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About This Report

The goal of the Yet AnotherHaskell Tutorial is to provide a completeintoductionto
the Haskellprogrammindanguagelt assumeso knowledgeof the Haskelllanguage
or familiarity with functional programmingin general. However, generalfamiliarity
with programmingconceptgsuchasalgorithms)will be helpful. Thisis notintended
to be anintroductionto programmingn general;rather to programmingin Haskell.
Sufiicient familiarity with your operatingsystemand a text editor is also necessary
(this reportonly discussestallationon configurationon Windows and*Nix system;
otheroperatingsystemsnaybe supported- consultthe documentatiomf your chosen
compilerfor moreinformationon installingon otherplatforms).

What is Haskell?

Haskellis calleda lazy, pure functionalprogramminglanguage.lt is calledlazy be-
causeexpressionsvhich arenot neededo determinethe answerto a problemarenot
evaluated. The opposizeof lazy is strict, which is the evaluation stratgry of most
commonprogramminganguage$C, C++, Java, evenML). A strictlanguagés onein
which every expressions evaluatedwhethertheresultof its computatioris important
or not. (This is probablynot entirely true asoptimizing compilersfor strictlanguages
oftendowhat’s called“deadcodeelmination”— this remasesunusedxpressiongrom
the program.) It is called pure becauset doesnot allow side effects (A side effect
is somethingthat affectsthe “state” of the world. For instancea functionthat prints
somethingto the screernis saidto be side-efecting, asis a function which affectsthe
valueof a globalvariable.)— of course a programminganguagevithout side effects
would be horribly uselessHaskellusesa systemof monadgo isolateall impurecom-
putationsrom therestof the programandperformthemin the safeway (seeChapter9
for a discussiornf monadsproperor Chapter5 for how to do input/outpu in a pure
language).

Haskellis called a functional languagebecausehe evaluation of a programis
equivalentto evaluatinga function in the pure mathematicakense.This alsodiffers
from standardanguageglike C andJasa) which evaluatea sequencef statements,
oneaftertheother(thisis termedanimpeitive langauge).
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The History of Haskell

The history of Haskellis bestdescribedisingthewordsof theauthors.Thefollowing
text is quotedfrom the publishedversionof the Haskell98 Report:

In Septembeof 1987a meetingwasheldat the conferencen Functional
Programmind-anguagesndComputerArchitecture(FPCA’'87) in Port-
land, Oreggon, to discussan unfortunatesituationin the functional pro-
grammingcommunity:therehadcomeinto beingmorethana dozennon-
strict, purely functionalprogrammindanguagesall similar in expressve
power andsemantiaunderpinnings.Therewasa strongconsensust this
meetingthatmorewidespreadiseof this classof functionallanguagesvas
beinghamperedy thelack of a commonlanguage It wasdecidedthata
committeeshouldbe formedto designsucha languageproviding faster
communicatiorof new ideasa stablefoundationfor realapplicationsde-
velopment,and a vehicle throughwhich otherswould be encouragedo
usefunctionallanguagesThis documentescribesheresultof thatcom-
mittee’sefforts: apurelyfunctionalprogrammindanguagealledHaskell,
namedafterthelogicianHaskellB. Currywhosework providesthelogical
basisfor muchof ours.

Thecommittee$ primarygoalwasto designalanguagehatsatisfiedhese
constraints:

1. It shouldbe suitablefor teachingresearchandapplicationsjnclud-
ing building large systems.

2. It shouldbe completelydescribedvia the publicationof a formal
syntaxandsemantics.

3. It shouldbe freely available. Anyoneshouldbe permittedto imple-
mentthelanguageanddistributeit to whomever they please.

4. It shouldbe basednideasthatenjoyawide consensus.

5. It shouldreduceunnecessaryliversity in functional programming
languages.

The committeeintendedthat Haskell would sene as a basisfor future
researchn languagadesign,and hopedthat extensionsor variantsof the
languagewould appearincorporatingexperimentaffeatures.

Haskellhasindeedevolved continuouslysinceits original publication.By
the middle of 1997,therehadbeenfour iterationsof the languagedesign
(thelatestat thatpointbeingHaskell1.4). At the 1997HaskellWorkshop
in Amsterdamjt wasdecidedthata stablevariantof Haskellwasneeded:;
this stablelanguageis the subjectof this Report,andis called “Haskell
98".

Haskell 98 was conceved as a relatively minor tidy-up of Haskell 1.4,
makingsomesimplifications,andremoring somepitfalls for the unwary



It isintendedo bea“stable”languagen senseheimplementorsre com-
mittedto supportingHaskell 98 exactly as specified for the foreseeable
future,

The original Haskell Reportcovered only the language togetherwith a
standardibrary calledthe Prelude By thetime Haskell98 wasstabilised,
it hadbecomeclearthat mary programsneedaccesgo a larger setof li-
brary functions (notably concerninginput/outpu and simple interaction
with the operatingsystem).If theseprogramwereto be portable a setof
librarieswould have to be standardisetibo. A separatesffort wasthere-
fore begunby adistinct (but overlapping)committeeto fix the Haskell98
Libraries.

Why UseHaskell?

Clearlyyou'reinterestedn Haskellsinceyou're readingthis tutorial. Therearemary
motivationsfor using Haskell. My personalreasonfor using Haskellis that| have
foundthat| write more bug-freecodein lesstime using Haskellthanary otherlan-
guage.l alsofind it very readableandextensible.

Perhapsnostimportantly however, | have consistentlyfoundthe Haskellcommu-
nity to be incredibly helpful. The languages constantlyevolving (that’s not to say
it' s instable;ratherthat thereare numerousextensionsthat have beenaddedto some
compilerswhich | find very useful)andusersuggestiongre often heededvhennen
extensionsareto beimplemented.

Why Not UseHaskell?

My two biggestcomplaintsandthe complaintsof mostHaskellerd know, are: (1) the
generateatodetendsto be slowerthanequivalentprogramswritten in a languagdike
C; and(2) it tendsto bedifficult to detug.

The secondbroblemtendsnot beto avery big issue:mostof the codel’ ve written
is not buggy, asmostof the commonsourceof bugsin otherlanguagesimply don't
exist in Haskell. Thefirst issuecertainlyhascomeup a few timesin my experience;
however, CPU time is almostalwayscheapetthan programmetime andif | have to
wait a little longer for my resultsafter having saved a few daysprogrammingand
dehugging.

Of course,this isn't the caseof all applications. Somepeoplemay find that the
speedhit takenfor usingHaskellis unbearable However, Haskellhasa standardized
foreign-functioninterfacewhich allow you to link in codewritten in otherlanguages,
for whenyou needto get the most speedout of your code. If you don't find this
sufficient, I would suggesttaking a look at the languageO’Caml, which often out-
performseven C++, yetalsohasmary of the benefitsof Haskell.
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Target Audience

Therehave beenmary booksandtutorialswritten aboutHaskell;for a (nearly)com-
pletelist, visit thehttp://haskell.org/bookshelf (HaskellBookshelf)atthe
HaskellhomepageA brief surwey of thetutorialsavailableyields:

¢ A GentleIntroductionto Haskellis an introductionto Haskell, given that the
readeris familiar with functionalprogrammingenlarge.

¢ HaskellCompanioris a shortreferenceof commonconceptanddefinitions.
¢ OnlineHaskellCourseis ashortcourse(in German¥or beginningwith Haskell.

¢ Two DozenShortLessondn Haskellis the draft of an excellenttextbook that
emphasizesserinvolvement.

o Haskell Tutorial is basedon a coursegiven at the 3rd InternationalSummer
Schoolon AdvancedrunctionalProgramming.

¢ Haskellfor MirandaProgrammersassumeg&nowledgeof thelanguageéMiranda.

e PLEAC-Haskellis atutorial in the style of the Perl Cookbook.

Thoughall of thesetutorialsis excellent, they areon their own incomplete: The
“GentleIntroduction”is far too advancedor beginningHaskellersandthe otherstend
to endtooearly or notcovereverything. Haskellis full of pitfalls for new programmers
and experiencednon-functionalprogrammerslike, as can be withessedby reading
throughthe archivesof the Haskellmailing list.

It becameclearthatthereis a strongneedfor atutorial which is introductoryin the
sensdhatit doesnot assumeknowledgeof functionalprogrammingbut whichis ad-
vancedin the sensdhatit doesassumesomebackgroundn programming.Moreover,
noneof the known tutorialsintroduceinput/outputand iteractvity soonenough(not
even until the 248thpage,asin the caseof the Hudakbook). This tutorial is not for
beaginning programmerssomeexperienceand knowledgeof programmingand com-
putersis assumedthoughthe appendixdoescontainsomebackgroundnformation).

The Haskelllanguagaunderwenta standardizatioprocessandtheresultis called
Haskell98. The majority of this book will cover the Haskell 98 standard.Any de-
viations from the standardwill be noted(for instance,mary compilersoffer certain
extensiongo the standardvhich areuseful;someof thesemaybe discussed).

Thegoalsof thistutorial are:

¢ tobepractical abore all else

to provide acomprehensk, freeintroductionto the Haskelllanguage

to point out commonpitfalls andtheir solutions

to provide a goodsensef how Haskellcanbeusedin therealworld
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Chapter 1

Intr oduction

This tutorial containsa whole hostof examplecode,all of which shouldhave been
includedin its distribution. If not, pleasereferto thelinks off of the Haskellweb site
(haskell.org ) to getit. This bookis formattedto makeexample codestandout
from therestof thetext.

Code will look like this.

Occasionally we will referto interactionbetwenyou and the operatingsystem
and/ortheinteractive shell(moreonthisin Section2).

Interaction will look like this.

Stravn throughoutthe tutorial, we will often makeadditionalnotesto something
written. Theseare often for makingcomparisongo otherprogramminganguage®r
addinghelpfulinformation.

m NOTE = Noteswill appeatike this.

If we're covering a difficult or confusingtopic andthereis somethingyou should
watchout for, we will placeawarning.

= WARNING = Warningswill appeatike this.

Finally, we will sometimegnakereferenceo built-in functions(so-calledPrelude-
functions).Thiswill look somethindike this:

map :: (a— > b)— > [a]— > [b]

Within the bodytext, Haskellkeywordswill appeatike this: where, identifiersas
map, typesasString andclasseasEq.
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Chapter 2

Getting Started

Therearethreewell known Haskellsystem:Hugs,GHC andNHC. Hugsis exclusively
aninterpretey meaningthatyou cannotcompile stand-alongrogramswith it, but can
testanddehug programsn aninteractive ervironment.GHCis bothaninterpreter(like
Hugs)anda compilerwhich will producestand-alongrogramsNHC is exclusively a
compiler Which you useis entirelyupto you. I’ ve tried to makea list of someof the
differencesn thefollowing list but of coursethisis far from exhaustie:

Hugs- veryfast;implementsalmostall of Haskell98 (the standardand mostexten-
sions;built-in supportfor modulebrowsing; cannotcreatestand-aloneswyritten
in C; workson almostevery platform; build in graphicdibrary.

GHC - interactive ervironmentis slower thanHugs, but allows function definitions
in the ervironment(in Hugsyou have to putthemin a file); implementsall of
Haskell98 andextensionsgoodsupportfor interfacingwith otherlanguagesin
asensdhe“de facto” standard.

NHC - lessusedandnointeractive ervironment,but producesmallerandoftenfaster
executablegshandoesGHC; supportHaskell98 andsomeextensions.

I, personallyhave all of theminstalledandusethemfor differentpurposesl! tend
to use GHC to compile (primarily becausd’m mostfamiliar with it) andthe Hugs
interactive ervironment,sinceit is muchfaster As such,this is whatl would suggest.
However, thatis afair amountto downloadaninstall, soif you hadto gowith justone,
I’d getGHC, sinceit containsbothacompilerandinteractive ervironment.

Following is a descritionof how to downloadandinstall eachof this asof thetime
this tutorial waswritten. It may have changed- seehttp://haskell.org (the
Haskellwebsite)for up-to-datenformation.

2.1 Hugs

Hugs supportsalmostall of the Haskell 98 standard(it lacks someof the libraries),
aswell asa numberof advanced/gperimentalextensionsjncluding: multi-parameter

5



6 CHAPTERZ2. GETTING STARTED

type classesgxtensiblerecords rank-2 polymorphism existentials,scopedype vari-
ables,andrestrictedtype synoryms.

2.1.1 Whereto getit

The official Hugsweb pageis at:

http://haskell.org/hugs (http://haskellorg/hugs)

If you go there,thereis a link titled “downloading” which will sendyou to the
downloadpage.Fromthatpage you candownloadthe appropriaterersionof Hugsfor
your computer

2.1.2 Installation procedures

Onceyou've downloadedHugs,installationdiffersdependingpn your platform, how-
ever, installationfor Hugsis moreof lessidenticalto installationfor any programon
your platform.

For Windows whenyou click onthe“msi” file to download,simply choosé'Run This
Program”andthe installationwill begin automatically From there,just follow
theon-screerinstructions.

For RPMs usewhaterer RPM installationprogramyou know best.

For source first gunzipthe file, thenuntarit. Presumabhjif you're usinga system
whichisn’t otherwisesupportedyou know enoughaboutyour systemto beable
to run configurescriptsandmakethingsby hand.

2.1.3 Howtorun it

On Unix machinesthe Hugsinterpreteris usually startedwith acommandine of the
form: hugs[option—file] ...

OnWindows, Hugsmaybe startedby selectingt from the startmenuor by double
clicking on afile with the .hsor .Ihs extension. (This manualassumeshat Hugshas
alreadybeensuccessfullynstalledon your system.)

Hugsusesoptionsto setsystemparametersTheseoptionsaredistinguishedy a
leading+ or - andareusedto customizethe behaiour of theinterpreter WhenHugs
starts theinterpreteperformsthe following tasks:

e Optionsin the ervironmentare processed.The variable HUGSFLAGS holds
theseoptions. On Windows 95/NT, theregistry is alsoqueriedfor Hugsoption
settings.

¢ Commandine optionsareprocessed.

¢ Internaldatastructuresareinitialized. In particular the heapis initialized, and
its sizeis fixed at this point; if you wantto run the interpreterwith a heapsize
otherthanthedefault,thenthis mustbe specifiedusingoptionsonthe command
line, in the environmentor in theregistry.
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e The preludefile is loaded. The interpreterwill look for the preludefile on the
path specifiedby the -P option. If the prelude,locatedin the file Prelude.hs,
cannotbe found in one of the pathdirectoriesor in the currentdirectory then
Hugswill terminate;Hugswill notrun withoutthe preludefile.

¢ Programfiles specifiedon the commandine areloaded. The effect of a com-
mandhugsfl ... fn is the sameasstartingup Hugswith the hugscommandand
thentyping :loadfl ... fn. In particular the interpreterwill not terminateif a
problemoccurswhile it is trying to load one of the specifiedfiles, but it will
aborttheattemptedoad command.

The environmentvariablesandcommandine optionsusedby Hugsaredescribed
in thefollowing sections.

2.1.4 Program options

To list all of the optionswould taketoo muchspace The mostimportantoptionat this
point is “+98” or “-98”. Whenyou starthugswith “+98” it is in Haskell98 mode,
which turnsoff all extensions.Whenyou startin “-98”, you arein Hugsmodeandall
extensionsareturnedon. If you've downloadedsomeonelsescodeandyou’re having
troubleloadingit, first makesureyou have the“98” flag setproperly
Furtherinformationonthe Hugsoptionsis in themanual:
http://cvs.haskell.org/Hugs/pages /hugsman/st arted.html ().

2.1.5 Howto gethelp

To getHugsspecifichelp,goto theHugswebpage.To getgeneraHaskellhelp,goto
theHaskellwebpage.

2.2 Glasgown Haskell Compiler

The Glasgav HaskellCompiler(GHC) s arobust, fully-featured,optimisingcompiler
and interactive ervironmentfor Haskell 98; GHC compilesHaskellto either native
codeor C. It implementsnumerousexperimentallanguageextensionsto Haskell98;
for example: concurrenyg, aforeignlanguagenterface ,multi-parametetype classes,
scopedtype variables existential and universalquantification,unboed types,excep-
tions,weakpointers andsoon. GHC comeswith agenerationatjarbageollector and
aspaceandtime profiler.

2.2.1 Whereto getit

Gototheofficial GHCwebpagehttp://haskell.org/ghc (GHC)to download
thelatestrelease Thecurrentversionasof the writing of this tutorial is 5.04.2andcan
be downloadedoff of the GHC download page(follow the “Download” link). From
thatpage you candownloadthe appropriatesersionof GHC for your computer
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2.2.2 Installation procedures

Onceyou've downloadedGHC, installationdiffers dependingon your platform; how-
ever, installationfor GHC is more of lessidenticalto installationfor any programon
your platform.

For Windows whenyou click onthe“msi” file to download,simply choosé'Run This
Program”andthe installationwill begin automatically From there just follow
theon-screerinstructions.

For RPMs usewhatever RPM installationprogramyou know best.
For source first gunzipthe file, thenuntarit. Presumabhjif you're usinga system

whichisn’t otherwisesupportedyou know enoughaboutyour systemo beable
to run configurescriptsandmakethingsby hand.

For amoredetaileddescriptiorof theinstallationprocedurelook atthe GHC users
manualunder“Installing GHC".

2.2.3 Howto run the compiler

Runningthe compileris fairly easy Assumingthatyou have a programwritten with a
main functionin afile calledMain.hs , youcancompileit simply by writing:

% ghc --make Main.hs -0 main

The“—make” optiontells GHC thatthisis a programandnotjustalibrary andyou
wantto build it andall modulesit dependn. “Main.hs” stipulatesthe nameof the
file to compile;andthe“-o0 main” meanghatyouwantto putthe outputin afile called
“main”.

m NOTE m In Windows, you shouldsay“-0 main.ee” to tell Windows
thatthis is anexecutabldfile.

You canthenrun the programby simply typing “main” atthe prompt.

2.2.4 How to run theinterpr eter

GHCiisinvokedwith thecommandghci” or “ghc—interactie”. Oneor moremodules
or filenamesanalsobespecifiedonthecommandine; thisinstructsGHCi to loadthe
specifiedmodulesor filenamegandall themoduleghey dependn), justasif you had
said:load modulesat the GHCi prompt.
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2.2.5 Program options

To list all of the optionswould taketoo muchspace. The mostimportantoption at
this point is “-fglasgow-exts”. Whenyou start GHCi without “-fglasgow-exts” it is
in Haskell98 mode,which turnsoff all extensions.Whenyou startwith “-fglasgow-
exts”, all extensionsareturnedon. If you've downloadedsomeoneelsescodeand
you're having troubleloadingit, first makesureyou have this flag setproperly

Furtherinformation on the GHC and GHCi optionsarein the manualoff of the
GHCwebpage.

2.2.6 Howto gethelp

To getGHC(i) specifichelp,goto the GHC web page.To getgeneraHaskellhelp,go
to theHaskellwebpage.

2.3 NHC

AboutNHC . ..

2.3.1 Whereto getit

2.3.2 Installation procedures
2.3.3 Howtorun it

2.3.4 Program options

2.3.5 Howto gethelp
2.4 Editors

With goodtext editor, programmings fun. Of courseyou cangetalongwith simplistic
editorcapableof just cut-n-pastebut goodeditoris capableof doingmostof thechores
for you, letting you concentrat@n whatyou arewriting. With respecto programming
in Haskell,goodtext editorshouldhave asmuchaspossibleof thefollowing features:

Syntaxhighlightingfor sourcefiles

o |Indentationof sourcefiles

Interactionwith Haskellinterpreter(beit Hugsor GHCI)

e Computeraidedcodenavigation

Codecompletion
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At the time of writing, several optionswere available: Emacs/XEmacsupport
Haskellvia haskell-modandaccompaying Elist code(availablefrom http://www.haskell.org/haskell-

mode ()), and. . . .

What's elseavailable?. . .
(X)Emacsseemto do the bestjob, having all thefeaturedistedabove. Indentation

is avareaboutHaskell's 2-dimensionalayoutrules(seeSection7.11,very smartand
have to be seenin actionto be believed. You canquickly jump to the definition of
choserfunctionwith the help of "Definitions” menu,andnameof the currentlyedited

functionis alwaysdisplayedn the modeline.



Chapter 3

LanguageBasics

In thischaptemwe presenthebasicconcept®f Haskell.In additionto familiarizingyou
with the interactive ervironmentsand shaving you how to compile a basicprogram,
we introducethe basicsyntaxof Haskell,which will probablybe quitealienif you are
usedto languagedike C andJava.

However, beforewe talk aboutspecificsof thelanguagewe needto establisrsome
generalpropertiesof Haskell. Most importantly Haskellis a lazy language which lazy
meanghatno computatiortakesplaceuntil theresultof thatcomputatioris used.

This meansfor instancethatyou candefiniteinfinitely large datastructurespro-
vided that you never usethe entire structure. For instance,using imperative-esque
psuedo-codeye could createaninfinite list containingthe numberl in eachposition
by doingsomethindike:

List makelList()

{
List current = new List();
current.value = 1
current.next = makelList();
return  current;

}

By looking atthis code,we canseewhatit’ strying to do: it createsa new list, sets
its valueto 1 andthenrecursvely callsitself to makethe restof thelist. Of course jf
you actuallywrotethis codeandcalledit, the programwould never terminate pecause
makeList wouldkeepcalling itself adinfinitum.

Thisis becausave assumehis imperative-esquéanguages strict, theoppositeof strict
lazy. Strictlanguagesreoftenreferredto as“call by value”while lazy languagesre
referredto as“call by namé. In the abore psuedo-codewhenwe “run” makeList
onthefifth line, we attemptto geta valueout of it. Thisleadsto aninfinite loop.

Theequialentcodein Haskellis:

makeList = 1 : makelList

11
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Thisprogramreads:we’re definingsomethingcalledmakelist  (thisiswhatgoes
ontheleft-handsideof theequalssign). On theright-handside,we give the definition
of makeList . In Haskell(we'll talk moreaboutthis soon) the colonoperatoris used
to creatdlists. Thisright-handsidesaysthatthevalueof makelList is theelementl
stuckonto the beginning of thevalueof makelList

However, sinceHaskellis lazy (or “call by name”),we do not actually attemptto
evaluatewhatmakelList is atthis point: we simplyremembethatif everin thefuture
we needthe seconcelementof makeList , we needto justlook at makeL.ist

Now, if you attemptto write makeList to a file, or print it to the screen,or
calculatethe sumof its elementsthe operationwon’t terminatebecausét would have
to evaluateaninfinitely longlist. However, if you simply useafinite portionof thelist,
saythefirst 10 elementsthe fact thatthe list is infinitely long doesnt matter If you
only usethefirst 10 elementspnly thefirst 10 elementsare ever calculated. This is
whatit meanghatHaskellis lazy.

SecondHaskellis casesensitve. Many languagesre, but Haskellactuallyuses
caseto give meaning. Haskell distinguishesbetweenvalues (things like numbers
(1,2,3,...), strings(“abc”, “hello”, ... ), characterg’a’, 'b’, ' ’, ... ), evenfunc-
tions (for instance the function which squaresa value, or the square-roofunction))
andtypes(the cateyoriesto which valuesbelong).

By itself, this is not unusual.Most languageave somesystemof types. Whatis
unusuals thatHaskellrequiresthatthenamegivento functionsandvaluesbegin with
a lower-caseletter andthat the namesgiven to typesbeagin with an uppercaseletter.
The moralis: if your otherwisecorrectprogramwon’t compile, be sureyou haven't
namedyour function Foo, or somethingelsebeginningwith a capitalletter.

Being a functional language Haskell eschevs side effects. A side effect is es-
sentiallysomethingwhich happensn the courseof executinga functionwhich is not
relatedto the outputproducedoy thatfunction.

Forinstancejn alanguagdike C or Java, you areableto modify “global” variables
from within a function. This is a side effect becausehe modificationof this global
variableis not relatedto the outputproducedy the function. Furthermoremodifying
the stateof therealworld is considered sideeffect: printing somethingo thescreen,
readingafile, etc.,areall sideeffectingoperations.

Functionswvhichdo nothave sideeffectsarecalledpure. An easytestfor whethera
functionis pureor notis to askyourselfa simplequestion:giventhe samearguments,
will this functionalwaysproducethe sameresult.

All of this meansthat if you're usedto writing codein an imperative language
(like C or Java), you're goingto have to startthinking differently. Mostimportantly if
you have a valuex, you mustnot think aboutx asa registeror a memorylocationor
arything like that. x is simply a name justas“Hal” is a name.You cannotarbitrarily
decideto storeadifferentpersonn my nameary morethanyou canarbitrarily decide
to storeadifferentvaluein x. Thismeanghatcodewhichmightlook like thefollowing
C codeis invalid in Haskell(notonly is it invalid, but it hasno counterpart):

int

5;
X = 1;

+ 1

X
X
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A call like x = x + 1 is calleddestructiveupdatebecauseve are destroying
whatever wasin x beforeandreplacingit with a new value. Destructie updatedoes
notexist in Haskell.

By not allowing destructve updateqor ary othersuchside effecting operations),
Haskellcodeis very easyto reasorabout.Thatis, whenwe defineafunctionf andcall
that function with a particularagumenta in the beginning of a programandthen,at
theendof theprogramagaincallf with thesameargumenta, we know wewill getthe
sameresultout. Thisis becausave know thata cannothave changedandbecauseave
know thatf only depend®na (for instanceit didn’tincrementaglobalcounter).This
propertyis calledrefeential transpaencyandbasicallystateshatif two functionsf
andg producethe samevaluesfor the sameamgumentsthenwe mayreplacef with g
(andvice-wversa).

m NOTE m Theexactdefinitionof referentiatransparengcis notgenerally
agreedupon. The onegivenabove is the onel like best. They all carry
thesameinterpretationthe differencedie in how they areformalized.

3.1 Arithmetic

Let's bggin our foray into Haskellwith simplearithmetic. Startup your favorite inter-
active shell(Hugsor GHCIi; seeChapter2 for installationinstructions).The shellwill
outputto thescreerafew linestalking aboutitself andwhatit’ s doingandthenshould
finish with the cursoron aline reading:

Prelude>

Fromhere,you canbeyin to evaluateexpressions An expressioris basicallysome-
thing which hasa value. For instance the number5 is an expression(its valueis 5).
Valuescanbebuilt upfrom othervaluesjor instancep + 6 is anexpressior(its valueis
11). In fact,mostsimplearithmeticoperationsaresupportedy Haskell,includingplus
(+), minus(-), times(*), divided-by(/), exponentiation(”) andsquare-roofsqrt). You
canexperimentwith theseby askingthe interactive shellto evaluateexpressionsand
give you their value. In this way, a Haskellshell canbe usedasa powerful calculator
Try someof thefollowing:

Prelude> 5*4+3
23

Prelude> 575-2
3123

Prelude> sqrt 2
1.4142135623730951
Prelude> 5*(4+3)
35

destructive update

referential transparency

expressions
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We canseethatin additionto the standardarithmeticoperationsHaskellalso al-
lows groupingby parenthesediencethe differencebetweenthe valuesof 5*4+3 and
5*(4+3). Thereasorfor thisis thatthe“understood"groupingof thefirst expressioris
(5*4)+3, dueto opeiator precedence

Notealsothatparenthesearent requiredaroundfunctionargumentsFor instance,
we simply wrote sqrt 2, not sqrt(2)  aswould be requiredin most other lan-
guages.You couldwrite it with the parenthesedut in Haskellsincefunctionapplica-
tion is socommon parenthesearent required.

m WARNING = Eventhoughparentheseare not alwaysneededsome-
timesit is betterto leave them in aryway; afterall, other peoplewiill
probablyhave to readyour codeandif extra parenthesesiaketheintent
of the codeclearer usethem.

Z

ow try entering2"500Q Doesit work?

m NOTE m If you're familiar with programmingn otherlanguagesyou
may find it odd that sqrt 2 comesbackwith a decimalpoint (i.e., is a
floatingpointnumber)eventhoughtheargumento thefunctionseemgo
beaninteger Thisinterchangabilityof numerictypesis dueto Haskell's
systemof type classesand will be discussedn gruelingdetailin Sec-
tion4.3).

Exercises

Exercisel We've seenthat multiplication bindsmore tightly than division. Canyou
think of a way to determinewhetherfunction application binds more or lesstightly
than multiplication?

3.2 Pairs, Triples and More

In additionto singlevalues,we might wantto talk aboutmultiple valuesat the same
time. For instance we may wantto referto a positionby its z/y coordinate which
would be a pair of integers.To makea pair of integersis simple: you enclosethe pair
in parenthesiaindseparat¢hemwith acomma.Try thefollowing:

Prelude> (5,3)
(5,3)

Here,we have a pair of integers,5 and3. Pairsareallowedto be heterogeneous,
meaningthatyou canstore,for instanceanintegerin thefirst positionandastringin
the second.
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Therearetwo predefinedunctionswhich allow you to extractthefirst andsecond
elementof a pair. They are,respectiely, fst andsnd. You canseehow they work
asfollows:

Prelude> fst (5, "hello")
5

Prelude> snd (5, "hello")
"hello"

In additionto pairs,you candefinetriples,quadrupleg@ndsoon. To defineatriple
andaquadruplerespectiely, we write:

Prelude> (1,2,3)
(1,2,3)

Prelude> (1,2,3,4)
(1,2,3,4)

And soon. In generalpairs,triples,andsoon arecalledtuplesandcanstorefixed tuples
amountof heterogeneougata.

m NOTE m Thefunctionsfst andsnd won't work on anything longerthan
a pair; if youtry to usethemon a largertuple, you will geta message
complainingthat therewas a type error. What this meanswill be ex-
plainedin Chapter.

Exercises

Exercise2 Usea combinationof fst and snd to extract the character out of thetuple
((1,a),"foo")

3.3 Lists

Theprimarylimitation of tuplesis thatthey hold only afixednumberof elementspairs
hold two, triples hold three,andso on. A datastructurewhich canhold an arbitrary
numberof elementds alist. Lists areassembledn a very similar fashionto tuples,
exceptthey usesquarebracketdnsteadof parenthesedle candefinealist like:

Prelude> [1,2]
[1.2]

Prelude> [1,2,3]
[1,2,3]
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Listsdon't needto have ary elementsTheemptylist is simply[] .

Unlike tuples,we canvery easilyadd an elementon to the beginning of the list
usingthecolonoperator Thecolonis calledthe“cons” operatorthe procesf added cons operator
anelements called“consing” Theetymologyof this is thatwe're sayingthatwe are
congructing a new list from anelementandan old list. We canseethe consoperator
in actionin thefollowing examples:

Prelude> 0:[1,2]
[0,1,2]

Prelude> 5:[1,2,3,4]
[5,1,2,3,4]

We canactuallybuild ary list simply by usingtheconsoperator(thecolon)andthe

emptylist:
Prelude> 5:1:2:3:4:[]
[5,1,2,3,4]

In fact, the [5,1,2,3,4] syntaxis simply syntacticsugarfor the expression
using the explicit consoperatorsand emptylist. If we write somethingusing the
[5,1,2,3,4] notation,the compilersimply translatest to the other

Onefurther differencebetweenlists andtuplesis that while tuplesare heteroge-
homogenous neous,lists mustbe homogenous.That meansthat you cannothave a list that holds
bothintegersandstrings.If youtry to, youwill getatypeerror.
Of courselists don't have to just containintegersor strings;they canalsocontain
tuplesor evenotherlists. Tuples,similarly, cancontainlists andothertuples.Try some
of thefollowing:

Prelude>  [(1,1),(2,4).(3,9),(4,16)]
[(1,2),(2,4),(3,9),(4,16)]

Prelude>  ([1,2,3,4],5,6,7])
([1,2,3,41,[5,6,7])

Therearetwo basiclist functions: head andtail . Thehead functionreturns
thefirst elemenbff of a(non-emptylist andthetail functionreturnsall but thefirst
elementoff of a (hon-empty)ist, respectrely.

To getthelengthof alist, youusethelength  function:

Prelude> length [1,2,3,4,10]

5

Prelude> head [1,2,3,4,10]

1

Prelude> length (tail [1,2,3,4,10])
4
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3.3.1 Strings

In Haskell,a String is simply alist of Chars. Sowe cancreatethestring“Hello” as:
Prelude> ’'He’I""I""0" ]

"Hello"

Lists (and,of course strings)canbe concattenatedsingthe++ operator:

Prelude> "Hello " ++ "World"
"Hello  World"

Additionally, non-stringvaluescanbe corvertedto stringsusingthe show function
andstringscanbe corvertedto non-stringvaluesusingtheread function. Of course,
if youtry to readavaluethat's malformed,you’ll getanerror:

Prelude> "Five squared is " ++ show (5*5)
"Five squared is 25"
Prelude> read "5" + 3

8
Prelude> read "Hello" + 3
Program error: Prelude.read: no parse

Theexacterrormessagés implementatiordependentHowever, theinterpreteihas
inferredthatyou’retrying to addthreeto something.This meanghatwhenwe execute
read "Hello" weshouldgetanumberout. However, "Hello"  cannotbeparsed
asanumbersoanerroris reported.

3.3.2 SimpleList Functions

Much of the computationin Haskellprogramsis doneby processindists. Thereare
threeprimarylist-processingunctions:map, filter andfoldr (alsofoldl ).

The map functiontakesasargumentsa list of valuesanda function which should
be appliedto eachof the values. For instance thereis a built-in functiontoUpper
which takesasinputa Char andproducesa Char thatis the uppercaseversionof the
original agument. So, to covert an entire string (which is simply a list of characters)
to uppercasewe canmapthetoUpper functionacrosgheentirelist:

Prelude> map toUpper "Hello World"
"HELLO WORLD"

Whenyou mapacrossa list, thelengthof thelist never changes- only theindivid-
ualvaluesin thelist change.

To remove elementdrom thelist, you canusethefilter function. Thisfunction
allows you to remorve certainelementsrom a list dependingon their value, but not
their context. For instancethefunctionisLower tells youwhethera givencharacter
is lower case We canfilter out all non-lowvercasecharactersisingthis:



18 CHAPTER3. LANGUAGE BASICS

Prelude> filter isLower "Hello World"
"elloorld"

Thefunctionfoldr takesalittle moregettingusedto. foldr takesthreeamu-
ments:a function, aninitial value,anda list. The bestway to think aboutfoldr is
thatit replacesccurancesf the list consoperator. with thefunctionparameteand
replacegheemptylist constructoff] with theinitial value.Thus,if we have alist:

3:8: 12 : 5: ]
Andweapplyfoldr  (+) O toit, weget:
3+8+12+5+0

Which sumsthelist. We cantestthis:

Prelude> foldr (+) 0 [3,8,12,5]
28

We cando the samesort of thing to calculatethe productof all the elementn a
list:

Prelude> foldr (*) 1 [4,8,5]
160

We said earlierthat folding is like replacing: with a particularfunctionand(]
with aninitial element. This raisesa questionasto whathappenavhenthe function
isn’t associatie (afunction - is associatieif a - (b - ¢) = (a - b) - ¢). Whenwe write
4.8 -5 -1, weneedto specifywhereto put the parenthesesNamely do we mean
((4-8)-5)-1or4-(8-((5-1))?foldr assumeshefunctionisright-associatie(i.e.,
the correctbracketings thelatter). Thus,whenwe useit on a non-associtie function
(like minus),we canseetheeffect:

Prelude> foldr () 1 [4,8,5]
0

The exactderivationof this looks somethindike:

foldr () 1 [4,8,5]

==> 4 - (foldr () 1 [85])
==> 4 - (8 - foldr () 1 [5]

=> 4 - @8 - (B - fodr () 21 1)
=> 4 - B8 - (5 - 1)

=> 4 - (8 - 4

==> 4 - 4

=> 0
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The foldl  function goesthe other way and effectively producesthe opposite
bracketing.foldl  looks the samewhen applied,so we could have donesumming
justaswell with foldl

Prelude>
28

foldl  (+) 0 [3,8,12,5]

However, we getdifferentresultswhenusingthe non-associatie functionminus:

Prelude>
-16

foldl () 1 [4,85]

Thisis becausdoldl  usesheoppositebracketing.Thewayit accomplishehis
is essentiallyby goingall theway down thelist, takingthelastelemenandcombining
it with the initial valuevia the provided function. It thentakesthe second-to-laséle-
mentin thelist andcombinest to this new value. It doessountil thereis no morelist
left.

Thederivationhereproceedsn the oppositefashion:

foldl (-) 1 [4,8,5]
==> foldl ) @ - 4 [8,5]
==> foldl () (1 - 4 - 8 5]
==> foldl () (@ -4 -8 -5 1
=> (1 - 4 -8) -5
== (3 -8 -5
=> (11) - 5
==> -16

Note thatoncethe foldl
of thefoldr

goesaway, the parenthesizatiors exactly the opposite

m NOTE mfoldl

foldl

discussn Section7.8. However, foldr
cannot.Thisis becauséeforefold|

is oftenmoreefficientthanfoldr

for reasonsve will

canwork oninfinite lists while
doesarything, it hasto go

to theendof thelist. Ontheotherhand,foldr

startsproducingoutput

immediately For instancefoldr  (:) 0 1[1,2,3,4,5] simply
returnsthe samelist. Evenif the list were infinite, it would produce
output. A similar function usingfoldl  would fail to produnceary
output.

If this discussiorof the folding functionsdoesnt entirely makesensethat’s okay
We'll talk aboutthemfurtherin Section7.8.

Exercises
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Exercise3 Usemapto corvertastringinto alist of booleansgad elementn thenew
list representingvhetherthe original elementvasa lower-casecharacteror not. That
is, it shouldtakethestring“aBCde” andreturn[True,Ralse,false, Tue,Tue].

Exercise4 Usethefunctionsmentionedn this section(youwill needtwo of them)to
computethe numberof lower-caselettersin a string. For instance,on “aBCde” it
shouldreturn3.

Exercise5 We've seenhow to calculate sumsand productsusing folding functions.
Giventhat the function max returnsthe maximumof two numberswrite a function
usinga fold which will returnthemaximumvaluein alist (andzeo if thelist is empty).
So,whenappliedto [5,10,2,8,1]it will return10. Assumehatthevaluesin thelist are
always> 0.

Explainto yourselfwhyit works.

Exercise6 Write a functionwhich takesa list of pairs of length at least2 and re-
turns the first componenbf the secondelementin the list. So, whenprovidedwith
[(5,/b),(1,c),(6,a)], it will returnl.

3.4 SourceCodeFiles

As programmersye don't wantto simply evaluatesmalllittle expressiondike these-
we wantto sit down, write codein our editorof choice,sase it, andthenuseit.

We alreadysaw in Sections2.2 and 2.3 how to write a Hello World programand
compileit. Here,we shav how to do usefunctionsdefinedin a source-coddile in
the interactve ervironment. To do this, createa file called Test.hs andenterthe
following code:

module Test
where

X =5

y = (6, "Hello")

z = x * fst vy

This is a very simple “program” written in Haskell. It definesa module called
“Test” (in generaimodulenamesshouldmatchfile names;seeSection6 for moreon
this). In this module,therearethreedefinitions: x, y andz. Onceyou've written and
saved this file, in the directory in which you saved it, load this up in your favorite
interpretey by executingeitherof thefollowing:

% hugs Test.hs
% ghci  Test.hs
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Thiswill startHugsor GHCI, respectiely, andloadthefile. Alternatively, if you
alreadyhave one of themloaded,you canusethe “:load” command(or just “I”) to
loadamodule,as:

Prelude> :I Test.hs

Test>

Betweenthe first andlast line, variousdatawill be printedtelling you what the
interpretelis doing. If ary errorscropup, you probablymistypedsomethingn thefile;
doublecheckandthentry again.

You'll noticethatwhereit usedto say“Prelude” it now says“Test”. Thatmeans
that Testis the currentmodule. Which means,you're probablythinking, “Prelude”
mustalsobea module. Exactly correct. The Preludemodule(usuallysimply referred
to as“the Prelude”)is alwaysloadedandcontainghestandardiefinitions(for instance, the Prelude
the: operatoffor lists,or + or*, fst , snd andsoon).

Now thatwe've loadedTest,we canusethingswhichweredefinedin it. For exam-
ple:

Test> X
5
Test> vy
(6,"Hello")
Test> z
30

Perfectjustaswe expected!

Onefinal issueregardshow to compile programsto stand-alonexecutables.In
orderfor a programto be an executable,it musthave the modulename“Main” and
mustcontaina function called“main”. So, if you go in to Test.hsandrenameit to
“Main” (changethe line that readsmodule Test to module Main), we simply
needto adda mainfunction. Try this:

main = putStrLn  "Hello  World"

Now, save the file andwe cancompileit (refer backto Section2 for information
on how to do this for your compiler For example,in GHC, youwould say:

% ghc --make Tesths -0 test

m NOTE m For Windows, it would be*“-o0 test.ee”

Thiswill createafile calle“test” (or on Windows, “test.exe”) which you canthen
run.
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% ./test

Hello World

m NOTE m Or, on Windows:

C:\>
Hello

test.exe
World

3.5 Functions

Now thatwe've seerhow to write codein afile, we canstartwriting functions.As you
might have expected,functionsare centralto Haskell,asit is a functionallanguage.
This meanghatthe evaluationof a programis simply the evaluationof afunction.

We canwrite a simplefunctionto squarea numberandenterit into our Test.hs
file. We might definethis asfollows:

square X = X * X

In thisfunctiondefinition,we saythatwe’re definingafunctionsquare whotakes
oneamgument(akaparameteryvhichwe call x. We thensaythatthevalueof square
X isequaltox * x.

Haskell also supportsstandardconditional expressions. For instance,we could
defineafunctionthatreturns—1 if its aguments lessthan0, 0 if its algumentis 0 and
1 if its agumentis greaterthan0 (thisis calledthe signumfunction):

signum X =
if x <0
then -1
else if x>0
then 1
else 0

Theif/then/elseconstructin Haskellis very similar to thatof mostotherprogram-
ming languageshowever you musthave bothathen and anelseclause.It evaluates
the condition(in this casezr < 0 and,if this evaluatesto True , it evaluatesthethen
condition;if the conditionevaluatedto False , it evaluategheelsecondition.

You cantestthis progranmby editingthefile andloadingit backinto yourinterpreter
If Test isalreadythecurrentmodule,insteadof typing:l Test.hs again,youcan
simplytype:reload orjust:r toreloadthecurrentfile. Thisis usuallymuchfaster

Haskell, like mary otherlanguagesalso supportscaseconstructions.Theseare
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usedwhenthereare multiple valuesyou wantto checkagainst(caseexpressionsare
actuallyquitea bit morepowerful thanthis — seeSection7.4 for all thegory details).
Supposave wantedto definea functionthathada valueof 1 if its agumentwere
0, avalueof 5 if its agumentwerel, avalueof 2 if its algumentwere2 andavalueof
—1 in all otherinstancesWriting this function usingif statementsvould belongand
very unreadablesowe write it usinga casestatemenasfollows (we call this function

f):

f x =
case x of
0> 1
1 ->5
2 > 2
> -1

In this programwe're definingf to takeanargumentx andtheninspectthe value
of x. If it matched), thevalueof f is 1. If it matchesl, thevalueof f is 5. If it
mache2, thenthevalueof f is 2 andif it hasnt matchedarything (theunderscorean
be thoughtof asa “wildcard” — it will matcharything) by thatpoint, thevalueof f is
—1.

Theindentationhereis important. Haskellusesa systemcalled“layout” to struc-
ture its code (the programminglanguagePythonusesa similar system). The layout
systemallows you to write codewithout the explicit semicolonsaandbraceghatother
languagedike C andJava require.

= WARNING m Becauseavhitespacemattersin Haskell,you needto be
carefulaboutwhetheryou areusingtabsor spaceslf you canconfigure
your editor to never usetabs, that’s probablybetter If not, makesure
yourtabsarealways8 spacedong,or you'relikely to runin to problems.

The generalrule for layout is that an open-bracds insertedafter the keywords
where, let, do and of, andthe column position at which the next commandappears
is remembered.From then on, every new line which is indentedthe sameamount
automaticallygetsa semicolon. If a following line is indentedless,a close-braces
inserted.This may soundcomplicatedput if you follow the generalrule of indenting
aftereachof thosekeywords,you’ll never have to remembeit (seeSection7.11for a
morecompletediscussiorof layout).

Somepeopleprefernotto uselayoutandwrite thebracesandsemicolonsxplicitly .
Thisis perfectlyacceptableln this style,theabore functionmightlook like:

f x = case x of
{0->1;1->5;2->2,; _->11}

Of coursejf youwrite thebracesandsemicolongxplicitly, you'refreeto structure
thecodeasyou wish. Thefollowing is alsoequallyvalid:
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f x =
case x of { O > 1 ;
1>5,; 2> 2
;> 11}

Thoughstructuringyour codelike this only senesto makeit unreadablédin this
case).

Functionscanalsobe definedpiece-wise meaningthat you canwrite oneversion
of your functionfor certainparameterandthenanotherversionfor otherparameters.
For instancetheabove functionf couldalsobewrittenas:

— —h —h —h
N~ O
n1m
N O -

-1

Here,theorderis important.If we hadputthelastline first, it would have matched
every agumentandf wouldreturn-1 regardlesof its amgument(mostcompilerswill
warnyou aboutthis, though,sayingsomethingaboutoverlappingpatterns).f we had
not includedthis lastline, f would producean errorif arything otherthanO, 1 or 2
were appliedto it (mostcompilerswill warn you aboutthis, too, sayingsomething
aboutincompletepatterns).This styleof piece-wisedefinitionis very popularandwill
beusedquitefrequentlythroughouthistutorial. Thesetwo definitionsof f areactually
equivalent— this piece-wiseversionis translatednto the caseexpression.

More complicatedunctionscanbe built up from simplerfunctionsusingfunction
composition Functioncompositionis simply takingtheresultof theapplicationof one
functionandusingthatasan agumentto another We've alreadyseenthis way back
whenwe weredoingarithmetic(Section3.1), whenwe wrote5*4+3 . In this,we were
evaluating5 * 4 andthenapplying+3 to theresult.We cando the samething with our
square andf functions:

Test> square (f 1)
25
Test> square (f 2)
4
Test> f (square 1)
5
Test> f (square 2)
-1

The resultof eachof thesefunction applicationsis fairly straightforward. The
parenthesearoundtheinnerfunctionarenecessaryptherwisein thefirst line, thein-
terpretemvouldthink you'retrying to getthevalueof “squaref” whichhasnomeaning.
Functionapplicationlike thisis fairly standardn mostprogrammindanguagesThere
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is another moremathematicallyoriented,way to expressfunction compositionusing
the. (justasingleperiod)function. This. functionis supposedo look like the o
operatofin mathematics.

m NOTE m In mathematicsve write f o ¢ to mean“f following g”, in
Haskellwewritef . g alsoto mean“f followingg”

The meaningof f o g is simply that (f o g)(z) = f(g9(z)). Thatis,
applyingthevaluez to thefunction f o g is the sameasapplyingit to g,
takingtheresult,andthenapplyingthatto f.

The. function(calledthefunctioncompositionfunction),takestwo functionsand function composition

makesthemin to one. For instance,if we write (square . f) , this meansto
createa new function which takesan agument,appliesf to thatamgumentandthen
appliessquare totheresult. Corversely (f . square) meando createanen

functionwhich takesanamgument,appliessquare to thatagumentandthenapplies
f totheresult. We canseethis by testingit asbefore:

Test> (square . f) 1
25
Test> (square . f) 2
4
Test> (f . square) 1
5
Test> (f . square) 2
-1

Here,we mustenclosethe function compositionin parenthesegtherwise,it will
think we're trying in the first line to composesquare will the valuef 1, which
makesno sensesincef 1 isn’'t evenafunction.

It would probablybe wiseto takea little time-outto look at someof the functions
which are definedin the Prelude. Undoubtedlyat somepoint you will accidentally
rewrite somealready-&isting function (I’ ve doneit moretimesthanl cancount),but
if we cankeepthisto a minimum,thatwould save alot of time. Herearesomesimple
functions,someof whichwe've alreadyseen:

sqrt thesquareroot function

id theidentity function:id x = x

fst extractsthefirst elementrom a pair

snd extractstheseconcelementfrom a pair

null tellsyouwhetheror notalist is empty

head returnsthefirst elemenbonanon-emptylist

tail returnseverythingbut thefirst elementof a non-emptylist
++ concatenatetvo lists

== checkgo seeif two thingsareequal
= checkgo seeif two thingsareunequal
Here,we shav exampleusage®f eachof thesefunctions:
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Prelude>
1.41421
Prelude>
"hello"
Prelude>
5
Prelude>
5
Prelude>
2
Prelude>
True
Prelude>
False
Prelude>
1
Prelude>
[2,3,4]
Prelude>
[1,2,3,4,5,6]
Prelude>
True
Prelude>
True
Prelude>

sqrt 2

id "hello"

id 5

fst  (5,2)

snd (5,2)

null ]

null  [1,2,3,4]

head [1,2,3,4]
tail  [1,2,3,4]

[1,2,3] ++ [4,56]
[1,2,3] == [1,2,3]
=

head []

Program error: {head []}

We canseethat applyinghead to an emptylist givesan error (the exact error
messagelepend®n whetheryou're usingGHCi or Hugs—theshawn errormessagés

from Hugs).

3.5.1 Let Bindings

Often we wish to provide local declarationdor usein our functions. For instance jf
you remembeibackto your gradeschoolmathematicgoursesthereis the following
equationusedto find the roots(zeros)of a polynomialof theform az? + bz + ¢ = 0:
z = (—b+Vb? — 4ac)/2a. We couldwrite thefollowing functionto computethetwo

valuesof z:

((-b
(-b

roots a b c =
+ sqrt(b*b - 4*a*c))
- sgrt(b*b - 4*a*c))

/I (2*a),
/I (2*a))
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To remedythis problem,Haskellallows for local bindings. Thatis, we cancreate
valuesinside of a functionwhich only that function cansee. For instance we could

createa local bindingfor sqgrt(b*b-4*a*c) andcall it, say det andthenusethat
in both placeswheresqrt(b*b - 4*a*c) occurred.We candothis usingalet/in
declaration:

roots a b c
let det sqrt  (b*b - 4*a*c)

in  ((-b + det) [/ (2*a),

(-b - det) [/ (2*a))

In fact, you canprovide multiple declarationsnsidea let. Justmakesurethey're
indentedthe sameamount,or youwill have layoutproblems:

roots a b c
let det sqrt  (b*b - 4*a*c)
twice a = 2*a
in  ((-b + det) [/ twice_a,
(-b - det) [/ twice_a)

3.5.2 Infix

Infix functionsare oneswhich arecomposedf symbols,ratherthanletters. For in-
stance(+) , (*) , (++) areall infix functions. You canusethemin non-infix mode
by enclosingthemin parentheseddencethetwo following expressionsarethesame:

Prelude> 5 + 10
15

Prelude> (+) 5 10
15

Similarly, non-infix functions(like map) canbe madeinfix by enclosingthemin
backquotegtheticks onthetilde key on Americankeyboards):

Prelude> map toUpper "Hello World"
"HELLO WORLD"
Prelude> toUpper
"HELLO WORLD"

map' "Hello  World"

3.6 Comments

Thereare two typesof commentsn Haskell: line commentsand block comments.
Line commentseagin with the token-- andextend until the endof theline. Block
commentdegin with {- andextendto a corresponding }. Block commentsanbe
nested.
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m NOTE m The-- in Haskellcorrespond$o // in C++ or Java, and{-
and- } correspondo/* and*/ .

Commentsareusedto explainin Englishwhatis goingonin your programandare
completelyignoredby compilersandinterpretersFor example:

module Test2
where

main =
putStrLn  "Hello  World" -- write a string
-- to the screen

{- f is a function which takes an integer and

produces integer. {- this is an embedded
comment -} the original comment extends to the
matching end-comment token: -}
f x =
case x of

0 ->1 -- 0O maps to 1

1> 5 -- 1 maps to 5

2 > 2 -- 2 maps to 2

> -1 -- everything else maps to -1

Thisexampleprogramshavstheuseof bothline commentand(embeddedplock
comments.

3.7 Recursion

In imperative languagesike C andJava, the mostbasiccontrolstructureis aloop (like
afor loop). However, for loopsdon't makemuchsensen Haskellbecausé¢hey require
destructve update(the index variableis constantlybeingupdated).Instead,Haskell
usesrecursion.

A functionis recursiveif it callsitself (seeAppendixB for more).Recursie func-
tionsexist alsoin C andJava, but areusedlessthanthey arein functionallanguages.
The prototypicalrecursve functionis thefactorialfunction. In animperative language,
you mightwrite this assomethindike:

int factorial(int n) {
int fact = 1;
for (int i=2; i <= n; i++)
fact = fact * i

return  fact;
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While this codefragmentwill successfullcomputefactorialsfor positiveintegers,
it somehwv ignoresthe basicdefinitionof factorial,usuallygivenas:

)1 n=1
N (n—1)! otherwise

This definition itself is exactly a recursve definition: namelythe value of n! de-
pendson thevalueof (n — 1)!. If youthink of ! asafunction,thenit is calling itself.
We cantranslatehis definitionalmostverbatiminto Haskellcode:

factorial 1 =1
factorial n = n * factorial (n-1)

Thisis likely the simplestrecursve functionyou’ll ever see butit is correct.

m NOTE m Of course animperatie recursie versioncouldbe written:

int factorial(int n) {
if (n ==1)

return 1;
else

return n * factorial(n-1);

but thisis likely to bemuchslowerthantheloop versionin C.

Recursioncan be a difficult thing to master It is completelyanalogougo the
conceptof inductionin mathematicgseeChapterB for a more formal treatmentof
this). However, usuallya problemcanbe thoughtof having one or more base-cases
andoneor morerecursve-casesln the caseof factorial , thereis onebasecase
(whenn = 1) andonerecursve casgwhenn > 1). For designingyour own recusve
algorithmsit is oftenusefulto try to differentiatehesetwo cases.

Turningnow to thetaskof exponentiationsupposeve have two positiveintegersa
andb andwe wantto calculatez®. This problemhasa singlebase-casenamelywhen
bis 1. Therecursie caseis whenb > 1. We canwrite ageneraform as:

(lb _ a b = 1
1 axa® ! otherwise

Again, thistranslateslirectly into Haskellcode:

exponent

al-=a
exponent a b

a * exponent a (b-1)

Justaswe candefinerecursie functionson integers,so canwe definerecursve
functionson lists. In this case,usually the basecaseis the emptylist [] andthe
recursve caseis aconslist (i.e., a valueconsedn to anothedist).
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Considerthetaskof calculatingthe lengthof alist. We canagainbreakthis down
into two cases:eitherwe have anemptylist or we have a non-emptylist. Clearlythe
lengthof anemptylist is zero. Furthermoreijf we have a conslist, thenthelengthof
this list is just thelengthof its tail plusone. Thus,we candefinealengthfunctionas
(whenerer we provide alternative definitionsfor standardHaskellfunctions,we prefix
themwith my_ sothe compilerdoesnt getconfused):

my length [] =0
my_length (xxxs) = 1 + my_length xs

Similarly, we canconsidethefilter function. Again,thebasecasds theempty
list andtherecursve caseis a conslist. However, this time, we're choosingwhether
to keepan elementdependingon whetheror not a particularpredicateholds. We can
definethefilter functionas:

my_filter pll =1
my_filter p (xxs) =

if p x
then x : my_filter p xs
else my filter p xs

In this code,when presentedvith an emptylist, we simply returnan empty list.
Thisis becausédilter cannotaddelementsit canonly remove them.

Whenpresentedvith alist of theform (x:xs) , weneedto decidewhetherto keep
the valuex or not. To do this, we useanif statementindthe predicatep. If p X is
true,thenwe returnalist which beginswith x followedby theresultof filtering thetail
of thelist. If p x isfalse,thenwe excludex andreturntheresultof filtering thetail of
thelist.

We canalsodefinemap andbothfold functionsusingexplicit recursion.Seethe
exercisedor the definitionof mapandChapter7 for thefolds.

Exercises
Exercise7 Thefibonaccisequencés definedby:
ro— 1 n=10rn=2
"\ F,_.+ F,_, otherwise

Write a recursivefunctionfib  which takesa positiveinteger n asa parameterand
calculatesr,.

Exercise8 Definea recursivefunctionmult which takestwo positiveintegersa and
b andreturnsa*b , but onlyusesaddition(i.e., nofair justusingmultiplication). Begin
by makinga mathematicatiefinitionin the styleof the previousexercise andtherestof
this section.

Exercise9 Definea recursivefunctionmy_mapwhich behavesdenticallyto the stan-
dard functionmap.
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3.8 Interactivity

If youarefamiliar with bookson other(imperative) languagesyoumightbewondering
by now why you haven't seenmary of the standardporogramswritten in tutorials of
otherlanguagesljike onewhich asksa userfor hisnameandthensays‘Hi” to theuser
by name. The reasonfor this is simple: Being a pure functionallanguageijt is not
entirely clearhow oneshouldhandlethingslike userinput.

After all, supposeyou have a function which readsa string from the keyboard. If
you call this functiontwice andthe usertypessomethinghe first time andsomething
elsethe secondtime, thenyou no longer have a function, sinceit would returntwo
differentvalues. The solutionto this wasfound in the depthsof cateory theory a
branchof formal mathematics:monads. We're not yet readyto talk aboutmonads monads
formally, but for now, think of themsimply asa corvenientway to expressthingslike
input/output We'll discussthemin this context much morein Chapter5 andthen
aboutmonaddor monads’sakein Chapter9. For now, let’sjust seehow you canwrite
interactive programs.For this section,completelyforgetthatyou ever heardthe word
“monad’

Supposewe wantto write a function that’s interactve. The way to do this is to
usethe do keyword. This allows us to specify the order of operations(remember do notation
thannormallyin Haskell,sinceit’ salazy languagethe orderin which operationsare
evaluateds unspecified) So, to write a simpleprogramwhich asksa userfor hisname
andthenaddressiim directly, enterthefollowing codeinto “Name.hs”:

module Main

where
import 10
main = do

hSetBuffering stdin  LineBuffering
putStrLn  "Please enter your name:
name <- getlLine

putStrLn  ("Hello, " ++ name ++ ", how are you?")

You cantheneitherloadthis codein yourinterpreterandexecute“main” by simply
typing “main” or you cancompileit andrun it from the commandine. I'll shawv the
resultsof theinteractive approach:

Main> main

Please enter your name:
Hal

Hello, Hal, how are you?
Main>

And theres interactvity. Let's go backandlook at the codea little, though. We
namethemodule“Main” sowe cancompileit. We namethe primaryfunction“main”
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sothatthe compileknows thatthis is the functionto run whenthe programis run. On
the fourth line, we import the IO library so thatwe getaccesgo 10 functions. On
the seventhline, we startwith do, telling Haskellthatwe're executinga sequencef
commands.

Thefirst commands hSetBuffering stdin  LineBuffering whichyou
shouldprobablyignorefor now (incidentally, this is only requiredby GHC —in Hugs
you cangetby without it). Thenecessityfor this is becauseavhenGHC readsinput, it
expectsto readit in ratherlargeblocks. A typical persons nameis nowherenearlarge
enoughto fill this block. Thus,whenwe try to readfrom stdin , it waitsuntil it's
gottenawholeblock. We wantto getrid of this, sowetell it to useLineBuffering
insteadof block buffering.

The next commandis putStrLn , which prints a string to the screen. On the
ninthline, wesay“name <- getLine ". Thiswouldnormallybewritten“name =
getLine ” butusingthearron insteadof the equalitysignshovsthatgetLine isn’t
arealfunction and canreturndifferentvalues. This commandmeans‘run the action
getLine andstoretheresultsin name’”

Thelastline constructsa stringusingwhatwe readin onthepreviousline andthen
printsit to thescreen.

Another example of a function which isn’t really a function would be one that
returnsarandomvalue. In this context, afunctionthatdoesthisis calledrandomRIO .
Usingthis, we canwrite a “guessthe number”program.Enterthe following codeinto
“Guess.hs”:

module Main

where
import 10
import Random
main = do
hSetBuffering stdin  LineBuffering
num <- randomRIO (1::Int, 100)
putStrLn  "I'm  thinking of a number between 1 and 100"

doGuessing num

doGuessing num = do
putStrLn  "Enter your guess:"
guess <- getLine
if (read guess) < num
then do putStrLn  "Too low!"
doGuessing num
else if read guess > num
then do putStrLn  "Too high!"
doGuessing num
else do putStrLn  "You Win!"
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Let's examinethis code. On the fifth line we write “import Random”to tell the
compilerthatwe'’re goingto be usingsomerandomfunctions(thesearent built into
the Prelude).In thefirst line of main , we geta randomnumberin therange(1, 100).
We needto write ::Int  totell thecompilerthatwe’re usingintegershere notfloating
point numbersor othernumbers.We'll talk moreaboutthis in Section4. On the next
line, we tell the userwhat’s going on andthenon the lastline of main we tell the
compilerto executethe commanddoGuessing

ThedoGuessing functiontakesasanargumentthe numberthe useris trying to
guess.First, it asksthe userto guessandthenacceptgheir guess(which is a String)
from thekeyboard. Theif statementhecksfirst to seeif their guessds too low. How-
ever, sinceguess is astringandnum is aninteger, we first needto corvert guess
to aninteger by read ing it. If they guessedo low, we inform themandthen start
doGuessing overagain.If they didn’t guesgoolow, we checkto seeif they guessed
too high. If they did, we tell themand startdoGuessing again. Otherwise,they
didn’'t guesdoolow andthey didn’t guesgoo high, sothey musthave gottenit correct,
we we tell themthatthey won andexit. The fact thatwe exit is implicit in the fact
that thereare no commanddollowing this. We don't needan explicit return ()
statement.

You caneithercompilethis codeor loadit into yourinterpreterandwill getsome-
thing like:

Main> main

I'm thinking of a number between 1 and 100
Enter your guess:
50

Too low!

Enter your guess:
75

Too low!

Enter your guess:
85

Too high!

Enter your guess:
80

Too high!

Enter your guess:
78

Too low!

Enter your guess:
79

You Win!

Therecursve actionwe just sav doesnt actuallyreturna valuethatwe look at. In
the casewhenit does,the “obvious” way to write the commands actuallyincorrect.
Here,we will givetheincorrectversion,explain why it is wrong,thengive thecorrect
version.
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Let's saywe're writing a simpleprogramwhich repeatedlyasksthe userto typein
afew words.If atary pointthey entertheemptyword (i.e., they justhit enterwithout
typing anything), the programprints out everythingthey’ve typed up until that point
andthenexits. The primaryfunction(actually anaction)in this programis onewhich
asksthemfor aword, checkdo seeif it’ sempty andtheneithercontinuesor ends.The
incorrectformulationof this mightlook somethindike:

askForWords = do
putStrLn  "Please enter a word:"
word <- getLine

if word == "
then return ]
else return (word : askForWords)

Beforereadingaheadseeif you canfigure outwhatis wrongwith theabove code.

Theerroris onthelastline, specificallywith thetermword :  askForWords .
Remebethatwhenusing: , we aremakingalist out of anelement(in thiscaseword )
andanothellist (in this case askForWords ). However, askForWords isnotalist.
It is an action,which, whenrun, will producea list. Thatmeansthat beforewe can
attacharything to the front, we needto run the actionandgetthe result. In this case,
we wantto do somethindike:

askForWords = do
putStrLn  "Please enter a word:"
word <- getLine

if word == "

then return ]

else do
rest <- askForWords
return  (word : rest)

Here,we first run askForWords andgettheresultandstoreit in the variable
rest . Then wereturnthelist createdromword andrest .

By now you shouldhave a goodunderstandingf how to write simplefunctions,
compilethem,testthingsin theinteractve ervironment,andmanipulatdists.

Exercises

Exercise10 Write a programwhich will repeatediasktheuserfor numberauntil they
typein zeio, at which pointit will tell themthe sumof all the numbersthe productof
all thenumbersand,for ead numberits factorial. For instance a sessiormightlook
like:

G ve ne a nunmber (or 0 to stop):
5
G ve ne a nunmber (or 0 to stop):
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8

G ve ne a nunber (or 0 to stop):
2

G ve ne a nunber (or 0 to stop):
0

The sumis 15

The product is 80

5 factorial is 120

8 factorial is 40320

2 factorial is 2

Hint: write an 10 actionwhich readsa numberand, if it' s zeo, returnstheemptylist.
If it’ snotze, it recursestself andthenmakes list out of the numberit justreadand
theresultof therecursivecall.
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Chapter 4

Type Basics

Haskellusesa systemof static type cheking. This meansthat every expressionin
Haskellis assigneda type For instance’a’ would have type Char, for “charactef

Then,if you have afunctionwhich expectsanagumentof a certaintype andyou give
it thewrongtype, a compile-timeerrorwill be generatedthatis, youwill not beable
to compilethe program). This vastly reduceghe numberof bugsthat cancreepinto
your program.

FurthermoreHaskellusesa systemof typeinference This meansthatyou don't
even needto specifythe type of expressions.For comparisonjn C, whenyou define
a variable,you needto specifyits type (for instancejnt, char etc.). In Haskell,you
neednt do this —thetypewill beinferredfrom context.

m NOTE m If you want,you certainlyareallowedto explicitely specify
thetypeof anexpressionthis oftenhelpsdelugging.In fact, it is some-
timesconsideredyoodstyleto explicitly specifythe typesof outermost
functions.

Both HugsandGHCi allow youto applytypeinferenceto anexpressiorto find its
type. Thisis doneby usingthe :t command.For instance startup your favorite shell
andtry thefollowing:

Prelude> it 'c’
'c’ 1 Char

This tells us that the expression’c’ hastype Char (the doublecolon :: is used
throughoutHaskellto specifytypes).

4.1 Simple Types

Therearea slew of built-in types,including Int (for integers,both positive and neg-
ative), Double (for floating point numbers),Char (for single characters)String (for

37
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strings),andothers.We have alreadyseenan expressionof type Char; let's examime
oneof typeString:

Prelude> :t "Hello"
"Hello" ;o String

You canalsoentermorecomplicatedexpressionsfor instanceatestof equality:

Prelude> it 'a’ == "'b’
a2 =='b : Bool

You shouldnotethaneventhoughthis expressioris false,it still hasatype,namely
thetypeBool.

m NOTE m Bool is shortfor Boolean(usuallypronouncedboo-lee-uhn”,
thoughl’ ve heard'boo-leen”onceor twice) andhastwo possiblevalues:
True andFalse .

You canobsene the procesf type checkingandtype inferenceby trying to get
the shell to give you the type of anill-typed expression. For instance the equality
operatorrequiresthat the type of both of its amgumentsare of the sametype. We can
seethat Char andString are of differenttypesby trying to comparea characteito a
string:

Prelude> it 'a@ == "a
ERROR- Type error in application

***  Expression 'a’ == "a"
¥ Term Ca

***  Type : Char

*** Does not match : [Char]

Thefirst line of the error (theline containing“Expression”)tells usthe expression
in which thetypeerroroccured.The secondine tells uswhich partof this expression
is ill-typed. The third line tells us the inferred type of this term andthe fourth line
tells uswhatit needso have matched.n this casejt saysthattypetype Char doesnt
matchthetype[Char] (alist acharacters- a stringin Haskellis representedsa list of
characters).

As mentionedbefore,you canexplicitely specifythe type of an expressionusing
the :: operator For instance,nsteadof "a” in the previous example,we could have
written ("a”::String). In this case,this hasno effect sincetheres only one possible
interpretatiorof "a”. However, considerthe caseof numbers.You cantry:

Prelude> it 5 : Int

5 Int

Prelude> it 5 :: Double
5 ' Double
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Here,we canseethatthenumberb canbeinstantiatedaseitheranint ouraDouble.
Whatif we don't specifythetype?

Prelude> it 5
5 Numa => a

Not quite what you expected?What this meansbriefly, is thatif sometype ais
an instanceof the Num class,thentype type of the expression5 canbe of type a.
If that madeno sensethat’s okay for now. In Section4.3 we talk extensively about
type classegwhich is whatthisis). Thewayto readthis, though,is to say“a beingan
instanceof Numimpliesa”

Exercises

Exercisel1l Figure outfor yourself,andthenverify the typesof the following expres-
sions,if they haveatype Alsonoteif the expressionis a typeerror:

1. 'he11 o]

2. [5/a]

3. (5/a)

4. (5:Int) + 10

5. (5:Int) + (10::Double)

4.2 Polymorphic Types

Haskellemploysa polymorhpictype system.This essentiallymeanghatyou canhave
typevariables whichwe have alludedto before.For instancenotethatafunctionlike
tail doesnt carewhattheelementsn thelist are:

Prelude> tail [5,6,7,8,9]

[6,7,8,9]

Prelude> tail "hello"

"ello"

Prelude> tail ['the","man","is","happy"]

"man”,"is","happy"]

Thisis possiblebecauseail hasa polymorphictype: [@] — [«]. Thatmeanst
cantakeasanamgumentanylist andreturnavaluewhichis alist of the sametype.
Thesameanalysiscanexplain thetypeof fst :

Prelude> it fst
forall ab. (ab) -> a
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Here,GHCi hasmadeexplicit the universalquantificationof thetypevalues.That
is, it is sayingthatfor all typesa andb, fst is afunctionfrom (a, b) to a.

Exercises

Exercise12 Figure outfor yourself,andthenverify the typesof the following expres-
sions,if they haveatype Alsonoteif the expressionis a typeerror:

1. snd
2. head

3. null

4. head . tail
5

. head . head

4.3 TypeClasses

We saw lastsectionsomestrangetyping having to do with the numberfive. Beforewe
delve too deeplyinto the subjectof type classeslet'stakea stepbackandseesomeof
the motivation.

4.3.1 Motivation

In mary languagegC++, Java, etc.), thereexists a systemof overloading. That is,
a function can be written that takesparameter®f differing types. For instance the
cannonicalkexampleis the equality function. If we wantto comparetwo integers,we
shoulduseanintegercomparisonjf we wantto comparetwo floating point numbers,
we shouldusea floating point comparison;if we wantto comparetwo characters,
we shouldusea charactecomparison.In generalif we wantto comparetwo things
which have type o, we wantto usean a-compare We call a atypevariablesinceit is
avariablewhosevalueis atype.

m NOTE m In generaltypevariableswill bewritten usingthefirst partof
the Greekalphabeta, 3,~,4, . . ..

Unfortunately this presentsomeproblemsfor statictype checking,sincethetype
checkerdoesnt know which typesa certainoperation(for instance equality testing)
will bedefinedfor. Thereareasmary solutionsto this problemasthereare statically
typedlanguagegperhapsa slight exageration but not somuchso). The onechosen
in Haskellis the systemof type classes.Whetherthis is the “correct” solutionor the
“best” solutionof coursedependon your applicationdomain. It is, however, the one
we have, soyou shouldlearnto love it.
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4.3.2 Equality Testing

Returningto the issueof equality testing,what we wantto be ableto do is definea
function== (the equalityoperator)which takestwo parametersgachof the sametype
(callit @), andreturnsa boolean.But this functionmay not be definedfor everytype;
just for some. Thus, we associatehis function == with a type class,which we call
Eq. If aspecifictype a belongsto a certaintype class(thatis, all functionsassociated
with that classareimplementedor «), we saythat« is aninstanceof thatclass.For
instance]nt is aninstanceof Eq sinceequalityis definedover integers.

4.3.3 The Num Class

In additionto overloadingoperatordike ==, Haskellhasoverloadechumericconstants
(i.e., 1, 2, 3, etc.). This wasdoneso that whenyou type in a numberlike 5, the
compileris freeto say5 is aninteger or floating point numberasit seedit. It defines
the Num classto containall of thesenumbersand certainminimal operationsover
them (addition,for instance).The basicnumerictypes(Int, Double)aredefinedto be
instance®f Num.

We have only skimmedthe surfaceof the power (andcompleity) of type classes
here. Therewill be muchmorediscussiorof themin Section8.4, but we needsome
more backgroundeforewe cangetthere. Beforewe do that, we needto talk a little
moreaboutfunctions.

4.3.4 The ShowClass

Anotherof the standardtlassesn Haskellis the Show class. Typeswhich aremem-
bersof the Show classhave functionswhich corvert valuesof that type to a string.
This functionis calledshow. For instanceshow appliedto theinteger5 is the string
“5”; show appliedto thecharactera’ is the three-charactestring®a™ (thefirst and
lastcharactergareapostrophes)yhow appliedto a stringsimply putsquotesaroundit.
You cantestthisin theinterpreter:

Prelude> show 5
ng

Prelude> show ’'a’
Ilia
Prelude> show "Hello World"
"\"Hello World\""

m NOTE m Thereasorthe backslasheappeatin thelastline is because|
theinterior quotesare“escaped”meaninghatthey arepartof thestring,
not part of the interpreterprinting the value. The actualstring doesnt
containthe backslashes.

Sometypesarenoteinstance®f Shaw; functionsfor example.If youtry to show a
function(like sqrt ), thecompileror interpretemwill give you somecryptic errormes-
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sage,complainingabouta missinginstancedeclarationor anillegal classconstraint.

4.4 Function Types

In Haskell,functionsarefirst classvalues meaningthatjustasl or’'c’ arevalues
whichhave atype,soarefunctionslike square or++. Beforewetalk toomuchabout
functions,we needto makea shortdiversioninto very theoreticalcomputerscience
(don't worry, it won't betoo painful) andtalk aboutthelambdacalculus.

4.4.1 Lambda Calculus

The name“LambdaCalculus”,while perhapdaunting,describes fairly simplesys-
temfor representindunctions. Theway we wouldwrite a squaringfunctionin lambda
calculusis: Az.z * z, which meanghatwe takea value,which we will call z (that’s
what “Az. means)andthen multiply it by itself. The X is called “lambda abstrac-
tion.” In generalJambdascanonly have oneparameterlf we wantto write a function
that takestwo numbers doublesthe first and addsit to the secondwe would write:

Azdy.2 x ¢ + y. Whenwe apply avalueto alambdaexpressionwe remove the outer

mostA andreplaceevery occurancef thelambdavariablewith thevalue.Forinstance,
if we evaluate(Az.z * z)5, we remove the lambdaandreplaceevery occurenceof z

with 5, yielding (5 * 5) whichis 25.

In fact, Haskellis largely basedon an extensionof the lambdacalculus,andthese
two expressionscan be written directly in Haskell (we simply replacethe A with a
backslasrandthe . with anarrow; alsowe don't needto repeatthe lambdas;and, of
coursejn Haskellwe have to give themnamesdf we're definingfunctions):

square = \x -> Xx*X
f =\ y > 2% +vy

You canalsoevaluatelambdaexpressionsn your interactive shell:

Prelude> (x -> x*) 5

25

Prelude> (x y -> 2*x +vy) 54
14

We canseein the secondxamplethatwe needto give thelambdaabstractiortwo
amumentspnecorrespondingo x andthe othercorrespondingo y .

4.4.2 Higher-Order Types

“Higher-OrderTypes”is thenamegivento functions.Thetypegivento functionsmim-
icks thelambdacalculusrepresentatioof the functions.For instancethe definition of
squaregivesiz.z x x. To getthetype of this, we first askourseheswhatthetype of x
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is. Saywe decidex is anint. Then,we noticethatthefunctionsquare takesanint
andproducesavaluex*x . We know thatwhenwe multiply two Ints togetherwe get
anotherint, sothetype of theresultsof square is alsoanint. Thus,we saythetype
of square islInt — Int.

We canapplyasimilar analysigto thefunctionf above. Thevalueof thisfunction
(rememberfunctionsare values)is somethingwhich takesa valuex and given that
value,produces new value,whichtakesavaluey andproduce®*x+y . Forinstance,
if wetakef andapplyonly onenumberto it, we get(AzAy.2z + y)5 whichbecomes
our new value Ay.2(5) + y, whereall occurance®f » have beenreplacedwith the
appliedvalue,5.

Sowe know thatf takesanlInt andproduces valueof sometype,of whichwe're
not sure. But we know the type of this value s the type of Ay.2(5) + y. We ap-
ply the above analysisandfind out that this expressionhastype Int — Int. Thus, f
takesan Int and producessomethingwhich hastype Int — Int. Sothetypeof f is
Int = (Int — Int).

m NOTE m The parentheseare not necessaryin functiontypes,if you
have o« — g — v it isassumehat3 — ~ is grouped.If youwantthe
otherway, with « — (3 grouped,you needto put parenthesearound
them.

Thisisn't entirelyaccurate As we sav before,numberdike 5 arent really of type
Int, they areof typeNum a = a.
We caneasilyfind the type of Preludefunctionsusing“:t” asbefore:

Prelude> :it head
head :: [a] -> a
Prelude> :t tail

tail = [a] -> [4]
Prelude> :t null
null  : [a -> Bool
Prelude> it fst

fst = (@ab) -> a
Prelude> it snd
snd @ (@ab) -> b

We readthis as: “head” is afunctionthattakesa list containingvaluesof type“a”
andgivesbacka valueof type“a”; “tail” takesalist of “a’s andgivesbackanothedist
of “a’s; “null” takesa list of “a”’s andgivesbacka boolean;‘fst” takesa pair of type
“(a,b)” andgivesbacksomethingof type“a”, andsoon.

m NOTE m Sayingthatthetypeof fst is (a,b) — a doesnotnecessarily|
meanthatit simply givesback the first element;it only meansthat it
givesbacksomethingwith the sametypeasthefirst element.
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We canalsogetthetypeof operatordike + and* and++ and: ; however, in order
to do this we needto put themin parenthesedn generalary functionwhich is used
infix (meaningn the middle of two argumentgatherthanbeforethem)mustbe putin
parenthesewhengettingits type.

Prelude> it (+)
(+) 7 Numa => a -> a -> a
Prelude> it (%)

(*) 7 Numa => a -> a -> a
Prelude> it (+4)

(++) = [@ -> [a -> [a]
Prelude> it ()

¢ = a->[a -> [q]

Thetypesof + and* arethe sameandmeanthat+ is a functionwhich, for some
type a which is aninstanceof Num, takesa value of type a and producesanother
function which takesa value of typea andproducesa valueof typea. In shorthand,
we might saythat+ takestwo valuesof typea andproducesa valueof typea, but this
is lessprecise.

Thetype of ++ meansjn shorthandthat,for a giventypea, ++ takestwo lists of
asandproduces new list of as. Similarly, : takesavalueof typea andanothewalue
of type|a] (list of as) andproducesanotheralueof type|a].

4.4.3 That Pesky 10 Type

You mightbetemptedo try gettingthetype of afunctionlike putStrLn

Prelude> :t putStrLn

putStrLn ' String -> 10 ()
Prelude> :t readFile

readFile . FilePath  -> 10 String

Whatin the world is that IO thing? It's basicallyHaskell's way of representing
that thesefunctionsarent really functions. They're called“IO Actions” (hencethe
10). The immediatequestionwhich arisesis: okay so how do | getrid of the 10.
In brief, you cant directly remove it. Thatis, you cannotwrite a functionwith type
10 String — String. The only way to usethingswith an 10 typeis to combinethem
with otherfunctionsusing(for example),thedo notation.

For example,if you'rereadingafile usingreadFile , presumablyouwantto do
somethingwith the stringit returns(otherwise why would you readthefile in thefirst
place).Suppose/ou have afunctionf whichtakesa String andproducesanint. You
cant directlyapplyf totheresultof readFile  sincetheinputtof is String andthe
outputof readFile  is I0String andthesedon’t match. However, you cancombine
theseas:



4.4. FUNCTIONTYPES

45

s <-
let

main = do

readFile "somefile"

=f s

putStrLn  (show i)

Here,we usethe arran conventionto “get the stringout of thelO action” andthen
applyf tothestring(calleds). We then,for example,printi to thescreenNotethat
the let heredoesnt have a correspondingn. This is becauseve arein a do block.
Also notethatwe dont writei <- f s becausd isjustanormalfunction,notan
IO action.

4.4.4 Explicit Type Declarations

It is sometimegslesirableto explicitly specifythetypesof someelementsor functions,
for one(or more)of thefollowing reasons:

e Clarity
e Speed
e Delugging

Somepeopleconsiderit goodsoftwareengineeringo specifythetypesof all top-
level functions.If nothingelse,if you'retrying to compilea programandyou gettype
errorsthatyou cannotunderstandif you declarethe typesof someof your functions
explicitly, it maybeeasierto figure outwheretheerroris.

Type declarationsare written separatlyfrom the function definition. For instance,
we could explicitly typethefunctionsquare asin thefollowing code(an explicitly
declaredypeis calledatypesignatue):

square : Numa => a -> a
square X = X*X

Thesewo linesdonotevenhaveto benext to eachotherHowever, thetypethatyou
specifymustmatchthe inferredtype of the function definition (or be more specific).
In this definition,you couldapplysquare to arything whichis aninstanceof Num:
Int, Double, etc. However, if you knew apriori thatsquare wereonly goingto be
appliedto valueof type Int, you couldrefineits typeas:

square : Int -> Int
square X = X*X

Now, you couldonly applysquare to valuesof typelnt. Moreover, with this def-
inition, the compilerdoesnt have to generatehe generakodespecifiedn the original
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function definition sinceit knows you will only apply square to Ints, soit maybe
ableto generatdastercode.

If you have extensionsturnedon (“-98” in Hugsor “-fglasgow-exts” in GHC(i)),
you canalsoadda type signatureto expressionsandnot just functions. For instance,
you couldwrite:

square (x I Int) = x*x

which tells the compilerthat x is an Int; however, it leaves the compiler alone
to infer the type of the restof the expression. What is the type of square in this
example?Makeyour guesghenyou cancheckit eitherby enteringthis codeinto afile
andloadingit into your interpreteror by askingfor thetype of the expression:

Prelude> it (\(x = Int) -> x*x)

sincethis lambdaabstractioris equivalentto theabove functiondeclaration.

4.4.5 Functional Arguments

In Section3.3we sav examplesof functionstaking otherfunctionsasarguments.For
instancemap took a functionto applyto eachelementin alist, filter took afunc-
tion thattold it which elementof alist to keep,andfoldl  tookafunctionwhichtold
it how to combinelist elementgogether As with every otherfunctionin Haskell these
arewell-typed.

Let's first think aboutthe map function. It's job is to takea list of elementsand
produceanotherlist of elements.Thesetwo lists don’'t necessarilyhave to have the
sametypesof elements.Somap will takea valueof type [a] and producea value of
type [b]. How doesit do this? It usesthe usersuppliedfunctionto convert. In order
to corvertana to ab, this function musthave typea — b. Thus,thetype of mapis
(a = b) — [a] — [b], whichyou canverify in yourinterpretemwith “:t".

We can apply the samesort of analysisto filter anddiscernthat it hastype
(a = Bool) — [a] — [a]. Aswe presentedhefoldl  function,youmightbetempted
to giveit type (a — a — a) — a — [a] — a, meaningthatyou takea functionwhich
combinegwo asinto anotheione,aninitial valueof typea, alist of asto produceafinal
valueof typea. In fact,foldl  hasamoregeneratype:(a — b — a) = a — [b] — a.
Soit takesafunctionwhichturnana andab into ana, aninitial valueof typea anda
list of bs. It producesana.

To seethis, we canwrite afunctioncount which countshow mary memberf a
list satisfya givenconstraint.You canof courseyou filter andlength todothis,
but we will alsodoit usingfoldr

module Count
where

import  Char
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countl p |
count2 p |

length  (filter p 1)
fodr (x ¢ -> if p x then c+l1 else c¢) O |

Thefunctioningof countl is simple.lt filtersthelist | accordingo thepredicate
p, thentakesthelengthof theresultinglist. Ontheotherhand,count2 usesheintial
value (which is aninteger) to hold the currentcount. For eachelementin thelist | ,
it appliesthelambdaexpressionshovn. This takestwo agumentsc which holdsthe
currentcountandx which is the currentelementin the list that we're looking at. It
checkgo seeif p holdsaboutx. If it doesijt returnsthenew valuec+1 , increasinghe
countof elementdor which the predicateholds. If it doesnt, it just returnsc, theold
count.

Exercises

Exercise13 Figure out for yourself,andthenverify the typesof the following expres-
sions,if they haveatype Alsonoteif the expressionis a typeerror:

1. \x > [X]

2.\x y z > (xy:z[))
3.\x > x +5

4. \x -> "hello, world"
5.\x > x &

6. \x -> X X

7.\X > X + X

4.5 Data Types

Tuplesand lists are nice, commonwaysto define structuredvalues. However, it is
often desirableto be ableto defineour own datastructuresandfunctionsover them.
So-called‘datatypesaredefinedusingthe data keyword.

45.1 Pairs

For instance a definition of a pair of elementgmuchlike the standardpuild-in pair
type)couldbe:

data Par a b = Pair a b
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Let'swalk throughthis codeoneword at atime. First we say“data” meaningthat
we're defininga datatype.We thengive the nameof the datatypejn this case,'Pair”
The“a” and“b” thatfollow “Pair” aretype parametergustlike the“a” is thetype of
the functionmap. Soup until this point, we've saidthat we're goingto definea data
structurecalled“Pair” whichis parameterizedver two types,a andb.

After the equalssign, we specifythe constructorsof this datatype. In this case,
thereis a single constructoy “Pair” (this doesnt necessarilyhave to have the same
nameasthe type, but in this caseit seemgo makemore sense).After this pair, we
againwrite “a b”, which meanghatin orderto constructa Pair we needtwo values,
oneof typea andoneof typeb.

This definitionintroducesafunction,Pair  :: a -> b -> Par a bthat
you canuseto constructPair s. If you enterthis codeinto afile andloadit, you can
seehow theseareconstructed:

Datatypes> :t Pair
Pair © a -> b -> Par ab
Datatypes> :t Pair 'a

Pair 'a a -> Pair Char a
Datatypes> :t Pair ’'a’ "Hello"

't Pair ’'a’ "Hello"

Pair 'a’ "Hello" ;> Pair Char [Char]

So, by giving Pair two values,we have completelyconstructeda value of type
Pair. We canwrite functionsinvolving pairsas:

pairFst (Pair Xx y) = x
pairSnd (Pair X vYy) y

In this, we've usedthe pattern matding capabilitiesof Haskellto look at a pair
an extractvaluesfrom it. In the definition of pairFst  we takean entirePair and
extract the first element;similarly for pairSnd . We’'ll discusspatternmatchingin
muchmoredetailin Section7.4.

Exercises

Exercise14 Write a datatypedeclamationfor Triple , atypewhich containsthreeel-
ementsall of differenttypes.Write functiongripleFst ,tripleSnd  andtripleThr
to extract respectivelyhefirst, secondandthird elements.

Exercise15 Write a datatypeQuadruple which holdsfour elements However, the
first two elementsnustbe the sametype and the last two elementsnustbe the same
type WriteafunctionfirstTwo  which returnsa list containingthefirst two elements
anda functionlastTwo which returnsa list containingthe last two elementsWrite
typesignatuesfor thesefunctions
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4.5.2 Multiple Constructors

We have seenan example of the datatype with one constructor: Pair . It is also
possible(andextremelyuseful)to have multiple constructors.

Let us considera simple function which searcheghrougha list for an element
satisfyinga givenpredicateandthenreturnsthefirst elementsatisfyingthat predicate.
What shouldwe do if noneof the elementdn the list satisfy the predicate?A few
optionsarelistedbelow:

o Raiseanerror
¢ Loopindefinately
o Write acheckfunction

e Returnthefirst element

Raisingan error is certainly an option (seeSection10.1 to seehow to do this).
The problemis thatit is difficult/impossibleto recover from sucherrors. Looping
indefinatelyis possible put not terribly useful. We couldwrite a sisterfunctionwhich
checkdo seeif thelist containsanelementsatisfyinga predicateandleave it upto the
userto alwaysusethis functionfirst. We couldreturnthefirst elementbut this is very
ad-hocanddifficult to remember

Thefactthatthereis nobasicoptionto solve this problemsimply meansve have to
think aboutit alittle more. Whatarewe trying to do? We're trying to write a function
which might succeecandmight not. Furthermorejf it doessucceedit returnssome
sortof value.Let'swrite a datatype:

data Maybe a = Nothing
| Just a

Thisis oneof the mostcommondatatypesn Haskellandis definedin the Prelude.

Here,we're sayingthat thereare two possiblewaysto createsomethingof type
Maybe a. Thefirstis to usethe nullary constructoNothing , which takesno ar
guments(this is what “nullary” means). The secondis to usethe constructorJust
togethemwith avalueof typea.

The Maybe type is usefulin all sortsof circumstances.For instance,suppose
we want to write a function (like head) which returnsthe first elementof a given
list. However, we don't wantthe programto die if the givenlist is empty We can
accomplishthis with a functionlike:

firstElement © [a] -> Maybe a
firstElement 1 = Nothing
firstElement (x:xxs) = Just x
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Thetype signatureheresaysthatfirstElement takesa list of as andproduces
somethingwith type Maybe a. In thefirst line of code,we matchagainsthe empty
list[] . If thismatchsucceed$i.e.,thelist is, in fact, empty),we returnNothing . If
the first matchfails, thenwe try to matchagainstx:xs which mustsucceedIn this
casewereturnjust  x.

For ourfindElement  function,we representailure by thevalueNothing and
successvith valuea by Just a. Ourfunctionmightlook somethindike this:

findElement © (@ -> Bool) -> [a] -> Maybe a
findElement p [ = Nothing
findElement p (xxxs) =

if p x then Just x

else findElement p Xxs

Thefirst line heregivesthe type of the function. In this case,our first agument
is the predicate(andtakesan elementof type a andreturnsTrue if andonly if the
elementsatisfieshe predicate)the secondagumentis a list of as. Our returnvalue
is maybeana. Thatis, if the function succeedsywe will returnJust a andif not,
Nothing

Anotherusefuldatatypds theEither  type,definedas:

data Either a b = Left a
| Right b

Thisis away of expressingalternation.Thatis, somethingof type Either a b
is eitheravalueof typea (usingtheLeft constructor)r avalueof typeb (usingthe
Right constructor).

Exercises

Exercise16 Write a datatypeTuple which canholdone,two,threeor four elements,
dependingon the constructor(that is, there shouldbe four constructorspnefor eath
numberof arguments)Alsoprovidefunctionstuplel throughtuple4 which takea
tupleandreturnJust thevaluein thatposition,or Nothing if thenumberis invalid
(i.e., youaskfor thetuple4 onatupleholdingonly two elements).

Exercisel7 Basedon our definition of Tuple from the previous exercise, write a
function which takesa Tuple and returnseither the value (if it's a one-tuple),a
Haskell-pair (i.e.,, (a’,5) ) if it's a two-tuple,a Haskell-tripleif it's a three-tuple
or a Haskell-quadruplef it's a four-tuple You will needto usethe Either  typeto
representthis.
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4.5.3 RecursiveDatatypes

We can also definerecursivedatatypes. Theseare datatypesvhosedefinitions are
basednthemseles. For instancewe could definealist datatypeas:

data List a = Nil
| Cons a (List a)

In this definition,we have definedwhatit meango beof typelList a. We saythata
list is eitherempty(Nil ) orit’ stheCons of avalueof typea andanothewalueof type
List a. This is almostidenticalto the actualdefinition of the list datatypein Haskell,
exceptthat usesspecialsyntaxwhere[] correspondg$o Nil and: correspondgo
Cons. We canwrite ourown length  functionfor our lists as:

listLength Nil =0
listLength (Cons x xs) = 1 + listLength XS

This function is slightly more complicatedand usesrecursionto calculatethe
lengthof a List . Thefirst line saysthat the length of an emptylist (a Nil ) is 0.
This muchis obvious. The secondline tells us how to calculatethe lengthof a non-
emptylist. A non-emptylist mustbe of theform Cons x xs for somevaluesof x
andxs . We know thatxs is anothedist andwe know thatwhatever the lengthof the
currentlist is, it’ s the lengthof its tail (the value of xs) plus one (to accountfor x).
Thus,we applythelistLength functionto xs andaddoneto theresult. Thisgives
usthelengthof theentirelist.

Exercises

Exercise18 WritefunctiondistHead |, listTail , listFoldl andlistFoldr
which are equivalento their Preludetwins, but functiononour List  datatype Don't
worry aboutexceptionalconditionson thefirst two.

4.5.4 Binary Trees

We can define datatypeghat are more complicatedthat lists. Supposewe want to
definea structurethatlooks like a binary tree. A binarytreeis a structurethat hasa
singleroot node;eachnodein thetreeis eithera“leaf” or a“branch’ If it'saleaf, it
holdsavalue;if it’ sabranchjt holdsavalueandaleft child andaright child. Eachof
thesechildrenis anothemode.We candefinesucha datatypeas:

data BinaryTree a
= Leaf a
| Branch (BinaryTree a) a (BinaryTree a)

In this datatypedeclarationwe saythata BinaryTree  of asis eithera Leaf
which holdsana, or it' sa branchwith aleft child (whichis aBinaryTree of as),a
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nodevalue(whichis ana), andaright child (whichis alsoaBinaryTree  of as). It is
simpleto modify the listLength functionsothatinsteadof calculatingthe length
of lists, it calculategshe numberof nodesn aBinaryTree . Canyoufigureouthow?
We cancall this functiontreeSize . Thesolutionis givenbelow:

treeSize (Leaf x) =1
treeSize  (Branch left x right) =
1 + treeSize left + treeSize right

Here,we saythatthesizeof aleafis 1 andthesizeof abranchis the sizeof its left
child, plusthesizeof its right child, plusone.

Exercises

Exercise19 Write a functionelements which returnsthe elementsn a Binary-
Tree in a bottom-up Jeft-to-right manner(i.e., the first elementreturnedin the left-
mostleaf, followed by its parent’s value, followed by the other child’s value,and so
on). Theresulttypeshouldbea normal Haskelllist.

Exercise20 Writeafold functionfor BinaryTree sandrewrite elements interms
of it (call thenew oneelements2 ).

455 Enumerated Sets

You canalsousedatatypedo definethingslike enumeratedets,for instancea type
which canonly have a constrainediumberof values.We could definea color type:

data Color
= Red

| Orange
| Yellow

| Green

| Blue

| Purple

| White

| Black

Thiswould be sufiicientto dealwith simplecolors. Supposave wereusingthisto
write a draving program,we could thenwrite a functionto corvert betweena Color
anda RGBtriple. We canwrite acolorToORGB function,as:

colorToRGB Red = (255,0,0)
colorToORGB Orange = (255,128,0)
colorToRGB Yellow = (255,255,0)
colorToORGB Green = (0,255,0)

colorToRGB Blue (0,0,255)
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colorToRGB Purple = (255,0,255)
colorToORGB White = (255,255,255)
colorToRGB Black = (0,0,0)

If we wantedalsoto allow the userto define his own customcolors, we could
changethe Color datatypeio somethindike:

data Color
= Red

| Orange

| Yellow

| Green

| Blue

| Purple

| White

| Black

| Custom Int Int Int -- R G B components

And addafinal definitionfor colorToRGB :

colorToRGB (Custom r g b) = (r,g,b)

4.5.6 The Unit type

A final useful datatypedefinedin Haskell (from the Prelude)is the unit type. It's
definitionis:

data () = ()

Theonly truevalueof thistypeis () . Thisis essentialljthe sameasavoid typein
alangaugdike C or Java andwill beusefulwhenwetalk aboutlO in Chapters.
We'll dwell muchmoreon datatypesin Sections/.4and8.3.

4.6 Continuation PassingStyle

Thereis a style of functionalprogrammingcalled“ContinuationPassingStyle” (also
simply “CPS"). TheideabehindCPSis to passaroundasa functionagumentwhatto
donext. | will handwae throughanexamplewhichis too complex to write out atthis
point andthengive a realexample,thoughonewith lessmotivation.

Considerthe problemof parsing. The ideahereis that we have a sequencef
tokens(words, letters,whatever) andwe wantto ascribestructureto them. The task
of converting a string of Java tokensto a Java abstractsyntaxtreeis anexampleof a
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parsingproblem.Sois thetaskof takingan Englishsentencendcreatinga parsetree
(thoughthelatteris quiteabit harder).

Supposewe're parsingsomethingike C or Java wherefunctionstake aguments
in parenthesesBut for simplicity, assumehey are not separatedy commas. That
is, a function call looks like myFunction(x y z) . We wantto convert this into
somethindike a pair containingfirst thestring“myFunction” andthenalist with three
stringelements!x”, “y” and“z".

The generalapproachto solving this would be to write a function which parses
function callslike this one. Firstit would look for anidentifier (“myFunction”), then
for anopenparenthesighenfor zeroor moreidentifiers,thenfor a closeparenthesis.

Onewayto dothiswould beto have two functions:

parseFunction
[Token] -> Maybe ((String, [String]), [Token])

parseldentifier
[Token] -> Maybe (String, [Token])

Theideawouldbethatif we call parseFunction ,if it doesnt returnNothing ,
thenit returnsthe pair describeckarlier togethemith whateveris left after parsingthe
function. Similarly, parseldentifier will parseoneof theargumentslf it returns
Nothing , thenit’ snotanamgument;f it returnsJust somethingthenthatsomething
is theargumentpairedwith therestof thetokens.

What the parseFunction function would do is to parsean identifier. If this
fails, it fails itself. Otherwisejt continuesandtriesto parsea openparenthesislf that
succeeddt repeatedlycalls parseldentifier until thatfails. It thentriesto parse
acloseparenthesislf thatsucceedghenit’sdone.Otherwiseijt fails.

Thereis, however, anothemwvay to think aboutthis problem. The advantageo this
solutionis thatfunctionsno longerneedto returntheremainingtokens(which tendsto
getugly). Insteadof theabove, we write functions:

parseFunction
[Token] -> ((String, [String]) -> [Token] -> a) ->
([Token] -> a) -> a

parseldentifier
[Token] -> (String -> [Token] -> a) ->
([Token] -> a) -> a

Let's considemarseldentifier . This takesthreeaguments:a list of tokens
andtwo continuations The first continuationis whatto do whenyou succeed.The
secondcontinuationis whatto doif you fail. Whatparseldentifier doesthen,
is try to readan identifier. If this succeedsit calls the first continuationwith that
identifierandthe remainingtokensasarguments If readingtheidentifierfails, it calls
the secondcontinuatiorwith all thetokens.
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Now considerparseFunction . Recallthatit wantsto readan identifier, an
openparenthesiszeroor moreidentifiersanda closeparenthesisThus,the first thing
it doesis call parseldentifier . Thefirst agumentit givesis thelist of tokens.
Thefirst continuation(which is what parseldentifier shoulddoif it succeeds)
is in turn a function which will look for an openparenthesiszeroor morearguments
anda closeparethesisThe secondagument(the failure agument)is just goingto be
thefailure functiongivento parseFunction

Now, we simply needto definethis function which looks for anopenparenthesis,
zeroor moreargumentsanda closeparethesisThis is easy We write afunctionwhich
looks for the open parenthesisand then calls parseldentifier with a success
continuationthatlooks for moreidentifiers,anda “failure” continuationwhich looks
for thecloseparenthesignotethatthisfailure doesnt really meanfailure—it justmeans
thereareno moreargumentdeft).

| realizethis discussiorhasbeenquite abstract! would willingly give codefor all
thisparsing putit is perhapsoo complex atthemoment.Insteadconsidetheproblem
of folding acrossalist. If we're willing to assumehatthe list is nonempty(actually
this codecanberetrofittedto alsowork for emptylists), we canwrite a CPS-stylefold
as:

fold f z | =fold f (y ->f zy) |

fold f g[x] =9 x
fold f g (xixs) = g (fold’ f (y > f xvy) xs)

In thiscode,fold basicallyturnstheaccumulatoamgumentz into a continuation.
This continuationg says“give me a valueandthenl’ll combineit with what| had
beforeandgive you theresult). Thefunctionfold”  first matchesagainsta list with
exactly oneelement:x. If this matchsucceedst saysto g: “Here is avalue,x. Give
metheresult! Of courseg obliges.

In therecursve casefold’  builds anew continuationthatsays:“give meavalue
andl'll combineit with what| seeright now.” It thenrecursen itself andgivesthe
resultof thisrecursionto theoriginal functiong asaresult.

You cantestfor yourselfthat this fold immitatesone of foldl /foldr : try to
figure out which onewithout usinganinterpreter Also, try writing map or filter
usingCPS.
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Chapter 5

Basiclnput/Outp ut

As we mentionecearlier it is difficult to think of agood,cleanwayto integratethings
like input/outpu into apurefunctionallanguage Beforewe give thesolution,let’'stake
a stepbackandthink aboutwhy suchathingis difficult.

Any 10 library shouldprovide ahostof functions,containing(ataminimum)things
like:

e printastringto thescreen
¢ readastringfrom akeyboard
¢ write datato afile

o readdatafrom afile

Therearetwo issueshere. Let us considerthe first two examplesfirst and think
aboutwhattheir typesshouldbe. Certainlythefirst item (I hesitateto call it a “func-
tion”) shouldtakea String algumentand producesomething put whatshouldit pro-
duce?It couldproduceaunit () , sincethereis essentiallyno returnvaluefrom print-
ing a string. The secondtem similarly shouldreturna string, but how this happenss
unclear

We want both of theseitemsto be functions. But they areby definition not func-
tions. Theitem which readsa string from the keyboardcannotbe a function, asit will
not returnthe samething every time. And if thefirst functionsimply returns() every
time, thereshouldbe no problemwith replacingit with afunctionf _ = () because
of referentialtransparenc But clearlythis doesnot have the desiredeffect.

5.1 The RealWorld Solution

In a sensethe reasonthat theseitems are not functionsis that they interactwith the
“realworld.” Theirvaluesdependlirectly ontherealworld. Supposingve hadatype
RealWorld, we might write thesefunctionsashaving type:
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printAString © RealwWorld -> String -> RealWorld
readAString  RealWorld -> (RealWorld, String)
Thatis, printAString takesa currentstateof theworld anda stringto print; it

then modifiesthe stateof the world in sucha way thatthat stringis now printedand
returnsthis new value. Similarly, readAString  takesa currentstateof the world
andreturnsa new stateof theworld pairedwith the String thatwastyped.

Thiswouldbea possiblewayto do 10, thoughit is morethansomevhatunweildy.
In this style, our “Name.hs” programfrom Section3.8 would look somethinglike
(assumina@ninitial RealWorld statewereanargumentto main ):

main rwW =
let rW' = printAString rwW "Please enter your name: "
(rW”,name) = readAString rw’
in  printAString rw”
("Hello, " ++ name ++ ", how are you?")

This is not only hardto read,but proneto errorif you accidentallyusethe wrong
versionof therealworld. It alsodoesnt modelthefactthatthe programbelonv makes
nosense:

main rwW =
let rW' = printAString rwW "Please enter your name: "
(rW”,name) = readAString rw’
in  printAString rw’
("Hello, " ++ name ++ ", how are you?")

In this programthe referenceo rwW” on thelastline hasbeenchangedo aref-
erenceto rW’ . It is completelyunclearwhatthis programshoulddo. Clearly it must
readastringin orderto getavaluefor name to be printed. But thatmeanghatthereal
world hasbeenupdated.However, we thentry to ignorethis updateby usingan “old
version” of therealworld. Thereis clearly somethingvery badgoingon here.

5.2 The CPSSolution

A solutionto this “old real world referenceproblemis to usea continuationpassing
style. Thatis, the printAString functiontakesa String aswell assomethingo do

afterthis stringhasbeenprinted. Thus,we never have accesgo the “old world.” This

resultsin typeslike:

printAString2
String -> (RealWorld -> a) -> RealWorld -> a
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readAString2
(String -> RealWorld -> a) -> RealWorld -> a

Thesefunctionscouldthenbe usedto build our classnameprogramas:

main rw =
printAString2 "Please enter your name: "
(readAString2 (\name ->
printAString2

("Hello, " ++ name ++ ", how are you?"))) rw

Here, first we print the querystring thenpassa function which readsa stringand
passeghe readstring to a function which prints the greating. The advantageto this
styleis thatwe now have no way of referencinghe actualrealworld andsowe don't
have to worry aboutpeopleaccidentally(or maliciously)usingold statesof theworld.

We canevendefinethesefunctionsin termsof theold ones(presumablya compiler
would do thisinternally andsimply not allow us accesgo the“basic” functions):

printAString2 s f rw = f (printAString rw s)

readAString2 f rw =
let (rw’, s) = readAString rw
in f s rw

Thedisadwantagéo this styleis thatit tendsto bedifficult to read.Eventhis simple
programis difficult to understandt first glance(or perhapsvensecondylance).

Sufiice it to saythatdoing 10 operationsn a purelazy functionallanguages not
trivial.

The breakthrouglcamewhen Phil Wadlerdecidedthat monadswould be a good
way to think aboutlO computations.In fact, monadsare ableto expressmuchmore
thanjust the simple operationsdescribedabore. We canusethemto expressthings
like concurrencegxceptions|O, non-determinisnandmuchmore. Moreover, thereis
nothingspecialhboutthem:they canbedefinedwithin Haskellwith no speciahandling
from the compiler(thoughcompilersoften chooseo optimizemonadicoperations).

5.3 Actions

As pointedout before,we cannotthink of thingslike “print a stringto the screen”or
“readdatafrom afile” asfunctions sincethey arenot(in the puremathematicasense).
Therefore we give themanothemame:actions Not only do we give thema special
name we givethema specialtype. Oneparticularlyusefulactionis putStrLn ~ which
printsastringto the screenThis actionhastype:

putStrLn ' String -> 10 ()
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As expected,putStrLn  takesa string agument. What it returnsis of type IO
() . This meansthatthis function is actually an action (thatis what the I0) means.
Furthermorewhenthis actionis evaluated(or “run”) , theresultwill have type ().

m NOTE m Actually, thistypemeanghatputStrLn  is anactionwithin
thelO monad but we will glossover thisfor now.

You canprobablyalreadyguesghetypeof getLine

getLine : 10 String

ThismeanghatgetLine isanlO actionwhich, whenrun,will have typeString.

The questionimmediatelyarises:how do you “run” an action. This is something
which is up to the compiler You cannotactually run an actionyourself; instead,a
programis itself a singleactionwhich is run whenthe compiledprogramis executed.
Thus,the compilerrequiresthatthemain functionhave type O (), whichmeanghat
it is an10 actionwhich returnsnothing. The compiledcodethenexecuteghis action.

However, while you are not allowed to run actionsyourself, you are allowed to
combine actions. In fact, we have alreadyseenone way to do this using the do
notation (how to “really” do this will be unveiledin Chapter9). Let's considerthe
original nameprogram repeatecherefor corvenience:

main = do
hSetBuffering stdin  LineBuffering
putStrLn  "Please enter your name:
name <- getLine
putStrLn  ("Hello, " ++ name ++ ", how are you?")

We canconsiderthedo notationasawayto combinea sequencef actions.More-
over, the<- notationis a way to getthe value out of anaction. So, in this program,
we're sequencindour actions: settingbuffering, a putStrLn , agetLine andan-
otherputStrLn . TheputStrLn  actionhastype String — 10 () sowe provide it
a String sothe fully appliedactionhastype |0 (). This is somethingwhich we are
allowedto execute.

ThegetLine actionhastype IO String, soit is okayto executeit directly. How-
ever, in orderto getthe valueout of theaction,we write name <- getLine which
basicallymeans'run getLine andputtheresultsin thevariablecalledname”

Normal Haskellconstructiondike if/then/elseandcase/ofcanbe usedwithin the
do notation,but you do needto be somevhat careful. For instancejn our “guessthe
number’programwe have:

do ...
if (read guess) < num
then do putStrLn  "Too low!"
doGuessing num
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else if read guess > num
then do putStrLn  "Too high!"
doGuessing num
else do putStrLn  "You Win!"

If we think abouthow theif/then/elseconstructiorworks, it essentiallytakesthree
amguments: the condition, the “then” branch,and the “else” branch. The condition
needso have type Bool andthe two branchesanhave ary type, provided they have
the sametype. The type of the entireif/then/else constructionis thenthe type of the
two branches.

In theoutermostomparisonywehave (read guess) < numasthecondition.
This clearlyhasthecorrecttype. Let usinspectthe“then” branch.The codehereis:

do putStrLn  "Too low!"
doGuessing num

Here,we are sequencingwo actions: putStrLn  anddoGuessing . The first
hastype IO () whichis fine. The secondalsohastype IO () which is fine. The type
resultof theentirecomputationis preciselythetypeof thefinal computationThus,the
type of the“then” branchis alsolO (). A similar amgumentshows thatthe type of the
“else” branchis alsolO (). This meanshetypeof the entireif/then/elseconstruction
is 10 () whichis justwhatwe want.

m NOTE m In this code,thelastline is “else do putStrLn  "You
Wwin!" ”. This is actually somavhat overly verbose. In fact, else
putStrLn  "You Win!" wouldhave beensufiicient,sincedois only
necessaryo sequencactions.Sincewe have only oneactionhere,it is
superfluous.

It is incorrectto think to yourself“Well, | alreadystarteda do block; | don't need
anotherone” andhencewrite somethindike:

do if (read guess) < num
then putStrLn  "Too low!"
doGuessing num

else

Here,sincewe didn’t repeathedo, the compilerdoesnt know thatthe putStrLn
anddoGuessing callsaresupposedo be sequencedndwill think you'retrying to
call putStrLn  with threeagumentsnamelythe string, the function doGuessing
andthe integer num It will certainly complain(thoughthe error may be somevhat
difficult to comprehendt this point).

We canwrite thesamedoGuessing functionusinga casestatementTo do this,
we first introducethe Preludefunctioncompare which takestwo valuesof the same
type (in the Ord class)andreturnsoneof GT, LT, EQdependingon whetherthe first
is greaterthan,lessthan,or equalto the second.
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doGuessing num = do
putStrLn  "Enter your guess:"
guess <- getLine
case compare (read guess) num of
LT -> do putStrLn  "Too low!"
doGuessing num
GT -> do putStrLn  "Too high!"
doGuessing num
EQ -> putStrLn  "You Win!"

Here,againthedos afterthe-> sarenecessargnthefirst two optionshecauseve
aresequencin@ctions.

If you'reusedto programmingn animperative languagdike C or Java, you might
think thatreturn will exit you outof the currentfunction. This is notsoin Haskell.In
Haskell,return simply takesa normalvalue(for instance of type 10 Int) andmakes
it into anactionwhich returnsthatvalue(for instancepf typeInt). In particularin an
imperative languageyou mightwrite this functionas:

void doGuessing(int num) {
print ~ "Enter your guess:";
int guess = atoi(readLine());

if (guess == num) {
print ~ "You win!";
return  ();
}
/I we won't get here if guess == num

if (guess < num) {
print  "Too low!";
doGuessing(num);
} else {
print ~ "Too high!";
doGuessing(num);

}

}

Here,becausave have thereturn () inthefirstif match,we expectthecode
to exit there(andin modeimperatve languagest does).However, theequivalentcode
in Haskell,which mightlook somethindike:

doGuessing num = do
putStrLn  "Enter your guess:"
guess <- getLine
case compare (read guess) num of
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EQ -> do putStrLn  "You win!"
return ()

-- we don't expect to get here unless guess == num
if (read guess < num)
then do print "Too low!";
doGuessing
else do print "Too high!;
doGuessing

This will not behae asyou expect. First of all, if you do guesscorrectly it will
first print “You win!”, but it won't exit andit will checkwhetherguess is lessthan
num. Of courseit is not, sothe elsebranchis takenandit will print “Too high!” and
thenaskyouto guessagain.

Ontheotherhand,if youguessncorrectly it will try to evaluatethe casestatement
andgeteitherLT or GT astheresultof thecompare . In eithercase,t won't have a
patternwhich matchesandthe programwill fail immediately

Exercises

Exercise21 Write a program that asksthe userfor his or her name If their name
is one of Simon,John or Phil, tell themyou think Haskellis a great programming
language If their nameis Koen,tell themyou think detuggingHaskellis fun (Koen
Classenis one of the peoplewho works on Haskelldehugging); otherwise tell them
youdon't knowwhothey are.

Write two differentversionsof this program,oneusingif statementspneusinga case
statement.

5.4 ThelO Library

ThelO Library (availableby import ing thelO module)containamary definitions,the
mostcommonof which arelistedbelow:

data IOMode = ReadMode | WriteMode

| AppendMode | ReadWriteMode
openFile > FilePath  -> 10Mode -> IO Handle
hClose : Handle -> 10 ()
hIsEOF » Handle -> 10 Bool
hGetChar . Handle -> IO Char
hGetLine » Handle -> 10 String

hGetContents :: Handle -> [0 String
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getChar IO Char
getLine IO String
getContents IO String
hPutChar Handle -> Char -> 10 ()
hPutStr Handle -> String -> 10 ()
hPutStrLn Handle -> String -> 10 ()
putChar 2 Char -> 10 ()
putStr : String > 10 ()
putStrLn : String > 10 ()
readFile . FilePath  -> 10 String
writeFile . FilePath -> String -> 10 ()
bracket i

IOa->(a ->100b > (@ ->10¢c ->10c

m NOTE m The type FilePath is a type synonymfor String. That s,
thereis no differencebetweernFilePath andString. So,for instancethe
readFile  functiontakesaString (thefile to read)andreturnsanaction
which, whenrun, produceghe contentsof thatfile. SeeSection8.1 for
moreabouttype synoryms.

Most of thesefunctionsare self-explanatory The openFile andhClose func-
tions openandclosea file, respectiely, usingthe IOMode argumentasthe modefor
openingthe file. hISEOF testsfor end-offile. hGetChar andhGetLine reada
characteror line from a file, respectrely. hGetContents readsin the entirefile.
The getChar , getLine andgetContents  variantsreadfrom standardinput.
hPutChar prints a charactetto a file; hPutStr  prints a string and hPutStrLn
prints a stringwith a newline charactemat the end. The variantswithout the h prefix
work on standardutput. ThereadFile  andwriteFile functionsreadan entire
file without having to openit first.

The bracket function is usedto perform actionssafely Considera function
which opensafile, writesa characteto it, andthenclosesthefile. Whenwriting such
a function,oneneeddo be carefulto ensurethatif therewerean errorat somepoint,
thefile is still successfullyclosed. The bracket  function makesthis easy It takes
threeaguments.Thefirst is the actionto performat the beginning. The seconds the
actionto performat theend,regardlesof whethertheres anerror or not. Thethird is
the actionto performin the middle which might resultin anerror. For instance our
charactemvriting functionmightlook like:

writeChar 1 FilePath -> Char -> 10 ()
writeChar fp ¢ =
bracket
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(openFile fp ReadMode)
hClose
(\n -> hPutChar h c)

This will openthe file, write the characterand then closethe file. However, if
writing the characteffails, hClose will still be executedandthe exceptionwill be
reraisedafterwards. That way you don't needto worry too much aboutcatchingthe
exceptionsandclosingall your handles.

5.5 A File ReadingProgram

We canwrite a simpleprogramthatallows auserto readandwrite files. Theinterface
is admittedly poor and it doesnot catchall errors (try readinga non-&istantfile).
Neverthelesst shouldgive a fairly completeexample of how to uselO. Enterthe
following codeinto “FileRead.hs"andcompile/run.

module Main
where

import 10

main = do
hSetBuffering stdin  LineBuffering
doLoop

doLoop = do
putStrLn  "Enter a command rFN wFN or g to quit:"
command <- getLine
case command of

g > return ()

'r"filename -> do putStrLn  ("Reading " ++ filename)
doRead filename
doLoop

'w':filename -> do putStrLn  ("Writing " ++ filename)
doWrite  filename
doLoop

_ -> doLoop

doRead filename =
bracket (openFile flename  ReadMode) hClose
(\h -> do contents <- hGetContents h
putStrLn  "The first 100 chars:"
putStrLn  (take 100 contents))

doWrite filename = do
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putStrLn  "Enter text to go into the file:"

contents <- getLine

bracket  (openFile flename  WriteMode) hClose
(\n -> hPutStrLn  h contents)

Whatdoesthis programdo? First, it issuesa shortstring of instructionsandreads
acommand.It thenperformsa caseswitch on the commandandchecksfirst to seeif
thefirst characteisa’q’. If it is, it returnsavalueof unittype. Thereturn  function
is afunctionwhich takesavalueof typea andreturnsanactionof typelO a. Thus,the
typeofreturn () islO ().

If thefirst characteiof the commandwasnt a’q’, it checksto seeif it wasan'r’
followedby somestring which is boundto the variablefilename . It thentells you
thatit’ sreadingthefile, doestheread,andrunsdoLoop again. The checkfor 'w’ is
nearlyidentical. Otherwisejt matches, thewildcardcharacterandloopsto doLoop .

ThedoRead functionuseghebracket functionto makesurethereareno prob-
lemsreadingthefile. It opensafile in ReadMode, getsits contentsandprintsthefirst
100 charactergthetake functiontakesanintegern andalist andreturnsthefirst n
elementof thelist).

The doWrite  function asksfor sometext, readsit from the keyboardandthen
writesit to thefile specified.

m NOTE m BothdoRead anddoWrite could have beenmadesimpler
by usingreadFile  andwriteFile , but they werewritten in theex-
tendedfashionto showv how the morecomple functionsareused.

The only major problemwith this programis thatit will die if you try to reada
file thatalreadyexists, or if you specifysomebadfilenamelike *#_@ You maythink
that the calls to bracket in doRead anddoWrite shouldtake careof this, but
they don't. They only catchexceptionswithin the main body, not withing the startup
or shutdavn functions(openFile andhClose in thesecases).We would needto
catchexceptionsraisedby openFile  in orderto makethis complete We will dothis
whenwe talk aboutexceptionsin moredetailin Section10.1.

Exercises

Exercise22 Write a program which first askswhetherthe userwantsto readfroma

file, write to a file or quit. If they respondquit, theprogramshouldexit. If they respond
read,the program shouldaskthemfor a file nameand print that file out (if it doesnt

exist, it shouldnot crash). If they respondarite, it shouldaskthemfor a file nameand

thenaskthemfor text to write to thefile, with “.” signalingdone All butthe®.” should
bewritten to thefile.

For example runningthis programmightproduce:

Do you want to [read] a file, [wite] a file or [quit]?
read
Enter a file name to read:
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foo

...contents of foo..

Do you want to [read] a file, [wite] a file
wite

Enter a file name to wite:

foo

Enter text (dot on a line by itself to end):
this is sone

text for

foo

Do you want to [read] a file, [wite] a file
read
Enter a file nane to read:

foo

this is sone
text for

foo

Do you want to [read] a file, [wite] a file
read

Enter a file name to read:

f oof

Sorry, that file does not exist.

Do you want to [read] a file, [wite] a file
bl ech

| don’t understand the command bl ech

Do you want to [read] a file, [wite] a file
qui t

CGoodbye!

or

or

or

or

or

[quit]?

[quit]?

[quit]?

[quit]?

[quit]?

67
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Chapter 6

Modules

In Haskell,programsubcomponentaredividedinto modules.Eachmodulesitsin its
own file andthe nameof the moduleshouldmatchthe nameof the file (without the
“.hs” extension,of course)jf youwish to ever usethatmodulein alargerprogram.

For instance supposd amwriting a gameof poker | maywishto have a separate
modulecalled“Cards” to handlethe generatiorof cards the shufling andthe dealing
functions,andthenusethis “Cards” modulein my “Poker” modules. Thatway; if |
ever go backandwantto write ablackjackprogram,| don't have to rewrite all thecode
for thecards;l cansimplyimporttheold “Cards” module.

6.1 EXxports

Suppos@assuggestewve arewriting acardsmodule.l have left outtheimplementation
details,but supposehe skeletonof our modulelooks somethindike this:

module Cards
where

data Card
data Deck

newDeck : .. -> Deck
newDeck

shuffle R -> Deck -> Deck
shuffle

-- ’'deal deck n' deals 'n’ cards from ’'deck’
deal :: Deck -> Int -> [Card]
deal deck n = dealHelper deck n []

69
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dealHelper = ...

In this code,the functiondeal calls a helperfunctiondealHelper . Theim-
plementatiorof this helperfunctionis very dependenbnthe exactdatastructures/ou
usedfor Card andDeck sowe don't wantotherpeopleto beableto call this function.
In orderto dothis, we createanexportlist, whichweinsertjustafterthe modulename
declaration:

module Cards ( Card(),
Deck(),
newDeck,
shuffle,
deal

where

Here,we have specifiedexactly whatfunctionsthe moduleexports,sopeoplewho
usethis modulewon’t be ableto accessour dealHelper  function. The () after
Card andDeck specifythat we are exporting the type but noneof the constructors.
For instancef our definitionof Card were:

Card Suit Face
Hearts

Spades
Diamonds

Clubs

Jack

Queen

King

Ace

Number Int

data Card
data Suit

data Face

Thenusersof our modulewould be ableto usethingsof type Card , but wouldn't
beableto constructheirown Card sandwouldn’t beableto extractary of thesuit/face
informationstoredin them.

If we wantedusersof our moduleto be ableto accessall of this information,we
would have to specifyit in the exportlist:

module Cards ( Card(Card),
Suit(Hearts,Spades,Diamonds,Clubs),
Face(Jack,Queen,King,Ace,Number),
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where

This cangetfrustratingif you're exporting datatypesvith mary constructorssoif
you wantto export themall, you cansimply write (..) , asin:

module Cards ( Card(..),
Suit(..),
Face(..),

where

And thiswill automaticallyexport all the constructors.

6.2 Imports

Therearea few idiosyncraciesn the moduleimport system,but aslong asyou stay
away from the cornercases,you shouldbe fine. Supposeas before,you wrote a
modulecalled“Cards” which you saved in the file “Cards.hs”. You are now writing

your pokermoduleandyouwantto importall thedefinitionsfrom the“Cards” module.
To dothis, all you needto dois write:

module Poker
where

import  Cards

Thiswill enableto you useary of the functions,typesand constructorsxported
by the module“Cards”. You may referto themsimply by their namein the “Cards”
module(as,for instancenewDeck), or you mayreferto themexplicitely asimported
from“Cards” (as,for instanceCards.newDeck ). It maybethecasehattwo module
export functionsor typesof the samename. In thesecasesyou canimport one of
the modulesqualified which meansthat you would no longerbe ableto simply use
the newDeck formatbut mustusethe longerCards.newDeck format,to remove
ambiguity If youwantedto import“Cards”in this qualifiedform, youwould write:

import  qualified Cards

Anotherway to avoid problemswith overlappingfunction definitionsis to import
only certainfunctionsfrom modules.Supposeave knew theonly functionfrom “Cards”
thatwe wantedwasnewDeck , we couldimport only this functionby writing:
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import Cards (newDeck)

Ontheotherhand,supposave knew thatthatthedeal functionoverlappedwith
anothemodule but thatwe didn’t needthe“Cards” versionof thatfunction. We could
hidethe definitionof deal andimporteverythingelseby writing:

import Cards hiding (deal)

Finally, supposewve wantto import “Cards” asa qualifiedmodule,but don't want
to haveto typeCards. outall thetime andwould ratherjusttype,for instanceC. —
we coulddo this usingthe askeyword:

import  qualified Cards as C

Theseoptionscanbe mixed and matched- you cangive explicit import lists on
qualified/asmports,for instance.

6.3 Hierar chical Imports

Thoughtechnicallynot partof theHaskell98 standardmostHaskellcompilerssupport
hierarchicaimports. Thiswasdesignedo getrid of clutterin thedirectoriesin which
modulesare stored. Hierarchicalimportsallow you to specify (to a certaindegree)
wherein the directorystructurea moduleexists. For instancejf you have a “haskell”
directory on your computerand this directoryis in your compiler's path (seeyour
compilernotesfor how to setthis; in GHC it’s “-i", in Hugsit's “-P"), thenyou can
specifymodulelocationsin subdirectorieso thatdirectory

Supposensteadof saving the “Cards” modulein your generalhaskelldirectory
youcreatedadirectoryspecificallyfor it called“Cards”. Thefull pathof theCards.hs
file isthenhaskell/Cards/Cards.hs (or, for Windowshaskell \Cards \Cards.hs ).
If youthenchangehe nameof the Cardsmoduleto “Cards.Cards”asin:

module Cards.Cards(...)
where

You couldthemimportit in ary module regardlesof this modules directory as:

import  Cards.Cards

If you startimporting thesemodule qualified, | highly recommendusing the as
keyword to shortenthe namessoyou canwrite:
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import  qualified Cards.Cards as Cards

Cards.newDeck

insteadof:

import  qualified Cards.Cards

Cards.Cards.newDeck

whichtendsto getugly.

6.4 Literate VersusNon-Literate

Theideaof literate programmings a relatively simpleone, but took quite a while to
becomepopularized. Whenwe think aboutprogramming,we think aboutthe code
beingthe defaultmodeof entryandcommentdeingsecondaryThatis, we write code
withoutary specialannotationput commentsareannotatedvith either-- or {-

- }. Literateprogrammingswapshesepreconceptions.

Therearetwo typesof literate programsin Haskell; the first usesso-calledBird-
scriptsandthe seconduseslATEX-style markup. Eachwill be discussedndividually.
No matterwhich you use,literate scriptsmusthave the extensionlhs insteadof hsto
tell the compilerthatthe programis writtenin aliteratestyle.

6.4.1 Bird-scripts

In a Bird-style literate program,commentsare defaultand codeis introducedwith a
leadinggreatesthansign (“>"). Everything elseremainsthe same.For example,our
Hello World programwould bewrittenin Bird-styleas:

This is a simple (literate!) Hello World program.

> module Main
> where

All our main function does is print a string:
> main = putStrLn  "Hello  World"

Notethatthe spacedetweenthe lines of codeandthe “comments”arenecessary
(your compilerwill probablycomplainif you are missingthem). Whencompiledor

loadedin aninterpretey this programwill have the exact samepropertiesasthe non-
literateversionfrom Section3.4.
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6.4.2 LaTeX-scripts

IATEX is atext-markuplanguagevery popularin the academicommunityfor publish-
ing. If youareunfamiliarwith IATEX, you may notfind this sectionterribly usefaul.
Again, aliterateHello World programwritten in IATEX-style would look like:

This is another simple (literate!) Hello World program.

\begin{code}

module Main
where

\end{code}

All our main function does is print a string:
\begin{code}

main = putStrLn  "Hello  World"
\end{code}

In IATEX-style scripts,the blanklinesarenot necessary
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AdvancedFeatures

Discussion

7.1 Sectionsand Infix Operators

We've alreadyseerhow to doublethevaluesof elementsn alist usingmap:

Prelude> map (\x -> x*2) [1,2,3,4]
[2,4,6,8]

However, thereis amoreconciseway to write this:

Prelude> map (*2) [1,2,3,4]
[2,4,6,8]

Thistype of thing canbe donefor ary infix function:

Prelude> map (+5) [1,2,3,4]
[6,7,8,9]

Prelude> map (/2) [1,2,3,4]
[0.5,1.0,1.5,2.0]

Prelude> map (2/) [1,2,3,4]
[2.0,1.0,0.666667,0.5]

You might betemptedto try to subtractvaluesfrom elementsn alist by mapping
-2 acrossa list. This won't work, though,becausewhile the + in +2 is parsedas
the standardplus operator(asthereis no ambiguity),the - in -2 is interpretedasthe
unaryminus,not the binary minus. Thus-2 hereis thenumber—2, not the function

Az.x — 2.

In generaltheseare called sections. For binary infix operatorlike +), we can
causehefunctionto becomeprefix by enclosingt in parethesed-or example:

75
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Prelude> (+) 5 3
8
Prelude> () 5 3
2

Additionally, we canprovide eitherof its agumentto makea section.For example:

Prelude> (+5) 3
8
Prelude> (/3) 6
2.0
Prelude> (3/) 6
0.5

Non-infix functionscanbe madeinfix by enclosingthemin backquoteg” ;’). For
example:

Prelude> (+2) ‘map‘ [1..10]
[3,4,5,6,7,8,9,10,11,12]

7.2 Local Declarations

Recallbackfrom Section3.5, therearemary computationsvhich requireusingthe
resultof the samecomputationin multiple placesin a function. There,we considered
thefunctionfor computingthe rootsof a quadratigpolynomial:

roots a b c =
((-b + sqgrt(b*b - 4*a*c)) | (2*a),
(-b - sqrt(b*b - 4*a*c)) /| (2*a))

In additionto thelet bindingsintroducedhere we candothisusingawhere clause.
where clausexomeimmediatelyafterfunctiondefinitionsandintroducea new level
of layout (seeSection7.11). We write this as:

roots a b c =
(kb + det) / (2*a), (b - det) [/ (2*a))
where det = sqrt(b*b-4*a*c)

Any valuesdefinedin awhere clauseshadowary othervalueswith thesamename.
For instancejf we hadthe following codeblock:
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det = "Hello World"

roots a b c =
(-b + det) [/ (2*a), (-b - det) [/ (2*a))
where det = sqrt(b*b-4*a*c)

f = det

The value of roots doesnt notice the top-level declarationof det , sinceit is
shadaved by the local definition (the fact that the typesdon’t matchdoesnt matter
either). Furthermoresincef cannot‘seeinside” of roots , the only thing it knows
aboutdet iswhatis availableatthetoplevel, whichis thestring“Hello World.” Thus,
f isafunctionwhichtakesary amgumentto thatstring.

Whereclausesancontainary numberof subexpressionsbut they mustbealigned
for layout. For instance,we could also pull out the 2*a computationand get the
following code:

roots a b c =
(-b + det) / (@2), (-b - det) [/ (a2))
where det = sqrt(b*b-4*a*c)
a2 = 2*a

Sub-epressionsn where clausesmust come after function definitions. Some-
timesit is more corvenientto put the local definitions before the actualexpression
of the function. This canbe doneby usinglet/in clauses.We have alreadyseenlet
clauseswhere clausesarevirtually identicalto their let clausecousinsexceptfor their
placementThesameroots functioncanbewrittenusinglet as:

roots a b c
let det sqrt  (b*b - 4*a*c)
a2 = 2*a
in (b + det) / a2, (b - det) [/ a2)

Usingawhere clausejt lookslike:

roots abc = (b +det) / a2, (b - det) / a2
where
det sqrt  (b*b - 4*a*c)
a2 = 2*a

Thesetwo typesof clausesanbe mixed (i.e., you canwrite a function which has
both a let causeanda where clause). This is stronglyadvisedagainst asit tendsto
makecodedifficult to read. However, if you chooseto doit, valuesin thelet clause
shadav thosein thewhere clause.Soif you definethe function:
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f x =
let y = x+1
in vy
where y = x+2

The valueof f 5 is 6, not7. Of course,l pleadwith you to never ever write
codethatlookslike this. No oneshouldhave to remembethis rule andby shadaving
where-definedvaluesin alet clauseonly makesyour codedifficult to understand.

In generalwhetheryou shoulduselet clausesor where clausess largely a matter
of personabpreference.Usually, the namesyou give to the subexpressionshouldbe
sufficiently expressve that without readingtheir definitionsary readerof your code
shouldbe ableto figure out whatthey do. In this case,where clausesare probably
moredesirablebecausehey allow thereaderto seeimmediatelywhata functiondoes.
However, in reallife, valuesareoften given cryptic names.In which caselet clauses
maybebetter Eitheris probablyokay, thoughl think where clausesaremorecommon.

7.3 Partial Application

Partial applicationis whenyoutakeafunctionwhichtakesn agumentsandyou supply
it with < n of them. When discussingsectionsin Section7.1, we sav a form of
“partial application”in which functionslike + werepartially applied. For instancejn
theexpressiormap (+1) [1,2,3] ,thesection(+1) is apartialapplicationof +.
Thisis because- really takestwo argumentsput we've only givenit one.

Partial applicationis very commonin function definitionsandsometimegyoesby
the name“eta reduction”. For instance supposeave arewritting a functionlcaseS-
tring  which convertsawhole stringinto lower case We couldwrite this as:

IcaseString s = map toLower s

Here thereis no partialapplication(thoughyou couldamguethatapplyingno argu-
mentsto toLower could be consideregartialapplication).However, we noticethat
theapplicationof s occursatthe endof bothlcaseString andof map toLower .
In fact,we canremove it by performingetareductionto get:

IcaseString = map toLower

Now, we have a partial applicationof map: it expectsa function and a list, but
we've only givenit thefunction.

This all is relatedto type type of map, which is (a — b) — ([a] — [b]), when
parentheseareall included.In our casetoLower is of type Char — Char. Thus,if
we supplythis functionto map, we geta functionof type[Char] — [Char], asdesired.

Now, considetthetaskof corvertinga stringto lowercaseandremorve all nonletter
charactersWe mightwrite this as:
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Icaseletters s = map toLower (filter isAlpha s)

But notethatwe canactuallywrite thisin termsof functioncomposition:

Icaseletters s = (map toLower . filter isAlpha) s

And again,we're left with anetareduciblefunction:

Icaseletters = map toLower . filter isAlpha

Writing functionsin this styleis very commonamongadwancedHaskellusers.In
factit hasaname:point-freeprogrammingnotto beconfusedvith pointlessprogram- point-free programming
ming). It is call point free becausén the original definition of IcaseLetters , we
canthink of thevalues asapointonwhichthefunctionis operating By removing the
point from thefunctiondefinition,we have a point-freefunction.

A functionsimilarto (.) is($) . Wheread.) is functioncomposition($) is $
functionapplication.Thedefinitionof ($) from the Preludeis very simple: function application

f $x=1Ff x

However, this functionis givenvery low fixity, which meanghatit canbe usedto
replaceparentheses-or instancewe might write a function:

foo x y = bar y (baz (fluff (ork X))

However, usingthe functionapplicationfunction,we canrewrite this as:

foo x y = bar y $ baz $ fluff $ ork x

This moderatelyresembleshe function compositionsyntax. The ($) functionis
alsousefulwhencombinedwith otherinfix functions.For instancewe cannotwrite:

Prelude> putStrLn  "5+3=" ++ show (5+3)

because¢hisisinterpretedas(putStrLn "5+3=") ++ (show (5+3)) ,which
makesno senseHowever, we canfix this by writing instead:

Prelude> putStrLn $ "5+3=" ++ show (5+3)

Whichworksfine.
Considemow thetaskof extractingfrom a list of tuplesall the oneswhosefirst

components greatetthanzero.Oneway to write this would be:



80 CHAPTER7. ADVANCED FEATURES

fstGt0 | = filter (N (ab) -> a>0) |

We canfirst apply etareductionto thewhole function, yielding:

fstGt0 = filter N (ab) -> a>0)

Now, we canrewrite the lambdafunctionto usethe fst functioninsteadof the
patternmatching:

fstGt0 = filter (\x -> fst x > 0)

Now, we canusefunctioncompositiorbetweerfst and> to get:

fstGt0 = filter (\x -> ((®0) . fst) x)

And finally we canetareduce:

fstGt0 = filter ((>0).fst)

Thisdefinitionis simultaneoushshorterandeasierto understandhanthe original.
We canclearly seeexactly whatit is doing: we're filtering a list by checkingwhether
somethings greatetthanzero.Whatarewe checking?Thefst element.

While corvertingto point free style often resultsin clearercode,this is of course
not alwaysthe case. For instance,corverting the following mapto point free style
yieldssomethingnearlyuninterpretable:

map (X -> sqrt  (3+4%(x"2)))
map (sgrt . (3+) . (4% . (°2)

foo
foo

Therearea handfulof combinatorglefinedn the Preludewhichareusefulfor point
free programming:

e uncurry takesafunctionof typea — b — ¢ andcorvertsit into afunction of
type(a, b) — c. Thisis useful,for example ,whenmappingacrossalist of pairs:

Prelude> map (uncurry  (*) [(1,2),(3,4),(5,6)]
[2,12,30]

e curry istheoppositeof uncurry andtakesafunctionof type(a,b) — c and
producesfunctionof typea — b — c.

o flip reversetheorderof agumentdo afunction. Thatis, it takesa functionof
typea — b — ¢ andproduces function of typeb — a — ¢. For instancewe
cansortalist in reverseorderby usingflip  compare :
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Prelude> List.sortBy compare [5,1,8,3]
[1,3,5,8]

Prelude> List.sortBy (flip compare) [5,1,8,3]
[8,5,3,1]

Thisis thesameassaying:

Prelude> List.sortBy (\a b -> compare b a) [5,1,8,3]
[8,5,3,1]

only shorter

Of course notall functionscanbewritten in point free style. For instance:

square X = X*X

Cannotbewrittenin pointfreestyle,withoutsomeothercombinatorsFor instance,
if we candefineotherfunctions,we canwrite:

pair x
square

(x,X)
uncurry  (*) . pair

But in this casethisis notterribly useful.

Exercises

Exercise23 Corwvertthefollowing functionsinto point-freestyle,if possible

funcl x | = map (\y -> y*x) |
func2 f gl = filter f (map g I)
func3 f | =1 ++ map f |
funcd | = map (\y -> y+2)
(filter (\z -> 2z "elem [1..10])

(5:1))
func5 f | = foldr (\xy ->f (y,x)) 0 I
You might havebeentemptedo try to write func2 asfilter f . map, trying

to eta-reduceoff the g. In this case,this isn’'t possible Thisis becausehe function
compositioropeator (. ) hastype(b — ¢) — (a = b) — (a — ¢). Inthiscasewe’re
trying to usemap as the secondargument.But map takestwo argumentswhile (.)
expectsa functionwhich takesonly one
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7.4 Pattern Matching

Patternmatchingis oneof the mostpowerful featuresof Haskell(andmostfunctional
programminganguages)It is mostcommonlyusedin conjunctionwith caseexpres-
sions,which we have alreadyseenin Section3.5. Let’s returnto our Color example
from Sectiord.5. I'll repeathedefinitionwe alreadyhadfor the datatype:

data Color
= Red

| Orange

| Yellow

| Green

| Blue

| Purple

| White

| Black

| Custom Int Int Int -- R G B components
deriving (Show,EQq)

Wethenwantto write afunctionthatwill convertbetweersomethingf type Color
andatriple of Ints, which correspondo the RGB values respectiely. Specifically if
we seea Color whichis Red, we wantto return(255,0,0) , sincethisis the RGB
valuefor red. Sowe write that (remembethat piecavise function definitionsarejust
casestatements):

colorToORGB Red = (255,0,0)

If we seea Color whichis Orange , we wantto return(255,128,0) ; andif we
seeYellow ,wewanttoreturn(255,255,0) ,andsoon. Finally, if we seeacustom
color, which is comprisedf threecomponentsye wantto makea triple out of these,
sowe write:

colorToORGB Orange = (255,128,0)
colorToRGB Yellow = (255,255,0)
colorToORGB Green = (0,255,0)
colorToRGB Blue = (0,0,255)
colorToRGB Purple = (255,0,255)
colorToORGB White = (255,255,255)
colorToRGB Black = (0,0,0)

colorToRGB (Custom r g b) = (r,g,b)

Then,in our interpreterif we type:

Color> colorToRGB Yellow
(255,255,0)




7.4. PATTERN MATCHING 83

Whatis happenings this: we createa value,call it z, which hasvalueRed. We
thenapply this to colorTORGB . We checkto seeif we can“match” z againstRed.
This matchfails becausaccordingto the definitionof Eq Color, Red is not equalto
Yellow . We continuedown the definitionsof colorTORGB andtry to matchYel-
low againstOrange . Thisfails, too. Wethetry to matchYellow againstYellow
which succeedsso we usethis function definition, which simply returnsthe value
(255,255,0) , asexpected.

Supposeénsteadwe useda customcolor:

Color> colorToRGB (Custom 50 200 100)
(50,200,100)

We apply the samematchingprocessfailing on all valuesfrom Red to Black .
We thengetto try to matchCustom 50 200 100 againstCustom r g b. We
canseethatthe Custom partmatchessothenwe go seeif the subelementsatch.In
thematching thevariables , g andb areessentiallywild cards,sothereis notrouble
matchingr with 50, g with 200andb with 100. As a “side-efect” of this matching,r
getsthevalue50, g getsthe value200andb getsthevalue100. Sothe entirematch
succeededndwe look at the definition of this partof the functionandbundleup the
triple usingthe matchedvaluesof r , g andb.

We canalsowrite afunctionto checkto seeif a Color is acustomcolor or not:

isCustomColor (Custom _ ) = True
isCustomColor = False

Whenwe apply a valueto isCustomColor it triesto matchthatvalue against
Custom _ _ _. Thismatchwill succeedf thevalueis Custom x y z for ary X,
y andz. The_ (underscoregharacteis a“wildcard” andwill matcharything, but will
not do the binding thatwould happenif you put a variablenamethere. If this match
succeedshefunctionreturnsTrue ; however, if this matchfails, it goesonto the next
line, whichwill matcharything andthenreturnFalse .

For somereasorwe might wantto definea functionwhichtells uswhethera given
coloris “bright” or not, wheremy definitionof “bright” is thatoneof its RGB compo-
nentsis equalto 255 (admittedlyandarbitrarydefinition, but it’ s simply anexample).
We coulddefinethis functionas:

isBright = isBright’ . colorToRGB
where isBright’ (255, ,) = True
isBright’ (1,255,)) = True
isBright’ (,_,255) = True
isBright’ _ = False

Let's dwell on this definition for a second.TheisBright  functionis the com-
positionof our previously definedfunctioncolorToRGB anda helperfunctionis-
Bright' , whichtellsusif a givenRGB valueis bright or not. We couldreplacethe
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first line herewith isBright c = isBright’ (colorToRGB c¢) butthereis
noneedo explicitly write theparametehere sowedon’t. Again,thisfunctioncompo-
sition styleof programmingakessomegettingusedto, sol will try to useit frequently
in thistutorial.

TheisBright’ helperfunctiontakesheRGB triple producedy colorToORGB .
It first triesto matchit against(255, _, _) which succeed# thevaluehas255in its
first position. If this matchsucceedsisBright’ returnsTrue andso doesis-
Bright . Thesecondandthird line of definitioncheckfor 255in the secondandthird
positionin thetriple, respectrely. Thefourthline, thefallthrough matchesverything
elseandreportsit asnotbright.

We mightwantto alsowrite afunctionto corvertbetweerRGB triplesandColors.
We could simplestick everythingin a Custom constructorbut this would defeatthe
purposewe wantto usethe Custom slot only for valueswhich don’t matchthe pre-
definedcolors. However, we don't wantto allow the userto constructcustomcolors
like (600,-40,99%sincetheseareinvalid RGB values.We could throw anerrorif such
a valueis given, but this can be difficult to dealwith. Instead,we usethe Maybe
datatype Thisis defined(in the Prelude)as:

data Maybe a = Nothing
| Just a

Theway we usethis is asfollows: ourrgbToColor  function returnsa value of
type Maybe Color . If the RGB valuepassedo our functionis invalid, we return
Nothing , which correspondgo a failure. If, on the otherhand,the RGB valueis
valid, we createtheappropriateColor valueandreturnJust that. The codeto do this
is:

rgbToColor 255 0 0 = Just Red
rgbToColor 255 128 0 = Just Orange
rgbToColor 255 255 0 = Just Yellow
rgbToColor 0 255 0 = Just Green
rgbToColor 0 0 255 = Just Blue
rgbToColor 255 0 255 = Just Purple
rgbToColor 255 255 255 = Just White
rgbToColor 0 0 0 Just Black

rgbToColor r g b
if 0 <=7r1 &&r <= 255 &&
0 <= g & g <= 255 &&
0 <= Db && b <= 255
then Just (Custom r g b)
else Nothing -- invalid RGB value

Thefirst eight lines matchthe RGB argumentsagainstthe predefinedvaluesand,
if they match,rgbToColor returnsJust the appropriatecolor. If noneof these
matchesthelastdefinitionof rgbToColor matcheghefirst amgumentagainst , the
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secondagainsty andthethird against (which causeghe side-efect of bindingthese
values).It thenchecksto seeif thesevaluesarevalid (eachis greaterthanor equalto
zeroandlessthanor equalto 255). If so, it returnsjust (Custom r g b) ;if not,
it returnsNothing correspondingo aninvalid color.

Usingthis, we canwrite afunctionthatchecksto seeif aright RGB valueis valid:

rgblsValid = rgblsValid’ . rgbToColor
where rgblsValid’ (Just ) = True
rgblsValid’ _ = False
Here,we composeéhe helperfunctionrgblsValid’ with our functionrgbTo-

Color . Thehelperfunction checksto seeif the valuereturnedby rgbToColor s
Just anything (thewildcard). If so,it returnsTrue . If not, it matchesanything and
returnsFalse .

Patternmatchingisn’t magic,though. You canonly matchagainstdatatypesyou
cannotmatchagainsfunctions.For instancethefollowing is invalid:

f x =x +1

Eventhoughthe intendedmeaningof g is clear(i.e.,g x = x - 1), thecom-
piler doesnt know in generathatf hasaninversefunction,soit cant performmatches
like this.

7.5 Guards

Guardscanbethoughtof asan extensionto the patternmatchingfacility. They enable
you to allow pieceavise functiondefinitionsto be takenaccordingto arbitraryboolean
expressionsGuardsappeanafterall agumentgo afunctionbut beforetheequalssign,
andarebegunwith averticalbar—. We could useguardsto write a simplefunction
which returnsa stringtelling you the resultof comparingwo elements:

comparison X y | x <y = "The first is less"
| x >y = "The second is less"
| otherwise = "They are equal"

You canreadthevertical baras“suchthat’ Sowe saythatthe valueof compar-
ison  x y “suchthat” x is lessthany is “The first is less: The value suchthat x
is greaterthany is “The seconds less” andthe value otherwiseis “They areequal”.
The keyword otherwise  is simply definedto be equalto True andthusmatches
arything thatfalls throughthatfar. So,we canseethatthis works:
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Guards> comparison 5 10
"The first is less"
Guards> comparison 10 5
"The second is less"
Guards> comparison 7 7
"They are equal"

Onethingto noteaboutguardsis thatthey aretestedafter patternmatching,notin
conjunctionwith patternmatching.This meanghatoncea patternmatchesif noneof
theguardssucceedfurtherpatternmatchewill notbeattemptedSo,if we hadinstead
defined:

comparison2 x y | x <y = "The first is less"
| x >y = "The second is less"
comparison2 = "They are equal"

Theintentionwould be thatif both of the guardsfailed, it would “fall through”to
thefinal matchandsaythatthey wereequal. Thisis notwhathappensthough.

Guards> comparison2 7 7
***  Exception: Guards.hs:8: Non-exhaustive patterns
in function comparison2

If we think aboutwhatis happeningn the compilerthis makessense.Whenwe
apply two sevensto comparison2 , they are matchedagainstx andy, which suc-
ceedsandthe valuesarebound. Patternmatchingthenstopscompletely sinceit has
succeededThe guardsarethenactivatedandx andy arecompared.Neitherof the
guardssucceedssoanerroris raised.

Onenicetyaboutguardds thatwhere clausesarecommorto all guards.Soanother
possibledefinitionfor ourisBright ~ functionfrom the previous sectionwould be:

isBright2 c | r == 255 = True
| g == 255 = True
| b == 255 = True
| otherwise = False
where (r,g,b) = colorToRGB ¢

The function is equivalentto the previous version, but performsits calculation
slightly differently. It takesa color, ¢, andappliescolorTORGB to it, yielding an
RGB triple which is matchedusingpatternmatching!)agains{r,g,b) . Thismatch
succeedsandthevaluesr , g andb areboundto theirrespectie values.Thefirst guard
checksto seeif r is 255and,if so,returnstrue. The secondandthird guardcheckg
andb against255, respectiely andreturntrueif they match. Thelastguardfiresasa
lastresortandreturnsfFalse .
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7.6 InstanceDeclarations

In orderto declareatypeto beaninstanceof a class,you needto provide aninstance
declaratiorfor it. Most classegrovide what's calleda “minimal completedefinition”
This meansthe functionswhich mustbe implementedfor this classin order for its
definitionto be satisfied. Onceyou've written thesefunctionsfor your type, you can
declareit aninstanceof theclass.

7.6.1 TheEqClass

The Eq classhastwo memberdi.e.,two functions):

==) = Egqa=>a -> a -> Bool
(=) © Ega=>a-> a-> Bool

Thefirst of thesaypesignatureseadshatthefunction== is afunctionwhichtakes
two aswhicharememberof Eq andproduces Bool . Thetypesignatureof /= (not
equal)is identical. A minimal completedefinitionfor the Eq classrequiresthateither
oneof thesefunctionsbedefined(if youdefine==, then/= is definedautomaticallyby
negatingthe resultof ==, andvice versa). Thesedeclarationsnustbe providedinside
theinstancedeclaration.

This is bestdemonstratedy example. Supposewe have our color example,re-
pededherefor cornvenience:

data Color
= Red

| Orange

| Yellow

| Green

| Blue

| Purple

| White

| Black

| Custom Int Int Int -- R G B components

We candefineColor to beaninstanceof Eq by thefollowing declaration:

instance  Eq Color where
Red == Red = True

Orange == Orange = True
Yellow == Yellow = True
Green == Green = True
Blue == Blue = True
Purple == Purple = True

White == White = True
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Black == Black = True
(Custom r g b) == (Custom r g b) =
r==r & g==9¢ &&b =V
== = False

Thefirstline herebeginswith thekeyword instancetelling the compilerthatwe're
making an instancedeclaration. It then specifiesthe class,Eq, andthe type, Color
which is going to be aninstanceof this class. Following that, theres the where key-
word. Finally theres the methoddeclaration.

Thefirst eightlines of the methoddeclaratiorarebasicallyidentical. Thefirst one,
for instance,saysthat the value of the expressionRed == Red is equalto True .
Linestwo througheightareidentical. The declaratiorfor customcolorsis a bit differ-
ent. We patternmatchCustom on bothsidesof ==. Ontheleft handside,we bindr ,
g andb to thecomponentstespectiely. On theright handside,we bindr’ , g’ and
b’ to the componentsWe thensaythatthesetwo customcolorsareequalprecisely
whenr == r ,g == ¢ andb == b’ areall equal.Thefallthroughsaysthatary
pairwe haven't previously declaredasequalareunequal.

7.6.2 The ShowClass

The Show classis usedto display arbitrary valuesas strings. This classhasthree
methods:

show :: Show a => a -> String
showsPrec : Show a => Int -> a -> String -> String
showList : Show a => [a] -> String -> String

A minimal completedefinitionis eithershow or showsPrec (we will talk about
showsPrec later — it's in therefor efficieng/ reasons). We can define our Color
datatypeto be aninstanceof Show with thefollowing instancedeclaration:

instance  Show Color where

show Red = "Red"

show Orange = "Orange"

show Yellow = "Yellow"

show Green = "Green"

show Blue = "Blue"

show Purple = "Purple"

show White = "White"

show Black = "Black"

show (Custom r g b) =
"Custom " ++ show r ++ " " ++
show g ++ " " ++ show b

This declarationspecifiesexactly how to corvert valuesof type Color to Strings.
Again, thefirst eightlines areidenticalandsimply takea Color andproducea string.
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Thelastline for handlingcustomcolorsmatcheutthe RGB componentsindcreates
a string by concattenatinghe result of showing the componentsndividually (with
spacesn betweerand“Custom” atthe beginning).

7.6.3 Other Important Classes

Thereareafew otherimportantclassesvhich | will mentionbriefly becauseitherthey
arecommonlyusedor becauseve will beusingthemshortly. | won't provide example
instancedeclarationshow you cando this shouldbe clearby now.

The Ord Class

Theorderingclass thefunctionsare:

compare :: Ord a => a -> a -> Ordering
(<=) = Ord a => a -> a -> Bool

(®> = Ord a=>a-> a-> Bool

(>=) = Ord a => a -> a -> Bool

(<) = Ord a=>a-> a-> Bool

mn : Ord a =>a -> a -> a

max : Ord a => a -> a -> a

The almostary of the functionsaloneis a minimal completedefinition; it is rec-
ommendedhat you implementcompare if you implementonly one,though. This
functionreturnsavalueof type Ordering which is definedas:

data Ordering = LT | EQ| GT

So,for instancewe get:

Prelude> compare 5 7
LT
Prelude> compare 6 6
EQ
Prelude> compare 7 5
GT

In orderto declareatypeto beaninstanceof Ord you mustalreadyhave declared
it aninstanceof Eq (in otherwords, Ord is a subclassof Eq — moreaboutthis in
Section8.4).

The EnumClass

The Enum classis for enumeratedypes;thatis, for typeswhereeachelementhasa
successoanda predecessoit’ smethodsare:



90 CHAPTER7. ADVANCED FEATURES

pred Enuma => a -> a

succ Enuma => a -> a

toEnum Enuma => Int -> a

fromEnum Enuma => a -> Int

enumFrom :: Enuma => a -> [a]

enumFromThen @@ Enuma => a -> a -> [a]
enumFromTo :: Enuma => a -> a -> [a]
enumFromThenTo Enuma => a -> a -> a -> |[a]

The minimal completedefinition containsboth toEnum andfromEnum , which
convertsfrom andto Ints. Thepred andsucc functionsgive the predecessoand
successorespectrely. Theenum functionsenumeratdists of elementsFor instance,
enumFrom x listsall elementsafterx; enumFromThen x step listsall elements
startingat x in stepsof sizestep . TheTo functionsendthe enumeratiorat the given
element.

The NumClass

The Num classprovidesthe standardarithmeticoperations:

O] Numa => a -> a -> a

* Numa => a -> a -> a

(+) Numa => a -> a -> a

negate Numa => a > a

signum Numa => a -> a

abs Numa => a > a

frominteger Numa => Integer -> a

All of theseare obvious except for perhapsnegate which is the unary minus.
Thatis, negate  x means-z.
The Read Class

TheRead classis theoppositeof theShow class.It is awayto takea stringandread
in from it avalueof arbitrarytype. The methoddor Read are:

readsPrec Read a => Int

->  String

readList String  -> [([a], String)]

-> [(a, String)]

The minimal completedefinition is readsPrec
relatedto thisis read , whichusesreadsPrec as:

. The mostimportantfunction

read s = fst (head (readsPrec 0 s))
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Thiswill fail if parsingthe stringfails. You could definea maybeRead function
as:

maybeRead s =
case readsPrec 0 s of
[(a,)] -> Just a
_ -> Nothing

How to write andusereadsPrec directly will bediscussedurtherin the exam-
ples.

7.6.4 ClassContexts

Supposewe aredefinitionthe Maybe datatypefrom scratch.The definition would be
somethindike:

data Maybe a = Nothing
| Just a

Now, whenwe go to write theinstancedeclarationsfor, say Eq, we needto know
thata is aninstanceof Eq otherwisewe cant write a declaration We expressthis as:

instance Eq a => Eq (Maybe a) where
Nothing == Nothing = True
(Just x) == (Just X) == x ==

1

Thisfirst line canberead“That a is aninstanceof Eq implies(=>) that Maybe a
is aninstanceof Eq."

7.6.5 Deriving Classes

Writing obviousEq, Ord, Read andShow classedike theseés tediousandshouldbe
automatedLuckily for us,it is. If youwrite adatatypehat’s“simple enough”(almost
ary datatypeyou’ll write unlessyou startwriting fixed point types),the compilercan
automaticallyderive someof the mostbasicclasses.To do this, you simply add a
deriving clauseto afterthedatatypedeclarationasin:

data Color
= Red
| ...
| Custom Int Int Int -- R G B components
deriving (Eq, Ord, Show, Read)

Thiswill automaticallycreateénstance®f the Color datatypeof the namedclasses.
Similarly, thedeclaration:



92 CHAPTER7. ADVANCED FEATURES

data Maybe a Nothing
Just a

I
deriving (Eq, Ord, Show Read)

derivestheseclassegustwhena is appropriate.

All in all, you areallowedto derive instancef Eq, Ord, Enum, Bounded,
Show andRead. Thereis considerablevorkin theareaof “polytypic programming”
or “genericprogramming”which, amongotherthings, would allow for instancedec-
larationsfor any classto be derived. This is muchbeyond the scopeof this tutorial;
instead| referyouto theliterature.

7.7 DatatypesRevisited

I know by this point you're probablyterribly tired of hearingaboutdatatypes.They

are,however, incrediblyimportant,otherwisel wouldn't devote somuchtime to them.
Datatypesoffer a sort of notationalcornveniencef you have, for instancea datatype
thatholdsmary mary values.Thesearecallednamedfields.

7.7.1 NamedFields

Considera datatypewhosepurposeis to hold configurationsettings. Usually when
you extract memberdrom this type,you really only careaboutoneor possiblytwo of

the mary settings. Moreover, if mary of the settingshave the sametype, you might

oftenfind yourselfwondering“wait, wasthis the fourth or fifth element?”Onething

you could do would be to write accessofunctions. Considerthe following made-up
configurationtypefor aterminalprogram:

data Configuration =

Configuration String -- user name
String -- local host
String -- remote host
Bool -- is qguest?
Bool -- is super user?
String -- current  directory
String --  home directory
Integer -- time connected

deriving (Eq, Show)

You couldthenwrite accessofunctions,like (I've only listeda few):

getUserName (Configuration un ) = un

getLocalHost (Configuration _1|h ) =1h

getRemoteHost  (Configuration __rth ) =rh
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getlsGuest  (Configuration g ___ ) =ig

You could alsowrite updatefunctionsto updatea singleelement.Of course now
if you addanelementto the configuration,or remove one,all of thesefunctionsnow
have to takea differentnumberof aguments.This is highly annoyingandis an easy
placefor bugsto slip in. However, theres a solution. We simply give namesto the
fieldsin the datatypedeclarationasfollows:

data Configuration =

Configuration { username . String,
localhost . String,
remotehost . String,
isguest . Bool,
issuperuser . Bool,
currentdir . String,
homedir . String,
timeconnected  Integer

}

Thiswill automaticallygeneratehefollowing accessofunctionsfor us:

username : Configuration ->  String
localhost :: Configuration ->  String

Moreover, it givesus very cornvenientupdatemethods. Hereis a shortexample
for a “post working directory” and “changedirectory” like functionsthat work on
Configurations:

changeDir :: Configuration -> String -> Configuration
changeDir cfg newDir =

-- make sure the directory exists

if  directoryExists newDir

then -- change our current directory

cfg{currentdir = newDir}

else error "directory does not exist"
postWorkingDir :» Configuration ->  String
-~ retrieve our current  directory
postWorkingDir cfg = currentdir cfg

So,in generalto updatethefield x in a datatypey to z, youwrite y{x=z }. You
canchangemorethanone;eachshouldbeseparatetty commasfor instancey {x=z,
a=b, c=d}.
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You canof coursecontinueto patternmatchagainstConfigurations asyou did
before.Thenamedieldsaresimply syntacticsugar;)you canstill write somethindike:

getUserName (Configuration un ) = un

But thereis little reasorto. Finally, you canpatternmatchagainsthamedfields as
in:

getHostData  (Configuration {localhost=Ih,remotehost=rh})
= (lh,rh)

This matcheghevariablelh againsthelocalhost  field onthe Configuration
and the variablerh againstthe remotehost field on the Configuration. These
matchesof coursesucceed.You could also contstringthe matchesby putting values
insteadof variablenamesn thesepositions,asyou wouldfor standardiatatypes.

You cancreatevaluesof Configuration in theold wayasshowvnin thefirstdefinition
below, or in the named-fieldstype,asshovn in the seconddefinitionbelow:

initCFG =
Configuration "nobody" "nowhere" “"nowhere"
False False "/ """ O
initCFG’ =
Configuration

{ username="nobody",
localhost="nowhere",
remotehost="nowhere",
isguest=False,
issuperuser=False,
currentdir="/",
homedir="/",
timeconnected=0 }

Thoughthe secondis probablymuch more understandablenlessyou litter your
codewith comments.

7.8 MorelLists
todo: putsomethinghere

7.8.1 Standard List Functions

Recallthatthedefinitionof the built-in Haskelllist datatypds equivalentto:

data List a = Nil
| Cons a (List a)
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With theexceptionthatNil iscalled]] andCons x xs iscalledx:xs . Thisis
simply to makepatternmatchingeasierandcodesmaller Let's investigatehow some
of the standardist functionsmay be written. Considermap. A definition is given
below:

map _ [ =]
mapf (xxs) =f x : mapf xs

Here thefirst line saysthatwhenyou mapacrossanemptylist, no matterwhatthe
functionis, yougetanemptylist back. Thesecondine saysthatwhenyou mapacross
alist with x astheheadandxs asthetail, theresultis f appliedto x consedntothe
resultof mappingf onxs.

Thefilter canbedefinedsimilarly:

filter ~ 0 =1
filter p (x:xs) | p x = x : filter p xs
| otherwise = filter p xs

How this works shouldbe clear For an emptylist, we returnan emptylist. For
a non empty list, we returnthe filter of the tail, perhapswith the headon the front,
dependingonwhetherit satisfieghe predicatep or not.

We candefinefoldr  as:

fodr _z[] =2
foldr f z (xixs) = f x (foldr f z xs)

Here, the bestinterpretationis that we are replacingthe emptylist ([] ) with a
particularvalueandthelist constructor(: ) with somefunction. On thefirst line, we
canseethereplacemendf [] for z. Usingbackquotego makef infix, we canwrite
thesecondine as:

foldr f z (xixs) = x ‘f  (foldr f z xs)

Fromthis, we candirectly seehow : is beingreplacedyf .

Finally, foldl
fodl _z[] = z
foldl f z (xixs) = foldl f (f z x) xs

This is slightly more complicated.Rememberz canbethoughtof asthe current
state. Soif we're folding acrossa list which is empty we simply returnthe current
state.Ontheotherhand,if thelist is notempty it’ s of theform x:xs . In this casewe
geta new stateby applingf to the currentstatez andthe currentlist elementx and
thenrecursvely call foldl  onxs with this new state.

Thereis anotherclassof functions:the zip andunzip functions,which respec-
tively take multiple lists and make one or take one lists and split them apart. For
instancezip doesthefollowing:
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Prelude> zip "hello" [1,2,3,4,5]
[(h’,1),(e",2).(T.3),(T.4), (0',5)]

Basically it pairsthefirst elementf bothlists andmakeshatthefirst elementof
the new list. It thenpairsthe seconcelementf bothlists andmakesthatthe second
element.etc. Whatif the lists have unequallength? It simply stopswhenthe shorter
onestops.A reasonablelefinitionfor zip is:

zip [l =10
zp _ [ =1
zip  (X:xs) (yilys) = (Xy) : zip Xs ys

Theunzip function doesthe opposite.It takesa zippedlist andreturnsthe two
“original” lists:

Prelude> unzip [(f,1),('0,2),(0",3)]
("foo",[1,2,3])

Thereare a whole slew of zip andunzip functions,namedzip3 , unzip3 ,
zip4 ,unzip4 andsoon;the...3 functionsusetriplesinsteadof pairs;the...4
functionsuse4-tuples.etc.

Finally, the function take takesan integer n and a list and returnsthe first n
elementoff thelist. Correspondinglydrop takesanintegern andalist andreturns
theresultof throwing away thefirst n elementoff thelist. Neitherof thesefunctions
producesanerror;if n is toolarge,they bothwill justreturnshortedists.

7.8.2 List Comprehensions

Thereis somesyntacticsugarfor dealingwith listswhoseelementaremember®f the
Enum class(seeSection7.6),suchaslint or Char. If wewantto createalist of all the
elementdrom 1 to 10, we cansimply write:

Prelude> [1..10]
[1,2,3,4,5,6,7,8,9,10]

We canalsointroduceanamountto stepby:

Prelude> [1,3..10]
[1,3,5,7,9]
Prelude> [1,4..10]
[1,4,7,10]

Theseexpressionsareshorthandfor enumFromTo andenumFromThenTo, re-
spectvely. Of course,you don't needto specify an upperbound. Try the following
(but bereadyto hit Control+Cto stopthe computation!):
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Prelude> [1.]
[1,2,3,4,5,6,7,8,9,10,11,12{Inte rrupted!}

Probablyyoursprinteda few thousandnoreelementghanthis. As we saidbefore,
Haskellis lazy. Thatmeanghatalist of all numberdrom 1 onis perfectlywell formed
andthat'’s exactly whatthis list is. Of course,if you attemptto print the list (which
we're implicitly doing by typing it in the interpreter),it won’t halt. But if we only
evaluateaninitial segmentof thislist, we'refine:

Prelude> take 3 [1.]

[1,2,3]

Prelude> take 3 (drop 5 [1.)])
[6,7,8]

This comesin usefulif, say we wantto assignan ID to eachelementin a list.
Withoutlazinesswve'd have to write somethindike this:

assignilD ' [a] -> [(aInt)]
assignlD | = zip | [l..length ]

Which meansthatthe list will be traversedtwice. However, becausef laziness,
we cansimply write:

assigniD | = zip | [1.]

And we’ll getexactly whatwe want. We canseethatthis works:

Prelude> assigniD  "hello"
[(h’,1),(e’,2).(T.3),(T.4) ,('0',5)]

Finally, thereis someusefulsyntacticsugarfor map andfilter ~ , basedon stan-
dardset-notatiorin mathematicsin math,we would write somethindike { f(z)|z €
s Ap(z)} tomeanthesetof all valuesof f whenappliedto elementf s which satisfy
p. Thisis equivalentto the Haskellstatementap f (filter p s) . However,we
canalsousemoremath-likenotationandwrite [f x | x <- s, p X] .Whilein
math the ordering of the statement®n the side after the pipe is free, it is not soin
Haskell.We couldnot have putp x beforex <- s otherwisethecompilerwouldn'’t
know yet whatx was. We canusethis to do simple string processing.Supposewve
wantto takea string,remove all thelower-casdettersandcorverttherestof theletters
to uppercase We coulddo thisin eitherof thefollowing two equivalentways:

Prelude> map toLower (filter isUpper "Hello  World")
IIhWII
Prelude> [toLower x | x <- "Hello World", isUpper X]
IIhWII
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Thesetwo areequivalent,and,dependingpn the exact functionsyou’re using,one
mightbe morereadabléhantheother Theres moreyou cando here though.Suppose
you wantto createa list of pairs,onefor eachpoint between(0,0)and(5,7) below the
diagonal.Doing this manuallywith lists andmapswould be cumbersomandpossibly
difficult to read.It couldnt be easiemwith list comprehensions:

Prelude>  [(x,y) | x <- [1..5], y <- [x.7]]
[(1,1),(1,2),(1,3),(1,4),(1,5),(1 6),(1,7).( 2,2),(2,3),
(2,4),(2,5),(2,6),(2,7),(3,3),(3, 4),3,5),(3 6).(3,7),
(4,4),(4,5),(4,6),(4,7),(5,5).(5, 6).(5,7)]

If you reversethe orderof thex <- andy <- clausesthe orderin which the
spaceis traversedwill be reversed(of course,in thatcase)y could no longerdepend
onx andyouwould needto makex dependbny but thisis trivial).

7.9 Arrays

Lists arenicefor mary things. It is easyto addelementgo the beginning of themand
to manipulatehemin variouswaysthatchangehelengthof thelist. However, they are
badfor randomaccesshaving averagecompleity O(n) to accessnarbitraryelement
(if youdon't know whatO(. . .) meansyou caneitherignoreit or takea quick detour
andread Appendix A, a two-pageintroductionto compleity theory). So, if you're

willing to give up fastinsertionand deletionbecauseyou needrandomaccessyou

shouldusearraysinsteadof lists.

In orderto usearraysyou mustimportthe Array module. Thereareafew meth-
odsfor creatingarraysthearray function,thelistArray function,andthe ac-
cumArray function. Thearray functiontakesa pair whichis the boundsof thear
ray, andanassociatiotist which specifiegheinitial valuesof thearray ThelistAr-
ray functiontakesboundsandthensimply alist of values.Finally, theaccumArray
function takesan accumulatiorfunction, an initial value and an associatioriist and
accumulatepairsfrom thelist into the array Herearesomeexamplesof arraysbeing
created:

Arrays> array (1,5)  [(i,2*) | i <- [1..5]]

array (1,5) [(1,2),(2,4),(3,6),(4,8),(5,10)]

Arrays>  listArray (1,5 [3,7,51,10]

array (1,5) [(1,3),(2,7),(3,5),(4,1),(5,10)]

Arrays> accumArray (+) 2 (1,5 [(i,D) | i < [1..5]]
array (1,5 [(1,3),(2,4),(3,5),(4,6),(5,7)]

Whenarraysareprintedout (via the shav function), they areprintedwith anasso-
ciationlist. For instancejn thefirst example,the associatiorist saysthatthe valueof
thearrayat 1 is 2, thevalueof thearrayat 2 is 4, andsoon.

You canextractan elementof anarrayusingthe! function,whichtakesanarray
andanindex, asin:
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Arrays>  (listArray 1,5 [3,7,5,1,10)) I3
5

Moreover, you canupdateelementdn the arrayusingthe// function. This takes
anarrayandanassociationist andupdateghe positionsspecifiedn thelist:

Arrays>  (listArray 1,5 [3,7,5,1,10)) 1
[(2!99)1(31-99)]
array (1,5 [(1,3),(2,99),(3,-99),(4,1),(5,10)]

Thereareafew otherfunctionswhich areof interest:

bounds returnstheboundsof anarray
indices returnsalist of all indicesof thearray
elems returnsalist of all thevaluesin thearrayin order
assocs returnsanassociatiodist for thearray
If we definearr to be listArray (1,5 [3,7,5,1,10] , the result of

thesefunctionsappliedto arr  are:

Arrays> bounds arr
(1,5)

Arrays> indices  arr
[1,2,3,4,5]

Arrays> elems arr
[3,7,5,1,10]

Arrays> assocs arr
[(1,3).(2,7),(3,5),(4,1),(5,10)]

Note that while arraysare O(1) accessthey arenot O(1) update. They arein
factO(n) update sincein orderto maintainpurity, thearraymustbe copiedin orderto
makeanupdate.Thus,functionalarraysareprettymuchonly usefulwhenyou'refilling
themup onceandthenonly reading. If you needfastaccessandupdate,you should
probablyuseFiniteMap s, which arediscussedn Section7.10andhave O(logn)
accesandupdate.

7.10 Finite Maps

TheFiniteMap datatypgwhichis availablein theFiniteMap module,or Data.FiniteMap
modulein the hierarchicalibraries)is a purely functionalimplementatiorof balanced
trees. Finite mapscanbe comparedo lists arearraysin termsof thetime it takesto
performvariousoperationson thosedatatypeof afixedsize,n. A brief comparison

is:
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List | Array | FiniteMap
insert | O(1) | O(n) O(logn)
update| O(n) | O(n) O(logn)
delete | O(n) | O(n) O(logn)
find O(n) | O(1) O(logn)
map O(n) | O(n) | O(nlogn)

As we canseelists provide fastinsertion(but slow everythingelse),arrayspro-
vide fast lookup (but slow everything else)andfinite mapsprovide moderatelyfast
everything(exceptmappingwhichis abit slowerthanlists or arrays).

Thetype of afinite mapis for the form FiniteMapkeyelt wherekey is the type of
thekeysandelt is thetype of theelementsThatis, finite mapsarelookuptablesfrom
typekey to typeelt.

Thebasicfinite mapfunctionsare:

emptyFM :»  FiniteMap key elt
addToFM  FiniteMap key elt -> key -> elt ->
FiniteMap  key elt
delFromFM : FiniteMap key elt -> key ->
FiniteMap  key elt
elemFM » key -> FiniteMap key elt -> Bool
lookupFM 1 FiniteMap key elt -> key -> Maybe elt

In all thesecasesthe type key mustbe an instanceof Ord (and hencealsoan

instanceof Eq).
Thereare alsofunctionlistToFM andfmToList to corvert lists to andfrom
finite maps.Try thefollowing:

Prelude> :m FiniteMap
FiniteMap> let fm = listToFM
[(a5),(0,10),(c’,1),('d",2) ]
FiniteMap> let myFM= addToFM fm 'e’ 6
FiniteMap>  fmToList fm

[(a,5),(0,10),('c’,1),('d".2) ]
FiniteMap> fmToList myFM
[(a,5),(0,10),('c’,1),('d".2) ('€',6)]
FiniteMap>  lookupFM myFM e’

Just 6

FiniteMap>  lookupFM fm ’e’

Nothing

You canalsoexperimentwith the othercommands Notethatyou cannotshow a
finite map,asthey arenotinstance®f Show:

FiniteMap>  show myFM
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<interactive>:1:
No instance for (Show (FiniteMap Char Integer))
arising from use of ‘show’ at <interactive>:1
In the definition of ‘it show myFM

In orderto inspecttheelementsyoufirst needto usefmToList

7.11 Layout
7.12 The Final Word on Lists

You arelikely tired of hearingaboutlists at this point, but they areso fundamentato
Haskell(andreally all of functionalprogramming}hatit would beterrible not to talk
aboutthemsomemore.

It turnsoutthat foldr is actually quite a powerful function: it cancomputean
primitive recursivefunction. A primitive recursie function is essentiallyonewhich primitive recursive
canbe calculatedusingonly “for” loops,but not“while” loops.

In fact,we canfairly easilydefinemapin termsof foldr

map2 f = foldr (\a b -> f a: b) ]

Here,b istheaccumulato(i.e., theresultlist) anda is theelementeingcurrently
consideredIn fact, we cansimplify this definitionthrougha sequencef steps:

foldr (a b ->f a: b) []
==> foldr (@ b -> () (f a b) []
==> foldr (a -> () (f a) I
==> foldr (a -> () . ) a [
==> foldr (0) . 0 [

Thisis directlyrelatedto thefactthatfoldr  (:) [l istheidentityfunctionon
lists. Thisis becauseasmentionedeforefoldr  f 2z canbethoughtof asreplacing
the[] inlistsby z andthe: byf . In this casewe're keepingboththe samesoit is
theidentity function.

In fact,you cancornvertary functionof thefollowing styleinto afoldr

myfunc [] = z
myfunc (x:xs) = f x (myfunc xs)

By writing thelastline with f in infix form, this shouldbe obvious:

myfunc [] = z
myfunc (x:xs) = x ‘f* (myfunc xs)
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Clearly, we arejust replacing[] with z and: with f. Considerthe filter
function:

filter pll =1
filter p (xxxs) =

if p x
then x : filter p xs
else filter p xs

This function alsofollows the form above. Basedon thefirst line, we canfigure
out thatz is supposedo be[] , justlike in the map case.Now, supposehatwe call
theresultof callingfilter p xs simplyb, thenwe canrewrite this as:

filter pll =1
filter p (xxxs) =
if pxthen x : belse b

Giventhis, we cantransformfilter into afold:

filter p=~foldr (\a b ->if p athen ab else b) ]

Let's considera slightly morecomplicatedunction: ++. Thedefinitionfor ++ is:

(++) [ ys
(++)  (x:xs) ys

ys
X @ (XS ++ ys)

Now, thequestionis whethemwe canwrite thisin fold notation.First,we canapply
etareductionto thefirst line to give:

(++) [ =id

Througha sequencef stepswe canalsoeta-reducghe secondine:

(++) (xxs) ys = x : ((++) xs ys)
==> (++) (xixs) ys = (x)) ((++) xs ys)
==> (++) (Xxs) ys () . (++) xs) vys

==> (++) (xxs) = (x) . (+¥) xs

Thus,we getthataneta-reducedefintionof ++ is:

(++) 1l

(++)  (x:xs)

id
x) . (++) xs

Now, we cantry to put this into fold notation. First, we noticetahtthe basecase
converts[] intoid . Now, if weassumg++) xs is calledb andx is calleda, we
cangetthefollowing definitionin termsof foldr
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(++) = foldr (a b -> (a) . b) id

This actually makessensentuitively. If we only think aboutapplying++ to one
amgument,we canthink of it asa function which takesa list and createsa function
which, whenapplied,will prependhislist to anothetlist. In the lambdafunction,we
assumewe have afunctionb which will do this for therestof thelist andwe needto
createa functionwhich will do this for b aswell asthesingleelementa. In orderto
dothis, we first applyb andthenfurtheradda to thefront.

We canfurther reducethis expressionto a point-freestyle throughthe following
sequence:

==> (++) =foldr (a b -> (a)) . b) id
==> (++) =foldr (a b -> () (a) b) id
==> (++) = foldr (a -> () (a) id

==> (++) = foldr (a -> () (() a) id
==> (++) =foldr (a -> () . () a id
==> (++) = foldr (() . ()) id

This final versionis point free, thoughnot necessarilyunderstandable Presum-
bablytheoriginal versionis clearer
As afinal example,considerconcat . We canwrite thisas:

concat ]
concat  (X:xs)

]

X ++ concat Xs

It shouldbe immediatelyclearthatthe z elementfor thefold is [] andthatthe
recursve functionis ++, yielding:

concat = foldr (++) ]

Exercises

Exercise24 Thefunctionand takesa list of booleansand returnsTrue if and only
if all of themare True . It alsoreturnsTrue ontheemptylist. Write this functionin
termsof foldr

Exercise25 ThefunctionconcatMap behavesudthatconcatMap f isthesame
asconcat . map f. Writethisfunctionin termsof foldr
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Chapter 8

AdvancedTypes

As you've probablyascertainedy this point, the type systemis integral to Haskell.
While this chapteris called“AdvancedTypes”, you will probablyfind it to be more
generathanthatandit mustnot beskippedsimply becausgou’re notinterestedn the
type system.

8.1 Type Synonyms

Typesynorymsexist in Haskellsimply for corveniencetheirremosal would notmake
Haskellary lesspowerful.
Considerthe casewhenyou areconstantlydealingwith lists of three-dimensional
points.For instanceyoumighthave afunctionwith type[(Double, Double, Double)] — Double — [(Double, Double, Double)]
Sinceyou area goodsoftwareengineeryou wantto placetype signaturen all your
top-level functions.However, typing [(Double, Double, Double)] all thetime getsvery
tedious.To getaroundthis, you candefineatype synorym:

type List3D = [(Double,Double,Double)]

Now, thetypesignaturdor yourfunctionsmaybewrittenList3D — Double — List3D.
We shouldnotethattype synoryms cannotbe self-referential. Thatis, you cannot
have:

type BadType = Int -> BadType

This is becausehis is an “infinite type” SinceHaskellremorestype synoryms
very early on, ary instanceof BadType will be replacedby Int — BadType, which
will resultin aninfinite loop.

Typesynorymscanalsobe parameterized-or instanceyou might wantto beable
to changethetypesof the pointsin thelist of 3D points. For this, you could define:

type List3aD a = [(a,a,3)]

105
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Thenyourreferenceso [(Double, Double, Double)] wouldbecome.ist3D Double.

8.2 Newtypes

Considettheproblemin whichyou needto have atypewhichis very muchlike Int, but
its orderingis defineddifferently. Perhapyouwishto orderintsfirst by evennumbers
thenby odd numberg(thatis, all odd humbersaregreaterthanary even numberand
within theodd/evensubsetsprderingis standard).

Unfortunately you cannotdefine a new instanceof Ord for Int becausehen
Haskellwon't know which oneto use. What you wantis to definea type which is
isomorphicto Int.

m NOTE = “Isomorphic” is a commontermin mathematicsvhich basi-
cally means'structurallyidentical’ For instancejn graphtheory if you
have two graphswhich areidenticalexceptthey have differentlabelson
thenodesthey areisomorphic.In our contet, two typesareisomorphic
if they have the sameunderlyingstructure.

Onewayto do thiswould beto definea new datatype:

data Myint = Myint Int

We could thenwrite appropriatecodefor this datatype.The problem(andthis is
very subtle)is thatthistypeis nottruly isomorphico Int: it hasonemorevalue.When
we think of thetypelnt, we usuallythink thatit takesall valuesof integers but it really
hasonemorevalue:_|_ (pronouncedbottom”), whichis usedto represenérroneousr
undefinedcomputations.Thus, Mylnt hasnot only valuesMyint 0, Myint 1 and
soon, but alsoMyInt _|_. However, sincedatatypesanthemselesbe undefinedit
hasan additionalvalue: _|_ which differsfrom MyInt _|_ andthis makesthe types
non-isomorphic(SeeSectionl1.1for moreinformationon bottom.)

Disregardingthat subtlety theremay be efficiengy issueswith this representation:
now, insteadof simply storinganinteger, we have to storea pointerto anintegerand
have to follow thatpointerwheneer we needthevalueof a Mylnt.

To getaroundtheseproblemsHaskellhasa newtypeconstruction A newtypeis a
crossbetweera datatypeanda type synorym: it hasa constructolike a datatype but
it canhave only oneconstructorandthis constructorcanhave only oneagument.For
instancewe candefine:

newtype Myint = Myint Int

But we cannotdefineary of:

newtype Badl
newtype Bad2

Badla Int | Badlb Double
Bad2 Int Double
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Of coursethefactthatwe cannotdefineBad2 asabove is notabig issue:we can
simply definethefollowing by pairingthetypes:

newtype Good2 = Good2 (Int,Double)

Now, supposewne've definedMylnt asa newtype This enablesuseto write our
desiredinstanceof Ord as:

instance  Ord Myint where
Myint i < Myint |
| odd i && odd | =i <]
| even i && even j =i <]
| even i = True
| otherwise = False
where odd x = (x ‘mod’ 2) ==
even = not . odd

Like datatypewe canstill derive classedike Show andEq over newtypes(in fact,
I’'m implicitly assumingve have derved Eq over Mylnt —whereis my assumptionn
theabove code?).

Moreover, in recentversionsof GHC (seeSection2.2), on nentypes,you areal-
lowedto derive any classof which the basetype (in this case,Int) is aninstance.For
example,we couldderive Num on Mylnt to provide arithmeticfunctionsover it.

Patternmatchingover nentypesis exactly asin datatypesWe canwrite constructor
anddestructofunctionsfor Mylnt asfollows:

mkMyInt i = Myint i
unMyint  (Myint i) =i

8.3 Datatypes

We've alreadyseendatatypesusedin a variety of contexts. This sectionconcludes
someof the discussiorandintroducessomeof the commondatatypesn Haskell. It
alsoprovidesa moretheoreticaunderpinningo whatdatatypesctuallyare.

8.3.1 Strict Fields

Oneof thegreatthingsaboutHaskellis thatcomputatioris performedazily. However,
sometimeshis leadsto inefficiencies.Oneway aroundthis problemis to usedatatypes
with strict fields. Before we talk aboutthe solution, let’s spendsometime to geta
bit more comfortablewith how bottomworksin to the picture (for moretheory see
Section11.1).

Supposeave've definedtheunit datatypgthis oneof thesimplestdatatypegyou can
define):
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data Unit = Unit

This datatypehasexactly one constructorUnit , which takesno arguments.In a
strictlanguagdike ML, therewould be exactly onevalueof type Unit: namely Unit .
Thisis not quite soin Haskell. In fact, therearetwo valuesof type Unit. Oneof them
is Unit . Theotheris bottom(written _|_).

You canthink of bottomasrepresentinga computationwhich won't halt. For in-
stancesupposeve definethevalue:

foo = foo

Thisis perfectlyvalid Haskellcodeandsimply saysthatwhenyou wantto evaluate
foo , all youneedto dois evaluatefoo . Clearlythisis an“infinite loop!

Whatis thetype of foo ? Simply a. We cannotsay arything moreaboutit than
that. The factthatfoo hastypea in facttells usthatit mustbe an infinite loop (or
someothersuchstrangevalue).However, sincefoo hastypea andthuscanhave ary
type, it canalsohave type Unit. We couldwrite, for instance:

foo : Unit
foo = foo

Thus, we have found a secondvalue with type Unit. In fact, we have found all
valuesof type Unit. Any othernon-terminatingunction or errorproducingfunction
will have exactly the sameeffect asfoo (thoughHaskellprovidessomemoreutility
with thefunctionerror ).

This mean,for instancethat thereare actuallyfour valueswith type Maybe Unit.
They are: _|_, Nothing ,Just _|_andJust Unit . However, it could be thefact
thatyou, asa programmerknow that you will never comeacrossthe third of these.
Namely youwanttheamgumentto Just to bestrict. This meanghatif the agument
to Just is bottom,thenthe entirestructurebecomedottom. You usean exclamation
pointto specifya constructorasstrict. We candefinea strict versionof Maybe as:

data SMaybe a = SNothing | SJust la

Therearenow only threevaluesof SMaybe. We canseethe differenceby writing
thefollwing program:

module Main where
import  System

data SMaybe a = SNothing | SJust !a deriving Show
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main = do
[cmd] <- getArgs
case cmd of
"a" -> printJust undefined
"b"  -> printJust Nothing
"c"  -> printJust (Just  undefined)
"d" -> printJust (Just ()
"e" -> printSJust undefined
"f*  -> printSJust SNothing
"g" -> printSJust (SJust  undefined)
"h"  -> printSJust (SJust ()
printJust Maybe () -> 10 ()
printJust Nothing = putStrLn  "Nothing"
printJust (Just x) = do putStr "Just "
printJust SMaybe () -> 10 ()
printSJust SNothing = putStrLn  "Nothing"
printSJust (SJust x) = do putStr “"Just "

print

print

X

X
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Here,dependingon whatcommandine agumentis passedye will do something
different. The outputsfor thevariousoptionsare:

\%
Fail:

Jstrict

\% ./strict
Nothing

\%
Just
Fail:

Jstrict

\% ./strict
Just ()

\%
Fail:

Jstrict
\% ./strict
Nothing

\%
Fail:

Jstrict

a

b

c

d

e

f

g

Prelude.undefined

Prelude.undefined

Prelude.undefined

Prelude.undefined
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\% ./strict h
Just ()

The thing worth noting hereis the differencebetweencases'c” and“g”. In the
“c” case,the Just is printed, becausehis is printed befole the undefinedvalue is
evaluated. However, in the “g” case,sincethe constructoris strict, as soonasyou
matchtheSJust , you alsomatchthevalue.In this casethevalueis undefinedsothe
wholething fails beforeit getsachanceto do anything

8.4 Classes

We have alreadyencounteredype classes few times, but only in the context of pre-
viously existing type classes.This sectionis abouthow to defineyour own. We will
begin thediscussiorby talking aboutPongandthenmaove onto ausefulgeneralization
of computations.

8.4.1 Pong

The discussiorherewill be motivatedby the constructiorof the gamePong(seeAp-
pendix?? for thefull code). In Pong,therearethreethingsdravn on the screen:the
two paddlesandtheball. While the paddlesandthe ball aredifferentin afew respects,
they sharemary commonalitiessuchasposition, velocity, accelerationgolor, shape,
andsoon. We canexpressthesecommonalitiedy defininga classfor Pongentities,
whichwe call Entity. We makesucha definitionasfollows:

class Entity a where
getPosition o a -> (IntInt)
getVelocity o a -> (IntInt)
getAcceleration o oa -> (IntInt)
getColor : a -> Color
getShape : a -> Shape

This codedefinesa typeclassEntity. This classhasfive methods:getPosi-
tion , getVelocity ,getAcceleration ,getColor andgetShape with the
correspondingypes.

Thefirst line hereusesthe keyword classto introducea new typeclass.We can
readthistypeclasgdefinitionas“Thereis atypeclassEntity’; atype’a’ is aninstance
of Entity if it providesthefollowing five functions:. .. ”. To seehow we canwrite an
instanceof this class et usdefineaplayer(paddle)datatype:

data Paddle =
Paddle { paddlePosX, paddlePosY,
paddleVelX, paddleVelY,
paddleAccX, paddleAccY : Int,
paddleColor = Color,
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paddleHeight 2o Int,
playerNumber : Int }

Giventhis datadeclarationwe candefinePaddle to be aninstanceof Entity:

instance  Entity Paddle where
getPosition p = (paddlePosX p, paddlePosY p)
getVelocity p = (paddlevelX p, paddlevelY p)

getAcceleration p = (paddleAccX p, paddleAccY p)
getColor = paddleColor
getShape = Rectangle 5 . paddleHeight

The actualHaskelltypesof the classfunctionsall have includedthe context En-
tity a =>. For example, getPosition hastype Entity a = a — (Int, Int).
However, it will turn out that mary of our routineswill needentitiesto also be in-
stanceof Eq. We canthereforechooseto makeEntity a subclasof Eq: namely
you canonly be aninstanceof Entity if you arealreadyaninstanceof Eq. To do
this, we changethefirst line of the classdeclaratiorto:

class Eq a => Entity a where

Now, in orderto definePaddlesto beinstance®f Entity we will first needthem
to beinstance®f Eq —we cando thisby dering theclass.

8.4.2 Computations

Let'sthink backto our original motivationfor definingthe Maybe datatypefrom Sec-
tion ??. We wantedto be ableto expressthatfunctions(i.e., computationsganfail.

Let usconsidetthe caseof performingsearclon agraph.Allow usto takea small
asideto setup asmallgraphlibrary:

data Graph v e = Graph [(Intv)] [(Int,Int,e)]

TheGraph datatypeakestwo typearmgumentsvhich correspondo vertex andedge
labels.Thefirst algumentto the Graph constructoiis alist (set)of vertices;thesecond
is thelist (set)of edges.We will assumeheselists are alwayssortedand that each
vertex hasa uniqueid andthatthereis at mostoneedgebetweerary two vertices.

Supposewne wantto searchfor a path betweentwo vertices. Perhapghereis no
path betweenthosevertices. To representhis, we will usethe Maybe datatype. If
it succeedsit will returnthe list of verticestraversed. Our searchfunction could be
written (naively) asfollows:

search ' Graph v e -> Int -> Int -> Maybe [Int]
search g@(Graph vl el) src dst
| src == dst = Just [src]
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| otherwise = search’ el
where search’ |[] = Nothing
search’  ((u,v,_):es)
| src == u =

case search g v dst of
Just p -> Just (u:p)
Nothing -> search’ es

| otherwise = search’ es

This algorithmworks asfollows (try to readalong): to searchin a graphg from
src to dst , first we checkto seeif theseareequal. If they are,we have found our
way andjust returnthetrivial solution. Otherwise we wantto traversethe edge-list.
If we're traversingthe edge-listandit is empty we've failed, sowe returnNothing
Otherwisewe're looking atanedgefrom u to v. If u is our source thenwe consider
this stepandrecursvely searchthegraphfromv todst . If thisfails, wetry therestof
theedgesif thissucceedsye putour currentpositionbeforethepathfoundandreturn.
If u is notour sourcethis edgeis uselesandwe continuetraversingthe edge-list.

This algorithmis terrible: namely if the graphcontainscycles, it canloop indefi-
nately Neverthelessit is sufficentfor now. Be sureyouunderstand well: thingsonly
getmorecomplicated.

Now, therearecasesvherethe Maybe datatypes not sufficient: perhapsve wish
to include an error messagédogetherwith the failure. We could definea datatypeto
expressthis as:

data Failable a = Success a | Fail String

Now, failures comewith a failure string to expresswhat went wrong. We can
rewrite our searchfunctionto usethis datatype:

search2 :: Graph v e -> Int -> Int -> Failable [Int]
search2 g@(Graph vl el) src dst
| src == dst = Success [src]
| otherwise = search’ el
where search’ |[] = Fail "No path"
search’  ((u,v,_):es)
| src == =

case search2 g v dst of
Success p -> Success (u:p)
_ -> search’ es

| otherwise = search’ es

This codeis a straightforwardranslationof theabore.

Thereis anotheroption for this computation:perhapsve want not just one path,
but all possiblepaths.We canexpressthis asa functionwhich returnsa list of lists of
vertices.Thebasicideais the same:
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search3 ' Graph v e -> Int -> Int -> [[Int]]
search3 g@(Graph vl el) src dst
| src == dst = [[src]]
| otherwise = search’ el
where search’ [ =]
search’  ((u,v,_):es)
| src == =
map (u:) (search3 g v dst) ++
search’ es
| otherwise = search’ es

The codeherehasgottenalittle shorter thanksto the standardgreludemap func-
tion, thoughit is essentialljthe same.

We may ask oursehes what all of thesehave in commonandtry to gobbleup
thosecommonalitiesn a class.In essenseye needsomeway of representinguccess
and someway of representindailure. Furthermorewe needa way to combinetwo
successefn thefirst two casesthefirst successs chosenijn thethird, they arestrung
together) Finally, we needto beableto augment previoussuccesgif therewasone)
with somenew value.We canfit thisall into a classasfollows:

class Computation ¢ where
success 1 a -> C a
failure : String -> c a
augment : c a -> (@ > ch) > cb
combine :: ca->ca->c a

In thisclassdeclarationwe’re sayingthatc is aninstancenf theclassComputation
if it providesfour functions: success , failure , augment andcombine . The
success functiontakesavalueof typea andreturnsit wrappedupin ¢, representing
asuccessfutomputationThefailure  functiontakesaString andreturnsacompu-
tation representing failure. Thecombine functiontakestwo previous computation
andproducesa nev onewhich is the combinationof both. Theaugment functionis
abit morecomple.

The augment function takessomepreviously given computation(namely c a)
anda function which takesthe value of that computation(the a) andreturnsa b and
producesa b inside of that computation. Note that in our currentsituation, giving
augment thetypeca — (a — a) — ¢ a would have beensufficient, sincea is always
[Int], but we makeit this moregeneratime justfor generality

How augment worksis probablybestshovn by example.We candefineMaybe,
Failable and[] to beinstance®f Computation as:

instance  Computation  Maybe where
success = Just
failure = const Nothing
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f x
Nothing

augment (Just x) f
augment Nothing _
combine Nothing y =y
combine x _ = X

Here,successs representedvith Just andfailure ignoresits amgumentand
returnsNothing . Thecombine functiontakeshefirst successvefoundandignores
therest. The functionaugment checksto seeif we succeedetbefore(andthushad
aJust somethingyand,if we did, appliesf toit. If we failed before(andthushada
Nothing ), we ignorethefunctionandreturnNothing

instance  Computation  Failable where
success = Success
failure = Fail
augment (Success x) f =f x
augment (Fail s) _ = Fail s
combine (Fail ) y =y
combine x _ = X

Thesedefinitionsareobvious. Finally:

instance  Computation [] where

success a = [4]

failure = const ]

augment | f = concat (map f 1)
combine = (++)

Here thevalueof asuccessfutomputatioris a singletonlist containingthatvalue.
Failureis representedith theemptylist andto combineprevioussuccessese simply
catentatehem. Finally, augmentinga computationamountso mappingthe function
acrosghelist of previous computationsandconcatentatéhem. we applythe function
to eachelementn thelist andthenconcatenat¢heresults.

Usingthesecomputationsye canexpressall of theabove versionsof searchas:

searchAll g@(Graph vl el) src dst

| src == dst = success [src]
| otherwise = search’ el
where search’ [] = failure "no path"
search’  ((u,v,_):es)
| src == u = (searchAll g v dst ‘augment

(success . (u)))
‘combine'  search’ es
| otherwise = search’ es
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In this, we seethe useof all the functionsfrom the classComputation.

If you've understoodhis discussiorof computationsyou arein a very goodposi-
tion asyou have understoodhe concepf monadsprobablythemostdifficult concept
in Haskell. In fact, the Computation classis almostexactly the Monad class,ex-
ceptthatsuccess is calledreturn , failure is calledfail andaugment is
called>>= (read"bind”). Thecombine functionisn’'t actuallyrequiredby monads,
butis foundin the MonadPlus classfor reasonsvhich will becomeolviouslater.

If you didn’t understandverything here,readthroughit againandthenwait for
theproperdiscussiorof monadsn Chapter9.

8.5 Instances

We have alreadyseenhow to declareinstancesof somesimple classesallow us to
considersomemore adwancedclassesere. Thereis a Functor classdefinedin the
Functor module.

m NOTE = The name*“functor”, like “monad” comesfrom cateory the-
ory. There,afunctoris like a function, but insteadof mappingelements
to elementsit mapsstructuredo structures.

Thedefinition of the functorclassis:

class Functor f where
fmap = (@ -> b) > f a-> f b

Thetypedefinitionfor fmap (notto mentionits name)is very similar to the func-
tion map over lists. In fact, fmap is essentiallya generalizatiorof map to arbitrary
structureqand, of course lists arealreadyinstancef Functor). However, we can
alsodefineotherstructurego beinstance®f functors.Considetthefollowing datatype
for binarytrees:

data BinTree a = Leaf a
| Branch (BinTree a) (BinTree a)

We canimmediatelyidentify thatthe Bin Tree type essentiallyraises”atypea into
treesof thattype. Thereis a naturally associatedunctor which goesalongwith this
raising. We canwrite theinstance:

instance  Functor BinTree where
fmap f (Leaf a) = Leaf (f a)
fmap f (Branch left right) =
Branch (fmap f left) (fmap f right)
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Now, we've seenhow to makesomethindike BinTree aninstanceof Eq by using
the deriving keyword, but herewe will do it by hand. We wantto makeBinTree as
instancef Eq but obviously we cannotdo this unlessa is itself aninstanceof Eq.
We canspecifythis dependencan theinstancedeclaration:

instance Eq a => Eq (BinTree a) where

Leaf a == Leaf b = a ==

Branch | r == Branch I' r =1 =1 &&r ==17r
== = False

Thefirst line of this canberead“if a is aninstanceof Eq, thenBinTree a is also
aninstanceof Eq”. We thenprovide the definitions.If we did notincludethe“Eq a
=>" part,the compilerwould complainbecauseve’re trying to usethe == functionon
asin thesecondine.

The“Eq a =>" partof thedefinitionis calledthe“context.” We shouldnotethat
therearesomerestrictionson what canappeaiin the contet andwhat canappearin
thedeclarationFor instancewe’re notallowedto have instancedeclarationshatdon't
containtype constructorson the right handside. To seewhy, considerthe following
declarations:

class MyEq a where
myeq :: a -> a -> Bool

instance Eq a => MyEq a where
myeq = ::)

Asit standstheredoesnt seemnto bearythingwrongwith this definition. However,
if elsavherein a programwe hadthedefinition:

instance MyEq a => Eq a where
::) = myeq

In this casejf we're trying to establishf sometypeis aninstanceof Eq, we could
reduceit to trying to find out if thattype is aninstanceof MyEq, which we could
in turn reduceto trying to find out if thattypeis aninstanceof Eq, andsoon. The
compilerprotectstself againsthis by refusingthefirst instancedeclaration.

Thisis commonlyknown asthe closed-worldassumptionThatis, we'reassuming,
whenwe write a definitionlike thefirst one,thattherewon’t be ary declarationdike
the second However, this assumptions invalid becauseheres nothingto preventthe
seconddeclaration(or someequallyevil declaration). The closedworld assumption
canalsobiteyouin casedike:

class Onlyints a where
foo :: a -> a -> Bool
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instance  Onlyints  Int  where
foo == ::)

bar :: Onlyints a => a -> Bool
bar = foo 5

We've againmadethe closed-worldassumptionwe've assumedhatthe only in-
stanceof OnlyInts is Int, but theres no reasonanotherinstancecouldn't be defined
elsavhere,ruining our defintionof bar .

8.6 Kinds

Let us takea momentandthink aboutwhattypesare available in Haskell. We have
simpletypes,like Int, Char, Double andsoon. We thenhave type constructordike
Maybe which takeatype (like Char) andproducea new type,Maybe Char. Similarly,
the type constructorf] (lists) takesa type (like Int) andproduceglnt]. We have more
comple thingslike — (functionarrow) which takestwo types(sayInt andBool) and
producesanew typelnt — Bool.

In asensethesetypesthemseleshave type. Typeslike Int have somesortof basic
type. Typeslike Maybe have a type which takessomethingof basictype andreturns
somethingof basictype. And soforth.

Talking aboutthe typesof typesbecomesinwieldy andhighly ambiguoussowe
call the typesof types“kinds” Whatwe have beencalling “basic types” have kind
“** Somethingof kind * is somethingvhich canhave anactualvalue. Thereis alsoa
singlekind constructor— with which we canbuild morecomple kinds.

ConsiderMaybe. Thistakessomethingof kind * andproducesomethingof kind
* . Thus,the kind of Maybe is * -> *. Recallthe definition of Pair from Sec-
tion4.5.1:

data Pair a b = Pair a b

Here, Pair is a type constructorwhich takestwo arguments,eachof kind * and
producesatypeof kind * . Thus,thekind of Pairis* -> (* -> *) . However, we
againassumessociatiity sowe justwrite* -> * -> *,

Let usmakea slightly strangedatatypedefinition:

data Strange c a b =
MkStrange (c a) (c b)

Beforewe analyzethekind of Strange, let's think aboutwhatit does.lt is essen-
tially a pairing constructorthoughit doesnt pair actualelementsbut elementswithin
anotherconstructorFor instancethink of c asMaybe. ThenMkStrange pairsMaybes
of the two typesa andb. However, ¢ neednot be Maybe but could insteadby [], or
mary otherthings.
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Whatdowe know aboute, though?We know thatit musthavekind* -> *. This
is becausave have ¢ a ontheright handside. Thetype variablesa andb eachhave
kind * asbefore.Thus,thekind of Strangeis(* -> *) -> * -> * > * That
is, it takesa constructor(c) of kind * -> * togetherwith two typesof kind * and
producessomethingof kind * .

A questionmay ariseregardinghow we know a haskind * and not someother
kind k. In fact, the inferredkind for Strange is(k -> * -> k -> k -> *,
However, this requirespolymorphismon the kind level, which is too comple, sowe
makea defaultassumptiornthatk = *.

m NOTE = Thereareextensiongo GHC which allow you to specifythe
kind of constructorslirectly. For instanceif youwantedadifferentkind,
you couldwrite this explicitly:

data Strange (¢ : (* -> *) -> *) a b = MkStrang?| (c a) (c

to give adifferentkind to Strange.

The notationof kinds suggestshatwe canperformpartial application,aswe can
for functions.And, in fact,we can.For instancewe could have:

type MaybePair = Strange Maybe

Thekind of MaybePair is, notsurprisingly * -> * -> *,
We shouldnoteherethatall of the following deﬁmtmnsareacceptable

type MaybePairl
type MaybePair2 a
type MaybePair3 a b

Strange Maybe
Strange Maybe a
Strange Maybe a b

Theseall appeato bethesame put they arein factnotidenticalasfar asHaskell's
type systemis concernedThefollowing areall valid type definitionsusingthe above:

type MaybePairla
type MaybePairlb
type MaybePairlc

MaybePairl
MaybePairl Int
MaybePairl Int Double

type MaybePair2b
type MaybePair2c

MaybePair2 Int
MaybePair2 Int Double

type MaybePair3c MaybePair3 Int Double

But thefollowing arenot valid:

b)
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type MaybePairza = MaybePair2
type MaybePair3a = MaybePair3
type MaybePair3b = MaybePair3 Int

Thisis becausevhile it is possibleto partially applytypeconstructor®ndatatypes,
it is not possibleon type synoryms. For instance the reasonMaybePair2a is invalid
is becausévaybePair2 is definedasa type synorym with oneargumentandwe have
givenit none.The sameappliesfor theinvalid MaybePair3 definitions.

8.7 ClassHierar chies

8.8 Default

whatis it?
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Chapter 9

Monads

Learningaboutmonadss the hardesthing youwill have to dowhenlearningHaskell.
I will distinguishtwo differentsubcomponentsf learningaboutmonads:(1) learning
how to usealready-gisting monadsand (2) learninghow to write your own. If you
wantto useHaskell,you mustbe able to usealready-&isting monads. Only if you
want to be a superHaskell guru mustyou learn how to write your own. However,
if you do getthe hangof writing your own monadsyour life will becomea lot less
painful.

Sofarwe've seertwo usesf monadsThefirst waslO actions.We've seerthatby
usingmonadswe canabstractaway from the problemsplaguingboththe Real\Wbrld
andCPSsolutionspresentedn Chapters. The secondwasusingmonadgo represent
differenttypesof computationsn Section8.4.2. In both caseswe neededa way to
sequenceperationsandsaw thatasuficientdefinition(atleastfor computationsjvas: computations

class Computation ¢ where
success 1 a -> C a
failure : String > c a
augment : ca -> (@ > ch) > cb
combine :: ca->ca->c a

Letussesif thiswill enableusto alsodo10. Essentiallywe needawayto represent
taking a value out of an action and performingsomenew operationon it (asin the
examplefrom Sectiond.4.3,rephrasedlightly):

main = do
s <- readFile "somefile"
putStrLn  (show (f s))

Butthisis exactly whataugment does.In fact,usingaugment , we canwrite the
above codeas:

121
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main = -- note the lack of a "do"
readFile "somefile" ‘augment  \s ->
putStrLn  (show (f s))

This certainly seemgo be sufficient. And, in fact, it turnsout to be morethan
sufficient.

Thedefinitionof amonads aslightly trimmeddown versionof our Computation
class.It containsfour methodshut onehasa defaultdefinitionin termof another:

class Monad m where
return D a-> ma
fail : String > ma
(>>=) o ma-> (@ -> mb) > mb
(>>) o ma-> mb -> mb

In this definition,return  is equivalentto our success ; fail  is equivalentto
ourfailure ;and>>= (read:“bind” ) is equivalentto ouraugment . The>> (read:
“then” ) methodis simply a versionof >>= whichignoresthea. Thiswill turnoutto
be useful,althoughit canbe definedin termsof >>=: wedefinea >> x =a >>= _
> X,

9.1 Do Notation

We have hintedthatthereis a connectiorbetweermonadsandthe do notation. Here,
we makethat relationshipconcrete.As it turnsout, thereis nothingspecialaboutthe
do notation.lt is simply syntacticsugarfor monadicoperations.

As we mentionedearlier usingour Computation class,we could defineour
above programas:

main =
readFile  "somefile" ‘augment’  \s ->
putStrLn  (show (f s))

But we now know thataugment is called>>= in the monadicworld. Thus,this
programreally reads(andthis is completelyvalid Haskellat this point: if you defined

a functionf Show a => String -> a, you could compile and run this
program):
main =

readFile  "somefile" >>= \s ->

putStrLn  (show (f s))

This suggestshatwe cantranslate:



9.1. DO NOTATION 123

do x <- f
g x

intof >>= \x -> g x. Thisis exactly whatthe compilerdoes.Talking about
do become®asierlif we abstractway from layout (seeSection?? for how to dothis).
Therearefour translatiorrules:

.do {e}—e
.do {e; es}—e >> do {es}

.do {let decls; es}—let decls in do {es}

A W ON P

.do {p <- e; es}—let ok p = do {es} ; ok _ = fall
in e >>= ok

Again,wewill taketheseoneatatime.

Translation Rule 1

The first translationrule, do {e} — e, states(aswe have statedbefore)that when
performinga singleaction,having ado or notis irrelevant. This is essentialljthe base
casefor aninductive definition of do. The basecasehasoneaction(namelye here);
the otherthreetranslationruleshandlethe casesvherethereis morethanoneaction.

Translation Rule 2

Thisstateghatdo {e; es} —e >> do {es}. Thistellsuswhatto doif wehave
anaction(e) followedby alist of actions(es). Here,we makeuseof the >> function
definedin monadsAll thisrulesaysisthattodo {e; es}, firstwe performtheaction
e, throw awvay theresultandthendo es.

For instancejf e is putStrLn s for somestring s, thenthe translationof do
{e; es} istoperforme (i.e.,print the string)andthendo es. Thisis clearly what
we want.

Translation Rule 3

This statesthatdo {let decls; es} —let decls in do {es}. Thisba-
sically tells us how to dealwith lets inside of a do statement.All we do is lift the let
declarationsvithin thelet outanddo whaterer comesafterthe declarations.

Translation Rule 4

Thisstateghatdo {p <- e; es}—let ok p = do {es} ; ok _ = fail
in e >>= ok. Again,it is notexactly obviouswhatis goingon here.How-
ever, analternatdformulationof this rule thatis roughlyequialentis: do {p <- e;
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es} —e >>= \p -> es. Here,it is clearwhatis happeningWe runtheactione,
andthensendtheresultsinto es, but first give theresultthe namep.

Thereasorfor thecomple definitionis thatp doesnt needto simplybeavariable;
it couldbesomecomplex pattern.For instancethefollowingis valid code:

foo = do ('a:'b’c:x:xs) <- getLine
putStrLn  (x:xs)

In this, we're assuminghattheresultsof theactiongetLine  will begin with the
string “abc” and will have at leastone more character The questionbecomesvhat
shouldhappenif this patternmatchfails. The compilercould simply throw an error
like usualfor failed patternmatchesput sincewe’re within amonad,we have access
to aspeciaffail  function,andwe’d preferto fail usingthatfunction, ratherthanthe
“catchall” error function. Thus,thetranslatiorasdefinedallowsthe compilerto fill
inthe... with anappropriateerrormessagaboutthe patternmatchinghaving failed.
Otherthanthat,though thetwo definitionsareequialent.

9.2 Definition

Therearethreeruleswhich all monadsmustobey (andit is up to you to ensureyour
monadsobey theserules)calledthe “Monad Laws™:

1.return a >>= f =f a
2.f >>= retun =f
3.f >>= (\x > g x >>=h) =(f >>=g¢g) >>=h

Let'slook at eachof theseindividually.

Law 1

Thisstateghatreturn a >>= f =f a. Supposeave think aboutmonadsascom-
putations. This meansthat if we createa trivial computationwhich simply returns
the valuea irregardlessof arything elsegoing on (this is thereturn  a part) and
thenbind it togethemwith someothercomputatiorf , thenthis is equivalentto simply
performingthe computatiorf ona directly.

For example, supposef is the function putStrLn  and a is the string “Hello
World”. This statesbinding a computationwhoseresultis “Hello World” to put-
StrLn isthesameassimply printingit to the screenThis seemdo makesense.

In do notation,this law stateghatthefollowing two programsareequialent:

lawla = do
X <- return a
f x
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lawlb = do
f a
Law 2
This statesthatf >>= return = f. Thatis, f is somecomputationandthe law

statesthatif we performthe computationf andthenpassthe resulton to thetrivial
return function,thenthisis the sameassimply performingthe computation.

This shouldbe obvious. Think of f asgetLine (readsa string from the key-
board). This stateghatreadinga stringandthenreturingthe valuereadis exactly the
sameasjustreadingthe string.

In do notation,this law stateghatthefollowing two programsareequialent:

law2a = do
X <- f
return  x

law2b = do
f

Law 3

This statesthatf >>= (\x -> g x >>= h) = (f >>= g) >>= h. Thisis
notaseasyto graspatfirst glanceastheothertwo. It is essentiallyanassociatiity law associative
for monads.

m NOTE = Outsidethe world of monads,a function - is associatie if
(f-g9)-h = f-(g-h). Forinstance+ and* areassociatie, since
bracketingon thesefunctionsdoesnt makea difference. On the other
hand,- and/ arenot associatie since,for example,5 — (3 — 1) #
(5—3)—1.

If we throw away the messinessvith the lambdaswe get that this law states:f
>>= (g >>= h) =(f >>= g) >> h. Theintuition behindthislaw is thatwhen
we're stringtogetheractions,it doesnt matterhow we groupthem.

Foraconcreteexample takef tobegetlLine . Takeg tobeanactionwhichtakes
avalueasinput, printsit to thescreerandreadsanotherstringvia getLine  andthen
returnsthatstring. Takeh to be putStrLn

Let'sconsiderwhat(\x -> g x >>= h) does.lIt takesa valuecalledx, and
runsg onit, feedingthe resultsinto h. In this instance this meansthatit’ s going to
takea value,print it, readanothenalueandthenprint that. Thus,the entireleft hand
sideof thelaw readsa stringandthendoeswhatwe've just described.

On the other hand, consider(f >>= g). This actionreadsa string from the
keyboard,printsit, andthenreadsanotherstring, returningthatnewly readstringasa
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result. Whenwe bind thiswith h asontheright handside of thelaw, we getanaction
which doesthis, andthenprintstheresults.

Clearly, thesetwo actionsarethe same.

While this explanationis quite complicated,andthe text of the law is alsoquite
complicated the actualmeaningis simple: if we have threeactionsandwe compose
themin the sameorder, it doesnt matterwherewe put theparentheseslherestis just
notation.

In do notation,this requiresequivalenceof thefollowing two programs:

law3a = do
X < f
do g <- X
h'y
law3b = do
y <- do x <- f
g X
h'y

9.3 A Simple StateMonad

Oneof thesimplestmonadswve cancraftis astate-passingionad.As we know, usually
in Haskellall stateinformation mustbe passedo functionsexplicitly asamuments.
Usingmonadswe caneffectively hide somestateinformation.

Supposewe have a functionf of type a — b and we needto add stateto this
function. In general,if stateis of type state, we can encodethis by changingthe
typeof f to a — state — (state, b). Thatis, the new versionof f takesthe original
parametenf type a aswell asa new stateparameterAnd in additionto returningthe
valueof typeb, it alsoreturnsanupdatedstate,encodedn atuple.

For instancesupposeave have a binarytreedefinedas:

data Tree a = Leaf a
| Branch (Tree a) (Tree a)

Now, we canwrite a simplemapfunctionto apply somefunctionto eachvaluein
theleaves:

mapTree @ (a -> b) -> Tree a -> Tree b
mapTree f (Leaf a) = Leaf (f a)
mapTree f (Branch Ihs rhs) =

Branch (mapTree f lhs) (mapTree f rhs)
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Thisis all well andgooduntil we needto write afunctionwhichnumberdheleaves
left to right. In a sensewe needto addstateto the mapTree function,which keeps
track of how mary leaves we've numberedso far. We can augmenthe function to
somethindike:

mapTreeState : (a -> state -> (state, b)) ->
Tree a -> state -> (state, Tree b)
mapTreeState f (Leaf a) state =
let (state’, b) = f a state
in  (state’, Leaf b)
mapTreeState f (Branch |hs rhs) state =
let (state’ , lhs’) = mapTreeState f lhs state
(state”, rhs’) = mapTreeState f rhs state’
in  (state”, Branch lhs’ rhs’)

Thisis beginningto geta bit unweildy, andthetype signaturds gettingharderand
harderto understandWhatwe wantto do is abstraceway the statepassingpart. That
is, thedifferencedetweemrmapTree andmapTreeState are: (1) theaugmented
type, (2) we replacedhetype-> Tree b with-> state -> (state, Tree
b) . Noticethatbothtypeschangedn exactlythesameway. We canabstracthis avay
with atype synorym declaration:

type State st a = st -> (st, a)

To go alongwith this type,we write two functions:

returnState o a -> State st a
returnState a=\st -> (st a)
bindState :: State st a -> (a -> State st b) -> State st b
bindState mk = \st ->
let (st a) = mst
m’ =k a
in m' st
Let's examing eachof thesein turn. Thefirst function, returnState  , takesa

valueof type a andcreatessomethingof type State st a. If we think of the st
asthe state,andthe valueof typea asthevalue,thenthisis a functionwhich doesnt
changehe stateandreturnsthevaluea.

ThebindState  functionlooksdistinctly like theinteriorlet declarationsn map-
TreeState . It takestwo arguments. Thefirst agumentis an actionwhich returns
somethingof type a with statest . The secondis a function which takesthis a and
producessomethingof type b alsowith the samestate. Theresultof bindState  is
essentiallytheresultof transforminghea into ab.
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Thedefinition of bindState  takesaninitial state,st . It first appliesthis to the
State st a amgumentcalledm This givesbacka new statest’ andavaluea. It
thenletsthe functionk acton a, producingsomethingof type State st b, called
m’. Wefinally runm’ with thenew statest’

We write anew function,mapTreeStateM andgiveit thetype:

Usingthese'plumbing” functions returnState andbindState , wecanwrite
this functionwithout ever having to explicitly talk aboutthe state:

mapTreeStateM f (Leaf a) =

f a ‘bindState’ \b ->

returnState (Leaf b)
mapTreeStateM f (Branch lhs rhs) =

mapTreeStateM f l|hs ‘bindState’ \lhs’ ->
mapTreeStateM f rhs ‘bindState’ \rhs’ >
returnState (Branch Ihs’  rhs’)

In the Leaf case,we applyf to a andthenbind theresultto a function which
takestheresultandreturnsaLeaf with thenew value.

In theBranch casewe recurseontheleft-hand-sidebindingtheresultto afunc-
tion which recurseson the right-hand-sidepinding that to a simple function which
returnsthe newly createdBranch .

As you have probablyguessedy this point, State st a is a monadandre-
turnState  is analogoudo the overloadedreturn  methodand bindState  is
analogoudo the overloaded>>= method. In fact, we canverify thatState st a
obeys themonadlaws:

Law 1 states:ireturn a >>= f =f a. Let's calculateon the left handside,
substitutingour names:

returnState a ‘bindState’ f
==>
\st -> let (st, a) = (returnState a) st
m’ =f a
in m st
==>
\st -> let (st, a) = (\st -> (st a)) st
in (f a) st
==>
\st -> let (st, a) = (st a)
in (f a) st
==>
st > (f a) st
==>

mapTreeStateM : (a -> State st b) -> Tree a -> State st |(Tree

b)
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In thefirst step,we simply substitutehe definitionof bindState . In thesecond
step,we simplify thelasttwo linesandsubstitutehe definitionof returnState . In
thethird step,we applyst tothelambdafunction. In thefourth step,we renamest’
to st andremore thelet. In thelaststep,we etareduce.

Moving onto Law 2, we needto show thatf >>= return = f. Thisis shavn
asfollows:
f ‘bindState’ returnState
==>
\st -> let (st, a) =f st
in  (returnState a) st
==>
\st -> let (st, a) =f st
in (st -> (st a)) st
==>
\st -> let (st, a) =f st
in  (st, a)
==>
\st -> f st
==>

f

Finally, we needto shav thatState obeysthethird law: f >>= (\x -> g x
>>= h) = (f >>= g) >>= h. Thisis muchmoreinvolvedto shav, sowe will
only sketchthe proofhere.Notice thatwe canwrite theleft-hand-sideas:

\st -> let (st, a) =f st

in (X -> g x ‘bindState’ h) a st
==>
\st -> let (st, a) =f st
in (g a ‘bindState’ h) st
==>
\st -> let (st, a) =f st
in  (\st’ > let (st b) =g a
in h b st”) st’
==>
\st > let (st , a) =f st
(st”, b) = g a st
(st”,c) = h b st”
in  (st”,c)

The interestingthing to not hereis that we have both action applicationson the
samelet level. Sincelet is associatie, this meansthat we cancorvert this to either
bracketingandit won't matter Of coursethisis aninformal, “handwaving” agument
andit would takea few morederivationsto actuallyprove it, but this givesthegeneral
idea.
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Now thatwe know thatState st a is actuallya monad,we’'d like to makeit
aninstanceof the Monad class.Unfortunately the straightforwardwvay of doingthis
doesnt work. We cannotwrite:

instance  Monad (State st) where { .. }

Thisis becausgou cannotmakeinstancesutof non-fully-appliedtypesynoryms.
Whatwe needto do insteads to corver thetype synorym into a newtype, as:

newtype State st a = State (st -> (st, a))

Unfortunately this meanghat we needto do somepackingandunpackingof the
State constructoiin the Monad instancedeclarationputit’ snottoo bad:

instance  Monad (State state) where

return a = State (\state -> (state, a))
State run >>= action = State run’
where run’ st =
let (st, a) = run st
State run” = action a
in run” st
Now, we canwrite our mapTreeM functionas:
mapTreeM :: (a -> State state b) -> Tree a ->

State state (Tree b)

mapTreeM f (Leaf a) = do

b< f a

return  (Leaf b)
mapTreeM f (Branch |hs rhs) = do

Ihs’ <- mapTreeM f Ihs

rhs’ <- mapTreeM f rhs

return  (Branch Ilhs’ rhs’)

which s significantlycleanetthanbefore.In fact,if we remove thetypesignature,
we getthemoregeneraltype:

mapTreeM :: Monad m=> (a -> mb) -> Tree a ->
m (Tree b)

Thatis, mapTreeM canberunin anymonadnotjustour State monad.
Now, the nicething aboutencapsulatingtuf like thisis thatwe canprovide func-

getState tion to getandchangehe currentstate.Thesdook like:

putState
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getState  :: State state state

getState = State (\state -> (state, state))
putState :: state -> State state ()
putState new = State (\_ -> (new, ()))

Here,getState is a monadicoperationwhich takesthe currentstate,passest
throughunchangedandthenalsoreturnsit asthe value. The putState  function
takesa new stateand producesandactionwhich ignoresthe currentstateandinserts
thenaw one.

Now, we canwrite ournumberTree functionas:

numberTree : Tree a -> State Int (Tree (a, Int)
numberTree tree = mapTreeM number tree
where number v = do
cur <- getState
putState  (cur+1)
return  (v,cur)

Finally, we needto be ableto run theactionby providing aninitial state:

runStateM :: State state a -> state -> a
runStateM (State f) st = snd (f st)

Now, we canprovide anexampleTree:

testTree =
Branch
(Branch
(Leaf 'a&)
(Branch
(Leaf 'b’)
(Leaf 'cY)))
(Branch
(Leaf 'd)
(Leaf 'e")

And numberit:

State> runStateM (numberTree testTree) 1

Branch (Branch (Leaf (‘a',1)) (Branch (Leaf ('b’,2))
(Leaf ('c',3)))) (Branch (Leaf ('d',4))
(Leaf (’e',5)))
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Thismayseenlike anawful lot of work to do somethingsimple. However, notethe
new power of mapTreeM. We canalsoprint outtheleavesof thetreein aleft-to-right
fashionas:

State> mapTreeM print  testTree
‘a
b’
'C
o’
‘e

ThiscruciallyreliesonthefactthatmapTreeM hasthemoregeneratypeinvolving
arbitrarymonadsnot justthe statemonad.Furthermorewe canwrite anactionwhich
will makeeachleafvalueequalto its old valueaswell asall the valuespreceeding:

fluffLeaves tree = mapTreeM fluff tree
where fluff v = do
cur <- getState
putState  (v:cur)
return  (v:cur)

andcanseeit in action:

State> runStateM (fluffLeaves testTree) 0

Branch (Branch (Leaf "a") (Branch (Leaf "ba")
(Leaf "cba")) (Branch (Leaf "dcba")
(Leaf "edcba")

In fact, you don't even needto write your own monadinstanceanddatatype.All
thisis built in in the Control.Monad.State module. There,ourrunStateM is
calledevalState ;ourgetState iscalledget andourputState is calledput .

This modulealso containsa statetransformermonad which we will discussin
Section9.7.

9.4 CommonMonads

It turnsoutthatmary of our favorite datatypesreactuallythemselesmonads.Con-
lists sidet for instancelists. They have a monaddefinitionwhich looks somethindike:

instance  Monad [] where
return  x = [X]
| >>= f concatMap f |
fail I

Thisenableausto uselists in do notation.For instancegiventhedefinition:
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cross 11 12 = do
X < 11
y <- 12
return  (x,y)

we geta cross-productunction:

Monads> cross "ab" ‘"cde
[(ad),(a /@), (a.F).( bUd)( be) bR

It is not a coincidencehatthislooksvery muchlike thelist comprehensioform:

Prelude>  [(x,y) | x <- "ab", y <- "def']
[(ad).(a /@), (3. F).( bUd)( ) bR

list comprehensions

List comprehensiotiorm is simply an abbreviated form of a monadicstatement

usinglists. In fact, in olderversionsof Haskell,thelist comprehensioform couldbe

usedfor any monad,not just lists. However, in Haskellthesedays,this is no longer

allowed.

TheMaybe typeis alsoa monad,with failure beingrepresentedsNothing and Maybe

with successsJust . We getthefollowing instancedeclaration:

instance  Monad Maybe where
return a = Just a
Nothing >>= f = Nothing
Just x >>=f =f x
fail = Nothing

We canusethesamecrossproductfunctionthatwe did for listson Maybes. Thisis

because¢hedo notationworksfor ary monadandtheres nothingspecificto lists about

thecross function.

Monads> cross (Just 'a’) (Just 'b’)

Just (‘a’,’b’)

Monads> cross (Nothing :: Maybe Char) (Just 'b)

Nothing

Monads> cross (Just 'a’) (Nothing : Maybe Char)

Nothing

Monads> cross (Nothing : Maybe Char) (Nothing : Maybe (
Nothing

Whatthis meands thatif we write afunction(like searchAll  from Section8.4)

only in termsof monadicoperatorsyve canuseit with ary monad,dependingnwhat
we mean. Using realmonadicfunctions(not do notation),the searchAll  function

looks somethindike:

har)

searchAll
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searchAll g@(Graph vl el) src dst
| src == dst return  [src]
| otherwise search’ el
where search’ |[] = fal "no path"
search’  ((u,v,_):es)
| src == u = searchAll g v dst >>= \path -p
return  (u:path)
| otherwise = search’ es

Thetypeof thisfunctionisMonad m => Graph v e -> Int -> Int ->
m [Int] . Thismeandhatnomatterwhatmonadwe're usingatthemomentthis will
be ableto performthe calculation.Supposeve have thefollowing graph:

gr = Graph [0, 'a), 1, 'b), (2, 'c), (3, 'd)]
[(0,2,1), (0,2,/m’), (1,3,n’), (2,3,/m"]

This represents graphwith four nodes,labelleda,b,candd. Thereis anedge
from ato bothb andc. Thereis alsoanedgefrom bothb andc to d. Usingthe Maybe
monadwe cancomputethe pathfrom a to d:

Monads> searchAll gr 0 3 : Maybe [Int]
Just [0,1,3]

weprovidethetypesignaturesothattheinterpretekknowswhatmonadwe’re using.
If we try to searchin the oppositedirection, thereis no pathwhich is represente@ds
Nothing in the Maybe monad:

Monads> searchAll gr 3 0 : Maybe [Int]
Nothing

Notethatthe string “no path” hasdisappearedincetheres no way for the Maybe
monadto recordthis.

If we performthe sameimpossiblesearchn thelist monad,we getthe emptylist,
indicatingno path:

Monads> searchAll gr 30 : [[nt]
I

If we performthe possiblesearchwe getbackalist containingthefirst path:

Monads> searchAll gr 0 3 : [lnt]
[[0,1,3]]
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You may have expectedit to returnall paths,but ascodedit doesnot. SeeSec-
nondeterminism tion 9.6 for moreaboutusinglists to represenhondeterminism.
If we usethelO monad,we canactuallygetatthe errormessagesincelO knows
how to keeptrackof thatstuff:

Monads> searchAll gr 03 : 10 [In]
Monads> it

[0,1,3]

Monads> searchAll gr 30 : 10 [In]
***  Exception: user error

Reason: no path

In thefirst casewe neededo typeit to getGHCi to actuallyevaluatethesearch.

Thereis oneproblemwith thisimplementatiorof searchAll  : if it findsanedge
which doesnot leadto a solution,it won't be ableto backtrack. This hasto do with
the recursve call to searchAll  insideof search’ . Consider for instance what
happensf searchAll g v dst doesnt find a path. Theres no way for this im-
plementatiorto recover. For instancejf we remove the edgefrom nodeb to noded,
we shouldstill be ableto find a pathfrom a to d, but this algorithmcant find it. We
define:

gr2 = Graph [(0, '&), 1, 'b), (2, ’'c), (3, 'd)]
[(0,1,1), (0,2,'m), (2,3, m")]

And thentry to search:

Monads> searchAll gr2 0 3
***  Exception: user error
Reason: no path

To fix this,we needafunctionlike combine from our Computation class.We
will seehow to dothisin Section9.6.

Exercises

Exercise26 \erify that Maybe obeysthethreemonadlaws.

Exercise27 ThetypekEither String is @ monadwhich cankeeptrad of errors. Write
aninstancefor it andthentry doingthssearch in this monad.

Hint: Yourinstancedeclamationshouldbegin: instance  Monad (Either String)
where .
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9.5 Monadic Combinators

The Monad/Control.Monad library containsa few very usefulmonadiccombina-
tors which haven't yet beendiscussedhoroughly The oneswe will discussin this
section togethemwith theirtypes,are(mis alwaysaninstanceof Monad):

o (<) = (@ -> mb) > ma -> mb

e mapM :: (@ -> mb) -> [a -> m]b]

e mapM :: (@ -> mb) > [a -> m()

o filterM :: (@ -> mBool) -> [a -> m][a]

o foldM :: @ > b ->ma -> a->[b -> ma
e sequence [m a] -> m[a]

e sequence _ :: [ma] -> m)

o liftM : (@ > b) > ma-> mb

e when :: Bool -> m( -> m{(

e join m(m a) -> ma

In generalfunctionswith anunderscorat theendareequivalentto the oneswith-
out, exceptthey do not returnary value.

The=<< functionis exactly the samehas>>=, exceptit takesits agumentsn the
oppositeorder For instancejn the IO monad,we canwrite equivalently eitherof the
following:

Monads> writeFile "foo "hello world! >>
(readFile "foo"  >>= putStrLn)

hello  world!

Monads> writeFile "foo "hello world! >>
(putStrLn =<< readFile  "foo")

hello  world!

mapM The mapM filterM andfoldM areour old friendsmap, filter andfoldr

filterm WrappedupinsidemonadsThesgunctionsareincrediblyuseful(particularlyfoldM )

foldM whenworking with monads.We canusemapM, for instanceto print a list of things
to thescreen:

Monads> mapM_ print  [1,2,3,4,5]
1

2
3
4
5
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We canusefoldM to sumalist andprint theintermediatesumat eachstep:

Monads> foldM (\a b -> putStrLn  (show a ++ "+" ++
show b ++ "=" ++ show (atb)) >>
return  (atb)) 0 [1..5]

0+1=1

1+2=3

3+3=6

6+4=10

10+5=15

Monads> it

15

Thesequence andsequence _functionssimply “execute”alist of actions.For sequence

instance:

Monads> sequence [print 1, print 2, print
1
2
‘a
*Monads> it

10,001

*Monads> sequence_ [print 1, print 2, print 'a’
1
2
‘a
*Monads> it

0

al

We canseethatthe underscoredersiondoesnt returneachvalue,while the non-
underscoredersionreturnsthelist of thereturnvalues.

TheliftM  function“lifts” a non-monadidunctionto a monadicfunction. (Do liftM

not confusethis with thelift ~ functionusedfor monadtransformersn Section9.7.)
This is usefulfor shorteningcode(amongotherthings). For instance we might want
to write a functionwhich prependsachline in afile with its line number We cando
this with:

numberFile : FilePath -> 10 ()
numberFile fp = do
text <- readFile fp
let | = lines text
let n = zipwith (n t -> show n ++ ' ' : t) [1.] I
mapM_ putStrLn  n

However, we canshorterthis usingliftM
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numberFile :: FilePath -> 10 ()

numberFile fp = do
| <- lines ‘liftM* readFile  fp
let n = zipWith (n t -> show n ++ ' ' : t) [1.] I
mapM_ putStrLn  n

In fact, you canapply ary sortof (pure) processingo a file usingliftM . For
instanceperhapsve alsowantto split linesinto words;we cando this with:

w <- (map words . lines) liftM* readFile  fp

Notethatthe parenthesearerequired,sincethe(.) function hasthe samefixity
has'liftM*

Lifting purefunctionsinto monadsis also usefulin othermonads. For instance
liftM  canbeusedto applyfunctioninsideof Just . Forinstance:

Monads> liftM (+1) (Just 5)
Just 6
*Monads> liftM (+1) Nothing
Nothing
when The when function executesa monadicaction only if a conditionis met. For
instancewe might only wantto print non-emptylines:
Monads> mapM_ (Il -> when (not $ null 1) (putStrLn 1))
[, "abc","def","" ™", "ghi"]
abc
def
ghi
Of coursethesamecouldbeaccomplishedvith filter ~ , but sometimesvhen is
morecorvenient.
join Finally, thejoin  functionis the monadicequivalentof concat onlists. In fact,
whenmis thelist monad,join is exactly concat . In othermonadsijt accomplishes
asimilartask:

Monads> join  (Just (Just 'a’))

Just ‘'a
Monads> join (Just (Nothing : Maybe Char))
Nothing
Monads> join  (Nothing : Maybe (Maybe Char))

Nothing
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Monads> join  (return (putStrLn "hello™))
hello

Monads> return  (putStrLn "hello™)
Monads> join [[1,2,3],[4,5]]

[1,2,3,4,5]

Thesefunctionswill turn out to be even more usefulaswe move on to advanced
topicsin Chapter10.

9.6 MonadPlus

Givenonly the >>= andreturn  functions,it turnsout to be impossibleto write a

function like combine with typeca — ca — ¢ a. However, sucha functionis so combine
generallyuseful that it exists in anotherclasscalled MonadPlus. In additionto MonadPlus
having a combine function, instanceof MonadPlus also have a “zero” element

whichis theidentity underthe “plus” (i.e.,combine)action. Thedefinitionis:

class Monad m => MonadPlus m where
mzero 1 ma
mplus & ma -> ma -> ma

In orderto gain accesso MonadPlus, you needto import the Monad module
(or Control.Monad in thehierarchicalibraries).

In Section9.4,we saythatMaybe andlist werebothmonadsin fact,they arealso Maybe
bothinstance®f MonadPlus. In the caseof Maybe, thezeroelementis Nothing ; |ists
in thecaseof lists, it is theemptylist. Themplus operatioron Maybe is Nothing  if
bothelementsareNothing ; otherwiseit is thefirst Just value. For lists, mplus is
thesameas++.

Thatis, theinstancedeclarationsook like:

instance  MonadPlus Maybe where
mzero = Nothing
mplus Nothing y =y
mplus X X

instance MonadPlus [] where
mzero = []
mplus X y = X ++ vy

We canusethis classto reimplementhesearchunctionwe’ve beenexploring such
thatit will explore all possiblepaths.Thenew functionlookslike:

searchAll2 g@(Graph vl el) src dst
| src == dst = return [src]
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| otherwise = search’ el
where search’ |[] = fal "no path"
search’  ((u,v,_):es)
| src == u =
(searchAll2 g v dst >>= \path ->
return  (u:path)) ‘mplus
search’ es
| otherwise = search’ es

Now, whenwe're going throughthe edgelist in search’ andwe comeacrossa
matchingedge,not only do we explore this path but we alsocontinueto explore the
out-edge®f thecurrentnodein therecursve call to search’

ThelO monadis notaninstanceof MonadPlus, we we're notableto executethe
searchwith this monad.We canseethatwhenusinglists asthe monad,we (a) getall
possiblepathsin gr and(b) geta pathin gr2 .

MPlus> searchAll2 gr 0 3 : [[int]]
[[0,1,3],[0,2,3]]

MPlus> searchAll2 gr2 0 3 : [[nt]]
[[0,2,3]]

You might betemptedo implementthis as:

searchAll2 g@(Graph vl el) src dst

| src == dst = return [src]
| otherwise = search’ el
where search’ |[] = fal "no path"
search’  ((u,v,_):es)
| src == u = do

path <- searchAll2 g v dst

rest <- search’ es

return  ((u:path) ‘mplus’  rest)
| otherwise = search’ es

But notethatthisdoesnt dowhatwe want.Here,if therecursie call to searchAll2
fails, we don' try to continuedown andexecutesearch’ es. The call to mplus
mustbeatthetoplevel in orderfor it to work.

Exercises

Exercise28 Supposehat we changedthe order of argumentsto mplus . l.e, the
matding caseof search’ lookedlike:

search’ es ‘ npl us'
(searchAll2 g v dst >>= \path ->
return (u:path))
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How would you expectthis to changethe resultswhenusingthe list monadon gr ?
Why?

9.7 Monad Transformers

Oftenwe wantto “piggyback” monadson top of eachotherFor instancetheremight
be a casewhereyou needaccessoth to 10 functionsthroughthe IO monadand
statefunctionsthroughsomestatemonad.In orderto accomplishthis, we introducea
MonadTrans classwhich essentiallylifts one monadon top of another This class
hasasimplemethod:lift . Theclassdeclaratiorfor MonadTrans is:

class MonadTrans t where
lift > Monad m=> ma -> t ma

Theideahereis thatt is the outermonadandthatmlivesinsideof it. In orderto
executeacommandftypeMonad m => m a, wefirstlift it intothetransformer

The simplestexample of a transformer(andarguablythe mostuseful)is the state
transformemonad which is a statemonadwrappedaroundan arbitrarymonad. Be-
fore, we defineda statemonadas:

newtype State state a = State (state -> (state, a))

Now, insteadf usingafunctionof typestate  -> (state, a) asthemonad,
we assumeheres someothermonadmandmaketheinternalactioninto somethingof
typestate -> m (state, a) . This givesriseto the following definition for a
statetransformer:

newtype StateT state ma =
StateT (state -> m (state, a))

For instancewe canthink of maslO. In this case our statetransformemonadis

MonadTrans
lift

state monad

state transformer

ableto executeactionsn thelO monad.First,we makethisaninstanceof Monad Trans:

instance  MonadTrans (StateT state) where
lift m= StateT (\s -> do a <- m
return  (s,a))

Here lifting afunctionfrom therealmof mtotherealmof StateT  state simply
involveskeepingthe state(the s value)constantandexecutingthe action.

Of coursewe alsoneedo makeStateT amonadtself. Thisisrelatively straight-
forward, providedthatmis alreadya monad:
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instance Monad m => Monad (StateT state m) where
return a = StateT (\s -> return (s,a))
StateT m >>= k = StateT (\s -> do

(s, a) < ms
let StateT m =k a
m’ s’)

fal s = StateT (\_ -> fail s)

The ideabehindthe definition of return  is that we keepthe stateconstantand
simply returnthe state/gpair in the enclosednonad. Note thatthe useof return  in
thedefinitionof return  refersto the enclosednonad notthe statetransformer

In thedefinitionof bind,we createanew StateT whichtakesastates asanamu-
ment. First, it appliesthis stateto thefirst action(StateT ) andgetsthe new state
andanswerut. It thenrunsthek actionon this new stateandgetsa new transformer
out. It finally appliesthe new stateto this transformer This definitionis quite parallel
to the definition of bind for thestandardState monaddescribedearliet

Thefail functionsimply callsfail  onthe enclosednonad,sincestatetrans-
formersdon't natively know how to dealwith failure.

Of coursejn orderto actuallyusethis monadwe needto provide functiongetT -

getT , putT andevalStateT . Theseare analogoudo getState , putState and
putT runStateM from Section9.3:

evalStateT
getT : Monad m=> StateT s ms

getT = StateT (\s -> return (s, s))

putT :: Monad m=> s -> StateT s m ()
putT s = StateT (\_ -> return (s, ()

evalStateT > Monad m=> StateT s ma -> s -> ma
evalStateT (StateT m) state = do

(s’, a) <- m state

return a

Theséunctionsshouldbestraightforward Note,however, thattheresultof eval-
StateT is actuallyamonadicactionin the enclosednonad.This s typical of monad
transformersthey don’t know how to actuallyrunthingsin theirenclosednonad(they
only know how to lift ~ actions). Thus,whatyou getout is a monadicactionin the
insidemonad(in our case]O), which you thenneedto run yourself.

We canusestatetransformerso reimplement versionof ourmapTreeM function
from Section9.3. The only changehereis thatwhenwe getto aleaf, we print outthe
valueof theleaf; whenwe getto a branchwe just print out“Branch”.

mapTreeM action (Leaf a) = do
lift (putStrLn ("Leaf " ++ show a))
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b <- action a

return  (Leaf b)

mapTreeM action (Branch lhs rhs) = do
lift (putStrLn "Branch")

Ihs’ <- mapTreeM action |hs

rhs’ <- mapTreeM action rhs

return  (Branch lhs’ rhs’)

Theonly differencebetweerthis functionandthe onefrom Section9.3is the calls
to lift (putStrLn ...) asthefirstline. Thelift  tells usthatwe're goingto
be executinga commandin an enclosedmonad. In this case the enclosednonadis
10, sincethecommandifted is putStrLn

Thetype of this functionis actuallyrelatively comple:

mapTreeM :: (MonadTrans t, Monad (t 10), Show a) =>
(@ >t 10 al) -> Tree a -> t IO (Tree al)

Ignoring for a sectionthe classconstraintsthis saysthatmapTreeM takesanac-
tion andatreeandreturnsatree. This is pretty muchthe sameasbefore. In this, we
requirethatt is a monadtransformer(sincewe applylift  in it); we requirethatt
IO is a monad,sincewe useputStrLn  we know that the enclosedmonadis 10;
finally, we requirethata is aninstanceof shav — this is simply becauseve useshow
to shaw thevalueof leaves.

Now, we simply changenumberTree to usethis versionof mapTreeM andthe
new versionsof getandput andwe endup with:

numberTree tree = mapTreeM number tree
where number v = do
cur <- getT
putT (cur+l)
return  (v,cur)

Usingthis, we canrun our monad:

MTrans> evalStateT (numberTree testTree) 0

Branch
Branch
Leaf &
Branch
Leaf 'b’
Leaf ¢’
Branch
Leaf 'd’
Leaf 'e’

*MTrans> it
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Branch (Branch (Leaf ('a&,0))
(Branch (Leaf (’b’,1)) (Leaf ('c',2))))
(Branch (Leaf ('d',3)) (Leaf (’e’,4)))

One problemnot specifiedin our discussionof MonadPlus is that our search
algorithmwill fail to terminateon graphswith cycles. Consider:

gr3 = Graph [(0, '&), 1, 'b), (2, 'c), (3, 'd)]
[(0,1,1), (1,0,'m), (0,2,'n"),
(1.3/0), (2,3,p))]

In this graph,thereis a back edgefrom nodeb backto a. If we attemptto run
searchAll2 | no matterwhat monadwe use,we will fail to terminate. Moreover,
if we move this erroneousdgeto the endof thelist (andcall this gr4 ), the resultof
searchAll2 grd 0 3 will containan infinite numberof paths: presumablywe
only wantoneswhich don't containcycles.

In orderto getaroundthis problem,we needto introducestate. Namely we need
to keeptrack of which nodeswe have visited sothatwe don't visit themary more.

We candothis asfollows:

searchAll5 g@(Graph vl el) src dst
| src == dst = do
visited <- getT
putT (src:visited)
return  [src]
| otherwise = do
visited <- getT
putT (src:visited)
if src ‘elem' visited
then mzero
else search’ el

where
search’ [ = mzero
search’  ((u,v,_):es)
| src == =
(do path <- searchAll5 g v dst
return  (u:path)) ‘mplus
search’ es
| otherwise = search’ es

Here,we implicitly usea statetransformer(seethe callsto getT andputT ) to
keeptrackof visited states We only continueto recursevhenwe encounten statewe
haven't yet visited. Futhermorewhenwe recursewe addthe currentstateto our set
of visitedstates.

Now, we canrun the statetransformerandget out only the correctpaths,evenon
thecyclic graphs:
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MTrans> evalStateT (searchAll5 gr3 0 3) [1 = [lnt]
[[0,1,3],[0,2,3]]
MTrans> evalStateT (searchAll5 grd 0 3) [1 = [nt]
[[0,1,3],[0,2,3]]

Here,the emptylist provided asanamgumentto evalStateT s theinitial state:
i.e.,theinitial visitedlist. In our caseijt is empty

We canalsoprovide anexecStateT methodwhich, insteadof giving usbacka
result,givesusbackthefinal state.This functionlookslike:

execStateT ' Monad m=> StateT s ma -> s -> ms
execStateT (StateT m) state = do

(s’, a) <- m state

return s’

This is not so usefulin our case,asit will give backto us exactly the reverseof
evalStateT  (try it andfind out!), but canbe usefulin general(if, for instancewe
needto know how mary numbersareusedin numberTree ).

Exercises

Exercise29 Write a function searchAll6  basedon the codefor searchAll2
which, at every entryto themainfunction(not the recursionovertheedgelist), prints
theseach beingconductedFor instancetheoutputgenentedfor searchAll6 or
0 3 shouldlooklike:

Exploring 0 ->
Exploring 1 ->
Exploring 3 ->
Exploring 2 ->
Exploring 3 ->
Mt ans> it

[[0,1,3],[0,2,3]]

WWwWwwww

In orderto dothis, youwill haveto defineyour ownlist monadtransformerand make
appropriateinstancesf it.

Exercise30 CombinghesearchAll5  function(fromthissectionywiththesearchAll6
function(fromthe previousexerise)into a singlefunctioncalledsearchAll7 . This
functionshouldperformlO asin searchAll6  but also keeptradc of stateusinga
statetransformer

9.8 Parsing Monads

todo: Introduction...
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9.8.1 A SimpleParsing Monad

Considetthetaskof parsing.A simpleparsingmonads muchlike a statemonadwhere
the stateis the unparsedtring. We canrepresenthis exactly as:

Parser
String

a

newtype Parser
{ runParser

-> Either String  (String, a) }

We againuselLeft err tobeanerrorcondition. Thisyieldsstandardnstanceof
Monad andMonadPlus:

instance  Monad Parser where
return a = Parser (I -> Right (xl,a))
fail s = Parser (I -> Left S)
Parser m>>= k = Parser $ WXl ->
case mxl of
Left s > lLeft s
Right (xI', a) ->
let Parser n =k a
in n xI’
instance  MonadPlus Parser where
mzero = Parser (I -> Left "mzero"
Parser p ‘mplus’ Parser q = Parser $ W& ->
case p xI of
Right a -> Right a
Left err -> case q xl of
Right a -> Right a
Left > Left err
primitives Now, we wantto build up alibrary of paring“primiti ves’ Themostbasicprimitive
is aparserthatwill readaspecificcharacterThis functionlookslike:
char Char -> Parser Char
char c¢ = Parser char
where char [] = Left ("expecting " ++ show c ++
" got EOF")
char  (x:xs)
| x == ¢ = Right (xs, ¢)
| otherwise = Left ("expecting "4+
show ¢ ++ " got " ++
show x)
Here, the parsersucceed®nly if the first characterof the input is the expected
character

We canusethis parsetto build up a parseffor the string“Hello”:
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helloParser Parser String
helloParser = do

char 'H’

char ‘e’

char T

char T

char 'o

return "Hello"

This shavs how easyit is to combinetheseparsersWe don’t needto worry about
theunderlyingstring: the monadtakescareof thatfor us. All we needto dois combine

thesethings. We cantestthis parserby usingrunParser  andsupplyinginput: runParser
Parsing> runParser  helloParser "Hello"
Right (","Hello")
Parsing> runParser  helloParser "Hello  World!"
Right (" World!","Hello")
Parsing> runParser  helloParser "hello  World!"
Left “expecting 'H" got ’'h™
We canhave aslightly moregenerafunctionwhichwill matchary charactefitting
adescription:
matchChar : (Char -> Bool) -> Parser Char
matchChar c¢ = Parser matchChar’
where matchChar [ =
Left ("expecting char, got EOF")
matchChar’  (X:xs)
| ¢ x = Right (xs, X)
| otherwise =
Left ("expecting char, got " ++
show x)
Usingthis, we canwrite a case-insensite “Hello” parser:
ciHelloParser = do
¢l <- matchChar (‘elem’ "Hh")
c2 <- matchChar (‘elem’ "Ee")
c3 <- matchChar (‘elem’ "LI")
¢4 <- matchChar (‘elem’ "LI")
c¢5 <- matchChar (‘elem’ "O0")
return  [cl,c2,c3,c4,c5]
Of coursewe couldhave usedsomethindike matchChar  ((=="h’") toLower) ,

but thisworksjustaswell. We cantestthis:
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Parsing> runParser  ciHelloParser "hELIO  world!"
Right (" world!","hELIO")

Finally, we canhave a functionwhich will matchary characteatall:

anyChar : Parser Char
anyChar = Parser anyChar’
where anyChar ] =
Left ("expecting character, got EOF")
anyChar (x:xs) = Right (xs, x)

Ontop of theseprimitiveswe usuallybuild somecombinators. The many combi-
nator for instancewill takea parserwhich parseghingsof type a andwill makeit
into a parsemwhich parseghingsof type[a] (thisis aKleene-staoperator):

many :: Parser a -> Parser [a]
many (Parser p) = Parser many’
where many’ xI =
case p xI of
Left err -> Right (xI, ]
Right (xI')a) ->
let Right (xI”, resty = many xI
in  Right (xI", arest)

The idea hereis that first we try to apply the given parser p. If this fails, we
succeedbut returnthe emptylist. If p succeedsye recurseandkeeptrying to apply
p until it fails. We whenreturnthelist we've built up.

In general therewould be mary more functionsof this sort, andthey would be
hiddenaway in a library sothat userscould actuallylook inside the Parser type.
However, usingthem, you could build up, for instancea parserwhich parsegnon-
negative) integers:

int : Parser Int

int = do

t1 <- matchChar isDigit

tr <- many (matchChar isDigit)
return  (read (t1l:tr))

Theideahereis thatfirst we matchadigit (theisDigit ~ functioncomesrom the
moduleChar /Data.Char ) andthenmatchasmary digits moreaswe can.\We then
read theresultandreturnit. We cantestthis parserasbefore:

Parsing> runParser int "54"
Right (",54)



9.8. PARSING MONADS 149

*Parsing> runParser int "54abc"
Right ("abc",54)

*Parsing> runParser int “"a54abc"
Left “"expecting char, got ’'a™

Now, supposeve wantto parsea Haskell-styldist of ints. Thisbecomesomevhat
difficult becauseat somepoint we're eithergoing to parsea commaor a closebrace,
but we don't know whenthis will happen.This is wherethe fact that Parser is an
instanceof MonadPlus comesn handy:first we try one,thenwe try the other

Considerthefollowing code:

intList o Parser [Int]
intList = do
char T
intList’ ‘mplus‘ (char '] >> return [])
where intList’ = do
i <- int
r <- (char '’ >> intList) ‘mplus’
(char T >> return ]
return  (icr)

Thefirst thing this codedoesis parseandopenbrace.Then,usingmplus , it tries mplus

oneof two things: parsingusingintList’ , Or parsingaclosebraceandreturningan
emptylist.
TheintList’ functionassumesve're not yet at the endof thelist andsoit first

parsesandint. It thenparseghe restof the list. However, it doesnt know whether
we're attheendyetor not, soit againusingmplus . Ontheonehand,it triesto parse
a commaandthenrecurseon the other it parses closebraceandreturnsthe empty
list. Eitherway;, it simply prependsheint it parsedtself to the beginning.

Onething thatyou shouldbe carefulof is theorderin which you supplyaguments
to mplus . Considetthefollowing parser:

tricky =
mplus (string "Hal")  (string "Hall")

You might expectthis parsetto parseboththewords“Hal” and“Hall”; however, it
only parsegheformer. You canseethis with:

Parsing> runParser  tricky "Hal"
nght (Illl’llHaIII)
Parsing> runParser  tricky "Hall"
Right ("I","Hal")

This is becausat triesto parse“Hal”, which succeedsindthenit doesnt bother
trying to parse‘'Hall”.
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You canattempto fix thisby providing a parseiprimitive which detectsend-of-file

(really, end-of-string)as:

eof Parser ()
eof = Parser eof
where eof [] = Right ([], 0
eof xI = Left ("Expecting EOF, got " ++
show (take 10 xl))

You mightthenrewrite tricky  usingthis as:
tricky2 = do

s <- mplus (string "Hal")  (string "Hall")

eof

return s

But this alsodoesnt work, aswe caneasilysee:

Parsing> runParser  tricky2 "Hal"
Right ~ (*,0)

Parsing> runParser  tricky2 "Hall"
Left "Expecting EOF, got \"\™

This is becauseagain,the mplus doesnt know thatit needsto parsethe whole
input. Sowhenyou provide it with “Hall”, it parsegust“Hal” andleavesthelast"l”
aroundto beparsedater. Thiscauseof to produceanerrormessage.

Thecorrectway to implementthisis:

tricky3 =
mplus (do s <- string “"Hal"
eof
return  s)
(do s <- string "Hall"
eof
return  s)
We canseethatthis works:
Parsing> runParser  tricky3 "Hal"
Right (","Hal")
Parsing> runParser  tricky3 "Hall"
Right (","Hall")
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This works preciselybecauseachsideof the mplus knowsthatit mustreadthe
end.

In this case fixing the parserto acceptboth “Hal” and“Hall” wasfairly simple,
dueto thefact thatwe assumedve would be readingan end-of-fileimmediatelyafter.
Thingscangeta bit morecomplicatedf we cannotdiambiguatemmediately

Exercises

Exercise31 Write a parserintListSpace which will parseint lists, but will allow
arbitrary white space(spacestabsor newlines)betweerthe commasandbradets.

Given this monadicparser it is fairly easyto add information regarding source
position. For instance,if we're parsinga large file, it might be helpful to reportthe
line numberon which an error occurred. We could do this simply by extendingthe line numbers
Parser type,modifying theinstancesandthe primitives:

newtype Parser a = Parser
{ runParser : Int -> String ->
Either  String  (Int, String, a) }

instance  Monad Parser where
return a Parser (\n xI -> Right (n,xl,a))
fail S Parser (\n xI -> Left (show n ++
"t )

Parser m>>= k = Parser $ \n xl ->
case mn x|l of
Left s -> Left s
Right (n’, xI, a) ->
let Parser m2 =k a
in m2n  xI

instance  MonadPlus Parser where
mzero = Parser (\n xI -> Left "mzero"
Parser p ‘mplus* Parser g = Parser $ \n xI ->
case p n xlI of
Right a -> Right a
Left err -> case q n x| of
Right a -> Right a
Left > Left err

matchChar :: (Char -> Bool) -> Parser Char
matchChar c¢ = Parser matchChar’
where matchChar n [] =
Left ("expecting char, got EOF")
matchChar’ n (x:xs)
| ¢ x =
Right (n+if x=="\n’ then 1 else O
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. XS, X)
| otherwise =
Left ("expecting char, got " ++
show x)

The definitionsfor char andanyChar areellided sincethey canbe written in
termsof matchChar . The many function needsto be modified only to includethe
new state.

Now, whenwe run a parserit will tell uswhatline numbertheerroris on (if there
is anerror):

Parsing2> runParser  helloParser 1 "Hello"
Right (1,"™,"Hello")

Parsing2> runParser int 1 "a54"

Left "1: expecting char, got 'a™
Parsing2> runParser intList 1 "1,2,3,a]"
Left "1: expecting 7 got 1™

We canusetheintListSpace

parseifrom theprior exerciseto seethatthisdoes

in factwork:

Parsing2> runParser intListSpace 1

"M 2 , 4 \n\n Lan]"
Left "3: expecting char, got 'a™
Parsing2> runParser intListSpace 1

"M 2 , 4 \n\n\n a\n]"
Left "4: expecting char, got 'a™
Parsing2> runParser intListSpace 1

"M W2 , 4 \n\n\n ,a\n]"
Left "5: expecting char, got 'a™

We can seethat the line numberon which the error occursincreasesas we add
additionalnewlinesbeforethe erroneousa”.

9.8.2 Parsec

As you continuedevelopingyour parseryou mightwantto addmoreanmorefeatures.
Luckily, someonéGrahamHuttonandDaanL eijen) hasalreadydonethisfor usin the
Parsedibrary. This sectionis intendedo beanintroductionto the Parsedibrary; it by
no meanscoversthewholelibrary, but it shouldbe enoughto getyou going.

Like ourlibarary, Parsecprovidesafew basicfunctionsto build parserdrom char
acters.Theseare:char , whichisthesameasourchar ; anyChar , whichisthesame
asouranyChar ; satisfy , which is the sameasour matchChar ; oneOf , which
takesa list of Chars andmatchesary of then;andnoneOf which is the oppositeof
oneOf .
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The primary function Parsecusesto run a parseris parse . However, in addition
parse to aparserthisfunctiontakesa stringrepresentinghe sameof thefile you're parsing.
This is sothatit can give bettererror message.We cantry parsingwith the above

functions:

Parsecl> parse (char ’'a’) "stdin" "a"
Right 'a’

Parsecl> parse (char ’'a’) "stdin" "ab"
Right 'a’

Parsecl> parse (char ’'a’) "stdin" "b"
Left “stdin" (ine 1, column 1):

unexpected "b"

expecting a
Parsecl> parse (char 'H >> char ’'a’ >> char )

"stdin" "Hal"

Right T

Parsecl> parse (char 'H >> char ’'a’ >> char )
"stdin" "Hap"

Left "stdin" (line 1, column 3):

unexpected "p"

expecting "I

Here,we canseea few differencedetweerour parserandParsec:first of all, we
don't getbacktherestof thestringwhenwe runparse . Secondlytheerrormessages

producedaremuchbetter

In additionto the basiccharacteparsingfunctions,Parsecprovidesprimitivesfor:
spaces , which is the sameasours; space which parsesa singlespacejletter , spaces
which parsesa letter; digit , which parsesa digit; string , which is the sameas space
ours;andafew others. letter

We canwrite ourint andintList  functionsin Parsecas: digit
int 1 CharParser st Int string
int = do

il <- digit

ir <- many digit
return  (read (il:ir))

intList ;> CharParser st [Int]
intList = do
char T
intList’ ‘mplus‘ (char '] >> return [])
where intList’ = do
i <- int
r <- (char '’ >> intList) ‘mplus’

(char T >> return ]
return  (icr)
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First,notethetypesignaturesThest typevariableis simplyastatevariablewhich
we arenotusing. In theint function, we usethe many function (built in to Parsec)
togetherwith thedigit  function(alsobuilt in to Parsec).TheintList  functionis
actuallyidenticalto before.

Note,however, thatusingmplus explicitly is notthe preferredmethodof combin-
ing parsersParsecprovidesa<|> functionwhichis asynorym of mplus , but looks
nicer:

intList = CharParser st [Int]
intList = do
char T
intList’ <|> (char T >> return )
where intList’ = do
i <- int
r <- (char '’ >> intList) <|>

(char T >> return [
return  (icr)

We cantestthis:

Parsecl> parse intList "stdin" "[3,5,2,10]"
Right [3,5,2,10]

Parsecl> parse intList "stdin" "[3,5,a,10]"
Left “stdin" (ine 1, column 6):

unexpected "a
expecting  digit

In additionto thesebasiccombinatorsParserovidesafew otherusefulones:

e choice takesalist of parserandperformsanor (<|> ) betweenrall of them.

e option takesadefaultvalueof typea andaparsemhich returnssomethingpf
typea. It thentriesto parsewith the parser but usingthe defaultvalueasthe
returnif the parsingfails.

e optional  takesa parserwhich returns() and makesa parserwhich might
parseor might not.

e between takesthreeparsers:an openparser a close parserand a between
parser It runsthemin orderandreturnsthe valueof the betweerparser

¢ notFollowedBy takesa parserandreturnsone which succeed®nly if the
givenparsemwould have failed.

Supposeve wantto parsea simple calculatorlanguagewhich includesonly plus
andtimes. Furthermore for simplicity, assumeesachembeddedxpressionmust be
enclosedn parenthesedlNe cangive adatatypdor thislanguageas:
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data Expr Value Int
Expr :+: Expr
Expr :*:  Expr

I
I
deriving (Eq, Ord, Show)

And thenwrite a parserfor this languageas:

parseExpr : Parser Expr
parseExpr = choice
[ doi <- int; return (Value i)
, between (char () (char ') $ do
el <- parseExpr
op <- oneOf "+*
e2 <- parseExpr
case op of
'+ > return (el 4+ e2)
o> return (el it e2)

Here, the parseralternatesbetweentwo options (we could have used<|> , but
wantedto shav thechoice combinatorin action). Thefirst simply parsesanint and
thenwrapsit up in the Value constructor The secondoption using between to
parsestuff betweerparenthesediVhatis parsess first anexpressionthenoneof plus
or times,thenanotherexpression.Dependingon whatthe operatoris, it returnseither
el +: e2orel * e2.

We canmodify this parsersothatinsteadof computingan Expr , it simply com-
putesthevalue:

parseValue : Parser Int
parseValue = choice
[int

Jbetween (char () (char ') $ do
el <- parseValue
op <- oneOf "+*
e2 <- parseValue
case op of
'+ > return (el + e2)
o> return (el * e2)

We canusethis as:

Parsecl> parse parseValue "stdin" "(3*(4+3))"
Right 21
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Now, supposeve wantto introducebindingsinto our language.Thatis, we want bindings
to alsobeableto say“let x =5in” insideof our expressionsandthenusethevariables
getState we've defined.In orderto do this, we needto usethegetState  andsetState  (or
setState UpdateState ) functionsbuilt in to Parsec.

updateState
parseValuelet :» CharParser (FiniteMap Char Int) Int
parseValuelet = choice
[ int
, do string "let "
c <- letter
char =
e <- parseValuelet
string " in "
updateState (Mm -> addToFM fm c e)
parseValuelet

, do c <- letter
fm <- getState
case lookupFM fm c of
Nothing -> unexpected ("variable " ++ show c ++
" unbound")
Just i -> return i
, between (char () (char ') $ do
el <- parseValuelLet
op <- oneOf "+*
e2 <- parseValuelLet
case op of
'+ > return (el + e2)
o> return (el * e2)

Theint andrecursve casesemainthe same We addtwo morecasespneto deal
with let-bindings the otherto dealwith usages.

In the let-bindingscase,we first parsea “let” string, followed by the character
(theletter  functionis a Parsecprimitive which parsesalphabeticcharactersyve’re
binding, followedby it' s value (a parseValueLet ). Thenwe parsethe” in ” and
updatethe stateto includethis binding. Finally, we continueandparsetherest.

In the usagecase,we simply parsethe characterandthenlook it up in the state.
However, if it doesnt exist, we usethe Parsecprimitive unexpected to reportan
error.

runParser We canseethis parserin actionusingtherunParser commandwhich enables
usto provide aninitial state:

Parsecl> runParser parseValuelet emptyFM "stdin"
“let c=5 in ((5+4)*c)"

Right 45

*Parsecl> runParser parseValuelet emptyFM "stdin"
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“let c=5 in ((5+4)*let x=2 in (ctx))"
Right 63
*Parsecl> runParser parseValuelet emptyFM "stdin"
"((let X=2 in 3+4)*x)"
Right 14

Note that the bracketingdoesnot affect the definitions of the variables. For in-
stance,in the last example,the usageof “X” is in somesenseoutsidethe scopeof
the definition. However, our parserdoesnt notice this sinceit operatesn a strictly
left-to-right fashion. In orderto fix this, bindingswould have to be removed (seethe
exercises).

Exercises

Exercise32 Modify the parseValueLet  parsersothatit obe/sbradeting In or-
derto dothis,youwill needto changethe stateto somethindike FiniteMap  Char
[Int] ,wheethe[Int] isa stad of definitions.
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Appendix A

Brief Complexity Theory

Compleity Theoryis the studyof how long a programwill taketo run, dependingon
thesizeof its input. Therearemary goodintroductorybooksto compleity theoryand
the basicsareexplainedin ary goodalgorithmsbook. I'll keepthe discussiorhereto
aminimum.

Theideais to sayhow well a programscalesvith moredata.If youhave aprogram
that runsquickly on very smallamountsof databut chokeson hugeamountsof data,
it’ s not very useful (unlessyou know you'll only be working with small amountsof
data, of course). Considerthe following Haskell function to returnthe sum of the
elementsn alist:

sum[] =0
sum (x:xs) = X + sum Xxs

How long doesit takethis functionto complete?That's a very difficult questionjt
would dependn all sortsof things:your processospeedyouramouniof memory the
exactway in which the additionis carriedout, the length of thelist, how mary other
programsarerunningonyourcomputerandsoon. Thisis fartoomuchto dealwith, so
we needto inventa simplermodel. The modelwe useis sortof anarbitrary“machine
step! Sothe questionis “how mary machinestepswill it takefor this programto
complete?”In this casejt only depend®onthelengthof theinputlist.

If theinputlist is of length0, thefunctionwill takeeither0 or 1 or 2 or somevery
smallnumberof machinesteps dependingxactly on how you countthem(perhapsl
stepto do the patternmatchingand1 moreto returnthevalue0). Whatif thelist is of
length1. Well, it would takehowever muchtime thelist of length0O would take,plusa
few morestepdor doingthefirst (andonly element).

If theinputlist is of lengthn, it will takehowever mary stepsanemptylist would
take (call this valuey) andthen, for eachelementit would take a certainnumberof
stepsto do theadditionandtherecursve call (call thisnumberz). Then,thetotal time
this function will takeis nz + y sinceit needsto do thoseadditionsn mary times.
Theser andy valuesarecalledconstantvalues sincethey areindependenof n, and
actuallydependenbnly on exactly how we definea machinestep,sowe really don't
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wantto considerthemall thatimportant. Thereforewe saythatthe compleity of this
sumfunctionis O(n) (readordern”). Basicallysayingsomethings O(n) meanghat
for someconstanfactorsz andy, thefunctiontakesnz + y machinestepso complete.

Considerthe following sorting algorithm for lists (commonly called “insertion
sort”):

sot [] =1
sort [X] = [X]
sort (x:xs) = insert  (sort  Xs)
where insert [] = [X]
insert  (y:ys) | x <=y =X :Yy:.ys
| otherwise =y : insert ys

Thewaythis algorithmworksis asfollow: if wewantto sortanemptylist or alist
of justoneelementwe returnthemasthey are,asthey arealreadysorted.Otherwise,
we have alist of the form x:xs . In this case we sortxs andthenwantto insertx
in the appropriatdocation. That's whatthe insert  function does. It traversesthe
now-sortedtail andinsertsx wherever it naturallyfits.

Let'sanalyzehaw longthis functiontakesto complete. Supposét takesf(n) stepts
to sortalist of lengthn. Then,in orderto sortalist of n-mary elementsyve first have
to sortthetail of thelist first, whichtakesf(n — 1) time. Then,we have to insertx into
this naw list. If x hasto go attheend,thiswill takeO(n — 1) = O(n) steps.Putting
all of thistogetherwe seethatwe have to do O (n) amountof work O(n) mary times,
which meansthat the entirecompleity of this sortingalgorithmis O(n?). Here,the
squareds notaconstanwalue,sowe cannotthrow it out.

Whatdoesthis mean?Simply thatfor reallylonglists, thesum functionwon’t take
very long, but thatthe sort functionwill takequite sometime. Of coursethereare
algorithmsthat run muchmoreslowly thatsimply @(n?) andthereare onesthatrun
morequickly thanO(n).

Considerthe randomaccesdunctionsfor lists andarrays. In the worst case,ac-
cessingan arbitrary elementin a list of lengthn will take O(n) time (think about
accessinghe lastelement).However with arrays,you canaccessary elementmme-
diately, whichis saidto bein constantime, or O(1), which is basicallyasfastanary
algorithmcango.

Theres muchmorein compleity theorythanthis, but this shouldbe enoughto
allow youto understandall the discussionén this tutorial. Justkeepin mindthatO(1)
is fasterthanO(n) is fasterthanO(n?), etc.
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Recursionand Induction

Informally, a functionis recursve if its definition dependon itself. The prototypical
exampleis factorial,whosedefinitionis:

1 n=2>0
fact(n) :{ n* fact(n —1) n>0

Here,we canseethatin orderto calculatefact(5), we needto calculatefact(4),
butin orderto calculatgfact(4), we needto calculatefact(3), andsoon.

Recursve functiondefinitionsalwayscontainanumberof non-recursiebasecases
and a numberof recursve cases.In the caseof factorial, we have oneof each. The
basecaseis whenn = 0 andtherecursve caseis whenn > 0.

Onecanactuallythink of the naturalnumbersthemselesasrecursve (in fact, if
you ask settheoristsaboutthis, they'll saythis is how it is). Thatis, thereis a zero
elementand thenfor every element,it hasa successor Thatis 1 = succ(0),2 =
suee(l),...,573 = suce(573), ... andsoonforever. We canactuallyimplementthis
systemof naturalnumbersn Haskell:

data Nat = Zero | Succ Nat

This is a recursve type definition. Here, we represenbneas Succ Zero and
threeasSucc (Succ (Succ Zero)) . Onethingwe mightwantto dois beable
to convert backandforth beveenNats andints. Clearly, we canwrite a basecaseas:

natTolnt Zero = 0

In orderto write therecursve case we realizethatwe're goingto have something
of theform Succ n. We canmakethe assumptiorthatwe’ll be ableto taken and
produceanint . Assumingwe cando this, all we needto do is addoneto this result.
This givesriseto our recursve case:

natTolnt  (Succ n) = natToint n + 1
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Thereis a closeconnectiorbetweerrecursionandmathematicainduction. Induc-
tion is a proof techniquewhich typically breaksproblemsdown into basecasesand
“inductive” casesyery analogougo our analysisof recursion.

Let’s saywe wantto prove thestatement:! > n for all n > 0. Firstwe formulate
abasecase:namely we wishto prove thestatemeniwvhenn = 0. Whenn = 0, n! =1
by definition. Sincen! = 1 > 0 = n, we getthat0! > 0 asdesired.

Now, supposéhatn > 0. Thenn = k + 1 for somevaluek. We now invokethe
inductivehypothesisandclaim thatthe statemenholdsfor n = k. Thatis, we assume
thatk! > k. Now, we usek to formatethestatementor ourvalueof n. Thatis, n! > n
if andonly iff (£ + 1)! > (k 4+ 1). We now apply the definition of factorial and get
(k+ 1= (k+ 1) * k. Now, weknow k! > k,so(k + 1) x k! > k + 1if andonly if
k+ 1> 1. Butweknow thatk > 0, whichmeanskt + 1 > 1. Thusit is proven.

It mayseemabit counterintuitivethatwe areassuminghatthe claimis truefor &
in ourproofthatit is truefor n. You canthink of it like this: we've provedthestatement
for the casewhenn = 0. Now, we know it’ strue for n = 0 sousingthis we useour
inductive agumentto show thatit’ struefor n = 1. Now, we know thatit is true for
n = 1 sowe reuseour inductive agumentto show thatit'strue for n = 2. We can
continuethis agumentaslong aswe wantandthenseethatit’ struefor all n.

It's muchlike pushingdown dominoes.You know thatwhenyou pushdown the
first domino,it’ sgoingto knock over thesecondone. This, in turnwill knockoverthe
third, andsoon. The basecases like pushingdown thefirst domino,andtheinductive
caseis like shaving thatpushingdown dominok will causehek + 1stdominoto fall.

In fact, we canuseinductionto prove thatour natTolnt  function doestheright
thing. Firstwe prove thebasecase:doesnatTolnt ~ Zero evaluateto 0? Yes,obvi-
ously it does.Now, we canassumehatnatTolnt  n evaluatesto the correctvalue
(this is the inductive hypothesisiandaskwhethernatTolnt ~ (Succ n) produces
the correctvalue.Again, it is obviousthatit does by simply looking at the definition.

Let's considera morecomplex example: additionof Nats. We canwrite this con-
ciselyas:

addNat Zero m= m
addNat (Succ n) m = addNat n (Succ m)

Now, let's prove thatthis doesthe correctthing. First, asthebasecase supposehe
firstagumentis Zero . We know that0 + m = m regardlesof whatm is; thusin the
basecasethealgorithmdoesthe correctthing. Now, suppose¢hataddNat n mdoes
the correctthing for all mandwe wantto shav thataddNat (Succ n) mdoesthe
correctthing. We know that (n + 1) + m = n + (m + 1) andthussinceaddNat
n (Succ m) doesthe correctthing (by the inductive hypothesis)our programis
correct.
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“Real World” Examples

In this sectionwe have attemptedo includethe codefor somerealworld applications
written in Haskell. We have attemptedo commenthe codesufficiently thatit canbe
understoodvith only the knowledgeof Haskellwhich comesfrom this tutorial. The
codefor all of thesegprogramss availableoff thetutorialwebsitehttp://www.isi.edu/

)

169

hdaume/htut/



170 APPENDIXC. “REAL WORLD” EXAMPLES



Appendix D

Solutions To Exercises

Solutionl

It bindsmoretightly; actually function applicationbinds moretightly thanarything
else.To seethis, we cando somethindike:

Prelude> sqrt 3 * 3
5.19615

If multiplicationboundmoretightly, theresultwould have been3.

Solution2

Solution:snd (fst  ((1,’a’),"foo")) . Thisis becausdirst we wantto take
thefirst half thethetuple: (1,'a’) andthenout of this we wantto takethe second
half, yieldingjust’a’

If youtriedfst (snd ((1,’a’),"foo")) youwill have gottenatypeerror.
Thisis becaus¢heapplicationof snd will leave youwith fst  “foo" . However, the
string“foo” isn’t atuple,soyou cannotapplyfst toit.

Solution3

Solution: mapisLower"aBCde”

Solution4
Solution:length(filter isLower "aBCde”)

Solution5
foldr max0 [5,10,2,8,1].You couldalsousefoldl. Thefoldr caseis easierto explain:
we replaceeachconswith anapplicationof maxandthe emptylist with 0. Thus,the
innermostapplicationwill takethe maximumof 0 andthe lastelementof thelist (if
it exists). Then,the next-mostinner applicationwill returnthe maximumof what-
ever wasthe maximumbeforeandthe second-to-lasélement. This will continueon,
carryingto currentmaximumall theway backto the beginning of thelist.
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In thefoldl casewe canthink of this aslooking at eachelementin thelist in order
We startoff our “state” with 0. We pull off the first elementand checkto seeif it's
biggerthanour currentstate.If it is, we replaceour currentstatewith thatnumberand
the continue. This happendor eachelementandthuseventuallyreturnsthe maximal
element.

Solution6
fst (head(tail [(5,0),(1,°C),(6,a)])

Solution7
We candefineafibonaccifunctionas:

fib 1
fib 2
fib n

1
1
fib (n-1) + fib (n-2)

We couldalsowrite it usingexplicit if statementdjke:

fib n =
if n==1]| n ==
then 1
else fib (n-1) + fib (n-2)

Eitheris acceptablebut thefirst is perhapanorenaturalin Haskell.

Solution8
We candefine:
p=1 b=1
o= a+ax(b—1) otherwise
And thentypeout code:
mult a 1 = a
mult a b =a + mult a (b-1)

Notethatit doesnt matterwhich of @ andb we do therecursionon. We couldjust
aswell have definedit as:

mult 1 b=~>0
mult a b =Db+ mult (a-1]) b
Solution9

We candefinemy_mapas:
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my_map f [| = ]
my mapf (xxs) =f x : my mapf xs

Recallthatthemy_mapfunctionis supposedo applyafunctionf to everyelement
in thelist. In the casethatthelist is empty thereareno elementgo applythefunction
to, sowe just returnthe emptylist.

In the casethat the list is non-empty it is an elementx followed by a list xs .
Assumingwe've alreadyproperlyappliedmy_mapto xs, thenall we're left to dois
applyf to x andthenstick the resultstogether This is exactly whatthe secondine
does.

Solution10

Thecodebelowv appearsn Numbers.hs . Theonly tricky partsaretherecursve calls
in getNums andshowFactorials

module Main

where
import 10
main = do

nums <- getNums

putStrLn  ("The sum is ++ show (sum nums))

putStrLn  ("The product is " ++ show (product nums))
showFactorials nums

getNums = do
putStrLn  "Give me a number (or O to stop):"
num <- getLine
if read num ==
then return ]
else do rest <- getNums
return  ((read num : Int):rest)

showFactorials 1
showFactorials (x:x8) do
putStrLn  (show x ++ factorial is
show (factorial X))
showFactorials XS

return ()

"4+

factorial 1 =1
factorial n = n * factorial (n-1)

Theideafor getNums is justasspelledoutin the hint. For showFactorials ,
we considerfirst the recursve call. Supposewe have a list of numbers the first of
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whichis x. Firstwe print out the string shawving the factorial. Thenwe print out the
rest, hencethe recursve call. But what shouldwe do in the caseof the emptylist?
Clearly we are done,sowe don't needto do arything at all, sowe simply return
0 -

Notethatthismustbereturn () insteadof just() becauséf we simply wrote
showFactorials [ = ( thenthiswouldn'tbeanlO action,asit needgo be.
For moreclarificationon this, you shouldprobablyjust keepreadingthetutorial.

Solutionl11

String or [Char]
2. typeerror: listsarehomogenous
3. Num a = (a, Char)
4. Int

5. typeerror: cannotaddvaluesof differenttypes

Solution12
Thetypes:
1. (a,b)— > b
2. [a]—>a
3. [a]— > Bool
4. [a]— > a
5. [[a]]- > a
Solution13
Thetypes:

1. a— > [a]. Thisfunctiontakesanelemen&ndreturnsthelist containingonly that
element.

2. a— > b— > b— > (a, [b]). Thesecondandthird agumentmustbe of thesame
type,sincethey gointo thesamédlist. Thefirst elementcanbeof ary type.

3. Num a => a— > a. Sincewe apply(+) to a, it mustbeaninstanceof Num.
4. a— > String. Thisignoresthefirst agument,soit canbeary type.

5. (Char— > a)— > a. In thisexpressionx mustbeafunctionwhichtakesa Char
asanargument.We don't know arything aboutwhatit producesthough,sowe
callit a.
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6. Typeerror Here,we assumex hastypea. But x is appliedto itself, soit must
have typeb— > c. But thenit musthave type (b— > c)— > c, but thenit must
havetype ((b— > ¢)— > ¢)— > c andsoon, leadingto aninfinite type.

7. Num a => a— > a. Again, sincewe apply (+) , this mustbe an instanceof
Num.

Solution14

Thedefinitionswill besomethindike:

data Triple a b c Triple a b c

tripleFst (Triple Xy 2z =X
tripleSnd (Triple Xyz) =y
tripleThr (Triple Xy z =2z

Solutionl15

The code,with typesignaturesis:

data Quadruple a b = Quadruple a a b b

firstTwo  Quadruple a b -> [q]
firstTwo (Quadruple x vy z t) = [xy]

lastTwo : Quadruple a b -> [b]
lastTwo (Quadruple x vy z t) = [z1]

We note herethat there are only two type variables,a and b associatedwvith
Quadruple .

Solution16

Thecode:

data Tuple a b c d e One a
Two a b

Three a b ¢
Four a bcd

tuplel  (One a ) = Just a
tuplel  (Two ab ) = Just a
tuplel (Three a b c ) = Just a
tuplel (Four a b c d) = Just a
tuple2  (One a ) = Nothing
tuple2  (Two ab ) =Jdust b
tuple2 (Three a b c ) = Just b
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tuple2 (Four a b c d) = Just b

tuple3  (One a ) = Nothing

tuple3  (Two ab ) = Nothing

tuple3 (Three a b c ) = Just c

tuple3 (Four a b c d) = Just c

tupled  (One a ) = Nothing

tupled  (Two ab ) = Nothing

tupled (Three a b c ) = Nothing

tuple4 (Four a b c d) = Just d

Solutionl17

Thecode:

fromTuple (One a ) = Left (Left a )
fromTuple (Two ab ) = Left (Right  (a,b) )
fromTuple (Three a b ¢ ) = Right (Left (a,b,c) )
fromTuple (Four a b c¢ d) = Right (Right (a,b,c,d))

Here,we useembeddedEither sto representhefactthattherearefour (instead
of two) options.

Solution18

Thecode:

listHead (Cons x xs8) = X

listTail (Cons x xs) = xs

listFoldl f y Nl =y

listFoldl f y (Cons x xs) = listFoldl f f yx) xs
listFoldr f y Nl =y

listFoldr f y (Cons x xs) = f x (foldr f z xs)

Solution19
Thecode:
elements (Leaf x) = [X]

elements (Branch Ihs x rhs) =
elements lhs ++ [x] ++ elements rhs

Solution20

Thecode:
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foldTree = (@ -> b -> b) -> b -> BinaryTree a -> b
foldTree f z (Leaf x) =f x z
foldTree f z (Branch |hs x rhs) =

foldTree f (f x (foldTree f z rhs)) Ihs

elements2 = foldTree (1) ]
or:
elements2 tree = foldTree (\a b -> ab) [ tree

Thefirst elements2 is simply amorecompactversionof the second.

Solution21

Usingif, we getsomethindike:

main = do
putStrLn  "Please enter your name:"
name <- getLine

if name == "Simon" || name == "John" || name == "Phil"
then putStrLn  "Haskell is great!"
else if name == "Koen"
then putStrLn  "Debugging Haskell is fun!"
else putStrLn "I don't know who you are."

Note that we don't needto repeatthe dos insidetheifs, sincetheseareonly one
actioncommands.

We couldalsobe a bit smarterandusethe elem commandvhichis built in to the
Prelude:

main = do
putStrLn  "Please enter your name:"
name <- getLine

if name ‘elem’ ['Simon", "John",  "Phil"]

then putStrLn  "Haskell is great!"

else if name == "Koen"
then putStrLn  "Debugging Haskell is fun!"
else putStrLn "I don't know who you are."

Of coursewe neednt putall theputStrLn  sinsidetheif statementsWe could
insteadwrite:

main = do
putStrLn  "Please enter your name:"
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name <- getLine

putStrLn
(if  name ‘elem' ['Simon", "John",  "Phil"]
then "Haskell is great!"
else if name == "Koen"
then "Debugging Haskell is fun!"
else "I don't know who you are.")

Usingcase we getsomethindike:

main = do
putStrLn  "Please enter your name:"
name <- getLine
case name of

"Simon" -> putStrLn  "Haskell is great!"
"John" -> putStrLn  "Haskell is great!"
"Phil" -> putStrLn  "Haskell is great!"
"Koen"  -> putStrLn  "Debugging Haskell is fun!"
_ -> putStrkn "I don't know who you are."

Which, in this casejs actuallynot muchcleaner

Solution22

The codemightlook somethindike:

module DoFile where

import 10
main = do
putStrLn  "Do you want to [read] a file, e

cmd <- getlLine
case cmd of

"quit" -=> return ()
"read" -> do doRead; main
"write" -> do doWrite; main

-> do putStrLn
("l don't understand the command "
++ cmd ++ ".")
main

doRead = do
putStrLn  "Enter a file name to read:"
fn <- getLine
bracket  (openFile fn ReadMode) hClose




(\h -> do txt <- hGetContents h
putStrLn  txt)

doWrite = do

putStrLn  "Enter a file name to write:"
fn <- getLine
bracket (openFile fn  WriteMode) hClose

(\n  -> do putStrLn
"Enter text (...):"
writeLoop  h)

writeLoop h = do
| <- getLine
if 1 ==""
then return ()
else do hPutStrLn h |
writeLoop  h
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Theonly interestinghingsherearethecallsto bracket , whichensurghethatthe
programliveson, regardlesof whethertheres a failure or not; andthe writeLoop

function. Note that we needto passthe handlereturnedby openFile
bracket to thisfunction,soit knowswhereto write theinput to).

(through

Solution23

Functionfunc3 cannotbe convertedinto point-freestyle. The otherslook something
like:

funcl x = map (*X)

func2 f g = filter f map g

funcd = map (+2) . filter (‘elem’ [1..10]) (59

funcs = foldr (uncurry $ flip f) O

\end{Soln}

\begin{Soln}{24}

We can start out with a recursive definition:
\begin{code}

and [] = True

and (xxs) = x && and xs

Fromhere,we canclearlyrewrite this as:

and = foldr (&&) True
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Solution25

We canwrite thisrecursvely as:

concatMap f [] = ]
concatMap f (xixs) = f x ++ concatMap f xs

This hintsthatwe canwrite this as:

concatMap f = foldr (a b -> f a ++ b) [

Now, we cando point eliminationto get:

foldr (\a b -> f a ++ b) ]
==> foldr (a b -> (++) (f a) b) []
==> foldr (a -> (++) (f a) [
==> foldr (a -> ((++) . f) a) []
==> foldr ((++) . f) ]

Solution26

Thefirstlaw is: return a >>= f =f a. Inthecaseof Maybe, we get:

return a >>= f
==> Just a >>= \x > f Xx
=> (Xx > f x) a
==> f a

Thesecondaw is: f >>= return =f. Here,weget:

f >>= return
=> f >>= \x -> return Xx
=> f >>= \x -> Just X

At this point, therearetwo casesdependingn whetherf is Nothing or not. In
thefirst casewe get:

==> Nothing >>= \x -> Just x
==> Nothing
==> f

In thesecondtasef isJust a. Then,weget:

==> Just a >>= \x -> Just X
==> (X -> Just x) a

==> Just a

==> f
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And thesecondaw is showvn. Thethird law statesf >>= (\x -> g x >>=
hy =(f >>=g) >>= h.

If f is Nothing , thentheleft-hand-sideclearlyreducego Nothing . Theright-
hand-sideeducedo Nothing >>= h whichin turnreducego Nothing , sothey
arethesame.

Supposd isJust a. ThentheLHS reducesog a >>= h andthe RHSre-
duceso(Just a >>= \x -> g x) >>= hwhichinturnreducesog a >>=
h, sothesetwo arethesame.

Solution27

Theideais thatwe wishto usetheLeft constructotto represenerrorsonthe Right
constructoro represensuccessedl his leadsto aninstancedeclaratiorlike:

instance  Monad (Either String) where
return X = Right x
Left s >>= = Left s
Right x >>=f =f x
fail S = Left s

If wetry to usethis monadto do searchye get:

Monads> searchAll gr 0 3 :: Either String [Int]
Right [0,1,3]

Monads> searchAll gr 3 0 :: Either String [Int]
Left "no path"

whichis exactly whatwe want.

Solution28

Theorderto mplus essentiallydeterminghe searchorder Whenthe recursve call to
searchAll2  comedirst, we aredoing depth-firstsearch Whenthe recursve call to
search’ comesfirst, we aredoing breadth-firsisearch.Thus, usingthelist monad,
we expectthe solutionsto comein the otherorder:

MPlus> searchAll3 gr 0 3 : [[int]]
[[0,2,3],[0,1,3]]

Justaswe expected.

Solution29

This is a very difficult problem;if you found thatyou werestuckimmediately please
justreadasmuchof this solutionasyou needto try it yourself.
First,we needto definealist transformemonad.This lookslike:
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newtype ListT me = ListT { unListT = ml[e] }

TheListT constructosimplywrapsamonadicaction(in monadm whichreturns
alist.
We now needto makethis amonad:

instance Monad m => Monad (ListT m) where
return  x = ListT  (return XD

fail s = ListT  (return 0 )
ListT m>>= k = ListT $ do

I <~ m

' <- mapM (unListT k)

return  (concat I')

Here, succesds designatedy a monadicaction which returnsa singletonlist.
Failure (like in the standardist monad)is representetty anemptylist: of coursejt’s
actuallyanemptylist returnedfrom the enclosednonad.Binding happengssentially
by runningthe actionwhich will resultin alist| . This hastype[e] . We now need
to applyk to eachof theseelementgwhichwill resultin somethingf typeListT m
[e2] . We needto getrid of theListT saroundthis (by usingunListT ) andthen
concatenatéhemto makea singlelist.

Now, we needto makeit aninstanceof MonadPlus

instance Monad m => MonadPlus (ListT m) where
mzero = ListT  (return m
ListT ml ‘mplus* ListT m2 = ListT $ do
1 <- mil
2 <- m2
return (11 ++ 12)

Herethezeroelemenis amonadicactionwhich returnsanemptylist. Additionis
doneby executingbothactionsandthenconcatenatingheresults.
Finally, we needto makeit aninstanceof Monad Trans:

instance MonadTrans ListT where
lift X = ListT (do a <- x; return [a])

Lifting anactioninto ListT  simply involvesrunningit andgettingthe value(in
this casea) outandthenreturningthe singletonlist.
Oncewe have all thistogetheywriting searchAll6 s fairly straightforward:

searchAll6 g@(Graph vl el) src dst
| src == dst = do
it $ putStrn  $
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"Exploring " ++ show src ++ " -> " ++ show dst
return  [src]
| otherwise = do
it $ putStrkn  $
"Exploring " ++ show src ++ " -> " ++ show dst
search’ el
where
search’ [ = mzero
search’  ((u,v,_):es)
| src == u =
(do path <- searchAll6 g v dst
return  (u:path)) ‘mplus
search’ es
| otherwise = search’ es

Theonly changgbesideshangingherecursve call to call searchAll6  instead
of searchAll2 ) hereis thatwe call putStrLn  with appropriatearguments|ifted
into themonad.

If welook atthetypeof searchAll6 , we seethattheresult(i.e., afterapplyinga
graphandtwo ints) hastype MonadTrans t, MonadPlus (t 10) =>t IO
[Int]) . Intheory we couldusethiswith ary appropriatenonadtransformerjn our
casewe wantto useListT . Thus,we canrunthisby:

MTrans> unListT  (searchAll6 gr 0 3)
Exploring 0> 3

Exploring 1> 3

Exploring 3 >3

Exploring 2 > 3

Exploring 3 >3

MTrans> it

[[0,1,3],[0,2,3]]

Thisis preciselywhatwe werelooking for.

Solution30

This exerciseis actuallysimplerthanthepreviousone.All we needto doisincorporate
thecallsto putT andgetT into searchAll6  andaddanextralift to thelO calls.
This extra lift is requiredbecausenow we're stackingtwo transformerson top of 10

insteadof justone.

searchAll7 g@(Graph vl el) src dst
| src == dst = do
it $ lit $ putStrLn  $
"Exploring " ++ show src ++
visited <- getT

-> " 4+ show dst
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putT (src:visited)
return  [src]
| otherwise = do
it $ lit $ putStrLn  $
"Exploring " ++ show src ++ " -> " ++ show dst
visited <- getT
putT (src:visited)
if src ‘elem' visited
then mzero
else search’ el

where
search’ [ = mzero
search’  ((u,v,_):es)
| src == =
(do path <- searchAll7 g v dst
return  (u:path)) ‘mplus’
search’ es
| otherwise = search’ es

Thetypeof this hasgrown significantly After applyingthegraphandtwo ints, this
hastype Monad (t 10), MonadTrans t, MonadPlus (StateT [Int]
(t 10)) => StateT [Int] (t 10) [Int

Essentiallythis meanghatwe've got somethinghat’s a statetransformemrapped
on top of someotherarbitrary transformer(t ) which itself sits on top of 10. In our
caset isgoingto belListT . Thus,werunthisbeasty saying:

MTrans> unListT  (evalStateT (searchAll7 g4 0 3) [)
Exploring 0> 3

Exploring 1> 3

Exploring 3 >3

Exploring 0> 3

Exploring 2 > 3

Exploring 3 >3

MTrans> it

[[0,1,3],[0,2,3]]

And it works,evenongr4 .

Solution31

Firstwe write afunctionspaces whichwill parseoutwhitespaces:

spaces : Parser ()
spaces = many (matchChar isSpace) >> return ()

Now, usingthis, we simply sprinkle calls to spaces throughintList to get
intListSpace
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intListSpace o Parser [Int]
intListSpace = do
char T
spaces
intList’ ‘mplus‘ (char '] >> return [])
where intList’ = do
i <- int
spaces
r <- (char '’ >> spaces >> intList)
‘mplus
(char T >> return ]
return  (icr)

We cantestthatthis works:

Parsing> runParser intListSpace "M ,2 , 4 \n\n ,5\n]"
Right (",[1,2,4,5])

Parsing> runParser intListSpace "M ,2 , 4 \n\n La\n]"
Left “"expecting char, got ’'a™

Solution32

We do this by replacingthe statefunctionswith pushandpopfunctionsasfollows:

parseValuelet2 = CharParser (FiniteMap Char [Int]) Int
parseValuelet2 = choice
[ int
, do string ‘"let
c <- letter
char =
e <- parseValuelLet2
string " in
pushBinding c e
v <- parseValuelLet2
popBinding ¢
return v
, do c <- letter
fm <- getState
case lookupFM fm c of

Nothing -> unexpected ("variable "4+
show c ++
" unbound")
Just (i) -=> return i

, between (char () (char ') $ do
el <- parseValuelLet2
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op <- oneOf "+*
e2 <- parseValuelLet2
case op of
'+ > return (el + e2)
o> return (el * e2)
]
where
pushBinding ¢ v = do
fm <- getState
case lookupFM fm c of
Nothing -> setState (addToFM fm c [v])
Just | -> setState (addToFM fm c (v:l))
popBinding ¢ = do
fm <- getState
case lookupFM fm c of
Just [] -> setState  (delFromFM fm c¢)
Just () -> setState  (addToFM fm c )

Theprimarydifferencehereis thatinsteadof calling updateState , we usetwo
local functions,pushBinding  andpopBinding . The pushBinding function
takesavariablenameandavalueandaddsthevalueontotheheadof thelist pointedto
in thestateFiniteMap . ThepopBinding functionlooksatthevalueandif thereis
only oneelemenbnthestack,it completelyremovesthestackfrom the FiniteMap ;
otherwiseit just removes the first element. This meansthat if somethingis in the
FiniteMap , thestackis never empty

This enablesusto modify only slightly the usagecase;this time, we simply take
thetop elementoff the stackwhenwe needto inspectthe valueof a variable.

We cantestthatthis works:

Parsecl> runParser parseValuelLet? emptyFM "stdin"
"((let x=2 in 3+4)*x)"

Left “stdin" (ine 1, column 20):

unexpected variable X’ unbound
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