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AmnoTanis

IIst crarTsa npesenrye auaiin moBu nporpamyBands Henk, imrurimen-
Taril 11 TUIIOBOro BepudikaTopa, a TaKOXK eKCTPaKTOp OalTKoIy /Jis Bip-
ryanbaol marmmuun FErlang Bim Ericsson. Henk — 1me moBa mpomizkHOTO
piBHS 3aCHOBaHa Ha TaK 3BaHIil YMCTii cucTemi THUIB, abo cucTemi TH-
iB 3 OJHIEI0 AKCIOMOIO Ta 3JIIYEHHOIO KIJIBKICTBIO BCECBITIB (KOHCHCTEHTA
Teopis 3amexknanx Tumis). Lls MOBa IporpaMyBaHHs A€ 3pyIHY MOBY TIPO-
MIi2>KHOT'O PiBHS JIjIst 3aCTOCYHKY y JI0/1a/TKaX 3 IiIBUIIIEHUMU BUMOTAMU JI0
MaremarudHol Bepudikaril. Tunosuit Bepudikarop mobyaoBanuii 3a 6a3i
MLTT npusmumnis Ta KOHMITYPYETHCS TPABUIAME JIJIsT TPEIUKATHBHOI Ta,
iMnpeak TMBHOI iepapxil BeecBiTiB. CHHTAKCHC 11i€1 MOBU [IPOTrpaMyBAaHHS
cyMicHmit 3 6a30BUM cuHTaKcucTOoM MoBu Morte, Ta migrpumye 1 6a30-
By 6ibsrioTeky, a TAaKOXK [J[0/[a€ MOHSATTS HECKIHIeHHOI KiJTbKOCTI BCECBITiB.
Hyxke 6a3oBa 6i6ioTeKka MPUIIONIl 3 PEKPYPCUBHUM Ta KOPEKYPCUBHUM
BBOJIOM-BUB/IOM JIOJIAIOTHCS sIK JacThHA 1iel pobortu. Lle mae 3mory 3acro-
COBYBaTH OCHOBU MaTEMAaTHIHOI BepuMIKaIll 0 HECKIHIeHHUX ab0 TOBro-
JKUBYYHUX IIPOIIECIB.

Mu KOpOTKO OmnmiieMo MOBY BEPXHBOI'O PiBHSI, Ta MOBY IPOMIiXKHO-
0 S7pa Jjisl OMMMCAHOTO B CTATTI THUIIOBOTO BepuiKaTopa, Ta MOKAIKEMO
MicIie 11i€] MOBU y KOHIIEHIITYaJIbHI#l CUCTEMI JIOBEJIEHHSI TEOpeM, sIKa, Iie-
penbatac MOEIHAHHS: 1) OITHMAIBHOIO JIAMOIa o6uncIoBata; 2) MOBY 3
oamieto axciomor; 3) MLTT moBy; 4) MOBY 3 FOMOTOIIYHUMY TUIIAME Ta
iHTepBaJIOM.
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1 Bcryn

IEEE! cranmapr Ta perynaropni mokymentn ESA? susmauators Habip incTpy-
MEHTIB Ta MiJIXOMIB JIs MPOIecy BaJijgallil Ta BepudiKalil MporpaMHOTr00 3a-
6esneuennst Haitbinp posmupeni TexHiky mepeadadaroTh 3aCTOCYBaHHS MaTEMa-
TUYHOI JIOTIKK Ta TeOpil /JOBeIeHHS TeopeM it (DOPMYJIIOBAHHS BUPOOHUIUX
3a7a9 y MaTeMaTuaHiit ¢popmi 171 hopMasibHOT TepeBipKU KOPEKTHOCTI TAKUX
mporpam Ha Bcil obsacTi BusHadeHHs (DYHKINI 3 JI0BEIeHHS BJIACTUBOCTEH ITHUX
dyHKIIIIA.

Epa BepudikoBannx TeopeMm, TUIIOBUX BepUMIKATOPU Ta CUCTEM JTOBEICHHS
TeopeM Gepe cBiif mouaTok 3 goBojzKyBada TeopeM AUTOMATH ta Teopil Tu-
niB Maprina-JIsoda. CranoMm Ha CbOTOIHI ME MAEMO TaKi MOTYZKHI CUCTEMU SIK
Coq, Agda, Leam, F* gaxi 6asytorses Ha CoC (Calculus of Constructions, Teppi
Koxkan) Ta CiC (Calculus of Inductive Constructions, IToysin-Mopin). ITonass-
Uil PO3BUTOK CUCTEMATHU3AIll MPU3BIB 10 JIMOa KyOy Ta 9UCTHM CHCTEMAM
3 OJII€I0 aKCIOMOI0, K y3arajbHiodoMmy BusHadeHHio curcem tumy CoC, AUT-
68, ECC, Henk, Morte, Henk. TooBHa MoTHBAIisT CHCTEM 3 OIHIEIO AKCIOMOIO
— 1€ TIPOCTOTa iMILIeMeHTaIlil Ta mpocToTa (HOPMATLHOI IMILIeHeTalIii HopMa-
Jli3aTopa TepMiB, SIK T€PMIHAJBHOTO OOYUCIIEHHS. 3a JIOIOMOIOK (hopMaJIbHOL
MOBHU Ta THUIIOBOIO BepuiKaTopa MU MOXKEMO IepeJaBaTH IIPOrpaMu IO Bill-
KPUTHUX KAaHAJAX SKi 33[0BIIBHSIOTH (POPMATBHUM THUIIOBAM CIEIUMIKAIIAM Ta,
CKJIQJHUM TeopeMaM K BJIACTHUBOCTIME X O0’€KTiB. ¥ dKOCTi obJacTeil 3a-
CTOCYBaHHSI TYT MOYKHO BHUILINTH HACTYIHI cdepu: 1) MOBU CMapT-KOHTPAKTIB;
2) ceprudikosani DSL; 3) miarixkui cucremu, Tormo.

1.1 Excrpakiiis MaTeMaTU4YHO-I0Be/IeHUX ITporpam

3apasku izomopdismy Kappi-Jlambeka-XoBapa — BiAIOBIHOCTI BcepeuHi Te-
opil Tunie Maprina-JIboda [12] MiK JOBEJEHHIMI, MOJEIAME Ta IPOrPAMAMH,
Jle TUIH, CHPHATY DU Ta KaTeropii € mpocropamu (MoBaMu) sKi MicTaTh y cobi TO-
ykK (Iporpamu), MOKEMO TPAKTYBATH TE€PMU $K IIPOIPAMME JJId OOYMCIIeHHS
[IEBHOT'O DE3YJIbTaTy, 1 NPUPO/A IIOTO OOYUCJIEHHS MOyKe OyJie MOBHICTIO IIO-
30aBjieHa TUII3AIlil, MO JIa€ 3MOTI'Y BUKOHYBAaTH TaKi JOBEJEHHS HA IMPAKTUBHO
JIOBITLHOMY IHTEPIPETATOPi, TaK K MaifzKe BCl TaK UM iHAKIE Peasi3yioTh MO-
JIeJb JIsIMO/Ia-9IrMCJIeHHsI, TYT MalThCdA Ha yBa3i MmoBu JavaScript, Erlang, PyPy,
LuaJIT, K. Takox moxHa OymayBaTn ekcTpakTopu 3 iHTepanasizarieo B C++,
Rust. Ila pobora rojIoBHUM YUHOM IIPE3EHTYE EKCTPAKTOP B OaliT-KOJ[ BipTyasib-
ool mamuuu Erlang, sk Mojesb TPOCTOTO HETUTIM30BAHOTO JIIMOJIa TIHCICHHSI,
nakmraar LISP abo Smalltalk.

1.2 CucremHa apxiTeKTypa

Henk sk MoBa nmporpamyBaHHsI peasi3ylo 9ucTy CUCTEMy THUIIB, aje 31 37iden-
HOIO KinmbKicTio BeecBiTiB. g cucrema tumiB dopMye OCHOBHE MOBHE siIPO CH-
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CTEMH JIOBEJIEHHS T€OPEM, yCi IHIIN CUCTEMH THUIIB MIiCTATh YUCTY CUCTEMY THIIIB
SIK TIIKATEropito y CBOMY CIIEKTPi, Ta € 1T HaIaJkaMu. 3 TOYKH 30Dy HACJIIIKO-
BUX 3B’g3KiB YMCTa CUCTEMa THUIIB € OCHOBOIO yCIiX CHCTEMaX THUIIB ITOOYI0BAHUX
Ha pO3IIapyBaHHAX, [[-THax, a TAKOXK CHCTEM 3JaTHUX JI0 JIOBEJICHHS TEOPEM.

Iloeepx 1mi€l 6a30B0O1 CUTEMU THUIIB BUIIASIOTHCS 1HIT CHCTEMH THIB K MO-
2KHA 3BECTU TEXK J0 OJHO-aKCIOMATHYHUX CHCTEM 3 UiTKO-BHPAKEHUM KOJyBa-
HHAMEU i30MOpdi3miB. /lo KoHIENTyaabHOI MOJE CUCTEMU JOBEJIEHHST TEOPEM
BKJIIOYATUMEMO HacTylHi MOBHI sipa: 1) MoBa 3 iHIYKTUBHUMU THUIIAMU JJIst
JIOBeZIeHHs y CcTUJIl MareMaTudHol iHuykiil; 2) Tomoroniube g1po 3 BigKpuTuM
iHTepBaIOM JId JOBeJeHHs y KyOidynomy cruit; 3) Yucienns oTokiB gk Ga-
3uc Juig renzopHoro uncsenns (Futhark); 4) Yucsenns npouecis sk 6aszuc jjist
JHHIRHUX THUIIB, KOIHIYKTUBHOTO MOJIETIOBAHHS Ta CepPeIOBUINa BuKoHaHHs. He-
3BaKAKOUM HA Te, IO 3 YCiX [UX MOBHUX PiBHEH iCHYIOTH (DYHKTOPU B CHUCTEMY
3 OJIHIEI0 AaKCIOMOIO, I1i MOBHI PO3IIUPEHHS MPOrPaMyIOThCs 9K OKpeMi Iuiari-
HI (DYHKTOPH $Ki MOIPY2KAIOTHCS y TOJOBHHUII ITUKJ THUIIOBOTO BepudikaTopa
pasowm 3i cBoiMu mpasmiiaMu. 1le 103BoJIsI€ TPUITBUINIATH BUKOHAHHS HOPMAJTi-
3ar1ii TepMiB y mporieci TumoBoi Bepudikarrii.

OpHak He BCi BHIII MOBU MOXKYTb OyTH poskjajeni B 6asuci PTS. Ak 6yio
nokaszano Geuvers [8] Mu He MOXKeMO MOOY/LyBaTH IPUHIAI IHAYKIHT BeepeanHi
qucroi PTS, Mmu moBuHHI mocabutu 10 3a/IlyU€HHsS OIEpaTopa HEPYXOMOI TO-
YKW TpUHARMI JJTsT TUIIOBOI crerudikarii caMoro iHIyKTUBHOTO PEKYPCUBHOTO
Tumy. TakoK MU He MOXKEMO MOOyIyBaTH eiMIHATOD PIBHOCTI Ta PYyHKITIOHAID-
Hy eKCTeHCIOHAJIbHICTb. AJjte He3BaxKatouu Ha 1ie PTS 1e noryxHa cucrema sika
BijIpa3y J1a€ 3MOr'y reHepyBaru cepTudikoBaHI IporpaMu 3 JOBEJIEHUX TEOPEM.
BracTuBoci MOXKYTB JIOBOIUTHCS Y IHIMAX MOBAX KOHIIENTYAJIHLHOI MOJEI CUCTe-
Mu poBegserst TeopeM. [Ipormmapok PTS 6imbimmm annom moB’s3aHuit 3 MOBOIO
I[LJIBOBOT'O 1HTEPIIPETATOPY.

Ax momanpnInit PO3BUTOK IIHOTO IIPOEKTY MU OAYNMO JOJIyYeHHS 1H/IyKTHB-
HOI CUTCEMHU THIIIB Ta TOMOTOIIYHOI CUCTEMU THUIIIB.

1.3 Micme cepe iHITnX MOB

IIponykT gKmit MpeCTaBIEHO Y CTATTI BUKOHAHUIA JIJIA TeJIEKOMYHIKAIIHHOT 18-
rdopmu Erlang/OTP six Ericsson, mo jajio 3Mory BUKOPUCTOBYBATH J0BEJIEH]
mporpaMu Ha Iiit BipTyasbHiit marmumi. [leit momaTok ekcronye HaCTyIIHi cepBicy
y cepenosumi Erlang: 1) Tunosa Bepudikariis; 2) HopMasizarisi; 3) eKCTPaKIIis.
Vei yacruan cucremu Henk nanucani Ha mosi Erlang ta BUKJIFOUHO jijist cucTe-
mu Erlang.

e Pigenn 0 — ceprudikoBanmii BEKTOPU30BAHUN iHTEPIIPETATOD
e PiBenn 1 — KOHCHCTEHTHaA cuUCTEMAa 3 OJHIEI0 aKCIOMOIO
e PiBenb 2 — BuIa MoBa, JJIsl JOBEJIEHHS TEOPEM Ta, IEPEBIPKHU BJIACTUBOCTEI



Taba. 1: Cuucok MOB, JOCJIIZKEHUX Y SIKOCTI I1IbOBOI IIaTdOPMHI Il €KCTPa-
KITil

Target Class Intermediate Theory
C++ KOMIILIITOp /native HNC System F
Rust KOMIILIATOD /native HNC System F
JVM inTepuperarop/native Java F-sub?
JVM inTepuperarop/native Scala System F-omega
GHC Core KOMIILISITOD /native Haskell System D
GHC Core KOMIIIsITOp /native Morte CoC
Haskell KOMIILIATOD /native Coq CiC
OCaml KOMIILIATOD /native Coq CiC
BEAM inTepmperaTop Henk PTS

O inTeprperaTop Henk PTS

K inTepmperaTop Q Applicative
PyPy inTepuperarop/native N/A ULC
LuaJIT inTepuperarop/native N/A ULC
JavaScript  imrepuperarop/native PureScript System F

2 KoHcucTteETHa MOBa ITPOMIXKHOTO PiBHS

Mosa Henk € MoBOIO 3 3ajie2KHUMEI TUIAMH, JIIMO/Ia UUCJIEHHSIM, PO3IIUPEH-
aam CoC 3i 3/1i9eHHO00 KITBbKICTIO BCECBITIB 15 3a0e3MMeYeHHsT KOHCUCTEHTHOCTI.
[Ipu oMy TiATPUMYIOTHCS JIBa PEKUAMA: IPEINKATHBHUN Ta IMIPEIMKATUBHITI.
B moBi Hemae akciomu HEpyXOMOI TOYKH, IO YHEMOXKJIUBIIIOE HEKOHTPOIHOBA-
HY PEKypCiio Ta MapajioKCH B CUCTEMi THIIIB, & CaMa CHCTEMAa HACOJIOIKYEThCS
BJIACTUBOCTSIMU CUJIBHOI HOpMaJiizaril TepmiB. Yci Tepmu Axioms B Takiii cu-
cTeMi BiJIMOBITAIOTH CBOEMY PAaHTy BCEPEJINHI BKJIAEHOI ITOCTITOBHOCTI BCECBITIB
Sorts, a ckaaHICTD 3a/I€2KHOTO TEPMY 3aJI€2KUTh BiJl MAKCUMAJIBHOI CKJIAHOCTI
CaMOro TEPMY Ta TEPMY Bif[ SIKOTO BiH 3aJI€2KHUTh, I8 CKJIAIHICTh BU3HAYAETHCS
npasmwiamu Rules. Cucremy BcecBiTiB MOXkHa orrcaTu 3a jronomoroio SAR Ho-
rarnii Bapenzpexra [2]:

Sorts = Type.{i}, i: Nat
Azioms = Type.{i} : Type.{inc i}
Rules = Type.{i} ~ Type.{j} : Type.{maz i j}

Cunrakcuc moBu Henk 6asyerbest Ha cunTrakcucy mosu Henk Brieprie onuca-
uuit Epikom Meitepom ta Caiimorom Ieitronom Txxkorcom B 1997 [11]. IisHimre,
B 2015 3’aBmracst Haskell immtemenarist mosu Henk — Morte, sika Texk Bukopu-
cTOByBaJjia KoJyBauHs Boma-Bepapmyadi s iHIyKTUBHIUX Ta HEPEKYDPCHUBHUX
namba repMmiB. [lg moBa 6a3yernbest BukioaHo Ha Il-Twmi, #toro iHTpo Ta ei-
MiHATOp, 3TiUeHHUM BcecBiTaMm, beta-peaykiil Ta eta-ekcnancii. Henk nacititye
moBu Henk ta Morte sik 3 Touku 30py Ju3aiiHa, Tak i 3 TOYKU 30PY IMILIEMEH-
Tarii, ofHaK y Hac OLIBIN onTuMi3oBaHi iHmekcH Jie bpeitHa, sKi 3aCTOCOBYOTCS



JIMIe 70 ojHoiMeHHUX ixeHTHdikaropiB. Cama MOBa CTBOPEHA B JIyCi MiHAMiJI-
3Ma, Ta He 3aJeXKNTh Bij| 30BHIMHIX 0i0ioTeK, Y TOMY YHCI He 3aJIEKUTH BiJ
JIEKCUYHUX aHAJII3aTOPIB Ta reHeTapiB Mmapcepis.

2.1 BH® ta Cunrakcu4dHe JlepeBo

Moga Henk cywmicua 3 cucremoro tumis CoC, ska peasnizoBana B moBax Morte ta
Henk, ograx MicTHTH KII090BE POSIMIUPEHHS — BCECBITH MOXKYThH 1HIEKCYBaTHCS
marypanabauM unciiom Nat. Tpaguriiino HaBOAUMO CHHTAKCUC MOBU y opmi
Bakyca-Haypa, ekBiBajieHTe CHHTAKCHIHE JIEPEBO HABEJICHO CIIPaBa.

<> ::= #option data pts = star (n: nat)

V ::= #identifier | var (n: name)

S ::= % < #number > | app (f a: pts)

O:=:=S | V]| (0) | lambda (x: name) (d c: pts)
| OO | O =0 | pi (x: name) (d c: pts)
| X (I :0)—=0
| v (I :0)—=0

2.2 Bcecsitu

Tak ax Henk miarpumye meckindenny 37iueHHy KiIbKiCTh BCECBITiB, 11 MeTaTe-
OpHUYHUI IHYKTHBHUI TUI MOBUHEH MicTuTH HaTypaJsbHi ducaa. Cami BcecBiTn
BOOJIOBYIOTBCSI OJIUH B OJTHOTO.

Uy:U; :Uy:U;s: ...

e Uy — BcecBiT BucoBM0Banb, U1 — BcecBiT MHOXKUH, Us — BCECBIT THUIIIB,
Uz — BcecBiT BUiB, TOIIO.

Nat @

o: Nat ()
Type,
Bu mozkeTe mepeBipuTH IM TEPM € BCECBITOM 3a JOTIOMOTOI0 HACTYITHOI (DY H-
Kiil. ZIKIo apryMeHT He € BcecBiToM (byHKIII0 BEpHE TIOMWIKY {error, }.

star (:star ,N) — N
— (:error, "x")

2.3 IlpenukaTuBHi BcecBiTu

Vci repMu IOBUHHI BijiioBiaT panry Axioms BcepeiiHi 110C/IiI0BHOCTI BCeCBi-
TiB Sorts, Ta ckiaaJHICTh 3aexkHuX TepMiB Rules He moBuHHA IepeBUIIlyBATH
CKJIQJIHICTh 0a3u Ta (QYHKTOPY, 3a JOMOMOIOKI SIKOTO mopojkenuit Tepm. Curip
3ayBaKUTH Ta HArOJIOCUTH, IO MPEeIUKATHUBHA i€papXisd BCECBITIB He CyMicHA 3



Yopu-KoyBaHHAM JIsIMOJIa YHUCJIEHHS, Y IIbOMY MOXKHA II€DEKOHATHUCS CIIPOOY-
BaBIIIM CKOMIIIIOBATH 0a30By 0ibJioTeKy B pEXKMMI IIPEeINKATUBHUX BCECBITIB.
i:Nat,j: Nat,t < j
Type; : Type;
i: Nat,j: Nat
Typei — Type; : TYpemax(i.j)

(A1)

(R1)

2.4 Impredicative Universes

4k BimOMO, BCECBIT BUCTOBIOBaHD, 0O MPOCTIP 3 OJHUM HACEJTCHUM THUIIOM, MO-
JKJIMBO JIOJATH JIUIIe BHU3 iepapxil /st 3abe31edeHHss KoHCHCTeHTHOCTI. OiHaK
BIJIKPDUTUM 3aJIMIIAETHCA MUTAHHSA HECKIHYEHHOI IMIIPEIMKATUBHOI iepapxil.

i: Nat (45)
Type; : Type;+1 2
t1: Nat, j:Nat (R»)

2

Type; — Type; : Type;

2.5 IlepekitosraeHHs iepapxiit

ImmpenukaruBaa Bepcito dyHKIs Bu3Hadenns iepapxil h moseprae minboBuit
BcecBiT B posmapysanus B mag A. IIpenukarusaa (yHKIS y CBOIO depry Imo-
BepTaE MaKCHMaJIbHY IOTYXKHIiCTh BeecBiTiB B Ta A.

dep A B :impredicative — B
A B :predicative — max A B

h AB — dep A B :impredicative

2.6 Contexts

KonTekcTn Mome/mi010Th 3MiHHI B IIpOTiecci Po3B’I3aHHS PiBHSHD THUITOBOI CEIITIN-
dikarii. KonTekcTn MOXKHA MOJIEIIOBATH CIMCKaMu, BekTopamu (Boesozicpkuit),
ta BriagennMu cirmamu (Kanoniuawmii croci6). Ilpasuio esximinanil TyT He Ha-
JAETHCA TaK K KOHTEKCT B HAIMM IMIIEMEHTAI] MTOBHICTIO 3HUIIYETHCS ITiCJIs
TUIOBOI Bepu@ikarrii.

(Ctx-formation)

T : Context
I': Context
B T (Ctx-introy)
Empty : T
A:Type;, x:A, T :Context .
Ctx-int
(z:A) b T':Context (Ctx-introy)



2.7 Cucrema 3 ogHi€I0 aKCioMOIO

Hama moBa BXoauTh 10 KJIacy YUCTHX MOB ab0 MOB 3 OJHUM THUIIOM, TaK SK
BCi IpaBUJIa BUBOMY € KOMIIOHEHTAMU KOJIyBAHHS 130MOP(MIZMOM Ta BUBOIATHCS
3 curnarypu camoro [I-tumy. €auni npasusa obunciaennst — Gera-peyKilis Ta

JIBOX JIOJJATKOBUX MPaBUJIaX PIBHAHHAX JIIBOI Ta ITPABOI OJMHUYHOI KOMITO3MITII.

x:AF B:Type
Il (x: A) = B : Type
r:AFbL: B
Alz:A)—=b: T (z:A)—> B
f:(M(x:A)—-DB) a:A
fa:Bla/x]
z:AFb:B a:A
A(z:A)—>b)a=bla/x]: B [a/x]
m:A u:Abmy:B
[1/u] 7o : B
Teopemu ipo PT'S moxkyTs OyTu BOysoBani B camy PTS gk noriunnit dpeiim-
Bopk 1y [I-runis. HaBegemo mpukial B CHCHTaKCHCI BUAIIOI MOBH.
record Pi (A: Type) :=
(intro: (A — Type) — Type)
(lambda: (B: A — Type) — pi A B — intro B)
(app: (B: A — Type) — intro B — pi A B)
(applam: (B: A — Type) (f: pi AB) — (a: A) —
Path (B a) ((app B (lambda B f)) a) (f a))
(lamapp: (B: A — Type) (p: intro B) —
Path (intro B) (lambda B (A (a:A) — app B p a)) p)

(TI-formation)

(A-intro)

(App-elimination)

(B-computation)

(subst)

Tepmu HaBMUCHO HaBeIeH] 63 OBE/IEHD, TAK sIK MOXKYTb OyTH B35Ti 3 PI3HUX
mkepen [2]. O6uncmoBaabHA CeMaHTHKA GeTa Ta eTa MPABUJT HABEJIEH] y BUIIii
MoBi sk mpasuia Path-tuna. B peanbhiit iMmiaemenTartii cHHTaAKCUIHE JTEPEBO
moBu Henk posimpere crieriajJibHOXO BEPITUHOO JIJIsT IMIIOPTa CKJIQIHUX TEPMIB
B TEKCT IIPOrpaMM Ha €Talll 3aBaHTayKeHHs TePMiB 3 JOBipeHoro jrkepesia. Mu
TaKOXK 3a00POHSEMO PEKYPCiio IO IIOMY BHJILY BEPIIIHH.

data henk = star (n: nat)
| var (n: name) (n: nat)
| remote (n: name) (n: nat)
| pi (x: name) (n: nat) (d c: henk)
| fn (x: name) (n: nat) (d c: henk)
| app (f a: henk)

Hairr TuntoBumit BepudikaTop 3HAYHO BiIpI3HAETHCS Bl KAHOHITHOTO MTPHUK.J/Ia-
ny nasegennM Teppi Kokanom [5], Ta cKIaIaeThesi 3 HACTYIHAX IPUMITHUBIB:
Substitution, variable Shifting, term Normalization, Equality 3a Busna-
qennsiM Ta BiacHe Type Checker.



2.8 BepudikaTop

B umcrux cumcremax Mu moBHHHI OyTH aKypaTHUMH JI0 PEKypCil, TOMy SK MU
BXKe CKasajaum Mu 3ab0pOHsiEMO 11 BiIHOCHO :remote BepIinH CHHTAKCAIHOTO
nepesa. Maerscsa Mosa 1po Koucerpykuii suny # List/Cons or #List/map ne
BUKOPHUCTOBYIOTHCS IIIJISIXH /10 (DAiiJIiB BiTHOCHO CXOBUIIA TEPMIB. 3a JOIOMOIOI0
kemra y Burisiai ETS Tabsuii Mmu yoesneuyemo cebe Bij OABIHHOT HOpMaJHi3aliil
TEPMIB 3 OJHUMU i TUMU CAMUMU IMEHAMU.

(:star ,N) D — (:star ,N+1)

(:var ,N,I) D — :true = proplists:is_defined N B, henk:keyget N D I
(:remote ,N) D — henk:cache (type N D)

(:pi,N,0,I1,0) D — (:star ,h(star(type I D)),star(type O [(N,norm I)|D]))
(:fn,N,0,1,0) D —» let star (type I D), NI = norm I

in (:pi,N,0,NI, type(O,[(N,NI)|D]))

(:app,F,A) D — let T = type(F,D),
(:pi,N,0,1,0) =T,
in norm (subst O N A)

:true = eq I (type A D)
2.9 3cys ingekciB ge Bpeiina

3cyB Bukonye mepeimenyBanns 3minaol N B Tepmi B. IlepeimenyBamus o3Ha-
Ja€ JI0IaBaHHS OJMHUIN 0 iHaekcy je Bpeitna y KOMIIOHEHTI sKa iH/IEKCYEThCsT
iMeHeM 3MiHHOI.

(:star ,X) N P — (:star,X)
(:var ,N,I) NP — (:var,N,I4+1) when I >=P

— (:var,N,I)
(: remote ,X) N P — (:remote,X)
(:pi,N,0,1,0) NP — (:pi,N,0,sh I NP,sh ON P+1)
(:fn,N,0,1,0) NP — (:fn,N,0,sh I N P,sh O N P+1)
(:app,L,R) NP — (:app,L,R)

2.10 IlincranoBka

Omnepariist mijICTAHOBKU PEKPCUBHO ITi/ICTAJISIE 3HAYEHHSI [IEBHOT 3MIHHOT, STKa 3HAa~
XOJIUTHCS B IIEDHOMY TepMi.

(:star ,X) NV L — (:star,X)

(:var ,N,L)  NVL =V

(:var ,N,I) NVL — (:var,N,I—1) when I > L

(:remote ,X) NV L — (:remote,X)

(:pi,N,0,I,0) NVL — (:pi,N,0,sub I NV L,sub ON (sh VN 0) L+1)
(:pi,F,X,I1,0) NVL - (:pi,F,X,sub I NV L,sub ON (sh VF 0) L)
(:fn,N,0,1,0) NV L — (:fn,N,0,sub I NV L,sub ON (sh VN 0) Lt1)
(:fn,F,X,1,0) NVL - (:fn,F,X,sub I NV L,sub ON (sh VF 0) L)
(:app,F,A) NVL — (:app, sub F NV L;sub ANV L)



2.11 Hopwmajizariis

OyHKIig HOpMaJTi3allil PEKyPCUBHO BUKOHYE OIEPAITIIO ITiICTAHOBKY JIJIsI OIlepa-
il dyskionansbol anmiikal (B JiTeparypl HA3MBAETLCH HeTa PeLyKIlis, HOP-
MaJi3alis 3a J0IOoMOI0 ob4ucaeHHs Ta migcranosku). Normalization performs
substitutions on applications to functions (beta-reduction).

norm (:star ,X) — (:star ,X)

(:var,X) — (:var,X)

(:remote ,N) — cache (norm N [])
(:pi,N,0,1,0) —» (:pi,N,0,norm I,norm O)
(:fn,N,0,I1,0) — (:fn,N,0,norm I,norm O)
(:app,F,A) — case norm F of

(:fn,N,0,1,0) — norm (subst O N A)
NF — (:app,NF,norm A) end

2.12 PiBHicTh

Ormepariisi piBHOCTI 3a BU3HAYEHHS IIPOCTO PEKYPCHUBHO IIOPIBHIOE JIBa TepMa-
JiepeBa 3a JIOMOMOIO0 TaTepH-MadiHr omneparopa Erlang.

(:star ,N) (:star ,N) — true
(:var ,N,T) (:var,(N,I)) — true
(:remote ,N) (:remote ,N) — true
(:pi,N1,0,I1,01) (:pi,N2,0,12,02) —

let :true = eq I1 12

in eq Ol (subst (shift 02 N1 0) N2 (:var,N1,0) 0)
(:fn,N1,0,I1,01) (:fn,N2,0,12,02) —

let :true = eq I1 12

in eq Ol (subst (shift 02 N1 0) N2 (:var,N1,0) 0)
(:app,F1,Al) (:app,F2,A2) — let :true = eq F1 F2 in eq Al A2
(A,B) — (:error ,(:eq,A,B))

3 BukopucranHg MOBU

IIpomemoncTpyemo inTepdeiic KopucTyBada Ta ITOKaXKEMO Ha HPUKJIAIAX, SIK
BukopucropyBaru MoBy Henk. [lepmuii npukiiaz, e HalBHE HAMaraHHsI IMILIe-
merntyBaru MLTT npumitusu 3a momororo PTS ra mume Il-tumy. Mu 6ymemo
BUKOPHUCOBYBATH JIJI HBOTO Ko yBanus Boma-Bepapyudi [3]. dpyruii npuksia
MIOKA3Y€ K MICATU PEAJIbHI MPOrpaMu 3 BBOIOM-BUBOJIOM B CEPEIOBUII BUKOHA-
ouga Ertlang. Mu nokazkemo dpopmastizariio gk iHIyKTUBHUX TaK 1 KOIHIyKTHUB-
HUX IIPOIIECIB.

$ ./henk help me

[{a,[expr],"to parse. Returns { , } or {error, }."},

{type ,[term]," typechecks and returns type."},

{erase ,[term]," to untyped term. Returns { , }."},
{norm,[term|," normalize term. Returns term’s normal form."},
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{file ,[name],"load file as binary."},

{str ,[ binary]," lexical tokenizer."},

{parse ,[tokens]," parse given tokens into { , } term."},
{fst ,[{x,y}],"returns first element of a pair."},
{snd,[{x,y}],"returns second element of a pair."},

{debug,[bool]," enable/disable debug output."},
{mode, [name] ," select metaverse folder."},
{modes,[]," list all metaverses."}]

$ ./henk print fst erase norm a "#List/Cons"
\ Head

— \ Tail

— \ Cons

—> \ Nil

—> Cons Head (Tail Cons Nil)

ok

3.1 Cirma Tun

Xoua cucrema Henk nocrararo mory:kHa i 6€3 curma Tuia cupobdbu iforo moby1o-
BU IIOTPEOYIOTH TeXK ceid THia, abo sBHA TapaMeTpu3ariii 6a3u, mo y KoyBaHH1
Bowma-Bepapyadi 6yse Bianosimatn koaysanuio, Bukopuctane B MoBi Cedile.

data Sigma (A: Type) (P: A — Type) (x: A): Type =
(intro: P x —> Sigma A P)

Y-Tuma pasom 3i cBoiMm eiminaTopamu, 3rimHo Aaron Stump [14]. Tyt mu
HOKAa3y€eEMO JI0IATKOBY HapaMeTpH3allilo 6as3u.

— Sigma/Q

L (A 1)
— \ (P: A — x)
— \ (n: A)

— \/ (Exists: x)
— \/ (Intro: A — P n —> Exists)
—> Exists

— Sigma/Intro

Exists: x)
Intro: \/ (x:A) — P x —> Exists)

— Sigma/ fst

| (A )
— \ (B: A — %)
— \ (n: A)

11



S: #Sigma/@Q A B n)

=\
S A ( \(x: A) = \(y: Bn) — x)

—
— Sigma/snd
\ (A %)
— \ (B: A — %)
— \ (n: A)
—> \ (S: #Sigma/@ A B n)
— S (Bn) (\(L: A) = \(y: Bn) —>y)

> import henk

> "#Sigma/test.fst" |> a |> norm |> erase |> fst
{{),{ Succ’,0}},

{any ,{{\,{ Zero’,0}},{any,{var,{ Zero’,0}}}}}}

J1J1st BUKOPUCTAHHS .-THUITY JIjis TOTPed JIOTIKKM MU MIOBUHHI 3MIHITH DOJIMH-
HUIT BCECBIT Ha BCECBIT BUCJIOBIIOIBaHHL Prop:

data Sigma (A: Prop) (P: A — Prop): Prop =
(intro: (x:A) (y:P x) —> Sigma A P)

3.2 Tumn piBHOCTI

Hpyruit mpuKIaa MOTY>KHOCTI MOBH 3 OIHIEI0 aKCIOMOIO 1€ KOMYBAHHS THUIIA
piBuocTi 3a Jleitbuiitom y cucremi tumnis Maprina-JIboda.

data Equ (A: Type): A —> A — Type :=
(refl (a: A): Equ A a a)

— Equ/@

\ (A %)
— \ (x: A)
=\ (v A)

— \/ (Equ: A —> A —> x)
— \/ (Refl: \/ (z: A) — Equ z z)
— Equ x y

(

(

(Equ: A —> A —> x)

(Refl: \/ (z: A) — Equ z z)

Mu He MOXKE€MO 3KOHCTPYIOBATHU Ta 30€perTu JsaMO1a (DYHKIIO /It TOPiBHSI-
HHSI JIOBUIBHUX 3HAYEHb THUIY A, OJJHAK MU M=O0KeM BOY/yBaTH THII PIBHOCTI B
TUNOBU BepudikaTop, a caMe BUKOPUCTATH HOro BMiHHSI TIOPIBHIOBATHU JOBLIBHI
TEPMU MOBHU:
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> henk:print (henk:type(
henk:a("(\\ (z: #Equ/@ #Nat/@Q #Nat/One #Nat/One) —> #Prop/True)"++
" (#Equ/Refl #Nat/Q (#Nat/Succ #Nat/Zero))"))).
\/ (True: %0)
—> \/ (Intro: True)
—> True
ok

> henk:print (henk:type(
henk:a("(\\ (z: #Equ/Q #Nat/Q #Nat/One #Nat/One) —> #Prop/True)"++
" (#Equ/Refl #Nat/Q #Nat/Zero)"))).
%% exception error: no match of right hand side value
{error {"==",
{app,{{var,{ Succ’,0}},{var,{ Zero’,0}}}},
{var ,{’ Zero’,0}}}}

TakuMm IUHOM, MU MOKEMO TOPiBHIOBATU JIOBIIbHI 3HAYMEHHS HA €Tali KOM-
TSI

3.3 Cucrema edekriB

IIs1 poboTa mepenbadac KOMIIAIIIO Ha OOMEXKEHUH KJIac IMIHLOBUX ILIAT(OPM.
3apas migrpumyerbes smamte Erlang, Haskell. Erlang Bepcis npusnagenus mjis
BUKOpHCTaHHd y Bipryasbaux Mammuax Erlang/OTP — BEAM (Ericsson, I1Ise-
nis) Ta LING (Cloudozer, Ykpaina). JIisi BAKOHYyIOIHX IPOTrPaM JOCTATHBO BH-
KOPHCTOBYBATH KOJYyBaHHs TUIOBUX cucreM System F abo System F,,. Biacru-
BOCTI KOJIy JIOBOJUTH y BHIIUX MOBAX, & $JIPO ODYHUCJIEHb Ta CaMi IpOrpamu
epedavIaeThCsl PO3MOBCIOKYBAaTH y MOBI mpomizkaoro piasg Henk, i Bxke 3
Hel, 3a JOTOMOTOI0 3aIIPOIIOHOBAHO] OE3KOIMTOBHOI TEXHOJIOTI], EKCTPAKT B MOBY
Erlang. Jlna 3abe3mevenns BUKOHAHHS TaKuX (popMaabHUX MOjeseil Ha iHTep-
nperaropi Erlang Mu moBUHHI 3aIIpOIIOHOBATH TEXHOJIOTIIO (POPMAJIBHOTO MO/Ie-
JIFOBAHHS Ta €KCTPAKTY (POPMaJIbHOTO BBOIY-BUBOY. [ljist IIbOrO MU BUKOPUCTA-
€MO TEXHOJIOTII0 BOYJIOBYBaHHS iHTEPIPETATOPIB BU3HAYEHUX CHUHTAKCUIHIMUI
JlepEeBAMU B KOHTEKCTI BUKOHAHHs BLIBHUX MOH&J ([IPOIECH 3 TE€PMIHOBAHOIO
pekypcieo) IO-tun Ta BiabHUX KOMOHAJ (IIOTEHIHHO HECKIHYEeHHIH porecn)
IOI-tun. Cami gyukmil getLine Ta putLine mepemarorbesi 30BHI 9K (DyHKIHT B
MOHAIMYHUN €BAJIyATOD IHTEPIPETATOP KOMAaH]| BBO/LY-BUBOJLY.

String: Type = List Nat

data I0: Type =
(getLine: (String —> I0) — I0)
(putLine: String —> I0)
(pure: () — 1I0)

3.3.1 HeckinyeHnnuii BBia-BuBig

Tunosa cuerudikanis wa tan Infinity I/O mia HecKiHueHHOrO BBOIY-BUBO/LY.

— I0I/@: (r: U) [x: U] [[s: U —=> s —> [s —> #IOI/F r s| —> x| x
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\ (r o:ox)

\o(x o ox)

(\/ (s : %)

—> 8

—> (s — #IOI/F r s)
— x)

101 /F

(a o ow)

\ (State : x)

\/ (IOF : =x)

\/ (PutLine : #I0I/data —> State —> IOF)
\/ (GetLine : (#I0I/data —> State) —> IOF)
\/ (Pure_ : a — IOF)

IOF

01 /MKIO
(r : *)
seed : s)

(
(
(step : s —> #IOI/F r s)
(
(

X i %)

I
\
\
\
\
\
\
k seed step

I0I/data

#List /@ #Nat /@

IIpukitan HECKIHIEHHOTO BBOIY-BUBOLY.

Morte/corecursive

(\ (r: 1)
— ( (((#IOI/MKIO r) (#Maybe/Q #101/data)) (#Maybe/Nothing #I0I/data))

(\ (m: (#Maybe/@ #I01I/data))

k : forall (s : %) —> s — (s — #IOI/F r s) — x)

—> (((((#Maybe/maybe #101/data) m) ((#I0I/F r) (#Maybe/@ #I101/data)))

(\ (str: #I0I/data)

—> ((((#I0I/putLine r) (#Maybe/@ #I0I/data))

(#Maybe/Nothing #I0I/data))))

(((#101/getLine r) (#Maybe/@ #I01/data))

(#Maybe/ Just #I01/data))))))

Koinnykrusai 6iagiaru B Erlang.

copure () —>

fun () —> fun (I0) — IO end end.

cogetLine () —>

fun (I0) — fun(_ ) —
L = ch:list (io:get line("> ")),
ch:ap(IO,[L]) end end.
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coputLine () —>
fun (S) —> fun(I0) —>
X = ch:unlist (S),
io:put_chars(": "+4X),
case X of "0\n" — list ([]);
~ —> corec() end end end.

corec () —>
ap (’Morte ’: corecursive (),
[copure(),cogetLine (),coputLine(),copure(),list ([])]).

> om_extract:extract (" priv/normal/IOI").
ok
> Active: module loaded: {reloaded,’IOI’}

> henk: corec ().
> 1
1
> 0
: 0
#Fun<List.3.113171260 >

3.3.2 CkiHuyeHHUIl BBia-BUBIig

Tunosa cuenudikanis ingykrusaoro tuiy 1/0 st CKIHUEHHOIO BBOLY-BUBOJLY.

— 10/@

\ (a : %)
— \/ (I0 : %)
—> \/ (GetLine : (#I0/data — I0) — I0O)
—> \/ (PutLine : #I0/data — IO —> IO)
— \/ (Pure_ : a — IO)

10

— I0/replicateM
\ (n: #Nat/Q@)
— \ (io: #I0/@ #Unit/Q)
= #Nat/fold n (#10/@ #Unit /@)
(#10/[>>] io)
(#I0/pure #Unit/Q #Unit/Make)

IIpukian ckiHIeHHOI PEKYPCUBHOI TPOTPAMU.

— Morte/recursive
((#10/replicateM #Nat/Five)
((((#10/[>>=] #10/data) #Unit /@) #10/getLine) #I0/putLine))

IunykTusHi 6inginru B Erlang.

pure () —>
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fun (I0) — IO end.

getLine () —
fun (I0) — fun(_ ) —
L = ch:list (io:get line("> ")),
ch:ap(I0,[L]) end end.

putLine () —>
fun (S) — fun(I0) —
io:put_chars(": "++ch:unlist (S)),
ch:ap(I10,[S]) end end.

rec() —>
ap (’Morte ’: recursive (),
[getLine (), putLine () ,pure(),list ([])])-

[TpukJaj BUKOHAHHS PEKYPCHBHOI IIPOrPAMH BCEPEINHI OOYHC/IFOBAJIBHOIO
cepenouia Erlang.

> henk:rec ().
>

>
>

>

U = W W NN ==

>
5
#Fun<List.28.113171260 >

4 Bwuma mMoBa 3 iHAYKTUBHUMU TUIAMU

Sk Gyno nokazano Iepman Tepepc [8] nmpuHmmm MaremaTwdHOl iHIYKIHI HEMO-
2KJINBO KOHCTPYKTHUBHO TTOOYyBATHU B 3aJI€XKHiil Teopil apyroro mopsaky. Omaak
icaye bararo crocobis 3pobutn ne. Hampuritasn, Mu Mmoxkemo BOymyBaTH I1e Ipa-
BHUJIO B s/IpO THIOBOTO BepudikaTopa, siK I 3po0JeH0 y OLIBIITOCTI IpyBepiB
SAKI M ATPUMYIOTh 1HAYKTUBHI Tunm. Takox sk nmokasaau Aapon Cramir ta [Tenr
Dy [14], MoKHA TAKOXK JIO3BOJIUTH PEKYPCUBHE BU3HAUEHHS Jisi paBia (op-
MaIlil, TAKMM YUHOM BBIBIIM TIOCJA0JIEHy BEPCII0 OllepaTopa HepyXoMOl TOUKH,
1e TPOXU BUIO3MIHIOE JAMOIa KOIYyBAaHH:HA, OJHAK MOXKE OyTH 3aCTOCOBAHO JI0
Teopil 3 3ajIeXKHUMHU THIAMH, AK Ie moka3aHo Bikrop Maiis y mosi Formality
4. Tammmu coBaM, ist 3a6e3MebeHHs IIPUHITAIY 1HYKITI MU TakK YU iHAIKe
MaTHU IeBHY (DOPMY OII€PATOpPa HEPYXOMOI TOYKHU B sJIPI THIIOBOI CUTCEMH.

4https://github.com/moonad
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Tax 3Bane Yncaenns [uaykrusanx Konerpykuii (Calculus of Inductive Constructi-
ons [13]) BUKOPUCTOBYETHCS SIK MOBa BEPXHBOTO PiBHst 1oBepx PTS, ju1st cymeke-
HHsI TIPO MPOTPAMMHU 1HIYKTUBHUMH Ta KOIHIYKTUBHUMM MeTOmaMu. 1yT mMu
nokazkemo ckerd (BH®-HoTa11iio) Takol MOBE BEPXHBOIO DIBHS, sKa Hepeadada-
€ThCA KIHIIEBOIO MOBOIO KOPHCTYBAaHHS, sika Oyie PO3ropTaTUCH 38 JOIOMOTOI0
makpocis 10 moBu Henk. B CiC omeparop HepyXoMol TOYKH JTO3BOJICHUI J1JTsT
ycix TepMmiB, TOMy TiepeBipka 6a3a BOy/oBaHa B TUNIOBUI BepudikaTop.

Our future top language is a general-purpose functional language with II
and ¥ types, recursive algebraic types, higher order functions, corecursion, and
a free monad to encode effects. It compiles to a small MLTT core of dependent
type system with inductive types and equality. It also has an Id-type (with its
recursor) for equality reasoning, Case analysis over inductive types.

4.1 BH®

<>

[

4.2 CuHTaKCHUYHE JIEPEBO

oOWHHC———=
I

1= #option

= F#list

1= Fsum

1:= #unit

= #identifier

::= Type < #nat >

1 I:0
[
|

— QO —

1
: 1
=1
U

- O~~~
—

)
==
o ars i o— -
o) O/ﬂ\o\le (@)

Q- <
I
+ -
4

oNe)]
-vo

o

case

™ =
O

] =0
| OO
) = O | fst O
| id OO0 O
| let F in O
| (I :0) =0
=T | record I T : O :=T

CuHTakCUYHE JIEPeBO MOBH BHIIOIO PiBHS BU3HAYEHE HA CcaMiil MOBI BHIIOIO
piBag. TyT Bu MoxkeTe GadUTH METATEOPETUIHE KOJYBAHHS TEJIECKOIIB (KOH-

TEKCTIB), PO3raJlyKeHb Ta IaTepH Madinry, Ta gedininii iHjgyKTHBHUX THUIIB 32
JoroMoroio omeparopa data.

data
data
data
data

tele (A: U) = emp |
branch (A: U) =

label (A: U) =

ind

star

var (n: name)

app (f a
lambda (x: name) (d c¢

tel (n: name) (b: A) (t: tele A)
br (n: name) (args: list name) (term:
lab (n: name) (t: tele A)
(n: nat)
(i: nat)
ind)
ind)



| pi (x: name) (d c: ind)

| sigma (n: name) (a b: ind)

| arrow (d ¢: ind)

| pair (a b: ind)

| fst (p: ind)

| snd (p: ind)

| id (a b: ind)

| idpair (a b: ind)

| idelim (a b cde: ind)

| data_ (n: name) (t: tele ind) (labels: list (label ind))
| case (n: name) (t: ind) (branches: list (branch ind))
| ctor (n: name) (args: list ind)

Erlang Bepcis mapcepa BUINOI MOBHU peaJji3oBaHa 3a JOMOMOTr0I0 yecc 6i0.1io-
reku reaeparopa LALR-1 napcepis, mo nocradaernes 3 mwiardgopmoro Erlang/OTP.
[Is1 Bepcis cuHTAKCUCY € MOXOJXKEHHsST KyOIYHOTO CHHTAKCUCY TUIIOBOTO Bepui-

katopa Anjepca Moprt6epra [4] Ta nocTymma 3a agapecoio °.

4.3 KogyBaHHs iHIYKTUBHUX TUIIB

Icrye GaraTo cmocobiB KOMyBaHb Ta MOMAETIOBAHHST TE€OPil iHIYKTUBHUX THUITIB:
1) Maremarnuna HoTanis KoMmyraTusHux marpam F-amre6p (Timsze, By [10]);
2) IHyKTUBHO-PEKYPCUBHE KOJyBaHH, ajre0paidauii Tui ajarebpaiaanii Tuis,
KoJlyBaHHsI iHyKTHBHUX cimeiicTs (Jaran [6]); 3) IHmyKTHBHO-IHIYKTHBHE KO-
JlyBaHHsI, 11 MojietoBanug dbaxrop-runis (Asprenkipx, Kanosi [1]); 4) Komy-
Banns ['erapi Popaa abo KomLyBaHHS JIBAMA Ta IIPABUMHU PO3IMIHpeHHsIME Kana
(Kamana, @iope [9]); 5) Yopu-cymicue konysanus Boma-Bepapayadi (Bom, Be-
papsyi [3]).

Cucrema nosesennst reopeM Henk mocrasisieThest 3 6a30B010 6i6/110TEKOIO
y Hopu komyBanHi 3 npuk/agaMu GoOpMaJbHOIO PEKYPCUBHOIO Ta KOPEKYPCUB-
HOT'O BBOJLY-BHBOJLY.

4.4 TloninomianbHi pyHKTOPHU

Pexypcopu nepeB, sKi BU3HAYAIOTHCS OMEPATOPOM HANMEHITOT HEPYXOMOI TO-
YKHM HA3UBAIOTbCS peKypcieio 3 6a3010. BoHN KOAyIOTH aaropuT™Mu 0O6XOZKEHHST
abCTPaKTHUX JIEPEB, sIKi € TOJIHOMIiaJIbHME (DYHKTOPAUMU.

Natural Numbers: p X — 14+ X

List A: p X - 14+Ax X

Lambda calculus: p X - 14+ X x X + X

Stream: v X — A x X

Potentialy Infinite List A: v X - 14+ A x X

Finite Tree: p X - pY =1+ X xY =p X = List X

dAx Mu 3HAEMO € JeKiTbKa BapiaHTiB #3 3MiHHA MOXKe OyTH BUKODHUCTAHA B
PEeKyPCHUBHOMY aJiredpalHOMy BU3HAYEHHI, HafIMEHIIIA HEPpyXOMa TOYKa, IIe Pe-

Shttp://github.com/groupoid /hts
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KYPCUBHUI BUpaxX SIKuit Mae 0a3y peKypcil B HepeKypCUBHOMY KO TyBaHHI Boma-
Bepapmayudi, sike € y3aranbHeHoo Bepcito HYopu KoyBaHHs. ¥ TaKOMY KOJIYyBa-
HHSI PEKYPCOPHU € ITPABUMH 3rOPTKAMU.

4.5 Ilpuknan xkogyBanHsa MojyJist List

Tun manux List mapamerpu3zoBanuii TUIIOM CBOIX esleMeHTIB A Moke Oy TH TIpe/I-
craBsienuil gx ininjanbuaa anrebpa (ul 4, in) dynkropa La(X) =14 (A x X).
IMosuaunmo pL 4 = List(A). @yuxiil koucrpykropu (inrpo-nipasmia) nil : 1 —
List(A) ta cons : A x List(A) — List(A) Busnauatorsest sk nil = in o inl
Ta CONsS = in o inr, TaKUM YUHOM in = [nil,cons]. dus noBlibHuX OyHKIHT
c:1 = Cmrah:AxC — C, karamopdism [ = ([c,h]) : List(A) — C e

VHIKQJILHIM PO3B’sI3KOM CHUCTEMU DiBHSHD:

fonil=c
focons=ho (id x f)
e f = foldr(c,h). Matoun ne, ininjiaasaa anreGpa npejcraBieHa HyHKTO-
pom (1 + A x X) ta mopdizmom-cymoro [1 — List(A), A x List(A) — List(A)]

K Karamopdizomom. laJi, 3aK0ayeMO yCi KOMIIOHEHTH BUKOPUCTOBYIOUIH MOBY

Henk:

list = X ctor — A cons — X\ nil — ctor
cons =Ax — Axs— Alist = X cons — A nil — cons x (xs list cons nil)
nil = X\ list — X cons — A nil — nil

TyT Mu TpajuiiiiHo mokasyemo, sik List BusHadaeTbcst y MOBI BAIIIOrO piBHSI,
Ta 9K BIH PO3rOPTAETHCST ¥ MOBY IPOMIYKHOTO PIiBHSI, YACTE JIAMO/1a INCIEHHS:

data List: (A: %) — % :=
(Cons: A — list A — list A)
(Nil: list A)

— List /@
LA )
— \/ (List: =)
— \/ (Comns: \/ (Head: A) — \/ (Tail: List) —> List)
~~ \/ (Nil: List)
—> List

— List /Cons
(A %)
—> \ (Head: A)
— \ (Tail:
\/ (List: x)
—> \/ (Comns: \/ (Head: A) — \/ (Tail: List) —> List)
— \/ (Nil: List)
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—> List)
—> \ (List: =)

— \ (Cons:
\/ (Head: A)
—> \/ (Tail: List)
—> List)

—> \ (Nil: List)
—> Cons Head (Tail List Cons Nil)

~ List/Nil
| (A: w)

—> \ (List: =)

—> \ (Cons:

\/ (Head: A)

— \/ (Tail: List)
—> List)

~~ \ (Nil: List)

—> Nil

record lists: (A B: *) :=
(len: list A — integer)
((++4): list A — list A — list A)
(map: (A — B) — (list A — list B))
(filter: (A — bool) — (list A — list A))

foldr = ([f o nil, h]), f o cons = ho (id x f)
len = ([zero, A a n — succ nl)

(+4) = X xs ys — ([M(z) — ys, cons])(zs)
map = A f — ([nil, cons o (f x id)])

len = foldr (A x n — succn) 0

(++4) = A ys — foldr cons ys

map =\ [ — foldr (Ax xs — cons (f x) xs) nil

filter = X p — foldr (A\x zs — if p x then cons x xs else xs) nil
foldl=X fvas= foldr Azg— (A= g (faxz)))idzsv

4.6 DBazosa 06i0JsIOoTEKA

Bazosa 06ibirioTeka BKJIIOYAE€ OCHOBHI TEOPETUKO-THUIIOBI KOHCTPYKIII, Taki sK
Unit, Bool, Either, Maybe, Nat, List ta IO. Ilokaxkemo Ha nmpukIagax, sK

e Burisiae. [ToBua Bepcis 6a3opoi 6i6siorexu jgoctynHa Ha Github 3a agpecoro
6

Shttp://github.com /groupoid/pts
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data

data

record

data

record

record

Nat: Type :=
(Zero: Unit — Nat)
(Succ: Nat — Nat)

List (A: Type) : Type :=
(Nil: Unit — List A)
(Cons: A — List A — List A)

String: List Nat := List.Nil

10: Type :=

(getLine: (String — I0) — I0)
(putLint: String — IO)

(pure: () — I0)

10: Type :=
(data: String)
([>=] ...)

Morte: Type :=
(recursive: IO.replicateM
Nat.Five (I0.[>>=| I0.data Unit
I0.getLine IO.putLine))

4.7 BuwmipioBaHHS Ta IOPiBHAHHS 3 IHIIUMU CUCTEMaMU

Mosa tumosoro Bepudikaropa Henk y cBoio wepry € miboBOIO MOBOIO st
MOB OlJIbIII BUCOKOTO PiBHS, sIK TO MOBA 3 IHJIYKTHUBHUMHU TUIIAMH ab0 MOBa 3
FOMOTOIIIYHUM BijpizkoM. 3arajbHuili posmip 6i6iorekun moeu Henk ckiiagae

300 psiakis.
Taba. 2: Compiler Passes
Module LOC Description
henk tok 54 LOC Toxenaiizep
henk parse 81 LOC CunTakcu4HUil mapcep
henk type 60 LOC HopwmaJizaTop Ta BepudikaTop
henk erase 36 LOC CrupanHst THIIB

henk extract 34 LOC Excrpakmis Erlang 6aittkomxy

5 BucaoBku

B pobori 3ampononosana moaudikoBana Bepcis CoC, TakoxK Bimoma sik ducTa
cucrtemMa abo CHUCTEeMa 3 OIHIEI0 aKCIOMOIO, pa3oM 3 MpeIuKaTUBHOIO abo iMIpe-
JIMKATUBHOIO i€papxiero 3/1i9eHHOl KiTbKocTi BeecBiTiB. s cucrema Bimoma sk
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KOHCHUCTEHTHA, MiITPUMY€E CUJIbHY HOPpMAaJI3alliio TePpMiB, Ta BiIBTOPIOE 6a30Be
SIIPO YCIX CydacHHMX CHUCTeM JioBejleHHsi TeopeM, Takux sik Coq, Lean, Agda,
TOIIIO.

PesynpraTu mociigxkenns B pesyabrari Moo J0CTiIKeHHs BCTAHOBJIEH]
nacrynui Biakpurrsa: 1) Bigcyrhicts pekypcii poGUTh HEMOMKIIMBUM KOy BAHHSI
IPUHITAITY 1HIyKIIT, HeoOXiaHe mocmabienas xoda O [jIsi CATHATYD PEKYPCUBHUX
TUiB, Tak 3BaHi Self-tumnu, 3anpononosani y mosi Cedile, aBropamu Peng Fu Ta
Aaron Stump [7]. 2) OxnHak s 3ane3nedeHHs] BUKOHAHHs nporpam System F
[IJIKOM JIOCTATHBO Jijis 3abe3nedenns 6ibaiorekn yacy Bukonanus; 2) Teopemu
AKI MOXKYTh OyTH BUpasKeHHMH 0e3 KOHCTPYKTOpPa HEPYXOMOI TOYKH, OiabIme
BiamoBigaoTs Karveropuiii cemantuni; 3) Ila cucrema Moxke OyTH IPUPOIHIM
YUHOM TPAHIIOPTOBAHA Yy HETUIIM30BaHI JIAMOJa YUCJIEHHS Ta IX eBaJlyaTopH,
IO PO3IIUPIOE OBJIACTH 3aCTOCYBaHHs Maiizke Ha yci iHreprperaropu. 4) Aximo
OOMEXKUTH PO3MIp IHTEpIpeTarop Ta HOro mporpaM po3MipoM Kella, IepBOro
piBHSI, TO MBUIKICTH iHTEpHpeTarli JisiMOma KouTeKcTiB Oyme Ha pisai JIT abo
native.

ITepeBaru Hap icHyroyumu aHasioriyHmMmu pimmenHsimu. 1) padino-
BaHa Bepcis Tunooro Bepudikaropa Ha 300 psakis; MinimMaibHiCTh sapa Tae
3MOTy [IBHJIKO [IEPEKOHATHUCS B KOPEKTHOCTI Ta 3 ICHUTH PEBBIO; 2) MiATPpUMKA
MIPEINKATUBHOI Ta IMIIPeIMKATUBHOI iepapxiii, sk eaemenT koudiryparii Henk;
3) esanyarop Erlang Ginbm edexrusumii nixk BOynosysanus B Haskell; 4) mosa
Henk BukopucTyBeThCst yis1 crierudikaiiii HeCKiHIeHHUX TPOIIECIB.

HaykoBe Ta BupoOGHuYe Bukopuctans. 1) Ila MoBa MoXkKe BUKOPHCTO-
ByBaTHCs K cepTudiKoBaHa siPO JJIsl JOJATKIB 3 IMiBUIIIEHUMI BUMOTAME JI0
AKOCTI, TaKi 9K (PiHAHCOBI JOJATKH, MATeMaTUIHi, ab0 IHIM TeMmu, sIKi morpe-
Oytorb nepesipku TorasbHocTi hyukniit; 2) Ila MoBa MOXKe BUKOPUCTOBYBATHCS
dK BOymoByBaHa 6i6sioreka; 3) B akanemil Henk moxe BUKOpucTOBYBaTuCH K
JUIAKTUYHUE IHCTPYMEHT 3 JIOTiKH, CUCTEeM THIIB, MO8 IUCIEHHHIO, DYH-
KIIIOHAJIbHUM MOBaM IIPOI'DaMyBaHHS.

IlepcneKkTHBY HOAANBINNX AOCJHiKeHb. 1) Posmupenns crekTpy -
JILOBUX MOB Ta JIOBeJleHHs cemaHTHKE y cubicaltt; 2) IloGymoBa excrpakTop B
onmuTaabHuil JisM6a eBastyarop 3 Henk; 3) Ilo6ynosa ceprudikoBanoro in-
repuperaropa Ha Rust sk samina Erlang; 4) 3amyuenust npunnumy iHmayKIii B
Henk B maiibyTHBOMY.

6 Ilongakn
BucmosmoeTbest ofska ycim gomucyBudam ['pymnoin [udiniti, XT0 HomoMir yHu-

kuytu nommwiok B TeX rta Erlang daitnax. Takoxk mojska BCiM pifHUM, XTO
MiATPUMYE HAC.

22



Jliteparypa

(1]

2]

3]

4]

5]

(6]

7]

18]

19]

[10]

[11]

[12]

Thorsten Altenkirch and Ambrus Kaposi. Type theory in type theory
using quotient inductive types. In Proceedings of the 43rd Annual ACM
SIGPLAN-SIGACT Symposium on Principles of Programming Languages,
POPL ’16, pages 18-29, New York, NY, USA, 2016. ACM.

H. P. Barendregt. In S. Abramsky, Dov M. Gabbay, and S. E. Maibaum,
editors, Handbook of Logic in Computer Science (Vol. 2), pages 117-309,
New York, NY, USA, 1992. Oxford University Press, Inc.

Corrado Bohm and Alessandro Berarducci. Automatic synthesis of typed
lambda-programs on term algebras. In Theoretical Computer Science,
volume 39, pages 135-154, 1985.

Cyril Cohen, Thierry Coquand, Simon Huber, and Anders Mortberg. In
Cubical Type Theory: a constructive interpretation of the univalence axiom,
volume abs/1611.02108, 2017.

Thierry Coquand. An algorithm for type-checking dependent types. In Sci.
Comput. Program., volume 26, pages 167-177, 1996.

P.E. Dagand, University of Strathclyde. Department of Computer, and
PhD thesis Information Sciences. A Cosmology of Datatypes: Reusabili-
ty and Dependent Types. 2013.

Peng Fu and Aaron Stump. Self types for dependently typed lambda
encodings. In Rewriting and Typed Lambda Calculi - Joint International
Conference, RTA-TLCA 2014, Held as Part of the Vienna Summer of
Logic, VSL 201/, Vienna, Austria, July 14-17, 2014. Proceedings, pages
224-239, 2014.

Herman Geuvers. Induction Is Not Derivable in Second Order Dependent
Type Theory, pages 166-181. Springer Berlin Heidelberg, Berlin, Hei-
delberg, 2001.

Makoto Hamana and Marcelo P. Fiore. A foundation for gadts and inducti-
ve families: dependent polynomial functor approach. In Proceedings of the
seventh ACM SIGPLAN workshop on Generic programming, WGPQICFP
2011, Tokyo, Japan, September 19-21, 2011, pages 59-70, 2011.

Ralf Hinze and Nicolas Wu. Histo- and dynamorphisms revisited. In
Proceedings of the 9th ACM SIGPLAN Workshop on Generic Programmi-
ng, WGP 13, pages 1-12, New York, NY, USA, 2013. ACM.

Simon Peyton Jones and Erik Meijer. Henk: A typed intermediate language.
In In Proc. First Int’l Workshop on Types in Compilation, 1997.

P. Martin-Lof and G. Sambin. Intuitionistic type theory. Studies in proof
theory. Bibliopolis, 1984.

23



[13] Christine Paulin-Mohring. Introduction to the Calculus of Inductive
Constructions. In Bruno Woltzenlogel Paleo and David Delahaye, editors,
All about Proofs, Proofs for All, volume 55 of Studies in Logic (Mathemati-
cal logic and foundations). College Publications, January 2015.

[14] Aaron Stump. The calculus of dependent lambda eliminations. In Journal
of Functional Programming, volume 27. Cambridge University Press, 2017.

24



