperations:

lazyToStrictST © LazyST.ST s a -> ST.ST s a
strictToLazyST w ST.ST s a -> LazyST.ST s a

Theseareusedto corvertbetweerlazy andstrict statethreads The semanticsith respecto
lazinessareasyou would expect:the strict statethreadpassedo strictToLazyST is not
performeduntil theresultof thelazy statethreadit returnsis demanded.

4.16. MAr r ay

TheMArray moduleprovidesa classof mutablearrays parameterisedverthearraytype,element
typeandthemonadin which thearraycanbeused:

class (Monad m, HasBounds a) => MArray a e m where

get Do Ix ix = aix e-> ix -> me
put DoIx ix =>aix e->ix > e -> m|
marray : Ix ix => (ix,ix) > m(a ix e)

Theget andput operationsallow for readingandwriting to/fromthearray andmarray is usedfor
building anew array All indicesin thenewly createdarraywill containundefinecelements.
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ThelOArray (Sectiond.14.3)andSTArray (Sectiond.21)typesarebothinstance®f MArray :

data STArray s ix e
instance  HasBounds (STArray s)
instance  MArray (STArray s) e (ST s)

data IOArray ix e
instance  HasBounds |0Array
instance  MArray |OArray e 10

Therearealsostrictunboxedversionsof IOArray andSTArray , namelylOUArray STUArray and
instance®f MArray for thesetypeswith commonintegral elementypes:

data STUArray s ix e
instance  HasBounds (STUArray s)

instance  MArray (STArray s) Char (ST s)
instance  MArray (STArray s) Int (ST s)
instance  MArray (STArray s) Word (ST s)
instance  MArray (STArray s) Addr (ST s)
instance MArray (STArray s) Float (ST s)
instance  MArray (STArray s) Double (ST s)

instance  MArray (STArray s) StablePtr (ST s)

data IOUArray ix e
instance  HasBounds IOUArray

instance  MArray I|OArray Char 10
instance  MArray I|OArray Int 10
instance  MArray I|OArray Word 10
instance  MArray |OArray Addr 10
instance  MArray I|OArray Float 10
instance  MArray |OArray Double 10

instance  MArray I[OArray StablePtr 10

Freezing and thawing arrays

An MArray canbecorvertedinto anlArray (Section4.12),by freezingit:
freeze = (Ix ix, MArray a e m, lAray b e == aix e -> m(k ix e)

ThelArray returneds independentf theoriginal MArray , sofurther modificationsto the mutable
versionwon't affectthefrozenone.The usualimplementatiorof freeze is to make a copy of the
array

In mary casestheadditionalcopy is unnecessaryor examplewhenfreezingis thelastoperationon
themutableversionof thearray For thesecasesanunsafeversionof freeze is providedwhich
may not copy® thearray:
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unsafeFreeze ' (Ix ix, MArray a e m, lAray b e) => a ix e -
>m( ix e)

Thedualto freeze isthaw , whichcorvertsaniArray into anMArray :
thaw = (Ix ix, lArray a e, MArray b e m) =>a ix e -> m(b ix e)

As with freeze ,thaw needgo make a copy of thearray For the casesvhenyou know the copy is
unnecessaryve alsoprovide unsafeThaw :

unsafeThaw : (Ix ix, IlArray a e, MArray b e m) =>aix e -> m(b ix e)

Useful combinator s

MArray alsoprovidesversionsof thefollowing standardarraycombinatorsNotethatthey have
slightly differenttypesfrom theversionsn Array andiArray , mostlyto accomodat¢he
requirementhatanMArray mustbe usedwithin amonad:

assocs o (x ix, MArray a e m) => a ix e -> m](ix,e)]

indices o o(x ix, lArray ae) => aix e -> [ix]

h o (x ix, MArray a e m) => a ix e -> [(ix,e)] > m()
amap © (x ix, MArray a x m, MArray a y m) =>

(x=>y) -> aix x -> m(@ ix y)

listArray o (Ix ix, MArray a e m) => (ix,ix) > [e] > m(a ix e)
elems (X X, MArray a e m) =>aix e -> m|e]
ixmap o (xoix, Ix iy, MArray a e m) =>

(ix,ix) > (ix->iy) > aily e -> m(a ix e)

4.17. Mut abl eArray

NOTE: TheMutableArray  interfaceis deprecatedpleasauseMArray (Sectiord.16)instead.

TheMutableArray  interfaceprovide operationgor readingandwriting valuesto mutablearrays.
Therestwo kindsof mutablearrays the mutatableversionof Haslell Array sandmutablebyte
arrays chunksof memorycontainingvaluesof somebasictype.
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Mutab le arrays

Themutablearraysectionof the API providesthefollowing operations:

- mutable arrays:

newArray DoIxoix > (ix,ix) -> elt -> ST s (MutableArray s ix elf)
boundsOfArray ' Ix ix => MutableArray s ix elt -> (x, ix)

readArray w IX ix => MutableArray s ix elt -> ix -> STs el
writeArray @ Ix ix => MutableArray six elt > ix -> elt -> STs ()
freezeArray @ Ix ix  => MutableArray s ix elt -> ST s (Array ix elt)
thawArray noIx ix => Array ix elt -> ST s (MutableArray s ix elf)
unsafeFreezeArray o Ix ix => MutableArray s ix elt -

> ST s (Array ix elt)

unsafeThawArray oo Ix o ix => Array ix elt -

> ST s (MutableArray s ix elb)

Remarks:

- ThefreezeArray  actioncorvertsa mutablearrayinto animmutableoneby copying, whereas

unsafeFreezeArray  returnsanimmutablearraythatis effectively justthetype castversionof
themutablearray Shouldyou write to the mutablearrayafterit hasbeen(unsafely)frozen,you’ll
side-efecttheimmutablearrayin theprocessPleaselon't :-)

« TheoperationthawArray goestheotherway, convertinganimmutableArray into a mutable

one.Thisis doneby copying. TheoperationunsafeThawArray  is alsoprovided,which places
thesamekind of proof obligationon theprogrammemsunsafeFreezeArray ~ does.

Mutab le byte arrays

- creators:
newCharArray Do Ixoix = (ix,ix) -> ST s (MutableByteArray s iX)
newAddrArray DoIxoix = (ix,ix) -> ST s (MutableByteArray s ix)
newlIntArray Do Ixoix = (ix,ix) -> ST s (MutableByteArray s iX)
newWordArray Do Ixoix = (ix,ix) -> ST s (MutableByteArray s iX)
newFloatArray DoIxoix = (ix,ix) -> ST s (MutableByteArray s ix)
newDoubleArray Do Ixoix = (ix,ix) -> ST s (MutableByteArray s iX)
newStablePtrArray DoIxoix = (ix,ix) -> ST s (MutableByteArray s ix)
boundsOfMutableByteArray

@ Ix ix => MutableByteArray s ix > (ix, ix)
readCharArray m Ix ix => MutableByteArray s ix -> ix -> ST s Char
readintArray @ Ix ix => MutableByteArray s ix -> ix -> ST s Int
readAddrArray w Ix ix => MutableByteArray s ix -> ix -> ST s Addr
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readFloatArray © Ix ix => MutableByteArray s ix -> ix -> ST s Float
readDoubleArray  Ix ix => MutableByteArray s ix -> ix -> ST s Double
readStablePtrArray © Ix ix => MutableByteArray s ix -> ix -
> ST s (StablePtr a)
readWord8Array » Ix ix => MutableByteArray s ix -> ix -> ST s Word8
readWord16Array o Ix ix => MutableByteArray s ix -> ix -> ST s Wordl6
readWord32Array @ Ix ix => MutableByteArray s ix -> ix -> ST s Word32
readWord64Array o Ix ix => MutableByteArray s ix -> ix -> ST s Word64
readInt8Array @ Ix ix => MutableByteArray s ix -> ix -> ST s Int8
readIntl6Array » Ix ix => MutableByteArray s ix -> ix -> ST s Intl6
readInt32Array @ Ix ix => MutableByteArray s ix -> ix -> ST s Int32
readInt64Array » Ix ix => MutableByteArray s ix -> ix -> ST s Int64
writeCharArray @ Ix ix => MutableByteArray s ix -> ix -> Char -
> ST s ()
writelntArray @ Ix ix => MutableByteArray s ix -> ix -> Int -
> ST s ()
writeAddrArray @ Ix ix => MutableByteArray s ix -> ix -> Addr -
> ST s ()
writeFloatArray @ Ix ix => MutableByteArray s ix -> ix -> Float -
> ST s ()
writeDoubleArray » Ix ix => MutableByteArray s ix -> ix -> Double -
> ST s ()
writeStablePtrArray »Ix ix => MutableByteArray s ix -> ix -
> StablePtr a-> ST s ()
writeWord8Array

IXx ix => MutableByteArray S ix -> ix -> Word8 -> ST s ()
writeWord16Array @ Ix ix => MutableByteArray s ix -> ix -> Wordl6 -
> ST s ()
writeWord32Array @ IX ix => MutableByteArray s ix -> ix -> Word32 -
> ST s ()
writeWord64Array @ IX ix => MutableByteArray s ix -> ix -> Word64 -
> ST s ()

writeInt8Array
IXx ix => MutableByteArray s ix -> ix -> Int8 > ST s ()
writeInt16Array » Ix ix => MutableByteArray s ix -> ix -> Intl6 -
> ST s ()
writeInt32Array
IXx ix => MutableByteArray s ix -> ix -> Int32 -> ST s ()
writeInt64Array
IXx ix => MutableByteArray s ix -> ix -> Inte4 -> ST s ()

freezeByteArray »Ix ix => MutableByteArray s ix -
> ST s (ByteArray ix)
unsafeFreezeByteArray » Ix ix => MutableByteArray s ix -

> ST s (ByteArray ix)

sizeofMutableByteArray @ Ix ix => MutableByteArray s ix -> Int
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thawByteArray o Ix ix => ByteArray ixt -
> ST s (MutableByteArray s ix)
unsafeThawByteArray o Ix ix => ByteArray ixt -

> ST s (MutableByteArray s iX)
Remarks:

- A Mutablebytearrayis createdby specifyingits sizein units of somebasictype.For example,

mkPair :: ST s (MutableByteArray s Int)
mkPair = newlntArray (0,1)

createsa mutablearraycapableof storingtwo Int s.Noticethattherangesizeis notin bytes butin
units of the basictype.

« A mutablebytearrayis not parameterisedverthekind of valuesit contains A consequencef
thisis thatit is possibleto have byte arrayscontaininga mix of basictypes,or evenreadavalue
from the arrayat a differenttypefrom whichit waswritten, e.g.,

isLitteEndian 10 Bool
isLitteEndian = stTolO $ do
X <- newlntArray 0,2)
writelntArray x 1
v <- readCharArray x O
return (v == chr 1)

It's left asanexercisefor thereaderto determinevhetherhaving byte arraysnot be parameterised
overthetypeof valuesthey containis abug or afeature..

- As for mutablearrays,operationdor turningmutablebyte arraysinto immutablebytearraysare
alsoprovidedby thefreeze* classof actions.Theres alsothe non-copying
unsafeFreezeByteArray

« Operationdor goingthe otherway, whereanimmutablebytearrayis 'thaved’ arealsoprovided.
thawByteArray  doesthis by copying, whereasinsafeThawByteArray  doesnot

- TheoperationsizeofMutableByteArray returnsthe sizeof thearray in bytes.

4.18. NunExt s

TheNumExts interfacecollecttogethewariousnumericoperationghathave provento be
commonlyuseful

- Going between Doubles and Floats:

doubleToFloat ;. Double -> Float
floatToDouble . Float -> Double
showHex : Integral a => a -> ShowS
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showOct ;. Integral a => a -> ShowS
showBin : Integral a => a -> ShowS
showIntAtBase :: Integral a

=> a - base

-> (a -> Char) - digit to char

> a - number to show.

-> ShowS
showListWith : (@ -> ShowS) -> [a] -> ShowS
Notes:

« If doubleToFloat is appliedto aDouble thatis within therepresentableangefor Float , the
resultmaybethe next higheror lower representabl€loat value.If theDouble is outof range,
theresultis undefined.

- No lossof precisionoccursin the otherdirectionwith floatToDouble  , thefloatingvalue
remainsunchanged.

« showOct , showHex andshowBin will prefix0o, 0x andOb, respectiely. Like
Numeric.showInt , theseshawv functionswork on positive numbersonly.

+ showintAtBase isthemoregenerafunctionfor corvertinga numberat somebasento a series
of charactersTheabove show* functionsuseit, for instanceheres how showHex couldbe
defined

showHex :: Integral a => a -> ShowS
showHex n r =

showString  "Ox" $

showIntAtBase 16 (toChrHex) n r

where
toChrHex d
| d <10 = chr (ord 'O’ + fromintegral d)
| otherwise = chr (ord 'a + fromintegral (d - 10))

- showListwith s strictly speakingnota’NumExts’ kind of function, but it's sometimesisefulin
conjunctionwith the othershow* functionsthatNumExts exports.It is thenon-overloadedrersion
of showList , allowing youto supplytheshows functionto useperlist elementFor instance,

putStrLn  (NumExts.showListWith NumExts.showHex [0..16])

will print outtheelement®of [1..16]  in hexadecimaform.

4.19. PackedStri ng

Youneedto import  PackedString andheavein your-syslib  ghc to usePackedString s.
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Thebasictypeandfunctionsavailableare:

data PackedString - abstract

packString . [Char] -> PackedString

packStringST = [Char] -> ST s PackedString
packCBytesST @ Int -> Addr -> ST s PackedString
packBytesForCST » [Char] -> ST s (ByteArray Int)
byteArrayToPS . ByteArray Int -> PackedString
unsafeByteArrayToPS : ByteArray a -> Int -> PackedString
psToByteArray . PackedString -> ByteArray Int
psToByteArrayST . PackedString -> ST s (ByteArray Int)
unpackPS . PackedString -> [Char]

We alsoprovide awad of list-manipulation-lile functions:

nilPS :» PackedsString
consPS :» Char -> PackedString -> PackedString
headPS :» PackedsString -> Char
tailPS ;. PackedString -> PackedString
nullPS :» PackedsString -> Bool
appendPS ;. PackedString -> PackedString -> PackedString
lengthPS . PackedString -=> Int
indexPS ;. PackedString -> Int -> Char
- 0-origin indexing into the string

mapPS : (Char -> Char) -> PackedString -> PackedString
filterPS . (Char -> Bool) -> PackedString -> PackedString
foldIPS : (@ -> Char -> a) -> a -> PackedString > a
foldrPS : (Char -> a -> a) -> a -> PackedString > a
takePS @ Int -> PackedString -> PackedString
dropPS : Int  -> PackedString -> PackedString
SplitAtPS @ Int -> PackedString -> (PackedString, PackedString)
takeWhilePS :: (Char -> Bool) -> PackedString -> PackedString
dropWhilePS :: (Char -> Bool) -> PackedString -> PackedString
spanPS : (Char -> Bool) -> PackedString -
> (PackedString, PackedString)
breakPS : (Char -> Bool) -> PackedString -
> (PackedString, PackedString)
linesPS ;. PackedString -> [PackedString]
wordsPS ;. PackedString -> [PackedString]
reversePS ;. PackedString -> PackedString
concatPS 1 [PackedString] -> PackedString
elemPS :» Char -> PackedString -> Bool

- Perl-style split&join
splitPS :» Char -> PackedString -> [PackedString]
splitWithPS : (Char -> Bool) -> PackedString -> [PackedString]
joinPS ;. PackedString -> [PackedString] -> PackedString
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substrPS » PackedString -=> Int -> Int -> PackedString
- pluck out a piece of a PackedString
- start and end chars you want; both 0-origin-specified

4.20. ShowFuncti ons

The ShowFunctions modulecontainghefollowing instanceof Show for functiontypes

instance  Show (a -> b) where
showsPrec _ _ = showString  "<function>"

4.21. ST

This library providessupportfor strict statethreadsasdescribedn the PLDI '94 paperby John
Launchlury andSimonPeyton JonegdLazyState Threads]n additionto themonadsT, it also
providesmutablevariablesSTRef andmutablearraysSTArray .

module ST( module ST, module Monad ) where
import Monad

data ST s a - abstract type

runST o forall a. (forall s. STs a -> a
fixST o (@ > STsa -> STs a
unsafelnterleaveST © STsa-> STs a

instance  Functor (ST s)
instance Monad (ST s)

data STRef s a - mutable variables in state thread s
- containing values of type a.

newSTRef n a-> STs (STRef s a)

readSTRef % STRef s a > ST s a

writeSTRef © STRef s a -> a -> ST s ()

instance Eq (STRef s a)

data STArray s ix elt - mutable arrays in state thread s
- indexed by values of type ix
- containing values of type a.

newSTArray Do Ixoix = (ix,ix) > elt -> ST s (STArray s ix elb)
boundsSTArray Do IX ix => STArray s ix elt -> (ix, ix)

readSTArray o Ix ix => STArray s ix elt -> ix -> ST s elt
writeSTArray moIX ix => STArray s ix elt -> ix -> elt -> STs ()
thawSTArray o Ix ix => Array ix elt -> ST s (STArray s ix elf)
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freezeSTArray o Ix ix => STArray s ix elt -> ST s (Array ix elf)
unsafeFreezeSTArray moIX ix => STArray s ix elt -> ST s (Array ix elt)
instance Eq (STArray s ix elf)

unsafelOToST 10 a-> STs a
stTolO 7 STsa-> 10 a
Notes:

GHC alsosupportByteArrays— thesearent supportedy Hugsyet.

« TheoperationsreezeSTArray  andthawSTArray corvertmutablearraysto andfrom
immutablearrays.Semanticallythey areidenticalto copying thearrayandthey areusually
implementedhatway. The operationunsafeFreezeSTArray  is afasterversionof
freezeSTArray ~ which omitsthecopying step.It's a safesubstitutefor freezeSTArray  if you
don't modify the mutablearrayafterfreezingit.

+ HugsprovidesthenLazyST andthenStrictST ~ sothatyou canimportLazyST (say)andstill
usethestrictinstancen thoseplaceswhereit matters GHC implementd.azySTandST using
differenttypes,sothisisn’t possible.

- Operationdor coercinganST actioninto anlO one,andvice versaarealsoprovided.Noticethat
coercinganlO actioninto anST actionis 'lossy’, sinceary exceptionraisedwithin thelO action
will notbe caughtwithin the ST monad asit doesnt support(monadic)exceptions.

4.22. St abl e

Thismoduleis deprecatedjseeitherStablePtr  (seeSectiord.24)or StableName (seeSection
4.23).

4.23. St abl eNane
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A haslell objectcanbegivenastablenameby calling makeStableName onit. Stablenamessolve
thefollowing problem:suppose/ou wantto build a hashtablewith Haslell objectsaskeys, but you
wantto usepointerequalityfor comparisonmaybebecausehe keys arelargeandhashingwould be
slow, or perhapsdecausehekeys areinfinite in size.We can' build a hashtableusingthe addres®of
theobjectasthe key, becaus@bjectsgetmovedaroundby the garbagecollector meaningare-hash
would be necessarafterevery garbagecollection.

EnterstablenamesA stablenameis anabstracentity thatsupportseequalityandhashingwith the
following interface:

data StableName a - abstract, instance Eq.
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makeStableName : a -> IO (StableName a)
hashStableName :: StableName a -> Int

All theseoperationgunin constantime.

Stablenameshave thefollowing properties:

1.1f sn1 :: StablePtr andsn2 : StablePtr andsnl == sn2 thensnl andsn2 are
eitherthe samestablenameor they werecreatedoy callsto makeStableName onthesame
object.

2. Thereverseis notnecessarilyrue:if two stablenamesarenot equal,it doesnt meanthatthey
don't referto thesameHaslell object(althoughthey probablydon't).

3. Thereis nofreeStableName  operation Stablenamesarereclaimedby theruntimesystem
whenthey arenolongerneeded.

4. Thereis no deRefStableName operation.You cant getbackfrom a stablenameto the original
Haslell object. Thereasorfor thisis thatthe existenceof a stablenamefor anobjectdoesnt
guaranteghe existenceof the objectitself; it canstill be garbagecollected.

5. Thereis ahashStableName operationwhich corvertsa stablenameto anint . Thelnt
returneds notnecessarilynique(thatis, it doesnt satisfyproperty(1) above), but it canbe
usedfor building hashtablesof stablenames.

Propertieq1) and(2) aresimilarto stablepointers but thekey differencesrethatyou cant get
backto theoriginal objectfrom a stablename,andyou cancorvertoneto anint for hashing.

4.24. St abl ePt r

4.24.1.

This moduleis partof the ForeignFunctioninterface(FFI) andwill usuallybeimportedvia the
moduleForeign (seeSectiond.9).A stablepointeris areferenceo aHaslell expressiorthatis
guaranteedotto be affectedby garbagecollection,i.e., it will neitherbe deallocatedhor will the
valueof the stablepointeritself changeduringgarbagecollection(ordinaryreferencesnaybe
relocatedduringgarbagecollection).Consequentlystablepointerscanbe passedo foreigncode,
which canhandleit asanopaqueeferencdo a Haslell value.

The Standar d Interface

module StablePtr where

data StablePtr a - abstract stable reference to a Haskell value
instance  Eq StablePtr

makeStablePtr Tooa -> 10 (StablePtr a)
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deRefStablePtr ;. StablePtr a-> I0 a
freeStablePtr ;. StablePtr a-> 10 ()
stablePtrToAddr ;. StablePtr a -> Addr
addrToStablePtr o Addr -> StablePtr a

Thebehaviour of thefunctionsis asfollows:

makeStablePtr © a -> 10 (StablePtr a)

Createsa stablepointerreferringto the givenHasellvalue.

deRefStablePtr :» StablePtr a-> 10 a
Obtainsthe Haslell valuereferencedy a stablepointer, i.e., the samevaluethatwaspassedo
the correspondingall to makeStablePtr

freeStablePtr ;. StablePtr a-> 10 ()

Dissolwe theassociatiobetweerthe stablepointerandthe Haslell value.Afterwards,if the
stablepointeris passedo deRefStablePtr  or freeStablePtr , thebehaviour is undefined.
However, the stablepointermay still be passedo stablePtrToAddr  , buttheAddr value
returnedoy stablePtrToAddr  , in this casejs undefinedin particular it maybe
Addr.nullAddr ). Neverthelessthecall is guaranteedotto diverge.

stablePtrToAddr ;. StablePtr a -> Addr

Coerces stablepointerto anaddressNo guaranteearemadeabouttheresultingvalue,except

thattheoriginal stablepointercanberecoveredby addrToStablePtr . In particular the

addressnay not referto avalid memoryaddressandary attemptto passt to themember

functionsof theclassStorable  (Sectiond.25)will mostlikely leadto disaster
addrToStablePtr : Addr -> StablePtr a

Theinverseof stablePtrToAddr  , i.e.,we havetheidentity
sp == addrToStablePtr (stablePtrToAddr sp)
for ary stablepointersp onwhich freeStablePtr hasnot beenexecutedyet.

Caremustbetakento free stablepointersthatareno longerrequiredusingthe function
freeStablePtr ; otherwise two badthingscanhappen:

« Theobjectreferencedy the stablepointerwill beretainedn theheap.

- Theruntimesystemsinternalstablepointertablewill grow, whichimposesanoverheadcon
garbagecollection.
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The Standar d C-side Interface

Thefollowing definitionis availableto C programsnter-operatingwith Haslell codewhen
includingtheheadeHsFFIL.h .

typedef void* HsStablePtr; /* C representation of a StablePtr */

Notethatno assumptionsnay be madeaboutthe valuesrepresentingtablepointer In fact,they
neednotevenbevalid memoryaddressesiheonly guaranteg@rovidedis thatif they arepassed
backto Haslell land,thefunctiondeRefStablePtr ~ will beableto reconstructhe Haslell value
refereedo by the stablepointer

Deprecated Functions

Thefollowing functionsaredeprecateih the new FFI andthe assertionsegardingthe equalityof
stablepointersarenot guaranteeddo not usethefollowing functionsif you areinterestedn
portability. Most of thesefunctionsareherefor legag/ reasonsndmay just vanishoneday: You
have beenwarned.

Notes:

« If sp1 1 StablePtr andsp2 : StablePtr andspl == sp2 thenspl andsp2 areeither
the samestablepointer, or they werecreatedoy callsto makeStablePtr  onthe sameobject.
Anotherwayto saythisis "every timeyou call makeStablePtr ~ onanobjectyou getbackthe
samestablepointer".

- Thereverseis notnecessarilyrue:if two stablepointersarenot equal,it doesnt meanthatthey
don't referto the sameHaslell object(althoughthey probablydon't).

TheC interface(whichis broughtinto scopeby #include  <Stable.h> ) is asfollows:

typedef  StablePtr [* abstract, probably an unsigned long */

extern  StgPtr deRefStablePtr(StgStablePtr stable_ptr);
static void freeStablePtr(StgStablePtr sp);
static StgStablePtr splitStablePtr(StgStablePtr sp);

ThefunctionsdeRefStablePtr  andfreeStablePtr areequialentto the Haslell functionsof
thesamenameabove.

ThefunctionsplitStablePtr allows a stablepointerto be duplicatedwithout makinga new one
with makeStablePtr . Thestablepointerwon’t beremovedfrom theruntimesystemsinternaltable
until freeStablePtr is calledon bothpointers.
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4.25. St or abl e

ThemoduleStorable providesmostelementansupportfor marshallingandis partof thelow-level
portionof the ForeignFunctioninterface(FFI) - seealsoSection4.9. It senestwo functions:

1. 1t providesoperationgo allocateanddeallocateéblocksof raw memory(i.e., unstructured
chunksof memoryoutsideof the areamaintainedoy the Haslell storagemanager)These
memoryblocksarecommonlyusedto passcompoundiatastructurego foreignfunctionsor to
provide spacen which compoundesultvaluesareobtainedfrom foreignfunctions.For
example,Haslell lists aretypically passedsC arraysto C functions;the storagespacefor such
anarraycanbeallocatedby functions(suchasmalloc ) containedn the presenmodule.

2. It providesaclassStorable andinstance®f this classfor all primitive typesthatcanbe stored
in rav memory Themembeifunctionsof this classfacilitatewriting valuesof primitive typesto
raw memory(which may have beenallocatedwith theabose mentionedoutines)andreading
valuesfrom blocksof raw memory The class furthermorejncludessupportfor computingthe
storagerequirementsndalignmentrestrictionsof storabletypes.

4.25.1. The Type Class St or abl e

All marshallingoetweerHaslell anda foreignlanguageaultimately boils down to translatingHaslell
datastructuresnto thebinaryrepresentationf a correspondinglatastructureof theforeign
languageandvice versa.To codethis marshallingin Haslell, it is necessaryo manipulatgrimtive
datatypesstoredin unstructurednemoryblocks.TheclassStorable  facilitatesthis manipulation
onall typesfor whichit is instantiatedyhich arethe standardasictypesof Haslell, thefixedsize
IntXX (Sectiond.13)andWordXX (Sectiond.27)types,stablepointers(Section4.24),all typesfrom
CTypes (Sectiond.5)andCTypesISO (Sectiond.6),aswell asaddresseéSectiond.1).

class Storable a where

sizeOf Doa > Int

alignment Doa > Int

peekElemOff 1 Addr -> Int > 10 a
pokeElemOff :: Addr -> Int > a-> 10 ()
peekByteOff :: Addr -> AddrOff > 10 a
pokeByteOff 1 Addr -> AddrOff -> a -> 10 ()
peek o Addr > 10 a
poke o Addr > a -> 10 ()

Thebehaiour of thememberfunctionsis asfollows:
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sizeOf = a -> Int
alignment ' a -> Int

ThefunctionsizeOf computedhe storagerequirementgin bytes)of theagumentand
alignment computeghealignmentconstrainiof theargumentAn alignmentconstrainix is
fulfilled by arny addresslivisible by x. Both functionsdo not evaluatetheir algument but
computetheresulton the basisof thetype of theargumentalone.

peekElemOff ' Addr -> Int -> 10 a

Reada valuefrom a memoryarearegardedasanarrayof valuesof the samekind. Thefirst
argumentspecifieghe startaddres®f thearrayandthe secondheindex into thearray(thefirst
elemenwf thearrayhasindex 0). Thefollowing equalityholds,

peekElemOff addr idx = IOExts.fixlO $ \result ->
let off = fromintegral (idx * sizeOf result)
in peek (addr ‘plusAddr off)

Notethatthisis only a specificationput not necessarilyhe concretamplementatiorof the
function.

pokeElemOff @ Addr -> Int -> a -> 10 ()

Write avalueto amemoryarearegardedasanarrayof valuesof the samekind. Thefollowing
equalityholds,

pokeElemOff addr idx x =

let off = fromintegral (idx * sizeOf x)

in poke (addr ‘plusAddr offf x
peekByteOff 1 Addr -> AddrOff -> 10 a

Reada valuefrom a memorylocationgivenby a baseaddres@andoffset. Thefollowing
equalityholds,

peekByteOff  addr off = peek (addr ‘plusAddr off)

pokeByteOff 1 Addr -> AddrOff -> a -> 10 ()

Write avalueto amemorylocationgivenby abaseaddressandoffset. Thefollowing equality
holds,

pokeByteOff addr off x = poke (addr ‘plusAddr offy x

peek @ Addr -> 10 a

Readavaluefrom thegivenmemorylocation

poke :: Addr -> a -> 10 ()

Write the givenvalueto the givenmemorylocation.
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Notethatthe peekandpoke functionsmightrequireproperlyalignedaddresse® functioncorrectly
Thisis architecturadependentthus,portablecodeshouldensurehatwhenpeekingor pokingvalues
of sometypea, thealignmentconstrainfor a, asgivenby thefunctionalignment s fulfilled.

4.25.2. Allocation and Deallocation of Memory Bloc ks

malloc :: Int -=> |0 Addr

mallocElem ;. Storable a => a -> |O Addr

mallocElems :: Storable a => a -=> Int -> 10 Addr

realloc B Addr -> Int -> |0 Addr

free :: Addr > 10 ()

alloca i Int -> (Addr -> 10 a) -> 10 a
allocaElem . Storable a => a -=> (Addr -> 10 b) -> 10 b
allocaElems :: Storable a =>a -> Int -> (Addr -> 10 b) -> 10 b

Thefunctionsmalloc ,realloc , andfree correspondo the standardC functionsmalloc()
realloc() ,andfree() ,respectiely. ThefunctionmallocElem essentiallypehaeslike malloc ,
but allocatesa block of memorythatexactly holdsvaluesof its argumenttype. Thefunction
mallocElems is similar, but allocatesstorage€for anarrayof values wherethe sizeof thearrayis
givenin the secondargument.More precisely thesdasttwo functionsbehae asif definedas
follows:

malloc . sizeOf
malloc (n * sizeOf x)

mallocElem
mallocElems x n

Notethat,dueto the definitionof sizeOf , thefirst agumentof bothmallocElem and
mallocElems is notevaluated.

Theremainingthreefunctionssandwicha givenoperationbetweenallocationanddeallocatiorof
oneblock of memoryin anexception-safavay. They behae asif definedas

alloca n op
allocaElem X op
allocaElems  x n op

bracket (malloc n) free op
alloca (sizeOf x) op
alloca (n * sizeOf x) op

4.26. \eak

TheWweaklibrary providesa "weakpointer"abstractiongiving the usersomecontrolover the
garbagecollectionof specifiedobjects,andallowing objectsto be "finalized" with anarbitrary
Haslell 10 computationvhenthey die.

Weakpointerspartially replacetheold foreign objectinterface,aswe will explainlater
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Module Signature

module Weak (
Weak, - abstract
- instance  Eq (Weak v)

mkWeak, - k> v -> Maybe (IO () -> IO (Weak v)
deRefWeak, - ' Weak v -> 10 (Maybe v)
finalize, - & Weakv -> 10 ()

- Not yet implemented

- replaceFinalizer - o Weakv > 10 () -> 10 ()
mkWeakPtr, - = k -=> Maybe (IO ()) -> 10 (Weak k)
mkWeakPair, -2 k > v -> Maybe (I0 ()) -> 10 (Weak (k,v))
addFinalizer, -2 k-=>10 (0 > 100
addForeignFinalizer - 2 ForeignObj -> 10 () -> 10 ()

) where

Weak pointer s

In generaterms,aweakpointeris areferenceao anobjectthatis notfollowedby thegarbage
collector— thatis, the existenceof aweakpointerto anobjecthasno effecton thelifetime of that
object.A weakpointercanbe de-referencetb find outwhetherthe objectit refersto is still alive or
not, andif soto returnthe objectitself.

Weakpointersareparticularlyusefulfor cachesandmemotables.To build amemotable,you build
a datastructuremappingfrom thefunctionargument(thekey) to its result(the value).Whenyou
applythefunctionto a new argumentyou first checkwhetherthekey/valuepairis alreadyin the
memotable.Thekey pointis thatthe memotableitself shouldnot keepthe key andvaluealive. So
thetableshouldcontainaweakpointerto the key, notanordinarypointer The pointerto thevalue
mustnot beweak,becausehe only referenceo the valuemightindeedbe from thememotable.

Soit looksasif thememotablewill keepall its valuesalive for ever. Oneway to solve thisis to
purgethetableoccasionallyby deletingentrieswhosekeys have died.

Theweakpointersin this library supportanotherapproachcalledfinalization Whenthekey
referredto by aweakpointerdies,the storagemanagearrangedo run a programmeispecified
finalizer In the caseof memotablesfor example thefinalizercould remove the key/valuepair from
thememotable.

Anotherdifficulty with the memotableis thatthe valueof a key/valuepair mightitself containa
pointerto thekey. Sothe memotablekeepsthevaluealive, which keepsthekey alive, eventhough
theremaybeno otherreferenceso thekey sobothshoulddie. Theweakpointersin this library
provide a slight generalisatiomf the basicweak-pointeidea,in which eachweakpointeractually
containshotha key andavalue.We describethisin moredetailbelow.
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4.26.3. The simple interface
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mkWeakPtr o a-> Maybe (IO ()) -> 10 (Weak a)
deRefWeak @ Weak a -> 10 (Maybe a)
addFinalizer ca-=>10 (0 > 10

mkWeakPtr takesavalueof ary typea, andmaybeafinalizerof typelO () , andreturnsaweak
pointerobjectreferringto the value,of typeWeak a. It is in thelO monadbecausdt hastheside
effectof arrangingthatthefinalizer (if thereis one)will berunwhenthe objectdies.In what
follows, a “weak pointerobject”, or “weak pointer” for short,meansprecisely‘a Haslell valueof
typeWeak t " for sometypet . A weakpointer(object)is afirst-classHaslell value;it canbe passed
to functions,storedin datastructuresandsoon.

deRefWeak dereferenceaweakpointer, returningJust v if thevalueis still alive. If thekey has
alreadydied,thendeRefweak returnsNothing ; that'swhy it'sin thelO monad—theeturnvalue
of deRefWeak depend®nwhenthegarbagecollectorruns.

addFinalizer is justanothemamefor mkWeakPtr exceptthatit throws the weakpointeritself
away. (Theruntimesystemwill remembethattheweakpointerandhencethefinalizerexistsevenif
the programhasforgottenit.)

addFinalizer T a-=>10 (O > 10 (
addFinalizer v f = do { mkWeakPtr v f; return () }

Theeffect of addFinalizer is simply thatthefinalizerrunswhenthereferencedbjectdies.

Thefollowing propertieshold:

- deRefWeak returnstheoriginal objectuntil thatobjectis consideredlead;it returnsNothing
subsequently

- Everyfinalizerwill eventuallyberun,exactly once eithersoonaftertheobjectdies,or attheend
of theprogram.Thereis no requiremenfor the programmeto hold ontothe weakpointeritself;
finalizationis completelyunafectedby whetherthe weakpointeritself is alive.

- Theremaybemultiple weakpointersto a singleobject.In this casethefinalizersfor eachof these
weakpointerswill all berunin somearbitraryorder, or perhapsoncurrentlywhenthe object
dies.If theprogrammespecifiesafinalizerthatassume# hasthe only referenceo anobject(for
example,afile thatit wishesto close) thenthe programmemustensurehatthereis only one
suchfinalizer.

- Thestoragemanageattemptgo runthefinalizer(s)for anobjectsoonafterthe objectdies,but
promptnesss notguaranteedWhatis guaranteeds thatthefinalizerwill eventuallyrun, exactly
once.)

« At themomentwhenafinalizeris run, a call to deRefWeak will returnNothing



4.26.4.

4.26.5.

Chapter4. Thel ang category: language support

- A finalizermay containa pointerto the object,but that pointerwill notkeepthe objectalive. For
example:

f = Showa=>a -> 10 a
f x = addFinalizer x (print (show X))

Herethefinalizerprint  (show x) containsareferenceo x itself, but thatdoesnotkeepx alive.
Whenthatis the only referenceo x, thefinalizeris run; andthe messagappear®nthescreen.

- A finalizermayevenresurrectheobject,by (say)storingit in someglobaldatastructure.

The general interface

TheWeaklibrary offersa slight generalisatiomf the simpleweakpointersdescribedofar:
mkWeak :: k -> v -> Maybe (10 ()) -> IO (Weak v)

mkWeaktakesa key of ary typek andavalueof ary typev, aswell asafinalizer, andreturnsaweak

pointerof typeweak v.

deRefWeak returnsthevalueonly, notthekey, asits type (givenabove)implies:
deRefWeak :: Weak a -> 10 (Maybe a)

However, deRefWeak returnsNothing if thekey, notthevalue,hasdied. Furthermorereferences
from thevalueto the key do notkeepthekey alive,in the sameway thatthefinalizerdoesnot keep
thekey alive.

Simpleweakpointersarereadily definedin termsof thesemoregeneralWweakpointers:
mkWeakPtr :: a -> Maybe (I0 ()) -> 10 (Weak a)
mkWeakPtr v f = mkWeakv v f

Thesemoregeneralweakpointersareenoughto implementmemotablesproperly.

A weakpointercanbefinalizedearly, usingthefinalize  operation:

finalize © Weakv -> 10 ()

A precise semantics

Theabove informal specificatioris fine for simplesituations but matterscangetcomplicatedIn
particular it needgo be clearexactly whenakey dies,sothatary weakpointersthatreferto it can
befinalized.Supposefor example,thevalueof oneweakpointerrefersto thekey of another..does
thatkeepthekey alive?

Thebehaiour is simply this:
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- If aweakpointer(object)refersto anunreatablekey, it maybefinalized.

- Finalizationmeanga) arrangehatsubsequentallsto deRefWeak returnNothing ; and(b) run
thefinalizer.

This behaiour dependonwhatit meangor akey to bereachablelnformally, somethings
reachablef it canbereachedy following ordinarypointersfrom theroot set,but not following
weakpointers We definereachabilitymorepreciselyasfollows A heapobjectis reachablef:

« It isamemberof theroot set
- Itisdirectly pointedto by areachablebject,otherthana weakpointerobject.
It isaweakpointerobjectwhosekey is reachable.

- Itisthevalueor finalizerof anobjectwhosekey is reachable.

Theroot setconsistof all runnablethreadsandall stablepointers(seeSection4.24).NOTE:
currentlyall top-level objectsareconsideredo bereachablealthoughwe hopeto remove this
restrictionin thefuture.A Char orsmallint will alsobeconstantlyreachablesincethegarbage
collectorreplaceseap-residenthar sandsmallint swith pointersto staticcopies.

Noticethata pointerto thekey from its associatedalueor finalizerdoesnot make the key
reachableHowever, if thekey is reachablesomeotherway, thenthe valueandthefinalizerare
reachableandso,therefore areany otherkeysthey referto directly or indirectly.

Finalization for foreign objects

A foreignobjectis somedatathatlivesoutsidethe Haslell heap for examplesomemalloc eddata
in Cland.It’s usefulto be ableto know whenthe Haslell programno longerneedghemalloc ed
data,soit canbefree d.We canuseweakpointersandfinalizersfor this, but we have to be careful:
theforeigndatais usuallyreferencedy anaddressie. anAddr (seeSectiord4.1),andwe must
retaintheinvariantthatif the Haslell programstill needgheforeignobject,thenit retainsthe Addr
objectin theheap Thisinvariantisn’t guaranteedo hold if we useAddr , becaus@nAddr consists
of aboxaroundaraw address\ddr# . If the Haslell programcanmanipulateghe Addr# object
independentlyf the heap-residentddr , thentheforeign objectcould beinadwertentlyfinalized
early, becaus@aweakpointerto the Addr would find no morereferenceso its key andtriggerthe
finalizerdespitethefactthatthe programstill holdsthe Addr# andintendsto useit.

To avoid this somavhatsubtleracecondition,we useanothertype of foreignaddresscalled
ForeignObj (seeSection4.9). Historicalnote:ForeignObj is identicalto the old ForeignObj
exceptthatit nolongersupportdinalization- that's providedby theweakpointer/finalization
mechanisnmabove.

A ForeignObj is basicallyanaddressbut the ForeignObj itself is a heap-residembjectandcan
thereforebewatchedby weakpointers A ForeignObj canbepassedo C functions(in which case
the C functiongetsa straightforwardpointer),but it cannotbe decomposethto anAddr# .
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4.27. \Wr d

4.27.1.

Thislibrary providesunsignedntegersof varioussizes.Thetypessupportedareasfollows:

type numberof bits
Word8 8

Word16 16

\Word32 32

Word64 64

For eachtype W above, we provide thefollowing functionsandinstancesThetypel refersto the
signedintegertype of the samesize.

data W

instance  Eq
instance  Ord
instance  Show
instance Read
instance  Bounded
instance Num
instance  Real
instance  Integral
instance Enum
instance  Ix
instance Bits

Unsigned Ints

s

Notes

« All arithmeticis performedmodulo2”n. Onenon-obviousconsequencef thisis thatnegate
shouldnot raiseanerroron negative arguments.

- For coercingbetweerary two integertypes,usefromintegral ~ , whichis specializedor all the
commoncasessoshouldbefastenough Coercingword typesto andfrom integertypespreseres
representatiomotsign.

- It would bevery naturalto addatypeatypeNatural  providing anunboundedaizeunsigned
integer—justasinteger  providesunboundedizesignedintegers.We do notdo thatyet since
thereis no demandor it. Doing sowould requireBits.bitSize to returnMaybe Int .

« Therulesthathold for Enuminstance®veraboundedypesuchasint (seethesectionof the
Haslell reportdealingwith arithmeticsequences)lisohold for the Enuminstance®verthe
variousWord typesdefinedhere.
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- Rightandleft shiftsby amountgyreatethanor equalto thewidth of thetyperesultin azeroresult.
Thisis contraryto thebehaviour in C, which is undefineda commoninterpretatioris to truncate
theshift countto thewidth of thetype,for examplel « 32 == 1 in someC implementations.

4.27.2. Implementation notes

« Hugsonly providesEq, Ord, Read andShow instancegor Word64 atthe moment.

Notes

GHC currentlydoesnotthrow ArithException  s.
GHC currentlydoesnotthrow ArrayException  S.
Which threadrecevesthis exceptionis currentlyundefined.

GHC currentlydoesnotthrow HeapOverflow exceptions.

S

Thedefaultimplementatiorof unsafeFreeze isfreeze , butit is expectedhatspecialised
versionswhich omit the copy areprovidedfor thecommonarraytypes.
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suppor t

(DarrenMoffat suppliedtheinitial versionof thislibrary.)

5.1. BSD: System database info

TheBSDmoduleprovidesfunctionsto getat system-databasefo; pretty straightforvardif you're

into this sortof thing:

type HostName =

getHostName

String

10 Hosthame

data ServiceEntry = ServiceEntry {
serviceName : ServiceName,
serviceAliases [ServiceName],
servicePort PortNumber,
serviceProtocol ProtocolName

}

type ServiceName =

String

- Official Name
- aliases
- Port Number (network byte order)

- Protocol

getServiceByName ServiceName -> ProtocolName -> |0 ServiceEntry
getServiceByPort PortNumber  -> ProtocolName -> 10 ServiceEntry
getServicePortNumber ServiceName -> 10 PortNumber
- not available con Cygwin/Mingw
getServiceEntry 10 ServiceEntry
setServiceEntry Bool -> 10 ()
endServiceEntry 10 ()
getServiceEntries Bool -> 10 [ServiceEntry]
type ProtocolName = String
type ProtocolNumber = Int - from SocketPrim
data ProtocolEntry = ProtocolEntry {
protoName ProtocolName, - Official Name
protoAliases [ProtocolName], - aliases
protoNumber ProtocolNumber - Protocol Number

}

getProtocolByName
getProtocolByNumber
getProtocolNumber

ProtocolName
ProtocolNumber
ProtocolName

->
->
->

IO ProtocolEntry
IO ProtcolEntry
ProtocolNumber
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not available
setProtocolEntry
getProtocolEntry
endProtocolEntry
getProtocolEntries

con Cyg

from SocketPrim
newtype PortNumber

win/Mingw

Bool -> 10 ()
10 ProtocolEntry
10 0
Bool

-> 10 [ProtocolEntry]

instance of Eq, Ord, Enum, Num, Real, Integral, Show
PNum Int - 16-bit value stored in network byte order.
mkPortNumber Int  -> PortNumber
data HostEntry = HostEntry {
hostName HostName, - Official Name
hostAliases [HostName], - aliases
hostFamily Family, - Host Type (currently AF_INET)
hostAddresses [HostAddress] -
Set of Network Addresses (in  network byte order)
}
getHostByName HostName -> 10 HostEntry
getHostByAddr HostAddress -> Family -> 10 HostEntry
hostAddress HostEntry  -> HostAddress
- not available con Cygwin/Mingw
setHostEntry : Bool -> 10 ()
getHostEntry 10 HostEntry
endHostEntry 10 ()
getHostEntries Bool -> 10 [HostEntry]
type NetworkAddr = Word - host byte order
type NetworkName = String
data NetworkEntry =
NetworkEntry {
networkName NetworkName, - official name
networkAliases [NetworkName], - aliases
networkFamily Family, - type
networkAddress NetworkAddr
}
- not available con Cygwin/Mingw
getNetworkByName :» NetworkName -> 1O NetworkEntry
getNetworkByAddr NetworkAddr -> Family -> 10 NetworkEntry
setNetworkEntry Bool -> 10 ()
getNetworkEntry 10 NetworkEntry
endNetworkEntry 10 ()
getNetworkEntries Bool -> 10 [NetworkEntry]
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- if available
symlink : String  -> String > 10 ()
readlink . String  -> 10 String

5.2. Socket : The high-le vel netw orking interface

TheSocket interfaceis a“higher-level” interfaceto soclets,andit is whatwe recommendPlease
tell usif thefacilitiesit offersareinadequateo yourtask! Theinterfaceis relatively modest:

data Socket - instance of: Eqg, Show
data PortID =
Service  String - Service Name eg "ftp"
| PortNumber PortNumber - User defined Port Number
| UnixSocket  String - Unix family socket in file  system,
- not available con Cygwin/Mingw

type Hostname = String
connectTo : Hostname -> PortID -> 10 Handle
listenOn . PortiD -> 10 Socket
accept . Socket -> 10 (Handle, HostName)
sendTo ' Hostname -> PortiID -> String -> 10 ()
recvFrom ' Hostname -> PortID -> 10 String
socketPort . Socket -> 10 PortlD
withSocketsDo » 10 a-> 10 a
data PortNumber - instance of Eq, Ord, Enum, Num, Real, Integral, Show
mkPortNumber o Int -> PortNumber

5.3. Socket Pri m The low-level socket binding

The SocketPrim  moduleis for whenyou wantfull controloverthesoclets,exposingthe C soclet
API. Your bestbetfor documentatioris to look atthe code—really!—normallyin
fptools/hslibs/net/SocketPrim.lhs

data Socket - instance of: Eqg, Show

- your mileage may vary depending on the OS you use...
data Family = instance of: Eq, Ord, Ix, Show
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AF_802 -
AF_APPLETALK -
AF_ARP -
AF_AX25

AF_CCITT -
AF_CHAOS -
AF_CNT -
AF_COIP -
AF_CTF -
AF_DATAKIT -
AF_DECnet -
AF_DLI -
AF_ECMA -
AF_GOSSIP -
AF_HYLINK -
AF_IMPLINK -
AF_INET -
AF_INET6 -
AF_INTF -
AF_IPX -
AF_ISDN -
AF_ISO -
AF_LAT -
AF_LINK -
AF_MAX

AF_NATM -
AF_NBS -
AF_NDD

AF_NETBIOS -
AF_NETMAN -
AF_NETWARE

AF_NIT -
AF_NS -
AF_OSI -
AF_OSINET -
AF_PUP -
AF_RAW -
AF_RIF -
AF_ROUTE -
AF_SIP -
AF_SNA -
AF_UNIX -
AF_UNSPEC -
AF_WAN -
AF_X25 -
Pseudo_AF_HDRCMPLT-
Pseudo_AF_KEY -
Pseudo_AF_PIP -
Pseudo_AF_RTIP -
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IEEE 802.2, also I1SO 8802

Apple Talk

(rev.) addr. res. prot. (RFC 826)
CCITT protocaols, X.25 etc

mit CHAOSprotocols

Computer Network Technology
connection-oriented IP, aka ST Il
CommonTrace Facility

datakit protocols

DECnet

DEC Direct data link interface
european computer manufacturers

US Government OSI
NSC Hyperchannel

arpanet imp addresses
internetwork: UDP, TCP, etc
IPv6

Debugging use only

Novell Internet Protocol
Integrated Services  Digital Network
ISO protocols

LAT

Link layer interface

native  ATM access

nbs protocols

NetBios-style addresses

DNA Network Management
Network Interface Tap
XEROXNS protocols

OSI protocols

AFI

pup protocols: e.g. BSP
Link layer interface

raw interface

Internal Routing  Protocol
Simple Internet Protocol

IBM SNA

local to host (pipes, portals
unspecified

Wide Area Network protocols
CCITT X.25

Used by BPF to not rewrite hdrs in iface
Internal key-management function
Help Identify PIP packets
Help Identify RTIP packets
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| Pseudo_AF_XTP - eXpress Transfer Protocol (no AF)

data Socket

= MkSocket Int - File Descriptor
Family
SocketType
Int - Protocol Number
(IORef  SocketStatus) - Status Flag

data SockAddr
= SockAddrUnix String - not available con Cygwin/Mingw
| SockAddrinet  PortNumber HostAddress

type HostAddress = Word

data ShutdownCmd = ShutdownReceive | ShutdownSend | ShutdownBoth
type ProtocolNumber = Int

socket : Family -> SocketType -> ProtocolNumber -> 10 Socket
connect . Socket -> SockAddr -> 10 ()

bindSocket . Socket -> SockAddr -> 10 ()

listen . Socket -> Int -> 10 ()

accept . Socket -> 10 (Socket, SockAddr)
getPeerName . Socket -> |0 SockAddr

getSocketName . Socket -> 10 SockAddr

socketPort . Socket -> 10 PortNumber

writeSocket . Socket -> String -> [0 Int

readSocket . Socket -> Int -> 10 (String, Int)
readSocketAll . Socket -> |0 String

socketToHandle . Socket -> 10 Handle

sendTo . Socket -> String -> SockAddr -> 10 Int
recvFrom . Socket -> Int -> 10 (String, Int,  SockAddr)
inet_addr @ String  -> 10 HostAddress

inet_ntoa . HostAddress -> 1O String

slsConnected ;. Socket -> 10 Bool

slsBound ;. Socket -> 10 Bool

slsListening . Socket -> 10 Bool

slsReadable ;. Socket -> 10 Bool

slsWritable . Socket -> 10 Bool

shutdown . Socket -> ShutdownCmd -> 10 ()

sClose . Socket -> 10 ()
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data SocketOption =

Debug - SO_DEBUG

| ReuseAddr - SO_REUSEADDR

| Type - SO_TYPE

| SoError - SO_ERROR

| DontRoute - SO_DONTROUTE

| Broadcast - SO_BROADCAST

| SendBuffer - SO_SNDBUF

| RecvBuffer - SO_RCVBUF

| KeepAlive - SO_KEEPALIVE

| OOBInline - SO_OOBINLINE

| MaxSegment - TCP_MAXSEG,not available con Cygwin/Mingw

| NobDelay - TCP_NODELAY
getSocketOption ;. Socket -> SocketOption -> 10 Int
setSocketOption . Socket -> SocketOption > Int > 10 ()

newtype PortNumber = -

instance  of Eq, Ord, Enum, Num, Real, Integral, Show
PNum Int - 16-bit value stored in network byte order.
mkPortNumber : Int -> PortNumber
aNY_PORT ;. PortNumber
iINADDR_ANY :» HostAddress
SOMAXCONN oo Int
maxListenQueue o Int
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TheURI library providesutilities for parsingandmanipulatinguniform Resourcédentifiers(amore
generaform of Uniform Resourcd.ocators,or URLS). URIs aredescribedn RFC2396
(http:/iwvww.fags.og/rfcs/rfc23%.html).

module URI where

data URI {

scheme, : String,
authority, ;. String,
path, : String,
query, : String,
fragment ::  String
}

instance Show URI

parseURI @ String  -> Maybe URI
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relativeTo : URI -> URI -> Maybe URI

- support for putting strings into  URI-friendly
- escaped format and getting them back again.

- Can't be done transparently, because certain characters
- have different meanings in different kinds of URL
reserved ;> Char -> Bool

unreserved ' Char -> Bool

isAllowedInURI ;> Char -> Bool

escapeString . String -> (Char->Bool) ->  String
unEscapeString ;. String -> String
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operations

This category is currentlyempty
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Chapter 7. The posi x categor y. POSIX
suppor t

ThePosix interfacegivesyou accesgo the setof OSservicesstandardisely POSIX 1003.1hb(or
the IEEE Portable Operating Systeninterfacefor Computingenvironments IEEE Std.1003.1).
Theinterfaceis accessetly import Posix andadding-package posix onyourcommand-line.

7.1. Posix data types

data ByteCount - instances of : Eq Ord Num Real Integral IXx Enum Show

A ByteCount is aprimitive of typeunsigned . At aminimum,anconformingimplementatiormust
supportvaluesin therange[0, UINT_MAX].

data ClockTick - instances of : Eq Ord Num Real Integral Ix Enum Show

A ClockTick is aprimitive of typeclock t , whichis usedto measurentervalsof timein
fractionsof a secondTheresolutionis determinedy getSysvar  ClockTick

data DevicelD - instances of : Eq Ord Num Real Integral IXx Enum Show
A DevicelD is aprimitive of typedev_t . It mustbeanarithmetictype.
data EpochTime - instances of : Eq Ord Num Real Integral Ix Enum Show

A EpochTime is aprimitive of typetime_t , whichis usedto measuresecondsincethe Epoch.At
aminimum,theimplementatiormustsupportvaluesin therangef0o, INT_MAX].

data FileID - instances of : Eq Ord Num Real Integral IXx Enum Show
A FileID isaprimitive of typeino_t . It mustbeanarithmetictype.
data FileMode - instance of : Eq

A FileMode is aprimitive of typemode_t . It mustbeanarithmetictype.

data FileOffset - instances of : Eq Ord Num Real Integral IXx Enum Show
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A FileOffset  is aprimitive of typeoff t . It mustbeanarithmetictype.
data GrouplD - instances of : Eq Ord Num Real Integral IXx Enum Show

A GrouplID is aprimitive of typegid_t . It mustbeanarithmetictype.

data Limit - instances of : Eqg Ord Num Real Integral IXx Enum Show

A Limit isaprimitive of typelong . At aminimum,theimplementatiormustsupportvaluesin the
range[LONG_MIN, LONG_MAX]

data LinkCount - instances of : Eq Ord Num Real Integral Ix Enum Show
A LinkCount is aprimitive of typenlink_t . It mustbeanarithmetictype.

data ProcessID - instances of : Eq Ord Num Real Integral IXx Enum Show
type ProcessGrouplD = ProcessID

A ProcessID is aprimitive of typepid_t . It mustbea signedarithmetictype.

data UserID - instances of : Eq Ord Num Real Integral IXx Enum Show

A UserID is aprimitive of typeuid_t . It mustbeanarithmetictype.

data DirStream

A DirStream is aprimitive of typeDIR *.

data FileStatus

A FileStatus  is aprimitive of typestruct  stat .
data GroupEntry

A GroupEntry is aprimitive of typestruct  group .

data ProcessTimes

ProcessTimes is aprimitive structurecontainingaclock_t andastruct tms.
data SignalSet

An SignalSet  is aprimitive of typesigset_t
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data SystemID

A SystemID is aprimitive of typestruct

data TerminalAttributes

Chapter7. Theposi x category: POSIXsupport

utsname .

TerminalAttributes is aprimitive of typestruct  termios
data UserEntry
A UserEntry is aprimitive of typestruct  passwd .
data BaudRate = BO | B50 | B75 | B110 | B134 | B150 | B200 | B300 | B600
| B1200 | B1800 | B2400 | B4800 | B9600 | B19200 | B38400
deriving (Egq, Show)
data Fd
intToFd 1 Int -> Fd - use with care.
fdTolnt @ Fd -> Int - ditto.
data FdOption = AppendOnWrite
| CloseOnExec
| NonBlockingRead
data ControlCharacter = EndOfFile
| EndOfLine
| Erase
| Interrupt
| Kill
| Quit
| Suspend
| Start
| Stop
type ErrorCode = Int
type FileLock = (LockRequest, SeekMode, FileOffset, FileOffset)
- whence start length
data FlowAction = SuspendOutput | RestartOutput |  Transmit-
Stop | TransmitStart
data Handler = Default Ignore | Catch (10 ()
data LockRequest = ReadLock | WriteLock | Unlock
deriving (Eq, Show)
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data OpenMode

data PathVar =

data QueueSelector =

type Signal =

data SysVar =

data TerminalMode =

= ReadOnly | WriteOnly |
LinkLimit

InputLineLimit
InputQueueLimit
FileNameLimit

PathNameLimit
PipeBufferLimit
SetOwnerAndGrouplsRestricted
FileNamesAreNotTruncated

InputQueue | OutputQueue

Int

ArgumentLimit
ChildLimit
ClockTick
GroupLimit
OpenFileLimit
PosixVersion
HasSavedIDs
HasJobControl

InterruptOnBreak -
MapCRtoLF -
IgnoreBreak -
IgnoreCR -
IgnoreParityErrors -
MapLFtoCR -
CheckParity -
StripHighBit -
StartStoplnput -
StartStopOutput -
MarkParityErrors -
ProcessOutput -
LocalMode -
ReadEnable -
TwoStopBits -
HangupOnClose -
EnableParity -
OddParity -
EnableEcho -
EchoErase -
EchocKill -
EchoLF -
Processinput -
ExtendedFunctions -

ReadWrite

| BothQueues

BRKINT
ICRNL
IGNBRK
IGNCR
IGNPAR
INLCR
INPCK
ISTRIP
IXOFF
IXON
PARMRK
OPOST
CLOCAL
CREAD
CSTOPB
HUPCL
PARENB
PARODD
ECHO
ECHOE
ECHOK
ECHONL
ICANON
IEXTEN
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| Keyboardinterrupts - ISIG
| NoFlushOnlnterrupt - NOFLSH
| BackgroundWritelnterrupt - TOSTOP
data TerminalState = Immediately | WhenDrained | WhenFlushed

Exited ExitCode

Terminated  Signal

Stopped Signal
eriving (Eq, Show)

data ProcessStatus

Q — — |l

7.2. Posix Process Primitives

forkProcess 10 (Maybe ProcessID)

forkProcess  callsfork , returningJust pid totheparentwherepid istheProcess|Dof the
child, andreturningNothing to the child.

executeFile : FilePath - Command
-> Bool - Search PATH?
-> [String] - Arguments
-> Maybe [(String, String)] - Environment
> 10 ()

executeFile cmd args env callsoneof theexecv* family, dependingonwhetheror notthe
currentPATH is to be searchedor thecommandandwhetheror notanervironmentis providedto
supersedéhe processs currentervironment.Thebasenamé@eadingdirectorynamessuppressed)f
thecommands passedo execv* asarg[0] ; theargumentlist passedo executeFile  therefore
beginswith arg[1]

Search PATH? Supersede environ? Call
False False execv
False True execve
True False execvp
True True execvpe*

Notethatexecvpe is not providedby the POSIX standardandmustbe written by hand.Caremust
betakento ensurehatthe searchpathis extractedfrom the original environment,andnot from the
ervironmentto be passean to thenew image.

NOTE: In general sharingopenfiles betweerparentandchild processess potentialbug farm,and
shouldbe avoidedunlessyou really dependon this ‘feature’ of POSIX' fork()  semanticsUsing
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Haslell, theresthe extra complicationthatargumentdo executeFile ~ mightcomefrom files that
arereadlazily (usinghGetContents , or somesuch.)If thisis the casethenfor your own sanity
pleaseensurehattheargumentgo executeFile  have beenfully evaluatedbeforecalling
forkProcess  (followedby executeFile .) Consideryourselfwarned:-)

A successfuéxecuteFile  overlaysthe currentprocessmagewith anew one,soit only returnson
failure.

runProcess 1 FilePath - Command
-> [String] - Arguments
-> Maybe [(String, String)] - Environment  (Nothing -
> Inherited)
-> Maybe FilePath - Working directory (Nothing -
> inherited)
-> Maybe Handle - stdin (Nothing  -> inherited)
-> Maybe Handle - stdout (Nothing -> inherited)
-> Maybe Handle - stderr  (Nothing  -> inherited)
> 10 ()

runProcess  is our candidatdor the high-level OS-independermgrimitive.

runProcess cmd args env wd inhdl outhdl errhdl runscmd (searchinghe current
PATH with argumentsargs . If env isJust pairs , thecommands executedwith theervironment
specifiedby pairs  of variablesandvalues;otherwisethe commands executedwith thecurrent
ervironment.If wdisJust dir ,thecommands executedwith working directorydir ; otherwise,
thecommands executedn the currentworking directory If {in,out,err hdl} is Just handle ,

thecommands executedwith the Fd for std{in,out,err } attachedo the specifiechandle ;
otherwisetheFd for std{in,out,err } is left unchanged.
getProcessStatus . Bool - Block?

-> Bool - Stopped processes?

-> ProcessID
-> 10 (Maybe ProcessStatus)

getProcessStatus blk stopped pid callswaitpid ,returningdust tc ,the
ProcessStatus  for processid if it is available,Nothing otherwiself blk is False ,then
WNOHANIG setin the optionsfor waitpid , otherwisenot. If stopped is True , thenWUNTRACEB
setin the optionsfor waitpid , otherwisenot.

getGroupProcessStatus :»  Bool - Block?
-> Bool - Stopped processes?
-> ProcessGrouplD
-> 10 (Maybe (ProcessID, ProcessStatus))

getGroupProcessStatus blk stopped pgid callswaitpid ,returningJust (pid, tc) ,the
ProcessID andProcessStatus  for any processn grouppgid if oneis available,Nothing
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otherwiself blk is False ,thenWNOHANIG setin the optionsfor waitpid , otherwisenot. If
stopped is True , thenWUNTRACEIB setin the optionsfor waitpid , otherwisenot.

getAnyProcessStatus ;. Bool - Block?
-> Bool - Stopped processes?
-> 10 (Maybe (ProcessID, ProcessStatus))

getAnyProcessStatus blk stopped callswaitpid ,returningdust (pid, tc) ,the
ProcessID andProcessStatus  for ary child processf oneis available,Nothing otherwiself
blk is False ,thenWNOHANIS setin theoptionsfor waitpid , otherwisenot. If stopped is True ,
thenWUNTRACEDB setin theoptionsfor waitpid , otherwisenot.

exittmmediately . ExitCode -> 10 ()

exittmmediately status calls_exit toterminatethe processwith theindicatedexit status
Theoperationmneverreturns.

getEnvironment 10 [(String, String)]

getEnvironment  parsegheenvironmentvariablemappingprovidedby environ , returning
(variable, value) pairs.Theoperatiomeverfails.

setEnvironment o [(String, String)] > 10 ()

setEnvironment  replaceghe procesenvironmentwith the providedmappingof (variable,
value) pairs.

getEnvvar :: String -> 10 String

getEnvvar var returnsthevalueassociatedvith variablevar in thecurrentervironment
(identicalfunctionality providedthroughstandarcHaslell library function System.getEnv ).

The operationmayfail with:

NoSuchThing

Thevariablehasno mappingin the currentervironment.

setEnvvar : String -> String -> 10 ()

setEnvvar var val setsthevalueassociatedavith variablevar in thecurrentervironmentto be
val . Any previousmappingis superseded.
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removeEnvwar : String -> 10 ()

removeEnvVar var removesary valueassociatedvith variablevar in thecurrentervironment.
Deletinga variablefor which thereis no mappingdoesnot generatanerror.

nullSignal . Signal

nullSignal =0

backgroundRead,  sigTTIN ;. Signal
backgroundWrite, sigTTOU ;. Signal
continueProcess, sigCONT ;. Signal
floatingPointException, sigFPE ::  Signal
illegalinstruction, sigILL ;. Signal
internalAbort, SigABRT ;. Signal
keyboardSignal, SigINT ;. Signal
keyboardStop, SigTSTP ;. Signal
keyboardTermination, sigQUIT ;. Signal
killProcess, sigKILL ;. Signal
lostConnection, sigHUP ;. Signal
openEndedPipe, sigPIPE ;. Signal
processStatusChanged, sigCHLD : Signal
realTimeAlarm, SigALRM ;. Signal
segmentationViolation, SigSEGV :  Signal
softwareStop, sigSTOP ;. Signal
softwareTermination, SigTERM ;. Signal
userDefinedSignall, sigUSR1 ;. Signal
userDefinedSignal2, sigUSR2 ;. Signal
signalProcess . Signal -> ProcessID -> 10 ()

signalProcess int pid callskill tosignalprocessid with interruptsignalint .

raiseSignal : Signal > 10 ()

raiseSignal int callskill tosignalthe currentprocesswith interruptsignalint .
signalProcessGroup . Signal -> ProcessGrouplD -> 10 ()

signalProcessGroup int pgid callskill to signalall processes grouppgid with interrupt
signalint .

setStoppedChildFlag ;. Bool -> 10 Bool



Chapter7. Theposi x category: POSIXsupport

setStoppedChildFlag bool setsaflagwhich controlswhetheror notthe NOCLDSTOBRption
will beusedthenext time a signalhandleris installedfor SIGCHLD. If bool is True (thedefault),
NOCLDSTOWmill notbeused;otherwiseit will be. Theoperatiomeverfails.

queryStoppedChildFlag 10 Bool

queryStoppedChildFlag gueriestheflag which controlswhetheror notthe NOCLDSTOBption
will beusedthenext time a signalhandleris installedfor SIGCHLD. If NOCLDSTOWiIll beused,it
returnsFalse ; otherwise(thedefault)it returnsTrue . The operatiomeverfails.

emptySignalSet . SignalSet
fullSignalSet . SignalSet
addSignal ;. Signal -> SignalSet -> SignalSet
deleteSignal . Signal -> SignalSet -> SignalSet
inSignalSet ;. Signal -> SignalSet -> Bool
installHandler . Signal
-> Handler
-> Maybe SignalSet - other signals to block
-> |0 Handler - old handler
installHandler int handler iset callssigaction toinstallaninterrupthandlerfor signal

int . If handler isDefault ,SIG_DFL isinstalled;if handler isIgnore , SIG_IGN is installed;if
handler isCatch action ,ahandlers installedwhichwill invoke action in anew threadwhen
(or shortlyafter)thesignalis receved.SeeSection2.1 for detailson how to communicatdetween
threads.

If iset isJust s,thenthesa_mask of thesigaction  structures setto s; otherwiseit is cleared.
The previouslyinstalledsignalhandlerfor int  is returned.

getSignalMask 10 SignalSet

getSignalMask  callssigprocmask to determinethe setof interruptswhich arecurrentlybeing
blocked.

setSignalMask © SignalSet -> 10 SignalSet

setSignalMask ~ mask callssigprocmask  with SIG_SETMASKt0 block all interruptsin mask.
Theprevioussetof blockedinterruptsis returned.

blockSignals 0 SignalSet -> 10O SignalSet

setSignalMask ~ mask callssigprocmask  with SIG_BLOCKto addall interruptsin mask to the
setof blockedinterrupts.The previoussetof blockedinterruptsis returned.
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unBlockSignals . SignalSet -> 10 SignalSet

setSignalMask ~ mask callssigprocmask  with SIG_UNBLOCKo remove all interruptsin mask
from the setof blockedinterrupts.The previoussetof blockedinterruptsis returned.

getPendingSignals 10 SignalSet

getPendingSignals callssigpending  to obtainthe setof interruptswhich have beenreceved
but arecurrentlyblocked.

awaitSignal ;. Maybe SignalSet -> 10 ()

awaitSignal iset suspendsxecutionuntil aninterruptis receved.If iset isJust s,
awaitSignal  callssigsuspend , installings asthe new signalmaskbeforesuspendingxecution;
otherwisejt callspause . awaitSignal ~ returnsonreceiptof asignal.lf you have installedary
signalhandlerswith installHandler , it maybewiseto call yield directly afterawaitSignal  to
ensurehatthe signalhandlerunsaspromptly.

scheduleAlarm oInt > 10 Int
scheduleAlarm i callsalarm to schedulearealtime alarmatleasti secondsn thefuture.
sleep :: Int -> 10 ()

sleep i callssleep tosuspendxecutionof theprogramuntil atleasti second$iave elapsedra
signalis receved.

7.3. Posix Process Environment
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getProcessID ;o 10 ProcessID

getProcessID  callsgetpid to obtaintheProcessID for thecurrentprocess.
getParentProcessID :» 10 ProcessID

getProcessID  callsgetppid to obtaintheProcessID for the parentof the currentprocess.
getRealUserID 10 UserlD

getRealUserlD  callsgetuid to obtaintherealUserID associateavith thecurrentprocess.
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getEffectiveUserID 10 UserlD
getRealUserlD  callsgeteuid to obtaintheeffective UserlD associatedvith thecurrentprocess.
setUserlD 1 UserlD -> 10 ()

setUserID uid callssetuid to setthereal,effective,andsaredset-usetid associatedvith the
currentprocesdo uid .

getLoginName : 10 String
getLoginName callsgetlogin  to obtainthelogin nameassociatedvith the currentprocess.
getRealGrouplD 10 GrouplD

getRealGrouplD callsgetgid to obtaintherealGrouplD associatedvith thecurrentprocess.

getEffectiveGroupID 10 GrouplD

getEffectiveGrouplD callsgetegid to obtainthe effective GrouplD associatedvith the current
process.

setGrouplD 1 GrouplD -> 10 ()

setGrouplD gid callssetgid to setthereal,effective,andsaved set-group-icassociatedavith the
currentprocesgo gid .

getGroups :: 10 [GrouplD]

getGroups callsgetgroups to obtainthelist of supplementargrouplD sassociateavith the
currentprocess.

getEffectiveUserName 10 String

getEffectiveUserName callscuserid to obtainanameassociatedvith the effective UserlD  of
theprocess.

getProcessGrouplD 2 10 ProcessGrouplD
getProcessGrouplD  callsgetpgrp to obtainthe ProcessGrouplD  for the currentprocess.

createProcessGroup :» ProcessID -> |0 ProcessGrouplD
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createProcessGroup pid callssetpgid tomake processid anew procesgroupleader

joinProcessGroup ;. ProcessGrouplD -> 10 ProcessGrouplD

joinProcessGroup pgid callssetpgid to settheProcessGrouplD of thecurrentprocesgo
pgid .

setProcessGrouplD ;o ProcessID -> ProcessGrouplD -> 10 ()

setProcessGrouplD pid pgid callssetpgid to settheProcessGrouplD for procespid to
pgid .

createSession ;. 10 ProcessGrouplD

createSession  callssetsid to createa new sessiorwith the currentprocessassessiorieader

systemName :: SystemID -> String
nodeName :: SystemlD -> String
release 1 SystemID -> String
version : SystemlD -> String
machine :: SystemID -> String
getSystemID 1 10 SystemID

getSystemID callsuname to obtaininformationaboutthe currentoperatingsystem.

> epochTime : 10 EpochTime

epochTime callstime to obtainthe numberof secondshathave elapsedsincetheepoch(Jan01
00:00:00GMT 1970).

elapsedTime :» ProcessTimes -> ClockTick
userTime ;. ProcessTimes -> ClockTick
systemTime :» ProcessTimes -> ClockTick
childUserTime ;. ProcessTimes -> ClockTick
childSystemTime . ProcessTimes -> ClockTick
getProcessTimes 10 ProcessTimes

getProcessTimes  callstimes to obtaintime-accountingnformationfor the currentprocessand
its children.

getControllingTerminalName 10 FilePath
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getControllingTerminalName callsctermid to obtainanameassociateavith the controlling
terminalfor theprocesslf acontrollingterminalexists, getControllingTerminalName returns
thenameof the controllingterminal.

Theoperatiormayfail with:

NoSuchThing

Thereis no controllingterminal,or its namecannotbe determined.

SystemError
Variousothercauses.
getTerminalName @ Fd -> 10 FilePath

getTerminalName fd callsttyname to obtainanameassociatedvith theterminalfor Fd fd . If
fd is associatedvith aterminal,getTerminalName returnsthe nameof theterminal.

The operationmayfail with;

InappropriateType

Thechannels not associatedavith aterminal.

NoSuchThing

Thechanneis associatedvith aterminal,but it hasno name.

SystemError
Variousothercauses.
queryTerminal © Fd -> 10 Bool

queryTerminal fd callsisatty to determinewhetheror notFd fd is associatedavith aterminal.
getSysVar :: SysVar -> 10 Limit
getSysvar var callssysconf to obtainthedynamicvalueof therequestedonfigurablesystem

limit or option. For definedsystemlimits, getSysvar returnstheassociatedalue.For defined
systemoptions,theresultof getSysvar is undefinedbut notfailure.

Theoperatiormayfail with:
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NoSuchThing

Therequestedystemlimit or optionis undefined.

7.4. Posix operations on files and directories
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openDirStream  :: FilePath -> [O DirStream
openDirStream  dir callsopendir to obtainadirectorystreanfor dir .
readDirStream ;. DirStream -> [0 String

readDirStream  dp callsreaddir to obtainthe next directoryentry(struct  dirent ) for the
opendirectorystreamdp, andreturnsthe d_name memberof thatstructure.

Theoperatiormayfail with:

EOF

Endof file hasbeenreached.

SystemError
Variousothercauses.
rewindDirStream ;. DirStream -> 10 ()

rewindDirStream dp callsrewinddir  to repositionthedirectorystreamdp atthe beginning of
thedirectory.

closeDirStream ;. DirStream -> 10 ()

closeDirStream dp callsclosedir  to closethedirectorystreamdp.

getWorkingDirectory 10 FilePath

getWorkingDirectory callsgetcwd to obtainthe nameof the currentworking directory.
changeWorkingDirectory . FilePath -> 10 ()

changeWorkingDirectory dir callschdir tochangehecurrentworkingdirectoryto dir .



nullFileMode
ownerReadMode
ownerWriteMode
ownerExecuteMode
groupReadMode
groupWriteMode
groupExecuteMode
otherReadMode
otherWriteMode
otherExecuteMode
setUserIDMode

setGrouplDMode
stdFileMode
ownerModes
groupModes

otherModes
accessModes
unionFileModes
intersectFileModes
stdInput Fd
stdInput = intToFd O
stdOutput Fd
stdOutput = intToFd 1
stdError Fd
stdError = intToFd 2

data OpenFileFlags =
OpenFileFlags {

append Bool,
exclusive Bool,
noctty Bool,
nonBlock Bool,
trunc Bool
}
openkd FilePath
-> OpenMode
-> Maybe FileMode -
-> OpenFileFlags

> 10 Fd

openFd path acc mode (OpenFileFlags
open to obtainaFd for thefile path with accessnodeacc . If mode is Just

FileMode
FileMode
FileMode
FileMode
FileMode
FileMode
FileMode
FileMode
FileMode
FileMode
FileMode
FileMode

FileMode
FileMode
FileMode
FileMode
FileMode

FileMode
FileMode

Just
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- I'W-rw-rw-

- [WX----
- --TWX--
- ——--TWX
- TWXIWXIWX
-> FileMode ->

-> FileMode ->

x => O_CREAT, Nothing

app excl noctty

FileMode
FileMode

nonblock

=> must exist

trunc) calls
m theO_CREATflagis
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setandthefile’s permissionsill bebasedon mif it doesnot alreadyexist; otherwisethe O_CREAT
flagis notset.Theargumentsapp, excl , noctty , nonblock , andtrunc controlwhetheror notthe
flagsO_APPENDO_EXCL O_NOCTTYO_NONBLOGCKIndO_TRUNGreset,respectiely.

createFile ;> FilePath -> FileMode -> 10 Fd

createFile path mode callscreat to obtainaFd for file path , whichwill becreatedwith
permissiondasedn mode if it doesnot alreadyexist.

setFileCreationMask . FileMode -> 10 FileMode

setFileCreationMask mode callsumask to setthe processsfile creationmaskto mode. The
previousfile creationmaskis returned.

createLink ;. FilePath -> FilePath -> 10 ()

createLink  old new callslink to createa new path,new, linkedto anexistingfile, old .

createDirectory ;. FilePath -> FileMode -> 10 ()

createDirectory dir mode callsmkdir to createanew directory dir , with permissiondased
onmode.

createNamedPipe :: FilePath -> FileMode -> 10 ()

createNamedPipe  fifo  mode callsmkfifo to createanew namedpipe,fifo , with permissions
basedn mode.

removelLink :: FilePath -> 10 ()

removeLink path callsunlink to removethelink namedpath .
removeDirectory . FilePath -> 10 ()

removeDirectory dir callsrmdir toremovethedirectorynameddir .
rename : FilePath -> FilePath -> 10 ()

rename old new callsrename to renameafile or directoryfromold to new.

fileMode ;0 FileStatus -> FileMode

filelD ;. FileStatus -> FilelD
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devicelD . FileStatus -> DevicelD
linkCount . FileStatus -> LinkCount
fileOwner . FileStatus -> UserlD
fileGroup . FileStatus -> GrouplD
fileSize ;. FileStatus -> FileOffset
accessTime . FileStatus -> EpochTime
modificationTime ;. FileStatus -> EpochTime
statusChangeTime . FileStatus -> EpochTime
isDirectory ;. FileStatus -> Bool
isCharacterDevice ;. FileStatus -> Bool
isBlockDevice . FileStatus -> Bool
isRegularFile . FileStatus -> Bool
isNamedPipe ;. FileStatus -> Bool
getFileStatus . FilePath -> 10 FileStatus
getFileStatus path callsstat togettheFileStatus  informationfor thefile path .
getFdStatus : Fd -> 10 FileStatus

getFdStatus  fd callsfstat to gettheFileStatus  informationfor thefile associatedvith Fd
fd .

queryAccess :: FilePath -> Bool -> Bool -> Bool -> |10 Bool

queryAccess path r w x callsaccess totesttheaccespermissiondor file path . Thethree
argumentsr , w, andx controlwhetheror notaccess is calledwith R_OK W_OKandX_OK
respectiely.

queryFile ;. FilePath -> |0 Bool

queryFile  path callsaccess with F_OKto testfor theexistencefor file path .

setFileMode  :: FilePath -> FileMode -> 10 ()

setFileMode  path mode callschmod to setthe permissiorbits associatedvith file path to mode.

setOwnerAndGroup :: FilePath -> UserID -> GrouplD -> 10 ()

setOwnerAndGroup path uid gid callschown to settheUserID andGrouplD associatedvith
file path touid andgid , respectiely.
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setFileTimes ;. FilePath  -> EpochTime -> EpochTime -> 10 ()

setFileTimes path atime mtime callsutime to settheaccesandmodificationtimes
associateavith file path to atime andmtime , respectely.

touchFile ;. FilePath -> 10 ()

touchFile path callsutime to settheaccesandmodificationtimesassociatedvith file path to
thecurrenttime.

getPathvar :: Pathvar -> FilePath -> 10 Limit

getPathvar var path callspathconf to obtainthedynamicvalueof therequestedonfigurable
file limit or optionassociatedvith file or directorypath . For definedfile limits, getPathvar
returnsthe associatedalue.For definedfile options,theresultof getPathvar is undefinedbut not
failure. The operationmayfail with:

NoSuchThing

Therequestedile limit or optionis undefined.

SystemError
Variousothercauses.
getFdvar : Pathvar -> Fd -> IO Limit

getFdvar var fd callsfpathconf to obtainthedynamicvalueof therequestedonfigurabldile
limit or optionassociatedvith thefile or directoryattachedo the openchanneld . For definedfile
limits, getFdvar returnstheassociatedalue.For definedfile options,theresultof getFdvar is
undefinedput notfailure.

Theoperatiormayfail with:

NoSuchThing

Therequestedile limit or optionis undefined.

SystemError

Variousothercauses.

7.5. Posix Input and Output Primitives
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createPipe w10 (Fd, Fd)

createPipe  callspipe to createapipeandreturnsa pairof Fds, thefirst for readingandthe
secondor writing.

dup : Fd -> IO Fd

dup fd callsdup to duplicaterd fd to anotherFd.

dupTo :: Fd -> Fd -> 10 ()

dupTo src dst callsdup2 toduplicateFd src to Fd dst .
fdClose ' Fd -> 10 ()

fdClose fd callsclose tocloseFd fd .

fdRead : Fd -> ByteCount -> 10 (String, ByteCount)

fdRead fd nbytes callsread toreadatmostnbytes bytesfrom Fd fd , andreturnstheresultas
astring pairedwith the numberof bytesactuallyread.

The operationmayfail with;

EOF

Endof file hasbeenreached.

SystemError

Variousothercauses.

fdwrite @ Fd -> String -> 10 ByteCount

fdwrite  fd s callswrite to write thestrings to Fd fd asacontiguoussequencef bytes.It
returnsthe numberof bytessuccessfullywritten.

queryFdOption ;. FdOption -> Fd -> 10 Bool

getFdOption  opt fd callsfentl  to determinewhetheror nottheflag associateavith FdOption
opt is setfor Fd fd .

setFdOption : Fd -> FdOption -> Bool -> 10 ()
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setFdOption  fd opt val callsfentl  to settheflag associatedvith FdOption opt onFd fd to
val .

getLock : Fd -> FileLock -> IO (Maybe (ProcessID, FileLock))

getLock fd lock callsfentl to getthefirst FileLock for Fd fd which blocksthe FileLock
lock . If nosuchFileLock exists,getLock returnsNothing . Otherwisejt returnsjust (pid,
block) , whereblock istheblockingFileLock andpid istheProcessID of theprocessolding
theblocking FileLock

settock @ Fd -> FileLock -> 10 ()

setLock fd lock callsfentl  with F_SETLKto setor clearalock segmentfor Fd fd asindicated
by theFileLock lock . setLock doesnotblock, butfailswith SystemError if therequestannot
be satisfiedmmediately

waitToSetLock : Fd -> FileLock -> 10 ()

waitToSetLock  fd lock callsfentl  with F_SETLKWoO setor clearalock segmentfor Fd fd as
indicatedby theFileLock lock . If therequestannotbe satisfiedmmediately waitToSetLock
blocksuntil therequestanbesatisfied.

fdSeek : Fd -> SeekMode -> FileOffset -> 10 FileOffset

fdSeek fd whence offset callsiseek to positiontheFd fd atthegivenoffset fromthe
startinglocationindicatedby whence . It returnstheresultingoffsetfrom the startof thefile in bytes.

7.6. Posix, Device- and Class-Specific Functions
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terminalMode . TerminalMode -> TerminalAttributes -> Bool
withMode :» TerminalAttributes -> TerminalMode -

> TerminalAttributes

withoutMode :» TerminalAttributes -> TerminalMode -

> TerminalAttributes

bitsPerByte :» TerminalAttributes -> Int
withBits ;. TerminalAttributes -=> Int -> TerminalAttributes
controlChar ;. TerminalAttributes -> ControlCharacter -> Maybe Char
withCC :» TerminalAttributes

-> (ControlCharacter, Char)

-> TerminalAttributes
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withoutCC ;. TerminalAttributes
-> ControlCharacter
-> TerminalAttributes

inputTime ;o TerminalAttributes -=> Int

withTime ;. TerminalAttributes -=> Int -> TerminalAttributes
mininput :» TerminalAttributes -> Int

withMinlnput :» TerminalAttributes -=> Int -> TerminalAttributes
inputSpeed :» TerminalAttributes -> BaudRate

withinputSpeed ;. TerminalAttributes -> BaudRate -> TerminalAttributes
outputSpeed . TerminalAttributes -> BaudRate

withOutputSpeed ;. TerminalAttributes -> BaudRate -> TerminalAttributes
getTerminalAttributes » Fd -> 10 TerminalAttributes

getTerminalAttributes fd callstcgetattr to obtainthe TerminalAttributes associated
with Fd fd .

setTerminalAttributes © Kd

-> TerminalAttributes
-> TerminalState
> 10 ()

setTerminalAttributes fd attr ts callstcsetattr to changethe TerminalAttributes
associateavith Fd fd to attr , whentheterminalis in the stateindicatedby ts .

sendBreak 1 Fd -> Int -> 10 ()

sendBreak fd duration callstcsendbreak to transmita continuousstreamof zero-valuedbits
onFd fd for thespecifiedmplementation-dependeddration

drainOutput © Fd > 10 ()
drainOutput  fd callstcdrain  to block until all outputwrittento Fd fd hasbeentransmitted.
discardData . Fd -> QueueSelector -> 10 ()

discardData  fd queues callstcflush  to discardpendinginputand/oroutputfor Fd fd , as
indicatedby the QueueSelector  queues .

controlFlow :  Fd -> FlowAction -> 10 ()
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controlFlow  fd action callstcflow to controltheflow of dataonFd fd , asindicatedby
action

getTerminalProcessGroupID : Fd -> 10 ProcessGrouplD

getTerminalProcessGrouplD fd callstcgetpgrp  to obtainthe ProcessGrouplD  of the
foregroundprocesgroupassociateavith theterminalattachedo Fd fd .

setTerminalProcessGrouplD . Fd -> ProcessGrouplD -> 10 ()

setTerminalProcessGrouplD fd pgid callstcsetpgrp  to settheProcessGrouplD  of the
foregroundprocesgroupassociatedavith theterminalattachedo Fd fd to pgid .

7.7. Posix System Databases

246

groupName ;o GroupEntry -> String

grouplD :: GroupEntry -> GrouplD
groupMembers :: GroupEntry -> [String]
getGroupEntryForlD :: GrouplD -> IO GroupEntry

getGroupEntryForlD gid callsgetgrgid to obtaintheGroupEntry informationassociated
with GroupID gid .

The operationmayfail with;

NoSuchThing
Thereis no groupentryfor the GrouplID.

getGroupEntryForName @ String  -> 10 GroupEntry

getGroupEntryForName name callsgetgrnam to obtainthe GroupEntry  informationassociated
with thegroupcalledname.

Theoperatiormayfail with:

NoSuchThing

Thereis no groupentryfor thename.

userName . UserEntry -> String
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userlD . UsereEntry -> UserlD
userGroupID : UserEntry -> GrouplD
homeDirectory . UserEntry -> String
userShell . UserEntry -> String
getUserEntryForlD . UserlD -> 10 UserEntry

getUserEntryForlD gid callsgetpwuid to obtaintheUserEntry informationassociatedvith
UserID uid . Theoperationmayfail with;

NoSuchThing

Thereis nouserentryfor the UserID.

getUserEntryForName ;. String  -> 10 UserEntry

getUserEntryForName name callsgetpwnam to obtainthe UserEntry  informationassociated
with theuserlogin name.

The operationmayfail with:

NoSuchThing

Thereis no userentryfor thename.

7.8. POSIX Errors

getErrorCode :: 10 ErrorCode

getErrorCode  returnsthe currentvalueof the externalvariableerro . It neverfails.

setErrorCode :: ErrorCode -> 10 ()

setErrorCode  err setstheexternalvariableerrno toerr . It neverfails.

noError :: ErrorCode

noError =0

argumentListToolLong, e2BIG :» ErrorCode
badFd, eBADF :» ErrorCode
brokenPipe, ePIPE ;. ErrorCode
directoryNotEmpty, eNOTEMPTY :» ErrorCode
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execFormatError, eNOEXEC
fileAlreadyEXists, eEXIST
fileTooLarge, eFBIG
filenameTooLong, eNAMETOOLONG
improperLink, eXDEV

inappropriatelOControlOperation, eNOTTY ::

inputOutputError, elOo
interruptedOperation, eINTR
invalidArgument, eINVAL
invalidSeek, eSPIPE

isADirectory, elSDIR

noChildProcess, eCHILD
noLocksAvailable, eNOLCK
noSpacelLeftOnDevice, eNOSPC
noSuchOperationOnDevice, eNODEV
noSuchDeviceOrAddress, eNXIO
noSuchFileOrDirectory, eNOENT
noSuchProcess, eSRCH

notADirectory, eNOTDIR
notEnoughMemory, = eNOMEM
operationNotimplemented, eNOSYS
operationNotPermitted, ePERM
permissionDenied, eACCES
readOnlyFileSystem, eROFS
resourceBusy, eBUSY
resourceDeadlockAvoided, eDEADLK
resourceTemporarilyUnavailable, eAGAIN
tooManyLinks, eMLINK
tooManyOpenFiles, eMFILE
tooManyOpenFilesIinSystem, eNFILE

ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode
ErrorCode



Chapter 8. The t ext categor y: text
manipulation

8.1. HaXnl : Handling XML data

HaXmlis alibrary for corvertingHaslell datastructuresnto XML andvice versa.The
documentatiomasnt beenincorporatednto this bookasyet, but for now it canbefoundat The
HaXml page(http://www.cs.york.ac.uk/fp/HaXm).

8.2. Mat chPS: The Perl-like matc hing interface

(SigbjornFinnesuppliedthe regularexpressionsnterface.)

TheMatchPS moduleprovidesPerl-like “higher-level” facilitiesto operateon PackedStrings
(Section4.19).Theregularexpressionsn questionarein Perlsyntax.The“flags” on various

functionscaninclude:i for case-insensite, s for single-linemode,andg for global. (It's probably

worth yourtime to perusehesourcecode...)

matchPS :: PackedString - regexp

-> PackedString - string to match

-> [Char] - flags

-> Maybe REmatch - info about what matched and where
searchPS : PackedString - regexp

-> PackedString - string to match

-> [Char] - flags

-> Maybe REmatch

- Perl-like match-and-substitute:

substPS :: PackedString - regexp
-> PackedString - replacement
-> [Char] - flags
-> PackedString - string

-> PackedString

- same as substPS, but no prefix and suffix:

replacePS :: PackedsString - regexp
-> PackedString - replacement
-> [Char] - flags
-> PackedString - string

-> PackedString
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match2PS :: PackedString - regexp
-> PackedString - stringl  to match
-> PackedString - string2 to maitch
-> [Char] - flags
-> Maybe REmatch

search2PS :: PackedString - regexp
-> PackedString - string to match
-> PackedString - string  to match
-> [Char] - flags

-> Maybe REmatch

- functions to pull the matched pieces out of an REmaitch:

getMatchesNo ' REmatch -> Int

getMatchedGroup  :: REmatch -> Int -> PackedString -> PackedString
getWholeMatch :» REmatch -> PackedString -> PackedString
getLastMatch ;' REmatch -> PackedString -> PackedString
getAfterMatch ' REmatch -> PackedString -> PackedString

- (reverse) brute-force string matching;

- Perl equivalent is index/rindex:

findPS, rfindPS :: PackedString -> PackedString -> Maybe Int

- Equivalent to Perl "chop" (off the last character, if any):

chopPS :: PackedString -> PackedString

- matchPrefixPS: tries to match as much as possible  of strA starting
- from the beginning of strB (handy when matching fancy literals in
- parsers):

matchPrefixPS ;. PackedString -> PackedString -> Int

8.3. Par sec: Parsing combinator s

Parseds a parsingcombinatodibrary. Thedocumentatiotasnt beenincorporatednto this bookas
yet, but for now it canbefoundat The Parsegpage(http://www.cs.uu.nl/~daan/parsec.html)

8.4. Pretty: Pretty printing combimator s

Thislibrary containsSimonPeyton Jonesimplementatiorof JohnHughess pretty printer
combinators.

infixl 6 <> <+>
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infix| 5 %3, $+$

data Doc - the document datatype, abstract, instance of Show
- primitive documents

empty . Doc

semi, comma, colon : Doc

space, equals . Doc

Iparen, rparen . Doc

Ibrack, rbrack i Doc

Ibrace, rbrace . Doc

- converting values into documents

text ;. String -> Doc
ptext . String -> Doc
char . Char -> Doc
int oo Int -> Doc
integer . Integer -> Doc
float ;. Float -> Doc
double :» Double -> Doc
rational ;. Rational -> Doc

- wrapping documents into delimiters
parens, brackets, braces : Doc -> Doc
quotes, doubleQuotes » Doc -> Doc

- combining documents

(<>) ;. Doc -> Doc -> Doc - Beside

hcat :» [Doc] -> Doc - List wversion of <>

(<+>) . Doc -> Doc -> Doc - Beside, separated by space

hsep :» [Doc] -> Doc - List wversion of <+>

($3) :: Doc -> Doc -> Doc - Above; "dovetails" if no overlap
vcat . [Doc] -> Doc - List wversion of $$

($+9) » Doc -> Doc -> Doc - Above; never overlaps

cat :» [Doc] -> Doc - Either hcat or vcat

sep :» [Doc] -> Doc - Either hsep or vcat

fcat . [Doc] -> Doc - "Paragraph fill" version of cat
fsep :» [Doc] -> Doc - "Paragraph fill" version of sep
nest 2 Int -> Doc -> Doc - Nested

hang : Doc -> Int -> Doc -> Doc

punctuate :: Doc -> [Doc] -> [Doc]

- punctuate p [dl, .. dn] =[dl <> p, d2 <> p, .. dnl <> p, dn]

- default  rendering (normal  mode, line length 100, 1.5 ribbons per line)
render : Doc -> String

- general rendering of documents
fullRender
Mode
-> Int - Line length
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-> Float - Ribbons per line
-> (TextDetails > a -> a) - What to do with text
> a - What to do at the end
-> Doc - The document to render
> a - Result
data Mode =
PageMode - Normal
| ZigZagMode - With zig-zag cuts
| LeftMode - No indentation, infinitely long lines
| OneLineMode - Al on one line
data TextDetails =
Chr  Char
| Str  String
| PStr String
- predicate on documents
isEmpty Doc -> Bool

8.5. Regex: The low-level regex matc hing interface

(SigbjornFinnesuppliedtheregularexpressionsnterface.)

TheRegex library providesquite directinterfaceto the GNU regularexpressioriibrary, for doing

manipulationon PackedString

s(Section4.19).You probablyneedto seethe GNU documentation

if you areoperatingatthis level. Alternatively, you canusethe simplerandhigherlevel

RegexString  (Section8.6)interface.

ThedatatypesandfunctionsthatRegex providesare:

data PatBuffer # just a bunch of bytes (mutable)

data REmatch

= REmatch (Array Int GroupBounds) - for $1, .. $n
GroupBounds - for $° (everything before  match)
GroupBounds - for $& (entire matched string)
GroupBounds - for $ (everything after)
GroupBounds - for $+ (matched by last bracket)

- GroupBounds hold the interval where a group

- matched inside a string, e.g.

- matching "reg(exp)" "a regexp" returns the pair (5,7) for the

- (exp) group. (PackedString indices start from 0)
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type GroupBounds = (Int, Int)
re_compile_pattern

:» PackedsString -
Bool -
Bool -

|0 PatBuffer

PatBuffer -
PackedString -
Int -
Bool -
10 (Maybe REmatch)

re_match
->
->
->
->

is useful
that
want

- Matching on 2 strings
- buffers, which is something
- PackedsStrings, as we don't

- into one massive heap chunk,

PatBuffer -
PackedString
PackedString

Int

Int

Bool

I0 (Maybe REmatch)

re_match2

PatBuffer -
PackedString -
Int -
Int -
Bool -
I0 (Maybe REmatch)

re_search

PatBuffer -
PackedString
PackedString

Int -
Int -
Int -
Bool -
10 (Maybe REmaitch)

re_search2

but
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pattern to compile

True <=> assume single-line mode
True <=> case-insensitive

compiled  regexp

string to maitch

start  position

True <=> record results in registers
when you're dealing with multiple
could prove wuseful for

to stuff the contents of a file
load (smaller chunks) on demand.
2-string version

compiled regexp

string to search

start  index

stop index

True <=> record results in registers
Double buffer search

start  index

range (?)

stop index

True <=> results in registers

8.6. RegexSt ri ng: Regex matc hing made simple

(SimonMarlow suppliedthe String Regex wrapper)

253



Chapter8. Thet ext category: text manipulation

254

For simpleregularexpressioroperationsthe Regex library is alittle hearyweight. RegexString
permitsregex matchingon ordinaryHaslell String  s.

ThedatatypesindfunctionsthatRegexString  providesare:

data Regex - a compiled regular expression
mkRegex

;. String - regexp to compile

-> Regex - compiled regexp
matchRegex

. Regex - compiled regexp

->  String - string to match

-> Maybe [String] - text of $1, $2, .. (f matched)
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9.1. Get Opt : Command line parsing

TheGetOpt library containsSven Pannes Haslell implementatiorof getopt , providing features
nigh-onidenticalto GNU getopt :

module GetOpt where

- representing a single  option:
data OptDescr a
= Option [Char] - list of short option characters
[String] - list of long option strings (without ")
(ArgDescr Q) - argument  descriptor
String - explanation of option for user
- argument option:
data ArgDescr a
= NoArg a - no argument expected
| RegArg (String -> a) String - option requires  argument
| OptArg (Maybe String -> a) String - optional argument
usagelnfo String - header
-> [OptDescr 4] - options  recognised
->  String - nicely formatted decription of options
getOpt ArgOrder a - non-option handling
-> [OptDescr a] - options recognised
-> [String] - the command-line
> ([a] - options
[String] - non-options
,[String] - error messages
)
data ArgOrder a
= RequireOrder
| Permute
| ReturninOrder (String -> Q)

«  Thecommand-lineptionsrecogniseds describedy alist of OptDescr values.The OptDescr

describesghelong andshortstringsthatrecognisehe option,togethemwith a help stringandinfo
onwhetherthe optiontakesextra agumentsif ary.
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- Fromalist of optionvaluesusagelnfo returnsanicely formattedstringthatenumeratethe
differentoptionssupportedogethemith a shortmessagaboutwhat

« To decodea command-linewith respecto alist of options,getOpt is used.t processethe
command-lineandreturnsthelist of valuesthatmatchedandthosethatdidn’t). Thefirst
argumentto getOpt  controlswhetherthe useris to give the optionsin ary old orderor not.

To hopefullyilluminatetherole of the differentGetOpt datastructuresheresthecommand-line
optionsfor a (very simple)compiler:

module Opts where

import  GetOpt
import Maybe ( fromMaybe )

data Flag
= Verbose | Version
| Input String | Output String | LibDir  String

deriving Show

options :: [OptDescr Flag]
options =
[ Option [V] ["verbose"] (NoArg Verbose) "chatty  out-
put on stderr"
Option ['V','?] ["version"] (NoArg Version) "show ver-
sion number"
Option [07] ["output”] (OptArg outp "FILE") "output  FILE"
, Option [¢] 1 (OptArg inp  "FILE") "input  FILE"
Option [L7] ["libdir"] (RegArg LibDir  "DIR") ‘"library directory"
]
inp,outp : Maybe String -> Flag
outp = Output . fromMaybe "stdout"
inp = Input . fromMaybe "stdout"
compilerOpts ;o [String] -> 10 ([Flag], [String])

compilerOpts argv =
case (getOpt Permute options argv) of
(o,n,[] ) -> return (o,n)

(,_.errs) -
> fail  (userError (concat errs ++ usagelnfo  header options))
where header = "Usage: ic [OPTION...] files..."

9.2. Meno: Fast memo functions

TheMemodlibrary providesfastpolymorphicmemofunctionsusinghashtables.Theinterfaceis:
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memo: (@ -> b) > a-> b

So,for example,memo f is aversionof f thatcachegheresultsof previouscalls.

Thesearchings very fast,beingbasedon pointerequality Oneconsequencef thisis thatthe
cachingwill only beeffectiveif exactlythe samearguments passecdhgainto thememoised
function This meansotjustacopy of a previousargumentbut the sameinstancelt’s notusefulto
memoisentegerfunctionsusingthis interface becauséntegersaregenerallycopiedalot andtwo
instance®f '27’ areunlikely to referto the sameobject.

This memoisatioribrary workswell whenthe keys arelarge (or eveninfinite).

The memotableimplementatiorusesveakpointersandstablenameqseethe GHC/Hugslibrary
document}o avoid spacdeaksandallow hashingfor arbitraryHaslell objects NOTE: while
individual memotableentrieswill be garbagecollectedif theassociatedtey becomegarbagethe
memotableitself will notbecollectedif the functionbecomegarbageWe planto fix thisin a
futureversion.

Theres anothewersionof memoaif youwantto explicitly give asizefor the hashtable(the default
sizeis 1001buckets):

memo_sized 1 Int -> (@ -> b) > a > b

9.3. Qui ckCheck

To do.

9.4. Readl i ne: Command line editing

(DarrenMoffat suppliedtheinitial versionof theReadline module.)

TheReadline moduleis a straightforvardinterfaceto the GNU Readlindlibrary. As such,you will
needto look atthe GNU documentatiorfandhave a libreadline.a file aroundsomevhere...)

Themainfunctionyou’ll useis:

readline ;. String{-the prompt-} -> 10 (Maybe String)

If youwantto messaroundwith Full ReadlineG(l)ory, we alsoprovide:

type KeyCode = Char

type CallbackFunction =
(Int > - Numeric Argument
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KeyCode ->
10 Int)

initialize
addHistory
bindKey
addDefun

getReadlineName
setReadlineName
getLineBuffer
setLineBuffer
getPoint

setPoint

getEnd

setEnd

getMark

setMark

setDone
setPendinglnput
getPrompt
getTerminalName

inStream
outStream

- KeyCode of pressed
- What's this?

Key

10 ()

String > 10 ()
KeyCode -> CallbackFunction ->
String -> CallbackFunction

10 0

-> Maybe KeyCode -> 10 ()
10 String
String >
10 String
String >
10 Int
Int ->
10 Int
Int ->
10 Int
Int -> 10 ()
Bool -> 10 ()
KeyCode -> 10 ()
10 String

10 String

10 ()
10 0
10 0

10 ()

Handle
Handle

(All thosenamesarejust Haslellisedversionsof whatyou will seein the GNU readline

documentation.)

9.5. Sel ect: Synchronous /O multiple xing

TheSelect

interfaceprovidesaHaslell wrapperfor the select()
modernUNIX variants Select

OScall suppliedby mary
exportsthefollowing:

type TimeOut = Maybe Int
- Nothing => wait indefinitely.
- Just x| x>=0 => block waiting for 'X’ micro seconds.
- | otherwise  => block waiting for ’'-x’ micro seconds.
hSelect [Handle]
-> [Handle]
-> [Handle]
-> TimeOut

-> |O SelectResult

type SelectResult
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= ( [Handle] - input handles ready
, [Handle] - output handles ready
[Handle] - exc. handles ready

)

Heres anexampleof how it couldbeused:

module Main(main)  where

import  Select

import 10
main :: 10 ()
main = do

hSetBuffering stdin  NoBuffering

putStrLn  "waiting for input to appear"
hSelect [stdin] [ 1 Nothing

putStrLn  “input  ready, let's try reading"
X <- getChar

print  x

wherethecallto hSelect makesthe procesgjoto sleepuntil theresinput availableon stdin

Noticethatthis particularuseof hSelect is now really ano-opwith GHC compiledcode,asits

implementatiorof IO will take careto avoid blockingtheprocesgi.e., all runningHaslell threads),

andcall select()  for you, if needse.However, hSelect
othercontexts (e.g.,youwantto wait for input on two Handles for 3 secondsbut nolonger)

exposedunctionality thatis usefulin
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To do.
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