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AmaryopeleTaL 1) avTIypor], 0o KeELOT Kot S10VOUT TS TAPOVSUS EPYACIAG, €& OAOKANPOL 1 TUN-
LOTOG QUTAG, Yot EUTOPIKO okomd. Emtpéneton n avartdnwon, amodnikevon kot dlovoun yio. okomd
L1 KEPOOGKOMIKO, EKTALOEVTIKNG 1 EPEVVITIKNG GVONGC, VIO TNV TPoUTOOEGN VO avapEPETaL 1) TNy
npoélevong kot va dratnpeiton to Tapdv pnvope. Epotipata mov apopoldv ) xpion e epyaciog
Y10 KEPOOOKOTIKO GKOTO TPEMEL VA, ameLBVVOVTAL TTPOG TOV GLYYPUPEQ.

O1 amOYELS KO TOL GUUTEPAG AT TTOV TEPIEXOVTOAL GE AVTO TO £YYPAPO EKPPALOVV TOV GUYYPUPEN Kol

dgv mpémet va epunvevdel 0TL avtimpoocwnevovy Ti enionpeg Béoeig tov EBvikod Metoofiov [Tolvte-
YVeiov.



IHepiinyn

YKomdg TG TOPOVGOS EPYOCING Eival 1) OYESINON KOt VAOTOINGT| OG GUVOPTNGLOKNG YADCGOS TPO-
ypoppatiopov, Paciopévng ot Haskell. Xe avti ) yYA®cca tpoonddnoa va amopovaom To HEPOG
g YA®ooag Haskell mov ypnoyomoid mo cvyva, oArlalovtag TapdAinia tn cOVIoEn KATOoV GL-
OTOTIKOV OGTE Vo glval o gvovayvoota. Ta mapamdveo vAoromdnKoy 6€ Evav HETAYADTTICT arnd
v véa YAdooa otnv Haskell.

AéEe1g KAEOWA

INdooa mpoypappaticpod Haskell, Zuvaptnolokdg mpoypappatiopnds, [AOGCGES Tpoypappoticpo,
2votipota TOTeV, MetayA®TTiotés, I pappatikés, ZuvtaKTik avaAvot), ZuvTokTikd 6évtpo, Exepd-
oelg, Teheotéa.






Abstract

The purpose of this diploma dissertation is the design and implementation of a functional programming
language, based on Haskell. In this language, I tried to isolate the part of Haskell that I use most often
and to change the syntax of some language components, in order to make them more readable. I have
implemented the above by means of a translator from the new language to Haskell.

Key words

Haskell programming language, Functional programming, Programming languages, Type systems,
Compilers, Grammars, Syntax analysis, Syntax tree, Expressions, Operators.
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Kepaiawo 1

Ewsayoyn

H Haskell givon puo amoiavotikn YAdooo tpoypoppaticpod [1].

Qo1660, dev Qaivetar va katéyel ™ Béon mov g a&ilel wg PO 10 TOGO dNUOPIANG lvar pe-
ta&) TV Tpoypappotiotov. [ati copPaivel avto; Eivar ex pboewmg dbokoin otn udbnon 1 pimog n
ovuvtaén g eivat Tepimhokn yia tov apyapto; [liotedm 6Tt pe Kamoleg arlayég otn ovvtaén Tov Ba
TNV KOTOGTIOOVV TO OIKEIN TPOG TOV VEO XPNOTI), OEV Bal LINPYE WO EAKLOTIKY YA®GGO and T (VEQ)
Haskell. Ze avt) v KatevBovon, mapovctdlo Kamotes (eAmilm ypMoILEeS) VEEC CUVTAKTIKES SOUES,
OO TIG OTOleC UEPIKES EVOL O KOVTA GTO TPOGTUKTIKO/AVTIKELUEVOSTPEPT GTUA TPOYPOLUATIGHOD
(Y10 va TpOGEAKDGOVY TEPIGGOTEPOVG NON EUTELPOVE TPOYPUUUATIGTES OO AVTEG TIC YADGOECS), LLEPL-
KEG elval o KOVTA oTa pabnpatikd (oo oroio o Tpémet va gival EUTELPOL 01 TEPLGGOTEPOL TPOYPULL-
LOTIOTES) Kot PEPIKEG elval o KOVTA 6T QLGIKY YADGG (0TnV onoia elplacte OAOL 101 EUTELPOL).

H Haskell givar pakpdv n ayommpuévn Hov YA®GGo TPOYPOULATICLOD KOLHTAY ETGL OO TNV TPMTN
OTLYUN OV Gpyloa va TV Kataiofoive. Gupdpot va ) podoiveo 6to pddnua tov Tpoyopnuévov
YAWGG®Y TPOYPALUATIOHOD TTov didacke o emiPAénmv ¢ datpiPic pov, o kvplog IoamacTdpov.
Kabag dpyroa vo kotahafaive ndc cuvdéovtal OAeG ot SoUEG HETOED TOVG LE AVTOV TOV OUOPPO
TEPIEKTIKO TPOTO, APYLON EMIONG VO AVUPMTIELOL, YIOTL VO YPTCLLOTOMNC® TOTE OTOLOONTOTE Ao
OVTEC TIG GALEG YADOOES TTOL £ Mabet; Tt va xdom Tov ¥povo HoL YPAPOVTAG KOJIKO GE YADGGES
7oV &lvat 1660 SVOKOAES TNV AVAYV®GT 1)/Kol TOGO SOVGKOAES GTOV EVIOTICUO GOAALATOV; AVTO TO
cuvaicOnpa Tov vo aenve Tov HETayA®TTIOT va pe kabodnyel og Oda ta Adbn pov kot petd... Téhog!
AmAG o Tpdypappa Asttovpyel! (Tig meptocotepec popéc) [16co e€anpetikd! Eapvikd, o KOdkag eivar
€VOg EVYAPLOTOG YPIPOG THTTOV, TOL TPENEL AMADS VO GLVIVAGTOVV LE TOV 6MOTO TPpOTOo. EmmAéov,
VILAPYEL Kol EVOG TOAD YpNoog 01 ydc!

ATo TV GAAN TAELPA, TPV PTAC® GE 0VTO TO GMUEID KOTOVONONG, BPLOKOUOVY GE LEYOAT GUY-
yvon. Ttonuaivel ayvog; Ti elval avtég o1 povddeg mov gaivetar va eivatl 1060 onuavtikés; [oti avt
N €vtoAn ”do” dev pe apnvel va Kave avtd mtov BEAo va kave; Tt eivar avtd o Tpdypata tov Ee-
KwvoOv pe kepoiaio ypappa kot potdlovv pe cvvaptioets; ['oti vdpyovv toca ToAAL BEAN oTOLG
tomovg; Kabmg dpyroa va katodafaive oryd oryd OAo ovtd kot xApnKo oAl e duTo TO YEYOVAG, E100
oiAovg va eykataieimovy o pdnua. ’Agv Katadafoaive kot dev TpOKELTOL TOTE VO KATAAGP®”, LoV
gimav, yotl ypealdpoote dha oLTE To TPAYUOTO 0OVTMG 1 AAA®DC;”. AgV LTopoVca VoL TOVG TEICM Vi
unv eykataAeiyovv to pabnua. Elyo poig apyicel va katodofaive o i010¢ Kot dev fuovv cg Béon va
T0 €€NYNO® LE GUPNVELD GE AAAOVG, NTOV TEPIGGOTEPO La aicOnor ohvoeonc KOUUATIOV TalA Kot
Oovpoouov Y10, To TOG0 EDKOAO NTOV VO YPAY® KOOIKA.

KaBdhg meBopovv 610 kot teptocdtepo 0Tt BEA® VO ATOPUY® VO YPAP® KOJIKA GE AAAEG YADGGEC,
avapOTOnKa eniong, yioti avtdg dev givar o kupiapyog Tpomog Ypoeng kadika; ['ati n Haskell dev
Bpioketatl ovTE GTNV TPOTN TEVTAOA TOV TLO INUOPIADY YAOCGOMV, EVO Yo péva ivor Eexdbapa 610
VOUUEPO €va; QG UNYAVIKOG Kol EMIGTHUOVOGS, TPETEL CAAMGTE VO, EEETACM T HEGOUEVA KOl VO, DO
™V KaAotepn dvvarr eénynon. Gucikd, dev €xm akopa 10éa, aAld Bo Tpocmabnow® vo HovTEW® LE
Baon tic epumepieg pov. Ipdtov, ta epyaireio avantuéng iomg va amotelobv TPpOPANLHA Kot Giyovpa
moALol dvBpomot (cupumephapPavoprévon Kot ELOV) €YoV AVTILETOTIGEL TpofAnpoTa eotiag TOVG.
AT Opmg elvat Eva SUGKOAO TPOPAN LA Kot Eemepvael TO okomd VTG TG epyaciag. Avtifeta, 0Ehm
Vo EMKEVTP®O®D 6 o GAAN droymn oty omtoio oryd oryd katéAn&a, 1 oroia eivar dtim onpacloloyio
™G YA®GGag sival TANPNG Kot o Topapeivel Yo TavTo 1 avaTepn onuactoloyio. AvtifEéTmg, dev
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moTed® OTL pnopei va eimmbei To 1610 yo T ovvTadn.

‘Ooco ayandpe 6Aor Tig omapyég tng Haskell, Tov A-Aoyiopo, motedo 6ti 1 6Oviaén tov A-Aoyiopon
éxel eEummpetnoet Kot Euanpetel Tov 6Komo TG 6ToV Be@PNTIKO TOpEN Kot OgV TPETEL VoL EMPAALETOL
GTOV HECO UNYAVIKO AOYIGLUKOD, TTOL amAmg BEAEL vo Acet Eva TpoPAnua. H epoappoyn tov cuvop-
THOEOV oTa PafnpUaTKG €0 Kol adVeG EYEL T oapn cvuvtaén 6mov ol petaPfAntés Ppickovtal oe
TapEVOEST Kol ¢ €K TOVTOL dowPilovTol ONTIKG e CAPNVELD AT Tr CLVAPTNOT vTr. Agv glvar
OTOPAITNTO VO XPTCLLOTOLOVUE Tr] GUVTAET TOV A-AOYIGHOD Y10l VO CKEPTOUOGTE LLE T1| OT|LOGLOAOY 0L
TOV A-AOYIGLOV.

Emumiéov, mapoAo mov gival EKTANKTIKO TO YEYOVOG OTL LTOPOVLE VO KAVOVE CUUTEPUCUO TOTMV,
oV wpa&n, av dev ypnouonomBolv emonueimoelg Tonov, n Haskell ydvel v opopeid tng ko
yiveTatl ToAD dVGKOAN GTNV aVAYV®GT], OTTMOC KOl OAEC 0L AALEG YADOGEG (Kot emiong apyilel va £xet
amoiolo PvopoTo 6Aaipotog). ‘Etol, icmg o Tpémetl va avoykicovpe Tov ¥prioTn Vo, (p1oLoTotel
EMIONUEIDGELS TOTOV (EKTOG OO TIG OTAOEPEG KOl AALD TPOPAVY] TPAYLOTA), TPOS OPELOS TOL Kot
Pog 6peL0g OAV 00wV Ba dufdcovv Tov K@dka oto uEAAOV. AVt divel emiong TNV gukaupia va
GUVOLAGOVLE TIC EMICNUEIDCELG TOTMV KL TOVS OPICHOVE GE £VOL KO VO OTOPVYOVLE TV EXAVAAYN
TOV OVAYVOPIOTIKOV Y10l Kot o dVO.

"Eva 6ALo dvokoro koppdtt tng expddnong e Haskell itav n kotavonon tov AéEemv-kAeldimv.
O AéEerc data”, ’type”, "newtype”, “class”, “instance” dev eivar OAeg TOAD Teptypapikés. Towg mo
TEPLYPOOIKES Kal dtoncOnTikég AéEeic-kAedud Ba pmopovcay va fondncovy Tov véo ypnot vo et
O YPTYOPQ Kot VoL BuUATOL TG VA, TIC YPTCILOTOLEL e LEYAADTEPT) EVKOAIA.

Téhog, Ppébnia va ypnoomod v enéktaon LambdaCase kot tn cbvtaén mov T cuvodevel
ocvvéyela. 'Htav 100m yopd mov pmopodoa vo aro@iym vo dive oVOLITO 6T TPAYUATO KOO TEPLC-
66TEPO 0O 0,TL TO ATEPEVYA O YPNCLOTOUDVTAG T GUVOEST] CLVOPTHGEWDY KO OAX TO AAAC EKTTAT-
KTk epyareia g Haskell. Atamioctooa 1t vt 1 oOvTaén Bo pmopovoe vo avartuydel tepattépm
Y10 TOAAATAEG TOPOUETPOVS KOL OV PAVIKE TOAD ¥PNOIUN. ATO ed® TPOEPYETAL KOl TO OVOUO TG
YADGGOC.

O 6KOTOG AVTNG TNG EPYACIOG EIVOL VO AVTILETOTIOTOVV OAN T TOPOUTAVE® (Kot Alyo akOpe) Kot
VO GUVOLAGTOVV GE LI VEX YAMDGGOL.
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Kepaiaro 2

Xuykpren Mwkpov [poypappartog: C, Haskell, Icases

e aUTO TO KEPAANLO GLYKPIVOLLE VAOTOMGELS £VOG Likpob mpoypdupatog oe C, Haskell kot
Icases. To mpoypappo dapdalel 000 akepaiovg and To stdin (wetdiel cEUAUO oV SV UTOPESEL) Kot
delyvel éva opaio PVOUA LE TOV HEYIOTO KOO Stoupétn. Apyikd, GUYKPIVOLLLE TNV LAOTTOINGN of
Icases pe v viomoinon oe C kot petd pe tnv viomoinomn o€ Haskell. [Tpopavag, epdcov ot vAomot-
NoELG elval YpoUUEVES amd eV, Elval YPOUUEVES LE TO GTIA OV YPAP® £YD GE OVTEG TIG YAMOGES,
Qo610600, TPOoTAON GO VAL TIG YPAY® OGO TO SVVOTOV UE TPOTO TOV AVTIAAUPAVOHOL EYD MG OTAVTIOP
TPOTO YPOPNG TOVC.

2vykpron pe C
#include<stdio.h>

int my _ged(int a, int b) {
if (b == 0)
return a;
else
return my _gcd(b, a%b);
}
int main(){
int x, y;
printf("Plea
if (scanf("?

fprintf(st
return 1;

"The GCD of %d and %d is %d\n", x, y, my_gcd(x, ¥));

my ged _of( Jand(_): Int”2 => Int
(x, cases)

X
y => my_gecd_of(y)and((x)mod(y))

read two_ints: (Int”2)FromIO
= print("Please give me 2 ints");
get line ;> split( )to words o> cases
[s1, s > (from_string(sl), from_string(s2)) -> (_)from_io

"y

. => throw_err("You didn't give me 2 ints")

ints(_, _, _)to _message: Int”3 => String
= (x, ¥y, gcd) => "The GCD of " + x + " and " + y + " 1is

main: IO
= read_two_ints ;> (i1, i2) =>
ints(il, 12, my_gcd of(il)and(i2))to message -> print( )
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Mo Backr drapopd peta&d g C kan g lcases givar 6t1 oty Icases eppaviletar Eeympiotd
TO Ovopa, Eex@ploTd 1 EKPPOGCT) TOV TOTOL Kol EEXMPLOTA 1) EK@PaoT) TNG avabeonc. Avtd gaivetat
ovyKpivovtag v cvvaptnon “my_gcd” oto C kddka pe v “my_ged_of(_)and(_)” otov lcases
KOO, XVYKEKPILEVO, CUYKPIVOVTOG TNV YPOUUN:

int my_gcd(int a, int b) {

HE TNV Ypapuun:
my_gcd_of(_)and(_): IntA2 => Int

BAEmove OTL TO YEYOVOG OTL 1] GLVAPTNOT SEXETAL dVO OKEPAIOVG KOl EMGTPEPEL EVAV AKEPULO YPA-
¢petor oty C divovtag tov TOmo int ot kabepio amd TIg TAPAPETPOVS KOL OTO ATOTEAEGLOL, EVA OTIV
Icases OAa givar ypappéva og pia EExmploth EKQPOoT) TOTOV TOL OV £XEL OVOUATO TUPAUETPOV 1) G-
vaptnong. Eniong, oty idwo ypapur Icases PAémovpe 6t1 To dvopa TG Guvaptnong Exel mapévieon
OTNV LEGT, KATL TO 0010 KAVEL TNV CLVAPTNGON VO, dEYETUL TO TPMTO OPIoUa o€ ekelvo to onueio. H
oLVEAPTNON KAAEITOL AVASPOUIKA LE OPICLLOTO OTIG TAPEVOESEIS OTIV YPOUUN:

y => my_gcd_of(y)and((x)mod(y))

OOV UmopovuE emiong va, dovue 6Tt M (_)mod(_) €lvar opiopévn €161 MOTE Vo SEYETUL TO TPDTO
oplopd g otV apyn. Avtictowya, n ints(_, _, _)to_message dEXETOL KOl TO, TPio OPIGHOTA TNG
otV 1o Tapévleon oty péon.

AN pia Stapopd d&la avapopds etvor n xprion g AEENG kAed100 cases” oTIC YPAUUES:

= (x, cases)
0 => X
y => my_gcd_of(y)and((x)mod(y))

avTi g evtoAng “if-then” otig Yypoppés:

if (b == 0)
return a;
else

return my_gcd(b, a%b);

Xpnotponmolmvtog v AEEN KAeWl “cases” otnv BEom ¢ devTEPNG TOPALETPOV VITOSEIKVOOLLLE OTL
Ba mhpovpe TEPMTMOELS Yol TIG TIHES TNG. AVTO Umopel va Yivel yio. OTO00HTOTE VTOGHVOAO TOV
mapopéTpav (PAéme evotnta 4.3.2).

Mo GAAn drapopd ivar 1 xpior Tov TeEAesT TPOGHESTS Y10 TNV EVEOGT] GLUBOAOGEIP®Y Kot YioL
TNV QUTOLAT LETATPOTT TOV OKEPALOY G GUUPOAOCEIPEG DGTE VO CLVEV®OOVV GTNV YPOUUN:

= (XI y/ ng) => "The GCD Of "o+ X + ” and o4 y + 7 iS "o ng
avti g xpnons g printf” pe ”%d” onv ypopun:

printf(”“The GCD of %d and %d is %d\n”, x, y, my_gcd(x, y));

20



2oykpron pe Haskell

my ged :: Int -> Int -> Int
my ged = \x vy -> case y of

B == X

->my ged v (mod x y)

read_two_1ints :: IO (Int, Int)
read two ints = do
putStrLn "Please give me 2
s <- getlLine
case words s of
[s1, s2] -> return (read si1 2)
_ -> error "You didn't give me 2 ints"

ints_to _message :: Int -> Int -> Int -> String
ints_to_message = \x y gcd ->
"The GCD of " ++ show x ++

and " ++ show y ++ " is " ++ show gcd

(i1, i2) <- read_two_ints
putStrLn $ ints_to message il i2 (my_gecd il i2)

my ged _of( Jand(_): Int”2 => Int
= (%, cases)
0]

X
y => my_gecd_of(y)and((x)mod(y))

read two_ints: (Int”2)FromIO
= print("Please give me 2 ints");
get_line split(_ )to _words o> cases
[s1, s2] => (from_string(sl), from string(s2)) -> (_)from_io

"y

. => throw_err("You didn't give me 2 ints")

ints(_, _, _)to _message: Int”3 => String
= (x, ¥y, gcd) => "The GCD of " + x + " and " + y + " 1is

main: IO
= read_two_ints ;> (i1, i2) =>
ints(il, 12, my_gcd of(il)and(i2))to message -> print( )

Mia onpovtikn Stapopd peta&d tng Haskell kot tng lcases givat 611 n epoppoyn suvaptnong otnv
lcases yivetou pe mapevhécelg avti yia kevd kdti 1o onoio emiTpénel v TomoBETon opioudTev TNV
LECT) TOL OVOLLATOG TNS GLVAPTNONG. AVTO POIVETOL GTNV GUYKPLON TNG YPOULUNG:

my_gcd :: Int -> Int -> Int

HE TNV Ypauu:
my_gcd_of(_)and(_): IntA2 => Int

2T1¢ 1016g YPOUUES PaiveETOL OTL XPNOILOTOLOVUE EVOV TOTTO £16OS0V Kot £vav TOTTO €600V (OTTMG
otv Haskell), 6pmg otnVv €16000 £Y0VLE TO YIVOUEVO TOV TOTOV TOV OPIGUATOV. AVTO 16mG Paive-
TOL TEPLOPLOTIKO OALG aVTIOETMG givol o Yevikd epOcov oty lcases gival EQKTO vo SOcOVUE Eva
VTOoHVOAO TV oplopdTev (Baloviag KATm TavAa GTO DTOAOUTE) KOl TO OTOTEAECUA Eivol pio G-
VAPTNON TOL TEPEVEL T VTTOAOITA opiouata (EKTOG ov ddbnkav OAa), PAéme evotnta 4.1.3. Xtnv
Haskell To opicpata mpémetl va dwbobv amd apiotepd mpog to de€1d Kot UTopoHLE VAL UV SOCOVE Ta.
n 0e€10TEPa Y10l VO, EYOVUE OTOTEAECHLA [Li0L CLVAPTNGT TTOL d€YETOL ALTA T n. QQoTOCO, AV Yo TAPJ-
detyna BEhovpe va ddcovue Ldvo To devTepo TPEMEL vaL ypnoomomacovue v “flip” tpadta. [o wo
mepimAoKa avtioToryo TPAYUATO TPEMEL VO OpicOVLE CLUVOPTNGELG Tapdpoteg TG “Tlip” kéBe popd pe
T0 YépL.

Eniong otig 1d1eg ypappég PAémovpe v xpnom tov tomov dvvaung IntA2 o omoiog dev vIaPYEL
otnv Haskell.
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2uyKpivovTag TIG YPOUES:

my_gcd :: Int -> Int -> Int
my_gcd = \x y -> case y of

HE TIG YPOUUES:

my_gcd_of(_)and(_): IntA2 => Int
= (x, cases)

BAémovpe 6t1 otV lcases N emonpeiwon TOTOL Kot 1 AvABEST] OLASOTOLOVVTAL Y10, TV ATOPLYT] TNG
SUTANG YPNONG TOL OVOUATOG.
2uYKpIvovTag TIG YPOUUES:

= (x, cases)
0 => X
y => my_gcd_of(y)and((x)mod(y))

HE TIG YPOLUES:

my_gcd = \x y -> case y of
0 -> X
_ ->my_gcd y (mod x y)

BAémovpe 6TL otV lcases ypnoiporotovpe katevdeioy tnv AEEN KAl “cases” otny 0om ¢ TOpopé-
TPOL YO TNV OTOi0 OELOVLLE VO, TAPOVLE TEPMTMOELS YPIg va TG divovpe 6vopa. To dvopa divetan
(av yperaletar) oty yevikn/televtaio mepintwon (av veapyet). H Aé€En khedi “cases” pumopei va ypn-
olomoinfel 6 0mO100MTOTE VITOGVVOAO TOV TUPAUETPMY YO VO, TAPOVLE TEPTTMOELS Yot OAEG pali
Tavtoypova (PAéne 4.3.2).

JUYKPIVOVTOG TIG YPOUUMES:

= print(”Please give me 2 ints”);
get_1line ;> split(_)to_words o> cases

HE TIG YPOHUES:

putStrLn ”“Please give me 2 ints”
s <- getLine
case words s of

BAémovpe 6TL oTNV Icases dev ypnoiponotovpe do notation. Avti GVTOD YPTGLULOTOLOVUE TOVG TEAECTEG
nepPdAlovioc ;7 Kot ;> ot omoiotl 1woduvapovy pe Toug teheotég g Haskell 7>> kot 7>>="
avticTouyo.

H televtaia dtapopd mov Ba avapépovpe givar 1 xpnon Tov TeEAeotr| TPdSheong Yo TNV Evoon
OVUPOAOGEIPDOV KO Y10, TNV CGVTOHATH LETATPONY| TMV OKEPAIWV € GUUPOAOCEIPESG MOTE VO CLVEV®-
Bovv otV ypauun:

= (X, y, gcd) => “The GCD of " + x + " and ” + y + " is ” + gcd
avti TG ¥PNoMG TOV TEAESTN ++” Kal Tng ’show” TNV ypopun:

"The GCD of ” ++ show x ++ ” and ” ++ show y ++ ” is ” ++ show gcd

22



Kepaiaro 3

Ieprypaen ™ I'hoocag: I'evikd

3.1 Aopn poypappatog

"Eva mpoypappa Icases amoteleitol and Eva cHVOLO OPIGUOV, TOPATCOVKALDY TOT®V Kot Bewpn-
pérov. O1 opiopol eivat yopopEVol GE OPIGLOVS TILADV, OPIGHOVG TOTTWV Kol 0PIGUOVE TPOTACEWY
tonov. Ta Beopripata eivat amodedetypéveg Tpotdoels Tommv. Ot cuvapToelg Kafdg Kot o1 "dpacelg
nepPdArovioc” Bewpovvron emiong Tinég. O opiopdc ¢ TG “main” kabopilel TV copmepLpopd
TOV TTPOYPAUHOTOC.

Hoapaoctypo Mpoypapportos: Evkieiorog AlyoprOpog

gcd_of(_)and(_): IntA2 => Int
= (x, cases)
0 => X
y => gcd_of(y)and((x)mod(y))

read_two_ints: (IntA2)FromIO
= print(”Please give me 2 ints”);
get_line ;> split(_)to_words o> cases
[x, y] => (from_string(x), from_string(y)) -> (_)from_io
. => throw_err(”You didn’t give me 2 ints”)

tuple_type NumsAndGcd
value (x, y, gcd):IntA3

nag(_)to_message: NumsAndGcd => String
= nag => "The GCD of ” + nag.x + ” and ” + nag.y + ” is ” + nag.gcd

main: IO

= read_two_ints ;> (i1, i2) =>
(i1, i2, gcd_of(il)and(i2)) -> nag(_)to_message -> print(_)
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3.2  Aégag kiewowd

O Aé&eic Khedrd e lcases eiva:

cases all where tuple_type value or_type values
type_proposition needed equivalent type_theorem proof

H ypfion g kéBepiog meptypaeetor 6TV avTicTolyn EVOTITO TOV TAPUKAT® TIVOKOL:

Keyword Section
cases 4.3.2 Exgpdoeig uvoptricemv ’cases”
all where 4.4 Opopoi Tyuodv kon Exkepdoeig "where”

tuple_type value or_type
values type_nickname
type_proposition needed
equivalent type_theorem proof

5.1 THmor

5.2 Aoywn Tomwv

O Aé€ei kKhedid ’cases” kat “where” givol eniong katoyvpouéveg Aééelg. Emopévag, Tapdro mov
UTOPOVV VO, TOpoyBoUV 0md TNV YPALUOTIKY TOV OVOULAT®V, OEV UTOPOVV VO, XPNCLLoTom oy Gov
ovopaToL.
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Keoaiaro 4

Ieprypaen ™ I'hoocag: Tipéc

4.1 Boaowkég Exgpaoeic

4.1.1 Xr00gpég kon Ovopata
Yrofepéc

o [lapoodeiyuazo

1 2 17 42 -100
1.62 2.72 3.14 -1234.567
Ial Ibl ICI IXI Iyl IZI I-I I,I I\nl

"Hello World!” "what’s up, doc?” ”"Alrighty then!”

o Ileprypapii

Yrdapyovv otafepég yio Toug Té00EPIG Pactkode TOTovg: Int, Real, Char, String.

Ovéparo

o [lapooeiyuazo

Xy z
al a2 a3

(=)mod(_)
apply(_)to_all_in(_)

o [leprypagij
Ta ovopato ypnoomolovvToL Yo THEG Kot Topapetpovs. 'Eva dvopa tiung ypnoyLonoteitol
GTOV OPIoUO TNG TIWNG KAl OTIG EKPPAGELS TOV YPTCLLOTOOVY avTh TV Tin. 'Eva dvoua tapa-
LETPOL YPNCLUOTOLEITAL GTO CALLO TNG GLVEAPTNONG TG OTOTNG Elval TAPALETPOG.

"Eva. 6vopa Eexvaet pe pikpo ayyAMiod ypapa Kot propel va akoAovdnbet amd pukpd oyyAkd
Ypaupoto 1 kéto modda Ko/ va &yl va yneio oto téhoc. Eival eniong duvatov va vadpyovv
KAT® TovAeC pEca o€ TAPEVOEST TPV, LETA N KO KOOV GTNV HECT) TOV OVOLATOG (1] XPIom
ToVg EPLypapeTal oty gvotnta “Epappoyn Zvvaptnong pe [opevhéoeis” 4.1.3)
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4.1.2 TopevOioseg, [Theradeg kol Aioteg

MopevBioerg

o [lopadeiyuoza

(1 + 2)

(((1 + 2) * 3)n4)

(n => 3*n + 1)

(get_line ;> line => print(”Line is: ” + 1line))

o Ileprypogiy

M éxppoon praivel o€ mapévheon yia va g 000el mpotepatdTnTa 1} Vo omopoveobei o o
pueyaAntep” Ekppaon (teleotmv). Ot ekppdoelg péca oe Tapévieon eival EKQPAGELS TEAEGTMV
N EKPPAGELS CLVOPTNGEWDV.

O1 ek@pacelg péca o€ mapévieon dev PTopobv va eTeKTafoy 6€ TEPICCOTEPES OO idL YPOLL-
pég. o ekppaoelc LeYaAHTEPEG AO Lo YPOLUN, TPETEL VO OPLGTEL VEQ TIUY.

Mie16.0eg

26

o [lopadeiyuoza

(1, "what’s up, doc?”)

(2, "Alrighty then!”, 3.14)

(X, vy, z, w)

(1, my_function, (X, y, z) => sqrt(xn2 + yn2 + zA2))

o Ileprypogiy

O1 mAelddeC YPNOYLOTOLOVVTAL Y10 VO OLLOOOTTOMNGOVY TOAAES TILES (TTOV PLITOPOLV Va £XOVV dlal-
(POPETIKO TVTO) o€ pia. O TOTOG TG TAELAdAG EIvaL EITE TO YIVOUEVO TOV TOTOV TOV GTOLXEI®V
g eite évag opropévog THmog tup le_type mov gival 1IG0OVVALOG LLE TOV TPOAVAPEPHEVTO TOTO
ywopévov. [Na mapdderypa, o Tomog g devTEpN g TAELASOS oTa TapadeiypaTo Ba propovoe va
glvat:

Int x String x Real

n:

MyType

vrofétovtag Oti 0 TOTOC "My Type” £xel OpIoUO TAPOLLOL0 LE TOV TOPOUKATO:

tuple_type MyType
value (my_int, my_string, my_real) : Int x String x Real



o [Ile1ddeg pe keva. otoryeio

Hopaodciypora

(42, )
(_, 38.14, )
(_, —_, "Hello from 3rd field”)

Heprypogiy

Eivat e@ikto va peivouv kevd kdmolo ototryeio pio TAELAd0G YPNCULOTOLDVTAG KATM TODAC OTIV
0¢om tovg. H yprion kevadv otoryeinv dnpovpyel o GuvAPTNoT TOL TEPUEVEL TO KEVE GTOL-
¥€lo oav opiopata yio vo EMGTPEYEL TNV GUVOAKT] TAELIDA. AVTO PaiveTol KAAHTEPQ OO TOVG
TOUTOVG TV TOPATAVE® TOPUAIEYUATMV:

(42, _) : T1 => Int x T1
(., 3.14, ) : T1 x T2 => T1 x Real x T2
(_, _, "Hello from 3rd field”) : T1 x T2 => T1 x T2 x String

"Eva mapdostypa o peyoiutepn Ekepoot ival To TopaKiTo:

questions : ListOf(String)s
= ["the Ultimate Question of Life”, "the Universe”, "Everything”]

answers_to : ListOf(String)s
= apply(”The answer to ” + _)to_all_in(questions)

>> apply((42, _))to_all_in(answers_to)
ListOf(Int x String)s
==> [ (42, "The answer to the Ultimate Question of Life”)
, (42, "The answer to the Universe”)
, (42, "The answer to Everything”)

]

Aloteg

o [lapoodeiyuazo

[1, 2, 17, 42, -100]

[1.62, 2.72, 3.14, -1234.567]

["Hello World!”, "what’s up, doc?”, "Alrighty then!”]
[x =>x +1, X =>Xx + 2, X => X + 3]

(X, ¥y, z, w]

o [leprypagij
O1 AoTeg pMOILOTOLOVVTAL Y10 TNV OLOSOTOIN o TOAADY TIUGV TOL {d10v TOTTOL G¢ pia. O TV-
og TNG AMotog ivan List0f (T1)s 6mov T1 givar o Tomog kKabe oTotyeiov g Aiotac. Enopévag,
01 TUTOL TOV TEGGAPWOV TPDOTWV TOPAUSEIYUATOV Elval:

ListOof(Int)s

ListOof(Real)s

ListOf(String)s

(@A)And(Int)Add_To(@B) --> ListOf(@A => @B)s
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4.1.3 Eg@appoyq Xovaptnong pe HapevOicerg

28

o [lopadeiyuoza

F(x)

f(x, y, z)
(x)to_string
apply(f)to_all_in(1)

Ieprypapr
H gpappoyn cvvaptnong oty lcases pmopei va yivel pe moAAovg TPOTOVG. Xe auTh TV evOTNTa
TEPLYPAPOVTAL O1 TPOTOL [LE TOVG OTOIOVS YIVETOL EPAPLOYT CLVAPTNOTG e TOPEVOETELS.

Yto mpdTO. dVO TOPASELYHATO EXYOVUE TNV CLUVNOICUEVN LOONUOTIKY EPAPLOYT GUVAPTIONG
OmoL Ta opicpata ivot HeTd To OVOLN TNG GLVAPTNOTG.

Ytnv Icases emekteivetal avt 1 10£0 EMTPETOVTAG VO VITAPYOLY OPICHATO TPV /KO KATOL
péoa oto dvoua g cvvaptnong (mapadeiypata 3 kot 4). Avtd pmopel va yivel povo av 1
GLVAPTNON Eivol OpIopéVT UE TG avTioTolyeg BEoelg dmov TomobeTodvTat Ta opicpata. [ wo-
padetypa, o optopog yio v “apply(_)to_all_in(_)” exwdel wg e&ng:

apply(_)to_all_in(_) : (T1 => T2) x ListOf(T1)s => ListOf(T2)s
= <...definition>

To 6vopa tng cuvAPTNONG CLUTEPIAAUPAVEL TIG TOPEVOETELS LLE TIC KATM TAVAES Ol OTOTES AgL-
TOVPYOVV OG BEaELS Yia opiopata. AVTd givol TOAD YPNGULO Y10 TOV OPICUO GLVAPTHCEWV OOV
T, opicpoTa LEGA 1] TPV TV GLUVAPTNON KAVOLV TNV EQUPLOYT TNG GLVAPTNOTG VA PaiveTal
KO VO KOVYETOL TEPLGGHTEPO GOV PVOIKN YADGCOA.

o Keva Opiouozo oc Epapuoyn Loviptnong ue lopevbéoeig

Eivar epuctd va dobei oe pio cuvapton €va vrochvorlo TV oplopdtev e Palovtag KiTo
TOOAN 6To, VITOAOUTO, opiouata. Mia Tétolo £EKEPOCT €ival ol CLVAPTNGOT TOV TEPUUEVEL TO,
opicpota wov Aglmovv yio va emoTpEyel To TeAMKO anotérecpa. [lapadeiypora:

f(_, _, _) : Char x Int x Real => String
c, i, r : Char, Int, Real

f(c, i, r) : String

f(_, i, r) : Char => String

f(c, _, r) : Int => String
f(c, i, _) : Real => String

f(c, _, _) : Int x Real => String
f(_, i, _) : Char x Real => String

f(_, _, r) : Char x Int => String



4.14 Zvvoepmioeig [podnipatog ko EmOnpatog
Xvvaptioeg llpodpatog

o [lopadeiyuoza

the_value:1

error:e

result:r
apply(the_value:_)to_all_in(_)

o Ileprypagij
O1 cuvaptoEL TPOONLOTOG SNUOVPYOVVTOL AVTOUATO OO OPIGLOVG TUT®V or_type. Eivar
GUVOPTNGELS TOL UETATPETOLV Uiol TN EVOG GLYKEKPYLEVOL TOTOL GE L0 TN oL Elval me-
pimtwon evog or_type kot mepiéyel TG Tov Tpoavapepévta TOmov ecwtepikd. ILy. yuo to
TPMTO 07T’ TO, TOPUTAVED TAPUETYLATO EYOVLE:

1 : Int
the_value:1 : Possibly(Int)

Omov 1 cuvaptnon the_value: _ dnuovpynonke avtdpatao and 1o opiopod Tov TOTov Possibly (_):

or_type Possibly(T1)
values the_value:T1 | no_value

Kot éxel tomo T1 => Possibly(T1).
O1 GLVOPTACELS OVTEG ATOKAAOVVTOL GLVOPTHOELS TPOONLTOC Y1oTl TOTOBETOVVTOL TTPLY Ol
70 OpIGUA TOVG. MmopovV Op®G va (pNoLLoTotnfovy Kot 6oV opicHato GAA®YV GUVOPTHCEMV

tomoBetmvtag pio Katw madho 6To OpIoUE TOvS. AVTO QOIVETOL GTO TEAELTOIO TTOPAOELYLLAL,
omov 1 ovvaptnon the_value:_ givar Opiopa ¢ cuvdptnong apply(_)to_all_in(_).
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Yovaptiogg EmOnpartog

30

o [lopadeiyuoza

name.first_name
list.head

date.year

tuple.1st
apply(_.1st)to_all_in(_)

Ieprypapn

Ot ouvaptoelg emBNUATOC O1LovVPYoHVTOL AVTOUATO OO OPLGHOVS TOTT®V tup le_type. Eival
GUVOPTHGELS TOL dEXOVTOL Hia TR KAmolov tuple_type TOTOL Kol EXGTPEPOVV KATOL0 GTOL-
xeto ¢ Tung (Tot cuvapToelg TPoPorng). IL.y. yio 1o Tp®dTO amd T TapamTdve TapadeiypoTo
€YovpE:

name : Name
name.first_name : String

‘Onov 1 cvvaptnon _. first_name dnpovpyndnke oTOLOTA OO TOV OPIGHO TOV TOTOL Name:

tuple_type Name
value (first_name, last_name) : Stringn2

Kot éyel tomo Name => String.
Ynhpyovv emiong ol TapaKATO EOIKEG CLVAPTNGELS TPOPOANG TOV AEITOLPYOVV GE OAEG TIG

TAELAdEC OV €lvar TOTOV ywvouévov: 7. 1st”, ’_.2nd”, ”_.3rd”, ”_.4th”,”_.5th”. Tla 10
TETAPTO TOPUSELY L0, TOPOUTAV®, VTOOETOVTOG:

tuple : Int x String

‘Eyxovpe:

tuple.1st : Int

O1 yevikoi TOTO1 TOV CLVAPTICEDV OVTOV Elval:
_.1st : (@A)Is(@B)s_1st --> @B => @A

_.2nd : (@A)Is(@B)s_2nd --> @B => @A

O1 GUVOPTACELS AVTEG OTOKOAOVVTOL CLUVOPTIHGEL EMONOTOG Yot ToroBeTovVTaL PETd amd To
OpPLoLA TOVG. MTopovV Sp®G Vo, ¥pNGIHLOTO00VV Kol Gov OpIGHATH GAA®Y GLVOPTHCE®MY TO-
mobetdvTog pio KAt TavAN 6T0 OpIGUA TOVG. AVt ameikoviletal 6To TELEVTAIO TOPAdELY LD,
OTOL 1 CLVAPTNOT _. 1st givar Optopa TS cuvdptnong apply(_)to_all_in(_).

Yrdpyet eniong pio €101k cvvaptnon embnpatog mov ovoudletor ’_ . change” kot meptypd-
(PETOL GTIV EMOLEVT TOPAYPAPO.



The ”.change” Function

o [lapoodeiyuazo

state.change{counter = counter + 1}
tuple.change{i1st = 42, 3rd = 17}
point.change{x = 1.62, y = 2.72, z = 3.14}
apply(_.change{lst = 1st + 1})to_all_in(_)
x.change{1st = _, 3rd = _}

o Ileprypagii

Ot ovvaptnon ”_.change” givar pio €01k cLVAPTNON ETBNUATOG TOV AEITOLPYEL O OAEG
TIc TAELadeC. Emotpépet pia véo mhelddo 1 ool sivar 0o Pe TV apytkn eKtdg omd KAmolo
otoryeio mTov oAhalovv. To mola otoryeio oAhalovv Kot o€ oo véa Tiun Tpocdiopiletat péca
o€ dyKiotpa petd 1o . change”. To Tapokdt® e101kd OVOLOTO LTOPOVY EMIGNC VA PN CUYLOTOL-
NnBoHv yia avapopd oo oToryeio piog TAEGdag TOTOV yvouévov: “1st”, ”2nd”, ”3rd”, ”4th”,
”5th” (mopadsiypota 2, 4 kai 5). Av 1 TAeldda gival kdmolov tuple_type TOTOL, YPNGILO-
TOL0VVTOL TO. OVOLATO TOV GTOLYEI®V OV OPIGTNKOY GTOV OPIGHO TOL TVTOV (Topadeiypota 1
kot 3). Enopévac, éxovpe vtobéoet Ta mopakdto (1 Topdpole) doTE To ToPAdEY AT VO £X0VV
opBovg TOTOLG:

tuple_type MyStateType
value (..., counter, ...) : ... x Int x ..

state : MyStateType

tuple : Int x SomeType x Int (x ...)

tuple_type Point
value (x, y, z) : Realn3

point : Point

apply(_.change{1st = 1st + 1})to_all_in(_)
(@A)And(Int)AddTo(@A), (@A)Is(@B)s_1st --> ListOf(@B)s => ListOf(@B)s

X : Int x Real x String
x.change{1st = _, 3rd = _} : Int x String => Int x Real x String

O aAdayég ototyeiv Exovv TV Hope1|: “otoilxelo = <ékppaon véag TLUAG>" kot yopilo-
vtot omd Koppata. Ot TIHEG TNG apyIKNG TAELAS0G HTOPODV va XpNGLLonon o0V oTIC EKPPACELS
TOV VEOV TILOV KOl YPNCUYLOTOI0VVTOL TO OVOLOTO TMV GTOLEI®V Yo TV ovapopad o€ OVTEG
(mapadeiypota 1 kot 4). Eniong, pmopodv va ypnoypomombodv kitm TaVAES OTIS VEES TIUEG.
AvTd Khvel TV £KPpaon Pio GUVEPTNON TOL TEPIUEVEL TIG KEVES TILEG ¢ opiopaTa (TelevTtaio
TAPASELYLLAL).
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4.2 Teleotég

4.2.1 Teheotéc EQappoyng Xvvaptnong kot Xovleong Xovoptioemv
Teheotéc EQuppoync Xvvaptnong

’ Teleotg \ Tomog ‘
-> T1 x (T1 => T2) => T2
<- (T1 => T2) x T1 => T2

O1TeAEOTEG EQOPLOYNG GVVAPTNONG ->" Kol < - glval Evag dSLapopETIKOG TPOTOG EPAPLOYNG CLVAP-
NoNG oo TV €QapuUoyn pe Tapévieon. Elvar ptiaypévor dote vo, potdlovv pe BEAN amd to Opiopa
TPOC TNV cvvapTnot. Ot TEAECTEC dLTOL Elvat TOAD YP1GILLOL Y10l TNV EEOPUOYN TOAADY GUVAPTHCEMY
oIV GEPA Y®PIg Vo ypeldleTal O aVTIoTOLY0G ApBIOG OVOiyaTOG Kot KAEWGiLaTog Tapeviésemy. [a
TAPASELY LA, VITTOBETOVTOG OTL EYOVLE TIG TOPOKAT® GUVOPTNGELS LE TNV CUUTEPLUPOPE TTOV VTTOVOELTAL
omd T OVOLOTO KOt TOVG TOTOVG TOVG:

apply(_)to_all _in(_) : (T1 => T2) x ListOf(T1)s => ListOf(T2)s
str_len(_) : String => Int

filter(_)with(_) : ListOf(T1)s x (T1 => Bool) => ListOf(T1)s
(_)is_odd : Int => Bool

sum_ints(_) : ListOf(Int)s => Int

Kot o Mota and cvpforocelpéc:
strings : ListOf(String)s

O mapaxdto givor Evag andog TpOTOG v TAPOLIE TO GUVOAKO PO YOPOKTP®V GE OAES TIG GUL-
BoAocelpéc mov Eyovv TEPLTTO UNKOG:

chars_in_odd_length_strings : Int
= apply(str_len(_))to_all_in(strings) -> filter(_)with((_)is_odd) -> sum_ints(_)

Av16 pmopei va yivel 10000OVOLa PN OLOTOIDOVTOG TOV TEAEGTH TNG 0vTifeTnG KatevBuvong:

chars_in_odd_length_strings : Int
= sum_ints(_) <- filter(_)with((_)is_odd) <- apply(str_len(_))to_all_in(strings)
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TeheoTég LOvOeonc TuvapTios®V

Teheothg | Tomoc ‘
0> (T1 => T2) x (T2 => T3) => (T1 => T3)
<0 (T2 => T3) x (T1 => T2) => (T1 => T3)

O1 telecTég 6UVOESNC GLUVOPTACE®DY 0> KoL ’<0” ¥PNGULOTOLOVVTAL Y10 TV GOVOEGT GUVAPTHGE®V,
o kafévag atnv avtictoyn kotevbovvon. H ypfon tov ypdupotog *o’ amocKonel 6Ty opotdTnTo, Ue
70 oOUPoAo GVVOEST G GUVAPTHGE®Y GTO LOBMUATIKE *o” Kot Ta cOUPOA *>7, *<” ¥pNGILOTOI0HVTOL
MOTE 0L TEAEGTEG VAL ’Oglyvouy” 0md TNV GLVAPTNGT) TOL B0 EPUPUOGTEL TPMOTN GTNV GUVAPTNOT TOVL Ot
epoppootel deutepn. ‘Eva mpaio moapaderypa xpnons tTov TeAesTOV cOVOECN S CLVOPTHCEWMVY Elval TO
ToPaKAT®. YToOETOVTOG OTL £XOVIE TIG TOPAKATO GUVAPTNGELS LLE TNV CUUTEPLPOPE TOL VITOVOEITOL

oo TOL OVOLOTO KOl TOVG TOTTOVG TOVG:

split(_)to_words : String => ListOf(String)s

apply(_)to_all _in(_) : (T1 => T2) x ListOf(T1)s => ListOf(T2)s
reverse_str(_) : String => String

merge_words(_) : ListOf(String)s => String

Mmropolpe va avTioTpEYoue OAeg TIC AEEELG o€ Lo cupPolocelpd og eENG:

reverse_words_in(_) : String => String
= split(_)to_words o> apply(reverse_str(_))to_all_in(_) o> merge_words(_)

Av16 pmopei va yivel 10000OVOO PN OLOTOIDOVTOG TOV TEAEGTH TNG 0vTifeTNnG KatevBuvong:

reverse_words_in(_) : String => String
= merge_words(_) <o apply(reverse_str(_))to_all_in(_) <o split(_)to_words
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4.2.2 ApOpntikoi, Xyeowokoi kou Aoywkoi Teheotég

ApuOpnrikoi Teheotéc

’ Teleotng ‘ Tomog ‘
A (@A)To_The(@B)Is(@C) --> @A x @B => @C
* (@A)And(@B)Multiply_To(@C) --> @A x @B => @C
/ (@A)Divided_By(@B)Is(@C) --> @A x @B => @C

(@A)And(@B)Add_To(@C) --> @A x @B => @C
- (@A)Minus(@B)Is(@C) --> @A x @B => @C

Ot cvuvnBiopévol aplBunTIKol TEAEGTEG AEITOVPYOLV OTMG GTO LLOOMLOTIKA KOl OTIS AAAEG YAMGGEC
TPOYPOLLOTIGLOV Y10 TOVG GLUVNBIoUEVOLG TOTOVG. 26T0G0, etvar yevikevpévol. Ta mapaxdto mapo-
delyparta delyvouy Vv YeVIKOTNTA TOVG:

>> 1 + 1

: Int

=> 2

>> 1 + 3.14

! Real

==> 4.14

>> ’'a’ + b’

: String

==> "ab”

>> 'w’ + "ord”

: String

==> "word”

>> "Hello ” + "World!”
: String

==> "Hello World!”
>> 5 * g’

: String

==> "aaaaa”

>> 5 * "hi”

: String

==> "hihihihihi”
>> "1,2,3" - ",7
: String

==> 123"

Ag avolvoovue TeplocOTEPO TO TaPAdELYIa TG TPdcheonc. O tomog pmopel va dtofactel mg e&Ng: o
TeEAEOTNG "+’ €L TOTO @A X @B => @C, dedopévou 0Tl 1oyvEL 1) TpdTacn (@A)And (@B)Add_To(@C).
H aAn0eta e mpotdoemg onpaivel 6ti n tpdcbeon £xet opioTel Yio avtovg Toug Tpelg Tomovg. Emopié-
VOG, OO T TOPOTAVED TAULPUSEYLOTO UTOPOVUE VO GUUTEPAVOVE OTL Ol TOPUKATO TPOTAGELG Eivat
aAnbeic:

(Int)And(Int)Add_To(Int)
(Int)And(Real)Add_To(Real)
(Char)And(Char)Add_To(String)
(Char)And(String)Add_To(String)
(Int)And(Char)Multiply _To(String)
(Int)And(String)Multiply_To(String)
(String)Minus(Char)Is(String)
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AVTO EMTPETEL TNV YPNOT) TOV YVOPLUOV apOUNTIKOV TEAEGTAOV GE TOHTOVG Ol 0To101 dEV Eival Oto-
paitnto aptBpol aAAd elval 0pKETA TPOPUVEG TO Tl CUUTEPLPOPE Ba TPEMEL VOL EYOVV Yo AVTOVE TOVG
tomovg. EmmAéov, ot supmepipopd toug pmopel vo optotel amd Tov ¥pnotn Yo TOTOVS OPLGUEVOLG
emiong and to ¥prot!

Xyeowokoi, Aoyukoi ko bitwise teleotég

Tbkactﬁg\ Tomog
== (@A)And(@B)Can_Be_Equal --> @A x @B => Bool
1= (@A)And(@B)Can_Be_Unequal --> @A X @B => Bool
(@A)Can_Be_Greater_Than(@B) --> @A x @B => Bool
(@A)Can_Be_Less_Than(@B) --> @A x @B => Bool

>= (@A)Can_Be_Gr_Or_Eq_To(@B) --> @A x @B => Bool
<= (@A)Can_Be_Le_Or_Eq_To(@B) --> @A x @B => Bool
& (@A)Has_And --> @Ar2 => @A

| (@A)Has_Or --> @Ar2 => @A

O1 oyeclokol tedectég givan emiong yevikevpévol. O Bactkdg AOYog Yo TNV YEVIKELGT TOVG €ival N
GUYKPLOT] OPLOUDV SLOPOPETIKMDY TOTMV OTMG POIVETOL GTO TOPUKATM TUPAdELYLLOL:

>> ]
Int
=> 1
>> 1.1
Real
=> 1.1
>> 1.1 ==
Bool
==> false
>> 1.0 ==
Bool
==> true

INo va Aettovpynoel To Tapdoety Lo TPEMEL VO, LTOPOVLE VO GUYKPIVOVLLE OKEPOIOVS LLE TTPOAYLLOTIKOVG,
Avrtictoya, OA0L 01 GYECLOKOL TELECTEG TTPEMEL VO UTTOPOVV VO AELTOLPYNGOLV LIE OpioUaTe S10pOpE-
TIKOV TOTOV.

To hoyucd kot kot To bitwise “kar” €xovv cvyywvevtel o€ éva yeviko teheot “xat” (&). To id1o0
oyveL Kat yuo Tov tekeot 70”7 ().
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4.2.3 Teheotéic Apaoccomv og Ileprfariov

’ Tékacrﬁg‘ Tomog ‘
;> (@E(_))Has_Use --> @E(T1) x (T1 => @E(T2)) => @E(T2)
; (@E(_))Has_Then --> @E(T1) x @E(T2) => @E(T2)

Anio Hopaderypo Hpoypappatog

main: (Emptyval)FromIO
= print_string(”I’'11l repeat the 1ine”) ; get_1line ;> print_string(_)

2T0 TOPATAVEO TOPAOELYHO QOIVETAL 1] YPNION TOV TEAECTOV OPACENY GE TEPIPAAAOV e TOV TOTO
nepPdArovtoc (_)FromIO, o omoiog eivat o TOTOG e Tov omoio yivetot gilcodoc/éEodog otnv Icases.
To g axpPag yivetar ovtd umopel va gavel av piovpe pio Lotid 6tovug TOTous (6mg Tavial):

print_string(_): String => (EmptyVal)FromIO
print_string(”I’11l repeat the line”): (EmptyVal)FromIO
get_1line: (String)FromIO

INo tov tedeotn “énerta” égovpe: ; : (@E(_))Has_Then --> @E(T1) x @E(T2) => @E(T2)

2V mopokdTo Kepaon: print_string(”I’11l repeat the line”) ; get_line
0 TeAeoTNG “émeta”’ €xel TOmO: (EmptyVval)FromIO x (String)FromIO => Kdmoio ToOmo T

O pévog tpomog va ToptdEovy ot THmot givat av
@E(_) = (_)FromIO, T1 = Emptyval, T2 = String kat T = (String)FromIO
Ko Aettovpyet yiari: ((_)FromIO)Has_Then

I'o v cuvolki EkEpacT| £OVLE:

print_string(”I’1l repeat the line”) ; get_line
(String)FromIO

I'o Tov TeEleotn "YpNoLOTOINCE” £YOVLLE:
;> ¢ (@E(_))Has_Use --> @E(T1) x (T1 => @E(T2)) => @E(T2)

2TV TOpoKAT® £KPPOoN:

print_string(”I’11l repeat the line”) ; get_line ;> print_string(_)
0 TeEAe0TNG "ypnoiponoince” €yel TOTO:

(String)FromIO x (String => (EmptyVal)FromIO) => Kamoio TUmo T

O pévog tpomog vo ToptdEovy ot THmot givat av
@E(_) = (_)FromIO, T1 = String, T2 = EmptyVval kat T = (EmptyVal)FromIO
Ko Aettovpyet yiari: ((_)FromIO)Has_Use

INo v cuvolk Ekepaoct| £OVLE:

print_string(”I’1ll repeat the line”) ; get_line ;> print_string(_)
(Emptyval)FromIO
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Axopa éva Hapaderypa lpoypappatog

main: (Emptyval)FromIO
= print_string(”Hello! What’s your name?”) ; get_line ;> name =>
print_string(”And how old are you?”) ; get_line ;> age =>
print_string(”0Oh! You don’t look ” + age + ” ” + name + "!")

print_string(_): String => (EmptyVal)FromIO
print_string(”Hello! What’s your name?”) : (Emptyval)FromIO

print_string(”Hello! What’s your name?”); get_line
(String)FromIO

print_string(”And how old are you?”); get_line
(String)FromIO

print_string(”0Oh! You don’t look ” + age + ” ” + name + "1")
: (EmptyVval)FromIO

age => print_string(”0Oh! You don’t look ” + age + ” ” + name + "1")
String => (Emptyval)FromIO

print_string(”And how old are you?”) ; get_line ;> age =>
print_string(”0Oh! You don’t look ” + age + ” ” + name + "!")
(Emptyval)FromIO

name =>

print_string(”And how old are you?”) ; get_line ;> age =>

print_string(”0Oh! You don’t look ” + age + ” ” + name + "!")
String => (EmptyVval)FromIO

print_string(”Hello! What’s your name?”) ; get_line ;> name =>

print_string(”And how old are you?”) ; get_line ;> age =>

print_string(”0Oh! You don’t look ” + age + ” ” + name + "1")
(Emptyval)FromIO

Ieprypagiy

O telectég Opacev og TEPPAAAOV XPNOLLOTOLOVVTOL Y10, VO GLVIVAGOVV TIES TTOV Elval OpAGELC O
nepIPAAAOV o€ TIHEG TTOL glvan o TtepimAokeg dpacelg og mepifariov. Ot Tomot TepiBdAlovtog givan
GUVOPTNGELS TOTTMV TOV OEYOVTAL £va, TOTO GV OPIGHLOL KOl ONLOVPYOVV Evay AAAOV TOTTO (OTTMG O TV-
oG ListOof (_)s). Otterectés “Enerta” () Kot “ypnoiponoince” (; >) eivol opioEVOL Yo TOVE TOTOVG
nepfaiiovtog. Mo Ty Tomov @E(T1) 6mov o @E(_) eivar THmog mepPdAlovtog KAVEL pio OpaoT
670 mePPaAlov @E (_) kot dnuovpyel pol Tiwn TOmov T1. Avt 1 dpdon Umopel va cuvovaoTEl [LE TOV
teheotn émeita’”’ e pio GAAN OGTE VoL yivel N TPMTH Kot £TELTOL 1) SEVTEPN. AVTIGTOLYO, LIE TOV TELEGTN
”yPNGLOTOINCE” Ol TN oL dNuovpyRONKe and TV TPpOTN dpdon, Unopel va ypnopomondel cov
OPIOLLOL GE GUVAPTNOT] TOL EMOTPEPEL i, SEVLTEPT SPAOT).
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4.2.4 Exo@pdosig TeheoTtdV

38

o [lopadeiyuoza

1+ 2
1+ x * 30y
"Hello ” + "world!”
->f ->q
g o> h
==y
>=y - z2&X<2*y
get_1line ; get_line ;> line => print(”Second line: " + 1line)
o *
_ -1
"Hello ” + "it’s me, " + _
"Hi, T am” + _ + " and I am ” + _ + ” years old”

X X —h X
o
\Y

Heprypogn

Ol ekPpAGCELG TEAESTAOV EIVOL EKPPACELS TOV OMOTEAOVVTOL OTO TEAEGTEC Kot TeEAEoTEOVG. Ot
TEAECTEG CUUTEPLPEPOVTOL GOV GUVAPTNOELS VO OPLGHATOV TOL PpioKovTal OVAUESO GTO Opi-
opatd Toug (teleotéons). Emopuévag, £xouv TOmOVG GLUVAPTNONG Kol SPOVV OTTMG TEPLYPAPETL
oTNV OvTioTOLYN EVOTNTO TOL KOOEVAC.

Ot ek@pdoelg TerecT®V Pmopel va govv moAlovg teleotéc. H oepd pe tv omoia dpovv me-
PLYPAGETAL GTNV EXOUEVT] EVOTNTAL.

Onwg oTIG GLVOPTNCELG, 01 TEAEGTEOL EVOG TEAEOTI| TPEMEL VAL EYOVV TOTOVG TOL TAPLALOVV [E
TOVG TOTOVG TOV TEPYUEVEL O TEAEGTNG,

Eivar duvatdv o debtepog TeEAe0TEOC VO €IVl EKPPOOT] GLVAPTNONG.

Eivar emiong duvatov va ypnoyorombovv kdte mavreg oty 0éon telectémv. Mo Ekppacn
TELECTMV OV E£YEL TEAEGTEOVG KATW TOVAEG AELTOVPYEL OC LioL GLVAPTIOT TOV TEPLUEVEL TOVG
KEVOUG TEAEGTEOVG MG opiopaTa. AVTO POIVETOL KOADTEPA OO TOVG TOTOVG TV TEAELTAIMV
TEGGAPWV TAPUIELYUATOV:

2 * _ : Int => Int
_ -1 : Int => Int
"Hello ” + "it’s me, ” + _ : String => String

"Hi, T am ” + _+ " and I am " + _ + ” years old” : String”2 => String

Ynueioon: Avtoli dev gival o1 o yevikoi TOTOL Y T, Topadeiypota oAAd givotl cupParol.



4.2.5 IIMpng Ilivakog Teheotdv, [lpoteparotnra ko [poceToproTikotTnTo

Mivakag 4.1: O 7TAnpng mivakag telectav g leases poli pe Tovg TOTOVG KL TG GUVOTTIKES TEPL-

YPOPESG TOVG.
Teleotg Tomog ITeprypaon
-> T1 x (T1 => T2) => T2 Acia l,a(pap HoTh
2uvapTnomng
<- (T1 => T2) x T1 => T2 Apotepn Egappon
Xvvdptnong
0> (T1 => T2) x (T2 => T3) => (T1 => T3) AsCil 213\/6801’]
ZUVapTNoEDV
Apiotepn|] XHvBeon
<o (T2 => T3) x (T1 => T2) => (T1 => T3) ’
2ZUvopTiocEDV
A (@A)To_The(@B)Is(@C) --> @A x @B => @C Tevuan Yywon
oe Avvaun
* (@A)ANd(@B)Multiply_To(@C) --> @A x @B => @C I'evikdg TToAATAQGLOGLOG
(@A)Divided_By(@B)Is(@C) --> @A x @B => @C I'evuc Awoipeon
(@A)ANnd(@B)Add_To(@C) --> @A x @B => @C I'evikn TIpocBeon
- (@A)Minus(@B)Is(@C) --> @A x @B => @C I'evikn Agaipeon
== (@A)And(@B)Can_Be_Equal --> @A x @B => Bool I'evikn Iootn O
I= (@A)And(@B)Can_Be_Unequal --> @A x @B => Bool T'evuc) Avicotta
> (@A)Can_Be_Greater_Than(@B) --> @A x @B => Bool I'evikd Meyardtepo
< (@A)Can_Be_Less_Than(@B) --> @A x @B => Bool I'evikd Mikpotepo
r 6 M 0
>= (@A)Can_Be_Gr_Or_Eq_To(@B) --> @A x @B => Bool BVIKO ’I;;z()a?wrspo
I'evikd Mikpotepo
<= (@A)Can_Be_Le_Or_Eqg_To(@B) --> @A x @B => Bool Too
& (@A)Has_And --> @AN2 => @A I'evikd Kot
| (@A)Has_Or --> @AN2 => Q@A T'evik6'H
) B B Teleotng Apdong
;> (@E(_))Has_Use --> @E(T1) x (T1 => @E(T2)) => @E(T2) »X priouonoince”
. _ Teleotg Apdong
7 (@E(—))HaS—Then --> @E(Tl) X @E(TZ) => @E(TZ) wETESlTa”
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H ce1pd dpdong tov teAestdVv yivetal amd PHEYOADTEPT GE HKPOTEPT TPOTEPALOTNTA. XTO d10 ETi-
TEOO TTPOTEPALOTNTAG 1 CEPA dpAon¢ elvar omd aplotepd TPog Ta deEE OV 1) TPOCETUIPIGTIKOTNTO
gtvo "Aptotepn” Kot amd de&d TPOg T OPIGTEPE AV 1| TPOSETAPLOTIKOTNTA £lvat “Ag&1d”. Ta Tovg
TeEAEOTEG OTOV Agv YTLApyel” TPOGETAPIGTIKOTNTO, OEV EXTPEMETAL 1] YPTOY| TOVG GTNV 1010 EKEPAOT
TehecT®V. H TpoTepaidTnTa Kot TPOGETUIPIOTIKOTITO TOV TEAEGTMOV QUIVETOL GTOV TAPOKAT® TIVOKO.

MMivaxag 4.2: Tlivokog mpotepaldTnToS Kol TPOCETUIPIGTIKOTNTAG TV TEAEGTMV TNG Icases

Teleotg ‘ [Tpotepardm o ‘ [IpooetaprotikotTTo ‘
-> 10 (highest) Apiotepn|
<- 9 Ag&a

0> <0 8 Aplotepn|
A 7 Ag&la
*/ 6 Aplotepn|
+ - 5 Aplotepn
== I= > < >= <= 4 Agv Ynapyet
& 3 Aplotepn|
| 2 Aptotepn|
P> 1 Aplotepn|
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4.3 Ex@paoceig Xovapticemy

Ot gkppdioeig cuvapToe®V YOPILoVTaL 08 KOVOVIKES EKQPAGELS CUVAPTIGEMV KOl EKPPUCELS
oUVOPTINGEMY “cases” Kot 1 KGOE Katyopio mTEPLYPAPETOL GTNV AVTIGTOLYN OO TIG TAPUKAT® EVO-
TNTEC.

4.3.1 Kavovikég Ex@paceic Xovaptioemv

o [lapoaodeiyuazo

a =>17 * a + 42

(a, b) =>a + 2*Db

(X, y, z) => sqrt(xn2 + yn2 + zA2)

*=> 42

(x, *, z) =>x + z

((x1, y1), (%2, y2)) => (x1 + X2, yl + y2)

o [leprypapij
O1 KOVOVIKEG EKQPAGELS CLVAPTICEWMV YPNGILOTOI0VVTAL Y10 VO OpIGOVY GLVOPTNGELS 1 Elvor
LEPOG IOG LEYOADTEPTG EKPPOCTIG MG OVADVVIES GUVOPTNOELS. ATOTEAODVTOL OO TIC TOPOLLLE-
TPOVG KOl TO GMLLM TOVG,.

O mapdpetpot givar ovopota. Eite vmapyet povo pia mopdpetpog, oty onoio wepintmon dev
VIAPYEL TaPEVOEDT), €lTE LTAPYOLY TOALEG, GTNV OTTOi0 TEPITTMON Elval GE TAPEVOEST] YOPIGHLE-
veg amd KOPUOTo. Av pio mapdpueTpog dev yperaletal pmopet va peivel yopig ovopa, Bdlovrag
éva aotepioko otny Béon g (Tapadeiypata 4 kot 5). Av pio mopdpetpog eival TAedda TOTOL
ywopévov umopet va taiplactel mepartépw (va 608ohv ovopata ota ototyeia TE) avoiyovtag
emmAéov mapevhioelg onv Béomn g (Tapddetypa 6).

Ot mopdpetpot kot 1o copa yopilovior and 1o fErog cuvaptong (7=>"
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4.3.2 Exg@pdosig Zvvaptijoemv ’cases”

o [lopadeiyuoza

print_sentimental_bool(_): Bool => I0

= cases
true => print(”"It’s true!! :)")
false => print(”It’s false... : (")

or_type TrafficLight
values green | amber | red

(_)is_not_red: TrafficLight => Bool
= cases
green => true
amber => true
red => false

(_)is_seventeen_or_forty_two: Int => Bool
= cases
17 => true
42 => true
. => false

traffic_lights_match(_, _): TrafficLightA2 => Bool
= (cases, cases)
(green, green) => true
(amber, amber) => true
(red, red) => true
. => false

gcd_of(_)and(_): IntA2 => Int
= (x, cases)
0 => X
y => gcd_of(y)and((x)mod(y))

apply(_)to_all_in(_): (T1 => T2) x ListOf(T1)s => ListOf(T2)s
= (f(_), cases)
[1=>11
[head, tail = ...] => f(head) + apply(f(_))to_all_in(tail)

(_)is_sorted: (@A)Has_Less_Than_Or_Equal --> ListOf(@A)s => Bool
= cases
[x1, x2, xs = ...] => (X1 <= x2) & (X2 + xs)is_sorted
. => true
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o [leprypagii
H 2éEn kel “cases” Aertovpyel wg €101k1| mapdpetpoc. Avti va divel to 6vopa ’cases”, ypn-
GLOTOlELTOL Y10 VO TOTOOETNOEL TNV TOPAUETPO o€ pia TAEASN TapapéTpmy Tov B opicovy
TEPIMTAOGELS 1] Y10, VO OPLOTOVV TEPUTTMCELG YOl QVTH TIV TOPAUETPO povo. o kdbe Egympiot
nepintmon opiletal To avTioTOL(O ATOTEAEGLO TG GUVAPTNONG.

O1 televtaio epintwon pmopel va gival 7. .. => <oGpa YEVLKNG MeEpimMTwong>" divovtog
TO OMOTELECHA Y10 OAEG TIG VIOAOIMEG MEPIMTAOCELS YWPIG va 600l dvopa oty Tiun (Topd-
derypo ’is_seventeen_or_forty_two”), | umopei va givan

”<KAMmol10 6vopo> => <ohud YeV1KAG mepimtwong>" ywa va dobel 6vopa oty T Kot va
uropei va ypnoomomBet (’y” oto mapddetypo ’ged_of (_)and(_)").

M ékppaon “where” pmopel va tomofetnfel kdtow and pia mepintwon dedopévov dti givan
GTOLIGUEVT OVO KEVE IO LEGO.

Mnopet eniong vo ypnoomoindel n mopakdtm cuvtaén yuo va 00l dvopa 6€ 00adNTOTE ATO
To TPOTO oToryein pog Aotog ypeldletar Kot Tpoapetikd vo, 600l Gvopa Kot 6To VTOAOUTO
¢ Motag.

# UTIOAOL1TIO AloTOg OV €XEL OVOUd

[x1, ...] => <owpo mepimtwong>
[x1, x2, ...] => <oopa mepintwong>
[x1, X2, x3, ...] => <oopa mepimtwong>

# UTIOAO1TIO AloTOg €XEL OVOUQ

[x1, xs = ...] => <oouo mepimtwong>
[x1, x2, xs = ...] => <owua mepimtwong>
[x1, x2, X3, xs = ...] => <ooupa mepimtwong>
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4.4 Opwopoi Twwov ko Exgpaceis ’where”

4.4.1 Opwopoi Typadv

44

o [lopadeiyuoza

foo: Int
= 42

f(_, _, _): IntA3 => Int
=(a, b, c)==a+b *c

vali, val2, val3: Int, Bool, Char
= 42, true, 'a’

int1, int2, int3: all Int
=1, 2, 3

Ieprypagn

Ot optopotl TV givat 1o factkd cLGTATIKO Vg TpoYpaupatog Icases. I'a va optotel pia véa
TN Tpémel va TG dobel Eva dvopa, £vag TOmog Kol pio Ekppact). To dvopo akoiovbeitat amod
T0 cOpPoro Exel TOmO” (1) kAL TNV EKEPACT TOL TVTOL. H emdpevn ypappn etvor otoyiopuévn
500 keva mo péca, Eekvael pe ioov Kot cuveyiletot pe Ty Ekepact g Tiung (n omoio pumopet
VoL EKTEIVETOL G 06EGONTOTE YPALES XpEdLETAL).

"Evoc opiopodg tipng pmopel va Egkvdel gite oty TpdTN GTHAN OOV UTOPOVV VO TOV doLvV”

OLot o1 GALotl optopol TH®V, gite eivar péoa o€ pa Ekppact ’where” (BAéme emopevn EVOTNTA),
01OV pmopel va Tov ”del” 1 Ekepacn TPy 10 “where” Kot OAot 01 GALOL 0PIoUOTL HEGH BTNV 1010
ékppaon “where”.

"Evoc opiopdg Tyung pmopet va akoAovdnbei omd o Ekppacn “where” 6mov opilovtat evotdipe-

GEC TILEG TTOV YPNGUYLOTOLOVVTOL GTOV OPIGUO. ZTNV TEPIMTMON VTN 1| EKPpacn “where” mpémet
va otoyfet dvo keva mo péoa omd 1o {cov Tov OpPIGLOV.

Yrdpyet 1 SuvaTdOTNTO OPLASOTOINGNG OPIGUMY TILDV YOPILoVTag TO OVOLLOTA, TOVG TUTOLG KO
TIC EKQPACELS LE KOUUATO. AVTO €lval TOAD YPNOILO Yol VO UV YEUILEL TO TPOYPALLLOL [LE UL
KpoLG 0pIGLOVG dokoma, (). OpIoHoVS 6Tafep®V). Xe o OpAd0 OPICUAOV UITOPEL VO YP1GLLO-
moinBel n AéEN Khedi "all” yia va d00el 0 110G TOTOC 68 OAEG TIC TIUES.



4.4.2 Ex¢@pdoeg ”where”
o [lopadeiyuoza

sort(_): ListOf(Int)s => ListOf(Int)s

= cases
[1=>11
[head, tail = ...] =>
sort(less_1) + head + sort(greater_1)
where

less_1, greater_1l: all ListOf(Int)s
= filter(tail)with(_ < head), filter(tail)with(_ >= head)

sum_nodes(_): TreeOf(Int)s => Int

= tree =>
tree.root + apply(sum_nodes(_))to_all_in(tree.subtrees) -> sum_list(_)
where
sum_list(_) : ListOf(Int)s => Int
= cases
[1=>0
[head, tail = ...] => head + sum_list(tail)

big_string : String
= sl + s2 + s3 + s4
where
sl, s2, s3, s4 : all String
= "Hello, my name is Struggling Programmer.”
, " I have tried way too many times to fit a big chunk of text”

, inside my program, without it hitting the half-screen mark!”
, " I am so glad I finally discovered lcases!”

o [leprypagii
O1 ekppdoelg "where” enTPETOVY GTOV TPOYPOULLATIOTH VO, YPTCLLOTOMGEL TIUEG LEGO GE LLLOL
EKQpaoT Kot va Tig opicel amd kdto. Eivol Told yprioieg yio Ty emavoypnoLomoincn 1 myv
GUVTUNGT EKQPACEMY TOL YPTCLLOTOLOVVTAL GE £V GUYKEKPIUEVO OPIGUO 1] OE L0l GUYKEKPL-
pévn mepintwon cuvapTNoTG.

M ékppacn “where” Eekivdel pe pia ypoppr] mov £xel povo v AéEn “where”. Eroyileton

ommg avaeépetol otig evotnteg "Optopol Tiudv” kol "Exepdosig Xuvaptioewyv “cases’. Ot
0PLoLOT TOTOOETOVVTAL KATM OO TNV YPALLUT 0T Kot Exovv TNV id1a oToiyion.
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Kepararo 5

Ieprypaen ™ I'hdocag: Tomor ko Aoyikn Tomwv

5.1 Tomo

Ot évvoleg TOV aPOPOVY TOLE THTTOVGS EIVAL 01 EKPPAGELS TOTMV, Ol OPLOROL TOTWV KAl TO TAPU-
TGOVKAMO TOTMV Kol TEPLYPAPOVTAL GTIC OVTIGTOLYES EVOTNTEC TAPOUKATO.

5.1.1 Ex¢pdoceig Tonov
Ot exppaoelg TOmoV yompiloviatl 6Tig €Ng KaTtnyopies:

o Ovopata Tonwv

Metapintéc Tonwv

Tomor Epappoynig THmov

Tomor ['vopeva
e TOmol Zvvoptnoemv
e Tomor Me [IpoimdOeon

IOV TTEPLPPAPOVTOL OTIC TAPUKAT® TOPAYPAPOVG.
Ovépata Tomov
o [lapoodeiyuazo

Int Real Char String SelfReferencingType

o [leprypagij
"Eva 6vopa tomov gtvon gite 10 6vopa evog ek tov Pactkav tonwv (Int, Real, Char, String) 1| to
ovopa evOg 0pIGIEVOL TOHTTOV TTOL dgV EXEL TAPUUETPOVG TOTMV. EEKIVAEL LE KEQPAAOLO AYYAIKO
YPaupa kol okodlovBeital and KeQolaio 1| LKPA oy yAKE YPALLLOTL.
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Metapintéc Tomov

Ot petapintéc tomwv Ppiockoviol pHéca o EKPPAGELS TOTOV KOl LTOPOVY VO OVTIKOTASTAHODV

L€ GLYKEKPIUEVOVG TOTTOVG OVAAOYO LE TNV TEPITTMOOT]. AVTO KAVEL TIC EVPVTEPEG EKPPACEIS TOTWV
(o115 omoieg eppavifovtat ot petafAntég THTWV) TOAROPPIKOVS TUTOVS. Ot THTOL TOAVLOPPLGHOV
7oV VILAPYOLV GtV lcases gival o TapapeTPIKOS ToAvpPOPPLoNROS Kot 0 ad hoc worvpopPropog. Ot
petafAntég Tomwv yio tov kaféva and Toug 00 TOAVHOPPIGLOVG EXOVV OLOPOPETIKY] GUVTAEN Kot
TEPLYPAPOVTOL OTIG ELOUEVES TOPAYPAPOVG,.
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Hoapaperpikéc Metafintéig Tonov

o [lopadeiyuoza

T1 T2 T3
Hopoadetyporo TopopeTpIK@y UETAPANTOY TOTWY UECO, OF LEYOLDTEPES EKPPATELS TOTWV
T1 =>T1

(T1 => T2) x (T2 => T3) => (T1 => T3)
(T172 => T1) x T1 x Listof(T1)s => T1

o Ileprypagi

O1 TOpOUETPIKEG HETAPANTES TOTOV PHTOPOVV VA OVTIKATASTAOOVV 0O OTOI0VONTOTE TOTO Ko
Ba Aettovpynoet to mpdypappa (dedopévou 4Tt ivat o 1810¢ movtov). To mo amhd TapddELypLo
TOAVUOPPIKOD TOHTOV LE TOPAUETPIKT LETAPANTA TOTOV EIVaL O TOTOG TNG TOVTOTIKNG GVVAPTN-
ong:

id(_): T1 => T1
= X => X

id(1): Int
omou o T1 avtikaBiototal omo Tov Int kot n id €xel toumo Int => Int

id("”Hello”): String
omou o T1 avtikaBictatal amd Tov String kot n id €xel tumo String => String

Mo TopapETPIKT LETAPANTH TOTOV YPAPETOL e KEPaAAio oyyAkd ~T” Kot akoAovOeital amd
éva, ymoio.



Mertopintég Tommwv Ad Hoe

o [lopadeiyuoza

@A @B @C @T
o [lopadeiyuoza uetafintav torwv ad hoc péoo oe ueyoAvTePES EKPPLOELS TOTWY

(@T)Has_Str_Rep --> @T => String
(@A)Is(@B)s_First --> @B => @A
(@A)And(@B)Can_Be_Equal --> @A x @B => Bool
(@A)And(@B)Add_To(@C) --> @A x @B => @C

o Ileprypagii
O petafintég onmv ad hoc propovv va avtikatactafodv Loévo amd TOHTOVG TOL IKAVOTOLOVV
pio TpoimdBeon. O mpodmdOeomn xel T pHopen piag Tpdtacng TOmmV (PAETe evotnta Aoyikn
Tonwv 5.2). Emopévamg, kébe petafAnt tomov ad hoc mpénet va eppavileTot Kot oTny mpoimnd-
Ogom Tov TOTOV.

Mo petapAnt Tomov ad hoc ypdeetor pe @’ kot akolovbeitar amd KAmolo Kepaiaio ayyAko
Ypappa.

Tomor Epappoynig Tomov

o [lapoaodeiyuazo

Possibly(Int)
ListOf(Real)s
TreeOf(String)s
Result(Int)OrError(String)
ListOf(Int => Int)s
ListOof(T1)s

o [leprypagij
O1 T0mo1 gpapproyng TOTOL gival THTOL TOV dMLOLPYOLVTAL divovTog THTOVG OPIcUAT GE GL-
VOPTAGELS TOTTMV TTOV £X0LV dnpiovpyn et ard Evav opiopd tuple_type, Evav opiopd or_type
N éva TopatcovkAL TOoV. Mo wapddetypa, 6edouEvov Tov optopoD Tov Possibly(T1):

or_type Possibly(T1)
values the_value:T1 | no_value

"Exovue oav cuvaptnon tonwov v Possibly(_), n omoia déxetal évo TOmo cav optopa. I1y.
0 Possibly(Int) givol o TOTOC OMOTEAEGLLA TNG EQUPLOYNC TNG Possibly(_) otov TOmo Int.

O1 TOTOL EPUPLOYAG TOTTOL EXOVV TNV 1010 LOPPT] LLE TO OVOLLO TTOL OPIGTNKE GTOV 0PI TUTOL

1N 670 TAPATSOVKAL ALTTO TO 0010 TPONADE 1 GLVAPTNON TOTOL E TNV SLAPOPE OTL 0L TAPAUETPOL
™G €XOLV OVTIKOTOOTOOEL [LE TIC EKPPACELS TOV TOTMV OPIGUATWOV.
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Tomor ['vépeva

o [lopadeiyuoza

Int x Real x String

ListOof(Int)s x Int x ListOf(String)s

(Int => Int) x (Int x Real) x (Real => String)
IntA2 x IntA2

Realr3 x Realn3

o [leprypogiy

Ot 10101 yvopevo givat o1 TOTOL TOV TAELIOMV OV OEV OVIKOVV GE KATO0 OPIGUEVO TOTTO
tuple_type. ATOTEAOVVTOL OO TIG EKQPACELS TOV TOTMV TWV GTOLYEIWV TNG TAELASNS, Ol 0TToiot
yopilovtar amd v cupforocelpd ” x 7 (Kevo X’ kKevd) AOY® TNG OUOLOTNTAS LLE TO GUUPOAO
TOV KOPTEGIVOD YIVOUEVOL. AV Kdmolo and ta ototyeia £xel TOTO YVOUEVOL 1] GLVAPTNONG
TOTE M £KQPOCT TOL TOOL CVTOV TPEMEL Vo, UMEL péca o€ mopévieon. ‘Evag tomog yvouevo
01OV OL0. TaL aTOLYElD £YOVV TOV 1810 TOTO pmopel va cuvTun el pe pia Exepacn THTov SVVAUNG
N omoio omoTEAEITAL OO TOV TOTO TV GTOLXEIWVY, TO GVIPOAO TNG dvvauNg A’ Kot To TANB0G
TOV GTOLYEIDV.

Tomol Zuvaptijcemv

o [lapadeiyuazo,

String => String

Real => Int

T1 =>T1

IntA2 => Int

Realnr3 => Real

(T1 => T2) x (T2 => T3) => (T1 => T3)
(Int => Int) => (Int => Int)

o Ileprypogi
Mia ék@pact TOTOV GLVAPTNOTG OATOTEAEITOL A0 TV £KPPOGT] TOL TOHTTOV EIGOSOV KOl TNV K-
PpOoT TOL TOTOV E050V YWPIGHEVES amd TO BEN0G cuvapTong ("=>"). Ol eKQPACELS TOV TOTOV
€16000V Kot €£000V pmaivouv og mapévheon av eivar emiong eKPpAcelS THTWOV GUVAPTNOTG.
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Tomow Mg Ilpoiné0eon

o [lopadeiyuoza

(@A)And(@B)Can_Be_Equal --> @A x @B => Bool
(@A)And(@B)Add_To(@C) --> @A x @B => @C
(@A)Is(@B)s_First --> @B => @A

(@T)Has_Str_Rep --> @T => String

(@E(_))Has_Use --> @E(T1) x (T1 => @E(T2)) => @E(T2)

o [leprypogij
Ot 1omot pe mpotimdBeon givar ol THmoL TV TYHMV ov ivar ad hoc moAvpopeikéc, dnradn £xovv
optoTel Yo TOAAOVS S1aPOPETIKOVS GLVOVACLOVS TUT®V. ATToTEAOVVTOL OTd TNV TPOHTODEST
KoL Tov ’amAo” Tumo (MToL ToV TOTO Ywpig TV Tpodmdeot) kot ywpilovrat amd To fELOC Tpo-
tmofeonc (7 --> 7). H mpotindbeomn eivan pia mpdtacn tonwv 1 onoia avapépetarl o€ ad hoc
UETAPANTEG TOT®V HEGO OTOV oA TUTO” KOl TTPEMEL VAL IOYVEL Y10, VO YpMoLLonombet pa mwo-
ADPOPEIKY T TOV €XEL ALTOV ToV TOTO. [0l Tapadety o 1 Tiun:

(_)first: (@A)Is(@B)s_First --> @B => @A
umopet va ypnoyomombei wg e&ng:

pair, triple, list
Int x String, Real x Char x Int, ListOf(String)s
= (42, "The answer to everything”), (3.14, 'a’, 1), ["Hi!”, "Hello”, Heeey”]

>> (pair)first
Int
==> 42
>> (triple)first
! Real
==> 3.14
>> (list)first
: String
==> "Hil”

Kot 0VTO O10TL Ol TOPAKATM TPOTAGELS IGYVOVV:
(Int)Is(Int x String)s_First
(Real)Is(Real x Char x Int)s_First

(String)Is(ListOf(String)s)s_First

70 0moio [E TNV GEPd TOV onpaivel 6t cuvaptnon () first” éyel opiotel yio ovTOVE TOVG
oLVOLAGHOUS TOTT®V.
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5.1.2 Opwopoi TomoV

Ot opiopot tonwv ympilovial o 0plopovg tup le_type Kot 0pIGHOVG or _type Kot TEPLYpApovTIaL

OTIG TTOPAYPAPOVS TTOL BKOAOLOOVY

Opropoi tuple_type
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o [lapadeiyuoza Opiouwv

tuple_type Name
value (first_name, last_name) : Stringn2

tuple_type Date
value (day, month, year) : IntA3

tuple_type MathematicianInfo
value (name, nationality, date_of_birth) : Name x String x Date

tuple_type TreeOf(T1)s
value (root, subtrees) : T1 x ListOf(TreeOf(T1)s)s

tuple_type Indexed(T1)
value (index, val) : Int x T1

o [lapooeiyuora Xprong

euler_info: MathematicianInfo
= (("Leonhard”, "Euler”), "Swiss”, (15, 4, 1707))

name(_)to_string: Name => String
= n => "\nFirst Name: ” + n.first_name + ”“\nLast Name: ” + n.last_name

print_name_and_nat(_): MathematicianInfo => IO
= ci => print(name(ci.name)to_string + ”“\nNationality: ” + ci.nationality)

sum_nodes(_): TreeOf(Int)s => Int
= tree => tree.root + apply(sum_nodes(_))to_all_in(tree.subtrees) -> sum_list(_)

o [leprypogiy
"Evoc opiopdc tuple_type (tOmog mAerddag) opilet éva véo THmo mov eival 1I6GOdVVANOG e KA~
010 TOTO YIVOUEVO SIVOVTOG TOL OLLMG VEO GVOLLA, KOl OVOLLOTO, 6T, 6ToLyElo Yio evkoAia. Evag
0p1o UGG THTOV TAELAOOG STUOVPYEL AVTOUOTH GUVOPTNOELS EXONLATOC Y10 KaBEva 0o T0. GTOL-
xelo o omoieg ypdpovtal pe pio teAeion Kot 1o dvopa tov otoryeiov. ILy. to mapdderypo Tov
0pIoHOY TOV TOHTTOL “MathematicianInfo” dnpovpyel T TOPAKAT® CLVOPTACELS:

_.name : MathematicianInfo => Name
_.nationality : MathematicianInfo => String
_.date_of_birth : MathematicianInfo => Date



Opropoi or_type
o [lapaoeiyuazo Opiouv

or_type Bool
values true | false

or_type TrafficlLight
values green | amber | red

or_type Possibly(T1)
values the_value:T1 | no_value

or_type Result(T1)0rError(T2)
values result:T1 | error:T2

o [lapadeiyuazo Xprong

traffic_lights_match(_, _): TrafficLightA2 => Bool
= (cases, cases)
(green, green) => true
(amber, amber) => true
(red, red) => true
. => false

err_if(_)is_no_value : Possibly(T1) => Result(T1)O0rError(String)
= cases
no_value => error:”There is no value!”
the_value:val => result:val

print_err(_)or_res(_): (@A)Has_Str_Rep --> Result(@A)OrError(String) => IO
= cases
result:r => print(”All good! The result is: ” + (r)to_string)
error:e => print(”Error occurred: " + e)

o Ileprypapii

O1 Tég €vog or_type yopiloviol o dtapopeTikes mepintdocels. Kanoleg mepmtdoeig govv
e TIpEG ecmTEPIKA. O1 TEPIMTMOGEIS TOV £XOVV ECMTEPIKES TILES OKOAOLOOVVTAL OO AV
KATo TELEl0 Kot TV TOTO TNG E0MTEPIKNG TIUNG. AvtioTolyn cbvtaén Umopel va ypnoLuonon-
Bel yia va dtadéCovpe v KGO Tepintwon oe o cuvaptnon “cases”. 'Evag opiopdg or_type
dnovpyet avTOHATA GLVAPTHCELS TPOOLATOC Yio KAOE [io 0o TIC TEPUTTOCELS TOL £YOVV
eoTEPIKN TIUN. O1 GUVOPTAGELS AVTEG EXOVV G XPTOT TNV LETATPOT HLOG TUNS TTOL EYEL TOTTO
TOV E0OTEPIKO TOTO LIOC TEPITTMOONE OE Lol TN TTOL givor avT 1 TEPITTOOT Kot Xl TOTO TOV
optopévo tomo. ['a mapddetypa, yio v tepintmon “the_value” tov “Possibly(T1)” 1 ov-
vaptnon “the_value:_” dnpiovpyndnke ovtoONATA 0O TO OPLGHO KOl EYEL TOTO:

the_value:_ : T1 => Possibly(T1)

AVTEG 01 GUVOPTHGELS HTOPOLV VO, XPTGILOTOIN oV OTtmG KABE GuVAPTNOT GOV OpicuOT GA-
AoV cvvoptioewv. [a Tapdderypa:

(_)to_possiblies : ListOf(T1)s => ListOf(Possibly(T1))s
= apply(the_value:_)to_all_in(_)
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5.1.3 Hoaparcovkita THmwv

o [lopadeiyuoza

type_nickname Ints = ListOf(Int)s

type_nickname IntStringPairs = ListOf(Int x String)s
type_nickname IO = (EmptyVal)FromIO

type_nickname Res(T1)OrErr = Result(T1)OrError(String)

o Ileprypogiy

To TapoaTcovKia THTOV YPNGILOTOOVVTAL Yo THV cUVTUNGT 1 Yo Vo doBel éva mo meptypa-
QKO Ovopa 6g KATOloV VITAPYOV TOTO. EeKivouy pe v AEEN Khedl “type_nickname” mov
axoAovBeital and To TOPUTGOOKAL £va IGO0V KAl TOV TOTTO Y10, TOV OTOI0 OMULOVPYEITAL TOPO-
TOOVKAL ZTO TOPATCOVKAL LITOPOVV VO ¥PNCULOTOIN000V TOPAUETPIKEG LETOPANTEG TOTTWV.
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5.2  Aoywn Tonov

H Aoy tomov givat o unyoviopog yuo ad hoe moAvpopeioud oty leases. Ot kevrpikn Evvola tng
Aoyikng TOTT@V givan 1 TPéTASH TOTOV. Mo TpOTOOT) TOT®V EIVAL PO TPOTOGOT) TOL SEYETUL TOTOVS
®¢ opioparta kot givar aAn0fg N Yevdng yio Kbe GUVOLACUO OPIGUATMV.

O TPOTAcEIC TOT®V UITOPOLV €ITE VO OPLOTOVV €iTE VA, amoderyTovy. O1 £VVoleC T®V OPIGHAOY
TPOTAGEMV TOTMV KO OEOPNUATOV TOTOV VTTAPYOVV Y10 TOV OVTIGTOLYO OO TOVS TPOAVAPEPHEVTEG
GKOTOVG.

A76 edd ko 610 €€NG dev Ba avapépetar n AéEn CTOmwV”, Kabe TpoTaon gival TpdTacT THTWOV
ka1 kbBe Bedpnuo etvar Bedpnpa TOTOV.

5.2.1 Opwopoi IIpotaccov

Ot optopol Tpotdcewv ywpilovtal 6€ OPIoUOVE ETORIK®V TPOTAGEMV Kl OPICUOVC TPOTAGEMV

HETOVORAGIOG Ol 0TTOI0L TEPLYPAPOVTOL GTIC TAPAYPAPOVG TOL AKOAOVHOVV.

Atopkég [potdoerg

o [lapoaodeiyuazo

type_proposition (@A)Is(@B)s_First
needed (_)first: @B => @A

type_proposition (@T)Has_Str_Rep
needed (_)to_string: @T => String

type_proposition (@T)Has_A_Wrapper
needed wrap(_): T1 => @T(T1)

type_proposition (@T)Has_Internal_App
needed apply(_)inside(_) : (T1 => T2) x @T(T1) => @T(T2)

To mtapandve topadeiypata opilovv Tig Tapakdtm ad hoc TOAVHOPPIKES GUVAPTIOELS O1 OTTOTES
£YOLV TOVG aVTIGTOLYOVE TOHTTOVG e TPOoVTOBEDT:

(_)first: (@A)Is(@B)s_First --> @B => @A
(_)to_string: (@T)Has_Str_Rep --> @T => String
wrap(_): (@T)Has_A_Wrapper --> T1 => @T(T1)

apply(_)inside(_): (@T)Has_Internal_App --> (T1 => T2) x @T(T1) => @T(T2)
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o Ileprypogi

"Evoc opiopodg atopkng mpdtacng opilel Tavtdypova Ty 1010 TNV GTOPIKY TPOTAGT Kot TV
avtiotoyn moAvpopPIKN) T 0pilovtag TV LOPPH TOL TUTOL TNG TIUNAG OES0UEVOV TOV TTa-
popétpmv tHnwv g Tpotacnc. H mpdtacn eivar aAndng 1 wevdng 6Tav ot TopAUETPOL TOTMY
OVTIKATOOTOOOVV OO GUYKEKPLLEVOLE TUTTOVG OPICUATO OVAAOYO LLE TO OV €)XEL OPLOTEL M TIUN
Y. avTohE TOVg TOTOVG opicpata. H T ainbeiog g mpdTacng opilel av 1 TOALHOPPIKT
TN €xel ypnoiponombel cootd 6to mTPOYppLL Kol ETOUEVOC av Ba Tepdoet 1 oyl ToV eAey-
Kkt Tomev. [o va tpocstebodv mepiocdTePOl GLUVOVAGHOT TVTOV OPIGUATMV Y10, TOVG OTOIOVG
Aettovpyel N TN, HTOL VoL OPIOTEL 1 TN Yo GVTOVE TOVG TOTOVG, NTOL VAL IoYVEL 1] TPOHTAGT| Y10
AVTOVG TOVG TOTOVG, TPEMEL VoL amodeLyTel T avtictoryo Bedprnua. Ta Bewpruota Teptypdpo-
VIOl o€ peyaintepo PBabog oty enduevn evotnra. [ topa, g dovue 6Ga avaépbnkay ce
vt TNV TOPdypao yio TV tpotoct " (@A) Is(@B)s_First™:

— Opiopog mpoTaonc:

type_proposition (@A)Is(@B)s_First
needed (_)first: @B => @A

— Twn (cvvéptnon) Tov opicTnKe Kot 0 TOTOG TNG:
(_)first: (@A)Is(@B)s_First --> @B => @A
— OeOPNULOTA Y10, CLYKEKPLULEVOLS TUTTOVG:

type_theorem (T1)Is(T1 x T2)s_First
proof (_)first = _.1st

type_theorem (T1)Is(ListOf(T1)s)s_First
proof
(_)first =
cases
[1 => throw_err(”Tried to take the first element of an empty list”)
[head, ...] => head

— Xpnon ¢ cuvdptnong:

pair, list
: Int x String, ListOf(String)s
= (42, "The answer to everything”), ["Hi!”, "Hello”, Heeey”]

>> (pair)first
: Int
==> 42

>> (list)first
: String
==> "Hil!”

"Evoc opiopdg atopikng tpotaonc Eexvdet pe v AéEn kAewdl "type_proposition” v omoia
aKoAovbel To dGvopa TG TPOTAGNC (CUUTEPIAUUPOVOUEVOV KOl TV TOPAUETPOV TOTOV) GTNV
wpmtn ypopuun. H devtepn ypapun Eexvaet pe tnv AEn kAedl “needed” v omoia akolovdel
TO OVOLO TNG TOAVHOPPIKNG TIUAG KOl 1] EKQPACT] TOV TOTOV TNE, YOPIOUEVOL 0td TO GUUPOAO
7éxertomo” (* 7).



IIpotdosig MeTovopaciog

o [lopadeiyuoza

type_proposition (@T)Has_Equality
equivalent (@T)And(@T)Can_Be_Equal

type_proposition (@A)And(@B)Are_Comparable
equivalent
(@A)Can_Be_Less_Than(@B), (@A)And(@B)Can_Be_Equal, (@A)Can_Be_Greater_Than(@B)

type_proposition (@T)Has_Comparison
equivalent (@T)And(@T)Are_Comparable

o [leprypogij
Ot opiopoi TpoTdoe®V HETOVOLOGIOG XPNOYLOTOI0VVTOL Yo T GOVTUN O Hiog Tpdtaong | v
oV(evEN TOADV TPOTAGEMY GE pia vEa TpdTACT).
"Evoc opiopdc mpdtaong petovopaciog Eexvaet pe tnv AEEN khedl “type_proposition” v
omoia akoAovBel To Gvopa TN TPOTOONG (CLUUTEPIAAUPAVOLEVOV KOt TOV TUPAUETPOV TOTWOV)

oV Tpa™ Ypouun. H devtepn ypapun Eexvaet pe mv AéEn kAedi “equivalent” v omoia
akolovbet pia TpOTOoT 1| TOAAEG TPOTAGELS YOPIGUEVEG LE KOppaTa (o€ Tepintwon cvlevéng).
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5.2.2 Ozopipota

To Oeopfnota yopilovial oe BE@PNUOTO ATORIKAOV TPOTACE®V Kol BEmPUATA TPOTAGEMY GL-
VERAYMYNS TO OO0 TEPLYPAPOVTAL GTIC TAPOYPEPOVS TOV OKOAOVOOVV.

Atomkéc [potdosig

o [lopadeiyuoza

type_theorem (Possibly(_))Has_A Wrapper
proof wrap(_) = the_value:_

type_theorem (ListOf(_)s)Has_A_Wrapper
proof wrap(_) = [_]

type_theorem (Possibly(_))Has_Internal_App
proof
apply(_)inside(_) =
(f(_), cases)
no_value => no_value
the_value:x => the_value:f(x)

type_theorem (ListOf(_)s)Has_Internal_App
proof apply(_)inside(_) = apply(_)to_all_in(_)

o Xpijon

a, b : all Possibly(Int)
= wrapper(1), no_value

11, 12, 13 : all ListOf(Int)s
= wrapper(1), [], [1, 2, 3]

>> a
: Possibly(Int)
==> the_value:1
>> b
: Possibly(Int)
==> no_value
>> 11
ListOf(Int)s
==> [1]
>> 12
ListOf(Int)s
==> []
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>> apply(_ + 1)inside(a)
: Possibly(Int)
==> the_value:2

>> apply(_ + 1)inside(b)
: Possibly(Int)
==> no_value

>> apply(_ + 1)inside(11)

ListOof(Int)s
==> [2]
>> apply(_ + 1)inside(12)
ListOf(Int)s
==> []
>> apply(_ + 1)inside(13)
ListOof(Int)s
=> [2, 3, 4]
Heprypagpn

"Eva Bedpnpo atopukng tpodtacng amodeikvoel TV TpdTAcT Yo GCUYKEKPIUEVOVG TOTOVS Opi-
GLOTO, DAOTOIOVTOG TIV TIUH TOV OVTIGTOLKEL OTIV TPATOUGT] Y10 aVTOVG TOVG TOTTOVG. Emopié-
V@G, 1 T TOV AVTICTOLXEL TNV TPOTACT) PIopel vo xpnoipomoindel yioo GAovg Tovg TOTOVG
opiopaTa Y10, TOVG OTOL0VG 1oYVEL 1 TPOTAGT, dNAAST) TOVG TOTOVG OPIGHATO Y10 TOVG OTOIOVG
&xer viomoinOet.

Mo amddelEn evog BempaTog OTOUIKNG TPOTAoTG Elvat opBn av 1 vAOTOINoT TG TIUAG TOV
aVTIOTOLYEL GTNV TPATOOT) £XEL TOTO TOV EXEL TNV LOPPT TOL OONKE GTOV OPIGUO TNG TPOTAGTG
AVTIKAOIGTOVTOG TIG TOPAUETPOVG TUTTMV LLE TOLG TUTOVE OPIGHLTA TOV BEWPNLLOTOG,

"Eva 6sopnua atopuknig mpdtacng Eexvael pe v AEEN KA1l "type_theorem” 1 omoio ako-
AovBeitar omd 10 Gvopa TG TPOTACNS WE TIG TOAPAUETPOVG TOTMV OVTIKOTEGTIILEVEG OTO TOVG
TOTOLG opiopaTa Yo Tovg onoiovg Ba amoderyBel n mpdtaom. H dedtepn ypapuun eivor n AéEn
KAl “proof”. H tpitn ypoppun eivar otoyiopévn 600 Kevd mo HEGA Ko Eivat 1 YPOUUT otV
omoia Eekvael 1 vAomoinomn. H viomoinom exvaet pe To dvopa g TG TOV OVTIGTOLYEL 6TV
TPOTOON Kol 0KOAOLOELTAL 0Td 160V KoL TNV EKQPACT) TOV VAOTOLEL TNV TIN.
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[Ipotdosig Zovemaymyng

o [lopadeiyuoza

type_theorem (@A)And(@B)Can_Be_Equal --> (@A)And(@B)Can_Be_Unequal
proof a \= b = not(a == b)

type_theorem (@A)Can_Be_Greater_Than(@B) --> (@A)Can_Be_Le_Or_Eq_To(@B)
proof a <= b = not(a > b)

type_proposition (@A)And(@B)Have_Eq_And_Gr
equivalent (@A)And(@B)Can_Be_Equal, (@A)Can_Be_Greater_Than(@B)

type_theorem (@A)And(@B)Have_Eq_And_Gr --> (@A)Can_Be_Gr_Or_Eq _To(@B)
proof a > b =a==Db | a>b

o [leprypogiy

"Eva Bsdpnpa mpdtacng CuVETaymYNG etvat TapOLoLo Le £Vo BE@PNILO ATOUKNAG TPOTAONG LE
v dpopd 6T ypnoponotovvtot ad hoc moAvpopPikég TIHéEG Kot oty vAoroinon. Eropévag,
1N VAOToiINo™M deV OTOSEIKVOEL OTL 1] TPHTACT TOL AVTICTOLXEL OTNV TIUN 1OoYOEL TAVTO Y10 TOVG
TOTOVG opiouata GAAL LOVO OTAV 1GYVOVV KOl Ol TPOTACELS TOV GVTICTOLYOVV GTIG TOAVLOP-
PUKEC TYEG TTOL YPTCLOTOI0VVTOL GTHY VAOTOINGT| Y10 TOVG 0vTicTol 0L TOovS. Emopévag,
€yovpe ovvemaymyn, 1 omoia cupPoriletal pe to Pérog cuvemaywyng (C --> 7). H vmobeon
NG GLVETOYWYNS elvan pia Tpdtaon petovouaciog Tov 1odvvapel pe v o0levén dAwv TV
TPOTAGEMV OV AVTIoTOLOVV 0T1g ad hoc TéES oLV ¥PNGILOTOIOHVTAL 1] OV YPNCULOTOLELTOL
puévo pia ad hoc tipn téte givan 1 avrtictoyn npodtacn. To coumépacia eival 1 TPOTOCT TOV
OVTIOTOLYEL GTNV TN TOL VAOTOLEITAL.
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Kepaiaro 6

Ylomoinon XovToKTIKOU AvaivTi)

6.1 IIpnc I'pappoatikny ko Xvotpa Xroiyiong

H m\npng ypappatikn Bpioketal 6To avtioToryo KEPAANLO TOV oyyAlkoy keévoo 7.1.1.

Xoompa Xroipiong To un-teppotikd ovpPoro <indent> otV YPOUUOTIKN Ogv gival KAvoviko
BNF un-teppotikd ocopforo, sivor éva oouforo mov eEaptdrotl am’ 1o cOUPPalOUEVE KOl KOAOV-
Oel Tovg kavoveg atoiytong g leases. E€aptdarot amd po Ty mov ovopdletal ’eninedo otoiyions”
(21). To <indent> avtiotoyyel o€ 2x 1l kevd. To eminedo oToiyIoMNG 0KOAOVOEL TOVG TAPUKAT® KAVOVEC:

1. Zmvoapyn: il =0
2. XT0V¢ OPIGHOVG TIUNG:

(a) Z10 TéAOC TNG TPOTNG YPOUUUNG: ¢l <— il + 1
(b) Xto téhog ™G Ypoppng pe to ioov: il < il + 1

(¢) Z10 T€A0C TOV OPIGHOV: il — il — 2
3. X1ovg optopoVE [0 ORLAdAG TILMV:

(a) Zto téhog TG TPOTNG YPoupNG: ¢l <— il + 1

(b) Zt0 téhog TV OpIopAV: ¢l +— il — 1
4. Xnic mepintwoelg piog EKepacng cuvdptnong ’cases’:

(a) Metd v ypopun pe to Bérog cuvaptnong (=>"): il < il + 1.
(b) Zt0 téhog ¢ mepinTmong: ¢l <+ il — 1

5. Zto Beopipota TOT®V:

(a) Metd v ypapun pe to icov: ¢l < il + 2.
(b) Zt0 téhog TOV Bepnpatoc: il — il — 2.

6. ZTic eKQPACEIS GUVOPTACE®Y “cases” Tov dgv EEKvohv otV Ypoupun He To icov EVOC 0ptopoD
g

(a) Metd Vv ypopun tov tapopétpov: il <— il + 1.

(b) Zto téhog TV éxppoong “cases™: il «— il — 1.

61



6.2 Aom Yynioo Emnédov

6.2.1 Biprodnkn Parsec

O oULVTOKTIKOG AVOAVTHG VAoTOWONKe ypnoiponoidvtog v Pifiodnkn parsec [2]. H Parsec
glvan pia Bropmyavikig svvaung Pipiobnkn ard monadic parser combinators. Mmopel vo avaidoet
YPOUMOTIKES He cvpepalopeva Kot dmepo look-ahead. Ta katagépvel avtd ¥pNCILOTOOVTAS EVal
TOAVHOPPIKO TOTTO GLVTUKTIKNG AVAAVGNG LE TIC TOPUKAT® TAPUUETPOVG TOTWOV:

o stream type: O TOTOG €1GOG0L TOV AVOAVTY.
e user state type: TOTOC KATAOTOONG TOV EMOVUEL O TPOYPULLATIOTAC.
o underlying monad type: EmimAéov ecwtepikdc tomog Monad av ypeidlertal.

o return type: O TOTOG TOV CLVTAKTIKOD SEVIPOL TOV OVUAVTH.

H meprypaer| tov package oto hackage Ppiocketar oto €€ng url:
https://hackage.haskell.org/package/parsec

2Tov LUYKEKPLPEVO AvaAivTi
e stream type: String

e state type:
ParserState: OpileTatl 6TOV GUYKEKPIUEVO OVOADTH KO aKOAOLOEL Tapdypapog Tov Tov mept-

YPAPEL.

e underlying monad:
Identity: AnAaodn| dev ypnoLomoleital KATO10g EVOLUPEPOV TOTOG.

e return type:
Av1d¢ 0 TOTOG £lvat S1POPETIKOG G KAOE ETUEPOVS AVAAVTN KoL Eval 0 TOTOG TOV AVTIGTOLYOV
VTOSEVTPOL TOV GUVOALKOD GUVTAKTIKOD dEVTPOV.

Tomog kataoTacng Tov avaivti: ParserState

O K®dKag wov Tov opilet:

type IndentationLevel = Int
type InEquallLine = Bool
type ParserState = (IndentationLevel, InEqualLine)

Xperaldpoote avtd TOV TOTO KATAGTUCNG Y10 VO VAOTOGOVE TOV KAVOVEC GTOLYLONC.
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6.2.2 Aopn Apyeiov
O K®dwkag Tov avoivth yopileTal oTa TapaKdT® apyeia:
e ASTTypes.hs: Opiopol TV TOTOV TOL GLVTOKTIKOD EVIPOL

e ShowInstances.hs: AvomapdoToon Tov KAOe TOHTOV TOL GLVTAKTIKOD OEVTPOL o€ String yio
eKTOTOOT).

e Parsers.hs: Empépoug avaivtéc yio kdbe empuépoug THTO TOV GLVTAKTIKOD SEVTPOL CAAG Kot
Y10 TOV TOTTO TOL GUVOAMKOD GUVTAKTIKOD dEVTPOV.

To Topamave ypaeTnKay ¥pNCYOTOIMVTAS TNV TANPN Ypappatiky. Ot TOTol avTietoobv 6€ Un-
TEPUATIKG GOUPOAN KOt 01 OVOAVTEG TPOSTOOOVV VO AVAADGOLY TNV 10000 TOVG KOL VAL TNV LETATPE-
WYOLV GE T TOV OVTIGTOLYOL TOHTOL TOV GLUVTOKTIKOD dEVTIPOU.
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6.3 Topadelypoto ZuvTOKTIKOV AVOAVTOV

2’00t TNV EVOTNTA AVOADETOL O TPOTOG LLE TOV OTTO10 01 TUTOL KOl Ol AVOAVTES YPAQTNKOY [E Bdon
TNV YPOLULOTIKY, LE LEPIKA TAPOUIEIYUATO. EEKIVAUE LE EVAV KOVOVO YPOULLLOTIKNG, LETE OTLOYVOVLE
TOV QVTIOTOL(O TOTTO TOV GUVTOKTIKOV SEVIPOL KO LETA TOV AVOALTY| TTOL OVOAVEL e BAoT TOV Kavoval.

6.3.1 Kkaon Parser kot [Hopaoeiypa 0: ra0epéc

"Exovpe tov tomo Parser o omoiog eivot molvpopeikdg ™G TPOG TOV TUTO TOV GLVTAKTIKOD OEVTPOL
GTOV 07010 avaAvEL e TOTO g10000v String Kot TOTo Kotdotaong ParserState:

type Parser = Parsec String ParserState

Dd1udyvovpe pio ToAvpopEIKY TN “parser” pe v kAdon tonmv “HasParser” €161 dote 6A01 01 ava-
AVTEC VoL EyovV TO OVopa ’parser” aveEQPTHTOE TOV THTOV TOV GLVTOKTIKOD OEVTPOL GTOV 0010 OVTL-
GTOLYOVV:

class HasParser a where
parser :: Parser a

Eekwape pe 1o amAd mapdaderypa tov literal pe 1o mapaxkdTo Kavova:

(literal) == (int-lit) | (real-lit) | (char-lit) | (string-lit)

O tomog Tov GuVTAKTIKOV dEVTPOL Yo To literal giva:

data Literal =
Int Integer | R Double | Ch Char | S String

Kat mopaxdro eivor o cuvtaktikdg avaivtig tov literal o omoiog eivarl opiopévog wg instance g
KAdong HasParser. Ecotepikd ypnoipomolodie Tov avaintés yio kabe cuykekpipévo literal ot omoiot
glvar opiopévol Eeywpiotd:

instance HasParser Literal where
parser =
R <$> try parser <|> Int <$> parser <|> Ch <$> parser <|> S <$> parser <?>
"Literal”

O tomog Parser eivon Functor, €161 0 tekeotig ”<$>" (fmap) mepvder ecmtepicd Tov constructor o€
KkdBe cvykekppévo avaivtr. O “try” elvon parser combinator mov kTt backtracking av ot avalvtig
amotuyel. O teleothg ’<|>" onuaivel ’owtdg 0 avaALTAG N 0 AAAOG avaAivtig”. Télog, 0 TEAEGTNG
?<?>” onuoivel Cav arotiyovy OA0L 01 avaALTEG TOTE Ogile aLTd GTO UVLHO GOUALOTOS .
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6.3.2 Iapaodocrypa 1: Aioteg
O Kovovog YPOUUOTIKNG Yio TV AMoTa eivat:

(list) == [’ [ ¢ *1[ (line-expr-or-unders) 1 [ * *1°1°

O TOTOC TOV GLVTAKTIKOD dEVTIPOV Yo TNV AloTa givat:

newtype List = L (Maybe LineExprOruUnders)

Kat o avaAvtig yia v Alota sivat:

instance HasParser List where
parser =
L <$> (char [’ *> opt_space_around (optionMaybe parser) <* char ']’)

Ed® ypnoiponotodpe Toug TeEAEoTES 7 *>" Kol ’<*” 01 0T0i01 YPNCILOTOLOVV KOl TOLS dVO AVOAVTES
OV £XOVV G TEAEGTEOVG (TPMTA, TOV APLOTEPO) QALY EMLGTPEPOLY LOVO AT TOV AVEAVGE O OVOAVTIG
oTov onoio “deiyvouv”. To “opt_space around” avaAVEL TPOAUPETIKA Eva KEVO 0md KAOE Leptd ouTmdV
7ov avélvce o avaiutig opicpa. To “optionMaybe” givatl opiopévo oty Bipriodnkn. Xpnoonotel
TOV OVOALTY OPLGLLA KOl OV 0VUTOG TETVYEL TOTE YVpvael Just <avTd TOL AVEALGE O AVOAVTHG OPICLLO>>,
oAAmg yvpvaetl Nothing.

6.3.3 Ilopaderypa 2: Change
O Koavovog YpoppatiKig yio v ékepact ’change” eivar:

(dot-change) ::= *.change{’ [ ¢ *] (field-change) ( (comma) (field-change) )* [ ¢ 1}’

O TOmOg TOV GUVTAKTIKOV SEVIPOL Yo TV £KPpact “change” givau:

newtype DotChange = DC (FieldChange, [FieldChange])

Kat 0 avaivtig yuo v ékppaocn “change” givau:

instance HasParser DotChange where
parser =
DC <$>
(try (string ”".change{”) *> opt_space_around field_changes_p <* char '}’")
where
field_changes_p :: Parser (FieldChange, [FieldChange])
field_changes_p = field_change_p +++ many (comma *> field_change_p)

Ed® xpnolomolovpe Tov TEAESTI +++” 0 OTTO10C YPTCLLOTOLEL TOVG AVOAVTES TEAEGTEOVS TOVG (TPDTOL
TOV aploTePO) Kot Palet ta amoteléopatd toug oe pia Thedda. O “field change p” avoldel pio oA-
Aayn otoyyeiov. O "many” eivarl opiopévog oty PiAobnkn Kot ovadlvel 0Tt AVOADEL O AVOADTAG
oplopa 66ec PopEg eivar epiktd kot Paletl ta amoteléopata o€ pio Aiota (to dotpo Kleene tov ava-
AVTOV).
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6.3.4 IMapaodocrypa 3: Opwopoi Tipov
O KavOvaG YPOUIOTIKNG Yo TOV 0pIod TN slva:

(value-def) =
(indent) (identifier) ([ * > 1> [ ¢ * 1| (nl) (indent) *: ) (type)
(nl) (indent) ‘=’ (value-expr) [ (where-expr) ]

O TOTOC TOV GLVTOKTIKOD dEVIPOV Y1 TOV OPICUO TIUNG ElvatL:

newtype ValueDef = VD (Identifier, Type, ValueExpr, Maybe WhereExpr)

Kat o avaAvtig yio tov opiopd Tung eivat:

instance HasParser ValueDef where
parser =
indent *> parser >>= \identifier ->

increase_il_by 1 >>

has_type_symbol *> parser >>= \type_ ->
nl_indent *> string "= " *>

increase_il_by 1 >> we_are_in_equal_line >>
parser >>= \value_expr ->
we_are_not_in_equal_line >>

optionMaybe (try parser) >>= \maybe_where_expr ->
decrease_il by 2 >>

return (VD (identifier, type_, value_expr, maybe_where_expr))

e 0VTO TO TAPASELY IO PAETOVILE TO TOG 1] KATAGTUGT TOL OVOAVTH YPNCULOTOLEITAL Y10 VO EQOPLLO-
6T0UV 01 KAVOVEG TOL GLGTNUATOG oTolylons. O avaAvtig “indent” avaldel <2 * enimedo oroiyiong>
keva dapdalovrag To eninedo otoiyiong amd v Katdotaon. Ot ”increase_il_by” kot
”decrease_il_by” éyovv om0 Parser aAAd dev avaAivovv Timota, ival “ovolvTég” ot omoiot ypmo-
TOLOVLVTOL LOVO Y10l VL OAAGEOLY TNV KATAGTOGT KOl VO GUVOLUGTOVV e GAAOVG OVOAVTES. XPTGIULO-
TOL0VVTOL OTTMG opileTal oTov Kavova 2 Tov Xvotpotog Xtoiyiong (6.1). O ’has_type_symbol” ava-
Met pe to e€ng xoppdritov kavova: ([ 21:° [ ]| (nl) (indent) “: ). Or”we_are_in_equal_line”
Kol ’we_are_not_in_equal_line” aAAGlovv TV KOTAGTAON Y10 VO EPUPUOGOVY TOV KOVOVO 6 TOV
2VoTH0TOG ZTOl oM.
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Kepaiaro 7

Meragpaon og Haskell

7.1 Ieprypapn Yyniov Emmédov

INa vo punv ypetdletor va Eavaypagptel 6A0 To cvotnue tonov g Haskell, n Icases petappaleton
katevBeiov oe Haskell kot oev yiveton mAnpng onpacloAoykn avdivon aAld 1 ehdyiotn duvaty ®cTE
va pmopet va yiver n petdepaoct. Ot pAcEC VYNAOD ETITESOL YO TNV UETAPPACT| EivaL:

e Xviloyi)
g 0TV TNV QACT) TEPVALLE OO TO GUVTOKTIKO OEVTPO Kol GUAAEYOVLLE TO TOPAKAT:

— O)lo to ovOpaTO "YOUV®V TEPUITOCENDY” OA®V T®V or_types, 6mov pia ’yopuvny mepi-
nrwon” etvar pio tepintwon mov dev £xel ecwTEPIKN TN (T.Y. no_value o€ avtibeon pe
the_value: )

— O)o o ovopato Tov fields OAwv tov tuple_types.

— Oleg 01 TPOTACELS LETOVOUAGTOG.

To cuAdeypéva ¥pMGILOTOI0VVTAL GTNV GAoT Tpoenesepyaciag.

o Ilpocmetepyaoia

Xg auTn TV QAGCT TO GLVTOKTIKO 0EVTPO OV £)el dNUovPYNOel amd TOV CLVTAKTIKO OVAALTY
LETATPEMETOL GE £VO, ALYO SL0LPOPETIKO OLKOAOVOOVTOG TOV TOPAKAT® KOVOVES:

— Av éva dvopa yopvnig mepintmong Ppedel oe pia Ekppootn TWNE, TOL TPoshETovEe PTpo-
otd éva 'C’ (amd 0 constructor). Avtd ypeldleTor yiati o1 TEPMTMGELS TOV Or_types
petatpémovtol oe Haskell data constructors, ot onoiot mpénel va Egkvodv e KePoAnio
YPAULO EVED 01 TEPITTMGELS Or_type otnv lcases Eekvovv pe (KPO.

— Av éva dvoua evig field Bpebel péoa o o Ekpoon Ting 1 ooia £ivat VITOEKEPACT| piag
ékppapacnc ”.change”, To 6VOLO LETOTPEMETAL GE [io. GLVAPTNON EMONUOTOG 1| OTTOold
éxel 1o 1010 dpiopa pe v cuvaptnon . change”. ['a mapddetrypa, ov Eva LTOGEVTPO TOV
GUVTOKTIKOV 0EVTPOL OVTIGTOLYEL OTNV TAPUKATO EKQpacT), Oo petotpensi wg e&Ng:
x.change{f1 = f1 + 1} = x.change{fl = x.f1 + 1}

To 1510 1oyVEL KO Y10, TO, EOIKA OVOLOTOL:
x.change{lst = 1st + 1} = x.change{1st = x.1st + 1}

— Av pia mpdtaon petovopaciog epeavifetot o £va Bedpnio cUVETAY®YNS TPLY TO PEAOG,
avtikobiotator amd v ovlevén oty omoia avtictolyel. OAeg 01 OVIIKATAGTAGELS TOV
&xouvv yivel oTic HETOPANTES TOTOV TNG, LETAPEPOVTOL KOL GTIG LETAPANTEG TOTT®V TNG GV-
Cevénge. INa mopaderypa, av To TAPOKAT® ULPAVILOVTOL GTO TPOYPOLLLLOL:
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type_proposition (@A)And(@B)Have_Eq_And_Gr
equivalent (@A)And(@B)Can_Be_Equal, (@A)Can_Be_Greater_Than(@B)

type_theorem (@C)And(@D)Have_Eq_And_Gr --> (@C)Can_Be_Gr_Or_Eq_To(@D)
proof a > b =a==Db | a>b
T0 Bempnpa petatpénetal og eENG:

type_theorem
[(@C)And(@D)Can_Be_Equal, (@C)Can_Be_Greater_Than(@D)] -->
(@C)Can_Be_Gr_Or_Eq_To(@D)

proof a > b =a==Db | a>b

07O TPOEMEEEPYAGLLEVO OEVTPO.
e Metagpaon

Y& aun Vv @don to mpoenelepyacuévo dévipo petappdleton katevbeiav oe Haskell. Ot Ae-
TMTOUEPELEG QLTI TNG SUOKACTAG TEPTYPAPOVTOL GTIG EMOUEVES EVOTNTEC.



7.2 ®aon Metagpaong: I'evika

Mo v @don petdopacng vrdpyel 1 vAOTOINGN P0G €K TOV TOPAKAT® TPLOV TOAVUOPPIKOV
GUVOPTNOEDV Y10, KAOE TOTO TOL GUVTOKTIKOD OEVTPOUL:

e to_haskell:

Avt 1 cLVAPTNOT VOl Y10 TOVG TOTTOVG TTOL OEV YPELALOVTAL KATO10V I00VE KATACTAOT Ko
pmopovv vo petappactodv Katevbeiov oe Haskell.

e to_hs_wpn: (to_haskell with parameter number)

AVt 1 GuVApTNON ElVal Y10 TOVG TOHTOVE TOV TPOGHETOVY KOVOVPYIEG TUPOUETPOVS KATE TNV
petdppaon Kot dpa ypelaloviot Lio KOTAGTACT LE LETPNT TAPOUETPOV.

e to_hs_wil: (to_haskell with indentation level)

Avt 1 cvvaptnon givot yio Tovg TOTOVG oL YPeldlovtal TANPOPOPIa Yo TNV GTolYIoM Yo VoL
LETAPPOACTOVV OOGTA Kol apa ¥PEGlovTal Lo KATASTOoT) oL TEPLEYEL TO EMIMESO GTOLYIONG.

Hopakdto £yovpe ta classes mov 0pilovv T TAPATAVEO CLVAPTACELS:

e type Haskell = String

class ToHaskell a where
to_haskell :: a -> Haskell

e type WithParamNum = State Int

class ToHsWithParamNum a where
to_hs_wpn :: a -> WithParamNum Haskell

e type WithIndentLvl = State Int

class ToHsWithIndentLvl a where
to_hs_wil :: a -> WithIndentLvl Haskell

2TIC EMOUEVEG EVOTNTEG LUWITOIVOVLLE GE TEPLOCOTEPT) AETTOUEPELD Y10, GLYKEKPILEVOLS TOTTOVC.
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7.3 ®aon Meragpaons: Baowég Exppaocelg
7.3.1 ZroOegpéc ko Ovopata

o YtaOepég

Ot otafepéc mapopévouy Om®G eival PETA TNV GLVTOKTIKY avAALGN €KTOG Ad TG oTAOEPES
apBumv, oTig onoieg mpoaotifetal emionueioon TomoL 6TaY Ppickovial o€ pic EKPPACT) TG
(0ev mpootifetan av givon Tepintwon cuvaptnong ’cases”).

e Ovépata
— Topodeiyuoza

X1 — x1
apply(_)to_all_in(_) = apply’to_all_in’
(_)to_string = a’to_string
f(o, o, O)="*1""'
— Leprypagpn

INo ta ovopata, OAec ol TopavOESELS e KATM TUVAEG AVTIKOOIGTMOVTOL A0 ATOGTPOPOVGS
toov TANBoLG Le TIg TavAeG. Av vIdpyEl TapEvBEST] GTNV APy TOL OVOUATOC, £va ’a’ To-
mobeteitan TPV TIG AVTIGTOLYEG ATOGTPOPOVS Yia Vo, gival cmotd dvopa Haskell.

7.3.2 IMapevOicerg, [Theraoeg kol AloTeg
o IMapévOeon

Ot petdepaon pa Ekepoong Tov ivol og mapévheon praivel eniong o mapévheon.

o ITierGoeg

— Iapadetyuozo

(x, y) = ft2(x, y)
(_, 3.14, _) == (\(pA®, pAl) -> ft3(pAO, 3.14, pAl))

(_, —, "Hello from 3rd field”)
=
(\(pAO, pAl) -> ft3(pAO, pAl, "Hello from 3rd field”))

— Lleprypagpn

Zuovaptnon ftn

Y1 petaepaocn, kale mieidda divetar g Opiope 6TV cvvaptnon ftn 6mov n eivon to
péyebog g mAeddag. H ftr sivor po moAvpopeikiy cuvaptnon mov opiletar amd 10 mo-
pakato class (Yo n = 2 kot avtiotoyo classes yu 3,4 kot 5):

class FromTuple2 a b c | ¢ -> a b where
ft2 :: (a, b) -> ¢

70



AvTo yivetar 51011 1 id1o TAEIGO0 pmopel va el TOmO YvopEVO 1 TOTO tuple_type avd-
Aoya pe To Tov gpeavifetol oto TPoypappo. [ TOTOLVE YIVOLEVO £YOVLE TO TOPUKAT®
instance:

instance FromTuple2 a b (a, b) where
ft2 = id

Kot o petappactic ptidyvel avtépato £va kavovpylo instance yio kdbe opiopd tuple_type.
IMNo Tapdodetypa, yio Tov TapoKaT® optopo:

tuple_type Name
value (first_name, last_name) : Stringn2

LETA TNV UETAPPACT TOL 1510V TOV 0p1opoD Oa £yovjie To TapakdTte instance:

instance FromTuple2 String String Name where
ft2 = \(x1, x2) -> Name’ x1 x2

Me avtd to punyavicpd To TPOHYPULL TEPVAEL TOV EAEYKTI] TUTIMV KOl GTLG dVO TEPUTTM-

GELC.

MMopapeTpot Y10 KATO TOVAEG

INo 6Aa ta oToKEln piog TAELROAG TTOL TEPIEXOVLY KAT® TOOAO, OMLuovpyeitat pia véa ma-
papetpog oty 0éomn g ("pA<n - 1>” yio TV nN-06TH KAT® TAOAR). APOV TEAEIOGEL M)
HETAPPOON TNG TAELASOG TPOGHETOVLLE GTIV ApYN TNG OAES TIC TAPAUETPOVG TOV ONLLLOVP-
YNONKov yo va v kévovpe ékppoot cuvaptnons. To ”"pA” gival omd to “parameter”
Kol 1o *A’ glval KeaAaio yia vo oamo@evyBohv mlavEeS GLYKPOVGELS LLE GAAN OVOLLOTO TOV
mpoypappatog (otnv leases dev Eyovpe KeQoAaio 6To OVOUAT).

o Aloteg
— Topodeiyuoza
[1.61, 2.71, 3.14]
—

[(1.61 :: Double), (2.71 :: Double), (3.14 :: Double)]

[, x, _1== (\(pA®, pAl) -> [pAO, X, pAl])

— Leprypogn

O1 Aloteg Aettovpyolv pe TOV 1610 TPOTO OV AEITOVPYOVV Ol TAEIAOES LE TNV O0POPA
011 dev ypetdlovtal Tnv cvuvaptnon ftn.
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7.3.3 Eg@appoyn Xvvaptnong pe lapevOioerc

o [lopadeiyuoza

f(x, y, z)=f"""(x, y, 2)

f(x, _, _) = (\(pAO, pAl) -> f''’(x, pAO, pAl))
(x)to_str = a’to_str(x)

apply(f)to_all_in(_) = (\pA@ -> apply’'to_all_in’(f, pAQ))

o [leprypogiy

Mo v epappoyn cuvdptnong pe mapeviéoels, dtaywpilove To OVOLLO THG GLVAPTNONG 0t TO
opiopatd g aviikabiotdvtog kdbe mapévheon e amosTpoPovg idtov TANB0VG e Ta opicpata
g mapévieonc (kat Balovtag éva ’a’ umpootd av vrdpyel tapévBeorn oty apyn). [lopdiinia,
cLALEYyoLE OO T OpicpaTa o€ pia TAEWGda TV omoia petd Pdlovue cav OpIGHO GTO TELOG TOV
0oVOLOTOG TG GLVAPTNONG. AV 6TV BEom KAmo10V 0picHATOG EXYOVE KATWO TOOAO, KAVOLLLE TO
1010 OV KAVOULLLE Y10, TIC KAT® TAOAES 6€ TAELAOEC MOTE Vo dnuovpyn0el pia véa TapaUeETPOG,.

7.3.4 ZXvuvoapmioeig [podnpatog ko EmOnpatog
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o Xvuvaptiosig llpodnipatog

— Tapaodeiyuozo.

the_value:42 —> Cthe_value((42 :: Integer))

error:”this is an error message” = Cerror(”this is an error message”)
the_value:_— (\pA@ -> Cthe_value(pA0))

the_value:result:true = Cthe_value(Cresult(True))

— Leprypagpn

Orovvaptioelg mpobnuatog eivar data constructors oty Haskell, ot omoiot £yovv eicay et
oo TNV UETAPPACT TOV OVTIGTOL(OV OPIGHOV Oor_type. XTnv HETAPPOCT) TOVG TPOGHE-
tovpe pmpoatd £va, ’C’ (amd to “’constructor’) dote va eivol cwotol Haskell constructors.
To 6piopa tonobeteital og TapévBeon 1 onoio TomobeTEITAL LETA TNV LETAPPOCT] TNE GL-
vaptnong npodnuatog (otnv Haskell dev éyovpe dvo katm telein). Av To Oplopa gival
KATO TadAa TOTE GTNV ToPEVOEST] TOOOETOVLE Uit VEQ TOPAUETPO UVTIGTOLYO LE TO TPOTTO
7OV YiveTol ovTd GTIG TAELUOEG KOl 1] GUVOAIKY LETAPPOOT| uraivel o€ Topévieon yio va
KOWouE TNV gUPELELD TNG VENS TOPAUETPOV.

o Yvuvopticsic EmOpatog
— Tapaodeiyuozo.

date.year =— year(date)

tuple.1st = pilst(tuple)
info.date.year = year(date(info))
tuple.1st.2nd = p2nd(plst(tuple))



— Leprypogn

O1 GuvaptNoelg EMBNUATOG ONUIOVPYOVVTOL QVTOLOTO GO TNV LETAPPACT] TOV OVTIGTOL-
YOV oplopoy tuple_type 1 €ivar ot €101KeEG GUVOPTNCELS EMONUATOG TOTMOV YIVOUEVOV
(_.1st _.2nd ktA). Metappdloviar oe kavovikég Haskell cuvapthoeig (6nmg eivar ot
ouvaptioels tpofoing otnv Haskell) pe to dpiopd tovg o€ mapévBeon. I'a Tig £101kEG Gu-
VOPTNOELS TOTOV YIVOUEVOVY TpocBéTovpe oty apyn éva 'p’ (amd to ’projection”) dote
va givat cwoto ovopo, Haskell.

Ot GUVOPTACEIS TOV THTOV YIVOUEVOVY EIVOL TOADUOPPIKEG Kol AEITOVPYODV GE TAELAOEG
omotovdnmote pNKovg (Yo tpa < 5). Avtd TO KOTAPEPVOLLE LLE TOV OPLOHO TOV TP
katw class (ywo to plst ko avtictoywv classes yia To vdrona):

class IsFirst’ a b | b -> a where
pist :: b -> a

Kot tov mapaxdre instances:

instance IsFirst’ a (a, b) where
plst = fst

instance IsFirst’ a (a, b, c) where
pist = \(a, _, _) -> a

instance IsFirst’ a (a, b, c, d) where
plst = \(a, _, _, _) -> a

e Xvuvaptnon ”.change”
— Hopodeiyuozo

state.change{counter = counter + 1}
preprocessing
—————> state.change{counter = state.counter + 1}

— cOcounter(counter(state) !+ (1 :: Integer)) state
tuple.change{1st = 1.61, 3rd = 3.14} = (c1st(1.61) .> c3rd(3.14)) tuple

tuple.change{x = _, y = _} = (\(pA@, pAl) -> (cOx(pA@®) .> cOy(pAl)) tuple)

— Leprypogi

I v cuvaptnon ~.change” dnpiovpyeiton pio cuvaptnon ariayng yuo kade field wd-
Bevog ek TV tuple_type TOT®V, QVTIOTO(O LLE TIC GLVOPTNOEL TPOPOANS. AvTy 1 oL-
vaptnon €xel dvopa to 6vopa tov field 6mov €xel mpootebei pnpootd to string ’c0”. To
’¢’ gival oo To “change” kot 1o *0° to Bfalovpe Yo TV 0mTo@LY GLYKPOVGEDY UE QAL
ovoporta (ot Icases ta yneio Lwopodv va LTovy LOVo 6To TEA0G VOGS ovOpaTog). [a Ta
fields OV yvopévav ot cuvaptioelg aAlayng eival “clst”, “c2nd”, kth. O Tomog KGbe

GUVAPTNONG QAAYNG EXEL TNV LOPON:

FieldType -> TupleOrProdType -> TupleOrProdType
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INa kéBe avaBeon ypnoomolovpe Ty cuvaptnor oAkayng Tov avtictoyov field pe v
EKppoon g avdbeong og dpiopa tHmov FieldType. Me avtd Tov Ttpdmo Exovpie OAES TIG
GLVOPTNHGELS OAANYNG LLE DOGHEVO TO TPMTO OPIGLO VO, EYOVV TAEOV TOTO TIG LOPPNG:

TupleOrProdType -> TupleOrProdType

Tig cuvBétovpe OAeg e ToV TeEAESTN oOVBEONC ™. > Kot EYOVLE TNV GUVOAIKT GLVAPTNON
oL@V TOV aALXY®V, TOTTOV:

TupleOrProdType -> TupleOrProdType

Telewdvoope epappolovtog Ty GtV HETAPPOGCT TOL opicpaToc TG . change”.

Ot cLVOPTAGELG CALAYNG YL TOTTOVS YIVOUEVO AELTOLPYOLV GE TAEWAdES KAOe peyéboug
(Yo Topa < 5). Avtd Aertovpyel pe mapopown classes kai instances pe avtd Tov plst,
p2nd, KTA. AVGTUY®DG AOY® CLTOV OEV UTOPOVUE VO YPNCILOTOWGOVUE TO GUUPOAMGHO
¢ Haskell yio avtég t1g aArayég yroti 0nmg Aéel to opdipa g Haskell avtég ot moiv-
HOPPIKES GLUVOPTNOELS OV givan “record selectors”.

Av vapyel KT modia Kamov, dnuovpyeital véo petafAnTh TapdUold LE TOV TPOTO
OV YIVETAL 0VTO OTIC TAELUOES.



7.4 ®aon Metagpaong: Teheotég

Teheotég [0 kaBéva amd tovg Tehectéc Tng leases, &xet opiotel évag véog Haskell teheotrg otov
omoio petappaletal. AVTO EMTPENEL TV YPTOT) TOL UNYAVIGHOV TPOTEPUIOTNTOS KOl TPOCETALPIOTL
kottog g Haskell yia véoug teleatég Opiopévoug and tov yprotn. Etot, dev ypeidotnke va vAo-
ToMBOVV GTOV GLUVTAKTIKO AVOAVTY, KATL TO omoio Ba NTav apketd o ypovoPfopo kat Ba ypelald-
VTOVOOV OPKETH TEPLOGOTEPEG TAPEVOETELG TNV peTdPpaoT). Ot TEAEGTEG EPOPLOYNG GLVAPTNONG Kot
ovvleong cuvaptoewv opilovtal 6mwg opilovion mopakdtm. Kabe dAhog teheotig opiletat pe va
type class. H vlomoinon tov tekeotn yio kébe cuvdiooud tommv opiletal pe £va avtiotolyo instance.
To mapokdto mopadeiyloto yio Tov TEAESTN TG TPOSOEoNC dEl)VOUV TNV YEVIKT LOPPT OVTMV TOV
classes kot instances.

[IpotepodTTo KO TPOGETAUPLOTIKOTNTO LUE

Haskell:
Icases telectég | Haskell telectég %nf}xl 9 &
infixr 8 <&
-> &> infixl 7 .>, <
<- <& infixr 6 IA
0> > infixl 5 1*, 1/
<0 <- infixl 4 1+, !-
A A infix 3 1==, 1=, 1>, 1<, I>=, I<=
* * infixr 2 1&
/ t/ infixr 1 1]
+ I+ infixr @ !>>=, I>>
- I -
—— == Teleotéc epappoyng cvvaptnong Kot cHvoe-
= 1= o1 GLUVOPTNOEDV:
> (8>) i1 a -> (a ->b) -> b
< x & f = f x
>= 1 >=
<= <= (<&) :: (a ->b) ->a ->b
& & f <& x=fx
| H
7> 1>>= > (a ->b) -> (b ->c) ->a ->c
; 1>> = flip (.)

(b ->c) ->(a->b) ->a ->c

()
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# Type class yia mpodcobeon:
class A’And’Add_To’ a b c where
('+) 1t a ->b ->c

# Meplkd omd Ta instances

# NpocBeon dV0 ALCTWOV:
instance b ~ [a] => A’And’Add_To’ [a] [a] b where
(1+) = (++)

# NpocBeon evog tumou ‘a’ pe pia Atota amo ’'a’
instance b ~ [a] => A’And’Add_To’ a [a] b where

(1+) = (1)
# MpocBeon evog String pe €va TOMo ‘a’ mou €xel Show instance

instance (Show a, b ~ String) => A’And’Add_To’ String a b where
str !+ x = str ++ show x

Ex@pdosig TeleotdV

o [lopadeiyuoza

5 * "a’ = (5 :: Integer) !* 'a’

"Hello ” + "World!” = "Hello ” !+ "World!”
- 1= (\pAO -> pAO® !- (1 :: Integer))

_ + "string in the middle of the arguments” + _
= (\(pAO, pAl) -> pAO® !+ "string in the middle of the arguments” !+ pA1l)

o [leprypogiy

T1G eKQPACEIS TEAEGTMV, Ol TELEGTEOL LETAPPALOVTAL AVTIGTOLYA LE TO TL TEAEGTEOL EIVOL KOt
01 TEAECTEG AVTIKAIOTAOVTOL LE TOVG AVTIGTOLYOVE TPOUVAPEPOIEVOLG TEAECTEC. Av 0TV Béom
KGO0V TEAEGTEOD VILAPYEL KATWO TOOAM, Hio VEX TOPAUETPOG OMOVPYEITOL TAPOUOLD LE TOV
TPOTO TTOV YIVETOL OLTO OTIG TAELAOEC,
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7.5 ®aon Metagpaons: Ekppacerg Xuvaptioewv
Kavovikéc Ex@pdosic Zovaptiioemv

o [lopadeiyuoza
X => 17 * X + 42 =—>\x -> (17 :: Integer) !* x !+ (42 :: Integer)
* => 42 = \_ -> (42 :: Integer)
(x, *, z) =>x+z=\(x, _, z) ->x 1+ z

((x1, y1), (x2, y2)) => (x1 + x2, y1 + y2)
= \((x1, y1), (x2, y2)) -> ft2(x1 '+ x2, yl1 !+ y2)

o [leprypogij

[No v petdepaoct Tov TopapéTpmy Yivovtol To TopoKAT®:

— TomoBeteitan pmpootd o yopoktipag '\’
— To Béhog "=>" avtkaBiotatal omd to féAog 7 ->"

— O1TtopaueTpol Pe AoTEPIOKO PETATPEMOVTIOL OE TOPAUETPOVG LE KAT® TOOAN

To cdpa g cLVapTNoNG LETAPPALETOL aVALOYQ LE TO TL EKPPOCT) EivaLL.

Eivat duvatov n ékepaocmn cuvaptnong va akoiovdeitol omd pio Ekppacn “where” dnwg ¢oi-
VETOL OTO TOLPAKAT® TOPAOETY L

gac => print(message)
where
message: String
= "Ged: " + gac.gcd + “"\nCoefficients: a = "” + gac.a + ", b =" + gac.b

e vt TNV Tepintoon, n Ekepaocn “where” petatpénetal og pio EKppaon ’let-in” 6mwg me-
PLYPAPETOL GTNV OVTIGTOYN EVOTNTA. AVTN 1 £K@pooT ~let-1in” tomobeteitan avapesa otig
TOPAUETPOVS KAL GTO AL TNG GLVAPTNONG, DGTE Ol TOPALETPOL VO LITOPOVV VOl YPT|CLLOTOL-
NnBobv oToVG OpIoPOVG TG et -in” EKPPACNS OTMG PAIVETOL TOPUKATM:

\gac ->
let
message :: String
message =
"Ged: " !+ gcd(gac) !'+ "\nCoefficients: a = ” !+ a(gac) '+ ”, b =" I+ b(gac)
in

print’(message)

OOV 1M TOPAUETPOG ~’gac” ypNoLoToLElTAl 6TO "message’.

77



Ex@pdosig Lovaptijoemv “cases”

78

o [lapadeiyuazo,

cases
true => print(”"It’s true!! :)")
false => print(”It’s false... : (")

—

\pA@ ->

case pA@ of
True -> print’(”"It’s truel!! :)")
False -> print’(”It’s false... : (")

(x, cases)
0 => X

y => ged(y, (x)mod(y))

—

\ (X, pA®) ->
case pA@ of
0 -> X
y -> gcd’’(y, a'mod’(x, y))

Ieprypapn

(cases, cases)
(green, green) => true
(amber, amber) => true
(red, red) => true
=> false

—

\(pAG, pAl) ->

case (pAO, pAl) of
(green, green) -> True
(amber, amber) -> True
(red, red) -> True
_ -> False

cases
[x1, x2, xs =
(x1 < x2) & (x2 + xs)is_sorted

o] =

=> true
=
\pAO® ->
case pAO0 of
X1 : X2 : xs ->
(X1 !'< x2) '& a’is_sorted(x2 !+ xs)
_ -> True

Ot mapAapeTpot Hetampaloviot TopoUoLo LE TOV TPOTO OV HETOPPALOVTOL OTIG KOVOVIKES EP-
KPUGELS CLVAPTNOEDV UE TNV dPopd OTL OAES Ol TAPAUETPOL TTOV TEPLEYOVV TNV AEEN KAEWDT
“cases” petappdlovrol oe véeg Tapapétpoug. Kabe térota véa mapapueTpog cuAAEYETAL GE pial
mAedda otV onoia kévovpe pattern matching pe v e&ng ypoppn:

”case <MAELAd0 VEWV TOPOUETPWV> of”.

[Nty telvtaia Tepintwon, av Exovpe . . .7 avtd petappaletotoe ”_ . Otav KAVOLLLE pattern
matching ota TpmdTa 6TOXEl0 piog Aot 1 petdepacn yivetoan ¢ eENG:

[x1, x2, ...] => <owpo mepimiwong>
=
X1 : x2

[x1, x2, xs =
—
X1 : X2

...] => <owpo mepimtwong>

_ -> <JUETAQ@pOCn owuatog mepimtwong>

XS -> <peTAPpPOCn oWUOTOCG Tepimtwong>

OOV APALPOVVTOL Ol OYKVAEG KOl TO KOUUOTO YIVOVTOL AV KAT® TEAElEC. AV TO VTOAOITO TNG
Motag éxel dvopa T0Te avTo gival To LOVO TOL TOPAUEVEL LETA TNV TEAELTOLN VD KAT® TEAEID,

OAM®DG £YOVLE KAT® TOOAL.



7.6 ®aon Metragpaons: Opiopoi Typov kor Exppacerg where”

o [lapaodeiyuazo

foo: Int
= 42
=
foo :: Integer
foo =

(42 :: Integer)

dfs_on_tree(_) : (T1)Tree => (Int x T1)Tree
= dfs_on_tree(_)with_num(1) o> _.tree
where
dfs_on_tree(_)with_num(_) : (T1)Tree x Int => (T1)ResultTreeAndNum
= <irrelevant stuff>

<irrelevant stuff>

dfs_on_tree’ :: forall al. A’Tree al -> A’Tree (Integer, al)
dfs_on_tree’ =
let
dfs_on_tree’with_num’ :: (A’Tree al, Integer) -> A’ResultTreeAndNum al
dfs_on_tree’with_num’ = <irrelevant stuff>

<irrelevant stuff>
in
(\pA@ -> dfs_on_tree’with_num’(pA®, (1 :: Integer))) .> (\x' -> tree(x'))

vall, val2, val3 : Int, Bool, Char
= 42, true, 'a’

vall :: Integer
vall =
(42 :: Integer)

val2 :: Bool
val2 =
True

val3 :: Char

val3 =
Ial
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print_gcd_and_coeffs_of(_): GcdAndCoeffs => IO
= gac => print(message)
where
message: String
= "Ged: " + gac.gcd_ + "\nCoefficients: a =" + gac.a + ”, b =" + gac.b

—

print_gcd_and_coeffs_of’ :: GcdAndCoeffs -> IO
print_gcd_and_coeffs_of’ =
\gac ->
let
message :: String
message =
"Ged: " !+ gcd_(gac) !+ "\nCoefficients: a = ” I+ a(gac) !+ ”, b =" 1+ b(gac)
in
print’(message)

Ieprypapn

IMo v petdppacn TV opiou®V TIL®V yivovtal Ta eENg:

— To ovpPoro €xel Tomo™ petappaletal falovtag pio devtepn dvm KAT® TEAEID.
— To 6vopo TG TN EMOVAYPNGULOTOLELTAL TTPLY TO 1GOV.
— Av 0 optopog TIUNG givat oto eninedo otoiyiong 0 Tdte yYivovtal To TopaKATo:
* XVAAEYOLLE OAEG TIC TOPOUUETPIKES LETAPANTES TOTWV TOV TOTOV.
* [IpocBétovpe T0 TapaKAT® GTNV apy| TNG LETAPPOGTG TOV TVTOV:

4

"forall ” <mapop. HETAR. TUTOU HETOPPOCUEVEC KOL XWPLOUEVEG HE KeEVE> .

Av1d emutpémetl v ypron TV OOV PETAPANTOV TUT®V KOl GTOVG TOTOVS HEGO GTNV
Exppaon “where” av vmdpyel. Avtd PeiveTol 6To 20 TapAdeLyo, OTov 0 T1 (TP TNV e-
Thopaocn 1 al HeTd) YPNCLOTOLEITAL KOl TNV EMONUEI®ON TOTOL TOV
dfs_on_tree(_)with_num(_). Av dev lyav yivel Ta Tapamdve ToTe Ta ’al” dgv Oa ava-
pepdvTovcay otny 1610 peTa ANt TOTOL TAPOAO TTOL £YoVV TO 1510 dvopa. o va Agttovp-
ynoovv ta mapamdve ypelaletat eniong to compiler extension ScopedTypeVariables.

>

— Av 1 ékppoon ¢ TING akolovbeital and pio ékppact “where”, 1 ékppoon “where’
petappaletol oe pio Ekepacn ”let-in” 1 omoio Torodeteital TAV® OO TNV HETAPPOCT
™mg éxepoong T (20 mapaderypa). H povn e€aipeon 6’ avtdv tov Kavova, sivor 6tav 1
£KQPAON TIUNG EIVOL EKPPOOT] KAVOVIKNG GUVAPTNONG OOV 1) £Kppact et -in” tomobe-
Teltol HETOED TV TOPAUETP®V KOl TOV COUOTOC TG GLVAPTNONG (TEAevTaio mopddsty o).



7.7 ®aon Metragpaong: Tomor

7.7.1 Ex¢@pdoeg Tonov
Ovopata Tomov

o [lopadeiyuoza

Int = Integer
Real = Double
String = String

SelfReferencingType = SelfReferencingType

o [leprypagij

Ta ovépota TOTOV TOPAREVOLY Ta 1010 KOTA TNV petdepacn ektog Tov Int kot Real, Ta omoia
petappaloviot og Integer kot Double avtiototya.

Merapintéic Tomov
o [lapaperpikéc Metapintég Tomwv

— Tapadeiyuozo.
Tl —al
T2 — a2

T3 — a3

= Leprypogn
To *T’ yiveton ’a’.
e Ad Hoc Metafintég Tommv

— Tapadeiyuozo.
@A = b0
@B = b1
@C = b2

— Heprypagi

To @’ yivetor ’b’ kot To KeQoAaio ayyAMKA Ypappoto HeTappaloviol wg ENG:
A—0,B=—1,«1A
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Tomow E@appoyng Tomov

o [lopadeiyuoza

ListOf(Int)s = ListOf’s Integer

Error(String)OrResult(Int) = Error’OrResult’ String Integer
(Int)Tree = A’Tree Integer

ListOf(Int => Int)s = ListOf’s (Integer -> Integer)
Before(B,C)After = Before’ 'After B C

A(B(C)) => A’ (B’ C)

Ieprypapn

IN'a tovg THmoVg epappoyng ToTov, to Haskell ovopo amopovavetot aviikabictdviog Kabe mo-
pévBeon e amooTpOPovS icov TANB0VG e Ta opicpata TG Topévieonc. Av vidpyel Tapévieon
otV apyn 10te Tpootifetar éva A’ (amd to “argument”) mplv amd TO GVOUO Yol Vo gival Go-
616 6vopo Haskell. Ot tonot opicpata cuAréyovtal, petappdalovrot kot yio 6motov ypetaletot
tomoBeteiton o mapévOeon kot 6Aot pall tomofeTobvtal PLETA TO OVOUA YOPIGUEVOL OO KEVA.

Tomor ['ivépeva
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o [lopadeiyuoza

Int x Real x String = (Integer, Double, String)
IntA2 x IntA2 = ((Integer, Integer), (Integer, Integer))

(Ar2 => A) x A X ListOf(A)s = ((A, A) -> A, A, ListOf’s A)

o [leprypogiy

[N tovg TOTOVG Yvopeva petaepdlovtal 6Aot ot tomot TV fields, yopilovrol amd kKoppaTa Kot
umaivovv o€ Topévieon.



Tomow Zuvaptijoemv
o [lopadeiyuoza
T1 => T1—al -> al
IntA2 => Int = (Integer, Integer) -> Integer

(Ar2 => A) x A x ListOf(A)s => A== ((A, A) -> A, A, ListOf’s A) -> A

o [leprypagij

I"o Tovg TOTOVE GLVOPTHGEDY PETAPPALOVTOL 01 TVTOL E16050V Kot 5000V Kot T0 BELOG LETOED
TOVG peToTpENETON Omd ’=>" g 7 ->".

Tomow Mg Ilpoiné0Beon

o [lopadeiyuoza

(@T)Has_Str_Rep --> @T => String =— A’Has_Str_Rep b19 => b19 -> String
(@A)Is(@B)s_First --> @B => @A —> A'Is’s_First bO bl => b1l -> bo

(@T)Has_Internal_App --> (T1 => T2) x @T(T1) => @T(T2)
=
A’Has_Internal_App bl9 => (al -> a2, b19 al) -> b19 a2

o [leprypagij

INo tovg TOmoVG pe Tpovmodbeon, 1 Tpolindbeor peTaEpaletal TAPOUOLN LUE TNV UETAPPACT
TOV TOT®V EPUPLOYNG TOTOV, OTOL 01 TAPEVOESEIC AVTIKADIGTOVTOL OO ATOGTPOPOVS KL Ol
petaPAntég tomobeTobvTol HETH TO OVOUA YOPIoUEVES amd kKeva. O THTOC petd Ty Tpodmdheon
HeTaPpaleTal ovAAOYa LE TO TL TUTOG ivot Kot To BEAOG peta&d g TPoHTOOESG KAl TOL TVTOL

bl

petaTpémeETOL amd - ->” 6g U=>",
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7.7.2  Opwopoi Tomov

Opropoi tuple_type

84

o [lopadeiyuoza

tuple_type Date

value (day, month, year)

—

data Date =
Date’ { day

IntA3

Integer, month

Integer,

year

Integer }

instance FromTuple3 Integer Integer Integer Date where
ft3 = \(x1, x2, x3) -> Date’ x1 x2 x3

coday :: Integer -> Date -> Date

cOmonth :: Integer -> Date -> Date
cOyear :: Integer -> Date -> Date
cOday = \new x -> x { day = new }

cOmonth = \new x -> x { month =

new }
cOyear = \new X -> x { year = new }

tuple_type Edge
value (u, v) : Nodenr2

—

data Edge =
Edge’ { u :: Node, v

Node }

instance FromTuple2 Node Node Edge where

ft2 = \(x1, x2) -> Edge’ x1 x2

cOu :: Node -> Edge -> Edge
cOv :: Node -> Edge -> Edge

cOu
cov

\new x -> x { u
\new X -> x { Vv

new }
new }



tuple_type (T1)Tree
value (root, subtrees) : T1 x (T1)Trees

=

data A'Tree al =
A’'Tree’ { root :: al, subtrees :: A’'Trees al }

instance FromTuple2 al (A’'Trees al) (A’'Tree al) where

ft2 = \(x1, x2) -> A’'Tree’ x1 x2

cOroot :: al -> A’'Tree al -> A’Tree al

cOsubtrees :: A’'Trees al -> A’Tree al -> A'Tree al
cOroot = \new x -> x { root = new }

cOsubtrees = \new x -> x { subtrees = new }

o [leprypagij

I tovg opiopotc tuple_type n petdepaon yivetol Pe To Topakdto fruota:

1.
2.

6.

”tuple_type” — “data”

Am6 to dvopa Tov TOTOVL St PIovLE TO GVOUA TG GLVAPTIONG TVTMV OVTIKAOIGTAOVTOS
TIc TopevOESELS e amOGTPOPOVS 160V TANBOLE He TIG LETARANTEG TOT®V TOV VITAPYOLV
oV Kb mapévieon. Av vipye moapévleon oty apyn Palovpe éva *A’ Tpv omd TIC
TPATES ATOGTPOPOVS. " YOTEPQ, TPOGHETOVIE TIC LETAPPAGELS TOV LETAPANTOV YOPICUE-
VEG amd KEVA Kal 6TO TEAOG TNG YPOoUUNG Balovpe iGov.

. OvAéEn Khedi “value” dev vdpyel oTNV HETAPPOOT Kot 1 Oe0TEPN Ypappr ototyileTon

mo péoa kot Egkvaet pe tov data constructor, 0 omoiog eivat id10g pe TV GuVAPTNON TOTMV
TOL OVOUOTOG HE L0 EMTAEOV ATOGTPOPO GTO TELOG.

[IpocBétovpe to record syntax tng Haskell Balovtag to kébe field pe v emonueioon
TOV TOTOV TOV, YWPIGUEVE LE KOUOTO KOl LEGO 6€ AyKioTpa. M’ ovtd Kheivel 0 opiopdc
Tov 1610V TOL TOTOL otV Haskell.

. Xg avtd 10 Prpa opilovpe To Ftn instance Tov THIOL TOL OPIGOLE, OTTOL N EIVAL TO QKOG

TV TAEd®V Tov. O 0p1opdG AVTOG XPELALETAL YO TV HETAPPAOT TMV TAEWIOWOV Yo
AOYOLE TTOL TEPLYPAPOVTOL GTNV OVTIGTOLYT EVOTNTO KOl Y0PILETOL GTO TOpaKAT® ripaTa:

(a) ”instance FromTuplen”

(b) IIpocBétovpe T1g petappdoelg Tov field types (o mapévBeon omota yperdletar) Kot
TNV LETAPPACT] TOL OVOLATOG TOV tuple_type (Ue avth TN GEPA) YOPICUEVES ATTO
Kkevd. AkolovBei to string ” where”.

2

(c) H debdtepn ypapun otoryiletor mo péca Kot Eekvaet pe "ftn =",

(d) Zvveyilet pe éva ’\’, TNV TAELAS0 TOV TOPAUETP®V X1 €M XN KoL TO BEAog” -> 7.

(e) 1o copa g cvvdptnong £xovpe Tov data constructor Tov fripatog 3 akoAovdov-
LEVO OO TIC TOPAUETPOVG X1 £MG XN YOPIGUEVES OO KEVA.

¥’ 0utd T0 PriHo ETOTUEIDVOVLE TIG GLUVOPTHOELG oAAayng kabevog field pe tovug TomoLE

TOVG OG €ENC:

— To 6vopa g cuvdptnong aAroyng sivol ”c0” akolovboluevo omd To OGVopo Tov

field.

— IIpocBétovpe to cvpporo ’éxel tomo” (7 :: ) akolovBovuevo and Tov THTO, O
0TO10G £YEL TNV TOPAKAT® LOPPN:
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<petdgpoaon field type> -> <b6voupa tuple_type> -> <ovopa tuple_type>
7. X’ ot6 10 Pripa Sivoupe TOVG 0PIGHOVG TV GLVOPNGE®Y oAAaYTG Yo KaOe field og e&ng:

— To 6vopa g cuvdptnong aArayng sivoal ”c0” akolovbBovuevo omd to Gvopo Tov
field.

— Axovbei 1o string” = \new x -> x { <évopa tou field> = new }”

Opropoi or_type

o [lopadeiyuoza
or_type Error(T1)OrResult(T2)

or_type Bool
—tyP values error:T1 | result:T2

values true | false

=
=
data Error’OrResult’ al a2 =
data Bool =
- Cerror al |
rue
| Cresult a2
Cfalse

or_type Comparison

or_type Possibly(T1) values lesser | equal | greater

values the_value:T1 | no_value

—
—

. data Comparison =
data Possibly’ al =

Clesser |
Cthe_value a1l |

Cequal |
Cno_value

Cgreater

o Ileprypogiy

I tovg opiopodc or_type 1 petdppoot yivetal e To TapoKAT® PrinoTo:

1. "tuple_type” = “data”

2. To 6vopa Tov TOTTOL petaPpaletol Le Tov 1010 TPOTO OV UETAPPALETAL GTOVS OPIGHOVG
tuple_type kot akolovBeitat amd icov

3. H Aé&n «he1di “values” dev VTAPYEL GTNV LETAPPOOT) KoL atd TIV S€0TEPT YPOLUUN Kot
petd £yovpe Touvg data constructors yio kG0e pio amd TIG TEPUTTMGELS TOL Or_type, Evav
og kabe ypouun. o v kdbe mepintmon yivovtol To TopaKATo:

(a) Balovue éva ’C’ mpv 10 Ovopa TNG TEPITTOONG Y10 Vo TNV Kavovpe cwotd data
constructor.

(b) Av vmapyel ecmTEPIKN TIUN, 0 TOTTOG peTaEpaleTal kot Torodeteitan petd tov data
constructor (dtoywpilovtal e KeVO).

|”

(c) Av dev givan m televtaio TepinTmon 610 TEAOC TNG YPOUUNG EXOvuE
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Hoeparcodkie ToTmv

o [lopadeiyuoza

type_nickname Ints = ListOf(Int)s = type Ints = ListOf’s Integer

type_nickname ErrOrRes(T1l) = Error(String)OrResult(T1)
—> type ErrOrRes’ al = Error’OrResult’ String al

o [leprypogij

INo to Ttapatcovkiio TOneV avikadictovpe 10 “type_nickname” pe “type”, 10 dvopa Tov
TOPOTGOVKALOD LE TNV LETAPPOCT] TOV Kol TOV TOTO GTOV OTOI0 AVAPEPETUL LIE TNV JIKLH TOV

petdippaon.
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7.8 ®aon Metragpaons: Aoywn Torwv

Opwopoi Ilpotdoemv Ot opiopol TpoTdcewv petovovopasiog dev Exovv EExmpPLoTh LETAPPAOT).
Xpnotponoiovvtal povo otnv pdon tpoenelepyaciog 6mov aAlalovv To Demprpato ot oToia ELQa-
viCovtat ot optopéveg Tpotdoels. [ Tovg OpIoHOVE ATOUIK®OV TPOTAGEMY EYOVLE TA TUPUKAT®:

o [lapodeiyuazo,

type_proposition (@T)Has_A Wrapper
needed wrap(_) : T1 => @T(T1)

type_proposition (@A)Is(@B)s_First =

needed first : @B => @A
) @ e class A’Has_A_Wrapper b1l9 where

fou ->
wrap al b19 a1

class A’'Is’s_First b0 bl where

a’first :: bl -> bo s .
type_proposition (@T)Has_String_Repr

needed (_)to_string : @T => String

type_proposition (@T)Has_Internal_App =

needed
apply(_)inside(_)
(T1 => T2) x @T(T1) => @T(T2)

class A’Has_String_Repr b19 where
a’to_string :: b19 -> String

=

type_proposition (@A, @B)To(@C)

class A’Has_Internal_A b19 where
N —Pp needed ab_to_c: @A x @B => @C#

apply’inside’

(a1l -> a2, b19 al) -> b19 a2

class A’'To’ bO bl b2 where
ab_to_c :: (b0, b1l) -> b2

o [leprypogiy

Ot optopol atopkdv Tpotdoewv peta@pdlovtal og eEng:

— “type_proposition” = ’class”.

— To 6vopo T TPOTUoNC HETAPPALETOL OVTIGTOLYO LE TO OVOLLOL TOV TOTOV GE VOV OPIGHO
tomov. Kabe mapévbeon aviikadiotatal amd amocstpdpovs icov TAf00vg e ¢ petafin-
Tég mov Ppiokovial oty wapEvheon kat av vIpye Tapévieon oy apyn tote TPocHE-
Tovpe éva A’ TPV 0o TIC OVTIGTO(ES OMOGTPOPOLG Y10, Va. Eival 6mGTd dvopa class g
Haskell. "Yotepa, TomoBetovpe Tig petappdoetg tov ad hoc petafAntodv tomev yopiopé-
veg omo keva. Téhog, Kheivovpe TV TpdTN Ypopun pe” where”.

— H AéEn khedi "needed” dev gppaviletor oty petdppaon. H dedtepn ypoppn ivor otot-
YIGUEVT TTo péca Kot EEKIVAEL e TO OVOLOL TNG TOAVLOPPIKNG TG oV opilovpe axo-
AovBovpevo amd 7 1 7 KOl TNV UETAQPOCT] TOV TOTOV TG.
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Ozopipota

o [lopadeiyuoza

type_theorem type_theorem
(Possibly(_))Has_A_Wrapper (ListOf(_)s)Has_A_Wrapper

proof wrap(_) = the_value:_ proof wrap(_) = [_]

— e

instance instance
A’Has_A_Wrapper Possibly’ where A’Has_A_Wrapper ListOf’s where
wrap’ = (\pA@ -> Cthe_value(pA0)) wrap’ = (\pA@ -> [pAO])

type_theorem (Possibly(_))Has_Internal_App
proof
apply(_)inside(_) =
(f(_), cases)
no_value => no_value
the_value:x => the_value:f(x)

—

instance A’Has_Internal_App Possibly’ where
apply’inside’ =
\(f’, pA@) ->
case pAO of
Cno_value -> Cno_value
Cthe_value x -> Cthe_value(f'(x))

type_theorem (ListOf(_)s)Has_Internal_App
proof
apply(_)inside(_) =
(f(_), cases)
[1=>1]
[head, tail = ...] => f(head) + apply(f(_))inside(tail)

—

instance A’Has_Internal_App ListOf’s where
apply’inside’ =
\(f’, pAQ) ->
case pAO of
[1 ->11
head : tail -> f’(head) !+ apply’inside’ ((\pA0@ -> f’(pA0@)), tail)
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type_proposition (@A)And(@B)Have_Eq_And_Gr
equivalent (@A)And(@B)Can_Be_Equal, (@A)Can_Be_Greater_Than(@B)

type_theorem (@A)And(@B)Have_Eq_And_Gr --> (@A)Can_Be_Gr_Or_Eq_To(@B)
proof a >= b = a == | a>b

npoemelepyocio,

type_theorem
[(@A)And(@B)Can_Be_Equal, (@A)Can_Be_Greater_Than(@B)] -->
(@A)Can_Be_Gr_Or_Eq_To(@B)

proof a >= b = a == | a>b

UETAPPOOT
ppaocn

instance
(A"And’Can_Be_Equal b® bl, A’Can_Be_Greater_Than’ b0 b1l) =>
A’Can_Be_Gr_Or_Eq_To’ bO bl
where
al!>b=al!l==Db !l al>b

o [leprypogiy

H petdopaon tov Beopnpdtov yivetor pe ta mapokdto Brjpota:

— "type_theorem” = ”instance”.

— Metagpalovtar ot mpotdoelg kot To fENog petaTpémetol and ’->" og =>". O1 mpotdoelg
petappaloviol avticToya e T0 OVOHLATO TPOTAGEMV GTOVS OPIGHOVS OTOUIK®OV TPOTE-
cewv pe v dopopd 41t avti yia ad hoc petafintéc tonwv €xovpe THNOVE OPIGHATAL.
Av pia mpotaon Tpv and PEAOG AVTIGTOLEL OE TPOTUCT] LETOVOUAGING, TOTE GTO Pripa
npoeneEepyaciog avt £xel aviikataotadel amd v avtictoyn npodTacn 1 cV{ELEN OTMC
paivetal 6to TehevTaio mapadetypo. Ta Tapondved KAsivoov e ” where”.

— H Aé&n hedi “proof” dev vmdpyel vrdpyetl oty petappoon. H exdpevn ypapun sivon
GTOLYIGUEVT O LEGO OTTOL EXOVLLE TNV LETAPPACT] TIC TG 1] TOV TEAEGTN LLE TOVG TEAE-
GTEOVG TAPOUUETPOVG, OKOAOVOOVEVOVG OO IGO0V KOL TV LETAPPACT] TNG EKOPUCTG TIUNG
pe v omoio 1oovvTaL.



Kepaiaro 8

Yvourepdopata

Ylomombnke évog petappaotg and lambda-cases oe Haskell, o onoiog givat emiong ypopuévog
o€ Haskell. Ot Baocikég drapopéc peta&d e lambda-cases kat tng Haskell givau:

e H egpappoyn cuvaptnong yivetar e mopevOEcels avtl yua Kevd.
Hopdderypo: ”f(x,y,z)” aviiyin”f x y z”

o O1 GUVOPTAGELS UTOPOVV VO OPLOTOVY MOTE VO, HEYOVTAL OPICUATO TPV 1] GTNV HECT] TOL OVO-
patdg TouG.
Hopdderypo: "apply (f)to_all_in(list)” avtiyia "map f list”

o Mepikn| QupLoyn CLVAPTNONG UTOPEL VO YIVEL Y10 OTTOLOOTOTE OO T OPIGLLOTAL.
Hopadeiypoto:
"f(x, y, )7 aviiyin ’f x y” v TV ouvnOIGHEVI ¥pON HOG CUVAPTNONG TOL TEPIUEVEL

tpio opicpato otnv Haskell kot tig divovpe ta 600 Tpdta.
EmimAéov, eivor epiktd To TopakdTm:

- 7f(x, _, z)7aviiyuu\y -> f xy z”

"f(_, Y, z) aviiyiw™\x -> f x y z”
- 7f(., _, Z)’avtiyio™\x y -> f x y 27

— KTA

e H mopoamdveo cOvTaén 0mov TEPLUEVOVLLE TIC KOTM TAOAES 0OV OPIGHLOTO LTOPEL VAL YPTCLOTOL-
NOei kot ylo TEAEGTEOVC GE EKPPACELS TEAEGTMV.

Hopodeiypota:
7+ 1”7 aviiy 7(+ 1) yuo TNV LETATPOTN TOL OPLETEPOD TEAEGTEOL GE TOPALETPO.
EmimAéov, givorl epiktd To TOpaKiTO:

— ”"Hello ” + _ + ”! You look much younger than ” + _ + ”1"”
avTi yuo
”\name age -> ”"Hello ” ++ name ++ ”! You look much younger than ” + age + "!””

p— ”_/\2 + _/\2” (X«VT{ ,Yla ”\X y o> X/\2 + y/\2”

— KTA

o H mopamdveo cOvtaén 6mov TePUEVOVLLE TIC KATM TAOAES GOV OPIGHOTO UTOPEL VAL YPTCLOTOL-
N0l kot yuo otoryeio TAEIO®V 1| MOTAOV.

[Mopadeiypoto:
- 7(27, _, 42)”avtiyio "\x -> (17, x, 42)”
- 7[217, _, 42177 avtiyio "\x -> [17, x, 42]”

91



79

o Agv yperalovral ovopata yio va yivel pattern matching oe mopapétpoug, 1 AEEN kKhedi ’cases”
xpnotponoteitat ovti avtoo.

[Mopadetypoza:
— cases
true => print(”It’s true!! :)")
false => print(”It’s false... : (")
avti ylo

\b -> case b of
True -> putStrLn "It’s true!! :)”
False -> putStrLn "It’s false... :(”

Av10 yivetar kat oty Haskell pe to LambdaCase extension w¢ €£7g:

\case
True -> putStrLn "It’s true!! :)”
False -> putStrLn "It’s false... :(”

To dvopa g YAdccag mpoépyetar omd TV TOAD cuyvn xpron tov LambdaCase. Avti n
10£0L EMEKTEIVETOL GE OTOLOONTOTE VITOGVVOLO TMV TUPAUETPOV OTMG PAIVETAL GTO TP
Kdto Tapddetypa (ko oto mapadeiypato e evotntog Exppdoeic Xuvaptiocewy ’cases”
4.3.2).
— (cases, cases)
(green, green) => true
(amber, amber) => true
(red, red) => true
=> false

avti yuo

\X y -> case (x, y) of
(Green, Green) -> True
(Amber, Amber) -> True
(Red, Red) -> True
_ -> False

e XTOVG TOTOLG UTOPOLV Va. xproiporomBovv duvapels. o Topaderypa:

”IntA2” aviiywo “Int x Int” oty lcases ”’(Integer, Integer)” otnv Haskell.

o O1 1eleoTéC gival YevikevuévoL.

[Mopadeiypozo:

— ”"Hello 7 + "World!”” avtiyw “”Hello ” ++ "world!””

79

— 75 * 'a'” aviiyw “replicate 5 ’a



Melhovtiki) épguvva

[ToAb Aiyn onpoctodoykn avaAvcT Yl Yivel Kot OTO100NTOTE GOAAN OEV EIVOl CLUVTAKTIKO Bal aTop-
p1pBei amd Tov petayiwtriot g Haskell. [a évav o oAokANpoUéVo HETAYA®TTIGTH/LETAPPACTY,
amonteiTol €vo fRo GNUOGIOAOYIKNG ovEALoTG Kol ToL pnvOpaTo 6QAaApatog Bo Tpémetl va avapé-
povtal oto Tpoypappa lambda-cases kot 0yt otn petdepoocn g Haskell. Avtod dev éxet viomoinOel
AOY® ™G ToAvmAokdTNnTag TOV Guothratog Tommv ¢ Haskell kot tng tepdotiog dovieidg mov Oa
OTTOLTOVCE M ETOVOILOTOTTOGCT TOV. Q6T1660, £neldn o1 lambda-cases avaykalovv tov ypfotn va ypn-
GUOTOLEL YO TOTOV, 16m¢ var etvar duvati 1 vAomoinon evog amAoHOTEPOV GUGTILOTOS TOTMV
7ov Oa apkel yuo T avaykeg Tov lambda-cases 1)/kot 1 euEAVIoT UNVOLOTOG COUAUATOG EQV OEV &i-
Vot duvaTog 0 EAEYYOG TOTMV, Y10, VO AVAYKAGEL TOV YPNOTI VO ELGOYAYEL EMICTUELDCELS TUT®V. AVTA
glvat ot onpovTIKdTEPES KOTeELHHVGELG LEAAOVTIKTG EPEVVOG,.
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Chapter 1

Introduction

Haskell is a delightful language [1]. Yet, it doesn’t seem to have its rightful place in terms of popularity
in industry. Why is it so? Is it inherently hard to learn or could it be that the syntax is perplexing to
the amateur eye? It is my belief that with some syntax changes that give a greater familiarity to the
new user, there would be no language more compelling than (the new) Haskell. In an attempt to
achieve that familiarity, I present some (hopefully useful) new syntax, of which some is closer to the
imperative/OOP style (to attract more already experienced programmers from these languages), some
is closer to mathematics (in which most programmers should be experienced) and some is closer to
natural language (in which we are all already experienced).

Haskell is by far my favourite language and it has been ever since I first started to grasp it. I
remember learning it in the advanced programming languages course taught by the supervisor of my
thesis, Mr. Papaspyrou. As I started to understand how all the constructs fit together in this beautifully
concise manner, | also started to wonder, why would I ever use any of these other languages that I’ve
learned? Why would I waste my time on writing code with languages that are so difficult to read
and/or so difficult to debug? This feeling of letting the compiler guide me through all my mistakes
and then... done! It just works!! (most of the time) How extraordinary! Suddenly, coding is a joyful
puzzle of types, that must simply be put together in the correct way. On top of that, there’s also a very
helpful guide!

On the other hand, before all of that, there was a lot of confusion. What does it mean to be pure?
What is this monad thing that seems to be so important? Why is this ’do notation” not letting me
do what I want to do? What are those things starting with a capital letter that look like functions?
Why are there so many arrows in the types? As I started to slowly understand all those things and
be very glad that I did, I saw friends dropping the class, I don’t understand and I’m never going to
understand” they told me, “why do we need all those things anyway?”. I could not persuade them not
to drop the class. I had only just started to understand myself and I was not in the position to explain it
clearly to others, it was more of a feeling of connecting puzzle pieces and being amazed by how easy
it was to write the code.

As I got more and more convinced that I want to avoid writing code in other languages, I also
wondered, why isn’t this the mainstream way of writing code? Why is Haskell not even in the top five
most popular languages when for me it’s clearly number one? As an engineer and scientist, I must
after all look at the facts and provide my best possible explanation. Of course, I still have no clue,
but I’'m going to try to guess based on my experiences. Firstly, the tooling might be a problem and
certainly lots of people (myself included) have had problems because of it. This is however a hard
problem and one beyond the scope of this thesis. Instead, I want to focus on another opinion that I
slowly gravitated towards, which is that the semantics of the language is complete and will remain the
superior semantics for centuries to come. In contrast, I don’t think the same could be said about the
syntax.

As much as we all love the origins, the lambda calculus, I think that the syntax of the lambda
calculus has served and continues to serve its purpose in the theoretical domain and it is not to be
forced upon the average software engineer that just wants to solve a problem. Function application
in mathematics has had for centuries the clear syntax whereby the variables are in parenthesis and
because of that, they are clearly separated visually from the function itself. It is not necessary to have
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the lambda calculus syntax to be thinking in lambda calculus semantics.

In addition, even though the fact that we can do type inference is amazing, in practice, if type
annotations are not used Haskell loses its beauty and becomes really hard to read, much like all the
other languages (and also starts to have terrible error messages). So maybe we should force the user
to use type annotations (except for literals and other obvious things), for his own benefit and for the
benefit of everybody who’s going to read the code in the future. This also gives the opportunity to
combine the type annotation and the definition into one and avoid having to repeat the identifier for
both.

One other difficult part of learning Haskell was understanding the keywords. “data”, “type”,
“newtype”, “class”, “instance” are all not very descriptive. Maybe more descriptive and intuitive
keywords could help the new user learn faster and remember how to use them with more ease.

Lastly, I found myself using the LambdaCase extension and the syntax that comes with it all the
time. It was such a joy to be able to avoid giving identifiers to things even more than I was already
avoiding it by using function composition and all the other amazing Haskell tools. I found that this
syntax could be further developed for multiple parameters and it seemed to be very useful to me. This
is also where the name of the language comes from.

The purpose of the thesis is to address all of the above (and a bit more) and combine them into a
new language.
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Chapter 2

Small Program Comparison: C, Haskell, lcases

In this chapter we compare implementations of a small program in C, Haskell and Icases. The program
reads two integers from stdin (it throws an error if it can’t) and returns a nice message with their ged.
We firstly compare the Icases implementation with an implementation in C and secondly with an
implementation in Haskell. Of course, the implementations are written by me and therefore they are
written in the style I use in these languages. However, I’ve tried to write them in a way which I
perceive to be a relatively standard way to write them.

Comparison with C
#include<stdio.h>

int my _ged(int a, int b) {
if (b == 0)
return a;
else
return my _gcd(b, a%b);
}
int main(){
int x, y;

printf("Please give me
if (scanf("%d % X
fprintf(st
return 1;
}
printf("The GCD of %d and %d is %d\n", x, y, my_gcd(x, y));

return |

my ged _of( Jand(_): Int”2 => Int
, cases)

X
> my_ged of(y)and((x)mod(y))

read two_ints: (Int”2)FromIO
= print("Please give me 2 ints");
get line ;> split( )to words o> cases
[s1, s > (from_string(sl), from_string(s2)) -> (_)from_io

"y

. => throw_err("You didn't give me 2 ints")

ints(_, _, _)to _message: Int”3 => String
= (x, ¥y, gcd) => "The GCD of " + x + " and " + y + " 1is

main: IO
= read_two_ints ;> (i1, i2) =>
ints(il, 12, my_gcd of(il)and(i2))to message -> print( )
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An important difference between C and Icases is the fact that in lcases the identifier, the expres-
sion of its type and the expression that is assigned to it are all separated from each other. This is
demonstrated by comparing the “my_gcd” function in the C code with the "my_gcd_of(_)and(_)”
in Icases. Specifically comparing the line:

int my_gcd(int a, int b) {
with the line:
my_gcd_of(_)and(_): IntA2 => Int

we can see that the fact that the function receives two integers and returns an integer is written in C
by giving the type int to each of the parameters and to the result of the function, while in Icases this
is all written in a single type expression that does not have any identifiers in it.

Also in the same Icases line, we can observe that the identifier has a parenthesis in the middle
which makes it expect the first argument in that spot. The function is then called recursively with
arguments inside the parentheses in the line:

y => my_gcd_of(y)and((x)mod(y))

where we can also see that (_)mod(_) is defined expecting the first argument in the beginning. Simi-
larly, ints(_, _, _)to_message expects all three arguments in the same parenthesis in the middle.
Another notable difference is the use of the cases” keyword in the lines:

= (x, cases)
0 => X
y => my_gcd_of(y)and((x)mod(y))

instead of the ”if-then” statement of the lines:

if (b == 0)
return a;
else

return my_gcd(b, a%b);

By using the “cases” keyword in the spot of the second parameter we indicate that we are going to
pattern match on it in the cases. That can be done for any subset of the parameters (see section 4.3.2).

Another difference worth mentioning is the use of the plus operator for string concatenation and
also for automatically converting the integers to strings for them to be concatenated in the line:

= (x, y, gcd) => "The GCD of " + x + " and " + y + ” is " + gcd
as opposed to using “printf” with ”%d” in the line:
printf(”The GCD of %d and %d is %d\n”, x, y, my_gcd(x, y));

Finally, another difference is the fact the semicolon is actually an operator in lcases with environ-
ment actions as operands as described in section 4.2.3.
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Comparison with Haskell

X

my ged v (mod x y)

read_two_ints :: IO (Int, Int)
read two ints = do
putStrLn "Please give me 2 ints
s <- getlLine
case words s of
[s1, s2] -> return (read s1, read s2)

_ -> error "You didn't give me 2 ints"

ints_to _message :: Int -> Int -> Int -> String
ints_to_message = \x y gcd ->
"The GCD of " ++ show x ++

and " ++ show y ++ " is " ++ show gcd

(i1, i2) <- read_two_ints
putStrLn $ ints_to message il i2 (my_gecd il i2)

\

my ged_of( dand( ):
= (%, cases)
0] X
y my_gcd_of(y)and((x)mod(y))

read two_ints: (Int”2)FromIO
= print("Please give me 2 ints");
get line ;> split( )to words o> cases
[s1, s2] => (from_string(sl), from string(s2)) -> (_)from_io

"y

. => throw_err("You didn't give me 2 ints")

ints(_, _, _)to _message: Int”3 => String
= (%, y, gcd) => "The GCD of " + x + " and " + y + " is " + gecd

main: IO
= read_two_ints ;> (i1, i2) =>
ints(il, 12, my_gcd of(il)and(i2))to message -> print( )

An important difference between Haskell and Icases is the fact that in Icases function application
is done with parenthesis instead of spaces which also gives the opportunity to have arguments inside
the function identifier as can be seen by comparing the line:

my_gcd :: Int -> Int -> Int
with the line:
my_gcd_of(_)and(_): IntA2 => Int

In the same lines we can also see that we use one input and one output (as in Haskell) but the input
is the product type of all the argument types. This might seem restrictive but in fact it is more general
as in Icases it is possible to provide any subset of the arguments (by putting an underscore in the rest)
and the result is a function that expects the rest of the arguments (unless they were all provided), see
section 4.1.3. In Haskell the arguments must be provided from left to right and we can omit the n
rightmost arguments for the result to be a function that expects these n arguments. However, if for
example we want to omit the first and provide the second (from left to right) we must use “flip” first.
For more complicated similar stuff we must define functions similar to ”flip” every time by hand.

Also in the same lines we can see the use of the power type IntA2 which does not exist in Haskell.

By comparing the lines:
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my_gcd :: Int -> Int -> Int
my_gcd = \x y -> case y of

with the lines:

my_gcd_of(_)and(_): IntA2 => Int
= (x, cases)

we see that in lcases the type annotation and the assignment are grouped into one to avoid using the
identifier twice.
By comparing the lines:

= (x, cases)
0 => X
y => my_gcd_of(y)and((x)mod(y))

with the lines:

my_gcd = \x y -> case y of
0 -> X
_ ->my_gcd y (mod X y)

we see that in Icases we immediately use the “’cases” keyword in the parameter we want to pattern
match on without giving it a name. The name is given (if it is necessary) on the default/last case (if
there is one). The “cases” keyword can be used on any subset of the parameters to pattern match on
all of them at the same time (see section 4.3.2).

By comparing the lines:

= print(”Please give me 2 ints”);
get_1line ;> split(_)to_words o> cases

with the lines:

putStrLn "Please give me 2 ints”
s <- getLine
case words s of

99,99

we see that in Icases we don’t use do notation, instead we use the environment operators ”;” and ”’; >

which are the equivalent to the Haskell operators ”>>" and ’>>=" respectively (see section 4.2.3).
Finally, the last difference worth mentioning is the use of the plus operator for string concatenation

and also for automatically converting the integers to strings for them to be concatenated in the line:

2

= (x, y, gcd) => "The GCD of ” + x + 7 and ” + y + ” is ” + gcd
as opposed to using the ”++” operator and ’show” in the line:

"The GCD of ” ++ show x ++ ” and ” ++ show y ++ ” is ” ++ show gcd
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Chapter 3

Language Description: General

3.1 Program Structure

An Icases program consists of a set of definitions, type nicknames and theorems. Definitions are
split into value definitions, type definitions and type proposition definitions. Theorems are proven
type propositions. Functions as well as ”"Environment Actions” (see section 4.2.3) are also considered
values. The definition of the ”main” value determines the program’s behaviour.

Program example: Euclidean Algorithm

gcd_of(_)and(_): IntA2 => Int
= (x, cases)
0 => X
y => gcd_of(y)and((x)mod(y))

read_two_ints: (IntA2)FromIO
= print(”Please give me 2 ints”);
get_line ;> split(_)to_words o> cases
[x, y] => (from_string(x), from_string(y)) -> (_)from_io
. => throw_err(”You didn’t give me 2 ints”)

tuple_type NumsAndGcd
value (%, y, gcd):IntA3

nag(_)to_message: NumsAndGcd => String
= nag => "The GCD of ” + nag.x + ” and ” + nag.y + ” is ” + nag.gcd

main: IO
= read_two_ints ;> (i1, i2) =>
(i1, i2, gcd_of(il)and(i2)) -> nag(_)to_message -> print(_)

Program grammar
(program) ::= (nl)* (program-part) ( (nl) (nl) (program-part) )* (nl)*

(program-part) =
(value-def’) | (grouped-value-defs) | (type-def’) | (t-nickname) | (type-prop-def’) | (type-theo)

(nl) =2 (5 7|\ )*\n’
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3.2 Keywords

The lcases keywords are the following:

cases all where tuple_type value or_type values
type_proposition needed equivalent type_theorem proof

Each keyword’s functionality is described in the respective section shown in the table below:

Keyword Section
cases 4.3.2 "cases” Function Expressions
all where 4.4 Value Definitions and ”where” Expressions

tuple_type value or_type
values type_nickname
type_proposition needed
equivalent type_theorem proof

5.1 Types

5.2 Type Logic

The ”cases” and "where” keywords are also reserved words. Therefore, even though they can be gen-

erated by the “identifiers” grammar, they cannot be used as identifiers (see ”Literals and Identifiers”
section 4.1.1).

104



Chapter 4

Language Description: Values

4.1 Basic Expressions

4.1.1 Literals and Identifiers

Literals

o Examples

1 2 17 42 -100

1.62 2.72 3.14 -1234.567

Ial Ibl ICI IXI Iyl IZI I-I I,I I\nl

"Hello World!” "what’s up, doc?” ”"Alrighty then!”

e Description

There are literals for the four basic types: Int, Real, Char, String.
o Grammar

(literal) = (int-lit) | (real-lit) | (char-lit) | (string-lit)

Identifiers

o Examples

XYy z
al a2 a3

(—)mod(_)
apply(_)to_all_in(_)

e Description

An identifier is the name of a value or a parameter. It is used in the definition of a value and in
expressions that use that value, or in the parameters of a function and in the body of that function.

An identifier starts with a lower case letter, which can be followed by lower case letters or
underscores and/or ended with a digit. It is also possible to have underscores in parenthesis
before, after or in the middle of an identifier (see ’Parenthesis Function Application” section
4.1.3 for why this can be useful).

A simple identifier is an identifier without any underscores in parenthesis. It used in expressions
where underscores in parenthesis don’t make sense (e.g. ”Prefix and Postfix Functions” 4.1.4).
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o Grammar
(identifier) ::= [ (unders-in-paren) | (id-start) (id-cont)* [ [0-9] ] [ (unders-in-paren) |
(simple-id) == (id-start) [ [0-9] ]
(id-start) ::= [a-z] [a-z_]*
(id-cont) ::= (unders-in-paren) [a-z_]+
(unders-in-paren) := (_’ ( (comma) ‘> )* ¢)’
(comma) == *,> [* ]

Even though the "cases” and "where” keywords can be generated by these grammar rules, they
cannot be used as identifiers.
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4.1.2 Parenthesis, Tuples and Lists

Parenthesis

e Examples

(1 + 2)

(((1 + 2) * 3)n4)

(n => 3*n + 1)

(get_line ;> 1line => print(”Line is: ” + 1line))

e Description

An expression is put in parenthesis to prioritize it or isolate it in a bigger (operator) expression.
The expressions inside parenthesis are operator or function expressions.

Parenthesis expressions cannot extend over multiple lines. For expressions that extend of over
multiple lines new values must be defined.

o Grammar

(paren-expr) = (" [ * ] (line-op-expr) | (line-func-expr) [ < *]°)’

Tuples

o Examples
(1, "what’s up, doc?”)

(2, "Alrighty then!”, 3.14)

(X, Y, z, w)
(1, my_function, (x, y, z) => sqrt(x"2 + yA2 + zA2))

e Description

Tuples are used to group many values (of possibly different types) into one. The type of a tuple
can be either the product of the types of the fields or a defined tuple_type which is equivalent
to the aforementioned product type (see " Tuple Types” in section 5.1.2 for details). For example,
the type of the second tuple above could be:

Int x String x Real

or:

MyType

assuming “MyType” has been defined in a similar way to the following:

tuple_type MyType

value
(my_int, my_string, my_real) : Int x String x Real
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e Big Tuples
Example

my_big_tuple
: String x Int x Real x String x String x (String x Real x Real)
= ( "Hey, I'm the first field and I'm also a relatively big string.”
, 42, 3.14, "Hey, I'm the first small string”, "Hey, I'm the second small string”
, ("Hey, I'm a string inside the nested tuple”, 2.72, 1.62)

)

Description
It is possible to stretch a (big) tuple expression over multiple lines (only) in a separate value
definition (see ”Value Definitions” section 4.4.1). In that case:
— The character ’(’ is after the = part of the value definition and the first field must be in
the same line.

— The tuple can split in a new line only at a ’, * character. Every such line must be indented
so that the ’, ’ is in same column where the *(° character was in the first line.

— The tuple must be ended by a line that only contains the *)’ character and is also indented
so that the *)’ is in same column where the ’(’ character was in the first line.

— The precise indentation rules are described in the section ”Indentation System” 7.1.2.
o Tuples with empty fields
Examples
(42, _)
(-, 3.14, _)
(_, _, "Hello from 3rd field"”)

Description

It is possible to leave some fields empty in a tuple by having an underscore in their position.
This creates a function that expects the empty fields and returns the whole tuple. This is best
demonstrated by the types of the examples above:

(42, _) : T1 => Int x T1
(L, 3.14, ) : T1 x T2 => T1 x Real x T2
(_, _, "Hello from 3rd field”) : T1 x T2 => T1 x T2 x String

An example in a bigger expression is the following:

questions : ListOf(String)s
= ["the Ultimate Question of Life”, "the Universe”, "Everything”]

answers_to : ListOf(String)s
= apply(”"The answer to ” + _)to_all_in(questions)
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>> apply((42, _))to_all_in(answers_to)
: ListOf(Int x String)s
==> [ (42, "The answer to the Ultimate Question of Life”)
, (42, "The answer to the Universe”)
, (42, "The answer to Everything”)

]

o Grammar
tuple) = ([ © * ] (line-expr-or-under) (comma) (line-expr-or-unders) [ * * ] °)

line-expr-or-unders) ::= (line-expr-or-under) ( (comma) (line-expr-or-under) )*

[

line-expr-or-under) ::= (line-expr) | ‘_

(

(

(

(line-expr) ::= (basic-or-app-expr) | (line-op-expr) | (line-func-expr)
(basic-or-app-expr) ::= (basic-expr) | (pre-func-app) | (post-func-app)
(

basic-expr) ::= (literal) | (paren-func-app-or-id) | (special-id) | (tuple) | (list)

(big-tuple) ::=
‘C [ ] (line-expr-or-under) [ (nl) (indent) | (comma) (line-expr-or-unders)
((nly (indent) (comma) (line-expr-or-unders) )*
(nl) (indent) )’

Lists

o Examples

[1, 2, 17, 42, -100]

[1.62, 2.72, 3.14, -1234.567]

["Hello World!”, "what’s up, doc?”, "Alrighty then!”]
[x =>x +1, X =>Xx + 2, X => X + 3]

[X, v, z, W]

e Description

Lists are used to group many values of the same type into one. The type of the listis List0f(T1)s
where T1 is the type of every value inside. Therefore, the types of the first four examples are:

ListOof(Int)s

ListOf(Real)s

Listof(String)s

(@A)ANnd(Int)Add_To(@B) --> ListOf(@A => @B)s

And the last list is only legal if x, y, z and w all have the same type. Assuming they do and it’s
the type T, the type of the list is:

ListOf(T)s
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e Big Lists

Example

my_big_list: ListOf(Int => I0)s
= [ x => print(”"I'm the first function and x + 1 is: ” + (x + 1))
, X => print(”I'm the second function and x + 2 is: " + (x + 2))
, X => print(”I'm the third function and x + 3 is: ” + (X + 3))

Description
It is possible to stretch a (big) list expression over multiple lines (only) in a separate value

definition (see ”Value Definitions” section 4.4.1). In that case:

— The character ’[’ is after the ”=" part of the value definition and the first element must be
in the same line.

The list can split in a new line only at a *,* character. Every such line must be indented
so that the ’, ’ is in same column where the ’[’ character was in the first line.

The list must be ended by a line that only contains the ]’ character and is also indented
so that the *]’ is in same column where the *[’ character was in the first line.

The precise indentation rules are described in the section “Indentation System” 7.1.2.
o Grammar
(list)y == ‘[’ [ ¢ * ][ (line-expr-or-unders) 1 [ * *1°1’

(big-list) ::=
‘U [ 1 {line-expr-or-unders)
( (nl) (indent) (comma) (line-expr-or-unders) )*
(nl) (indent) ‘1’
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4.1.3 Parenthesis Function Application

o Examples

f(x)

f(x, vy, z)
(x)to_string
apply(f)to_all_in(1)

e Description

Function application in Icases can be done in many different ways. In this section, we discuss
the ways function application can be done with parenthesis.

In the first two examples, the usual mathematical function application is used which is also
used in most programming languages and should be familiar to the reader, i.e. function ap-
plication is done with the arguments of the function in parenthesis separated by commas and
appended to the function identifier.

This idea can be extended by allowing the arguments to be prepended or to be inside to the
function identifier (examples 3 and 4). This is only valid if the function has been defined with
these parentheses in the identifier. For example, the definition for "apply(_)to_all_in(_)”
starts like so:

apply(_)to_all_in(_) : (T1 => T2) x ListOf(T1)s => ListOf(T2)s
= <...definition>

The identifier is "apply(_)to_all_in(_)” with the parentheses included. This is very useful
for defining functions where the argument in the middle or before makes the function applica-
tion look and sound more like natural language.

It is possible to have many parentheses in a single function application (last example). The
arguments are always inserted to the function from left to right. Therefore, when multiple
parentheses are present the arguments of the leftmost parentheses are inserted first then the next
ones to the right and so on.
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o Empty arguments in Parenthesis Function Application

It is possible to provide a function with a subset its arguments by putting an underscore to all the
missing arguments. The resulting expression is a function that expects the missing arguments
to return the final result. Let’s see this in action:

f(_, _, _) : Char x Int x Real => String
c, i, r : Char, Int, Real

f(c, i, r) : String

f(_, i, r) : Char => String

f(c, _, r) : Int => String
f(c, i, _) : Real => String

f(c, _, _) : Int x Real => String
f(_, i, _) : Char x Real => String
f(_, _, r) : Char x Int => String

o Grammar

(paren-func-app-or-id) ::=
[ (arguments) ] (id-start) ( {(arguments) [a-z_]+)* [ [0-9] ] [ (arguments) ]

(arguments) == “(’ [ * ] (line-expr-or-unders) [ * > ]°)’



4.1.4 Prefix and Postfix Functions

Prefix Functions

e Examples

the_value:1

error:e

result:r
apply(the_value:_)to_all_in(_)

e Description

Prefix functions are automatically generated from or_type definitions (see ”Or Types” in sec-
tion 5.1.2). They are functions that convert a value of a particular type to a value that is a case
of an or_type and has values of the first type inside. For example in the first example above
we have:

1 : Int
the_value:1 : Possibly(Int)

Where the function the_value:_ is automatically generated from the definition of the Possibly(_)
type:

or_type Possibly(T1)
values the_value:T1 | no_value

And it has the type T1 => Possibly(T1).

These functions are called prefix functions because they are prepended to their argument. How-
ever, they can also be used as arguments to other functions with an underscore in their argument.
This is illustrated in the last example, where the function the_value:_ is an argument of the
function apply(_)to_all_in(_).

o Grammar
(pre-func) ::= (simple-id) “:’

(pre-func-app) = (pre-func) (operand)
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Postfix Functions
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o Examples

name.first_name
list.head

date.year

tuple.1st
apply(_.1st)to_all_in(_)

e Description

Postfix functions are automatically generated from tuple_type definitions (see “Tuple Types”
in section 5.1.2). They are functions that take a tuple_type value and return a particular field
(i.e. projection functions). For example in the first example above we have:

name : Name
name.first_name : String

Where the function _. first_name is automatically generated from the definition of the Name
type:

tuple_type Name
value (first_name, last_name) : Stringn2

And it has the type Name => String.

There are also the following special projection functions that work on all tuples that are of a
product type: ”_.1st”, ”_.2nd”, ”_.3rd”, ”_.4th”, ”_.5th” . For the 4th example above,
assuming:

tuple : Int x String

We have:

tuple.1st : Int

The general types of these functions are:

_.1st : (@A)Is(@B)s_1st --> @B => @A
.2nd : (@A)Is(@B)s_2nd --> @B => @A

These functions are called postfix functions because they are appended to their argument. How-
ever, they can also be used as arguments to other functions with an underscore in their argument.
This is illustrated in the last example, where the function ”_. 1st” is an argument of the function
“apply(_)to_all_in(_)”.

There is a special postfix function called ”_.change” which is described in the following para-
graph.



o Grammar
(post-func) = . ( (simple-id) | (special-id) )
(special-id) == ‘1st’|‘2nd’| ‘3rd’ | ‘4th’ | ‘5th’
(post-func-app) ::=
( (basic-expr) | (paren-expr) | ‘) ( {(dot-change) | (post-func)+ [ (dot-change) ])
The ”.change” Function
o Examples
state.change{counter = counter + 1}
tuple.change{1st = 42, 3rd = 17}
point.change{x = 1.62, y = 2.72, z = 3.14}

apply(_.change{1st = 1st + 1})to_all_in(_)
x.change{1st = _, 3rd = _}

e Description

The ”_.change” function is a special postfix function that works an all tuples. It returns a new
tuple that is the same as the input tuple except for some changed fields. Which fields change
and to what new value is specified inside curly brackets after the ”.change”. The following
special identifiers can be used for referring to the fields of product type tuples: ”1st”, ”2nd”,
”3rd”, ”4th”, ’5th” (2nd, 4th and 5th example). If the tuple is of a tuple type, the identifiers
of the fields specified in the type definition are used (1st and 3rd example). Therefore, we are
assuming the following (or similar) if the examples are to type check:

tuple_type MyStateType
value (..., counter, ...) : ... x Int x ...

state : MyStateType

tuple : Int x SomeType x Int (X ...)
tuple_type Point

value (X, y, z) : Realn3

point : Point

apply(_.change{lst = 1st + 1})to_all_in(_)
(@A)ANnd(Int)AddTo(@A), (@A)Is(@B)s_1st --> ListOf(@B)s => ListOf(@B)s

x : Int x Real x String
x.change{lst = _, 3rd = _} : Int x String => Int x Real x String
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The changes of the fields have the following structure: ”field = <expression of new value>”
and they are separated by commas. The input tuple’s fields (i.e. the ”old” values) can be used
inside the expression of a new value and they are referred to by the field identifier (1st and 4th
example). Underscores can be used as the expressions of some new values which makes the
whole expression a function that expects those new values as arguments (last example).

o Grammar
(dot-change) = *.change{’ [ ¢ ] (field-change) ( (comma) (field-change) )* [ * ]}’
(field-change) ::= ( (simple-id) | (special-id) ) (equals) (line-expr-or-under)

(equals) == [ >1="[ ]

4.2 Operators

4.2.1 Function Application and Function Composition Operators

Function Application Operators

’ Operator ‘ Type ‘
-> Tl x (T1 => T2) => T2
<- (T1 =>T2) x T1 => T2

The function application operators ”’->" and ”’<-" are a different way to apply functions to arguments
than the usual parenthesis function application. They are meant to look like arrows that point from
the argument to the function. These operators are very useful for chaining many function applications
without the clutter of having to open and close parentheses for each one of the functions. For example,
assuming we have the following functions with the behaviour suggested by their names and types:

apply(_)to_all_in(_) : (T1 => T2) x ListOf(T1)s => ListOf(T2)s
str_len(_) : String => Int

filter(_)with(_) : ListOf(T1)s x (T1 => Bool) => ListOf(T1)s
(_)is_odd : Int => Bool

sum_ints(_) : ListOf(Int)s => Int

And a list of strings:
strings : ListOf(String)s
Here is a simple way to get the total number of characters in all the strings that have odd length:

chars_in_odd_length_strings : Int
= apply(str_len(_))to_all_in(strings) -> filter(_)with((_)is_odd) -> sum_ints(_)

This can be done equivalently using the other operator:

chars_in_odd_length_strings : Int
= sum_ints(_) <- filter(_)with((_)is_odd) <- apply(str_len(_))to_all_in(strings)
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Function Composition Operators

Operator | Type ‘
0> (T1 => T2) x (T2 => T3) => (T1 => T3)
<o (T2 => T3) x (T1 => T2) => (T1 => T3)

The function composition operators ’0>" and ’<o” are used to compose functions, each one in the
corresponding direction. The use of the letter "0’ is meant to be similar to the mathematical function
composition symbol o’ and the symbols ’>’, ’<’ are used so that the operator points from the function
which is applied first to the function which is applied second. A neat example using function compo-
sition is the following. Assuming we have the following functions with the behaviour suggested by
their names and types:

split(_)to_words : String => ListOf(String)s
apply(_)to_all_in(_) : (T1 => T2) x ListOf(T1)s => ListOf(T2)s
reverse_str(_) : String => String

merge_words(_) : ListOf(String)s => String

We can reverse the all the words in a string like so:

reverse_words_in(_) : String => String
= split(_)to_words o> apply(reverse_str(_))to_all_in(_) o> merge_words(_)

This can be done equivalently using the other operator:

reverse_words_in(_) : String => String
= merge_words(_) <o apply(reverse_str(_))to_all_in(_) <o split(_)to_words
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4.2.2 Arithmetic, Comparison and Boolean Operators

Arithmetic Operators

’ Operator ‘ Type ‘
A (@A)To_The(@B)Is(@C) --> @A x @B => @C
* (@A)And(@B)Multiply_To(@C) --> @A x @B => @C
/ (@A)Divided_By(@B)Is(@C) --> @A x @B => @C

(@A)And(@B)Add_To(@C) --> @A x @B => @C
- (@A)Minus(@B)Is(@C) --> @A x @B => @C

The usual arithmetic operators work as they are expected, similarly to mathematics and other pro-
gramming languages for the usual types. However, they are generalized. The examples below show
their generality:

>> 1 + 1
: Int
==> 2
>> 1 + 3.14
! Real
==> 4.14
>> "a’ + 'b’
: String
==> "ab"
>> 'w’ + "ord”
: String
==> "word”
>> "Hello ” + "world!”
: String
==> "Hello World!”
>> 5 * g’
: String
==> "gaaaa”
>> 5 * "hi”
: String
==> "hihihihihi”
>> "1,2,3" - 7,7
: String
==> 123"

Let’s analyze further the example of addition. The type can be read as such: the ’+’ operator has the
type

@A x @B => @C, provided that the type proposition (@A)And (@B)Add_To(@C) holds. This proposi-
tion being true, means that addition has been defined for these three types (see section " Type Logic”
5.2 for more on type propositions). Therefore, by the examples above we can deduce that the following
propositions are true (in the order of the examples):

(Int)And(Int)Add_To(Int)
(Int)And(Real)Add_To(Real)
(Char)And(Char)Add_To(String)
(Char)And(String)Add_To(String)
(Int)And(Char)Multiply _To(String)
(Int)And(String)Multiply_To(String)
(String)Minus(Char)Is(String)
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This allows us to use the familiar arithmetic operators in types that are not necessarily numbers but it is
somewhat intuitively obvious what they should do in those other types. Furthermore, their behaviour
can be defined by the user for new user defined types!

Comparison, Boolean and Bitwise Operators

Operator ‘ Type
== (@A)And(@B)Can_Be_Equal --> @A x @B => Bool
= (@A)And(@B)Can_Be_Unequal --> @A x @B => Bool
(@A)Can_Be_Greater_Than(@B) --> @A X @B => Bool
(@A)Can_Be_Less_Than(@B) --> @A x @B => Bool
>= (@A)Can_Be_Gr_Or_Eq_To(@B) --> @A x @B => Bool
<= (@A)Can_Be_Le_Or_Eq_To(@B) --> @A x @B => Bool
(@A)Has_And --> @AN2 => @A
| (@A)Has_Or --> @AN2 => @A

Comparison operators are also generalized. The main reason for the generalization is to be able to
compare numbers of different types. Consider the following example:

>> 1
Int
=> 1
>> 1.1
Real
==> 1.1
>> 1.1 == 1
Bool
==> false
>> 1.0 == 1
Bool
==> true

In order for the example to work we need to be able to compare integers and reals. Similarly, all the
comparison operators need to be able to work on arguments of different types.

Boolean ”and” and bitwise ”and” are combined into one general ”and” operator (&). The same applies
to the “or” operator (| ).
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4.2.3 Environment Action Operators

| Operator | Type ‘
;> (@E(_))Has_Use --> @E(T1) x (T1 => @E(T2)) => @E(T2)
; (@E(_))Has_Then --> @E(T1) x @E(T2) => @E(T2)

Simple Example Program

main: (EmptyvVal)FromIO
= print_string(”I’1l repeat the line”) ; get_line ;> print_string(_)

The example above demonstrates the use of the environment action operators with the (_)FromIO
environment type, which is how IO is done in Icases. Some light can be shed on how this is done, if
we take a look at the types (as always!):

print_string(_): String => (EmptyVval)FromIO
print_string(”I’1l repeat the line”): (EmptyVval)FromIO
get_line: (String)FromIO

For the ”then” operator we have: ; : (@E(_))Has_Then --> @E(T1) x @E(T2) => @E(T2)

In the following expression: print_string(”I’1l repeat the line”) ; get_line
the “’then” operator has type: (EmptyVal)FromIO x (String)FromIO => SomeType

The only way to match the types is:
@E(_) = (_)FromIO, T1 = Emptyval, T2 = String and SomeType = (String)FromIO
and it type checks because: ((_)FromIO)Has_Then

For the whole expression we have:

print_string(”I’11l repeat the line”) ; get_line
(String)FromIO

For the "use” operator we have: ;> : (@E(_))Has_Use --> @E(T1) x (T1 => @E(T2)) => @E(T2)

In the following expression: print_string(”I’1l repeat the line”) ; get_line ;> print_string(_)
the “use” operator has type: (String)FromIO x (String => (Emptyval)FromIO) => SomeType

The only way to match the types is:
@E(_) = FromIO, T1 = String, T2 = Emptyval and SomeType = (EmptyVal)FromIO
and it type checks because: ((_)FromIO)Has_Use

For the whole expression we have:

print_string(”I’11l repeat the line”) ; get_line ;> print_string(_)
(Emptyval)FromIO
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Another Example Program

main: (Emptyval)FromIO
= print_string(”Hello! What’s your name?”) ; get_line ;> name =>
print_string(”And how old are you?”) ; get_line ;> age =>
print_string(”0Oh! You don’t look ” + age + ” ” + name + "!")

print_string(_): String => (EmptyVal)FromIO
print_string(”Hello! What’s your name?”) : (Emptyval)FromIO

print_string(”Hello! What’s your name?”); get_line
(String)FromIO

print_string(”And how old are you?”); get_line
(String)FromIO

print_string(”0Oh! You don’t look ” + age + ” ” + name + "1")
: (EmptyVval)FromIO

age => print_string(”0Oh! You don’t look ” + age + ” ” + name + "1")
String => (Emptyval)FromIO

print_string(”And how old are you?”) ; get_line ;> age =>
print_string(”0Oh! You don’t look ” + age + ” ” + name + "!")
(Emptyval)FromIO

name =>

print_string(”And how old are you?”) ; get_line ;> age =>

print_string(”0Oh! You don’t look ” + age + ” ” + name + "!")
String => (EmptyVval)FromIO

print_string(”Hello! What’s your name?”) ; get_line ;> name =>

print_string(”And how old are you?”) ; get_line ;> age =>

print_string(”0Oh! You don’t look ” + age + ” ” + name + "1")
(Emptyval)FromIO
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Description

The environment action operators are used to combine values that do environment actions into values
that do more complicated environment actions. Environment types are type functions that take a type
argument and produce a type (just like List0f(_)s). These types have the then” operator (;) and
the use” operator (;>) defined for them. A value of the type @E(T1) where (@E)Has_Then does an
environment action of type @E(_) that produces a value of type T1 which can then be combined with
another one with the ”then” operator. Similarly, with the “use” operator the produced value of an
action can be used by a function that returns another action.

The effect of the ;" operator described in words is the following: given a value of type @E(T1)
and a value of type @E(T2) (which are environment actions that produce values of type T1 and T2
respectively), create a new value the does both actions (provided the first did not result in an error).
The overall effect is a value which is an environment action of type @E(_) (the combination of the
”smaller” actions) which produces a value of type T2 (the one produced by the second action) and
therefore it is of type @E(T2).

Note that the value of type T1 produced by the first action is not used anywhere. This happens mostly
when T1 = EmptyVval and it is because values of type @E (EmptyVal) are used for their environment
action only

(e.g. print_string(...): (Emptyval)FromIO).

How the two environment actions of the @E(T1) and @E(T2) values are combined to produce the
new environment action is specific to the environment action type @E(_).

The effect of the ;>" operator described in words is the following: given a value of type @E(T1)
(which is an environment action of type @E(_) that produces a value of type T1) and a value of type
T1 => @E(T2) (which is a function that takes a value of type T1 and returns an environment action of
type @E(_) that produces a value of type T2), combine those two values by creating a value that does
the following:

e Performs the first action that produces a value of type T1

e Takes the value of type T1 produced (provided there was no error) and passes it to the function
of type T1 => @E(T2) that then returns an action

e Performs the resulting action

The overall effect is an environment action of type @E(_) that produces a value is of type T2 and
therefore the new value is of type @E(T2).
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4.2.4 Operator Expressions

o Examples

1+ 2

1+ x * 30y

"Hello ” + "world!”

x ->f ->g¢g

f o>go>h

X ==Yy

X>y -2z28&X<27*y

get_1line ; get_line ;> line => print(”Second line: " + 1line)
2 *

_ -1

"Hello ” + "it’s me, " + _

"Hi, T am ” + _ + " and I am ” + _ + ” years old”

e Description

Operator expressions are expressions that are comprised of operators and operands. Operators
act like two-argument-functions that are placed in between their arguments (operands). There-
fore, they have function types and they act as it is described in their respective sections above
this one.

An operator expression might have multiple operators. The order of operations is explained
in the next section ("Complete Operator Table, Precedence and Associativity”) in Table 4.2.

Just like functions, the operands of an operator, must have types that match the types expected
by the operator.

It is possible for the second operand of an operator to be a function expression. This is mostly
useful with the ”; > operator (see previous section: ”Environment Operators”).

It is possible to use an underscore as an operand. An operator expression with underscore
operands becomes a function that expects those operands as arguments. This is best demon-
strated by the types of the last four examples:

2 * _ : Int => Int
_ -1 : Int => Int
"Hello ” + "it’s me, ” + _ : String => String

"Hi, T am " + _ + " and I am ” + _ + ” years old” : Stringn2 => String

Note: These are not the most general types for these examples but they are compatible.
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e Big Operator Expressions

Example

"Hello, I'm a big string that’s going to contain multiple values from ” +
"inside the imaginary program that I'm a part of. Here they are:\n” +
"valuel = ” + valuel + ”, value2 = ” + value2 + ”, value3 = ” + value3 +
", value4 = " + valued + ”, value5 = ” + valueb

Description

It is possible to stretch a (big) operator expression over multiple lines. In that case:

— The operator expression must split in a new line after an operator (not an operand).

— Every line after the first must be indented so that in begins at the column where the first
line of the operator expression begun.

— The precise indentation rules are described in the section “Indentation System™ 7.1.2.

o Grammar

(op-expr) = (line-op-expr) | (big-op-expr)

(op-expr-start) ::= ( (operand) (op) )+

(line-op-expr) ::= (op-expr-start) ( (operand) | (line-func-expr))

(big-op-expr) ::= (big-op-expr-op-split) | (big-op-expr-func-split)

(big-op-expr-op-split) ::= (op-split-line)+ [ (op-expr-start) | ( (operand) | (func-expr) )
(op-split-line) = ( (op-expr-start) ( (nl) | (oper-fco) ) | (oper-fco) ) (indent)
(oper-fco) ::= (operand) * ’ (func-comp-op) ‘\n’

(big-op-expr-func-split) ::== (op-expr-start) ( (big-func-expr) | (cases-func-expr) )

[3E]

(operand) ::= (basic-or-app-expr) | (paren-expr) |

[3]

(op) == ¢’ (func-comp-op) < *|[ ¢ * ] (optional-spaces-op) [ ¢ ]

(func-comp-op) = ‘0>’ | ‘<0’

(optional-spaces-op) =

SN S A | Gk | Gy Gy 6 0| b | e | 6O | S | b | G [ G [ GO €,
il I R I R B R e R Bl B e I B S B B

)

>
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4.2.5 Complete Operator Table, Precedence and Associativity

Table 4.1: The complete operator table of lcases operators along with their types and their short

descriptions.

| Op | Type Description
Right Function
-> T1 x (T1 => T2) => T2 ..
Application
Left Function
<- (T1 => T2) x T1 => T2 N
Application
B B B _ Right Function
0> (T1 => T2) x (T2 => T3) => (T1 => T3) Composition
<0 (T2 => T3) x (T1 => T2) => (T1 => T3) Left Function
Composition
A (@A)To_The(@B)Is(@C) --> @A x @B => @C General Exponentiation
* (@A)ANd(@B)Multiply_To(@C) --> @A x @B => @C General Multiplication
/ (@A)Divided_By(@B)Is(@C) --> @A x @B => @C General Division
+ (@A)ANd(@B)Add_To(@C) --> @A x @B => @C General Addition
- (@A)Minus(@B)Is(@C) --> @A x @B => @C General Subtraction
== (@A)And(@B)Can_Be_Equal --> @A x @B => Bool General Equality
I= (@A)And(@B)Can_Be_Unequal --> @A x @B => Bool General Inequality
> (@A)Can_Be_Greater_Than(@B) --> @A x @B => Bool General Greater Than
< (@A)Can_Be_Less_Than(@B) --> @A x @B => Bool General Less Than
General Greater Than
>= (@A)Can_Be_Gr_Or_EQ_To(@B) --> @A x @B => Bool or Equal To
<= (@A)Can_Be_Le_Or_Eq_To(@B) --> @A x @B => Bool Gen:rrangI;:sT"l(;han
& (@A)Has_And --> @AN2 => @A General And
| (@A)Has_Or --> @AN2 => @A General Or
”Use”
;> | (@E(_))Has Use --> @E(T1) x (T1 => @E(T2)) => @E(T2) | L .. .~ .
”Then”
; (@E(_))Has_Then --> @E(T1) x @E(T2) => @E(T2) Environment Action
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The order of operations is done from highest to lowest precedence. In the same level of precedence
the order is done from left to right if the associativity is ”Left” and from right to left if the associativity
is "Right”. For the operators that have associativity "None” it is not allowed to place them in the same
operator expression. The precedence and associativity of the operators is shown in the table below.

Table 4.2: The table of precedence and associativity of the Icases operators.

] Operator \ Precedence \ Associativity ‘
-> 10 (highest) Left
<- 9 Right

0> <0 8 Left

A 7 Right

*/ 6 Left

+ - 5 Left

== I= > < >= <= 4 None
& 3 Left

| 2 Left

P> 1 Left
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4.3 Function Expressions

Function expressions are divided into regular function expressions and ”cases” function expres-
sions which are described in the following sections.

(func-expr) ::= (line-func-expr) | (big-func-expr) | {cases-func-expr)

4.3.1 Regular Function Expressions

o Examples

a=>17 * a + 42

(a, b) => a + 2*b

(X, y, z) => sqrt(xn2 + yrA2 + zA2)

*=> 42

(x, *, z) =>x + z

((x1, y1), (x2, y2)) => (x1 + x2, yl + y2)

e Description

Regular function expressions are used to define functions or be part of bigger expressions as
anonymous functions. They are comprised by their parameters and their body.

Parameters have identifiers. There is either only one parameter, in which case there is no
parenthesis, or there are many, in which case they are in parentheses, separated by commas.
If a parameter is not needed it can be left empty by having an asterisk instead of an identifier
(4th and 5th example). If a parameter is a tuple itself it can be matched further by using paren-
theses and giving identifiers to its fields (6th example).

The parameters and the body are separated by the function arrow (”=>"). The body is a ba-
sic expression, an operator expression or a function expression in parenthesis.

e Big Function Expressions

Example

(valuel, value2, value3, value4, value5, value6, value7) =>
print(”valuel = ” + valuel + ”, value2 = ” + value2 + ”, value3 = ” + value3) ;
print(”“value4 = ” + value4 + ", value5 = ” + value5 + ", value6 " + value6) ;

print(”value7 = " + value7)

Description

It is possible to stretch a (big) function expression over multiple lines. In that case:

— The function expression must split in a new line after the function arrow (”=>"

— Every line after the first must be indented so that in begins at the column where the first
character of the parameters was in the first line.

— The precise indentation rules are described in the section “Indentation System™ 7.1.2.
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Grammar
(line-func-expr) == (parameters) [ ¢ * ] ‘=>" (line-func-body)
(big-func-expr) ::== (parameters) [ * ] ‘=>" (big-func-body)
(parameters) ::=

(identifiery | “** | (" [ © ] (parameters) ( (comma) (parameters) )+ [ >1°)’
(line-func-body) ::=

[ ¢ *1((basic-or-app-expr) | (line-op-expr) | “(’ [ © ] {line-func-expr) [ < >1°)")
(big-func-body) ::=

(nl) (indent) ( (basic-or-app-expr) | (op-expr) | (" [ © * ] {line-func-expr) [ < > 1))



4.3.2

”cases” Function Expressions

o Examples

print_sentimental_bool(_): Bool => IO

= cases
true => print(”"It’s true!! :)")
false => print(”It’s false... : (")

or_type TrafficLight
values green | amber | red

(_)is_not_red: TrafficLight => Bool
= cases
green => true
amber => true
red => false

(_)is_seventeen_or_forty_two: Int => Bool

= cases
17 => true
42 => true

. => false

traffic_lights_match(_, _): TrafficLightA2 => Bool
= (cases, cases)
(green, green) => true
(amber, amber) => true
(red, red) => true
. => false

gcd_of(_)and(_): IntA2 => Int
= (x, cases)
0 => X
y => gcd_of(y)and((x)mod(y))

apply(_)to_all_in(_): (T1 => T2) x ListOf(T1)s => ListOf(T2)s
= (f(_), cases)
[1=>11]
[head, tail = ...] => f(head) + apply(f(_))to_all_in(tail)

(_)is_sorted: (@A)Has_Less_Than_Or_Equal --> ListOf(@A)s => Bool
= cases
[x1, x2, xs = ...] => (x1 < x2) & (X2 + xs)is_sorted
. => true
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e Description

”cases” is a keyword that works as a special parameter. Instead of giving the name “cases”
to that parameter, it is used to pattern match on the possible values of that parameter and return
a different result for each particular case.

The lastcasecanbe”... => (body of default case)” tocapture all remaining cases while
dismissing the value (e.g. ”is_seventeen_or_forty_two” example), or it can be

”some_id => (body of default case)” to capture all remaining cases while being able to
use the value with the name ”some_id” (e.g. ”’y” in ”gcd” example).

It is possible to use ’cases” in multiple parameters to match on all of them combined. By
doing that, each case represents a particular combination of values for the ”cases” parameters
involved

(e.g. traffic_lights_match example).

It is also possible to use a “where” expression below a particular case. The “where” expression
must be indented two spaces more than than the line where that particular case begins.

It is also possible to use the following syntax to match on as many elements of a list as needed
and optionally give a name to the rest of the list:

# no name for the rest of the list

[x1, ...] => <case body>
[x1, x2, ...] => <case body>
[x1, x2, x3, ...] => <case body>

# name for the rest of the list

[x1, xs = ...] => <case body>
[x1, x2, xs = ...] => <case body>
[x1, x2, x3, xs = ...] => <case body>



o Grammar
(cases-func-expr) ::= (cases-params) {(case)+ [ (end-case) ]
(cases-params) =
(identifier) | ‘cases’ | **” |
‘C [ 1 ({cases-params) ( (comma) (cases-params) y+[* *]°)’
(case) = (nl) (indent) (outer-matching) [ * > ] ‘=> (case-body)

(end-case) ::= (nl) (indent) (“..." | (identifier) ) [ ¢ * ] ‘=>" (case-body)
outer-matching) ::= (simple-id) | (matching)

matching) == (literal) | (pre-func) (inner-matching) | (tuple-matching) | (list-matching)

{

(

(inner-matching) == “*’ | (identifier) | (matching)

(tuple-matching) ::= > ] (inner-matching) ( (comma) (inner-matching) )+ [ *]°)’
{

list-matching) ==
‘U [ 11 (inner-matching) ( (comma) (inner-matching) )* [ (rest-list-matching) ] ]

[* 71T

(rest-list-matching) ::= (comma) [ (simple-id) (equals)]*. ..

(case-body) ::= (line-func-body) | (big-func-body) [ (where-expr) ]
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4.4 Value Definitions and ”where” Expressions
4.4.1 Value Definitions

o Examples

foo: Int
= 42

f(_, _, _): IntA3 => Int

=(a, b, c)=>a+b *c

vall, val2, val3: Int, Bool, Char
= 42, true, 'a’

int1, int2, int3: all Int
=1, 2, 3

e Description

Value definitions are the main building block of Icases programs. To define a new value you
give it a name, a type and an expression. The name is an identifier which is followed by the
“has type” symbol (’:”) and the expression of the type of the value. The line below is indented
two spaces and begins with the equal sign and continues with the expression of the value (which

extends to as many lines as needed).

A value definition begins either in the first column, where it can be ’seen” by all other value
definitions, or it is inside a "where” expression (see section below), where it can be ’seen” by
the expression above the “where” and all the other definitions in the same “where” expression.

A value definition can be followed by a “where” expression where intermediate values used
in the value expression are defined. In that case, the “where” expression must be indented two

spaces more than the ”=" line of the value definition.

It is possible to group value definitions together by separating the names, the types and the
expressions with commas. This is very useful for not cluttering the program with many defini-
tions for values with small expressions (e.g. constants). When grouping definitions together it

is also possible to use the keyword ”all” to give the same type to all the values.

o Grammar

(value-def) =

(indent) (identifier) ([ * > 1" [ * 1| (nl) (indent) <: ) (type)
(nly (indent) ‘=’ (value-expr) [ (where-expr) ]

(value-expr) = (basic-or-app-expr) | (op-expr) | {func-expr) | (big-tuple) | (big-list)

(grouped-value- defs> -
(indent) (identifier) ( (comma) (identifier) )+

([ 717 0% 711 (nd) (indent) *: ) ({type) ((comma) (type) )+ | all * (nype) )
(nl) <lndent> <l ine-exprs) ( (nl) (indent) (comma) (line-exprs) )*

(line-exprs) = (line-expr) ( (comma) (line-expr) )*
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4.4.2 “where” Expressions

o Examples

sort(_): ListOf(Int)s => ListOf(Int)s

= cases
[1=>11
[head, tail = ...] =>
sort(less_1) + head + sort(greater_1)
where

less_1, greater_1l: all ListOf(Int)s
= filter(tail)with(_ < head), filter(tail)with(_ >= head)

sum_nodes(_): TreeOf(Int)s => Int

= tree =>
tree.root + apply(sum_nodes(_))to_all_in(tree.subtrees) -> sum_list(_)
where
sum_list(_) : ListOf(Int)s => Int
= cases
[1=>0
[head, tail = ...] => head + sum_list(tail)

big_string : String
= sl + s2 + s3 + s4
where
sl, s2, s3, s4 : all String
= "Hello, my name is Struggling Programmer.”
, " I have tried way too many times to fit a big chunk of text”

, inside my program, without it hitting the half-screen mark!”
, " I am so glad I finally discovered lcases!”

e Description

“where” expressions allow the programmer to use values inside an expression and define them
below it. They are very useful for reusing or abbreviating expressions that are specific to a
particular definition or case.

A “where” expression begins by a line that only has the word “where” in it. It is indented as
described in the ”Value Definitions” (4.4.1) or *’cases’ Function Expressions” (4.3.2) sections.
The definitions are placed below the “where” line and must have the same indentation

o Grammar

(Where-expr) ::=
(nl) (indent) ‘where’ (nl) (value-def-or-defs) ( (nl) (nl) (value-def-or-defs) )*

(value-def-or-defs) ::= (value-def) | (grouped-value-defs)
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Chapter 5

Language Description: Types and Type Logic

5.1 Types

The constructs regarding types are type expressions, type definitions and type nicknames and they
are described in the following sections.

5.1.1 Type Expressions

Type expressions are divided into the following categories:

e Type Identifiers

Type Variables

Type Application Types

Product Types

Function Types
e Conditional Types

which are described in the following paragraphs.

The grammar of a type expression is:
(type) ::= [ (condition) ] (simple-type)

(simple-type) ::= (param-t-var) | (type-app-id-or-ahtv) | (power-type) | (prod-type) | {func-type)

Type Identifiers

e Examples
Int Real Char String SelfReferencingType

e Description

A type identifier is either the name of a basic type (Int, Real, Char, String) or the name of some
defined type that has no type parameters. It begins with a capital letter and is followed by capital
or lowercase letters.

o Grammar

(type-id) = [A-Z] [A-Za-z]*
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Type Variables

Type Variables are placeholders inside bigger type expressions that can be substituted with various
types. This makes the bigger type expression an expression of a polymorphic type. The types of
polymorphism that exist in Icases are parametric polymorphism and ad hoc polymorphism. Type
variables for each of the two types have different syntax and they are described in the following para-
graphs.

Parametric Type Variables

o Examples
T1 T2 T3
e Examples of parametric type variables inside bigger type expressions

T1 =>T1
(T1 => T2) x (T2 => T3) => (T1 => T3)
(T1A2 => T1) x T1 x Listof(T1)s => T1

e Description

Parametric type variables can be substituted with any type and the program will type check.
The simplest example of a polymorphic type with a parametric type variable is the type of the
identity function where we have:

id(_L): T1 =>T1
= X => X

id(1): Int
where T1 is substituted by Int and id gets the type Int => Int

id("”Hello”): String
where T1 is substituted by String and id gets the type String => String

A parametric type variable is written with capital ”T” followed by a digit.
o Grammar

(param-t-var) ::= ‘1’ [0-9]

Ad Hoc Type Variables

o Examples
@A @B @C @T

o Examples of ad hoc type variables inside bigger type expressions
(@T)Has_Str_Rep --> @T => String
(@A)Is(@B)s_First --> @B => @A
(@A)And(@B)Can_Be_Equal --> @A x @B => Bool

(@A)And (@B)Add_To(@C) --> @A x @B => @C

136



e Description

Ad hoc type variables are type variables that can be substituted only by types that satisfy a con-
dition. This condition comes in the form of a type proposition (see Type Logic section 5.2).
Therefore, any ad hoc type variable must also appear in the condition as shown in the examples.

An ad hoc type variable is written with an ’@’ followed by any capital letter.

o Grammar

(ad-hoc-t-var) = ‘@ [A-Z]

Type Application Types

o Examples

Possibly(Int)
ListOf(Real)s
TreeOf(String)s
Result(Int)OrError(String)
ListOof(Int => Int)s
ListOf(T1)s

e Description

Type application types are types that are produced by passing type arguments to a type func-
tion generated by a tuple_type definition, an or_type definition or a type_nickname. For
example, given the definition of Possibly(T1):

or_type Possibly(T1)
values the_value:T1 | no_value

We have that Possibly(_) is a type function that receives one type parameter and returns a
resulting type. For example Possibly(Int) is the result of passing the type argument Int to
Possibly(_).

Type application types have the same form as the name in the tuple_type definition, or_type
definition or type_nickname, with the difference that type parameters are substituted by the
expressions of the type arguments.

o Grammar
(type-app-id-or-ahtv) ::= [ (types-in-paren) | (taioa-middle) [ (types-in-paren) ]
(taioa-middle) ::= (type-id) ( (types-in-paren) [A-Za-z]+ )* | (ad-hoc-t-var)

[

(types-in-paren) = ‘(" [  * ] (simple-type) ( (comma) (simple-type) )* [ >1°)’
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Product Types

o Examples

Int x Real x String

ListOof(Int)s x Int x ListOf(String)s

(Int => Int) x (Int x Real) x (Real => String)
IntA2 x IntA2

Realr3 x Realn3

e Description

Product types are the types of tuples. They are comprised of the expressions of the types of the
fields separated by the string ” x ” (space ’x’ space) to resemble the cartesian product. If any
of the fields is of a product or a function type then the corresponding type expression must be
inside parentheses. A product type where all the fields are of the same type can be abbreviated
with a power type expression which is comprised of the type, the power symbol A’ and the
number of times the type is repeated.

o Grammar
(prod-type) ::= (field-type) (* x ’ (field-type) )+
(field-type) ::== (power-base-type) | (power-type)
(power-base-type) ::=
(param-t-var) | (type-app-id-or-ahtv) | ‘(" [ * 1 ({prod-type) | {func-type) ) [ *1°)’

(power-type) ::== (power-base-type) ‘N’ (int-greater-than-one)

Function Types

o Examples

String => String

Real => Int

T1 => T1

IntA2 => Int

RealAr3 => Real

(T1 => T2) x (T2 => T3) => (T1 => T3)
(Int => Int) => (Int => Int)

e Description

A function type expression is comprised of the input type expression and the output type ex-
pression separated by the function arrow (”=>"). The input and output type expressions are type
expressions which are put in parentheses only if they are function type expressions.

o Grammar
(func-type) ::= (in-or-out-type) © => ’ (in-or-out-type)

(in-or-out-type) ::=
(param-t-var) | (type-app-id-or-ahtv) | (power-type) | (prod-type) |
‘CL ] Yfune-tpe) [ 7 1°)
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Conditional Types

o Examples

(@A)And(@B)Can_Be_Equal --> @A x @B => Bool
(@A)And(@B)Add_To(@C) --> @A x @B => @C
(@A)Is(@B)s_First --> @B => @A

(@T)Has_Str_Rep --> @T => String

(@E(_))Has_Use --> @E(T1) x (T1 => @E(T2)) => @E(T2)

e Description

Conditional types are the types of values that are polymorphic not because of their structure
but because they have been defined (separately) for many different combinations of types (i.e.
they are ad hoc polymorphic). They are comprised of a condition and a ”simple” type (i.e. a
type without a condition) which are separated by the condition arrow (” - -> ). The condition
is a type proposition which refers to type variables inside the “simple” type and it must hold
whenever the polymorphic value of that type is used. For example:

(_)first: (@A)Is(@B)s_First --> @B => @A
can be used as follows:

pair, triple, list
: Int x String, Real x Char x Int, ListOf(String)s
= (42, "The answer to everything”), (3.14, 'a’, 1), ["Hi!”, "Hello”, Heeey”]

>> (pair)first
: Int
==> 42
>> (triple)first
! Real
==> 3.14
>> (list)first
: String
==> "Hil”

and that is because the following propositions hold:

(Int)Is(Int x String)s_First
(Real)Is(Real x Char x Int)s_First
(String)Is(ListOf(String)s)s_First

which it turn means that the function ”(_)first” has been defined for these combinations of
types. For more on how conditions, propositions and ad hoc polymorphism works, see the
”Type Logic” section (5.2).

o Grammar

B

(condition) ::== (prop-name) * ->
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5.1.2 Type Definitions

Type definitions are divided into tuple_type definitions and or_type definitions which are described
in the following paragraphs.

The grammar of a type definition is:

(type-def’) = (tuple-type-def) | (or-type-def)

Tuple Types

e Definition Examples

tuple_type Name
value (first_name, last_name) : String~n2

tuple_type Date
value (day, month, year) : IntA3

tuple_type MathematicianInfo
value (name, nationality, date_of_birth) : Name x String x Date

tuple_type TreeOf(T1)s
value (root, subtrees) : T1 x ListOf(TreeOf(T1)s)s

tuple_type Indexed(T1)
value (index, val) : Int x T1

o Usage Examples

euler_info: MathematicianInfo
= ((”"Leonhard”, "Euler”), "Swiss”, (15, 4, 1707))

name(_)to_string: Name => String
= n => “"\nFirst Name: ” + n.first_name + "\nLast Name: ” + n.last_name

print_name_and_nat(_): MathematicianInfo => IO
= ci => print(name(ci.name)to_string + ”\nNationality: ” + ci.nationality)

sum_nodes(_): TreeOf(Int)s => Int
= tree => tree.root + apply(sum_nodes(_))to_all_in(tree.subtrees) -> sum_list(_)

e Description

A tuple type is equivalent to a product type with a new name and names for the fields for con-
venience. A tuple type generates postfix functions for all of the fields by using a ’.” before the
name of the field. For example the "MathematicianInfo” type above generates the following
functions:

_.name : MathematicianInfo => Name

_.nationality : MathematicianInfo => String
_.date_of_birth : MathematicianInfo => Date
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o Grammar

(tuple-type-def’) ::=
‘tuple_type ’ (type-name) (nl)

‘value’ (° [ (nl) © ) (id-tuple) [ < 1" [ 1 ( (prod-type) | (power-type) )

(type-name) ::=

[ (param-vars-in-paren) | (type-id) ( {param-vars-in-paren) [A-Za-z]+ )*
[ (param-vars-in-paren) |
(param-vars-in-paren) ::= ‘(" [ © ° | (param-t-var) ( (comma) (param-t-var) )* [ < >1°)’

(id-tuple) == “(C [ ¢ ] (simple-id) ( (comma) (simple-id) )+ [ *]°)’

Or Types

e Definition Examples

or_type Bool
values true | false

or_type TrafficlLight
values green | amber | red

or_type Possibly(T1)
values the_value:T1 | no_value

or_type Result(T1)OrError(T2)
values result:T1 | error:T2

o Usage Examples

traffic_lights_match(_, _): TrafficLightA2 => Bool
= (cases, cases)
(green, green) => true
(amber, amber) => true
(red, red) => true
. => false

err_if(_)is_no_value : Possibly(T1) => Result(T1)OrError(String)
= cases
no_value => error:”There is no value!”
the_value:val => result:val

print_err(_)or_res(_): (@A)Has_Str_Rep --> Result(@A)OrError(String) => I0
= cases
result:r => print(”All good! The result is: ” + (r)to_string)
error:e => print(”Error occured: " + e)
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e Description

The values of an or_type are split into cases. Some cases have other values inside. The cases
which have other values inside are followed by a colon and the type of the internal value. Similar
syntax can be used for matching that particular case in a function using the ”cases” syntax. An
or_type definition automatically creates prefix functions for each case with an internal value
(which are simply conversions from the type of the internal value to the or_type). For example,
for the case "the_value” of a ’Possibly(T1)” the function the_value:_” is automatically
created from the definition for which we can say:

the_value:_ : T1 => Possibly(T1)

These functions can be used like any other function as arguments to other functions. For exam-
ple:

(_)to_possiblies : ListOf(T1)s => ListOf(Possibly(T1))s
= apply(the_value:_)to_all_in(_)

o Grammar

(or-type-def) ::=
‘or_type ’ (type-name) (nl)
‘values’ (“ *|(nl)* )

(simple-id) [ *:” (simple-type) 1 ([* *1°1" [ * ] (simple-id) [ *:” (simple-type) ] )*

5.1.3 Type Nicknames
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o Examples

type_nickname Ints = ListOf(Int)s

type_nickname IntStringPairs = ListOf(Int x String)s
type_nickname IO = (EmptyVal)FromIO

type_nickname Res(T1)OrErr = Result(T1)OrError(String)

e Description

Type nicknames are used to abbreviate or give a more descriptive name to a type. They start
with the keyword ”type_nickname”, followed by the nickname, then an equal sign and the type
to be nicknamed. Parametric type variables can be used in the nickname.

o Grammar

(t-nickname) ::= ‘type_nickname ’ (type-name) (equals) (simple-type)



5.2 Type Logic

Type logic is the mechanism for ad hoc polymorphism in Icases. The central notion of type logic is
the type proposition. A type proposition is a proposition that has types as parameters and is true or
false for particular type arguments.

Type propositions can either be defined or proven (for certain type arguments). Therefore, the follow-
ing constructs exist and accomplish the aforementioned respectively: type proposition definitions
and type theorems. These constructs are described in detail in the following sections. From this point

onwards the "type” part will be omitted, i.e. propositions are always type propositions and theorems
are always type theorems.

5.2.1 Proposition Definitions

Proposition definitions are split into definitions of atomic propesitions and definitions of renaming
propositions which are described in the following paragraphs.

Atomic Propositions

o Examples

type_proposition (@A)Is(@B)s_First
needed (_)first: @B => @A

type_proposition (@T)Has_Str_Rep
needed (_)to_string: @T => String

type_proposition (@T)Has_A_Wrapper
needed wrap(_): T1 => @T(T1)

type_proposition (@T)Has_Internal_App
needed apply(_)inside(_) : (T1 => T2) x @T(T1) => @T(T2)

The examples above define the following (ad hoc) polymorphic functions which have the re-
spective (conditional) types:

(_)first: (@A)Is(@B)s_First --> @B => @A
(_)to_string: (@T)Has_Str_Rep --> @T => String
wrap(_): (@T)Has_A _Wrapper --> T1 => @T(T1)

apply(_)inside(_): (@T)Has_Internal_App --> (T1 => T2) x @T(T1) => @T(T2)
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e Description

An atomic proposition definition defines simultaneously the atomic proposition itself and a
polymorphic value (usually, but not necessarily, a function), by defining the form of the type
of the value given the type parameters of the proposition. The proposition is true or false when
the type parameters are substituted by specific type arguments depending on whether the im-
plementation of the value has been defined for these type arguments. The aforementioned truth
value determines whether the value is used correctly inside the program and therefore whether
the program will typecheck. In order to add more types for which the function works, i.e. define
the function for these types, i.e. make the proposition true for these types, one must prove a
theorem. The specifics of theorems are described in the next section. For now, we’ll show the
example for everything mentioned in this paragraph for the proposition ” (@A) Is(@B)s_First”:

— Proposition Definition:

type_proposition (@A)Is(@B)s_First
needed (_)first: @B => @A

— Function defined and its type:
(_)first: (@A)Is(@B)s_First --> @B => @A
— Theorems for specific types:

type_theorem (T1)Is(T1 x T2)s_First
proof (_)first = _.1st

type_theorem (T1)Is(ListOf(T1)s)s_First
proof
(_)first =
cases
[] => throw_err(”Tried to take the first element of an empty list”)
[head, ...] => head

— Usage of the function

pair, list
Int x String, ListOf(String)s
= (42, "The answer to everything”), ["Hi!”, "Hello”, Heeey”]

>> (pair)first
Int
==> 42
>> (list)first
: String
==> "Hil”

An atomic proposition definition begins with the keyword ”type_proposition” followed by
the name of the proposition (including the type parameters) in the first line. The second line
begins with the keyword “needed” which is followed by the identifier and the type expression
of the value separated by the “has type” symbol (’:”).



Renaming Propositions

o Examples

type_proposition (@T)Has_Equality
equivalent (@T)And(@T)Can_Be_Equal

type_proposition (@A)And(@B)Are_Comparable
equivalent
(@A)Can_Be_Less_Than(@B), (@A)And(@B)Can_Be_Equal, (@A)Can_Be_Greater_Than(@B)

type_proposition (@T)Has_Comparison
equivalent (@T)And(@T)Are_Comparable

e Description

A renaming proposition definition is used to abbreviate one or the conjunction of many propo-
sitions into a new proposition.

A renaming proposition definition begins with the keyword “type_proposition” followed
by the name of the proposition (including the type parameters) in the first line. The second
line begins with the keyword “equivalent” followed by either one proposition or (if it is a
conjunction) many propositions separated by commas (where the commas mean “and”).

Grammar for Proposition Definitions
(type-prop-def) ::== (atom-prop-def’) | (renaming-prop-def’)
(atom-prop-def’) ::=
(prop-name-line) (nl) ‘needed’ (* | (nl) © ) (identifiery [ < > 1" [ ¢ * ] (simple-type)

(renaming-prop-def’) ::=
(prop-name-line) (nl) ‘equivalent’ (¢ | (nl) ¢ ) (prop-name) ( (comma) (prop-name) )*

(prop-name-line) ::= ‘type_proposition ’ (prop-name)
(prop-name) ::=
[A-Z] ( (name-part) (types-in-paren) )+ [ (name-part) |
| ((types-in-paren) (name-part) )+ [ (types-in-paren) ]

(name-part) = ([A-Za-z] | ‘_’[A-Z] )+
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5.2.2 Theorems

Theorems are split into theorems of atomic propositions and theorems of implication propositions
which are described in the following paragraphs.

Atomic Propositions

o Examples

type_theorem (Possibly(_))Has_A Wrapper
proof wrap(_) = the_value:_

type_theorem (ListOf(_)s)Has_A_Wrapper
proof wrap(_) = [_]

type_theorem (Possibly(_))Has_Internal_App
proof
apply(_)inside(_) =
(f(_), cases)
no_value => no_value
the_value:x => the_value:f(x)

type_theorem (ListOf(_)s)Has_Internal_App
proof apply(_)inside(_) = apply(_)to_all_in(_)

o Usage

a, b : all Possibly(Int)
= wrapper(1), no_value

11, 12, 13 : all ListOf(Int)s
= wrapper(1), empty_1, [1, 2, 3]

>> a
: Possibly(Int)
==> the_value:1
>> b
: Possibly(Int)
==> no_value
>> 11
ListOf(Int)s
==> [1]
>> 12
ListOf(Int)s
==> []
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>> apply(_ + 1)inside(a)
: Possibly(Int)
==> the_value:2

>> apply(_ + 1)inside(b)
: Possibly(Int)
==> no_value

>> apply(_ + 1)inside(11)

ListOof(Int)s
==> [2]
>> apply(_ + 1)inside(12)
ListOf(Int)s
==> []
>> apply(_ + 1)inside(13)
ListOof(Int)s
=> [2, 3, 4]
Description

A theorem of an atomic proposition proves the proposition for specific type arguments, by im-
plementing the value associated to the proposition for these type arguments. Therefore, the
value associated with the proposition can be used with all the combinations of type arguments
for which the proposition is true, i.e. the combinations of type arguments for which the value
has been implemented.

A proof of a theorem of an atomic proposition is correct when the implementation of the value
associated with the proposition follows the form of the type given to the value by the definition
of the proposition, i.e. the only difference between the type of the value in the theorem and the
type of the value in the definition is that the type parameters of the proposition are substituted
by the type arguments of the theorem.

A theorem of an atomic proposition begins with the keyword ”type_theorem” followed by
the name of the proposition with the type parameters substituted by the specific types for which
the proposition will be proven. The second line is the keyword ”proof”. The third line is in-
dented once and it is the line in which the proof begins. The proof begins with the identifier
of the value associated with the proposition and is followed by an equal sign and the value
expression which implements the value.
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Implication Propositions
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o Examples

type_theorem (@A)And(@B)Can_Be_Equal --> (@A)And(@B)Can_Be_Unequal
proof a \= b = not(a == b)

type_theorem (@A)Can_Be_Greater_Than(@B) --> (@A)Can_Be_Le_Or_Eq_To(@B)
proof a <= b = not(a > b)

type_proposition (@A)And(@B)Have_Eq_And_Gr
equivalent (@A)And(@B)Can_Be_Equal, (@A)Can_Be_Greater_Than(@B)

type_theorem (@A)And(@B)Have_Eq_And_Gr --> (@A)Can_Be_Gr_Or_Eq _To(@B)
proof a >= b = a == | a>b

e Description

A theorem of an implication proposition is similar to a theorem of an atomic proposition but it
also uses other ad hoc polymorphic values in the implementation. Therefore, the implementa-
tion does not prove the proposition associated to the value it implements unless the polymorphic
values used in the implementation are already defined in their own theorems. In other words
it proves the following: if these ad hoc polymorphic values are defined then we can also de-
fine this other one”. This can be translated into the following implication proposition: “if the
propositions associated to the values we are using are true then the proposition associated to the
value we are defining is true”, which can be condensed to the notation with the condition arrow
(” --> ”)used in the examples.

When we are using many ad hoc values in the implementation we need to group all their propo-
sitions into one conjunction proposition with a renaming proposition definition as it is done in
the example of

(@A)And(@B)Have_Eqg_And_Gr.

The proof of an implication proposition allows the compiler to automatically create the def-
inition for an ad hoc polymorphic value for a particular combination of types given the defini-
tions of the ad hoc polymorphic values used in the implementation for this same combination
of types. This mechanism essentially gives definitions for free, that is in the sense that when
you define a set of ad hoc polymorphic values for a particular set of types you get for free all
the ad hoc polymorphic values that can be defined using a subset of the defined ones.

A theorem of an implication proposition is grammatically the same as a theorem of an atomic
proposition with the only difference being that an implication proposition is comprised by two
atomic propositions separated by the condition arrow (” - -> ") arrow.



Grammar for Theorems

(type-theo) =
‘type_theorem ’ (prop-name-with-subs) [ ¢ --> ’ (prop-name-with-subs) ] (nl) ‘proof’ (proof’)

(prop-name-with-subs) ::=
[A-Z] ( (name-part) (subs-in-paren) )+ [ (name-part) |

| ( (subs-in-paren) (name-part) )+ [ (subs-in-paren) |
(subs-in-paren) ::= (" [ ¢ * ] (t-var-sub) ( (comma) (t-var-sub) )*[ ¢ > 1°)’
(t-var-sub) ::= (param-t-var) | (type-app-id-or-ahtv-sub) | (power-type-sub) | (prod-type-sub) | (func-type-sub)
(type-app-id-or-ahtv-sub) ::=
[ (subs-or-unders-in-paren) | (taioas-middle) [ (subs-or-unders-in-paren) ]
(taioas-middle) ::= (type-id) ( (subs-or-unders-in-paren) [A-Za-z]+ )* | (ad-hoc-t-var)
(subs-or-unders-in-paren) ::== (" [ © * | (sub-or-under) ( (commay) (sub-or-under) )* [ < > 1°)’

(sub-or-under) ::== (t-var-sub) |’

(power-type-sub) ::= (power-base-type-sub) ‘N’ (int-greater-than-one)

(power-base-type-sub) ::=
‘_’ | (param-t-var) | (type-app-id-or-ahtv-sub) |
‘C[° 7 1((prod-type-sub) | (func-type-sub) ) [ * " 1°)’

(prod-type-sub) ::= (field-type-sub) (* x ’ {field-type-sub) )+

(field-type-sub) ::= (power-base-type-sub) | (power-type-sub)

(func-type-sub) ::= (in-or-out-type-sub) < => ’ (in-or-out-type-sub)
(in-or-out-type-sub) ::=
‘| (param-t-var) | (type-app-id-or-ahtv-sub) | (power-type-sub) | (prod-type-sub) |
‘(9 [ ¢ ] Vunc—type-sub) [ ¢ ] ‘)3
(proof) == * ’ (id-or-op-eq) ¢ ’ (line-expr) | (nl) ¢’ (id-or-op-eq) (tt-value-expr)
(id-or-op-eq) = (identifier) [ (op) (identifier) ] =

(tt-value-expr) == * ’ (line-expr) | (nl) (indent) (value-expr) [ (where-expr) |
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Chapter 6

Language Description: Predefined

6.1 Values

e Constants: undefined, pi, empty_val
e Functions

— Miscellaneous: not(_), id(_), throw_err(_)
— Numerical:
* Miscellaneous:
sqrt_of(_), abs_val_of(_), max_of(_)and(_), min_of(_)and(_)
* Trigonometric:
sin(_), cos(_), tan(_), asin(_), acos(_), atan(_)
% Division related:
(_)div(_), (_)mod(_), gcd_of(_)and(_), lcm_of(_)and(_),
(_)is_even, (_)is_odd

* Rounding:
truncate(_), round(_), floor(_), ceiling(_)
* e and log:
exp(_), In(_), log_of(_)base(_ )
— List:

(_)length, (_)is_in(_), apply(_)to_all_in(_), filter(_)with(_),
take(_)from(_), ignore(_)from(_), split(_)at(_),
zip(_)with(_), unzip(_), apply(_)to_all_in_zipped(_,_)

- 1I0:
* Input: get_char, get_line, get_input, read_file(_)
* Output: print(_), print_string(_), write(_)in_file(_)

— Ad Hoc Polymorphic:
wrap(_), (_)to_string, from_string(_), apply(_)inside(_),

6.2 Types

e Basic: Int, Real, Char, String, (_)FromIO, (_)FState(_)Man
e Or Types: EmptyVval, Bool, Possibly(_), ListOf(_)s, Result(_)OrError(_)

e Type Nicknames: I0, State(_)Man, Z, R
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6.3 Type Propositions
e Operator Propositions:

— (@A)To_The(@B)Is(@C)

— (@A)And(@B)Multiply_To(@cC)
— (@A)Divided_By(@B)Is(@C)
— (@A)And(@B)Add_To(@cC)

— (@A)Minus(@B)Is(@C)

— (@A)And(@B)Can_Be_Equal

— (@A)And(@B)Can_Be_Unequal
— (@A)Can_Be_Gr_Or_Eq_To(@B)
— (@A)Can_Be_Le_Or_Eq_To(@B)
— (@A)Can_Be_Greater_Than(@B)
— (@A)Can_Be_Less_Than(@B)
— (@A)Has_And

— (@A)Has_Or

— (@T)Has_Use

— (@T)Has_Then

e Function Propositions:

— (@T)Has_A_Wrapper
— (@T)Has_Str_Rep
— (@T)Has_Internal_App
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Theorems:

— (Possibly(_))Has_A_Wrapper

— (ListOf(_)s)Has_A _Wrapper

— ((_)FState(T1)Man)Has_A_Wrapper

— (Result(_)OrError(T1))Has_A _Wrapper

— (Int)Has_Str_Rep

— (Char)Has_Str_Rep

— (Real)Has_Str_Rep

— (@A)Has_Str_Rep --> (ListOf(@A)s)Has_Str_Rep
— (Possibly(_))Has_Internal_App

— (ListOf(_)s)Has_Internal_App

— ((_)FState(T1)Man)Has_Internal_App

— (Result(_)OrError(T1))Has_Internal_App
— ((_)FromIO)Has_Use

— ((_)FState(T1)Man)Has_Use

— ((_)FromIO)Has_Then

— ((_)FState(T1)Man)Has_Then
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Chapter 7

Parser Implementation

7.1 Full Grammar and Indentation System

7.1.1 Full Grammar

(literal) ::= (int-lit) | (real-lit) | (char-lit) | (string-lit)

(identifier) ::== [ (unders-in-paren) | (id-start) (id-cont)* [ [0-9] ] [ (unders-in-paren) ]

(simple-id) ::= (id-start) [ [0-9] ]

(id-start) ::= [a-z] [a-z_]*

(id-cont) ::= (unders-in-paren) [a-z_]+
(unders-in-paren) ::= (_’ ( (comma) ‘> )* ©)’
(comma) = " [ 7]

(paren-expr) = (" [ ¢ * ] (line-op-expr) | (line-func-expr) [ < > 1°)’

(tuple) == “(’ [ © ] (line-expr-or-under) (comma) (line-expr-or-unders) [ < *]°)’
(line-expr-or-unders) ::= (line-expr-or-under) ( (comma) (line-expr-or-under) )*
(line-expr-or-under) ::= (line-expr) | *_’

(line-expr) ::= (basic-or-app-expr) | (line-op-expr) | (line-func-expr)
(basic-or-app-expr) ::== (basic-expr) | (pre-func-app) | (post-func-app)
(basic-expr) ::= (literal) | (paren-func-app-or-id) | (special-id) | (tuple) | (list)
(big-tuple) =

‘C [ ] (line-expr-or-under) [ (nl) (indent) | (commay) (line-expr-or-unders)
( (nl) (indent) (comma) (line-expr-or-unders) )* (nl) (indent) )’
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(listy :== ‘[’ [ 1 (line-expr-or-unders) 1 > 1°1’

(big-list) ::==
3 [ b [ (3 b

] (line-expr-or-unders) ( (nl) (indent) (commay) (line-expr-or-unders) )* (nl) (indent) ‘1’

(paren-func-app-or-id) ::=
[ (arguments) | (id-start) ( (arguments) [a-z_]+)* [ [0-9] ] [ (arguments) ]

(arguments) = (" [ ] (line-expr-or-unders) [ * > ]°)’
(pre-func) ::= (simple-id) *:’

(pre-func-app) ::= (pre-func) (operand)

(post-func) = . ( (simple-id) | (special-id) )

(special-id) == ‘1st’|‘2nd’ | ‘3rd’ | ‘4th’ | ‘5th’

(post-func-app) ::= ((basic-expr) | (paren-expr)|_") ((dot-change) | (post-func)+ [ (dot-change) )

(dot-change) ::= *.change{’ [ ¢ *] (field-change) ( (comma) (field-change) )* [ 1}’
(field-change) ::= ( (simple-id) | (special-id) ) {equals) (line-expr-or-under)

(equals) == [ 1="[° "]
(op-expr) ::= (line-op-expr) | (big-op-expr)

(op-expr-start) == ( (operand) (op) )+

(line-op-expr) = (op-expr-start) ( (operand) | (line-func-expr) )

(big-op-expr) ::= (big-op-expr-op-split) | (big-op-expr-func-split)

(big-op-expr-op-split) ::= (op-split-line)+ [ (op-expr-start) | ( (operand) | (func-expr) )
(op-split-line) == ( (op-expr-start) ( (nl) | (oper-fco) ) | (oper-fco) ) (indent)

(oper-fco) ::= (operand) * ’ {(func-comp-op) ‘\n’

(big-op-expr-func-split) ::== (op-expr-start) ( (big-func-expr) | (cases-func-expr) )

[

(operand) ::= (basic-or-app-expr) | (paren-expr) |
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(op) = ¢’ (func-comp-op) * | [ * ] (optional-spaces-op) [ © ]
(func-comp-op) ::== ‘0>’ | ‘<0’

(optional-spaces-op) ::=

NS S G | Gk | €y Gy 6 | e | e | e | Cd | b | S | G | GO a0
kB A B A B IS B I T Bl R B B I B S 2

(func-expr) ::= (line-func-expr) | (big-func-expr) | {cases-func-expr)

(line-func-expr) ::= (parameters) [ * ° ] ‘=> (line-func-body)
(big-func-expr) = (parameters) [ © ] ‘=> (big-func-body)
(parameters) := (identifier) | *** | (" [ * * ] (parameters) ( (comma) (parameters) }+[* *1°)’

(line-func-body) ::=
[ ¢ > 1((basic-or-app-expr) | {line-op-expr) | ([ * ] (line-func-expr) [ * *1°)")

(big-func-body) ::=

(nl) (indent) ( (basic-or-app-expr) | (op-expr) | *(C’ [ ¢ * ] (line-func-expr) [ < 1))
(cases-func-expr) ::== (cases-params) (case)+ [ (end-case) ]
(cases-params) ::=

(identifier) | ‘cases’ | “*” | (" [ ¢ * ] (cases-params) ( (comma) (cases-params) y+ [ >]°)’
(case) ::= (nl) (indent) (outer-matching) [ < * ] ‘=>" (case-body)

(end-case) ::= (nl) (indent) ( *...” | (identifier) ) [ © * ] ‘=>" (case-body)

(outer-matching) ::= (simple-id) | (matching)
(matching) ::= (literal) | (pre-func) (inner-matching) | (tuple-matching) | (list-matching)
(inner-matching) ::= *’ | (identifier) | (matching)

[

(tuple-matching) ::== “(’ [ © * ] (inner-matching) ( (comma) (inner-matching) Y+ [ °1°)’

(list-matching) ::=
‘U [¢ 11 (inner-matching) ( (comma) (inner-matching) )* [ (rest-list-matching) 11[ ¢ 1]

2

2

(rest-list-matching) == (comma) [ (simple-id) (equals)]°‘. ..

(case-body) ::= (line-func-body) | (big-func-body) [ (where-expr) ]
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(value-def’) ::=

(indent) (identifier) ([ * > 1 [ 1| (nl) (indent) <: ) (type)

(nl) (indent) ‘= (value-expr) [ (where-expr) |
(value-expr) ::= (basic-or-app-expr) | (op-expr) | {func-expr) | (big-tuple) | (big-list)
(grouped-value-defs) ::=

(indent) (identifier) ( (commay) (identifier) )+

(L1771 (nd) (indent) *: *) ({type) ((comma) (type) y*+ | ‘all ’* (type) )

i

(nl) (indent) ‘=’ (line-exprs) ( (nl) (indent) (comma) (line-exprs) )*

(line-exprs) ::= (line-expr) ( (comma) (line-expr) )*

(where-expr) ::= (nl) (indent) ‘where’ (nl) (value-def-or-defs) ( (nl) (nl) (value-def-or-defs) )*

(value-def-or-defs) ::= (value-def’) | (grouped-value-defs)

(type) = [ (condition) | (simple-type)

(simple-type) ::= (param-t-var) | (type-app-id-or-ahtv) | (power-type) | (prod-type) | (func-type)
(type-id) = [A-Z] [A-Za-z]*

(param-t-var) ::= ‘1’ [0-9]

(ad-hoc-t-var) = ‘@ [A-Z]

(type-app-id-or-ahtv) :== [ (types-in-paren) | (taioa-middle) [ (types-in-paren) ]
(taioa-middle) ::= (type-id) ( (types-in-paren) [A-Za-z]+ )* | (ad-hoc-t-var)

[

(types-in-paren) = “(’ [ * ] (simple-type) ( (comma) (simple-type) )* [ *1°)’

(prod-type) ::= (field-type) (* x ’ (field-type) )+
(field-type) ::== (power-base-type) | (power-type)

(power-base-type) ::=
(param-t-var) | {type-app-id-or-aht) | *C [+ * 1( (prod-type) | fume-type) Y[ *1°)’

(power-type) == (power-base-type) ‘N (int-greater-than-one)
(func-type) = (in-or-out-type) © => ’ (in-or-out-type)

(in-or-out-type) ::=
(param-t-var) | (type-app-id-or-ahtv) | (power-type) | (prod-type) | ([ * ] {func-type) [ *1°)’
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)

(condition) ::== (prop-name) * ->

(type-def’) = (tuple-type-def) | (or-type-def)

(tuple-type-def’) :=
‘tuple_type ’ (type-name) (nl)

‘value’ (“ 7| {(nl) ¢ ) (id-tupley [ < 17 [ 1 ( (prod-type) | (power-type) )

>

(type-name) ::=
[ (param-vars-in-paren) | (type-id) ( (param-vars-in-paren) [A-Za-z]+ )*
[ (param-vars-in-paren) |

(param-vars-in-paren) ::= ‘(" [ © * ] (param-t-var) ( (comma) (param-t-var) )* [ >1°)’

(id-tuple) == ([ ] (simple-id) ( (comma) (simple-id) Y+ [ 1)’

(or-type-def) ::=
‘or_type ’ (type-name) (nl)
‘values’ (“ *|(nl) © )

(simple-id) [ “:” (simple-type) 1 ([ 11" [ * ] (simple-id) [ “:” (simple-type) ] )*

)

(t-nickname) ::== ‘type_nickname ’ (type-name) (equals) (simple-type)

(type-prop-def) ::= (atom-prop-def’) | (renaming-prop-def’)

(atom-prop-def’) ::=

(prop-name-line) (nl) ‘needed’ (* * | (nl) ¢ ) (identifier) [ < 1 “:> [ ] (simple-type)

(renaming-prop-def’) ::=

(prop-name-line) (nl) ‘equivalent’ (* ’|(nl) * ) (prop-name) ( (comma) (prop-name) )*

(prop-name-line) ::= ‘type_proposition ’ (prop-name)

(prop-name) ::=
[A-Z] ( (name-part) (types-in-paren) )+ [ (name-part) |

| ((types-in-paren) (name-part) )+ [ (types-in-paren) ]

(name-part) = ([A-Za-z] | ‘_’[A-Z] )+
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(type-theo) ::=
‘type_theorem ’ (prop-name-with-subs) [ ¢ -> ’ (prop-name-with-subs) | (nl) ‘proof’ (proof’)

(prop-name-with-subs) ::=
[A-Z] ( (name-part) (subs-in-paren) )+ [ (name-part) |

| ( (subs-in-paren) (name-part) )+ [ (subs-in-paren) |

(subs-in-paren) ::== (" [ ] (t-var-sub) ( (comma) (t-var-sub) Y*[* *]°)’
(t-var-sub) ::= (param-t-var) | (type-app-id-or-ahtv-sub) | (power-type-sub) | (prod-type-sub) | (func-type-sub)
(type-app-id-or-ahtv-sub) ::=
[ (subs-or-unders-in-paren) | (taioas-middle) [ (subs-or-unders-in-paren) ]
(taioas-middle) ::= (type-id) ( (subs-or-unders-in-paren) [A-Za-z]+ )* | (ad-hoc-t-var)

(subs-or-unders-in-paren) ::== ‘(" [ ¢ * | (sub-or-under) ( (commay) (sub-or-under) )* [ >1°)’

(sub-or-under) ::= (t-var-sub) | *_’

(power-type-sub) ::= (power-base-type-sub) ‘N’ (int-greater-than-one)

(power-base-type-sub) =
‘| (param-t-var) | (type-app-id-or-ahtv-sub) |
‘C [ 71 ({prod-type-sub) | (func-type-sub) ) [* *]*)

(prod-type-sub) = (field-type-sub) (* x ’ (field-type-sub) )+

(field-type-sub) ::= (power-base-type-sub) | (power-type-sub)

(func-type-sub) ::= (in-or-out-type-sub) * => ’ (in-or-out-type-sub)
(in-or-out-type-sub) ::=
‘| (param-t-var) | (type-app-id-or-ahtv-sub) | (power-type-sub) | (prod-type-sub) |
C(’[C ’]<f‘unc—l)}pe—sub>[‘ ’]G)’
(proof’) == * ’ (id-or-op-eq) © ’ (line-expr) | (nl) ¢’ (id-or-op-eq) (tt-value-expr)
(id-or-op-eq) = (identifier) [ (op) (identifier) | =

(tt-value-expr) == * ’ (line-expr) | (nl) (indent) (value-expr) [ (where-expr) |

(program) ::= (nl)* (program-part) ( (nl) (nl) (program-part) )* (nl)*

(program-part) =
(value-def’) | (grouped-value-defs) | (type-def’) | (t-nickname) | (type-prop-def’) | (type-theo)

(nl) (7 ]\t ) \n’
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7.1.2 Indentation System

The <indent> non-terminal in not a normal BNF non-terminal. It is a context sensitive construct that
enforces the indentation rules of Icases. It depends on a integer value called the “’indentation level”
(@l). The <indent> non-terminal corresponds to 2 x il space characters. The indentation level follows
the rules below:
Indentation Rules

1. At the beginning: il = 0

2. In a single value definition:

(a) Atthe end of the first line: 4l < il + 1
(b) At the end of the ”="line: ¢/ <— il + 1
(c) Attheend: ¢l < ¢l — 2

3. In a group of value definitions:

(a) Atthe end of the first line: ¢/ < ¢l + 1
(b) Attheend: il « il — 1

4. In a case (of a cases function expression):

(a) After the arrow (”=>") line: il < il + 1.
(b) Attheend: il < il — 1.

5. In a type theorem:

(a) After ”="line: il < il + 2.
(b) Attheend: il < il — 2.

6. In a cases function expression which does not begin at the =" line of a value definition:

(a) After the parameters line: ¢l <— ¢l + 1.

(b) At the end of the cases function expression: ¢l < il — 1.

161



7.2 High Level Structure

7.2.1 Parsec Library

The parser was implemented using the parsec library [2]. Parsec is an industrial strength, monadic
parser combinator library for Haskell. It can parse context-sensitive, infinite look-ahead grammars.
It achieves this with a polymorphic parser type with the following parameter types:

e stream type: The input type to the parser.

user state type: Type of custom state added by the parser developer.

underlying monad type: A custom monad type in case it is needed.

e return type: This is the type of the value that is built by the parser.

The library has a lot of very nice parsers and parser combinators. The package description in hackage
is in the following url: https://hackage.haskell.org/package/parsec
In this parser

® stream type:
In this parser this is String.

e state type:
In this parser this is ParserState. It is defined in the parser. A paragraph explaining what it is
follows.

o underlying monad:
In this parser this is not used interestingly (Identity is the underlying monad).

e return type:
This is the type of the value that is built during parsing. Every AST type is the return type of
the corresponding (sub)parser.

State type of the parser: ParserState

Here’s the actual code for it:

type IndentationLevel = Int
type InEquallLine = Bool
type ParserState = (IndentationLevel, InEqualLine)

We need this state to enforce the indentation rules (of 7.1.2).

7.2.2 File Structure

The parser code is split into the following files:
e ASTTypes.hs: Definitions of abstract syntax tree types
e ShowInstances.hs: String representations for each AST type
e Parsers.hs: Parsers for each AST type

All of the above are written using the full grammar. The types correspond to non-terminal symbols.
The parsers try to parse a string into the corresponding AST type. If the string is valid every terminal
symbol is discarded unless it’s part of a literal or an identifier.
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7.3 Parser Examples

In this section we show how the types and the parsers are derived from the grammar with some ex-
amples. We begin with a grammar rule and we create the AST type and the parser that parses it.

7.3.1 Parser Class and Example 0: Literal

We have the Parser type which is polymorphic in the return type with a stream type of String and a
state type of ParserState:

type Parser = Parsec String ParserState

We create the polymorphic value ”parser” with the HasParser” class so that all the parsers have the
name “’parser” irrespective of the particular type they are parsing:

class HasParser a where
parser :: Parser a

We begin with the very simple example of the literal with the following grammar rule:

(literal) == (int-lit) | (real-lit) | (char-lit) | (string-lit)

The AST type for the literal is:

data Literal =
Int Integer | R Double | Ch Char | S String

And here is the parser for the literal which is defined as an instance of the HasParser class. Inside we
use the parsers for each particular literal which are defined separately:

instance HasParser Literal where
parser =
R <$> try parser <|> Int <$> parser <|> Ch <$> parser <|> S <$> parser <?>
"Literal”

The Parser type is a Functor so the ”’<$>"" (fmap) operator passes each constructor inside the particular
parser. The "try” parser combinator does backtracking if the parser fails so that it does not consume
any input. This is used if two parsers can parse the same input up to a point but the second one is the
correct one. In this case a real number (a number with a decimal point) will parse an integer up to
before the decimal point but will fail if there isn’t one. In this case we need to backtrack and let the
integer parser consume the input. The ”<|>" operator means “this parser or that parser”. Finally, the
?<?>” operator means “if all the parsers fail show this error message”.
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7.3.2 Example 1: List

The grammar rule for the list is the following:

(list) == [’ [ ¢ * ][ (line-expr-or-unders) 1 [ * *1°1°

The AST type for the list is:

newtype List = L (Maybe LineExprOrunders)

And the parser for the list is:

instance HasParser List where
parser =
L <$> (char [’ *> opt_space_around (optionMaybe parser) <* char ']’)

Here we use the ”*>" and ”’<*” operators which parse both of the parsers that they have as operands
(from left to right) but only keep the result of the parser that they ”’point” to. “opt space around”
parses one space optionally on each side of the text parsed by the argument parser and returns what
was parsed by the argument parser. “optionMaybe” is defined in the library and it optionally parses
what its argument parser parses. If the argument parser succeeds at parsing then it returns a Just
<whatever was parsed>, whereas if it fails it returns Nothing.

7.3.3 Example 2: Change
The grammar rule for the ”change” expression is the following:

(dot-change) ::= *.change{’ [ ¢ * ] (field-change) ( (comma) (field-change) )* [ ¢ 1}’

The AST type for the change” expression is:

newtype DotChange = DC (FieldChange, [FieldChange])

And the parser for the ”change” expression is:

instance HasParser DotChange where
parser =
DC <$>
(try (string ".change{”) *> opt_space_around field_changes_p <* char '}’")
where
field_changes_p :: Parser (FieldChange, [FieldChange])
field_changes_p = field_change_p +++ many (comma *> field_change_p)

Here we use the ”+++” operator which is defined in the parser. It takes two parsers as operands and
creates a parser that uses them sequentially and puts the two results in a tuple. “field change p”
parses a single field change. ”many” is defined in the library, it parses with the argument parser as
many times as possible and puts the results in a list (the Kleene star of the parser world).
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7.3.4 Example 3: Value Definition
The grammar rule for the value definition is the following:

(value-def) =

(indent) (identifier) ([ * > 1> [ ¢ * 1| (nl) (indent) *: ) (type)
(nl) (indent) ‘=’ (value-expr) [ (where-expr) ]

The AST type for the value definition is:

newtype ValueDef = VD (Identifier, Type, ValueExpr, Maybe WhereExpr)

And the parser for the value definition is:

instance HasParser ValueDef where
parser =
indent *> parser >>= \identifier ->

increase_il_by 1 >>

has_type_symbol *> parser >>= \type_ ->
nl_indent *> string "= " *>

increase_il_by 1 >> we_are_in_equal_line >>
parser >>= \value_expr ->
we_are_not_in_equal_line >>

optionMaybe (try parser) >>= \maybe_where_expr ->
decrease_il by 2 >>

return (VD (identifier, type_, value_expr, maybe_where_expr))

In this example we see how the state of the parser is used to enforce the indentation rules. The ”indent”
parser parses <2 * the indentation level> spaces, getting the indentation level from the state (see
Indentation System 7.1.2). ”increase_il_by” and ”decrease_il_by” have a Parser type but they
don’t actually parse anything, they are “’parsers” that only update the indentation level (but can also be
combined with other parsers). They are used as described in rule 2 of the Indentation System (7.1.2).
“has_type_symbol” parses the following part of the grammar rule: ([ <*]:" [’ ]| (nl) (indent)
‘7). "we_are_in_equal_line” and "we_are_not_in_equal_line” change the state to enforce
rule 6 of the Indentation System.
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Chapter 8

Translation to Haskell

8.1 High Level Overview

To avoid rewriting the whole Haskell type system, lcases is translated directly to Haskell without any
semantic analysis, except for the bare minimum that is required for the translation. The high level
phases for the translation are the following:

e Collect

In this phase we traverse the AST and the following are collected:

— All the "naked case” identifiers of all the or_types in the program, where a naked
case is a case which does not contain an internal value (e.g. no_value as opposed to
the_value:_ ).

— All the field identifiers of the all the tuple_types in the program.

— All the renaming type propositions.

The above are used in the preprocess phase.

e Preprocess

In this phase the AST generated by the parser is traversed and tweaked according to the fol-
lowing rules:

— If an identifier of a naked case is found in a value expression, add a *C’ (for construc-
tor) in the front. This is going to be needed because or_type cases are translated to data
constructors in Haskell. Data constructors need to start with an upper case letter whereas
or_type cases don’t (this is not needed for the or_type cases with internal values be-
cause we can identify them on the spot from the colon and handle them appropriately in
the translation phase).

— Ifafield identifier is found in a value expression which is a subexpression of a ”.change”
expression than the identifier is converted to a postfix function with the same argument as
the ”.change”. For example, if the AST has a part representing the expression below, it
is going be converted as follows:
x.change{f1l = f1 + 1} = x.change{f1l = x.f1 + 1}

The same applies to special identifiers:
x.change{lst = 1st + 1} = x.change{1st = x.1st + 1}
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— If a renaming type proposition appears in a theorem of an implication before the arrow, it
is substituted with the conjunction defined in its definition. All the substitutions for its ad
hoc type variables are also propagated to all of the propositions in the conjunction. For
example, if the following appear in the program:

type_proposition (@A)And(@B)Have_Eq_And_Gr

equivalent (@A)And(@B)Can_Be_Equal, (@A)Can_Be_Greater_Than(@B)
type_theorem (@C)And(@D)Have_Eq_And_Gr --> (@C)Can_Be_Gr_Or_Eq_To(@D)
proof a > b =a==Db | a>b

the theorem becomes:

type_theorem
[(@C)And(@D)Can_Be_Equal, (@C)Can_Be_Greater_Than(@D)] -->
(@C)Can_Be_Gr_Or_Eq_To(@D)

proof a > b =a==Db | a>0b

# this is a representation of the AST after preprocessing not lcases syntax

in the preprocessed AST.

e Translate

In this phase the preprocessed AST is directly translated to Haskell. The details of how this
is done are described in the following section.
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8.2 Translation Phase: General

For the translation phase every type of the AST has its implementation of one of the following 3
polymorphic functions:

e to_haskell:
This function is for the AST types that need no state and can be directly translated to Haskell.

e to_hs_wpn: (to to_haskell with parameter number)

This function is for the AST types that implicitly introduce extra parameters when translated to
Haskell and therefore need a state to keep track of how many parameters have been introduced.

e to_hs_wil: (to to_haskell with indentation level)

This function is for the AST types that need indentation level information to be correctly in-
dented when translated to Haskell. Therefore, a state to keep track of the indentation level is
needed.

Here are the corresponding classes that define the above functions:

e type Haskell = String

class ToHaskell a where
to_haskell :: a -> Haskell

e type WithParamNum = State Int

class ToHsWithParamNum a where
to_hs_wpn :: a -> WithParamNum Haskell

e type WithIndentLvl = State Int

class ToHsWithIndentLvl a where
to_hs_wil :: a -> WithIndentLvl Haskell

In the following sections we dive into more detail for particular types.
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8.3 Translation Phase: Basic Expressions

8.3.1 Literals and Identifiers

e Literals

Literals are kept the same as they were parsed except for number literals. Number literals have
explicit type annotations (when they are not a case of a ”cases” function expression), so that
they have type Integer or Double and notNum a => aorFractional p => p forthe Haskell
compiler.

o Identifiers

— Examples

X1l — x1

apply(_)to_all_in(_) = apply’to_all_in’
(_)to_string = a’to_string

f(o, ., _)=f"""’

— Description
For identifiers all underscores in parenthesis are replaced by an equal amount of single

quotes. Ifthere is a parenthesis in the beginning of the identifier, the letter *a’ is prepended
to make it a valid Haskell identifier.

8.3.2 Parenthesis, Tuples and Lists

o Parenthesis

The translation of the internal expression is put in parenthesis.

o Tuples

— Examples

(x, y) = ft2(x, vy)
(_, 3.14, _) = (\(pAO, pAl) -> ft3(pA0, 3.14, pAl))

(_, _, "Hello from 3rd field”)

=
(\(pAO®, pAl) -> ft3(pAO, pAl, "Hello from 3rd field”))
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— Description

ftn function

Every tuple is passed through the ftn function where n is the size of the tuple. This is
a polymorphic function defined by the following class (for # = 2 and with similar classes
for 3, 4 and 5):

class FromTuple2 a b c | ¢ -> a b where

ft2 :: (a, b) ->c¢
This is because the same tuple may be of a product type or of a tuple_type depending
on where it appears on the program. For product types we have the following instance:
instance FromTuple2 a b (a, b) where

ft2 = id
And there is also a new instance automatically generated for every tuple_type definition.

For example, for the following definition:

tuple_type Name
value (first_name, last_name) : Stringn2

Along with the definition itself which is described in section 8.7.2 there will be the fol-
lowing instance:

instance FromTuple2 String String Name where
ft2 = \(x1, x2) -> Name’ x1 x2

With this mechanism the program will type check correctly on both cases.

Parameters for the underscores

For all the fields of the tuple that contain an underscore, we generate a new parameter
in its place

("pA<n - 1>” for the n-th underscore) and at the end we prepend the parameters to make
it a function expression. ”pA” stands for parameter and the A is uppercase to avoid colli-
sions with regular Icases identifiers.

Big Tuples

For big tuples, the original lines are kept and split in the same way. The ftn function
and the implicitly introduced parameters have their own separate lines at the top as shown
in the following example:

( "Hey, I'm the first field and I'm also a pretty big string.”
, "Hey, I’'m the second field and I'm a smaller string.”

-

)
Becomes:
\pAQ ->
ft3

( "Hey, I'm the first field and I'm also a pretty big string.”
, "Hey, I'm the second field and I'm a smaller string”

+ PAO

)
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All of these lines are also indented to the same column according to the indentation level.

e Lists
— Examples
[1.61, 2.71, 3.14]
=

[(1.61 :: Double), (2.71 :: Double), (3.14 :: Double)]

[, X, -] = (\(pAO, pAl) -> [pAO, X, pAl])

— Description

Lists work the same way as tuples except for the fact that they don’t need the ftn function.
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8.3.3 Parenthesis Function Application

o Examples

f(x, y, z)y=°F"""(x, y, 2)

f(x, _, _) = (\(pAO, pAl) -> f’''"(x, pAO, pAl))
(x)to_str = a’to_str(x)

apply(f)to_all_in(_) = (\pA® -> apply’to_all_in’(f, pAO))

e Description

For the parenthesis function application, we separate the underlying function identifier by putting
quotes in the place of the arguments (and prepending an ’a’ if needed) and we also collect the
arguments in a tuple. From there, we can apply the function to the argument tuple. If any argu-
ment is an underscore, it implicitly introduces a parameter and it is treated similarly to how it
is treated in tuples (section 8.3.2).

8.3.4 Prefix and Postfix Functions

e Prefix functions

— Examples

the_value:42 =—> Cthe_value((42 :: Integer))

error:”this is an error message” = Cerror(”this is an error message”)
the_value:_=—> (\pA@ -> Cthe_value(pA0))

the_value:result:true = Cthe_value(Cresult(True))

— Description

Prefix functions are data constructors in Haskell which are introduced by the translation
of the relevant or_type definition. They are prepended with an upper case *C’ to be valid
data constructors and their argument is placed in parenthesis. The argument can be an un-
derscore, in which case a new parameter name is put in its place, the appropriate lambda
abstraction is prepended and the whole expression is put in parenthesis to limit the scope
of the abstraction.

e Postfix functions
— Examples

date.year = year(date)

tuple.1st = pist(tuple)
info.date.year = year(date(info))
tuple.1st.2nd = p2nd(plst(tuple))

— Description

Postfix functions are projection functions that are generated automatically by the trans-
lation of the relevant tuple_type definition or they are the projection functions for prod-
uct types (_.1st _.2nd etc). They are translated into regular Haskell functions (as
are the record accessor functions of Haskell) with their argument in parenthesis. For
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_.1st _.2nd etc a ’p’ for ’projection” is prepended to make it a valid Haskell func-
tion.

The projection functions for product types are polymorphic and work on tuples of any
size (in principle, for size < 5 for now). This is achieved by making them polymorphic
through the following class (for p1st and similar classes for the rest):

class IsFirst’ a b | b -> a where
pist :: b -> a

And the following instances:

instance IsFirst’ a (a, b) where
plst = fst

instance IsFirst’ a (a, b, c) where
plst = \(a, _, _) -> a

instance IsFirst’ a (a, b, c, d) where
plst = \(a, _, _, _) -> a

e The ”.change” Function

— Examples

state.change{counter = counter + 1}

preprocessing
————> state.change{counter = state.counter + 1}
— cOcounter(counter(state) !+ (1 :: Integer)) state

tuple.change{lst = 1.61, 3rd = 3.14} =—> (cl1st(1.61) .> c3rd(3.14)) tuple

tuple.change{x = _, y = _} = (\(pAG®, pAl) -> (cOX(pA@) .> cOy(pAl)) tuple)
— Description

For the . change” function, similarly to the projection functions, a change function (in
Haskell) is introduced for every field of every tuple_type. This function is the name
of the field prepended by ’c0” where the ’c’ stands for ”change” and the ’0’ is there so
that there can be no collisions with other identifiers (numbers can only be at the end for
Icases identifiers). For the product type fields, the change functions are ”c1st”, ”c2nd”,
etc. The type of every change function has the form:

FieldType -> TupleOrProdType -> TupleOrProdType

For every assignment inside the braces we use the change function of the assigned field
with the expression of the assignment as the FieldType argument. By doing this we have
all the functions of type:

TupleOrProdType -> TupleOrProdType

we need to make the changes. We compose them all with the ”.>" operator, which is a

predefined operator for function composition from left to right (although the regular ™.
should also do). Now we have one function of type:
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TupleOrProdType -> TupleOrProdType

that does all the changes. We apply it on the argument of the . change” function and we
are done.

The change functions for product types work on tuples of any size (in principle, for size
< 5 for now). This works with appropriate type classes and instances, similarly to the
way the pist, p2nd, etc functions work. Unfortunately, because of this fact the regular
braces notation of Haskell for the same purpose cannot work, since p1st, p2nd, etc are
polymorphic functions and not “record selectors”.

If an underscore is assigned to a variable, new parameters are introduced similarly to the
way they are introduced for tuples.
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8.4 Translation Phase: Operators

8.4.1 Operators

For each one of the Icases operators, a new Haskell operator is defined, for it to be translated to. This
allows for the use of the precedence and associativity mechanism for new user defined operators in
Haskell instead of having to implement them from scratch in the parser, while also avoiding a lot of
extra parentheses that the latter approach would need. Function application and function composition
operators are defined as shown below. Every other operator is defined by a type class that matches
the type described in table 4.1. The implementation of the operator for every combination of types is
defined by an appropriate instance. The examples for the addition operator in the next page show the
general structure.

Precedence and associativity using Haskell:

infixl 9 &>
Icases operator | Haskell operator %n %X
infixr 8 <&
> &> infixl 7 .>, <.
<- <& infixr 6 IA
0> > infixl 5 1%, 1/
<o <- infixl 4 1+, I-
" A infix 3 1==, I1=, 1>, I<, I>=, l<=
* I infixr 2 1&
/ t/ infixr 1 1|
+ I+ infixr 0 !>>=, I>>
- |-
— == Function application/composition operators
1= HE (8>) :: a -> (a -> b) -> b
|
2 X & f = f x
I<
>= >= (<&) :: (a ->b) ->a ->b
<= <= f <& x="Fx
& 1&
| H (.») :: (a->b) ->(b ->c) ->a ->c¢
;> I>>= = flip (.)
; 1>>
(<.) :: (b ->c) ->(a->b) ->a ->c
<.) = (.)
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# Type class for addition:
class A’And’Add_To’ a b c where
('+) 1t a->b ->c

# Some of the instances

# Adding 2 lists:
instance b ~ [a] => A’And’Add_To’ [a] [a] b where
(1+) = (++)

# Adding any type 'a’ with a list of 'a’ s
instance b ~ [a] => A’And’Add_To’ a [a] b where

(t+) = (%)

# Adding a String to a type ’'a’ with a Show instance without needing to call show
instance (Show a, b ~ String) => A’And’Add_To’ String a b where
str !+ x = str ++ show x

8.4.2 Operator Expressions

o Examples
5 * 'a’ = (5 :: Integer) !* ’'a’
"Hello ” + "World!” = "Hello ” !+ "World!”

_ - 1= (\pA® -> pAO® !- (1 :: Integer))
_ + "string in the middle of the arguments” + _
= (\(pAO®, pAl) -> pA@ !+ ”"string in the middle of the arguments” !+ pAl)

e Description

In operator expressions, the operands are translated according to what operands they are (de-
scribed in their respective section) and the operators are substituted by their respective Haskell
operators. If an operand is an underscore than a new lambda abstraction is introduced, similarly
to how this is done for tuples in 8.3.2.

For big operator expression that span multiple lines, the lines are split the same way they are
split in the source file and they are indented all the same according to the indentation level. If
new lambda abstractions are introduced, they are all placed in a new line on the top, also in-
dented the same. Again, all of the above are done similarly to how they are done for tuples in
8.3.2.
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8.5 Translation Phase: Function Expressions

8.5.1 Regular Function Expressions

o Examples
X => 17 * X + 42 = \x -> (17 :: Integer) !* x !+ (42 :: Integer)
* => 42— \_ -> (42 :: Integer)
(x, *, z) =>x+z=\(x, _, z) ->x 1+ z

((x1, y1), (x2, y2)) => (x1 + x2, yl + y2)
= \((x1, y1), (x2, y2)) -> ft2(x1 '+ x2, yl !+ y2)

e Description

The following are done to translate the parameters:

— A "\’ character is prepended
— The ”"=>" arrow is replaced by the ”->" arrow

— A '*’ parameter becomes a ’_’ parameter

The body of the function is translated according to expression it is.

It is possible that the function expression is accompanied by a “where” expression below it.
As shown in the example below:

gac => print(message)

where
message: String
= "Ged: " + gac.gcd + "\nCoefficients: a =" + gac.a + ”, b =" + gac.b

In that case, the “where” expression becomes a ”let-in” expression as described in section
8.6. This ”let-in” expression is placed between the parameters and the body of the function,
to make the parameters “visible” to the expressions in the ”1let - in” expression as shown below:

\gac ->
let
message :: String
message =
"Ged: ” !+ gcd(gac) '+ "\nCoefficients: a = ” !+ a(gac) '+ ”, b = " I+ b(gac)
in

print’ (message)

where the ”gac” parameter is visible” to the expression of "message”.
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8.5.2 ”cases” Function Expressions
o Examples

(cases, cases)
(green, green) => true
(amber, amber) => true

cases (red, red) => true
true => print(”"It’s true!! :)") ... => false
false => print(”It’s false... : (")
_—
—
\(pAO, pAl) ->
\pA® -> case (pA®, pAl) of
case pA® of (green, green) -> True
True -> print’(”It’'s true!! :)") (amber, amber) -> True
False -> print’(”It’s false... : (") (red, red) -> True
_ -> False
(x, cases)
0 => Xx cases
y => gcd(y, (x)mod(y)) [x1, X2, XS = ...] =>
(X1 < x2) & (x2 + xs)is_sorted
= ... => true

\ (X, pAQ) ->

—
case pA@ of

0 -> X \pAO® ->

y ->gcd’’(y, a'mod’ (X, y)) case pA® of

X1 : X2 : Xs ->
(x1 !< x2) !& a’is_sorted(x2 !+ xs)

e Description _ -> True

The parameters are translated similarly to how they are translated in regular function expres-
sions, with the one difference being that all parameters that contain the word “cases” are trans-
lated to newly generated parameters. Every such parameter is then collected in a tuple that is pat-
tern matched on by creating a new line of the form “case <tuple of new parameters> of”.
For the last case, if we have ”. ..” then it is translated to ”_". When matching on the first few
elements of a list the translation is done as follows:

[x1, x2, ...] => <case body>=—x1 : x2 : _ -> <case body translation>

[x1, x2, xs = ...] => <case body>=——>x1 : X2 : Xs -> <case body translation>

where the square brackets are removed and the commas become colons. If the rest of the list
has a name that it is the only thing that is kept after the last colon and if it doesn’t an underscore
placed instead.
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8.6 Translation Phase: Value Definitions and ”where” Expressions

o Examples

foo: Int
= 42

=
foo :: Integer

foo =
(42 :: Integer)

dfs_on_tree(_) : (T1)Tree => (Int x T1)Tree
= dfs_on_tree(_)with_num(1) o> _.tree
where
dfs_on_tree(_)with_num(_) : (T1)Tree x Int => (T1)ResultTreeAndNum
= <irrelevant stuff>

<irrelevant stuff>

dfs_on_tree’ :: forall al. A’'Tree al -> A’Tree (Integer, al)
dfs_on_tree’ =
let
dfs_on_tree’with_num’ :: (A’Tree al, Integer) -> A’ResultTreeAndNum al
dfs_on_tree’with_num’ = <irrelevant stuff>

<irrelevant stuff>
in
(\pA® -> dfs_on_tree’with_num’(pA@, (1 :: Integer))) .> (\x' -> tree(x'))

vall, val2, val3 : Int, Bool, Char
= 42, true, 'a’

vall :: Integer
vall =
(42 :: Integer)

val2 :: Bool
val2 =
True

val3 :: Char

val3 =
Ial
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print_gcd_and_coeffs_of(_): GcdAndCoeffs => IO
= gac => print(message)
where
message: String
= "Ged: " + gac.gcd_ + "\nCoefficients: a =" + gac.a + ”, b =" + gac.b

—

print_gcd_and_coeffs_of’ :: GcdAndCoeffs -> IO
print_gcd_and_coeffs_of’ =
\gac ->
let
message :: String
message =
"Ged: " I+ gcd_(gac) !+ "\nCoefficients: a = ” I+ a(gac) !+ ”, b =" 1+ b(gac)
in
print’(message)

Description

The following are done to translate value definitions:

— The ’has type” symbol is translated by doubling the colon
— The identifier is reused before the equal sign
— If the value definition is on indentation level 0 the following steps are taken:

* Collect all the parametric type variables of the type
* Prepend the following to the translation of the type:

4

"forall ” <parametric type vars translated and space separated> '.

This allows the use of the same type variable in the types inside the "where” expression if
there is one. This is demonstrated in the 2nd example where T1 (before translation or al
after) is used also in the type annotation of as dfs_on_tree(_)with_num(_). By default
the ”a1”’s do not refer to the same type even if they have the same name. The compiler
extension ScopedTypeVariables is also needed for this to work.

— If the value expression is followed by a “where” expression, the “where” expression is
translated to a ”let-in” expression that is placed above the translation of the value ex-
pression (2nd example). The one exception to this rule is when the value expression is a
regular function expression where the ”let-1in” expression is placed between the param-
eters and the body (last example).
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8.7 Translation Phase: Types
8.7.1 Type Expressions
Type Identifiers
o Examples
Int = Integer
Real — Double
String = String

SelfReferencingType —> SelfReferencingType

e Description

Type ids remain the same except for Int and Real, which are translated to Integer and Double
respectively.

Type Variables

e Parametric Type Variables
— Examples
Tl —al
T2 — a2

T3 — a3

— Description

>

The *T’ becomes an ’a’.
e Ad Hoc Type Variables

— Examples

@A —> bo
@B —> b1

@C —> b2

— Description

The @’ becomes a ’b’ and the capital letters map like so: A = 0, B =1, etc
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Type Application Types
o Examples
ListOf(Int)s = ListOf’s Integer
Error(String)0OrResult(Int) = Error’OrResult’ String Integer
(Int)Tree = A’Tree Integer
ListOf(Int => Int)s = ListOf’s (Integer -> Integer)
Before(B,C)After = Before’’After B C

A(B(C)) => A’ (B’ C)

e Description

For type application types, the type id for Haskell is extracted by replacing every parenthesis
with as many single quotes as the number of type arguments it has. If the parenthesis is in the
beginning, an *A’ (for argument) is prepended to make it a valid Haskell identifier. The type
arguments of all the parentheses are collected, translated, parenthesized if needed and appended
to the type id separated by spaces.

Product Types

o Examples
Int x Real x String = (Integer, Double, String)
IntA2 x IntA2 = ((Integer, Integer), (Integer, Integer))
(AM2 => A) x A x ListOf(A)s = ((A, A) -> A, A, ListOf’s A)
e Description

For the product types, all the field types and translated, separated by commas and put in paren-
thesis.
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Function Types

o Examples

T1 => T1l—al -> al
IntA2 => Int = (Integer, Integer) -> Integer

(Ar2 => A) x A x ListOf(A)s => A== ((A, A) -> A, A, ListOf’s A) -> A

e Description

For the function types, the input and output types are translated and the arrow between them
changes from ”=>"to ”->”.

Conditional Types

o Examples
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(@T)Has_Str_Rep --> @T => String =— A’Has_Str_Rep b19 => b19 -> String
(@A)Is(@B)s_First --> @B => @A —> A'Is’s_First bO bl => b1 -> bo

(@T)Has_Internal_App --> (T1 => T2) x @T(T1) => @T(T2)
=
A’Has_Internal_App bl9 => (al -> a2, b19 al) -> b19 a2

Description

For conditional types, the condition is translated similarly to how type application types are
translated, with quotes replacing the parentheses and the type variables appended to the condi-
tion name and separated by spaces. The simple type is translated according to what type it is
and the arrow between the condition and the simple type changes from ”-->” to ”=>".



8.7.2 Type Definitions
Tuple Types

e Examples

tuple_type Date

value (day, month, year)

—

data Date =

Date’ { day :: Integer,

instance FromTuple3 Integer Integer Integer Date where
ft3 = \(x1, x2, x3) -> Date’ x1 x2 x3

IntA3

month

coday :: Integer -> Date -> Date

cOmonth :: Integer -> Date -> Date
cOyear :: Integer -> Date -> Date
cOday = \new x -> x { day = new }

cOmonth = \new x -> x { month =

Integer }

cOyear = \new X -> x { year = new }
tuple_type Edge
value (u, v) : Noden2
—
data Edge =
Edge’ { u :: Node, v :: Node }

instance FromTuple2 Node Node Edge where
ft2 = \(x1, x2) -> Edge’ x1 x2

cOu :: Node -> Edge -> Edge
cOv :: Node -> Edge -> Edge
new
new

cOu
cov

\new x -> x { u =
\new x -> x { v =
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tuple_type (T1)Tree
value (root, subtrees) : T1 x (T1)Trees

—

data A’'Tree a1l =
A'Tree’ { root :: al, subtrees :: A'Trees al }

instance FromTuple2 al (A'Trees al) (A'Tree al) where
ft2 = \(x1, x2) -> A’Tree’ x1 x2

cOroot :: al -> A’'Tree al -> A’'Tree al

cOsubtrees :: A'Trees al -> A'Tree al -> A'Tree al
cOroot = \new x -> x { root = new }

cOsubtrees = \new x -> x { subtrees = new }

e Description

For tuple types the translation has the following steps:

1. ”tuple_type” = "data”

2. From the type name the Haskell type id is extracted by replacing the parametric type vari-
ables in the parenthesis with single quotes and the parametric type variables are appended
separated by spaces, similarly to how it is done in Type Application Types. An equal sign
is appended to the above.

3. ”value” is discarded and the second line is indented and starts with the data constructor,
which is the Haskell type id ended with a single quote.

4. We add the Haskell record syntax with the fields separated by commas and annotated with
their respective types, which are translated from the product type that ends the "tuple_type”
definition.

5. In this step the instance for the ftn function is defined where 7 is the size of the tuple
of the tuple_type. This is required for the translation of tuples for reasons explained in
section 8.3.2. This can be divided into the following substeps (where # is the size of the
tuple of the tuple_type”, not 'n’ verbatim):

(a) ”instance FromTuplen”

(b) We append the translations (parenthesized if needed) of all the field types and the
tuple_type name (in that order) separated by spaces and followed by ” where”.

(c) The second line is indented and starts with ftn =.

(d) A\ and a tuple parameter with internal parameters x1 to xn followed by ” -> " is
appended.

(e) The data constructor of step 3 followed by the parameters x1 to xn separated by spaces
are appended.

6. The type annotations for the change function of each field (described in the ”.change”
section of 8.3.4) are generated by the following substeps for each change function:
— Prepend ’c0” to the field identifier
— Append” :: ” followed by the type, which is of the following form:

<translation of field type> ->
<name of the tuple_type> -> <name of the tuple_type>
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7. The definitions for the change function of each field are generated by the following sub-

steps for each change function:

— Prepend ”c0” to the field identifier

— Append” = \new x -> x { <field id> = new }”

Or Types

e Examples

or_type Bool
values true | false

—

data Bool =
Ctrue |
Cfalse

or_type Possibly(T1)
values the_value:T1 | no_value

—

data Possibly’ a1l =
Cthe_value a1l |
Cno_value

e Description

or_type Error(T1)OrResult(T2)
values error:T1 | result:T2

=

data Error’OrResult’ al a2 =
Cerror al |
Cresult a2

or_type Comparison
values lesser | equal | greater

=

data Comparison =
Clesser |
Cequal |
Cgreater

For or_types the translation has the following steps:

1. ”tuple_type” = "data”

2. The type name is translated the same way as it is in tuple types.

3. 7 ="is appended.

4. ”values” is discarded and the lines from the 2nd onwards have the data constructors for
each of the values of the or_type (one in each). This is done as follows:

(a) ’C’ is prepended to the identifier of the value to make it a data constructor.

(b) Ifthere is an internal value, the type is translated and appended (separated by a space).

(c) Ifitis not the last value, ” |” is appended.
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Type Nicknames
o Examples
type_nickname Ints = ListOf(Int)s = type Ints = ListOf’s Integer

type_nickname ErrOrRes(T1) = Error(String)OrResult(T1)
—> type ErrOrRes’ al = Error’OrResult’ String al

e Description

For type nicknames we replace ”type_nickname” with ”type”, the type name (before the equal
sign) with its translation and the type (after the equal sign) with its translation.
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8.8 Translation Phase: Type Logic

Proposition Definitions Renaming proposition definitions do not have a translation as they only
affect theorems during the preprocessing phase. For atomic proposition definitions we have the fol-
lowing:

o Examples

type_proposition (@T)Has_A Wrapper
needed wrap(_) : T1 => @T(T1)

type_proposition (@A)Is(@B)s_First =

needed first : @B => @A
) @ e class A’Has_A_Wrapper b1l9 where

fou ->
wrap al b19 a1

class A’'Is’s_First b0 bl where

a’first :: b1 -> bo s .
type_proposition (@T)Has_String_Repr

needed (_)to_string : @T => String

type_proposition (@T)Has_Internal_App =

needed
apply(_)inside(_)
(T1 => T2) x @T(T1) => @T(T2)

class A’Has_String_Repr b19 where
a’to_string :: b19 -> String

—

type_proposition (@A, @B)To(@C)

class A’Has_Internal_A b19 where
. PP needed ab_to_c: @A x @B => @C#

apply’inside’

(a1l -> a2, b19 al) -> b19 a2

class A’'To’ b0 bl b2 where
ab_to_c :: (b0, b1l) -> b2

e Description

The translation of atomic type proposition definitions is done with the following steps:

— “type_proposition” is replaced by “class”.

— The name of the proposition is translated similarly to the type name in a type definition. All
the parentheses are replaced by the same amount of single quotes as there are ad hoc type
variables inside the parenthesis and if there is a parenthesis at the beginning we prepend
an "A’ to make it a valid type class name in Haskell. The translations of the ad hoc type
variables are then appended and separated by spaces (in the same order in which they
appear in the proposition).

— 7 where” is appended to the first line

— ”needed” is discarded and the second line is indented

— The identifier of the value needed is translated and followed by ” :: * and the translation
of its type.
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Theorems

190

o Examples

type_theorem
(Possibly(_))Has_A_Wrapper
proof wrap(_) = the_value:_

type_theorem
(ListOf(_)s)Has_A_Wrapper
proof wrap(_) = [_]

— e
instance instance
A’Has_A_Wrapper Possibly’ where A’Has_A_Wrapper ListOf’s where

wrap’ = (\pA® -> Cthe_value(pA0)) wrap’ = (\pA@ -> [pAO])

type_theorem (Possibly(_))Has_Internal_App

proof
apply(_)inside(_) =
(f(_), cases)
no_value => no_value

the_value:x => the_value:f(x)

=

instance A’Has_Internal_App Possibly’ where

apply’inside’ =
\(f’, pAQ) ->
case pAO of
Cno_value -> Cno_value

Cthe_value x -> Cthe_value(f'(x))

type_theorem (ListOf(_)s)Has_Internal_App

proof
apply(_)inside(_) =
(f(_), cases)

(1 =11

[head, tail = ...] => f(head) + apply(f(_))inside(tail)

=

instance A’Has_Internal_App ListOf’s where

apply’inside’ =
\(f’, pAQ) ->
case pAO of
(1 ->1[1]
head : tail -> f’(head)

'+ apply’inside’ ((\pA® -> f’(pA@)), tail)



type_proposition (@A)And(@B)Have_Eq_And_Gr
equivalent (@A)And(@B)Can_Be_Equal, (@A)Can_Be_Greater_Than(@B)

type_theorem (@A)And(@B)Have_Eq_And_Gr --> (@A)Can_Be_Gr_Or_Eq_To(@B)
proof a >= b = a == | a>b

preprocessing

type_theorem
[(@A)And(@B)Can_Be_Equal, (@A)Can_Be_Greater_Than(@B)] -->
(@A)Can_Be_Gr_Or_Eq_To(@B)

proof a >= b = a == | a>b

# this is a representation of the AST after preprocessing

# not lcases syntax

translation,

instance
(A"And’Can_Be_Equal b@ bl, A’Can_Be_Greater_Than’ be b1l) =>
A’Can_Be_Gr_Or_Eq_To’ bo b1l
where
al!>b=al!==b!|]al!>hb

e Description

The translation of type theorems is done with the following steps:

— ”type_theorem” is replaced by ”instance”.

— All the type propositions with substitutions (before and after the arrow if there is one), are
translated and the arrow changes from ”->" to ”=>". The propositions with substitutions
are translated the same way propositions are translated in proposition definitions. The
only difference is that instead of ad hoc type variables there are type substitutions. These
come in the form of type expressions where there might be underscores instead of type
arguments (e.g List0f(_)s ). These type expressions are translated like regular type
expressions except for the underscore type arguments which are not translated at all, so
that the type constructor itself acts as a higher kinded type (e.g List0f’s ).

— ” where” is appended to the above.
— ”proof” is discarded and the second line is indented.

— The identifier of the value or the operator surrounded by two identifiers are translated,
followed by
” = ” and the translation of the value expression.
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Chapter 9

Running

e Create compiler executable

make lcc

e Compile Icases program to executable
./lcc hello_world. lc
Creates executable "hello world”

./hello_wor1ld

e Compile Icases program to Haskell
./lcc -h hello_world.lc
Creates executable hello world.hs”

ghci hello_world.hs

e Run test_inputs
make

Creates “test_outputs” directory where
— test_outputs/compiled_progs
contains the compiled executables of all "test_inputs/programs”

— test_outputs/programs
contains the Haskell translation of all “test_inputs/programs”

— test_outputs/grammar_rules
contains the Haskell translation of various examples for each grammar rule from
”test_inputs/grammar_rules”

also create “grules” executable that is run for "test_outputs/grammar_rules”
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e Clean

make clean

Removes: test_outputs, lcc, grules, hello_world, hello_world.hs
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Chapter 10

Conclusion

A translator from lambda-cases to Haskell has been implemented and it is written in Haskell. The
main differences between lambda-cases and Haskell are:

e Function application is done with parentheses instead of spaces.
Example: ”f(x,y,z)” instead of ”f x y z”

e Functions can be defined to expect arguments before or in the middle of the function identifier.
Example: ”apply(f)to_all_in(list)” instead of "map f list”

e Partial function application can be done for any of the arguments.

Examples:

”f(x, y, _)”instead of ’f x y” for the regular Haskell use for a function that expects 3 ar-
guments.

In addition, the following are possible:

- 7f(x, _, z)”insteadof \y -> f x y 2”
- "f(_, y, z)”instead of \x -> f x y 2”
- 7f(_, _, z)’insteadof™\x y -> f x y 2"

— etc

e The above syntax for expected arguments with underscores is also possible for operands in op-
erator expressions.

Examples:
”_+ 1”7 instead of ”(+ 1)” for the regular Haskell use for expecting one operand.
In addition, the following are possible:

— ”"Hello ” + _ + ”! You look much younger than ” + _ + ”1"”
instead of
”\name age -> "Hello ” ++ name ++ ”! You look much younger than ” + age + ”!””

— 7 A2 + _A2”instead of "\x y -> xA2 + yA2”

— etc

e The above syntax for expected arguments with underscores is also possible for elements of tu-
ples and lists.

Examples:
— ”(17, _, 42)”instead of "\x -> (17, x, 42)”
— ”[17, _, 42]”instead of "\x -> [17, x, 42]”
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e No identifiers are needed for pattern matching on function parameters, the ”cases” keyword is
used instead.

Examples:
— cases
true => print(”It’s true!! :)")
false => print(”It’s false... : (")
instead of

\b -> case b of
True -> putStrLn "It’s true!! :)”
False -> putStrLn "It’s false... :(”

This is also possible in Haskell with the LambdaCase extension like so:

\case
True -> putStrLn "It’s true!! :)”
False -> putStrLn "It’s false... :(”

This is where the name of the language comes from, the very frequent use of the Lamb-
daCase. This idea is extended to any subset of any number of parameters as shown in the
following example (and in the examples of the ’cases” function expressions section 4.3.2)

— (cases, cases)
(green, green) => true
(amber, amber) => true
(red, red) => true
=> false
instead of

\Xx y -> case (x, y) of
(Green, Green) -> True
(Amber, Amber) -> True
(Red, Red) -> True
_ -> False

e Powers can be used on types. For example:

”IntA2” instead of ”Int x Int” inlcases or ”(Integer, Integer)” in Haskell.

e Operators are generalized.

Examples:

— ”"Hello ” + "World!”” instead of ””Hello ” ++ "World!””
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Future Work

Very little semantic analysis has been done and any error that is not a parsing error will be thrown
by the Haskell compiler. For a more complete compiler/translator, a semantic analysis step is needed
and error messages should refer to lambda-cases program and not the Haskell translation. This has not
been implemented due to the complexity of the Haskell type system and the enormous work it would
require to reimplement it. However, because lambda-cases forces the user to use type annotations,
it might be possible to implement a simpler type system that is enough for what lambda-cases needs
and/or throw an error message if type checking is not possible, to force the user to provide the relevant
type annotations. This is what we will be working on in the future of the project.
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