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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

O1 cLVaPTNCLOKEG YADOOES TPOYPALUATIGHOV fval SACTLEG Y10 TN XPNOT OVOSPOUNG VTl Yo
«Bpdyovcy, KATL TOL VILAPYEL KOl YOPUKTNPILEL TIC TPOSTAKTIKES YADGGEG TPOYPAUHOTIGHOV. Evd 1
avadpoun givor kaAdtepn amd Tovg Bpodyovg o 0,TL apopd TNV kabapotnTa Tov KMOdKa, Kabmg eivan
ApESO CLUVOEOEUEVT LLE TO LAOMUATIKO OPIGUO TV CUVOPTHGEWDY, £XEL £va PaciKd EAATTOLO TO 0010
GUVOEETAL LE TN YPTIOT TNG LVIUNG Y1 TNV EKTEAEOT T®V TPOYPOUUdT®VY. To TPpOPANLA avTd givor OTL
évag alyoplBpoc mov ypnoiponolel otafepd yOPO UVAUNG Y10 TV EKTEAECT] TOVL GE 10 TPOGTAKTIKN
YADGGO TPOYPOLLOTIGIOD, LTOPEL VO YPTOLLOTOGEL YPALIKO YDPO GE GLVAPTNOLOKT, EE0LTIOG TNG
avadpOouUNG.

H Abon awtod tov TpoPAnpatog, mov d60nke ot dekaetio Tov *70 yia ) yA®ooa Scheme, fToav 1
yxpNon g PerTioTonoinoNG KAGE®Y 0VPAG, Hiol TOAD oA aAAd, OTwG amodeiydnke, TOAD anotele-
GUOTIKN TEYVIKT Yo TNV €EAAENYN TOV Tapamave TpoPAinuotoc. Exktog and t Scheme, 1) fertictomoi-
nomn AT TEPILAUPAVETAL GTIG VAOTOMNGELS TOV TEPLGGOTEPMV GUVOPTNCLOKADY YAMGCMV LLE QLOTIPT
onpacioroyia, 6twg 1 SML/NJ kat 1 OCaml, kaBdg kol 6€ VAOTOMGELS TPOSTUKTIKOV YAMGGMY,
onwg o ”Clang” petoylottiog yia m C/CH++, kdtt 10 0moio @avep®dvel TV 0&io TNG CUYKEKPILEVNC
BeltioTomoinong yo ) e€dAenyr Tov KOGTOVE OEGUELONG LVIUNG EEQUTIOG TNG OVOOPOUNG.

O okomdg aVTHG TNG SMAMUATIKNAG SLTPIPG EIvaL VO EVEOUATMOGEL OLTH TNV EVPEWMS YVOOTN
Bektiotonoinon petaylmttiot) (BeAticTonoinomn KAGE®V 0VPAC) Y10 GLVOPTNCLOKES YAMGGES TPO-
YPOLUATICUOD LLE GLGTNPT ATOTIUNGT OE GLVOPTNCLOKT YADGGO TPOYPOULLOTICUOD LE TOALATAG 10N
amotipnong (kKinomn katd a&io, KANon kat’ Gvopd Kot KAoN Kot avaykr). ZuyKekpluévo otny nepi-
TTOOT TNES KAONG KOT™ avVAYK™G, Ol THEG TOV VITOKOVOVY O QLTI T CNUACLO0A0Yio “dpameTevovy”
a6 TN EUPELELD TOV OVOUATOG TOVG L0 EDKOAN O OTL 6TV KANoT Kot 0&ia, pe omoTélecpa va givan
OpKETA 70 SVoKOAO va. BpeBolv o1 kKAnoelg ovpdc. [Ipochétovtag EMONUEIDGELS OVGTNPITNTAG OTN
YA®OGOW, UTAEKOVTAG dNAAOT TV QVOTNPN LE TNV OKVINPT| ONUOGIOA0YIN, LE TOPOHOI0 TPOTO OMMG
ta BangPatterns tng Haskell, mpaypatorotodpe pio ototiki avaivon n omoia evromilel Tig feAtioTo-
TOWOLUES KANOELS OVPAG GE i TETOLN YAMGGO. TT CLVEXELN, VAOTOLOVLE TN PEATIoTONOMW 0N KOTA
TO XPOVO EKTEAEOTG. , peTaoynpatilovtag te KatdAANAO TPOTO TO TANIGLO TOV AVTITPOGMTEVEL THV
avtiotoymn KANon cuvaptnone. Me v vAOTOINGN aVTH, AT TNV EKTELECT] TPOYPUUUATOV MG VO
©opa, mapotnpovue 6tin PedtioTonoinomn pag eite BeATudVEL TO YpOVO EKTEAEONG €iTE deV TOV AALALEL,
LE OPKETEC TEPIMTMOGELS VO, TPoGeYYILovV T0 6TabEPd YDPO LUVAUNG TOL TPOSPEPEL 1] PEATIOTOTOINGON
KAONG 0VPAG GTIG GLVAPTNOIUKEG YADOGES TPOYPUUUATIGHOD LE QLGTN PN OTLOGIOAOYIL.

AEaic KAEWOWA

BeAtiotonoinon kAnomg ovpdc, okvnpr| amotipnon, 6Tatikny aviivon, dSiepunviag.






Abstract

Functional programming languages favour recursion over loops while the latter are a key feature of
imperative programming languages. Although recursion may be better than loops in terms of code
purity, as it is directly linked to the mathematical definition of functions, it has a major flaw associated
with the memory overhead to execute programs. This problem is that an algorithm uses a fixed memory
space to run it in a imperative programming language, it can use linear space in a functional language
because of recursion.

The solution to this problem, given in the 1970s for the programming language Scheme, was tail-
call optimisation, a very simple but, as it turned out, very effective in order to eliminate the above
problem. In addition to Scheme, this optimisation is included in most implementations of functional
programming languages with strict semantics, such as SML / NJ and OCaml, as well as in imperative
programming languages, such as the ”Clang” compiler for C/C++, which demonstrates the value of
this particular optimisation to eliminate memory overhead due to recursion.

The purpose of this thesis is to integrate this well-known compiler optimisation (tail call optimisa-
tion) for strict functional programming languages in functional programming languages with multiple
evaluation order choices (call-by-value, call-by-name and call-by-need). Specifically in the presence
of call-by-need semantics, the program values under this semantics escape” their context more easily
than in call-by-value, making tail-calls much more difficult to reveal. By adding strictness to the lan-
guage, in the form of strictness annotations similar to Haskell’s BangPatterns, we are able to confront
with the problem. We perform a static analysis, which spots the tail calls that are actually optimisable
in such a language. Next, we optimise the tail calls retrieved by the analysis into the runtime system,
in the form of an interpreter which allocates and measures frames, where we mutate the frame that
represents the optimisable function call.

Our results from the evaluation of microbenchmarks show that our technique either improves the
runtime, or does not change it. Some microbenchmarks, though, approach the constant memory space
in the same way as in strict functional programming languages.

Key words

Tail-call optimisation, lazy evaluation, static analysis, interpreter.
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Kepaiarwo 1

Ewcayoyn

1.1 Xkomodg

Yxondg TG EPYACIag Elval 1 EVEOUATOOT TNG PEATIOTOMOIN GG KATOTG OVPAS GE GUVOPTNCLOKES
YADGGEG TPOYPULLOATICUOD LE TNV TOPOVCIN TOAAATADY ETIAOYOV GEWPAG amoTiunong (kAnon kat’
a&la, kKAqon kat’ ovopa, KAnon kat’ ovaykn). H BeAtiotomoinon pog pmopei va cuvovaoTel e To
petacynpaticpd defunctionalization, €161 dote 1 PeATicTONOINGT 0TAGS0GNG TOV TPOKVATEL VOL VITO-
otnpilel enione cvvapTNoLoKEG YADGGEC VYNAOTEPNC TAENG.

1.2 Kivntpo

H BeAtiotonoinon KANGE®mV 0VPAG Y10 GUVAPTNOLOKEG YAMGGES [LE ALGTNPT amoTipn o ival éva
KoAG pedeTnuévo Bépa, aAAG amoTLYXAVEL GTNVY TopoLGia okvnpng arotipnong (lazy): o voloyiopog
€vOg okvnpol O6pov umopet va cvuPet avbaipeto Kot TN S1APKEL TNG EKTEAECNG TOV TPOYPULLLLOL-
TOG KoL £TG1 01 OKVNPOi OpoL dpameTeovy amd To TEPIPAAAOV TOVG TO EDKOAD GTTO TOVG CLGTNPOVG.
Ao ™ pia TAevpd, 1 okvNPATNTA SIVEL GTOVE TPOYPOUUUATIOTEG LEYAAEG EMAOYEG: VOl YPTOLOTOOVV
amepeg dopéc dedopévav, va opicovv TN por| eELEYyov (Souég) mg aparpéocels (abstaractions), va ow-
Enoovv v andd06N ATOPELYOVTUS TOVG TEPLTTOVG VITOAOYIGHOVE KOl OTOPEVYOVTAS TIC TEPITTMOCELS
oQAALOTOG KAt TNV a&loddynon cuvletov ekppdoemv. AALG avth 1 gveM&la EpyeTal e KOGTOG: TaL
TOAD OKVNPA TPOYPAUHOTO PLTOPEL VOL 001 YIGOVV GE KK 0mAS00T, KO KOl G S10pPoEG LVIUNG,.
Ao TV GAAN TAEVPA, 1] VOTNPOTITO EXLTPETEL GTOVG TPOYPOULLOTIOTEG VO LETPOVV TNV EMIO0CT) TOV
TPOYPAUILOTOS TTO EDKOAQ, OAAQ TO, TPOYPEULOTO LTOPOVY EUTITTOVY GE avemBOUNTY GLUTEPLPOPU,
OT®G 1 ATOKALON.

Ye aut1] T S1aTp1Pr], TOIPVOLLE TO KOAVTEPO Kol TV dV0 KOGUMV: TO TPOYPAULATA LG SEV XPEL]-
Cetan va etvar oD okvnpd 00TE TOAD aVGTNPE. XPNGULOTOIDOVTOS ETICNUEIDGELS GEPAS OmOTIUNoNG,
vrootnpilovpe ™ PEATIOTONTOINGT KAGEDV 0VPAG GE OKVNPEG CLVAPTICLOKEG YADGGES TPOYPOLLLLLO-
TIoPOV, eEQAelPOVTAG £TGL TNV OEGUEVOT) EMTALOV PLVAUNG IOV GYeTICETOL LE TNV avadpour], TG Kot
OTIG AVOTNPEG CLVOPTNCLUKES YADCGEG.

1.3  Xdvoyn g Swmhopatikic

e auth T JWTPLP1], EVOOUATOVOLLE TNV BEATIoTOTOINGT KANGE®MY 0VPAG GE GUVOPTNOLOKN
YADGGA LLE TV TOPOLGI0 TOAAUTAGY GEPOV omoTipnong (kKAnon kat’ aéio, kKAnomn kat’ dvopa, KA/ o
kat’ avaykn). H Bedtiotomoinon pag vrootnpilel THmovg dedopévmy mov £xovv opioTel and Tov ypi-
oTN He avTioTtoiylon potifov (pattern matching) Kot GUVETMG UITOPOVY VO GUVOVLACTOVV LE TO LETO-
oynpatiopd defunctionalization, étol wote va vwootnpilovtol emiong AEITOVPYIKEG YADCGOEG OVMTE-
png taéng. H yAdooa nnyng, tapopowa pe t Haskell, petaoynuariCetor (uéow defunctionalization) o
L YOUN A0V EMTEGOV, EALAYLOTY], TPATNG TAENG CVVAPTNGLOKT YADGGO LLE (1] 0VGTI PN GNHOGIOA0YId,
OKVNP1 amoTiunon Kot okvnpd dopnpéve dedopéva kabmg Kot EToNUEWOOELS avotnpdtTas. [o va
Bpovpe evkarpieg Yo PeATioTOMOINGN, KAVOLLE [0 GTATIKY OVAADOT] Y10 T GUVOPTNGLOKY] YADGG
YOUNAOD ETTESOV, Y10 TOV EVTOTIGUO BEcE®V KA oNG 0vpdc. To SVOKOAO KOUUATL, GE GUYKPLOT UE TIG
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YADGGEG [LE OLGTNPT| CNUOCIOAOYIa, Elval OTL M OKVIPT GNUAGIOAOYIO KAVEL TIG TYUEG TOV TPOYPALLLLO-
TOG Vo EEPUYOVV amd TNV EUPEAELD TOL OVOLOTOC TOVG KO, GUVETAC, 1) EVPECT] BEGE®V KA ONG OVPAg
dev etvar 1660 g0KOAN. Avti 1 PeltioTomoinomn aloloynOnke og Evav depunvéad TG YADOGOS TOL
deopevel pnTd Kot petpdel TAaiola, €161 dote oTic BEaeig mov Ppédnkav and v avaAvor, vo [to-
POVLLE VO AVTIKOTAGTNOOVUE CMGTA TIG TEPITTEG TUPAUETPOVG TAOLGIOV UE OUTEG TOV OITOLTOVVTOL
omd TO TAIG10 TOV AVTITPOCMOTEVEL TNV EMOUEVT avadpopikn kKAon. H Bertictomoinon eite Pertim-
VEL TNV O0IOJ0GT TOV TPOYPAppOTOS gite dev v aAldlel. Emiong, oty mepintmon mpoypoppdtov
He avotnpn onpaciloloyia, 1 Pertiotomoinon pog eivar 1oodbvoun pe v KAaoikn Pertiotomoinon
KANGEWDV 0VPEG. ZVUTEPAGLOTIKA, GE LI 1] QVOTNPT], OKVIPT CLUVOPTNOLOKN YADCGO LE OKVIPOUS
KOTOOKEVAGTEG OEGOUEVOV KOl ETICT|UEIDGELS AVGTNPOTNTAG, Y10, GAOVG TO TPOYPALLOTO TTOV YPNCl-
LLOTIOLOVE G OVAPOPA, VILAPYEL TAVTO PEATICTOTOINGT LVIUNG, KOL Yi0L TV TAELOYN IO ATd aVTA
VTAPYEL CNUOVTIKY BEATIGTOTOINGT) HVAUNG HE EVioyvom TG anddoong.

1.4 ZXvvewo@opdad
O1 oNUOVTIKOTEPEG CLUVEIGPOPES UG, TTOV TOPOLGLALoVTOL G 0LTY TN dtTpiPn, givat:

o [Tapovcialovpe Tmg 1 PeltioTonoinon tng KAMoNG ovpag Umopel Vo EPUPLOGTEL GE LU GLVOP-
MoK YADCoO e PEWKT oglpd amotipnons. Baowkn cvvelopopd pog givol Tmg pumopet va
EQOPUOCTEL LTTO TNV TAPOVGIN TN OKVIPNG ATOTIUNONG, LETATPETOVTAG £TGL QLTI TN PEATIOTO-
ToiNo™ o€ ENEKTAOT TNG PEATIOTOTOINGNG KAGEDY 0VPAS Yo YADGGES e KAomn kat’ a&io.

o Mia Tp®TOTLTN LAOTOINGT EVOG dlepUnvén e pNTr OECUEVOT TAUGI®Y, KOOMG KOt Unyaviopod
UETPNOMG TAULGI®V, Y10 Lo GUVOPTNCLOKT YAG®GGa e kAo kot’ aio, KAon Kat’ Ovoud Kot
KAon kot avaykn, okvnpols KATOOKEVAGTEG OEdOIEVMVY Kol pattern matching.

e 'Evag adyop1Buog oTatikng avaAvong yio tnv e0pecn TPayLaTIK®V BEcemv KAoNG ovpds Kot
TNV VAOTOINGT] TOV GUGTHLOTOG ¥POVOL EKTEAECNC Y10l AVTEG TIC PEATICTOTOINGELS TOV €ivat
EVOOUOTOUEVES GTOV dlepUnVvEa.

e H a&oloynom avtig g feltiotonoinong oe mpoypappata ovapopdg deiyvel 0Tt eite fedTidvel
T pviun 1 0ev v aAralel. H a&loAdynon eaivertal va mpoceyyilel 6 TOMEG TEPIMTMGELS TOV
ap1Opo TG SECHELON G TAICI®V GE YAMGGES TTOV YPTGULOTOLOVV TNV KA on kat’ a&ia, Tov givot
TO KAADTEPO OMOTEAEGILO TTOV UTOPOVLLE VO, EYOVLLE.
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Kepaiaro 2

H yLooca

Ye ovtd T0 KEPAAL0, O TEPLYpAYOLUE TN YADGGOW TTOV pEAETAGAE o€ avTh TN dtoTpiPn. H onpo-
clroAoyia TN YAmooag Ba yivel capng 6TOV avayvmaoTr, KaOdE Kot 1) E101KT AVTILETMIIOT TMV TOAA-
TADV €10V OTOTIUNGCNG OTOV TEAKO TUPNVA TG YADGGAG, 1) 0010 ¥PNGILOTOONKE Yo TN GTOTIKT
avéivon kot yio TG Bedtiotoromoelc. Ev cuvtopio, vdpyet pio TEPIEKTIKN TEPTYPOAPT) TNG SLUOPOUNC
OtO L0 GUVOPTNOLOKT YADCOH OVATEPTG TAENG GE L0 GUVOPTNCLOKT YADCGO TPMTNG TAENG HE TIC
EMIONUEIOUEVES TV GEPDOV OTOTIUNOMNG.

2.1 Emokonnon ¢ YA®OGg

H yAdooa mov pedetnoaypie eivat pio AEITOVPYIKN YADOGSA e TOAATALG GEPEG amoTipunong (KAnon
Kot avaykn 1 okvnpn, KANon Kot ovopo Kot kAo kot aio i ovotnpn). @sopolpe Ty okvipotnTa
MG KATL TOL GLUPAIVEL PLGIKG OTN YADOGO, EVA 01 AALEC 0VO0 GELPEC OMOTIUNOTG PN OLOTOIOVVTOL
¢ EMEKTAGELS YADTGCOG, YPNCULOTOIDVTOS KOTAAANAES EMIONUEIDGELG.

Ol EMONUEIDOEL ATOTIUNONG UWTOPOVV VO ELPUVIGTOVV GUVIOKTIKA (SNA. O TPOYPAUUOTIOTHS
umopel vaL Tig XPNCLOTOGEL GTOV KMOKE GTIC OTLS TUTIKES TAPAUETPOVS GTOV OPIGHO TNG GLUVEPTN-
oMNG) N LETA TNV EPAPUOYT TOV UETUTYNIATIOUDV, TOV TEPLYpapovTaL oTa THMpota 3.2 £o¢ 3.4, o
yAdooa mnyns. To tedevtaio eivar povo N mePinT®OT QVOTNPDOV OP®V TOV ATOKAAVTTOVTOL OO THV
avéAvon avoeTnPOTNTIG.

2.2 Merooympuatiopds defunctionalization

[poxerton yior (i TEYVIKT LETAGYNLATIGLOD YPOVOL LETAYADTICONG TOV KATAPYEL TIG EPAPLLOYES
VYNAOTEPNG TAENS avTIKOOIOTMOVTOG TIC PE pia Ldvo GuvapTNoN TPAOTNG TAENS, TOV TAPOVGLACTIKE
an6 tov John Reynolds. H mopatpnon tov Reynolds fitav 0ti éva dedopévo mpoypopLLLo TEPLEYEL
UOVO TETEPACUEVO TOALEG OPUPEGELS AELTOVPYLDV, £TGL MOTE TO KoBEva umopet va avatedel og (Kot
Vo avTIKOTAGTOOEL o) Vol LLOVAOTKO avayVOPLOTIKO. X1 cuvEXELlo avTikadiotatal Kabe popproyn
GLVAPTNONG LEGO GTO TPHYPOLLLO OTTO LI KAT|OT] TPOG TN AELTOVPYIo EPOPLOYNG LLE TO OVALYVOPIGTIKO
Agttovpyiog ™G To TPdTO emyeipnuo. H povn Sovietd g e@apoyng eivat 1 GLUVAPTIOT VO EQUPLLO-
{eton o€ QVTO TO TPMTO EMLYEIPTLOL KOL, OTI] GUVEYELD, VO EKTEAEITOL TIG EVTOAEC TOV OVTIGTOLYOVV UE
TO OVOYVOPLOTIKO GLUVAPTNGNG OTNV EVIOAN LE TO VTOAOITES TUPAUETPOVC.

O petaoynpatiopds amokonng xpnoporomdnke oto MLton, évag BeAtioTomompuévog HeTayA®T-
Tiot¢ oo ML. H yYAddooa mopriva tpdtng tééng dnuovpynoe vkaipieg yio avaAvon oAGKANpov Tov
TPOYPAPLOTOS KOl 00N yNoE o€ EUIPETIKN ATOS0GT).

Q¢ Topadery Lo TOL LETOOYNUATIGHOD, aKoAoVOEL 1 cuvapTnon map tov Prelude.

map :: (a -> b) -> [a] -> [b]
map f [] [1
map f (x:xs) f x : map f xs

inc :: Int -> Int
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inca=a+1

result = map inc [1,2,3]

Mertd v extédeon tov defunctionalization, To ‘map ’eivon (instantiated yio axepaiovng):

data Func = Inc

apply :: Func -> b -> b
apply f x =
case f of
Inc -> inc x

map :: Func -> [a] -> [b]
map f 1 =
case 1 of

[] -> acc

X & Xs -> apply f x : map f xs

inc :: Int -> Int
inca=a+1

result :: [Int]
result = map Inc [1, 2, 3] []

Ot duopopég peta&d Tmv 600 ekddcewv givat:

e H vyning 14énc ovvdaptnon, to poto optopa ¢ ‘map '(f :: a -> b) petacynuatileral o
HOVAOIKO AVOYVOPLGTIKO, TO 000 £ival 0 Kataokevaothg dedopévav ‘Inc’.

e [0 TV €pappoyn HEGO OTO GMOWN TNG SLVAPTNOTG ‘Tresult’, EYovpe TNV GLUVAPTNCON TPDOTNG
T6ENG apply  omola avTIoTOLYEL TOL LOVASIKA AVAYVOPLGTIKA TOV €Qapuolovtal ot ‘map’.

Agv divovtol TeplocOTEPEG AETTOUEPELES KOl POPHOAGHLOG TOV peTacynpoticpov defunctionalization
€00. O avayvdotng propei va avapepbei otn dnpocicvon Tov Reynolds yia tepiocotepeg mAnpogo-
pleg oyeTIKd e oVTO TO PETOCYNUATIOUO.

2.3 Avdivon avoetnpotTNTOS

H xdon kot avaykn povo dpovg oe TYég 0tav ypetaletal. Avtd map€yel Tnv EvkKopia yio Amelpeg
OOUEG OESOUEVMV KO TPOYPAULOTO TTOV OV OTOKAIVOUV, OTMS OVTH G OVGTNPEC YADOOES TPOYPOLLL-
paticpot. H a&loAdynon uropei va cupPet avbaipeta Kot wg £k T0HTOL 01 0KVIPOL OPOL UITOPOVHV Va
Eepuyouv amd to TEPIPAALOV TOVC.

AM\G 0 Mycroft Topat)pnoe 0Tt opIGUEVOL OKVIPOL OPOL EIVOL GTNV TPAYLATIKOTITO GLGTNPOL
vd TG KatdAAnAeg ocvuvOnkes. o mapddetypa, to ‘case’ amoTyLd kdmwolov 0po (scrutinee [Jone95]),
KAVOVTAG TOV oot pd, Tapdpoln Le TNV avotnpodtta Twv BangPatterns.

Kot etvan k41t Topamdve and avtd. Ag dodue Eavd To Tpodypoppo sum:

sum :: [Int] -> Int -> Int
sum [] acc = acc

sum (X: Xs) acc = sum XS (X + acc)
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Ed®, 0 oxvnpog 6pog ‘acce’, 0 omoiog eivat oe LopPn ov dev el voroyiotel akopa (thunk [Blos88]),
o€ KaBe kKAnon Aettovpyiog amoTIHdToL (o Popd, dTaV TO TPOYPOLLL KATE TN pon) EKTEAECT|G TOV QTE-
vel ot Pacikn tepinTmon. Avt 1 avbaipetn aroTiunon T@V OKVNPOV Opv (aiveTal v unv givat
1660 avbaipern. ['vopilovpe mwote mpdkettal va a&toloynbei to ’acc’.

Aoudv, 10 pdTNUA Elval, TL €lval AVTO TOL KAVEL TO ‘acc *T060 TPoPAEYo; ATO TO TOPATAV®
TAPASELY O, £YOVUE TIG aKOAOVOEC TANpOPOpies Yo TO ‘ace’:

e ‘acc’ elvar évag aképalog aplBpog, mov tdvta tpootifeTan o Evav dALO aképato apBuo.
e ‘acc’ elval To AMOTEAEGLO TG GLVAPTNONG,.

ATO 0VTEG TIC TOPATNPNOELG UTOPOVLE VO, GUUTEPAVOVLE OTL TO acc mpokeltal vo a&toroyndet
(0e0TEPN TOpOTPNOT)) KOl OAEG O1 EVOLAUETES TIUES EIVOIL OTOPOLTITES Y10 TNV OTOTIUNGT TOV, KAODG
TO ‘acc ’glval £vog aKEPALOG aplBUOG (TPOTN TapATHPNON), OTOTE Kol LTOoPovV VO, ATOTIUMVTOL KAOE
Qopa.

Av ka1 6g avT] T STtpPn ¥PNOHOTOMGUUE AKEPOLOVE 0ptBLoVE Kot MOTEG, 1| avdAven ovGTh-
POTNTOG UTOPEL VO EPAPUOCTEL EKTOG OO OKEPAIOVG KOl GE OTOLOONTOTE AAAES TYEG Pfaioticov TOHTOV.
H avéivon avompodmtog extereital otn YAOoo TG avatepng tééng petd to defunctionalization
Y10 VO EVTOTIGEL TOVG OVGTNPOVG OPOVG.

2.4 AlLol UETOUOCYNNOTICNOL

Metd and to petaoynpatiopd defunctionalization Kot tnv avéAvon avotnpdTnToc, £XOVLE EMIONG
EKTELEGEL LEPIKOVG UETOCYNUATIOHOVG OTI YAMOOW, TPOKEEVOL 1) EVOLALEST] YADGOO VO, PTACEL
oTNV TEMKY] LOopeN, 1| ool gival 1) €l0000¢ TG AvAALGONC, TOL TOPOVGLALETOL GTIV ETOUEVN EVOTNTAL.

o ALMQU-peTOVONOGia: AVTOC O LeTACYNUUTIONOC (alpha-renaming | alpha-conversion [Bare92])
petovopalel OAEG TIC LETOPANTEG TOV decUEDOVTOL OTO TNV OvVTIGTOlY oM TpoTuV. Kabe -
ppoon ‘case’ avoiyel éva véo Tedlo QapUOYNG KOl To OVOUATO LETAPANTOV o€ avtd To TEdio
OECUEVOVTOL GTO TANGIEGTEPO KTEPITTM®ONY. AVTH 1 HETOUOPPWOT) ETioNS xepileTan Tn okioon
ovouaToG.

o Meratponn tov if o€ case: Otav ) YA®ooa vrootnpilel avTioToiyion mpotHinwy oto dedopéva
(kataokeLooTEG), ) Ekppaon ‘if” etvon dypnotn. Mropel va petatpanei 6 avTioToiyion Tpo-
TOTOL T0 UNdevikd boolean katackevaotn. O Haskell dev €yel €kppaon ‘if ¢ evoopatopévn
(builtin). Emitpénel povo ovvtaktikn ypnon (og cuvtaktikn {dyapn ywo potifa boolean).

o Ilpoporéc kaTtaokevasT@V (constructor projections): Kabe petafinti mov deouevetor and
éva potifo ‘case ‘mpémel va givol HETACYNUATIOHEVO GE £VOV EOIKO CUVTAKTIKO KOUPO 6N
YADGGO TOV TVPTVA, O OTTOT0G TEPLEYEL TO LOVASTKO OVOLYVMPLGTIKO TNG TEPITTOONG Kot 1) B€om
pécsa ot Alota £Ek@paong oto Tpdtuno katackevaoth [Fourl3]. To avayvmpiotiko case” eivat
Hovadikd HECH GE VOV OPLGLO GLVAPTNONG (TOMIKA).

2.5 Xovradn

e vt v evotnrta divetal 1 odvtadn g Pacikig pog YAdssog. Avtod €ival TO AmTOTEAEGUA TG
aVAADLOTG QVGTNPOTNTOG KOl LETACYNUATIONOD KaBLGTEPNONG, KAOMDG KoL TV GAADV LETACYNUOTL-
oU®V NG mponyovuevng Evotnra. Extelobue tov alydpiBuo avdlvong yio vo gvtomicovpe 0écelc
KAoNG ovpds pe gicodo ) yAdooa amd avtiv v evotnta. O depunvéag etvan emiong XTIoHEVOG
Yo TN YA®GGA auTY]. 0 AEI0A0YNTAG Y10l Ol BEATIGTOTOMGELS EQAPHOLOVTOL ETTIOTG GTO ECWTEPIKO TOV
dlEpUNVED Y10 ALTN TN YADGGA.

>to oynpa 2.1, vwhpyel 1 aenpnpévn cvvtaln g evoldueong YAwooa tpdtng taénc. [pénet va
EMONUAVOLLE T akOAOVOO onpeia, Tpv eppadovovue Babotepa ot yYAdooo:
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(p) == (fdef)" Program

(fdef’) :== fv ... vy = (expression) Function Definition
(expr) = v Variable
| (integer) Integer
| fer...e, Function application
| cej...ey Constructor application
| caseegofpatt; —ej|...|patty — ey, Case expression
(patt) == cvj... v, Constructor pattern
| (integer) Integer pattern
(integer) ::= 1,2, ... Integer domain

Yympa 2.1: H ypoppatikn g yAdecog

211 yA®ooo mpoéhevong vrdpyetl (o Ekepaon ‘if ’ouvtakTikd. XT0 GUVIOKTIKO GYNUL OV
vdpyel. Avtd opeiletarl oto 6TL M ‘case’ eivarl ToAD o 1oyLpY| amd to ‘if kot to® if” pmopel va
petaTpanei og ‘case’. Ttnv Tpoyuatikdtnta Exovpe (boolean gival kKotaokevaouéva dedopéva
emiong) pattern matching og booleans:

if cond then el else e2 => case cond of {True -> el; False -> e2}

Agv vdpyovv HepKEG EPAPUOYES, OVTE GE GUVOPTIOELS OVTE GE EPUPLOYEG KOTACKEVOGTMOV.
Avtd onpaivel 6t Ta emyelppaTo o po, KAon Asttovpyiag etvor idia otov apBud pe tov
OpLoUO TNG Asttovpyiog.

Agv vrdpyel ékppaocn ‘let’ otnv YA®sca. Avt *avtov vtobétovpe 6TL ) YADoo pag egaptdrol
TAMPp®G 0o Tov avoyoth Aduda (lambda lifter). O lambda lifter Tov Johnson zAipovg oxvipo-
mrag Ba €xetl 1o emBvuNTo amotéleoua [John85].

Ta potifa tv mepumtdoemy gival amAd Kot dev emtpénovy ta potifa prodavtép (wildcard).
Mertatpénovtog éva ToAvmAloko potifo o€ éva amko givar £va Kahd pedetnuévo Bépa.

H ovvtaén oto oynqua eivat o odvtaén piog cuvoptnolokng yAdooag Tpmtng taéne. H cdvtoén

Hag £xel dV0 KOPLeg S1apopEG Amd AVTES TOL POIVOVTOL GTO GYTLLAL:

22

e H cvuykexpyévn obvtaén g Pacikng YAOCSOS £XEL ONUEIDCELS TAENG aElOAOYNONG TPOKELE-

vou va, vo. dtakpivet petadd tng onpactoroyiog Kotd  diéhevon tov tapapétpov. Exovpe non
AVOPEPEL TO TOL GYOALN CLOTNPOTNTAG TOL TPOSTIBEVTOL Ao TNV avdivon avotnpotntag. ITo
GUYKEKPIHEVA, O TPOYPOUUUOTIOTNG LTOPEL GUYKEKPIUEVO VO GYOAAGEL TIC LOPPES GTOV OPIGHO
g Agttovpylog pe:

— ‘I’ yuo ot uo TP TVTIKN TOPBUETPO,

— “# ’yuo TUTIKN TOPAUETPO KAONG e GVOUA, EVAD

— O1 okvnpég TUTIKEG TOPAUETPOL deV oyoMalovTal, enetd Bewpovpe TNV okvPOTNTO MG
KATL TOV PUGIKA cvuPaivel 6T YADGGGO.

Ocov apopd TNV apnpnuévr cuvtan, ol TUTTIKEG TOPAUETPOL EVOG OPIGHOD GUVAPTNONG Eival:

type Formal = (VN, (EvalOrder, Type))
type VN = String
type EvalOrder = CBV | CBN | Lazy



data Type = TInt | TCons Type -- an value of type integer (TInt) or
-- a list of values with type Type

OOV 0 KOTOGKELOGTNG TOTOVL UIOG TUTIKNG TOPAUETPOV EYEL TIG TANPOPOPIEG CYETIKA LLE TO
OVOLLOL TNG TOPAUETPOV KOL TT GTOATIKT TANPOPOpPia TNG EVIOANS 0ELOAGYNONG KOl TOV TUTO TNG.
YmoBétovpe Tovg TUTTOVG PACNS MG AKEPOLOVG APLOLLOVG Kot 0pydTEPA TO TUNALLO AvAAvoTg, Ba
e&nynoovpie yiati avtd apkei.

Yrdpyet Evoc akopo KOUPBOG 6TO GUVTAKTIKO dEVTPO: 0L TPOPOAEG KATUCKEVAST®V (constructor
projections). O petacynUatiolds yr ’ovtd, 0 GLYKEKPYEVOS KOUPog cOvTaéng Exetl e&nynoel
vopitepa o€ mponyovuevT evotnTa Ko 1 cbvtaén oe dpovg Haskell eivat:

data Expr = ... | CProj CaseID CPos

Ye o mpofoin katackevact, To ‘CaselD’ deiyvel ™ 0éom tov ‘case’ 6mov avrkeL 0 OPOG,
HEGO GTO GO, TG CLVAPTNONG, Kot To devTEPO Optopa (‘CPos’) eivar 1 B€om g petafAntig
o™ MoTo eKQPACGEDY TOV HOTIPOV KATAGKEVAGTT GE S0KAUO®GT) TOV ‘case’.

O cxomdg TV TPOPOADY TOL KATACKEVAGTY gival vo ‘0écel’ TG peTafAnTtég ot de1d TAevpd
NG SLKAGOWONG LE TIG LETAPANTEG OTNV aploTEPT) TAELPA. ME TOV TPOTO AVTO, Ol HETAPANTES
aTEG StokpivovTal Ao TIG UETAPANTEG AVAOTEPOV EMTESOV, ONA. OO TIG TUTIKES TAPAPETPOVG
GTOV OPIGUO TNG CLUVAPTNONG KoL TPOSHEPOLV T duvaTdTNTA Vo Yvapilovpe tn BEon Tovg 61O
mhoiolo, évog AOyog mov Oa yivel GapEoTEPOG 0TO EMOUEVO KEQHANLO, OOV B SDGOVUE TIC
AETTOUEPELEG TOV LOVTEAOL EKTEAEGTC.
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Kepaiaro 3

Movtélo eKTELEOTC

Y& auTo T0 KEPAAAL0, B0 TOPOVGLAGOLLLE TIG TEYVIKEG AETTOUEPELES TOV LOVTELOV EKTEAEGTC V1O
N YAMGGO TOL PEAETAGAUE GE VTN TN SWTPIPN KoM KOl TIC TEYVIKEG AETTOUEPELEG GYETIKG LE
TNV VAOTOU oM Kot T Agttovpyio Tov depunvéa, 6Tov 0moio a&loAOYOVIE TNV TEXVIKY HOC Y10 TV
Beltiotonoinon g kKAong ovpac.

2TV enOUEV] EVOTNTO VITAPYEL LI TEPLYPAPT VYNAOD EMUTEIOV TOL LOVTEAOV. TN CUVEYELD TTaL-
poLG1AovTaL 01 SOUES HEGOUEV@OV TTOV YPTCLLOTOIOVVTNL KATA TO YPOVO EKTELECTG KO GTI| GUVEELN
N Aertovpyia Tov dtepunvén TaPoVSIALETOL LE TN HOPEN AELITOVPYIKNG onpaclodoyiag (operational
semantics) yio Tn yYA®GGO.

3.1 Ieprypa@n vyniov eMmTEOOV TOV HOVTEAOV EKTEAECTC

In this section, we present a high-level description for the execution model; this will be helpful
for the reader to follow the technical details from the next sections. Also, it will be easier to compare
to other existing abstract machines and interpreters that exist for a lazy functional language.

To povtého pag, Baciopévo otov GIC [Fourl4a], includes the following high-level properties:

e YLomowoOe o aenpnpévn unyovn tpatg taéne. Ipdne taéng, 610t dev vmootnpilove
TEPAGLLO GLVAPTNGEDY VYNANG TAENG O TAPAUETPOVG GE GLVAPTNOT , KABDS Kot PLepikn omo-
tipnon. H oxvnpdtmra givotl 1 TpoemAeylév onUacloloyia yio T0 LOVTEAOD HOGC.

e 'Eyxovpe éva poviélo PBactopéNo 6T OEGUELCT TANIGIOV Yo TN YADGGO LOG, GAAN TO TTAM-
oo deopevovtal 6to cwpd avti yuo otoifa (heap allocated frames). O Adyog yi” avtd givat 6Tt
N okvnpn amotipunon de cupPadilel pe v akolovblokn pon TG EKTEAEGNG TOV TPOYPALLLO-
TOG, KATL TO OTOIOT KUOIOTA AdVVATH TN OEGLEVCT)/ ATOOEGILEVCT] TAULIGIOV LIE TIG AEITOVPYIES
push/pop.

o O diepunvéag pog vrootnpilet tn pntn déopevon Tiaiciov, n oroia xpeldleTal Yio T0 HETOTYT-
HOTIOUO TOV TAALGIOV 0T BEATIoTONoiN o KOBMG Kot TNV aEloAdyNoT TG TEXVIKNG LOG, OTMG
emiong Kot £va PNYaviocUd KOTAUETPNONG TV TAOLGI®V.

e H yAoooa pog vrootnpilel toAhomAd €101 amotipnong Kot £T61 0 diepunvéag pag ta xelpileton
kot avtd (call-by-value, call-by-name, call-by-need) pe kotdAinio tpdmo.

o Ta dedopéva pog KoTaokevalovial and okvnpovs KOTUCKEVUGTES OESOUEVAV, OAAG LTOPODLLE
emiong vo vwootnpifovpe ML-Aoteg (dedopéva e Babid amotipnon, 6mwg otn yYAdsso ML).

e XTi¢ KAMoeglg cuvapTioewv akolovbovpe v moltikn push/enter. [1pwv elcélBovpe 6T0 GHOUA
NG GLVAPTNONG, OEGUEDOVLE TO TANIGIO KOl OTOTILOVUE OAES TIG TPAYLOTIKEG TOPAUETPOVG,
oePOLEVOL TN ONUACLOA0YI0 TOVG,.

o To povtélo pog vrootnpilet pattern matching (o€ dedopéva Kot TYHEG Pactkdv THTOV) pe Tapo-
poto tpomo, omwg ot Haskell. Avtd anotekei 1o Mo cvvleto yvdpioua Hiog okvnpng cuvap-
TNOLOKNG YADGGOGC, EWO0KEA 0V OVAAOYIGTOVUE OTL Ol TPMTEG OPNPNIEVES UNYOVEG YU OVTEG TIG
YADGGEG OEV TOPELYOY VTOGTHPIEN Y10 TO GUYKEKPUUEVO YVDOPICLLA.
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3.2 Xvotnua ypovov eKTELEGG

Avt 1 evoTNTO TTEPLEYEL P10 AETTOUEPT EENYNOT YO TV TPOTOTLTY] EPOPLOYT TOVL SlEPUNVEN
LaG oL yproiponoteiton ot yAwooa. [Ipdtov, Oa mapovsidcovpie Tic SoUEG dEdOUEVMVY TOV ¥PN-
GLUOTTOIOVVTOL KOTA TN dtdpketo ektédeons. 'Enetta, Tapovstalovpe ta AETOVPYIKG XOPOKTNPLGTIKA
TOV JlEpUNVED LLOG.

3.3 Aopéc 0€00pEvMV KOTA TO YPOVO EKTELEONG

Edm vrdpyovv opiopol Tmv dopdv ¥pdvov EKTELECTG, OTMG YPTCILOTOIOVVTAL GTNV VAOTOINOT.
Av ka1 1 gpoppoyn givar oe Haskell, o kdokog 0o givar ankog, £To1 dote KAbe avayvdog 1e Eva
Baoikd vroPabpo cuVAPTNGLOKOD TPOYPULLIATICUOD VO, LTOPEL VO TO KOTAAAPEL.

Y11 emopEVEC EVOTNTEG TTOL B0l TEPTLYPAYOLLLE TIC dOUEG YPOVOL EKTEAEGNC, B0l XPTOLOTON|GOVLLE
™V axdAovON copuPacn. v apyn, Evag opiopdg o epeovictel, eved ot cuveyla mbavodg Ba cuvo-
devetal amd Evay 1 TEPLOCOTEPOLS OPLGHOVS. AV TEPLEYEL O TOAVTAOKO OES0UEVA GTO GO TOV, Oa
nePLYpapeTaL apyoTep 0TV EVOTNTA 1| B VIGPYEL EVOC dEIKTNG GE Lo AAAN evOTn T TOL B0 TEPLEYEL
AETTOUEPELEG Y1 OLTOV TOV OPLGHO.

3.3.1 Mwiun

e auTn TV eVOTNTO TAPEYOVIE TOV OPICUO TNG SOUNG TNG Uvnung(memory), €va, mutable ydpo
amofnkevong, 6mov arodnkevovtal To TAAICLO.
I tn doun memory, £YOvUE TO TOPAKATO:

type Frameld = Int
data Mem = Mem {
memFrames :: Map Frameld Frame, lastFrameld :: Frameld

O avayv®omng umopei vo oke@tel T dopun auth ©¢ PvNUN o€ évav VIoOAOYIoTH: kébe KVTTAPO
pvnung éxel P, drevBvvon (Frameld) ko n d1e08vvon éxel éva mepieydevo (frame). Mo mapopoo
avamapdotaon pe to mutable copd tov Launchbury yuo okvnpn anotipunon. Ed® va onpeidoovpe
o011 OA0 Ta TAaicla oev Exovv TV d1a yopnTkdTnTa. Aentopépeiec Bo 6060VV oe emodUEVN EVOTITA
v éva TAaicto.

Avt n mpoavaepbeica dopn dedoUEVOV GUVOSEVETAL OO TIG TPELS AKOAOVDEG AEITOVPYiES, TOV
divovtar apécmg HeTa.

o [IpocHnkn evog mhaiciov ot uvAun pe ™ Aettovpyia push, oto oyfua 3.1.

e AvAyvmon Tov TEPEXOUEVOL EVOG TAOLGIOV OO TN Hviun, ov 600el T0 avayvmploTikd Tov
(getFrame) ,m onoia diveton 610 oynpa 3.2.

e Evnuépmon tov mepieyopévou evoc miaiciov ot pviun, d004vtog Tov avayvoploTikoy Tov
(updFrame), 1 omoia divetal oto oynua 3.3.

Apyotepa B YpNOLOTOMGOVLLE TOL OVOLLATO TV AELTOVPYLDV push, getFrame xon updFrame yio
va avapepbovpe og AVTES YOpig TEpATEP® eMeENyNON.

3.3.2 IIpocopiwvd ctopatnpévn ektéheon amo dcoopéva (suspensions)

O opiopdg Yo To. suspensions givo:

data Susp = Susp (CN, [Expr]) Frameld
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push :: Mem x Frame — Mem

push (mem, frame) = mem’

mem' = Mem { memFrames = frames', lastFrameld = lastld }
frames' = frame : (memFrames mem)

lastld = lastFrameld mem + 1

Yynpa 3.1: Push Asttovpyio yio tn pviun

getFrame :: Mem x Frameld — Frame
getFrame (mem, id) = frame
frame = lookup id (memFrames mem)

Xympa 3.2: GetFrame Aetrtovpyia

updFrame :: Mem x Frameld x Frame — Mem
upFrame (mem, frameld, frame) = mem {memFrames = insert frameld frame (memFrames mem) }

Xympa 3.3: UpdateFrame Asttovpyia

‘Eva Susp mepiéyet:
e To 6vopa tov kataokevaoti CN poli pe to opicpoTo ToV 68 pid AloTo EKPPACEWDY.

o 'Eva deilktn pe ) popen ovayveplotikov (Frameld) yio 1o TAaic1lo mov gival 1o TepBAALov Tov
suspension. Avtd gival 1o TEPPAALOV LEYPL TN OTIYUN TOV CVTO TO suspension dnpovpyNONKe.
‘Otav 1 ekTédeoT) TOL TPOYPALUATOG EXPAAAEL TNV OTOTIUNGN TOV, ALTO Ba givat To TEPIPAAAOV
7ov O YpPNCIUOTOMOEL.

3.3.3 Twég

Mo tu popet va, givar évag axképotog (1] yevikd pia T factkod tHmov) 1§ Eva suspension.

data Value =
VI Integer
| VC Susp

Am6 Tov Topandvm opiopd, £XOvLE OTL Ui T propel va eivar gite évag axépaiog (1] Yevikd Evag
TOTOG PAONG) 1 AVAGTOA KATOCKEVAGUEVMVY dedopévav. Evd 1 Tpdtn elvatl Tpo@avig, €101KA yio
TOVG TEPLGGOTEPOVS TPOYPULUATIOTEG TTOL YPT|CULOTOLOVV AVOTNPEG YADGGES, TO TELELTALO EIVOIL KATL
7ov oupPaivel e okvnpEg YADGGES TPOYPaUUATIGHOD. Ol VTOAOYICHOL UTOPEL VO UMV OTOTILMVTOL
Babid kai étol pmopovv va dnuovpyncovy thunks 1 agrivovv thunks mov pmopel va amotiunfovv
apyoTEPQL.

3.3.4 ITloicwo

H Boowm povéda amd tn pnyovn ektédeong eivor to miaicto. Eva mhaicio mepiéyet OAeg Tig oma-
paitnteg TANpoeopieg Yo pa KAon cuvdptnonge. Asopedetar ke popd mov TporypaToroleiton pio
véa KAnon cvvaptnong. Tote, umopei va evnuepwbei oe TEPITTOON TOL TEPLEYEL LLLOL OKVIPT| TTOPLILE-
TpO.

AxorovBel 0 0p1o oG TOL TAAGTIOL:

type FN = String
type CaseID = Int
type Frameld Int
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data Frame = Frame {

fName :: FN, -- Function Name

fArgs :: [FrameArg], -- Bindings of formals with actuals
fSusps :: [(CaseID, Susp)], -- Data deconstruction forced by ‘case’
fPrev :: Frameld -- pointer to previous stack frame

}
"Eva mhaicio €xet T1g akdAovbec mAnpoopieg katd ™ didpkela TG {ong Tov:

e To 6voua g cuvaptnong (FN). Avt 1 mAnpogopia gival onpavTiky yuo TNy avalitnon Tov
0pLoHOY TNG GLVAPTNONG 6TN douN functions map, o dour wov Ba eEnyndel apyodTepa, yio va
TPOYWPNOEL 1| EKTELEGT] TOL TPOYPAULOTOC.

o O TPOyUATIKEG TOPAUETPOL TOV CLVOEOVTAL LE TIG TUTKES TOPAUETPOVS TOV OPLGHOV TNG GL-
vaptnong FN'.

o [TAnpogopieg yio To suspensions, dnovpyia thunk kai amotipnon mov emPariietol amd v
‘case’. KéBe ‘CaselD’, eivar Lovadikd 6TO GOLN TNG CLVAPTNGONG Kol TEPLEYEL OEIKTEG GTOL OUK(L
tov thunks.

e 'Eva dgiktn [E TN HOPON OVAYVOPLGTIKOL GTO TPONYOULEVO TAAic1o (fPrev). Avtod gival To me-
pifallov otV vVAomoiNoT TOV JlEPUNVEX, TO 0010 VITOVOEiTaL Kot dgv VITAPYEL PNTa GTO State
TOV.

"Eva 6piopa mov Cet ota ‘fArg :: [FrameArg]’, éxet Tov akdAovBo opiopd:

data FrameArg =
StrictArg { val :: Value }
| ByNameArg { expr :: Expr }
| LazyArg { expr :: Expr, isEvaluated :: Bool, cachedVal :: Maybe Value }

"Eva 6propa pmopet va givat:
e AvoTnpo Kot Vo, TEPLEYEL LOVO LU0 TLLUH.

e Y& onpoctoroyia Tng KANoNG kAt Ovopa Kot £T61 Vo TEPLEYEL LOVO Lo Ekepaoct, Eva thunk
YOPIC EMAOYN Y10 ATOUVILLOVEVOT).

e Lazy kot €161 va ePIEYEL oL EKPPOOT), e ToV 1010 TpOTo dnw¢ ta. opiocuata call-by-name,
aAld emiong ko o onuoio(flag) ywo to av givor amotiunuévo N oy (eacparilovtog £Tol v
10T TG OmoTiumong ana, N ota ayyAkd single evaluation property) kai exiong Ydpo Yo
v arofnkevpievn tov TN (cached value).

3.4 Awpunvéag

O depunvéag givat po cuvapTnon mov AaUPAavel éva expression, VAV oTOTIKO YOPO UVAKNG EVOG
TPOYPAUILOTOS TOV TEPIEXEL TANPOPOPIEG GYETIKA LLE TOVG OPIGLOVG GLVOPTHCEMV Kol £V State, Kol
QTAVEL O éval TeiK0 State KOl EmOTPEPEL 1io Ty, OOV Elval Lo EKEPACT] 0o TIG EKQPACELS TNG
ovvtaéng mov mopovctdleTol og mponyovpevn gvotnta. O optopds Tov state akolovbei apydTepa
oTNV EVOTNTO.

A76 €dd kau mEPa, N cuvaptnon eval avtictoyel otn Aettovpyia Tov dieppnvéa. H dniwon tov
eval n hertovpyio eppaviCetor 6to oynua 3.4:

To State g eval paivetar oto oxfua 3.5, 6mov ot opiopol Yo Mem, Frameld divovton vopitepa
010 KepaAiao. To medio NRFrames divel Tov apBpd amd o mTAaiGLo TOV SEGUEVTNKAV £WOC TOPA.

H doun FunctionsMap eivol pio Sopr Tov dnptovpyeital Kotd to ypodvo LETOYADTTIONG Kol o~
papével Lovtavr oto xpovo ektéreons. Aev aAlalel Katd TNV EKTEAECT] TOL TPOYPAUUATOS KO OLITO-
teAetton amd (evydpio KAEWI0D-TIUNG, OTOL:

28



eval :: Expr X FunctionsMap x State — State X Value
Zypa 3.4: AfAoon g cuvaptnong eval
State :: (Mem, Frameld, NRFrames)

Tympa 3.5: Kotdotoon (state) tov dieppnvéa

o To kAed1d gival to ovopata amod Tic top-level cuvaptioels.

o Ot 1ég eivan éva (e0YOG TUTKAV TAPOUETPOV LE TIG GTATIKEG TOVG TANPOQOpPIES (100G amoTi-
unong, THwog) TG cLVAPTNGONG KAOME Kol TO GMLAT TG GLVAPTNONG.

O optopog divetor oto oynua 3.6:

type FN = String
data FunctionsMap = Map FN ([Formal], Expr)

Yyqpa 3.6: FunctionsMap

To amotéleoua Tov dteppunvéa ivor To amOTELECLA TG EKTEAEGNG TOV CAOUATOC TNG CLVAPTNONG
KOpLEOiov EMESOL main. AvTi 1 cLUVAPTNON gival L E101KT TEPITTOOT GLVAPTNONG Kot Bempeitan
oT1 dev &xel kovéva Opiopa. ‘Etot, 1 apywkn ékepaot expr sivor:

(_, expr@) = Map.lookup "main” functionsMap
To apyixo state Tov depunvéa givat:
State0 = (mem0, frameld0, nr_frames0)

Tympa 3.7: Apyiko state Tov diepunvéa

210 apyKko state, mov Qaivetol 6to oynfua 3.7, EYOVLE:
e To apywuo state Tng pvnqung mem0, givor:

-- CTOPFRAMED: last frame id available when execution starts
memO = push (Mem Map.empty 0) frame0
frame® = Frame "main” [] [] cTOPFRAMEID

e To apywo id and T0 TpmdTO frame otn Pviun oL ivorl eAevbepo:
frameId® = lastFrameId memO
o O apykdc oplfuog TAaciov Tov £xovv decevTel, Tpv EEKIVAOEL 1] eKTéAEDT TG eval, glvat:
nr_frames = 1
KaOmg Eyovpe uio SEGUELGT TANIGIO YloL T GVVAPTNOT “main”.

e avtd 10 onpeio, £yovpe Ta TAVTA £TOLUN. ANADGCOLE T GUVAPTNON TOL dlepunveéa eval Kot
&yovpe po apytkn va Eekivioetl M ektipnon pog pe. Topa, ag dodue v ektéleon kdbe Exepaong
TOV 0€VOPOL GVVTAENG TNG YAMGGOS [LOG TOV TOPOLGIALETOL OTNV eVOTNTA TNG cLVTAENG. Ot LuKpég
AETTOUEPELEG EQAPLOYNG TOPUAEITOVTOL Y10 AOYOVS COPNVELNSG. APy LKA VTOOETOVLE TOVTOD TNV OKV)-
potNTa, VO 0pydTEpa B VITAPYEL La EMGKOTNOY TOV TPOTOV LE TOV OTO{0 0 dlepuUnvEag exTedeitan
Tapovcio Motdv ML.
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H dopn FunctionsMap eriong mapoleinetal mg opiopa tng eval. Yrobétovpe 6TL wayvoupe avtod
Y10 TO, TUTTIKEG TOPAUETPOVS Kot 0TV BEAovE Vo LETAPOVIE GTO OO LG GLVAPTNONG, T.Y. OTNV
KAN|OT) GUVOPTCEDV.

e ke Ppa extédeong n eval avalntd v tpéyovoa Katdotaotn. Onmg Exovpe 1o avaeipet
70 state givon éva medio pe:

State = (Mem, FrameId, NRFrames)
-- FrameId: id of the current frame

, kot étot kortalovtog To frame Tov TpEyovTog state, maipvove 1o TpEyov TEPPAALoV, Exovpe:

thisFrame = getFrame mem frameld
Frame caller funArgs susps prevFrameId = thisFrame

Me autdv T0V TPpOTO, £XOVIE TANPOPOPIES YIOL:
e caller: 1o 6vopo, TG GLVAPTNONG TOL KAAEL KOt EILAGTE TOPA LEGO OTO GO, TNG,

o funArgs: o tp€Yovto opiouata NG TPEYOLCAG GLVAPTNONG TOL EIVAL KOTUOKEVOOUEVD GTO
mhaicto (deite apydtepa g ta ytilovpe dTav yivetan KANon cuvipTnong),

® SUSPS: TPOCMOPIVH CTUUATUEVEG EKTELEGELS Y10 SESOUEVA TTOV T EKTEAEGT] TOVG EMPAAAETON OO
To pattern matching tov case,

o prevFrameld: To avayvopiloTikd omd to tponyodevo TAaic1o, cov va glyape éva deiktn 6Tto
TPONYOVUEVO TTAGIC10.

AoV amoktn0ovv o1 arapaitnTes TANPOPOPieg amd TNV TPEYOVCA KATAGTAOT], O SlEPUNVENS XEIPI-
Cetan KGOe Lo amod TIg EKPPACELS Ll TOV 0KOAoVOO TPOTO, TOL TAPOLGLALETAL OTIG ETOUEVEG EVOTNTEC.

3.4.1 Amotipnon perafintig

YrevBopilovpe og avtd 10 onpeio 6Tt pio LeTaPfAnT decpevéVN OTNV avTIoTOol) 10T HOTiBwV dev
a&loroyeitol €00 AOY® TOV LETAGYNUATIGHOV TG OE constructor projection Tov TePLYPAYALE TPOT)-
YOULEV®MG, KL ETOUEVOG O ALTO TO TUNUO LEAETAUE TNV OMOTIUNOT HETAPANTOV OV givor depéveg
LLE TIG TUTKEG TTOPOAUETPOVG HIOG GLVAPTNONG.

Mo petafint ovoTaTov ENUESOD VILAPYEL OTIG TUTIKEG TOPAUETPOVS EVOG OPIGHOD GUVAPTN-
omNg. ZTOVG OPOVG TAALGIOD, YAYVOVLE Y10 TO 6WGTO FrameArg oto nedio funArgs, mov avaeéponke
TPONYOLUEVOG OTOV EENYNCALE TNV TPEYOVTO. KOTATTO.GH TOV SIEPUNVEC.

H dwdkaociao ivatl 1 akdAovOn:

o [Ip®tov, Bpickovpue tn Béon g petaPAntig oto tpéyov frame.

— Yayvoupe T cuvaptnon mov kalel ot dopn FunctionsMap yio. vo. BpOvLe TNV VTOYPAOT
(signature) T cuvApTNONG.

— Amaé kot Bpodue v vmoypan], 6t cuvéyela Ppickovpe tn BEon g pETAPANTAG OTIC
TUTIKEG TAPAUETPOVG TNG GUVEAPTNONG, LE XPTOT) TOV OVOUATOS TNG, ONA. TOV Jeikty (i) TOVL
opicpatoc.

o Agdopévou Tov dgikTn oV VIOAOYIGALLE VOPITEPQ, BPICKOVIE TO KATAAANAO OPIGLLOL GTO TPEYOV
mAaicto.

211 cvvEYLL £YOVUE TPELS TEPIMTMOGELS OCA KOl TO, €101 OOTIUNONG,.
Xe avtod o onpeio, divovpe to v’ and s” ywa: eval(v,s) = (V,s')

e cbv: Amotiunon petafAntnig yw call-by-value petapintéc eaivovtal oto oynua 3.8.

30



(V/,s") = (val,s),
where

v = StrictArg val

Yyqpo 3.8: Arotipunon petafAntig v call-by-value

(V',s") = (val,s), where
v = ByNameArg expr,

(val,s") = eval expr (mem, prevFrameld, nr_frames)

Yyqpa 3.9: Arotipnon petafAntig v call-by-name

v = LazyArg e b val

— bis true:
(V,s') = (val,s)

— bis false:

(V,s") = (val', (updFrame mem’ frameld framé', frameld, nr_frames')), where
(val', (mem’, frameld' ,nr_frames')) = eval e (mem, prevFrameld, nr_frames)

framé' [funArgs] = (funArgs[i]| = LazyArg e true val')

Yyqpa 3.10: Anotiunon petafAntig yw call-by-need

e cbn ¢.0.: Amotipunon petafAntig yo call-by-name @aivetot 6to oynpa 3.9.

e lazy e.o.: 1o oyfua 3.10) éxovue dvo vromepItTOGCES. AVTEG €ival av To b glvan true 1 false,
OMA. 0 okvMPOG OPOG Elval ATOTIUNUEVOS KO OTOONKEVUEVOG 1) LT TTOTIUNUEVOS. ZTNV TEAED-
Taio mepinton, o depunvéag ¥peldleTal vo. OmOTIUAGEL TN LETAPANTH KoL VO EVIUEPDOEL TO
TA0IG10, OTTMOC POIVETOL KOL GTO GYNLLOL.

Inueimvoope 00 OTL OTOV EYOVUE OAANYT] OTNV KOTAGTAGCT] TNG LVIING, KOt TOovY amoTipnon
™G £KQpacng Tt[ pokaiei T dnpovpyio VEOL TAUIGIOV EVIUEPDVOLLE TNV KOTAGTOOT) TNG V-
U1NG KOl TO PETPNTY| TOV TAUIGIWOV.

3.4.2 Kijon ocvvaptnong
g QUTN TNV EVOTNTA, TEPTYPAPETAL 1] AELTOVPYI TOV SIEPUNVEX Y10 KANIGT) GUVAPTNONG, OTTOL 1 £K-
opaon givar: Expr = Call callee actuals, 6mov €YOVLE TIG TANPOPOPIES Y10 TO OVOLL TS CUVAPTNONG
OV KOAEITAL KOL TIG TPOYUATIKEG TOPAUETPOVS TNG KANOTG.
makeArgs :: [Actual] x [Formal] x State — [FrameArg| x State,

Zypo 3.11: AfAoon TG GuVAPTNONG KATACKEVT|G OPLOUATMV
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(v, state') = eval actual state

frameArg = StrictArg v

Yyqna 3.12: Kataokevn call-by-value opicpatog oto mAaicio

frameArg = ByNameArg actual

Xympe 3.13: Kataokevn call-by-name opicpatog 6to mAaicto

frameArg = LazyArg actual false empty

Yyfqpa 3.14: Kotaokevn okvnpol opicpaTog 6To TAMiclo

eval (Call callee actuals,s) = (val,s""),
where
(formals, funBody) = lookup callee FunctionsMap
(frameArgs, (mem’, ,nr_frames')) = makeArgs actuals formals state
newFrame = Frame callee frameArgs || frameld
mem” = push mem' newFrame (nr_frames + 1) frameld
s’ = (mem” , lastFrameld mem” | nr_frames + 1)
(val,s") = eval funBody s'
(s" = (mem", nr_frames"))

s"" = (mem"  frameld, nr_frames")

Zympa 3.15: Asttovpyikn onpoactoAoyia yio TNV KANon cuvaptnong

[Ip®dTov, Bo TOPOVGIACOVUE Plo GLUVAPTION Y10 TNV KOTAOKELT TOV EMYEPNUATOV, Aapupdvo-
VTOG VITOWYT TIG TPAYLOATIKES TUPAUETPOVS TG KANOTG KOt TIG TUTTIKES TOPAUETPOVS TOV OPICHOV TNG
ouvaptnong mov Ppicketan otn doun FunctionsMap.

H ocvvdaptnon, mov ovoudleton makeArgs £xel t popon, mov eaiverol oto oynpa 3.11, 6mov ot
TPOUYLLOTIKOL KOl O1 TUTTLKOT TOPALETPOL EENYOVVTOL TOPATAV® Kot TO State avamaploTd TV TPEYOVCa
KOTAGTOGN TOV dlEpUNVEQ.

INo kéBe Tpoypatikn Tov aviiotoyel o€ kKdbe emionun TapAUETPO, £YOVLE TO kO OLOA, avaAoya
av 1 TOPAUETPOG eivar oe cbv, cbn 1) lazy:

e cbv: Onwg eaivetal 6to oyfua 3.12 n cuvaptnon entotpépel (frameArg, state’), 6mov 10 frameArg
npootifetor oto [FrameArg] kol 1o state’ gival M €16000G 6TO OpIGHA State TNG GLVAPTNONG
makeArgs.

e cbn: Onw¢ eaiveton 610 oynpa 3.13, to state mwapopével oUeTaPANT Kot €161 T0 (frameArg,
State) EMOTPEPETAL.

o lazy: Onwg eaivetar oto oynpa 3.14 to state dev oAAALEL, Le amOTELECLA VO EMGTPEPETAL TO
(frameArg, state).
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Onwg paivetol Tapamdve, Lovo ta extyelprpoto cbv ektelodvTol oe auTd To GNUELD KOt T) dAAaY
LVIAUNG OV TPOKOAOVV, EMGTPEPETAL GTNV KATAGTOCN TNG GLVAPTNHONG eval.

Topa, givar kapodg va Eovapyicovpe TV Topovcicon oXETIKG UE TNV KANON AEITOVPYiNG GTOV
dtepunvéa. H Aettovpywcn onpacio pag kAnong Aettovpyiog eppavifetor oto oynua 3.15. Kébe popd
OV €YOVLE oL KAOT cUVAPTNONG, £va VEO TAMiGC1o deopevetal otn puviun. Tote, o diepunvéag omo-
TIHA TO CONO TNG CLVAPTNONG Kal TEAMKE emavapvBpilovpe To TepBEALoV Yo TNV EXOUEVT AElTOLPYiOL
nov yepiletot o dtepunvéo.

3.4.3 Toaipwoopa TpoTOTOV

Onwg gxetnon avaeepbet, dtaywpilovpe petadv pattern matching oe axepaiovg ko pattern matching
o€ dedopéva. Mia dtoukAddwon (branch) oto pattern matching giva:

type Branch = (Pattern, Expr)
data Pattern = CPat { tag :: CN, vars :: [VN] } -- pattern matching on constructors
| IPat { pattvVal :: Int } -- pattern matching on integers

caseExpr = Case caseld e branches

Xyfqna 3.16: H ékppaon case

eval (e,s) = (€,s'),
where
s' = (mem', savedFrameld, n), and
e = VI i, integer pattern matching, or
e = VC ¢, constructor pattern matching

¢ = Susp (cn, ) _

Yympa 3.17: Anotipnon tov épov mov eEetdleTon

eval (caseExpr,s) = (eval " s',s'),
where
¢ = lookup (IPat i) cases

I . / .
s’ is the state after scrutinee's evaluation.

Yympa 3.18: Asttovpyikn| onpactoloyio yio pattern matching o axepaiovg
H odvtaén e ékppaong ‘case’ paivetatl 6to oynfua 3.16. o v anotiunon g EKepacns ovTng,
0 dlepunvéag kdvet ta exdpeva Ppato

o [Ipota, amotipd tov dpo mov efetdletan (scrutinee), 1 OmOTIUNGON TOV OMOIOV EOIVETOL GTO
oynpa 3.17.

e Y11 ovvéyela, oto oxnua 3.18, paivetol T cupmepreépetal o dtepunvéag yio pattern matching
TAV® GE OKEPOIOVG.
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eval (caseExpr,s) = (eval " 5", s"),
where
pattindex = indexOfPattern cn patterns
(_,€") = branches |pattIndex]
susps’ = (caseld, c) : susps
frame' = Frame caller funArgs susps' prevFrameld

s" = (updFrame mem’ frameld framée', frameld, n)

Yympa 3.19: Asttovpyikn onupoctoAoyia yio pattern matching e KoaTaoKELUOTEG OEGOUEVDOV

e Téhog, To pattern matching méive 6g KOTOGKELOGTES OESOUEVAOV PaiveTol aTo oynua 3.19.

100G Tapandv® opiopoVG, 1 indexOfPatterns divel cov €080 T0 deikTn ot AMoTo TeV dtakia-
dmoemv, yuo va yvopilel o diepunvéag mota Oa ivat 1 endpevn Ekppacn tov Ba amoTIUoEL.

ENUELOVOLLE, GE 0LTO TO GNUELD OTL, TAPOAO TOV 1) LAOTOINGT Hag SOVAEVEL e AloTEG, avTioTotya
N Aertovpyia pwopel va YEVIKELTEL Y10 OTTIOLO0NTOTE KATOCKEVAGTY O0EO0UEVDV, KOOGS avtol elvar
eni g ovoiog cvvoptioels. To televtaio gival TPoPavES oV OVOAOYIGTOOUE OTL SOVAEDOVLE GE LLLOL
GLVOPTNGLOKY] YADCGO, OTTOV Ol GLVOPTHGCELS £Vl TOAITEG TPMTNG KT YOoplag.

3.44 Eg@oppoyn KotookevaoTy] 0£00pévev

Yy mepintmon mov Exel epapuoyn evog lazy karaokevaoty dedouévav (lazy data constructor),
avTo elvar 160odvvapo pe TV déapevon pvniung evog thunk. Xty mepintwon pog, owtd givor puo 6é-
opevon evog suspension, OTmG ENYNONKe Tponyovpéveg. ITio cuykekpuéva,  eval yio pio epoappoyn
0pov og lazy data constructor gaivetat 6to oyfua 3.20.

eval (ConstrF tag exprs,s) = (VC (Susp (tag, exprs) frameld), s)
, Where
frameld : the id of the current frame existing in the interpeter’s state,

tag : the name of the constructor.

Tympa 3.20: AetovpyiK GNUACIOA0YI0 Y10 EPOPLOYT OKVIIPOV KOTUCKELUCTMV

3.4.5 Ilpoporéic KOTAGKEVAOTOV

e TNV TNV TEPITTMGT, 0 SIEPUNVENG EXEL CUVAVTIOEL LI LETOPANTT OV deGUEDETAL 0T pattern
matching. Onwc avaeépOnke TponyovUEVAOC, 1| aTOTiUNOoT EVOG OpOL avoyKALETAL, OTOV TPETEL VO
amotiunovv tétoteg petafintéc. H Aettovpyia g eval yio v mpoflols kataokevaoty epoavileton
oto oynua 3.21.

[pdTtov, Bpickovpe T0 KATAAANAO susp PHEGH OTO TESIO SUSPS TOV TPEYOVTOG TANLGIOV. 2T GUVE-
YEW, Ao TN AMota exppdoewv el PpiocKovpe Tov KATAAANA00 Kataokevaot otn 0éon cpos . Metd
TNV OTOTIUNON TNG EKQPACTC EXOVLE TNV TYUN-OTOTELEGLLO KO TO ENOUEVO state TOV diepunvéa Hag.
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eval (CProj caseld cpos,s) = (val,s'),
where

s = mem’ frameld nr_frames'

susp = lookup cid susps

Susp (_, el) savedFrameld = susp

¢’ = el[cpos]

(val, (mem',  nr _frames')) = eval (¢, s)

Yympa 3.21: Aettovpyiki oNUoctoAoyia Yio TNV TPOPOAT KOTACKELUOTN
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Keoararo 4

Avalvon: Xe avalitnon svkaprlov eitiotonoinong

& auT0 T0 KEPAAN10, TAPOVGLALOVLLE TV AVAADOT) TTOL EKTEAEITOL TPOKELUEVOL VO, OTOKAAL POV
oL Tpaypatikés Bécelg KAnong ovpds. [lpdtov, Kédvovpe opiopéVous oNUAVTIKODS OPIGHOUG VYNAOD
EMITEOOV Y10 VO UTOPEGEL O OVAYVADGTNG VO TAPOKOAOLONGEL TIG EMOUEVES EVOTNTEG.

H &icodog g oTatIKng avaivong Lag eivat n YAOCoH Tupiva, TpaTNg TAENG, Tov €Yl 000l 6TO
avtioTolyo ke@AAlo, pali pe TN AEITOVPYIKT ONUOGIOAOYIO TTOV TOPOVGIACTNKE GTO TPOTYOVUEVO
kepdraro. H £€060¢ elvar KatdAAnAa Mo UEIOUEVES KATGELG GLVAPTHOEMY, OOV O EUTAOVTICUEVOG
dlepunvéng Tov emdpeEVoL kepaiaiov Ba dayeipiotei katdAinia. H avédloon mov tapovsidletol oe
oVTO TO KEQPAALO ATOKOAVTTEL TOV B0, epapootel 1| BEATIOTONOINGT, EVD GTO EMOLEVO KEPAANLO Ba
TOPOVCLOCTEL 1] AEITOVPYiD KOTA TO YPOVO EKTEAECTG.

4.1 Kloown Bertiotonoinon KAMoe®y ovpag

Y10 onueio awTtd, ApyIKa SiVOVLE VO OPICHOVG: OPEIAOVLLE VO, SIEVKPIVIIGOVE OTL 0 OPOC KANGELG
oLpdag dev givat o 10106 pe Tov 6po PerTioTomomoipes kKANoelg ovpdc. Evd ot dvo avtoi 6pot tavtilo-
VIO G€ L0 YAMGOO TPOYPOULATIGHOD LE QLT PN onpactoloyia, avtd dev cupfaivel og o yAdooo
Vo TV TAPOLGIO TNG OKVIPNG ATOTIUNONG.

4.1.1 Opwopoi

Opwopdég4.1 Mo khnon cuvaptnong sivol e Géon kiijons ovpag, N Eival kAjon ovpag, av kot Hovo
av 1 EKTELECTN TNG TPOYLLOTOTTOIEITOL OKPIPDG TPV EMGTPEYEL 1] KOAODGO GUVAPTNOT).

Opwopég4.2 Mo kAnon ovpdc eivan fedtioromonaiun, | VOl TpayuoTiky KAGn ovpag, av Kot Hovo
av avtn glval g BEon KAnong ovpdc (optopog 4.1) kot Kavomolel Tovg KovOveg Tov mopovctdlovtat
otV evomta 4.1.3.

211G emOUEVEG EVOTNTES, TOPOVGIALOVE T SLOPOUN OO TIG KANOEIS GVVOPTHOEWY, TIOV VITAPYOVY
o011 YADOOO TUPNVO LG, OTWS Béoeic KAfoewy ovpdg, KOl amd kel OTIC feltiotomononies KANoELS
ovpag. O TELELTAIEG EMOTUEIDOVOVTOL OO TV OVAAVGT LOG GTN YADGGH TUPTVA, KOl GUYKEKPLUEVA
pe v emonpeioon TailCall. Otav o dtepunvEag Log CLVOVTE AVTES TIG EKPPAGELS, TPAYLLOTOTOLEL TN
Beltiotonoinon Katd 1o xpovo EKTEAEGTC.

4.1.2 Avaivon porig eréyyov mpoypdppatoc: Evronilovrog Tic KAMjoeig ovpag

INo pio YA®ooo TpoypopaTicod e 0DOTNPT ONUOCIOA0Yi0, avTd To Pripa gival akpimng 6,Tt
YPEALETAL: PAVEPDVEL TIG KANGEIS OVPAS, 0L 0Toleg gival OAec PeltioTonomoes. Avtibeta, og i
YADGGO e TOAAUTAG €101 ATOTIUACE®Y, KAl ESIKA LE TNV TOPOLGI0 OKVNPNG OTOTIUNOTG, 0VTO dEV
glvar apketod, KabmG 1 ATOTIUNON TOV OKVIPOV O0pwVv d¢ yvaopilovye moTte B amotiundei, pe amoté-
AEGLO VO OPOTETEDOVV OO T GTOTIKT TOVG EPPELELQ.

[pdxetton yio pia tomikn| avédAvon, 1 omio Tpaypatomoleital 6To oo pag cuvaptnong. H avé-
Avom cLVOYILETUL GTOVG TOPAKATM KOVOVES:
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e To copa pag cuvaptmong eival KARoTn ovpac.

e Otav o if/case éxppoomn eivatl KANon ovpdg, TOTe 01 SLUKAASMCELS TOVG ival EMioNg KAGELS
oVpag. v mepintmon evog ‘if” yio mapdderypa, Ta then/else eivar oe Bécelg KAnoemv ovpac.

e Timota dAho dev eivan og Béon KAoemV ovpac.
[N va yivel To cagég To Topamive, ¥PNOYLOTOIOVUE TO £ENG TAPAOELY AL

foo n =
if n>0
then n * foo (n-1)
else 1

To copa g cvvaptnong ‘foo’ eivaun tail call. Avtd onpaiver 6Tt to “if’, mov etvon M Mo WAV
£KQPOOT] GTO GOWN TNG GLVAPTNOTS, €ival o€ BEon KAfong ovpds. 'Etot, ta then/else sivor kKAfcels
ovpdg. Xt ‘then’ TpodTOGT OU®G, OTOV TPAYHOTOTOLEITAL EVAG TOAAATAAGIOGUOG, 1| KAor otr ‘foo’
dev givar o€ B0 KA'NONG 0VPAS, COLPOVA LLE TOV TPITO KAVOVA.

AM\G av glyope TO ETOUEVO TPOYPOLLLLOL:

foo n res =
if n >0
then foo (n - 1) (n * res)
else res

TOTE 1 KANON TG cuvapTnong otr then pdtact eivat og BEon KANong ovpds, kabdg To then eval o
0¢om KAnong ovpdc.

4.1.3 Avdivon odnyoduevn amo ta dgoopéva: BedtioTomouopeg KM GELS 0VPAC

Metd v amokdloyn Tev BEcemv KANoNG 0Vpac, TOV TPOKVLATEL OO T POT| EAEYYOV TOL TPO-
YPALLATOG, 1) 0010 TOPOVGLALETOL GTNV TPONYOVUEVT] EVOTNTA, TOPA EPAPUOLOVIE OPIGHEVOLS KO-
VOVEG Y10 va. amokaAveBovv o1 TpayaTikd BEATIGTOTOMOIEG KANGELS OVPES, avaAoya LE TO €I00G
OTOTIUNGNG TOL £X0VV Ol OPOL GTNV KAAOVGA Kol KAAGLLEVN GLUVEPTNON avTicTtolyo. Metd amd OAa,
Beltiotonoinorn KAoNG ovpac TPOKELTAL Y10t TO TEPOUCLUO TOV EAEYYOV OO TOV KOAOVVTO GTOV KO-
AovpEVO. AVTO TO Prpa ToPaAEITETOL OTIC YAMGGES TOV ¥PNGUYLOTOOVV TV KAon Kat' adia, 6mov
VILAPYEL LOVO €val €100C OMOTIUNOTG, TO OTHO EMITPENEL TN PEATIOTOTOINGT EVIEAMS AMPOPANUATIOTA.

[Mapdro mov eaiveTar 0TL 01 Kavoveg epapprolovial o€ Eva de0TEPO TEPACHA AVAAVLGNC, OVTO Yi-
vetTal Yo, AOyoug COQNVELNG GTO KEIIEVO. TNV TPOYUATIKOTNTO UTOPOVLE VO, TO KAVOULLLE 0VTO GE £Vl
TEPAGLO, GE U0 EVIOIO AVAADGT, OKPIBMOG HOAG 1 aviALGT pONG EAEYXOV OTOPAGIGEL, OV 1 KATOM
7OV PEAETATOL €Vl KA O™ OVPOC.

Ot kavoveg yio éva mlavo tail-call, Tov anokaAvEONKe and TV avdALGT TG TPONYOVLUEVNG VTTO-
evottog, yio va gival feltictoromoiplo tail-call etvat:

o O1 TPOyUATIKEG TOPALETPOL GTNV KAN O O&V E0PTMOVTAL OO TIC TUTIKES TUPAUETPOVE TOV TNG
KaAoVcag cuvaptnong. ['a mapddetypa, avTég o1 TPayLOTIKES TapdpeTpotl prmopet va etvot ota-
Oepéc.

e Ot mpaypatikés mapdpetpol oty kAo sivar petofantés. Edav eivor petafintéc pmopodpe
TPOPAEYOLLE GTATIKA 0V KO TOTE Bal tvat dSuvarh 1 LETAAAAEN TOV TAIGIOV KATA TN S1apKELDL
ektéleons. O avayvadotng punopel eniong va avaeepbel 610 oyqua 5.5 yia 11 mbavég mept-
ntooels. [Ipaypatomolovpe tn PeATiotomoinon oxeddv 6€ OAES TIG TEPIMTAOCELS, EKTOC ATO SVO
VIOTEPMTMOGELS.

o H mpaypotikn mapdpetpog ivor pia Ekepact, aArd gival og Béom khnong kot a&ia. Xe avt
TNV TEPIMTMOT], VTAPYOLY OVO VITOTEPIMTMOCELC:
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— H éxoppaon €xel Pacikd tomo (m.y. aképoro). Avt glval 1 EDKOAOTEPT] VIOTEPITTMON,
KaOMG VTEC 01 EKPPAGELS, OTOV OOTLMVTOL, OTOTIUOVTOL omevBeiog o Tiun Pactkod
TOHmOoV, Ypig vo aprvovv thunks mov dev Eyovv anotiundei. Xe avtiv TV TepinTmon, Ha
umopovcape eniong va £yovpe dedopéva Onwe ol Moteg Tng ML, ta onoia eniong amoti-
povtol o€ fadog.

— H éxoppaon eivan kotackevacpéva dedopéva. e avtn v mepintmon, Ppiokovue Oleg
TIC HETAPANTES pEGa otV EKEpacn. Edv avtég ot petafAntég anotinmvrol angvbeiog o
TN, yopig va apivovv thunks, (tipég pe tomo Pdong 1 Padid amotiunuéva dedopéva),
TOTE VTN 1) KANON oLVAPTNONG Elval BEATIGTOTOMGIUN KA O OVPAC.

— Ot K\oglg ovpdg Tov eV VITOKEIVTOL GTOVE TOPATAVED KOVOVEG deV elvar BEATioTOTTON)-
OYLEC.
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Kepararo 5

Ylomoinon BeitioTtomoinong kAoemv ovpdag 6to Ypovo
EKTELEOTC

In this chapter, we will present how the optimisations are implemented in the interpreter. More
specifically, we will present how eval operates, when a tail call has come up (figure 5.1).

eval (e,s) = (¢,s'),
where e = TailCall callee actuals

Yyqpa 5.1: Emonueiopévec eKppacels

5.1 As&wrovpyia yio TV KAOGIKT] PEATIGTOTOINGT KAGE®Y 0VPAS

Classic tail call evaluation contains one major operation, which makes the optimisation feasible:
this is frame mutation. This operation includes the replacement of the current frame’s arguments with
the arguments necessary for the construction of the frame for the next function call. For this operation,
it is mandatory that the caller’s arguments do not escape and for those that escape we correctly passed
them to the new frame.

H «hoown| Bertiotomoinon kKAong ovpdg mepiéyetl pia kuplo Asizovpyia, | omoia kévet tn Perti-
oTOmoINoN €QIKTN: VTN elvan N uetaAloadn tharoiov(frame mutation). Avti 1 evépyela mepthapfiver
TNV QVTIKOTAGTAGT] TOV OPICUAT®V TPEYOVTOG TAOLGIOV LE TO OITOPOATNTO OPICUATO Y0 TNV KOTO-
OKEVT TOV TAULGIOL OV OVTITPOCMREVEL TNV EXOUEVT KANON Agttovpyiag. o avthy T Asttovpyia,
glvat VTOYPEMTIKO TO, OPICUATA TOV KOAODVTOC VO UV ‘OpameTeEhooVY’ KoL Y1 *aVTH TOL ‘dpameTen-
ovv’ va ta petapipdcovpe cwotd 6to véo TAaicto.

H eval yia to TailCall akolovBei oto oynuo 5.2; H Aertovpywdmra tov checkMutate o, eEnynBel
apyotepa oty evotnta. Ot vroéAoumeg LeTafANTEG TOV QaivovTal 6To GYNUa eivat:

e formals givol o1 TUTKEG TOPAPETPOL TOV OPIGHOD TG KANOEicag cuvapTnong,
® actuals glval Ol TPAYLATIKEC TAPAUETPOL TNG KANOEicOg GuVApPTHONG,

o funArgs ivol Ta opiocpato HEGO GTOV TPEXOV TAAIGLO TOV KAAOHVTA,

e and s gival 10 TpEYOV state Tov diepunvéa.

Y& avtd to onpeio, Topovoldlovie TOV OPIGUO TNG SLVAPTNONG checkMutate, | omoia ivor puo
ovvéptnon g onoiag av g dobel To Tpéyov state Tov depunvéa ekterel To frame mutation Kot
mapdyel To endpevo state Tov diepunvéa. H dnlwon tng cvuvaptnong divetar oto oynpa 5.3 kot m
AELTOLPYIKT ONUAGIOAOYiO TG cLVAPTNONG diveTal oTo oyfua 5.4.

AxorovBel 1 meprypapn ¢ Pondntiknig cuvaptnong mutate, 1 AEITOLPYIKN CNUAGLOAOYIO TNG
omoiog paivetal 6to oynpa 5.5. Ao To oYNUO GAIVETOL TO TAPAKAT® Yo THV €G0S0 TNG GLVAPTNONG.
H ovvépton Aowmdv ndupvet:

o Tig emionpeg mOPAUETPOLE TG KAAOVGOG,
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eval (TailCall callee actuals, s) = (€, s'),

where
(formals, funBody) = lookup FunctionsMap callee
e = eval (funBody,s)

s' = checkMutate formals actuals funArgs s

Tyqpo 5.2: Asttovpyikn onuaciodloyia yio PeEATIoTON0INGT KANGE®Y 0VPAg

checkMutate :: [Actual] x [Formal| x [FrameArg| x State — State

Tymqpe 5.3: Afiwoon g Aettovpyiag checkMutate

checkMutate (actuals, formals, funArgs,s) = s,
where
(mem, frameld, nr_frames) = s
(callerFormals, ) = lookup callee FunctionsMap
(fundrgs',s") = mutate callerFormals formals funArgs actuals s
(mem’, frameld' ,nr_frames') = s"
frame" = Frame callee funArgs' || prevFrameld

s = (updFrame mem’ frameld frame" , frameld, nr_frames')

Tyfqna 5.4: Asitovpyikn onpacioloyia yio T Aettovpyio checkMutate

Tig emionpeg mapapétpovg g KAndeicag,
® 70, OPIGHOTO TOV TPEYOVTOG TANLGIOV,
® TIC TPOYLOTIKEG TOPOUETPOVS TNG KARONG,
® TNV TPEYOVGH KATAGTOGCT TOL dlepUNVEa,
KoL TOPAYEL:

e To opiopata TAaciov Y10 10 vEO TAAIC10. ZMUEldVOVUE €00 OTL BEAOVUE VO LETOTPEYOVLE TIG
TPOLYLOTIKES TOPAUETPOVS TG KANONG TG AELTOVPYIOG OTIC KATAAANAEG TAPOUETPOVE TAULGIO,
YPNOLOTOLDVTOG TIS VIOYPOUPEG AELTOVPYING TOV KOAOVVTOG KOl TOV KOUAOVUEVOL. XVYKEKPL-
HEVO, UG EVOLAPEPEL 1| LOPPT TOV OPLCHATOV KOl EMOUEVMG TTPEMeL va Yvopilovpe 1o €idog
OTOTIUNONG TOV TPAYLATIKOV TOPOUETPDV.

e H emdpevn katdotaon yuo tov diepunvéa. Emeldn n omotipnon uropel va mpaypotomondel, evid
oL M AelTovpyio exteAEitaL (VIO TOPASELY O, TPETEL VO LETOTPEYOLE VO OKVIPO OPIGLLOL GE
aVOTNPO Kot £TGL VO KAVOVLLE TNV OOTIUNOT TPV UETUPOVIE GTO GO TNG GLVAPTNONG), TPE-
TEL VO AAALGEOVIE TNV KATAGTOGT VAUNG KOl VO LETPICOVUE GOGTE TA TANIGLOL Y10l TO XEIPIGHO
¢ PeAtioTonoinong mov akoAovbel 6To EXOUEVO KEPAAALO.

KaBog n yAdooa givar Tpdtng TaENG, dev vrootnpiletl Lepkég EQAPLOYES OPOV, KOl ETOUEVMG O
apOUOC TOV TOPAUETPOV OTNV AMOTA TPOUYUATIKOV TUPAUETPOV Eivat ion LE TOV aptBpd TOV TUTIKOV
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™G Guvaptnong tov kaAovvtog. H cuvaptnon mutate teppatifetor dtov ot 300 ovtég Aloteg givan
KEVEG o1V 1010 EMOVAAN Y, Stapopetikd ‘piyvel’ o egaipeon. H extédleon g apyilel ko cuveyilet
uéypt va teppatiost eneepyalovrog kabe mpoypatikn TopapueTpo e kAnong. To arotélecua givon
Lo AlOTO TOV GUYKEVIPMVEL TO ATOTEAECO KAOE EMAVAAYG.
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getlndex :: VN x EvaluationOrder x Type x [Formal] — Index
getIndex (vn, eo, type) fs = elemIndex (vn, (eo, type)) fs

getEvaluationOrder :: Formal — EvaluationOrder
getEvaluationOrder :: (_, (eo, )) = eo

signOfVar :: [Formal] x VN — EvalutionOrder x Type
signOfVar formals vin = lookup vn formals

transform :: CallerEO x CalleeEO x FrameArg x State — FrameArg x State

transform (CBV, CBV, arg,s) = (arg,s)

transform (CBN, CBN, arg,s) = (arg,s)

transform (Lazy, Lazy,arg,s) = (arg,s)

transform (CBV, CBN, ByNameArg e, s) =
where (v,s') = eval (e, s)

transform (CBV, Lazy, LazyArg e b v,s) = if b then (StrictArg v, s) else (val,s’),
where (val,s") = eval (e,s)

transform (CBN, CBV, StrictArg (VI v),s) = (ByNameArg (Elnt v), s)

transform (CBN, CBV, StrictArg (VC ¢),s) = error

transform (CBN, Lazy, LazyArg e true (VIv),s) = (ByNameArg (Elnt v),s)

transform (CBN, Lazy, LazyArg e true (VC ¢),s) = error

(

(

(

(StrictArg v,s'),

transform (CBN, Lazy, LazyArg e false v,s) = (ByNameArg e, s)
transform (Lazy, CBV, StrictArg v,s) = (LazyArg e true v, s)
transform (Lazy, CBN, ByNameArg e,s) = (LazyArg e false null, s)

mutate :: [Formal] x [Formal] x [FrameArg| x [Actual] x Index x State — [FrameArg| x State
mutate (_, [|, ,[],_, acc, s) = (acc, s)
mutate (callerfs, calleefs, args, (EVarv : as), ix, acc, s)
= mutate (callerfs, calleefs, args, as, (ix+ 1), (arg’ : acc), s')
where calleeEO = getEvaluationOrder calleefs|ix]
sign@(callerEO, callerType) = signOfVar (vn, callerfs)
callerlx = getlndex (vn, sign) callerfs
arg = args|callerix]
(ard',s") = mutate (calleeEO, callerEO, arg, s)
mutate (callerfs, calleefs, args, (a@(Elntn) : as), ix, acc, s)
= mutate (callerfs, calleefs, args, as, (ix+ 1), (arg : acc), s)
where calleeEO = getEvaluationOrder calleefs|ix]
if calleeEOQ = CBYV then StrictArg (VI n) else if calleeEO = CBN then ByNameArg a
else LazyArg a false null
mutate (callerfs, calleefs, args, (a : as), ix, acc, s)
= if calleeEO = CBYV then mutate (callerfs, calleefs, args, as, (ix+ 1), (arg : acc), s')
where calleeEO = getEvaluationOrder calleefs|ix]
(v,s") = eval (a,s)
arg’ = StrictArg v

Xynpa 5.5: Astrtovpyikn onpactoloyia yuo ) Asrtovpyio mutate
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Kepararo 6

EniAloyog

AVt 1 gpyacia delyvel TAOC va eneKTEIVOLLLE TNV KAOGIKT| BEATIOTOTOINOT KAONC OVPAC GE YAMO-
OEG LLE OKVNPY] OTOTIUN O TTOL VIOGTNPilovy TOAAATAG €101 amotipnong (6mwe w.y. KAnomn kat’ a&io
Kol kAo kat’ ovopa). H spappoyn pag stvor évag diepumvéa mov ypnotomotetl TAnpopopie amd
J10 TOTIKT OTOTIKT AVAADCT], TPOKEUEVOL Vo avixvevBovv gvukalpieg PertioTonoinong otig Héoelg
KANGEWDV 0VPAG.

H teyvicn pog pmopei emiong va vAomoindei 6€ evo PETAYADTTIOT Y0 OKVIPEG YADGGEG TOV
ypnoonotel defunctionalization, 6mwg o GIC [Fourl4a] 1 o GRIN [Boqu96, Podl19]. Avti ) &v-
oOUATOOTN YpeGleTar Eva LIKPO YEVVITOPO KMOKA Y10 LETAALOEN TOV TAMGI®V Y10l TIG TIG KANGELS
0VPAG, 001 YOV LEVT OO TIC ATOPAGELS TOL dlepunvéa pag. 'Eva t€to1o Pripa eivot to mpo@aveg yo v
VAOTOINGN HOG.

Evoopdtoon pe éva mo odvheto petayrottiot Oa propovoe eniong va fondncet yio vo a&toro-
YNGOLLLE TNV TEXVIKN UG LE TO PEOAMOTIKA Tpoypdppate og avagopd (benchmarks), 6nwc n covita
SOKIUAGTIK®V TPOYPAUIdT®V nofib [Part93].
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Chapter 1

Introduction

1.1 Purpose of the thesis

The purpose of the thesis is to integrate tail-call optimisation in functional programming languages
in the presence of multiple evaluation order choices (call-by-value, call-by-name, call-by-need). Our
optimisation can be combined with the defunctionalization transformation [Reyn72], so that the re-
sulting performance optimisation also supports higher-order functional languages.

1.2 Motivation

While programs in imperative programming lanaguages can run in constant space using “loops”,
this does not happen in functional programming languages (which favour recursion over “loops”),
because of the memory overhead due to recursion. On the one side, functional programming offers
programmers and software engineers features that other programming styles do not [Hugh89], and on
the other side, memory overhead due to recursion can be eliminated using tail-call optimisation.

Tail-call optimisation for strict functional languages is a well-studied topic, but it fails in the pres-
ence of laziness: the computation of a lazy argument can happen arbitrarily during the execution of the
program and thus lazy arguments escape their context more easily than strict ones. On the one hand,
laziness gives programmers great options: to use infinite data structures [Abell3], to define control
flow (structures) as abstaractions instead of primitives, to increase performance by avoiding needless
calculations, and to avoid error conditions when evaluating compound expressions. But this flexibility
comes at a cost: too lazy programs can lead to poor performance and even memory leaks. On the other
hand, strictness enables programmers to count performance more easily, but programs can fall into
undesired behavior, such as divergence.

In this thesis, we get the best of both worlds: our programs need not be too lazy nor too strict, with
evaluation order annotations supporting tail-call optimisation in lazy evaluated functional program-
ming languages, thus eliminating memory overhead associated with recursion in the same way as in
strict functional languages.

1.3 Overview of the thesis

In this thesis, we integrate tail-call optimisation in a functional language in the presence of multiple
evaluation order choices (strict, lazy, call-by-name semantics). Our optimisation supports user-defined
data types with pattern matching and thus can be combined with the defunctionalization transforma-
tion, so that higher-order functional languages are also supported. The source language, similar to
Haskell, is transformed (via defunctionalization) to a low-level, minimal, first-order functional lan-
guage with non-strict semantics, lazy evaluation and lazy structured data as well as strictness annota-
tions. To find opportunities for optimisation, we perform a static analysis on the low-level functional
language, to spot tail-call positions. The difficult part, compared with languages with strict semantics,
is that lazy semantics makes program values escape their context and thus finding tail-call positions is
not trivial. This optimisation was evaluated on an interpreter of the language that explicitly allocates
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and measures frames, so that on tail-call positions found by the analysis, we can properly replace the
unnecessary current frame’s arguments with the arguments needed by the frame that represents the
next function call. Our optimisation either improves program run-time, or does not change it. Also,
in the case of strict programs, our optimisation is equivalent to classic tail-call optimisation. In con-
clusion, in a non-strict, lazy-evaluated functional language with lazy data constructors and strictness
annotations, for all benchmarks we use, there is always memory optimisation, and for the majority of
them there is a significant memory optimisation with performance boost.

1.4

Contributions

Our major contributions, presented in this thesis, are:

We show how tail-call optimisation and tail recursion modulo cons can be applied to a functional
programming language with mixed evaluation order. Our key contribution is how it can be
applied in the presence of lazy evaluation, and thus turning the optimisation to an extension of
tail-call optimisation for call-by-value languages.

A prototype implementation of an interpreter with explicit frame allocation, as well as frame
counting mechanism, for a functional language with call-by-value, call-by-name and call-by-
need semantics, lazy data constructors and pattern matching.

A static analysis algorithm to find #rue tail call positions and the implementation of the runtime
system for these optimisations embedded in the interpreter.

The evaluation of this optimisation on micro benchmarks shows that it either improves the
runtime or does not change it. The evaluation seems to approach in many cases the number of
frame allocations in call-by-value languages, which is the best result we can have.

An overview of the contents of each chapter follows:
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In Chapter 2, we provide the necessary background for the reader in order to follow the next
chapters. We give a comprehensive explanation of classic tail-call optimisation (section 2.1),
an overview of the evaluation order choices we study in this thesis (section 2.2), an overview
of static analysis (section 2.3). Finally, in section 2.4 we give an overview of abstact machines
and interpreters, focusing on lazy functional languages.

In Chapter 3, we give an overview of the thesis; we provide the intuition for our key ideas
presented in the rest of the thesis.

In Chapter 4, we present the language we studied. Briefly, we describe how from a higher-
order functional language and applying the appropriate transformations (sections 4.2-4.4) we
can reach the first-order functional language we used for our analysis and evaluation of the
optimisation.

In Chapter 5, we describe the execution model of our language. We present operational prop-
erties as well as implementation details.

In Chapter 6, we give the static analysis algorithm that we use in order to spot and thus prop-
erly annotate true tail-call positions. These annotated function calls are later handled by the
interpreter.

In Chapter 7, how we operationally treat inside the interpreter the tail call optimisable function
calls.

In Chapter 8, we give an evaluation of our optimisations on microbenchmarks.

Chapter 9 and Chapter ‘10 are related work and conclude the thesis respectively.



Chapter 2

Background

In this chapter, we provide the reader the necessary background for this thesis. The optimisations
presented in this thesis are explained. Anyone familiar with these ideas, can skip this section and
continue to the next chapter, where we give the intuition behind the main idea of this thesis.

2.1 Tail-call optimisation

The main optimisation this thesis discusses is tail-call optimisation (TCO). This optimisation, first
found in Scheme [Suss75, Stee76] and generally usually found in strict functional languages, allows
functional programming languages to have constant space similar to ‘for’ loops from imperative pro-
gramming languages [Clin98]. Without this, recursion would require /inear memory space; i.e. one
frame allocation for each function call.

Implementations of programming languages use a stack for function calls, where stack frames
(or activation records) are pushed for every function invocation: this permits recursion and has good
performance. Stack allocation for function calls has been an old technique, dating back at least to
ALGOL [Dijk60, Naur81] and LISP [McCa60, Stoy79].

Tail calls are function calls that happen last inside a function and they can be implemented with
a “go to” instruction. In the special case that the caller’s frame will not be needed again, fail-call
optimization can reuse it to construct the frame of the callee, saving space, and making some programs
run in constant space. Tail calls can be further optimized by the instruction-scheduling stage of a
compiler [Torc12, §12.4.3]. Tail calls have been used to transform recursive functions to iterative
(tail-recursive) ones [McCa62, §9][Barr68]. Tail-call optimization is an old idea [Gill65, p. 7][Knut74,
p- 21], which is an established part of modern compilers.

Some languages and implementations often offer features that are not easy to compose with tail-
call optimization. Frames may not be resized in-place for languages that support coroutines [Wait84,
p. 60]. Languages that support first-class continuations [Sper10], higher-order return values [Appe92,
p. 103][Stee78], backtracking [Bobr73], or non-strict evaluation, and implementations in continuation-
passing style [Appe92, p. 103], may allocate frames on the heap, because the lifetime of a frames does
not follow a simple stack (push/pop) usage.

Tail-call optimization is also important for implementations of logic languages [Bigo99], func-
tional programming languages running on the Java virtual machine [Mads18], imperative languages
such as C [Baue03, Prob01], or even low-level compiler-targeted languages such as LLVM [Pand15].

What exactly is tail call optimisation? Tail calls are function calls in specific locations; specifically
they are function calls performed as the final action of a function. Tail-call optimisation is actually
passing the control from the caller to the callee; the runtime does not allocate a new frame for the
callee function. Instead, it reuses the current frame from the caller function. This leads to a constant
memory usage for the whole procedure.

In the example below, we define a ‘factorial’ function in OCaml:

let rec fact n =
if n >0
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then n * fact (n-1)
else 1

Inside the function body, there is a function call to fact. This is not a tail-call, because this call is not
the last call performed in the function body. In this example, the multiplication is the last operation
performed, just before the function returns.

Let’s assume that we have a call to the function:

let main = fact 3

The calling stack in this execution follows:

fact 3 = 3 * fact 2
fact 2 =2 * fact 1
fact 1 =1 * fact 0
fact 0 = 1

From the calling stack above, it seems that fact 3 requires the result of fact 2, which requires
the result of fact 1, which requires the result of fact 0, in order to produce the final result. A stack
frame is allocated for each function call and it is finally free, when the result is returned to the caller.
The last operation that happens in every call is the multiplication.

Let’s take a look at a second example, again for the ‘factorial” function:

let rec fact’ n acc =
ifn>0
then fact’ (n-1) (n * acc)
else acc

These two examples have the same result. The path they follow in order to produce it though, is
totally different. At this point, let’s imagine a call to the function of the second example:

let main = fact’ 3 1

The calling stack for fact’ is the following:

fact’ 3 1 = fact’ 2 3
fact’ 2 3 = fact’ 16
fact’ 1 6 = fact’ 0 6

fact’ 06 =6

As we observe, the call to fact’ is the last call the function does before it returns. Also, the return
result ‘acc’ of the function is evaluated at every function call. This is the reason why fact’ can run
using only one stack frame, and thus we have constant stack space for the execution. Constant space
is also what happens if we wrote the ‘factorial’ function with a ‘for’ loop, in imperative programming
style.

Tail-call optimisation is great for both having functional programming, and thus recursion and
more clear code, and also not the memory overhead often required by recursion.

2.2 Evaluation order choices

In this section, we will describe the evaluation order! choices we used in this thesis. In the setting
of our first-order language, evaluation order is closely tied to how parameters passed and evaluated
at a function call. Evaluation order controls Zow the caller and the callee function will interact, when
the former calls the latter.

The evaluation order choices we studied are:

! Also known as evaluation strategy.
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e call-by-value or strict arguments (e.g. OCaml, Scala, Scheme),
e call-by-name arguments (e.g. A-calculus, Scala), and
e call-by-need or /azy arguments (e.g. Haskell, Scala).

Call-by-name and call-by-need semantics is similar to each other; they always produce the same
result. Their key difference is that call-by-need computes a value when it needs it, memoizes the result
after the computation and does not evaluate it again, while call-by-name re-evaluates the value, in case
it’s needed again for a computation. This makes call-by-name less practical. Call-by-need can also be
considered as a practical implementation of call-by-name, first appeared as a real-world implementa-
tion in the Miranda programming language [Turn85], later in Clean [Plas99], and has become more
popular with implementations of the Haskell programming language such as the Glasgow Haskell
Compiler (GHC).

2.2.1 Call-by-value (CBV) or strict evaluation

Call by value is the most commonly used technique for parameter passing. It’ s used in the most
functional programming languages (such as Scheme and OCaml) and also in imperative and object
oriented programming languages (C/C++, Java etc).

Call by value principles briefly are:

e Evaluate fully the actual parameters at the call inside the caller function body.
e Bind the fully evaluated values with callee’s formal parameters /ocally inside the callee.
Let’s become more clear using a simple first example:

length :: [Int] -> Int -> Int
length 1@[1] acc = acc
length 1l@(x:xs) acc = length xs (acc + 1)

-- Make the call to length
main = length [1,2,3] 0O

Let’s suppose strictness in the example above, i.e.:

e ‘I’ is a strict list, exactly the same as a regular list in SML.

e ‘acc’ is also a strict parameter.

During the execution we have the following memory snapshots:

length [1,2,3] O

length [2,3] 1 -- At this point, ‘acc’ is
-- evaluated to 0+1 = 1.

length [2,3] 1 length [3] 2

length [3] 2 length [1] 3

length [1] 3=3

This is the tail-recursive form of the function, known from the previous section, that counts the
number of elements inside a list. As it seems above, the accumulator parameter ‘acc’ is evaluated in
every function call, before the control of the call passes to the callee.

Now, let’s take a look at a second example, where the accumulator is a list. The purpose for this ex-
ample is to highlight the difference between strict data constructors a la ML and lazy data constructors.
It will become obvious in later section, when we will talk about laziness (section 2.2.3).
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makelist n acc =
ifn>0
then makelist (n-1) (n : acc)
else acc
main = makelist 3 [1]

The calling stack of this program follows

makelist 3 [] = makelist 2 [3]

-- Again, ‘acc’ is evaluated before

-- the call on the right-hand side is triggered.
makelist 2 [3] makelist 1 [2,3]

makelist 1 [2,3] makelist 0 [1,2,3]

makelist 0 [1,2,3] [1,2,3]

7

Until this point, we examined CBV semantics, the most common semantics that a programmer
uses. From this point on, we will dive into the two remaining kinds of semantics we used and we
will show to the reader the relation between them and their key differences, especially for datatypes.
It is important the reader to understand the key differences from now, even though we will have a
comprehensive explanation throughout the thesis.

2.2.2 Call-by-name (CBN) evaluation

Call by name is an evaluation strategy where the arguments to a function are not evaluated before
the function is called. They are substituted directly into the function body (using capture-avoiding
substitution) and then left to be evaluated whenever they appear in the function. If an argument is not
used in the function body, the argument is never evaluated; if it is used several times, it is re-evaluated
each time it appears.

Call-by-name evaluation is occasionally preferable to call-by-value evaluation. If a function’s ar-
gument is not used in the function, call by name will save time by not evaluating the argument, whereas
call by value will evaluate it regardless. If the argument is a non-terminating computation, the advan-
tage is enormous. However, when the function argument is used, call by name is often slower, requiring
a mechanism called a thunk, first appeared in ALGOL60 [Naur81]. More recent works works prove
a relation between call-by-name and call-by-value [Wadl03], supporting our interest to investigate
call-by-name as an evaluation order present in our core language.

A first example in order to showcase how a programmer can put CBN semantics to good use, is:

loop x = loop x

head []
head (x:xs)

error "Empty list”
X

main = head [42, loop 42]

While in CBYV, this program would cause a memory overflow, because it would try to evaluate
[42, loop 42], while ‘loop’ is an ifinite loop and it would diverge, and thus the above would be an
incorrect program, in CBN it will return 42, which is actually the first element of the list.

In a second example though, the drawback of CBN becomes obvious; it re-evaluates already eval-
uated values and thus turns the algorithm complexity from linear to more than quadratic. The example
follows:

fact n acc =
if n >0
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then fact (n-1) (n*acc)
else acc

main = fact 3

In this example, the successive order of calls would be:

-- 1
fact 3 1 =
ifn>0 -- Here becomes n = 3
then fact (n-1) (n*acc) -- where n =3 and acc = 1*3
-- 2
if n>0 -- Evaluates n-1=3-1=2 and n = 2
then fact (n-1) (n*acc) -- again n-1=2-1=1 and n*acc=1*1

-- This will follow until the end of execution,
-- and this leads to call-by-name with memoization (call-by-need).

2.2.3 Call-by-need or lazy evaluation

Call by need is a memoized variant of call by name where, if the function argument is evaluated,
that value is stored for subsequent uses. If the argument is side-effect free, this produces the same
results as call by name, saving the cost of recomputing the argument.

Haskell is a well known language that uses lazy evaluation. Because evaluation of expressions
may happen arbitrarily far into a computation, Haskell only supports side-effects (such as mutation)
via the use of monads. This eliminates any unexpected behavior from variables whose values change
prior to their delayed evaluation.

Lazy evaluation is roughly guarded by two major priciples:

e call-by-name semantics, and

o single-evaluation property, which requires some form of memoization in the case of reused
values.

At this point, let’s take a closer look at this program, also presented in the previous section about
CBN evaluation, but now in the presence of laziness:

2.2.4 Lazy data constructors

Assume the following program:

loop x = loop x -- function that diverges
head 1 =
case 1 of
[1 -> error "Empty list”

(x:xs) -> X
main = head [42, loop 42]

When we call head with argument [42, loop 421, the following happens:

e The program allocates a frame with an unevaluated thunk [Blos88], which is the expression
[42, loop 42], for the function call to head. This means that the formal parameter 1 contains
a pointer to the memory cell, which contains the aforementioned actual parameter.

55



Then, head is evaluated. Imagine case as an operation that ”opens” the data, i.e. it forces evalu-
ation one more step, until it finds which constructor is used. The first expression to be evaluated
is the list 1, which is needed in order to pick a branch. More specifically the evaluation of 1
produces x1:x2, where x1 contains a pointer to 42 and x2 contains a pointer to Loop 42. It also
binds x, xs to x1, x2 respectively.

At this point, case knows which branch to pick from the previous step. As 1 is not an empty
list, it picks the second branch.

On the right-hand side of the second branch, there is variable x. Now, the value of x is needed,
and thus it evaluates x1, that is evaluates the content of the pointer and finally it returns 42.

An important notice is that because pattern matching variable xs does not exist on the right-hand
side of the branch, it does not evaluate xs and thus the program does not diverge.

2.2.5 BangPatterns: Haskell with strictness

Haskell’s de facto compiler, the Glasgow Haskell Compiler (GHC), contains a language extension,
“bang patterns”, available both in the interactive environment (ghci) with:

ghci -XBangPatterns

and also in the compiler as a flag, or as a language extension annotation inside a Haskell’s source file
as:

{-# LANGUAGE BangPatterns #-}

which allow the explicit use of strictness in Haskell. We should also mention the existence of seq, a
function found in Haskell’s Prelude:

seq :: a -=>b ->b

which forces the evaluation of the first argument and returns the second argument as a result.
The example below showcases the use:
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{-# LANGUAGE BangPatterns #-}

loop x = loop x -- function that diverges

Il: 1 is a strict parameter

head !l =

case 1 of
[1 -> error "Empty list”
(Xx:xs) -> X

main = head [42, loop 42]

The same annotation in our language’s source files is used; it will be explained in detail in later
section of Chapter 4. For now, we provide some explanation about how the above program will run,
in order to highlight the difference with head with the lazy parameter, Haskell’s builtin, which was
given earlier.

The program above has the following behaviour when executed:

e Again, head is called. But now the frame for head has an evaluated thunk, because ! moves the

evaluation one more step. So, in contrast to the earlier example, 1 has a pointer to x1:x2, where
x1 contains a pointer to 42 and x2 contains a pointer to Loop 42. The thunk is also marked as
evaluated.



e Then, head is evaluated. At this point, when case needs to evaluate 1, which is marked as
evaluated, case knows which branch to follow, which is the same as earlier, and does not do
anything else.

e After the branch is picked, again the right-hand side of the branch is evaluated and 42 is returned
as a result.

e An important notice here is that ! does not force deep evaluation of the data structure. It just
moves the value from weak-head normal form (WHNF) to head normal form. For data, this
means that the outermost value is evaluated.

The idea about extending Haskell with strictness was used in StrictCore, an intermediate language
which aims to improve GHC’s Core language by having thunk/value distinction at the type level and
multi-arity functions and multiple value returns, inspired by [Boli09].

2.2.6 Deepseq: ML-lists in Haskell

The above functionality of ‘BangPatterns’ shows that even with these strictness annotations, data
constructors (lists in our example) are not the same as ML lists. But Haskell also has the ‘deepseq’
module, which cause deep evaluation of the data, and in this way we can have the option for head
normal data, which are the same as the data that exist in languages like ML.

An explanation of ‘deepseq’ functionality follows. BangPatterns are used in data constructor def-
initions.

data List a = Empty | Cons !a !(List a)

In the above data definition, Cons contains:
e A strict head, annotated with a “!’.
e A strict tail, annotated also with a “!”.

In case that this list was used for head, we finally have ML lists and the program will diverge as it
happens in a strict functional language like OCaml. ‘Deepseq’ automatically can turn a data structure
defined in Haskell into a ML-like data structure, by automatic instance derivation.

In case the programmer needs more customization, they can use BangPatterns in every possible
combination. The definitions below are also used in this thesis’ language.

-- 1. Haskell builtin lists.

data List a = Empty | Cons a (List a)
-- 2. Lists with strict head.

data List a = Empty | Cons 'a (List a)
-- 3. Lists with strict tail.

data List a = Empty | Cons a !(List a)
-- 4. Deeply evaluated lists.

data List a = Empty | Cons 'a !(List a)

2.3 Static analysis
Static program analysis attempts to predict all possible runtime behaviour of a program [Niel10].
This analysis happens without running the program, using just the program text or some other equiv-

alent intermediate representation. This permits the analysis to run before the program runs and can
thus be used to guide decisions such as compile-time optimizations.
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In practice, all realistic programming language implementations incorporate a set of static anal-
ysis that help apply optimizations, check type annotations, detect errors, or otherwise catch program
behavior before it happens.

Of particular interest to this thesis is strictness analysis [Peyt91, Hold10], an analysis especially
useful for lazy languages, where laziness can be overriden by a “strictness” annotation (such as the
functionality described in section 2.2.5). This analysis runs on a lazy program and determines which
expressions can be evaluated efficiently using call-by-value, instead of lazy evaluation, without chang-
ing the meaning of the program. More details about this analysis will be given in section 4.3.

In Chapter 6, we will also give our own static analysis that will be able to detect the program points
where tail-call optimization can be applied.

2.4 Abstract machines and Interpreters

In this section, we provide some background about abstract machines used for functional pro-
gramming languages implementations. We do not dive deep into every abstract machine; our purpose
is to provide keywords and references to the reader and, where appropriate, to compare with our ap-
proach. For more details on how our model differs from other non-strict models, consult the work of
Fourtounis et al. [Fourl3, Fourl4a].

2.4.1 Stack Environment Control Dump machine (SECD)

The SECD machine is a highly influential virtual machine and abstract machine intended as a
target for functional programming language compilers, introduced in 1964 [Land64], and explained
in detail by Danvy [Danv05]. The letters stand for Stack, Environment, Control, Dump, the internal
registers of the machine. The registers Stack, Control, and Dump point to (some realisations of) stacks,
and Environment points to (some realisation of) an associative array.

2.4.2 Three-instruction machine (TIM)

The Three Instruction Machine (TIM) [Argo89] represents a closure by a pair of a code pointer
and a pointer to a heap-allocated frame [Fair87]. The frame, which is a vector of code-pointer/frame-
pointer pairs, gives the values of the free variables of the closure, and may be shared between many
closures. These pairs of code pointer and frame pointer need to be handled very carefully in a lazy
system, because they cannot be duplicated without the risk of duplicating work, and thus violating the
single evaluation property.

In our approach, we also use heap allocated frames, but we have a uniform representation of our
runtime structs. Our interpreter allocates frames both for function and constructor applications, and
updates the frames appropriately when the evaluation of a lazy argument is forced.

2.4.3 Abstract machines for Haskell

The G-machine was an abstract machine originally designed for Lazy ML [Augu84], a version of
ML with lazy evaluation. It is based on compiling supercombinators, functions with no free variables
(or top level functions); the lambda lifter transforms lambda calculus into supercombinators. Then,
the supercombinators are compiled into G-code, the abstract machine code, whose execution model
is graph reduction [Turn79]. The G-machine handled tail calls in a similar way to ours (by replacing
the arguments of the caller’s frame with the arguments of the callee function), but it suffered from
space leaks [Jone90]. Our technique’s uniform representation of runtime structures and full function
and constructors applications (as it is first order), prevents these space leaks. Although the G-machine
is not built for Haskell, it is the predecessor of the Spineless Tagless G-machine, Haskell’s abstract
machine until today.
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The Spineless Tagless G-machine (or STG) [Jone92], in contrast to all other the abstract machines
mentioned above, for which the abstract machine code for a program consists of a sequence of ab-
stract machine instructions, is itself a small functional language. The machine is built for Haskell,
a non-strict higher-order functional programming language with lazy evaluation. Each instruction is
given a precise operational semantics using a state transition system. This machine is dealing updates
following the self-updating model; instead of leaving the responsibility for frame updating to the code
that updates the thunk, it passes the responsibility to the thunk itself. This can be useful if the machine
is used for a language that supports distributed or parallel computations, where the thunk that needs
to updated is not accessible from the code that updates it, at least in an affordable way. STG also
has a uniform representation for heap allocated objects (a head normal form or a thunk); by a code
pointer together with zero or more fields which give the values of the free variables of the code. It
also supports “let” bindings natively, while the function’s arguments are either variables or constants.
This means that all actual parameters are transformed to “let” bindings, where “let” is a heap builder
operationally.

2.4.4 Push/enter vs. eval/apply

In the functional programming world there are two basic approaches for evaluation of function
calls: push/enter and eval/apply.

e The push/enter model, briefly proceeds as following: the function (callee), which statically
knows its own arity, examines the stack to figure out how many arguments it has been passed,
and where they are. This is also our own approach, where at a function we look up the signature
of the function, evaluate its arguments and jump to the function body.

e The eval/apply model briefly proceeds as following: the caller, which statically knows what the
arguments are, examines the function closure, extracts its arity, and makes an exact call to the
function.

Marlow & Jones find that eval/apply is better than push/enter for higher-order implementations of
lazy evaluation [Marl06]. However, we implement an interpreter for a first-order functional language,
where no partial applications take place and thus the first approach (eval/apply) is not directly appli-
cable. We follow a push/enter approach, since we know in advance how many are the arguments and
we are able to construct the appropriate runtime data structure from the callee’s point of view.
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Chapter 3

Overview

In this chapter, we present to the reader some examples providing the intuition of the main idea
described in the following chapters. The description is informal and the reader has to know only
the details of laziness described in the background in order to follow. We do not refer to details of
the analysis and the execution model that may confuse the reader, while leaving that part for later
explanation, in the appropriate sections.

More specifically, in section 3.1 we provide examples for integers (values always in WHNF) and
for almost all the cases of handling lists (‘lazy’ data constructors): consuming (‘sum’), constructing
(‘makelist”), consuming and constructing (‘map’). In section 3.2, an example for tail recursion modulo
cons is presented. It is an extension of classic tail-call optimisation, first appeared in an implementation
of Prolog.

3.1 Classic tail-call optimisation

3.1.1 Example 1: Consuming lists

The first example with constructed data is a function that consumes the input data in order to
produce a result. The function traverses the input once and then computes the result. As we already
mentioned, all arguments here are lazy.

sum :: [Int] -> Int -> Int
sum [] acc = acc
sum (X:XSs) acc = sum xs (X + acc)

In strict languages like SML/NJ or Scheme, this is subject to tail-call optimisation. As we know
from section 2.2.1, acc is fully evaluated in every execution step, while in the presence of laziness acc
is evaluated once, when the input list is empty and the function needs it as a result.

The intuition here is that lazy argument acc has to be strict, as in the example below, because it is
a variable that has always a value (in the case the value of the variable x) added to it, and finally it is
returned as a result. This is known in the world from strictness analysis, as we will describe later in
section 4.3.

sum :: [Int] -> Int -> Int
sum 1 'acc =
case 1 of
[]1 => acc
X @ XS => sum Xs (X + acc)

At the latter example, acc (an integer or WHNF) is strict. This means that acc is fully evaluated
in each execution step, and thus it can be tail-call optimised. This, of course, is not possible if acc
was, for example, a list, as we will illustrate with the following examples.
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3.1.2 Example 2: Constructing lists

In this example, we have a function that constructs a list with successive integers up to the input
number ‘n’ (‘0° excluded, ‘n’ included). The function contains a tail-recursive call in its body to itself
(makelist (n-1) (n : acc)).

makelist :: Int -> [Int] -> [Int]
makelist !'n l'acc =
ifn>0
then makelist (n-1) (n : acc)
else acc

Although the example above seems a perfect candidate for tail-call optimisation, it is not, at least
in the traditional point of view of tail-call optimisation. Here, lists are lazy data constructors and are
not fully evaluated in every execution step. The bang (!) does not force deep evaluation of the data,
but it forces the evaluation one more step. That means that the strict acc constructs its backbone (a
memory thunk) in memory, along with a recipe (n-1 and n:acc cells) for further evaluation.

With a more case-aware analysis and additional work in the evaluator, we were actually able to
tail-call optimise the example above. The details will follow in sections 6.1 and 7.1 for the analysis
and the evaluator respectively.

3.1.3 [Example 3: Constructing and consuming lists

An example of constructing and consuming, or better processing, lists is map or foldl/foldr. In
the example below, we present a defunctionalized version of map, similar to Prelude’s map, instantiated
for the integer domain.

data Func Add Int
apply f x
case f of

Add a® -> add a0 x

map :: Func -> [a] -> [b] -> [b]
map f 1 acc =
case 1 of
[] -> acc
X : xs =>map f xs (apply f x : acc)

inca=a+1

result = map (Add 1) [1, 2, 3] []

In the example presented above, the tail-recursive call to map can be subject to tail-call optimisation,
following the same principles as in the examples like sum and makelist. The classic non tail-recursive

version of map (apply f x : map f xs) is actually subject to tail recursion modulo cons, which is
presented in the following section.

3.2 Tail recursion modulo cons
Tail recursion modulo cons is a generalization of classic tail-call optimisation. First found in an
implementation of Prolog, it can also be applied in functional programming languages, especially

those with lazy evaluation [WadI84].
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Tail recursion modulo cons can also be found in bibliography, as guarded recursion, a recursive
call guarded by a constructor. This can become more clear, if we consider lazy data constructors,
described in section 2.2.3, which use a mechanism called thunk for their evaluation.

Let’s illustrate this idea with a simple example presented in the next section.

3.2.1 Motivating example

In Example 3 (section 3.1.3), makelist was in the tail-recursive form. In this section, we have
a different version of the function. Programmers who constantly use strict functional programming
languages like OCaml will argue that the program below is bad.

In Haskell, this is not the case. Actually, in Haskell’s Prelude all functions are written in the form
below, where these programs are subject to many optimisations triggered by Haskell’s rewriting ma-
chine, and performed in the runtime (especially this program is subject to fusion [Cout07]).

At this point, we showcase the use of tail recursion modulo cons, instead of other optimisations
used in GHC.

makelist x =
if x >0
then x : makelist (x-1)
else []

In the example above, the then clause contains a constructor application:

@ (@ () x) (@ makelist (x-1))

This recursive call is guarded by the constructor (:). From section 2.2.4, where we described
lazy data constructors, we know that this constructor application will be suspended when the program
is running. This means that it will create a memory thunk with two cells, which will contain x and
makelist (x-1). The function call to makelist is actually a call that can be transformed to a tail-
recursive call to makelist, if the (:) thunk is updated with the value of the variable x.
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Chapter 4

The language

In this chapter, we will describe the language that we studied in this thesis. The semantics of the
language will become clear to the reader, as well as the special treatment of the evaluation order in the
final core language, which was used for the static analysis and for the optimisations. Briefly, a com-
prehensive description of the path from a higher-order functional language to a first-order functional
language with the evaluation-order annotations will follow.

4.1 Overview of the language

The language we studied is a functional language with multiple evaluation orders (call-by-need
or lazy, call-by-name and call-by-value or strict). We consider laziness as something that happens
naturally in the language, while the other two evaluation orders are used as language extensions, using
proper annotations. Our language is based on the language used by Fourtounis ez al. [Four13, Fourl4a].

The annotations can appear syntactically (i.e. the programmer can annotate the formal parameters
in the function definition) or after applying the transformations, described in sections 3.2 to 3.4, to the
source language. The latter is only the case for strict arguments revealed by strictness analysis.

4.2 Defunctionalization transformation

Defunctionalization is a compile time tranformation technique which eliminates higher order func-
tions, replacing them by a single first-order apply function, introduced by John Reynolds [Reyn72].
Reynolds’ observation was that a given program contains only finitely many function abstractions,
so that each can be assigned (and replaced by) a unique identifier. Every function application within
the program is then replaced by a call to the apply function with the function identifier as the first
argument. The apply function’s only job is to dispatch on this first argument, and then perform the
instructions denoted by the function identifier on the remaining arguments.

One complication to this basic idea is that function abstractions may reference free variables. In
such situations, defunctionalization must be preceded by lambda lifting [John85], so that any free
variables of a function abstraction are passed as extra arguments to apply. In addition, if closures are
supported as first-class values, it becomes necessary to represent these captured bindings by creating
data structures.

The defunctionalization transformation was used in MLton, an optimising compiler for ML. The
first-order core language created oportunities for whole-program analysis and led to great perfor-
mance [Cejt00]. Defunctionalization has also been used in implementations of lazy programming
languages, such as GRIN [Boqu96, Podl19] and GIC [Fourl4a, Fourl4b].

As an example of defunctionalization, Prelude’s map follows. The transformation leads to the non
tail-recursive version of map.

map :: (a ->b) -> [a] -> [b]
map f [] [1
map f (x:xs) f x : map f xs
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inc :: Int -> Int
inca=a+1

result = map inc [1,2,3]
After performing defunctionalization map is (instantiated for integers):

data Func = Inc

apply :: Func -> b -> b
apply f x =
case f of
Inc -> inc X

map :: Func -> [a] -> [b]
map f 1 =
case 1 of

[1] -> acc

X : Xs -> apply f x : map f xs

inc :: Int -> Int
inca=a+ 1

result :: [Int]
result = map Inc [1, 2, 3] [1]

The differences between the two versions are:

e The higher-order function, which is the first argument of map, (f, having type (a -> b)), is
transformed to a unique identifier, which is the data constructor Inc.

e For the application inside the body of result function, we define the first-order apply function,
which pattern-matches on the unique identifiers that are applied to map.

Further details and formalization of defunctionalization transformation are not given here. The
reader can refer to paper by Reynolds [Reyn72] for more information about this transformation.

4.3 Strictness analysis

Lazy evaluation only evaluates terms to values when needed; this provides the opportunity for
infinite data structures and programs that do not diverge, as those in strict programming languages.
But everything comes at a cost: evaluation can happen arbitrarily and thus lazy arguments can escape
their context.

But Mycroft noticed that some lazy terms are actually strict under the right circumstances [Mycr80].
For instance, the case construct forces the evaluation of an expression, called the scrutinee [Jone95],
causing the scrutinee to actually become strict, similar to strictness presented in section 2.2.5 about
BangPatterns.

And it’s more than that. Let’s look again the sum program of section 3.1.1:

sum :: [Int] -> Int -> Int
sum [] acc = acc
sum (Xx:Xs) acc = sum xs (X + acc)
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Here, lazy argument acc, which is a thunk in each function call is evaluated once, when the pro-
gram’s execution flow reaches the base case. This arbitrary evaluation of lazy arguments seems not
to be so arbitrary after all. We do know when acc is going to be evaluated.

The question is: what makes acc so predictable? From the example above, we have the following
information for acc:

e acc is an integer, always added to another integer.
e acc is the result of the function.

From these observations we can deduct that acc is going to be evaluated (second observation) and
all intermediate values are needed for its evaluation, as acc is an integer (first observation).

Although in this thesis we used integers and lists, strictness analysis can be applied except for
integer domain to any other domain. In practice, strictness analysis is a core analysis of Haskell im-
plementations [Peyt91, Burn96, Hold10].

In our model, strictness analysis may be performed in the defunctionalized higher-order language
in order to properly annotate strict arguments. Strictness annotations are also available in the language
syntax, and thus the programmer can manually give such annotations. The origin of the strictness
annotations (analysic vs. manual input) is thus not imporant for the aims of this thesis; we only assume
that such annotations are available.

4.4 Other transformations

After defunctionalization transformation and strictness analysis are performed, we also perform
some more transformations to the source language in order the intermediate language to reach the final
form, which is the input of the analysis, presented in later section.

e Alpha-renaming: This transformation (also known as alpha-conversion [Bare92]) renames all
variables bound by pattern matching. Every ‘case’ expression opens a new scope and variable
names in this scope are bound to the closest ‘case’ pattern. This transformation also handles
name shadowing.

o If-to-case transform: When the language supports pattern matching on data (constructors),
‘if” expression is not needed. It can be transformed to pattern matching on the nullary boolean
constructor (True vs. False). Haskell does not have an ‘if” expression as builtin; it only allows
syntactic use (as syntactic sugar for boolean patterns).

e Constructor projections: Every variable bound by a ‘case’ pattern has to be transformed to a
special syntactic node in the core language, which contains the case unique identifier and the
position inside the expression list in the constructor pattern [Four13]. The ‘case’ id is unique
inside a function definition (locally).

4.5 Syntax

In this section, the syntax of our core language is given. This is the output of the strictness analysis
and defunctionalization transformation as well as the other transformations of the previous section.
We run the analysis algorithm to spot tail-call positions with input the language from this section. The
interpreter is also built for that language; the evaluator for the optimisations are also implemented
inside the interpreter for this language.

Figure 4.1 shows the abstract syntax of the first order intermediate language. We need to highlight
the following points, before we dive deeper into the language:
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(p) == (fdef)" Program

(fdef’) :== fv ... vy = (expression) Function Definition
(expr) = v Variable
| (integer) Integer
| fer...e, Function application
| cej...ey Constructor application
| caseegofpatt; —ej|...|patty — ey, Case expression
(patt) == cvj... v, Constructor pattern
| (integer) Integer pattern
(integer) ::= 1,2, ... Integer domain

Figure 4.1: My grammar

The source language contains an ‘if” expression syntactically. In the syntax figure there is no
such construct. This is because ‘case’ is much more powerful than ‘if” and an ‘if” can be trans-
formed to a ‘case’. Actually, we have (boolean are constructed data as well):

if cond then el else e2 => case cond of { True -> el; False -> e2 }

There are no partial applications, neither in function nor in constructor applications. This means
that the arguments in a function call are the same in number as in the function definition.

There is no ‘let’ expression in the core language. Instead we assume that our language fully
depends upon a lambda lifter; a Johnson-style full laziness lambda lifter [John85] will get the
work done.

Case patterns are simple and do not allow wildcard patterns. Turning a complex case pattern
into a simple case pattern is a well studied topic [Augu85, WadI87].

The scrutinee of a case construct is not a case expression. We assume that case-of-case trans-
form [Peyt98] is performed.

The syntax in the figure is a syntax of a first order functional language. Our syntax has two main

differences from the one shown in the figure:
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e The concrete syntax of the core language has evaluation order annotations in order to distinguish

between the semantics during the parameter passing. We have already mentioned the strictness
annotations added by the strictness analysis. More specifically, the programmer can concretely
annotate the formals in the function definition with:
— ‘I’ for a strict formal parameter,
— ‘#’ for a call-by-name formal parameter, while
— lazy arguments are not annotated, because we consider laziness as something that naturally
happens in the language.

As far as the abstract syntax is concerned, the formal parameters of a function definition are:

type Formal = (VN, (EvalOrder, Type))
type VN = String
type EvalOrder = CBV | CBN | Lazy



data Type = TInt | TCons Type -- an value of type integer (TInt) or
-- a list of values with type Type

where the type constructor of a formal parameter has the information about the parameter’s name
and the static info of its evaluation order and its type. We assume the base types as integers and
later in the analysis part, we will explain why this is enough.

There is one more node in the syntax tree: constructor projections. The transformation for this
particular syntax node has been explained earlier (section 4.4).

data Expr = ... | CProj CaseID CPos

In a constructor projection, the first argument ‘CaselD’ shows the position of case where the
argument belongs and the second argument the position of the variable in the left hand side of
a constructor pattern in a ‘case’ branch.

The purpose of constructor projections is to bind the variables on the right-hand side of the
branch with the variables on the left hand side of the branch. In this way, these variables are
distinguished from the top level variables, i.e. the formal parameters in the function definition
and they offer the possibility to know the position in the frame, a reason that will become more
clear in the next chapter, where we are going to give the details of the execution model.
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Chapter 5

Execution model

In this chapter, we will present technical details the operational semantics for the language we
studied in this thesis as well as the technical details about the implementation of the interpreter, on
which we evaluate our technique for the tail-call optimisation and tail recursion modulo cons.

Section 5.1 gives a high-level description of the machine; then in section 5.3 the runtime data
structures and the design decisions will become clear to the reader.

5.1 Overview of the execution model

In this section, we present a high-level description for the execution model; this will be helpful
for the reader to follow the technical details from the next sections. Also, it will be easier to compare
to other existing abstract machines and interpreters that exist for a lazy functional language.

Our model, based on GIC [Fourl4a, Theol3], includes the following high-level properties:

e We implement a first-order lazy abstract machine. It is first-order as we do not support function
arguments cannot be functions and partial evaluation. Laziness is the default semantics for our
model.

e We have a frame-based execution model for our language, but the frames are heap-allocated
frames, instead of stack-allocated. The reason for this is that lazy evaluation breaks the se-
quential order of execution, because of frame updates, and thus we are not able to allocate and
deallocate frames with push/pop operations.

e Our interpreter supports explicit frame allocation, needed for frame mutation and evaluation of
our technique, as well as a frame counting mechanism of frames.

e Our language supports multiple evaluation orders and thus our interpreter also handles them
(call-by-value, call-by-name, call-by-need).

e Our data are lazy data constructors, but we can also support ML-lists (data with deep evaluation
presented in section 2.2.6).

e At function calls we follow the push/enter function call policy. Before jumping into the func-
tion body, we allocate the frame and evaluate all the actual parameters, with the respect to the
semantics.

e Our model supports pattern matching (constructors and base type values) similar to Haskell.
This is the most complicated feature in a lazy functional language, if we consider that initial
abstract machine did not provide support for that (section 2.4.3).

5.2 Runtime system

This section contains a detailed explanation of the prototype implementation of the interpreter we
used for the language. First, we are going to present the data structures used in the runtime; then, we
present the operational features of our interpreter.
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5.3 Runtime data structures

Here, there are the definitions of the runtime structures, as they are used in the implementation. The
implementation is in Haskell, but the code will be simple, so that every reader with a basic background
of a functional language can understand.

In the next sections that will describe the runtime structures, we will use the following convention.
At first, a definition will appear; probably accompanied with one or more definitions. If it contains
more complex data in its body, it will be described later in the section or there will be a pointer to
another section.

5.3.1 Memory: The global frame container

In this section, we provide the definition of memory: a mutable memory space, where frames
(explained in section 5.3.4) are stored.
We have the following definition for memory:

type FrameId = Int
data Mem = Mem {
memFrames :: Map FrameIld Frame, lastFrameld :: FrameId

}
The data definition has the following fields:

e A map data structure in which a unique frame identifier actually corresponds to a frame in the
memory (memFrames).

e The frame identifier for the last frame that was allocated (lastFrameld).

The reader can think of memory as the memory in a computer: every memory cell has an address
(Frameld) and the address has a content (frame). A similar representation to Launchbury’s mutable
heap for lazy evaluation [Laun93]. Here, not all frames have the same capacity; the details will be
given in later section for a frame.

This aforementioned data structure is accompanied with three operations in order to handle it:

e Add a frame to the memory with push operation (figure 5.1).

e Get a frame from the memory given its unique identifier (getFrame) (figure 5.2).

e Update the content of a memory’s frame, given its unique identifier (updFrame) (figure 5.3).
push :: Mem x Frame — Mem
push (mem, frame) = mem’
mem' = Mem { memFrames = frames', lastFrameld = lastld }

frames' = frame : (memFrames mem)
lastld = lastFrameld mem + 1

Figure 5.1: Push frame operation

getFrame :: Mem x Frameld — Frame
getFrame (mem, id) = frame
frame = lookup id (memFrames mem)

Figure 5.2: Get frame operation

Later on, we will use the terms push, getFrame, and updFrame in order to refer to operations
performed in memory.
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updFrame :: Mem x Frameld x Frame — Mem
upFrame (mem, frameld, frame) = mem {memFrames = insert frameld frame (memFrames mem) }

Figure 5.3: Update frame operation

5.3.2 Suspended execution of constructed data
The data definition of suspensions (for short or suspended execution of constructed data) is:
data Susp = Susp (CN, [Expr]) Frameld
A Susp data construction contains:

e The constructor’s name CN along with the arguments applied to it in an expression list, as the
constructors in our language are /azy.

e A pointer to the frame’ s identifier (Frameld) , which is the environment for this suspension.
This is the environment, until this suspension has been created. When the execution of the
program forces the constructor’ s execution again, it will use this environment for its evaluation.

5.3.3 Values

A value can either an integer value or a suspension.

data Value =
VI Integer
| VC Susp

From the above definition, we have that a value can be either an integer (or generally a base type
value) or a suspension of constructed data (see section 5.3.2). While the former is obvious, especially
for most programmers who use strict languages, the latter is something that happens in programming
languages using lazy evaluation. Computations may not be deeply evaluated and thus they can create
thunks or leave unevaluated thunks that can be evaluated later.

5.3.4 Frames

The basic unit of the execution machine is a frame. A frame contains all necessary information
for a function call. It is allocated every time a new function call takes place; then, it can be mutated in
case it contains a lazy parameter.

Here is the definition of a frame:

type FN = String

type CaseID = Int

type Frameld = Int

data Frame = Frame {
fName :: FN, -- Function Name
fArgs :: [FrameArg], -- Bindings of formals with actuals
fSusps :: [(CaseID, Susp)l], -- Data deconstruction forced by ‘case’
fPrev :: Frameld -- pointer to previous stack frame

¥
A frame has the following information during its lifetime:

e The function’s name (FN). This information is important to lookup the function definition in
functions map, a structure that will be explained later, and the execution to proceed.
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e The actual parameters that are binded with the formal parameters of the function definition of
‘FN".

e Information about suspended execution, thunk creation and evaluation forced by ‘case’. Each
‘CaselD’, unique in the body of the function contains pointers to its own thunks.

e A pointer to the previous frame’s unique identifier (fPrev). This is the environment in the inter-
preter’s implementation, implied and not explicitely existing in the state of the interpreter.

An argument that lives in ‘fArg :: [FrameArg]’ has the following definition:

data FrameArg =
StrictArg { val :: Value }
| ByNameArg { expr :: Expr }
| LazyArg { expr :: Expr, isEvaluated :: Bool, cachedVal :: Maybe Value }

An argument can be either:
e Strict and thus containing a value (more about values in section 5.3.3).

e Call-by-name and thus containing only an expression, an unevaluated thunk with no option for
memoization.

e Lazy and thus containing an expression, in the same way as call-by-name arguments, but also
a flag whether it is evaluated or not (preserving in this way the single evaluation property if it
is already evaluated) and also space for the cached value.

5.4 Interpreter

The interpreter is a function that takes a program’s expression, a static memory space which con-
tains information about top-level function definitions and a state, reaches a final state and returns a
value, where an expression is one of the expressions of the syntax tree presented in section 4.5. The
definition of the state follows later in the section.

From now on, the function eval corresponds to the interpreter function.The declaration of the eval
function is shown in figure 5.4:

eval :: Expr X FunctionsMap x State — State X Value

Figure 5.4: Declaration of eval

The State of the eval is shown in figure 5.5: where the definitions for Mem, Frameld are given
earlier in this chapter. The field NRFrames gives the number of frames allocated so far. Remember
at this point that the interpreter includes explicit frame allocation and this number is the goal number
for the tail-call optimisation, that will be presented in a later section.

The structure FunctionsMap is a stucture that is created at compile time and it remains alive in
the runtime as well. It does not change during the execution of the program and is a map of key-value
pair, where:

e Keys are the names of top-level functions.

e Values are a pair of formal parameters with their static information (evaluation order, type) of
the function and the body of the function.
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State :: (Mem, Frameld, NRFrames)

Figure 5.5: State of the interpreter

type FN = String
data FunctionsMap = Map FN ([Formal], Expr)

Figure 5.6: FunctionsMap

The data definition of the aforementioned structure is shown in figure 5.6: The result of the in-
terpreter is the result of the execution of the body of the top-level function main. This function is a
special case of a function and is assumed not to have any arguments. So, the initial expression expr(
is:

(_, expr@) = Map.lookup "main” functionsMap
The initial state for the interpreter’s execution to start with, is:
State0 = (mem0, frameld0, nr_frames0)
where:
o The initial state of memory, called memo0, is:

-- CTOPFRAMED: last frame id available when execution starts
mem@ = push (Mem Map.empty 0) frame0®
frame® = Frame "main” []1 [] cTOPFRAMEID

e The initial id of the last frame id that lives in the memory is given by:
frameId® = lastFrameId memO
e The initial number of frames allocated, before eval starts execution are:
nr_frames = 1
as we have one frame allocation for ”main” function.

At this point, we have everything set up. We declared the interpreter’s function eval/ and we have
an initial state to start our eval with. Now, let’s dive into the execution of each expression of the syntax
tree of our language presented in section 4.5. Minor implementation details are omitted for clarity; at
first we assume laziness everywhere, while later there will be an overview of how the interpreter runs
in the presence of ML-lists.

We finally begin our pattern matching on the expressions. The FunctionsMap structure is also
omitted as eval’s argument; we assume that we lookup this for formals and we want to jump to a
function body, e.g. in the function call expression.

In every execution step our eval is looking up the current state. As we have already mentioned the
state is a record of:

State = (Mem, FrameId, NRFrames)
-- FrameId: id of the current frame

and thus by looking up the current’s state frame, we can obtain the environment, as following:

thisFrame = getFrame mem frameld
Frame caller funArgs susps prevFrameId = thisFrame
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(V,s") = (val,s),
where

v = StrictArg val

Figure 5.7: Variable lookup for call-by-value

In this way, we have information about:
e caller: the name of the caller function we are currently in,

e funArgs: the current function’ s actual arguments that are built for the frame (see later how we
build these arguments when a function call is invoked),

e susps: suspended executions for constructors forced by pattern matching,
o prevFrameld: The id of the previous frame, just like having a pointer to the previous frame.

After the necessary information from the current state is obtained, the intepreter handles each one
of the expressions in the following way, presented in the following sections.

5.4.1 Variable lookup

We remind at this point that a variable bound at case pattern matching is not evaluated here because
of the constructor projection transformation we described earlier in section 4.4, and thus in this section
we are concerned about evaluation of top-level variables.

A top-level variable exists in the formal parameters of a function definition. In frame's terms, we
are looking for the proper FrameArg in the funArgs field, mentioned earlier when we explained the
interpreter’s current state.

The procedure is the following (this is equivalent to lookup the variable inside the environment):

e First, we find the position of the variable in the current frame.

— Lookup the caller function in the FunctionsMap structure to find the function’s signature.
— Once the signature is found, then we find the position in formal parameters of the function
definition, i.e. the index (i) of the argument.

e Given the index that we found earlier, we find the proper frame argument in the current frame.

Once we have found the proper frame argument, we have three cases, depending whether the
variable is in cbv, cbn or lazy evaluation order (we use the abbrevation e.0. which stands for evaluation
order).

Later, we give the v’ and s’ for: eval(v,s) = (V/, )

e cbv e.o.: Variable lookup operation for call-by-value variables is shown in figure 5.7.

e cbn e.0.: Variable lookup operation for call-by-value variables is shown in figure 5.8.

We note that whatever is the new interpreter’s state s ’, we do not memoize it, as call-by-name
semantics does not include any change of the memory’s state.

e lazy e.o.: In this case (figure 5.9) we have two subcases. The subcases are whether b is true
or false, i.e. the lazy argument is evaluated and cached or not evaluated. In the latter case,
the interpreter needs to evaluate the variable and update the frame, as shown below, in the
appropriate case:
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(V,s') = (val,s), where
v = ByNameArg expr,

(val,s") = eval expr (mem, prevFrameld, nr_frames)

Figure 5.8: Variable lookup for call-by-name

v = LazyArg e b val

— bis true:
(V,s') = (val,s)

— bis false:

(V,s") = (val', (updFrame mem’ frameld framé', frameld, nr_frames')), where
(val', (mem’, frameld' , nr_frames')) = eval e (mem, prevFrameld, nr_frames)

framé' [funArgs] = (funArgs[i]| = LazyArg e true val')

Figure 5.9: Variable lookup for call-by-need

We note that, at this point, where memory change happens, and probably evaluation of the
expression provokes the creation of new frames, we update the memory state as well as the
frame counter.

5.4.2 Function call

In this section, we describe the interpreter for a function call. The call is of the form:
Expr = Call callee actuals,

where we have the information about callee’s name and the actual parameters from the function call.

makeArgs :: [Actual] x [Formal] x State — [FrameArg| x State

Figure 5.10: Construction of frame arguments

(v, state') = eval actual state

frameArg = StrictArg v
Figure 5.11: Construction of call-by-value frame argument
frameArg = ByNameArg actual

Figure 5.12: Construction of call-by-name argument
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frameArg = LazyArg actual false empty

Figure 5.13: Construction of lazy argument

eval (Call callee actuals,s) = (val,s™)
where
(formals, funBody) = lookup callee FunctionsMap
(frameArgs, (mem’, ,nr_frames')) = makeArgs actuals formals state
newFrame = Frame callee frameArgs || frameld

mem” = push mem’ newFrame (nr_frames + 1) frameld

" = (mem”, lastFrameld mem” | nr_frames + 1)

val,s") = eval funBody s'

s
(
(s" = (mem", nr_frames"))
s

" = (mem"  frameld, nr_frames")

Figure 5.14: Operational semantics for function call

First, we are going to present a function about constructing the function’s arguments, given the
actual parameters of the call and the formal parameters from the function’s signature, lying in the
function definition in FunctionsMap. So, let’s pause for a while for the definition of this function, and
then resume later for function call handling inside the interpreter.

The function, called makeArgs has the form, that is shown in figure 5.10, where the actuals and
the formals are explained above and the Stafe is the interpreter’s current state.For every actual corre-
sponding to every formal, we have the following, depending whether the parameter is in cbv, cbn or
lazy evaluation order(abbr. €.0):

e cbv e.o.: As shown in figure 5.11 the function returns (framedrg, state’), where frameArg is
added to [FrameArg] and state’ is the next input state for makeArgs.

e cbn e.0.: As shown in figure 5.12, the state remains unchanged and thus (frameArg, state) is
returned.

e lazy e.o.: As shown in figure 5.13 the state does not change, and thus (frameArg, state) is re-
turned.

As it seems above, only cbv arguments are executed at this point, and the memory change they
provoke, is returned in the state of the eval function.

Now, it s time to resume the presentation about the function call in the interpreter. The operational
meaning of a function call is shown in figure 5.14. Every time we have a function call a new frame is
pushed to the memory. Then, the interpreter evaluates the body of the function, and finally we reset
the environment for the next operation handled by the interpreter.

5.4.3 Pattern matching

As we have shown in section 4.5, we distinguish between pattern matching on integers and pattern
matching on data. More specifically a branch for a pattern matching is:

type Branch = (Pattern, Expr)
data Pattern CPat { tag :: CN, vars :: [VUN] } -- pattern matching on constructors
| IPat { pattval :: Int } -- pattern matching on integers
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caseExpr = Case caseld e branches

Figure 5.15: Case expression

eval (e,s) = (¢,s'),
where

s’ = (mem’, savedFrameld, n), and
e = VI i, integer pattern matching, or
e = VC ¢, constructor pattern matching

¢ = Susp (cn, ) _

Figure 5.16: Evaluation of the scrutinee

eval (caseExpr,s) = (eval " s',s'),
where
¢ = lookup (IPat i) cases
s’ is the state after scrutinee’s evaluation.

Figure 5.17: Integer pattern matching operational semantics

eval (caseExpr,s) = (eval " 5" s"),

where

pattindex = indexOfPattern cn patterns
(_,€") = branches |pattIndex]
susps’ = (caseld, c) : susps

frame' = Frame caller funArgs susps’ prevFrameld

s" = (updFrame mem' frameld framée', frameld, n)

Figure 5.18: Pattern matching on constructors operational semantics

The case expression is shown in the figure 5.15. For its evaluation, the interpreter does the fol-
lowing:

e First, we evaluate the scrutinized expression, shown in figure 5.16.
e Next, in figure 5.17 we show how the interpreter works for integer pattern matching.
e Finally, the pattern matching on constructors is shown in figure 5.18.

In the above definitions, indexOfPatterns gives as output the index of the pattern in the patterns
list, and this list is retrieved by the branches list by ignoring the second value.
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Integer pattern matching cannot be exhaustive, because integer domain consists of infinite el-
ements, and thus we assume that /Pat i is a pattern that exists in the patterns list. Otherwise, the
interpreter will throw an exception.

We note that even though our interpreter works for lists, this is applied to every data constructor,
when ‘case’ works in the same way as Haskell’s builtin ‘case’. The ‘constructor’ representation would
be the same for every constructor definition, as constructors are also functions themselves. The latter
is obvious taking into consideration that we work on a functional language; a programming language
with functions as first-class citizens.

5.4.4 Constructor application

In the case of having a constructor application of a lazy data constructor, this is equivalent to a
memory allocation of a thunk. In our case, this is a suspended execution of lazy data constructor, the
one explained in section 5.3.2. More specifically, the eval for a lazy constructor application is shown
in figure 5.19.

eval (ConstrF tag exprs,s) = (VC (Susp (tag, exprs) frameld), s)
, where
frameld : the id of the current frame existing in the interpeter’s state,

tag : the name of the constructor.

Figure 5.19: Lazy list constructor application operational semantics

5.4.5 Constructor projection

In this case, the interpreter has come across a variable bound by pattern matching. As we men-
tioned earlier (section 2.2.4), the evaluation of a term is forced, when such variables are needed to be
evaluated. The eval function of constructor projection is shown in figure 5.20.  First, we find the susp

eval (CProj caseld cpos,s) = (val,s'),
where

s' = mem’ frameld nr_frames'

susp = lookup cid susps

Susp (_, el) savedFrameld = susp

¢ = el[cpos]

(val, (mem’,  nr frames')) = eval (¢, s)

Figure 5.20: Constructor projection operational semantics
inside the susps in the current frame. Then, from the expression list e/ we find the right constructor in

the cpos position. After evaluating this expression, we have the result-value and the next state for our
interpreter.
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Chapter 6

Analysis: Searching for optimisation opportunities

In this chapter, we present the analysis performed in order to reveal true tail-call positions. First,
we make some important high-level definitions for the reader to be able to follow up. The presentation
of the algorithms for each one of the optimisations will follow; section 6.1 contains the algorithm for
classic tail-call optimisation and section 6.2 contains the algorithm for tail recursion modulo cons.

The input of the analysis is the core level language described in section 4.5, along with the op-
erational semantics provided in the previous chapter. The output is appropriately annotated function
calls which the enriched evaluator of the next chapter is going to handle. The analysis in this chapter
reveals where to apply the optimisations, while in the next chapter we present sow to actually perform
the optimisations in the runtime system.

6.1 Classic tail-call optimisation

At this point, we shall make clear that the terms tail-call or tail-call position are not the same as
tail-call optimisable, providing the definitions shown below.

6.1.1 Tail-call position (tail-call) vs. Tail-call optimisable (true tail-call)

Definition 6.1 A function call is in tail call position, or tail call, if and only if its execution is the
last action performed before the function returns.

Definition 6.2 A function call is tail call optimisable, or true tail call, if and only if it is in tail call
position and it satisfies the rules shown in section 6.1.3.

The same definitions also stand for tail recursion modulo cons, if we substitute tail-call with tail
recursion modulo cons; an equivalent section is omitted for section 6.2.

In the next sections, we present the path from function calls in the core language to tail-call posi-
tons, and from there to true tail-calls; that is function calls that are actually optimisable. The latter
is annotated as a new expression in the core language, called 7ailCall. When the interpreter comes
across this expression, it performs the optimisation, while the program is executing.

6.1.2 Control-flow analysis: Spotting tail-call positions

For a call-by-value language, this step reveals each and every true tail-call position. For a language
with mixed evaluation order, and specifically with call-by-need semantics this is not enough, as it has
been already sketched in section 3.1.2, as lazy arguments are arbitrarily evaluated and thus they escape
their context.

This is a local analysis, performed locally in a function body. The analysis is summarized in the
following rules:

e The body of a lambda (or a function) is a tail call.
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e When an if/case expression is in tail call position, then the right-hand side of the branches is in
tail-call position. In the case of an “if” expression, this means that then/else clause is in tail call
position.

e Nothing else is in tail call position.
To illustrate the above, let’s consider the following, very simple example:

foo n =
ifn>0
then n * foo (n-1)
else 1

The body of ‘foo’ function is in tail call position. This means that ‘if’, which is the body, is in tail
call position. Thus, then/else are tail calls. Now in the ‘then’ clause, where the multiplication takes
place, the call to ‘foo’ is not in tail call position, according to the third rule.

But if we had the following example:

foo n res =
if n>0
then foo (n - 1) (n * res)
else res

then the call is in tail-call position as the ‘then’ clause is in tail-call position.

6.1.3 Data-driven analysis: Revealing true tail-calls

After revealing tail-call position, deriving from the control flow of the program shown in the
previous section, now we apply some rules in order to reveal true tail call positions, depending by the
evaluation order of caller and callee function. After all, tail-call optimisation is all about passing the
control from the caller to the callee. This step is omitted in call-by-value languages as there is only
one evaluation order and the semantics allow the optimisation quite naturally.

Although it seems that the rules are applied in a second analysis pass, this is done for clarity
purposes; in the implementation we can do that in-place, in a single analysis pass just after a tail call
(and thus potentially a true tail call) is revealed.

The rules for a potential tail call (revealed by control flow analysis from section 6.1.2) to be a true
tail call are:

e Actual parameters in the function call are not dependent by the formal parameters of the caller
function. For example, these actual parameters can be constants.

e Actual parameters in the function call are variables. If they are variables we can statically predict
when the runtime mutation is possible. The reader can also refer to figure 7.5 for possible cases.
We perform the mutation for all the nine combinations, except for a subcase in two cases.

e Actual parameter is an expression, but it is in call-by-value position. In this case, we have two
subcases:

— The expression is a base type expression. This is easier as such expressions, when they
are evaluated, they reduce to a base type value and thus they do not leave thunks. In this
subcase, we could also have data like ML-lists, which also reduce to a value.

— The expression is constructed data. In this case, we find all variables inside the expression.
If these variables are reduced to value (base type values or deeply evaluated data), then
the function call is tail-call optimisable.

Function calls that are not subject to the rules above are not tail call optimisable.
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6.2 Tail recursion modulo cons

Tail recursion modulo cons can be applied to any constructor application, that is guarded by a lazy
constructor. In our language this happens to (:), which is lazy and is the constructor for lists. It could
also be applied to arithmetic operations, for example in Haskell, but in our language all arithmetic
operations are strict.

The control flow of the program also reveals the tail recursion modulo cons in the same way as in
classic tail calls. The only difference is that constructor application must be a tail call. Thus the rules
for tail recursion modulo cons have the following form:

e The body of a lambda (or a function) is a tail call and it is also a lazy constructor application
(instead of a function application).

e When an if/case expression is in tail call position, then the right-hand side of the branches is in
tail-call position. In the case of an ‘if” expression, this means that then/else clause is in tail call
position. The right-hand side of a branch must also be a lazy constructor application.

e Nothing else is in tail recursion modulo cons position.
The additional rule for tail recursion modulo cons is that if you have a tail call of the form:
X 1y

then x must not contain any recursive calls and y must be a function call that is subject to the rules
presented in section 6.1.3; in this way frame mutation will become possible. If the last rule is applied,
then we can have (x : tail recursive call to the function).
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Chapter 7

Runtime evaluator for optimisations

In this chapter, we will present how the optimisations are implemented in the interpreter. More
specifically, in section 7.1 we have the evaluation of tail-call optimisation, the expression shown in
figure 7.1.

eval (e,s) = (€,s'), where
e = TailCall callee actuals

Figure 7.1: Annotated expressions

It is the classic tail-call optimisation. There will be a comprehensive explanation of how we mu-
tated the frames and how we counted them for our evaluation, that follows in the next chapter.

7.1 Evaluator for classic tail-call optimisation

Classic tail call evaluation contains one major operation, which makes the optimisation feasible:
this is frame mutation. This operation includes the replacement of the current frame’s arguments with
the arguments necessary for the construction of the frame for the next function call. For this operation,
it is mandatory that the caller’s arguments do not escape and for those that escape we correctly passed
them to the new frame.

The eval for the TailCall follows in figure 7.2; we remind that this is actually optimisable as the
analysis revealed, although we make few, inexpensive extra checks for some cases. The functionality
of checkMutate will be explained later on in this section. The other variables, shown in figure 7.2 are:

e formals are the formal parameters of the function definition of the callee function,
e actuals are the actual parameter of this tail-call optimisable function call,
o funArgs are the arguments inside the current frame,

e and s is the current state of the interpreter.

eval (TailCall callee actuals,s) = (€, s'),

where
(formals, funBody) = lookup FunctionsMap callee
e = eval (funBody,s)

s' = checkMutate formals actuals funArgs s

Figure 7.2: Tail-call optimisation operational semantics
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At this point, we are ready to provide the definition for checkMutate, which is a function that given
the current interpreter’s state performs the runtime mutation of the frame and produces the next state
of the interpreter. Its declaration is given in the figure 7.3 and the operational meaning of the function
in the figure 7.4.

checkMutate :: [Actual] x [Formal| x [FrameArg| x State — State

Figure 7.3: Declaration of checkMutate operation

checkMutate (actuals, formals, funArgs,s) = s,
where
(mem, frameld, nr_frames) = s
(callerFormals, ) = lookup callee FunctionsMap
(fundrgs',s") = mutate callerFormals formals funArgs actuals s
(mem!’ | frameld' ,nr_frames') = s"
frame" = Frame callee funArgs' || prevFrameld

s' = (updFrame mem' frameld frame” , frameld, nr_frames')

Figure 7.4: Operational semantics for checkMutate

Now, we are going to describe an auxiliary function used in order to constructor the function’s
arguments of the mutated frame; specifically in the definition of funArgs’ the function called mutate.
The operational semantics for mutate operation is shown in figure 7.5. From the figure, we have that
mutate is a function that takes as input:

e The formal parameters of the caller function,

o the formal parameters of the callee function,

e the frame arguments that exist in the current frame (the one we want to mutate),
e the actual parameter of the function call, which is tail-call optimisable,

o the current state of the interpreter,
and produces:

e The frame arguments for the new frame. We note here that we want to turn the actual parameters
of the function call into the appropriate frame arguments, using the function signatures of the
caller and the callee. Specifically, we are interested in the format of the arguments, and thus we
need to know the evaluation order of the functions.

e The next state for the interpreter. Because evaluation may take place, while this function is
executing (for example we need to turn a lazy frame argument into a strict and thus we perform
the evaluation before we jump into the callee function body), we need to change the memory
state and count the frames correctly for our evaluation that follows in the next chapter.

As the language is first-order, it does not support partial applications, and thus the number of
arguments in the actual parameters list is equal to the number of formals of the callee function. The
mutate function terminates when these two lists are empty at the same iteration, or else it throws an
exception. Its execution starts and continues until it terminates by processing each and every actual
parameter of the function call. The result is a list that accumulates the result of every iteration.
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getlndex :: VN x EvaluationOrder x Type x [Formal] — Index
getlndex (vn, eo, type) fs = elemIndex (vn, (eo, type)) fs

getEvaluationOrder :: Formal — EvaluationOrder
getEvaluationOrder :: (_, (eo, )) = eo

signOfVar :: [Formal] x VN — EvalutionOrder x Type
signOfVar formals vin = lookup vn formals

transform :: CallerEO x CalleeEO x FrameArg x State — FrameArg x State

transform (CBV, CBV,arg,s) = (arg,s)

transform (CBN, CBN, arg, s) = (arg, s)

transform (Lazy, Lazy,arg,s) = (arg,s)

transform (CBV, CBN, ByNameArg e, s) =

where (v,s") = eval (e, s)

transform (CBV, Lazy, LazyArg e b v,s) = if b then (StrictArg v, s) else (val,s'),
where (val,s") = eval (e, s)

transform (CBN, CBV, StrictArg (VI v),s) = (ByNameArg (Elnt v), s)

transform (CBN, CBV, StrictArg (VC ¢),s) = error

transform (CBN, Lazy, LazyArg e true (VI v), ) (ByNameArg (Elnt v), s)

transform (CBN, Lazy, LazyArg e true (VC ¢),s) = error

(

(

(

(StrictArg v,s'),

transform (CBN, Lazy, LazyArg e false v,s) = (ByNameArg e, s)
transform (Lazy, CBV, StrictArg v,s) = (LazyArg e true v, s)
transform (Lazy, CBN, ByNameArg e,s) = (LazyArg e false null, s)

mutate :: [Formal| x [Formal] x [FrameArg] x [Actual] x Index x State — [FrameArg| x State
mutate (_, [|, ,[],_, acc, s) = (acc, s)
mutate (callerfs, calleefs, args, (EVarv : as), ix, acc, s)
= mutate (callerfs, calleefs, args, as, (ix+ 1), (arg : acc), s')
where calleeEO = getEvaluationOrder calleefs|ix]
sign@(callerEO, callerType) = signOfVar (vn, callerfs)
callerlx = getlndex (vn, sign) callerfs
arg = args|callerlx)
(arg,s') = transform (calleeEO, callerEQ, arg, s)
mutate (callerfs, calleefs, args, (a@(EIntn) : as), ix, acc, s)
= mutate (callerfs, calleefs, args, as, (ix+ 1), (arg : acc), s)
where calleeEO = getEvaluationOrder calleefs|ix]
if calleeEOQ = CBYV then StrictArg (VI n) else if calleeEO = CBN then ByNameArg a else LazyArg a false nu
mutate (callerfs, calleefs, args, (a : as), ix, acc, s)
= if calleeEO = CBYV then mutate (callerfs, calleefs, args, as, (ix+ 1), (arg : acc), s)
where calleeEO = getEvaluationOrder calleefs|ix]
(v,s") = eval (a,s)
arg = StrictArg v

Figure 7.5: Operational semantics for mutate operation
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Chapter 8

Evaluation of the optimisations

In figure 8.1, we have the results from the evaluation on microbenchmarks in our interpreter.! The

code of the microbenchmarks is given in appendix A.

Our first example, fact is an example that uses integers with strictness annotations. We note
here that if fact is not annotated, when strictness analysis is applied is transformed in the form
presented in the appendix, and thus it is tail call optimisable.

The example ‘sum’ is an example presented also in the overview chapter, and we were able to
optimise it, in the same way as in a strict functional language. The same stands also for ‘length’.

The example ‘average’ is an example that traverses the list twice, but because of laziness it
computes it once. Here as well, we observe a significant optimisation.

The example ‘makelist’ is also one of the examples presented in the thesis, and showcases how
tail call optimisation works when the function produces data.

The example ‘getNthFib’ contains a function that potentially produces an infinite list. This ex-
ample produces the n-th fibonacci number. The optimisation shows how we can have infinite
data structures, while tail call optimisation can also work here, reducing memory overhead asso-
ciated with recursion. The example ‘ones’ also works with infinite lists and with a much better
optimisation than the ‘fibs’ example.

The example ‘last’ is the most classic example of a program, that forces the evaluation of the
input deeply; it pattern matches on every element of the list, causing its evaluation to finally
find the last element. The use of tail call optimisation, as it seems in the figure, can make such
pathological programs to run with much more efficient.

Programs/Mode | Without TCO | With TCO
fact 1002 1

sum 2003 1002
average 9605 4804
getNthFib 439204 439178
ones 2003 1002
fast-reverse 3007 3004

last 3001 2001

Figure 8.1: Evaluation on microbenchmarks

! Available in: https://www.github.com/pbougou/diploma
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From the results of the evaluation presented in this section, we saw that our runtime in some cases
approaches the tail call optimisation in strict functional languages and also in none of the cases it did
not get worse. This makes us optimistic in order to embed our technique into a compiler for a lazy
language.
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Chapter 9

Related work

GHC, Haskell’s de facto implementation, used Cmm and later LLVM to support tail calls [Tere10].
When GHC is targeting Cmm, it uses an optimisation called loopification [Wo§10], which turns re-
cursive calls into loops in the code generator, exploiting Haskell Core’ s join points. Our approach
bridges the gap between implementations for non-strict functional languages and the frame-based ap-
proaches for strict functional languages, with some differences our interpreter (section 5.1). Having
explicitely control flow inside our core language is not something that could improve our approach,
as it is based on data-driven analysis of the arguments of the caller and the callee.

Short cut fusion [Gill93, Pard16], an optimisation for functional programming languages, is based
on work initially started with the listlessness optimization [ Wadl84]. Listlessness is closely related to
tail recursion modulo cons: “programs for the listless machine are related to programs compiled using
an optimization called tail recursion, particularly tail recursion modulo cons” [WadI84].
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Chapter 10

Conclusion

This thesis shows how to extend classic tail-call optimization to lazy languages supporting alterna-
tive evaluation order choices (such as call-by-value and call-by-name). Our prototype implementation
is an interpreter that uses information from a local static analysis, in order to detect opportunities for
tail-call optimization at tail-call positions.

Our technique can also be implemented in a purely compile-time setting, integrated with a defunc-
tionalizing compiler for lazy functional languages, such as GIC [Fourl4a] or GRIN [Boqu96, Podl19].
This integration needs a small code generator for stack frame mutation for tail calls, driven by the de-
cisions currently made by our interpreter. Such an extension should be an obvious next step for our
implementation.

Integration with a more complex compiler should also help with evaluating our technique with
more realistic benchmarks, such as the nofib benchmark suite [Part93].

Moreover, Kerneis and Chroboczek proved that tail calls and lambda lifting are compatible in a
call-by-value setting [Kern11]. Since our technique can be optionally combined with a lambda lifter
(section 4.5), another future step in the context of this thesis would be to formalize the interaction
between lambda lifting, tail calls, and our richer support for evaluation order choices.

In addition to Haskell, our approach can also be used in other languages that combine strictness
and non-strictness in the same language, such as PLT Scheme [Barz05] and Scala [Wamp09].

Finally, although we described the analysis that spots optimisable tail recursion modulo cons po-
sitions, we leave the implementation of the runtime system for this optimisation for later work.
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Hopaptnpo A

Benchmarks

A.1 fact

fact n acc = if n > 0 then fact (n-1) (n*acc) else acc

main = fact 1000 1

A.2 average

fun sum 11 'acc =

case 11 of
h:t ->sumt (h + acc)
Nil -> acc

fun length 1 'acc =

case 1 of
h : t -> length t (acc + 1)
[]1 -> acc
makeList n = if n > 0 then n : (makeList (n - 1)) else []

average 1 = (sum 1 0) / (length 1 0)

main = average (makeList 2400)
A.3 fibs
fun next !l =
case 1 of
[1 ->1I1
a: t->
case t of

[1 ->11
b :d->(a+b) : (next t)

fun fibs : 1 : next fibs

1
o

fun main = idx 25 fibs

fun idx 'n 'l =
case 1 of
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[1->-2
a:b ->
if n > 0 then idx (n-1) b else a

A.4 ones

ones = 1 : ones
fun main = take 1000 ones

fun take !'n !l =

case 1 of
[1 -> -2
a:b->

if n > 0 then take (n-1) b else a

A5 last
fun last !l =
case 1 of
[1 -> -1
X 1 XS ->
case xs of
[1 ->x

y = ys -> last xs
fun createCons !'n = if n > 0 then n : (createCons (n - 1)) else []

fun main = last (createCons 1000)
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