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'MnaH TemMmbl

e Knaccbl TNOB B AA3bIKe: C/I0BAPU, HESIBHbIE apPryMeHTbl, BbIBOJ, MHCTAHCOB, KOFTEPEHTHOCT,
neyHKUMoHam3auns

e CemeincTBa: BbIOOP MO TMMY MEPEHOCUTCS C KOAA HAa JAaHHbIE 1 HA CaMu TUMbI
e KavHp Constraint: orpaHMYeHNs Kak TUMbl, C KOTOPbIMU MOXHO BbIYUCAATb

e /icnonb3oBaHUe: YTO A3bIKK BblIPpaXKalkoT Yepe3 K/1aCCbl TUTNOB — OT 3K3UCTEHUUNAJIbHBLIX TUTMOB A0 NCKJTHOYEHNN



[ Ae Mbl Ha KapTe

YTO0 B 3TOUN rNnase

OTKyaa npuLLIIO U rae BbICTPeNnnuT

C/10Bapin K/1acCoB TUMOB

Tabnunua cBOMUCTB TUNa B Swift — rnasa 2; 3aecb HAbop
ornepaunmn 3agaéT nporpaMmmMmucT

HEABHbIE aPIrYMEHTDbI

NVHaMMnyeckoe CcBs3blBaHMe — rnasa 5; CUCTEMbI
appekTOB — rnasa 8

nedoyHKUnoHanm3auusa

NPOAO/HKEHUS NPeBpaLLaoTCs B CTEK hpeliMoB —
rnaBa 6

cemenctBau Constraint

BblUMC/IEHNA B TUNax U3 AOMaLLKK 2; datatype-generic
programming — ryiaBa 9

paBeHCTBa TMNoB., System FC

Kak BHYTpW ycTpoeHbl GADT 13 rnaBbl 2

IK3NCTEHUNAJIbHbIE TUTbI, UCK/THOHEHUA

adodpekTbl N XeHANepbl — rnaBbl 7-8



[leperpyska u knaccbl TUNOB

std::string toString(int x) { ... } // nepeepy3ka: 00HO UMS, HECKOJIbKO (YHKUUU

std::string toString(std::string fmt, double d) { ... }

class Show a where -- cHayasia obbgBsiseM, 4YTO nepeza2pyxaeTcs U Mo KAKOMY napaMeTpy
show :: a -> String

instance Show Int where
show = ...

showPrefixed :: Show a => a -> String -> String -- TpebyeTcsa cnoBapb Show a



Bb160p No Tuny, a He NO 3HAYEHUIo

ghci> minBound :: Int
-9223372036854775808
ghci> pure 1 :: Maybe Int
Just 1

ghci> pure 1 :: [Int]

[1]

ghci> :k Show
Show :: Type -> Constraint

ghci> :k [Show]

-- KOHCTAHTA B KJlacce.

-- BblbOpP nMo pe3ynbTaTy,

-- KJlaCC — He TuM,

error: Expecting one more argument to ‘Show’
Expected a type, but ‘Show’ has kind ‘Type -> Constraint’

3Ha4YeHud-rnoJsiy4qyaresid HeT BoOBCe

U dwxe He Mo Tumy — Mo KOHCTPYKTOPY

a npedukaT HA TUMNOX



KTo BbIOUpaeT Koa,

MNapameTpuyecknin nonnmopdn3m: 0AvH 1 TOT Xe Ko, paboTaeT ¢ AaHHbIMM JT00bIX TUMOB.

[ length [1, 2] ]

[ length 'ab' ] >[ length :: [a] — Int

[ length [True] ]




KTo BbIOUpaeT Koa,

CneumanbHbIin (ad-hoc) nonnmopdnsm: Ms OAHO, a KOA BbiGUpaeTcd rno Tuny.

[ show 42 ] >[ show gng Int

[ show 'x' ] >[ show gng Char

[ show True ] >[ show gnsg Bool




KTo BbIOUpaeT Koa,

A eCnu BbI30B CTOUT BHYTPU NONMMOPMHON doyHKUUN? Tun a HEU3BECTEH — KakoW 13 TPEX show Bbl3blBaTb?

[ showAll [1, 2] ] [ show gna Int ]

[ showAll 'ab' ] >{ showAll xs = .. show x .. ] >[ show gng Char ]

Kakon N3 TPex?
[ showAll [True] ] [ show gna Bool ]




KTo BbIOUpaeT Koa,

Ko npmesaeT BMecTe C BbI3OBOM: CKPbITbIM apryMeHTOM nepeaaértca Tadbnvua oyHKUMiA ansa Tuna. 310 1 ecTb
Knacc TUMOoB.

[ showAll [1, 2] ]—»[ cnosapb Show Int ]

[ showAll 'ab' —»[ cnoapb Show Char ] >[ showAll d xs = .. show d x .. ]

[ showAll [True] ]—»[ cnosapb Show Bool ]




Knaccbl TUNOB B A3blKe



UTOo copTupoBKa 3HAEeT O Tune

CopTupoBKa BcTaBkaMu Asist umcen. OT Tuna 3/1IEMEHTOB €l HY)XXHO OZIHO — MOPSAOK.

sort :: [Int] — [Int]

insert X xs = ... partition (< X) xs ...

11



UTOo copTupoBKa 3HAEeT O Tune

O6006Laem No TUNy afieMeHToB. NapamMeTpnyeckn-noNMMopdHbIN Ko He 3HAET NPO a HUYEro: CpaBHMBATb
Hevem.

sort :: |[a] — [a]

insert X xs = ... partition (? xX) Xs ...
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UTOo copTupoBKa 3HAEeT O Tune

3HauuT, NOPAA0K NPUAETCS NPUHATL apryMeHTOM: C/I0Bapb (PYHKUMIA AN TMna a.

sort ;: OrdDicta — [a] — [a]

insert x xs = ... partition ( less x) xs ...
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CnoBapb — 0ObIYHOE 3Ha4YeHUe

data OrdDict a =

OrdDict { less ::

intOrd :: OrdDict Int

intOrd = OrdDict

{ less = (<) }

ghci> sort intOrd [3, 2, 1]

[1,2,3]

a ->a -> Bool }

1istOrd :: OrdDict a -> 0OrdDict [a]

1istOrd d = OrdDict { less = ...

less d ... }

ghci> sort (listOrd intOrd) [[3, 2], [2, 1], [0]]

[[e],[2,1],[3,2]]
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3agada: nopAaO0K HA CNUCKaX

N Jonmwmnte 1ist0rd Tak, YToObl CAUCKMN CPpaBHUBA/INCH JIEKCUKOTrpaguyecku.

S5 PeweHue.

1listOrd :: OrdDict a -> OrdDict [a]
1listOrd d = OrdDict { less = go }

where
go _ [] = False
go [] _ = True

go (x:xs) (y:ys) = less d x vy || (not (Lless d y x) & go xS ys)



KoMmnunaTtop noactaBndaAeT cnoBapb

ToT e Kop, ¢ knaccoMm TunoB. CnoBapeii He BUAHO.

sort ;: Orda = [a] - [a]
sort [3, 2, 1]
sort [[3, 2], [2, 1], [O]]
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KoMmnunaTtop noactaBndaAeT cnoBapb

KomMnunaTop npeBpalwlaeT => B 00bIYHYIO CTPESIKY, a B KaXXA0M MeCTe Bbl30Ba CTPOUT C/I0Bapb Mo TUMY
aprymeHTa.

sort ;: OrdDicta — [a] — [a]
sort intOrd [3, 2, 1]
sort (listOrd intOrd) [[3, 2], [2, 1], [O]]
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HaceneHune Tuna cnoBaps

Kaxkabi MHCTaHC AaéT c/ioBapb UM PYHKLWIO, CTPOSALLYIO cfioBapb. Hy>XHO HacenuTtb OrdDict [Int].

[[0/10Bbl MHCTAHCOB Tunbl crioBapen n YyHKU NN
instance Ord Int —p intOrd :: OrdDict Int
instance 0Ord Bool — boolOrd :: OrdDict Bool
instance 0Ord a 2 0rd [a] —| 1listOrd :: Va. 0OrdDict a > 0OrdDict [a]
OXugaemblin TUN C/1I0BapS TepMm, KOTOPbI CTPOUT KOMMUNATOP

OrdDict [Int] ] § 0 §

------------------------




HaceneHune Tuna cnoBaps

CmoTpum nog OrdDict: cHapyXmny [ Int] koHcTpykTOop [ ]. Moaxoamt ronosa Ord [a].

[[0ONnoBbl MUHCTAHCOB

instance Ord Int —
instance 0Ord Bool —>
instance 0Ord a 2 0rd [a] —

OXnpgaembl TUN Cr1oBaps

OrdDict [Int] ]

Tunbl cnoBapen n oyHKUWIA

7

N

7

Wy

-

intOrd OrdDict Int
boolOrd OrdDict Bool
1listOrd :: Va. 0rdDict a > 0OrdDict [a]

KOHCTPYKTOP Cnuncka

TepM, KOTOPbI CTPOUT KOMAUNATOP

------------------------
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HaceneHune Tuna cnoBaps

ConocTaBneHue [a] c [Int] paéta = Int.[loacTtaBnsem eroBo Becb TUMN ListOrd.

[[0ONn0oBbl MIHCTAHCOB

Tunbl cnoBapen n oyHKUWIA

7~

instance Ord Int

—s

instance 0Ord Bool

instance 0Ord a 2 0rd [a]

OXnpgaembl TUN Cr1oBaps

OrdDict [Int]

7

N

7

Wy

-

intOrd OrdDict Int
boolOrd OrdDict Bool
1istOrd OrdDict Int > 0OrdDict [Int]

TepM, KOTOPbI CTPOUT KOMAUNATOP

------------------------
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HaceneHune Tuna cnoBaps

Pe3ynbrar 1ist0rd nogxoauT. Ero apryMmeHT CTaHOBUTCS HOBOW Lienbto: OrdDict Int.

[0/10Bbl MIHCTAHCOB Tunbl cnoBapen n oyHKUWIA
instance Ord Int —> intOrd :: OrdDict Int
instance Ord Bool —> bool0rd :: OrdDict Bool
instance 0Ord a 2 0rd [a] —| 1listOrd :: 0rdDict Int > OrdDict [Int]
OXugaemblin TUN C/1I0BapS TepMm, KOTOPbI CTPOUT KOMMUNATOP
[ OrdDict [Int] ]

'

[ OrdDict Int ]
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HaceneHune Tuna cnoBaps

Y HOBOI Lenu cHapyxu Int. Moaxoant Ord Int:cnoBapb int0rd He TpebyeT aprymeHTOB.

[[0ONnoBbl MUHCTAHCOB

7~

instance Ord Int

instance 0Ord Bool

instance 0Ord a 2 0rd [a]

OXnpgaembl TUN Cr1oBaps

|

OrdDict [Int]

'

OrdDict Int

Int

Tunbl cnoBapen n oyHKUWIA

_—

7

N a

intOrd OrdDict Int
boolOrd OrdDict Bool
1istOrd OrdDict Int > 0rdDict [Int]

v \

TepM, KOTOPbI CTPOUT KOMAUNATOP

[ 1istOrd ]

------------------------
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HaceneHune Tuna cnoBaps

3anosiHAeM ocTaBLUyoca AblpKy: int0rd

[[0ONn0oBbl MIHCTAHCOB

OrdDict Int. TepmcnoBapsa cobpaH.

Tunbl cnoBapen n oyHKUWIA

7~

instance Ord Int

_—

instance 0Ord Bool

instance 0Ord a 2 0rd [a]

OXnpgaembl TUN Cr1oBaps

[ OrdDict [Int] ]

'

[ OrdDict Int ]

7

N

7

Wy

e

intOrd OrdDict Int
boolOrd OrdDict Bool
1istOrd OrdDict Int > 0OrdDict [Int]

TepM, KOTOPbI CTPOUT KOMAUNATOP

[ 1istOrd ]

[ intOrd ]
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HaceneHune Tuna cnoBaps

[Monyynnn ListOrd intOrd

[[0ONn0oBbl MIHCTAHCOB

7~

instance Ord Int

instance 0Ord Bool

instance 0Ord a 2 0rd [a]

OXnpgaembl TUN Cr1oBaps

|

OrdDict [Int]

'

OrdDict Int

OrdDict [Int]./IMEHHO 3TOT apryMmeHT KOMNWUJATOp nepenaéT B sort.

Tunbl cnoBapen n oyHKUWIA

_—

7

N

7

Wy

intOrd OrdDict Int
boolOrd OrdDict Bool
1istOrd OrdDict Int > 0OrdDict [Int]

e

TepM, KOTOPbI CTPOUT KOMAUNATOP

[ 1istOrd ] [ int0rd ]

nanblie — 0bblvHas Nnepegaya aprymeHTa
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Knacc TmnoB u cnoBapb — O4HO U TO XXe

CnoBapb: BCcé pykamu Knacc TmnoB: TO )Xe gennaetT KOMMNUATOP
data MyOrd a = MyOrd class MyOrd a where
{ less :: a -> a -> Bool } less :: a -> a -> Bool
intMyOrd :: MyOrd Int instance MyOrd Int where
intMyOrd = MyOrd { less = (<) } less = (<)
sort :: MyOrd a -> [a] -> [a] sort :: MyOrd a => [a] -> [a]
test = sort intMyOrd [3, 2, 1] test = sort [3, 2, 1]

e A CBupetenb (witness) — c/ioBapb Kak foka3aTe/IbCTBO TOr0, YTO TUM YA0B/IETBOPSET OrpaHNUYEHNIo

25



3agada: cnosapb ansa Functor

N Kakou cnoBapb 6yaet cooTBeTcTBoBaTh higher-kinded knaccy tTunos Functor?

5 PeweHue.

data FunctorDict f

= FunctorDict
{ fmap :: forall a b

(a ->b) ->fa->fb}t}

maybeFunctor :: FunctorDict Maybe

26



=>—CTpPEJiIKa C HEABHbIM apPryMmeéHToOM

f (Show b => b) -> b
f X = X

error: No i1nstance for ‘Show b’ arising from a use of ‘X’
Possible fix: add (Show b) to the context of the type signature for:
f :: forall b. (Show b => b) -> b

£ :: Show b => (Show b => b) -> b
f X = X

27



CnoBapb AoxXxoauT A0 MecTa McnoJjib3oBaHUA

ApPryMeHT x — (DyHKLMS OT cnoBapsi. B Tene f ero Hao K YeMy-To NPUMEHUTb, a C10Bapsi B 061aCTU BUANMOCTY
HET.

f:: (ShowDictb - b) - b

fx=x7?
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CnoBapb AoxXxoauT A0 MecTa McnoJjib3oBaHUA

[prMeM coBapb apryMeHToM £ — 1 KOMNUASITOP caM NepeaacT ero gasnblue.

f :: ShowDict b —» (ShowDictb - b) - b
fdx=xd
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HeABHbLIM MOXET ObITb JIIOO0ON apPrymMeHT

sort :: (Pcmp :: a -> a -> Bool) => [a] -> [a] -- ImplicitParams
sort = sortBy “2cmp

ghci> let ?cmp = (>) in sort [1, 3, 2] -- bepéTca u3 obnacTu BUAUMOCTU MO UMEHU
[3,2,1]

data ShowDict a where
ShowDict :: Show a => ShowDict a -- CJIoBAPb, COXPOHEHHbIU B CTPYKTYpe OCHHbIX

f :: ShowDict b -> (Show b => b) -> b
f d x = case d of ShowDict -> X -- B BeTKe uHcTaHc Show b docTtyneH
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3agada: Korga npuxoauT cnosapb

N YcTHO: ApryMeHT x MmeeTt Tun Show b => b, TO €CTb XXAET c/1oBapb. B KaKo MOMEHT OH ero nosyyaet?
TpebyeT N1 Takad nepeaadya crioBaps IeEHNBOCTU A3blKa, U1 AOCTATOYHO Nepenartb PYHKLUWIO OT cnoBapa?
UTO BblUMCNAETCA A0 Bbi3oBa B 3HEPTNYHOM A3bIKE?

5 PeuweHue.

B MecTe ncnosnib3oBaHuns, BHYTPU BETKN case: x MPUMEHSAETCA K C/10Bapto U3 00EPTKU. [Toce paccaxapmBaHus
X — CPYHKUMSA OT c/noBaps. B aHeprnyHom A3bike A0 Bbl30Ba AOCTATOYHO NOJTYYUTh €€ 3aMblKaHne; Teno
BbINOJ/THUTCA NMPU NpuMeHeHunn. Nepegaya no MMeHu He TpebyeTcA.
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Pekypcusa no CTpyktype tuna

type data Nat = Zero | Suc Nat

class KnownNat (n :: Nat) where
natVal :: Int -- AllowAmbiguousTypes: n HeT B Turne mMeTood

instance KnownNat Zero where
natVal = 0

instance KnownNat n => KnownNat (Suc n) where
natVal = 1 + natVal (@n

ghci> natVal @(Suc (Suc Zero))
2

32



Kak cnoBapb npeBpawiaeTcd B YAC/O

natVal ©@(Suc (Suc Zero)) npespallaeTcs B Bbi30B natVa'lD co cnoBapém. B cnoBape ogHO Nnosie — Ynchno.

natValD

data KnownNatDict (n ::

Nat) = KN { natvalD :: Int }

knownZero

KN { natvValD = 0 }

o

knownSuc d = KN { natValD =

1 + natvValD d }

Tun cnoBaps

[ KnownNatDict (Suc (Suc Zero)) ]

Tepm cnosaps

33



Kak cnoBapb npeBpawiaeTcd B YAC/O

KoMnnasiTop BbIOMPAaET MHCTAHC A/19 Suc n: BCTaBASIET knownSuc U ULLIET CnoBapb A n = Suc Zero.

natValD (knownSuc 1)

data KnownNatDict (n :: Nat) = KN { natvValD :: Int }

knownZero = KN { natvValD = 0 }

knownSuc d = KN { natValD = 1 + natValD d }

Tun cnoBaps Tepm cnosaps

[ KnownNatDict (Suc (Suc Zero)) ]

’

[ KnownNatDict (Suc Zero) ]




Kak cnoBapb npeBpawiaeTcd B YAC/O

Eweé oanH Suc: BcTaBnsieMm BTopoun knownSuc. OcTaérca HanTu crioBapb AN1d Zero.

natValD (knownSuc (knownSuc 1))

data KnownNatDict (n :: Nat) = KN { natvValD :: Int }

knownZero = KN { natvValD = 0 }

knownSuc d = KN { natValD = 1 + natValD d }

Tun cnoBaps Tepm cnosaps
[ KnownNatDict (Suc (Suc Zero)) ]
[ KnownNatDict (Suc Zero) ]
[ KnownNatDict Zero ]
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Kak cnoBapb npeBpawiaeTcd B YAC/O

1ns Zero ecTb rOTOBbI knownZero. Bce AbIpKX B TEPME 3amnosiHEHbI; TENEpPb COOMPAEM OTBET CHU3Y BBEPX.

natValD (knownSuc (knownSuc knownZero))

data KnownNatDict (n :: Nat) = KN { natvValD :: Int }

knownZero = KN { natValD = 0 }

knownSuc d = KN { natValD = 1 + natValD d }

Tun cnoBaps Tepm cnosaps
[ KnownNatDict (Suc (Suc Zero)) ]
[ KnownNatDict (Suc Zero) ]

’

[ KnownNatDict Zero ]_>[ dO0 = knownZero ]




Kak cnoBapb npeBpawiaeTcd B YAC/O

BHyTpeHHUI cnoBapb: d1 = knownSuc dO. Ero none 3agaHo BbipaxeHnem 1 + natValD do.

natValD (knownSuc (knownSuc knownZero))

data KnownNatDict (n :: Nat) = KN { natvValD :: Int }

knownZero = KN { natvValD = 0 }

knownSuc d = KN { natValD = 1 + natValD d }

Tun cnoBaps Tepm cnosaps
[ KnownNatDict (Suc (Suc Zero)) ]
[ KnownNatDict (Suc Zero) ]_>[ d1 = knownSuc d@

' f

[ KnownNatDict Zero ]_>[ dO0 = knownZero
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Kak cnoBapb npeBpawiaeTcd B YAC/O

BHewHUn cnoBapb: d2 = knownSuc dl1. B BbI30B noAcTaB/ieH Becb TepM knownSuc (knownSuc knownZero).

natValD (knownSuc (knownSuc knownZero))

data KnownNatDict (n :: Nat) = KN { natvValD :: Int }

knownZero = KN { natvValD = 0 }

knownSuc d = KN { natValD = 1 + natValD d }

Tun cnoBaps Tepm cnosaps
[ KnownNatDict (Suc (Suc Zero)) ]_>[ d2 = knownSuc di ]
[ KnownNatDict (Suc Zero) ]_>[ d1 = knownSuc d@ ]

' f

[ KnownNatDict Zero ]_>[ dO0 = knownZero ]




Kak cnoBapb npeBpawiaeTcd B YAC/O

Tenepb BbINONHEHME: natValD d2 BbIOMPAET Noe BHELLHEro c/ioBaps. MoKakeM CoAepPXMMOE KaKaoro
crioBapsi.

natValD d2
data KnownNatDict (n :: Nat) = KN { natvValD :: Int }
knownZero = KN { natvValD = 0 }
knownSuc d = KN { natvalD = 1 + natValD d }
Tun cnosaps Cnosapb 1 ero none
[ KnownNatDict (Suc (Suc Zero)) ] [ d2 = KN { natValD = 1 + natValD dl1 }
[ KnownNatPict (Suc Zero) ] [ dl = KN { natValD = 1 + natValD do }

[ KnownNatDict Zero ] [ d0 = KN { natValD = 0 }




Kak cnoBapb npeBpawiaeTcd B YAC/O

Mone d2 —atol + natValD d1:oaHaeanHuLa 1 YTEeHWE NONS CrIeAyIOLLIErO C1oBapsi.

1 + natValD d1

data KnownNatDict (n :: Nat)

= KN { natvValD :: Int }

knownZero = KN { natvValD = 0 }

'

o

knownSuc d = KN { natValD = 1 + natValD d }

Tun cnosaps Cnosapb 1 ero none

[ KnownNatDict (Suc (Suc Zero)) ] [

d2 = KN { natValD

1 + natValD di1 }

[ KnownNatDict (Suc Zero) ] [

dl = KN { natValD

1 + natValD do }

[ KnownNatDict Zero ] [

d0 = KN { natvalD = 0 }
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Kak cnoBapb npeBpawiaeTcd B YAC/O

MNone d1 — ewwé oaHa eguHnba n natValD dO. O6e eaAnHULbI NOAyYeHbl U3 Tena knownSuc.

1+ (1 + natValD dO)

data KnownNatDict (n ::

Nat) = KN { natvalD :: Int }

knownZero =

KN { natvValD = 0 }

o

knownSuc d = KN { natValD = 1 + natValD d }

Tun cnoBaps

[ KnownNatDict (Suc (Suc Zero)) ]

[ KnownNatDict (Suc Zero) ]

[ KnownNatDict Zero ]

CnoBapb 1 ero none

[ d2 = KN { natvValD = 1 + natValD di }
[ dl = KN { natvValD = 1 + natValD do }
[ d0 = KN { natvalD = 0 }
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Kak cnoBapb npeBpawiaeTcd B YAC/O

Mone dB paBHO 0: 370 Teso0 knownZero. OCTa10Chb BbINO/IHUTbL ABA C/TIOXEHWS.

1+ (1+0)

data KnownNatDict (n :: Nat) = KN { natvValD :: Int }

knownZero = KN { natvValD = 0 }

'

o

knownSuc d = KN { natValD = 1 + natValD d }

Tun cnoBaps

CnoBapb 1 ero none

[ KnownNatDict (Suc (Suc Zero)) ] [ d2 = KN { natValD = 1 + natValD dl1 }
KnownNatDict (Suc Zero) ] [ dl = KN { natValD = 1 + natValD do@ }
KnownNatDict Zero ] [ dO=KN {natvValD=0}
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Kak cnoBapb npeBpawiaeTcd B YAC/O

BHyTpeHHee c/ioXeHue gaet 1. 9To 3HadyeHune nons natValD y cnoBapsa dl.

1+1
data KnownNatDict (n :: Nat) = KN { natValD :: Int }
knownZero = KN { natvValD = 0 }
knownSuc d = KN { natvalD = 1 + natValD d }
Tun cnosaps Cnosapb 1 ero none
[ KnownNatDict (Suc (Suc Zero)) ] [ d2 = KN { natvalD = 1 + natValD d1 }
[ KnownNatDict (Suc Zero) ] [ dl=KN{natValD=1}

[ KnownNatDict Zero ] [ dO=KN {natvValD=0}




Kak cnoBapb npeBpawiaeTcd B YAC/O

BHeLlHee cnoxeHne aaéT 2. ITo 3HadYeHune noss natValD y cnoBaps d2 — 1 OTBET UCXOAHOMO BbI30BA.

data KnownNatDict (n :: Nat) = KN { natvValD :: Int }

knownZero = KN { natvValD = 0 }

'

knownSuc d = KN { natValD = 1 + natValD d }

o

Tun cnosaps Cnosapb 1 ero none
[ KnownNatDict (Suc (Suc Zero)) ] [ d2=KN{natValD=2} ]
[ KnownNatDict (Suc Zero) ] [ dl=KN{natValD=1} ]

[ KnownNatDict Zero ] [ dO=KN {natvValD=0}
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MHCTaHCbI Kak nporpamma

class Reverse (acc :: [Typel]) (tys :: [Type]) where
showReverse :: String

instance ShowT acc => Reverse acc '[] where
showReverse = showTypes (dacc

instance Reverse (ty : acc) tys => Reverse acc (ty :

showReverse = showReverse @(ty : acc) (@tys

ghci> showReverse @'[] @'[Char, Int, Double]
"Double Int Char"

tys) where
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Pa3BOpoOT cnucKa TMNoB No waram

KaxkabIn Lar BbiBOAla — BbIOOP MHCTaHCa No rosoBe. NoaoLén BTOPOK: MNepPBbIV TUM Nepees3XaeT B akKyMy1AaTop.

Reverse '[] '| Char, Int, Double]
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Pa3BOpoOT cnucKa TMNoB No waram

[loChbINIKa BTOPOIro MHCTaHCa — CHOBa Reverse, C akkyMy/ZIATOPOM Ha O4WH TUN OJ/INHHEE.

Reverse '[Char] '[ Int, Double]

a7



Pa3BOpoOT cnucKa TMNoB No waram

Eule war.

Reverse '[Int, Char] '| Double ]
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Pa3BOpoOT cnucKa TMNoB No waram

Cnncok onycten — Tenepb NOAXOANT NEPBbIA MHCTAHC.

Reverse ' Double, Int, Char] '[]

49



Pa3BOpoOT cnucKa TMNoB No waram

Ero nocbiika — ShowT Ansa akkymynstopa. [Mpy KoMNuaaumMm NnoCTPOEH TEPM CO C/10BapPSiMU; MPU UCNOSTHEHUN €50
METO/[bl CTPOAT CTPOKY.

ShowT '|Double, Int, Char]
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Knaccbl TMNOB 1 BbIBO MHCTAHCOB — KOAOreHepaLuus

MbI nnilem TEPMbI; MO HAM KOMNUNJTATOP BbIBOAWUT TUTbI.

TUMbI

BbIBO4 TNMOB
[ TEepMbl, KOTOpPbie NuweM Mbl ] P’[
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Knaccbl TUNOB 1 BbIBOJA, MHCTAHCOB — KOZlOTreHepaLus

A No TMnam — MHCTaHCbI, TO eCTb CHOBa TEPMDbI. MHTepeCHbIVI KOA4 Nnuem mMbl, HeMHTepeCHbIVI napasisiesibHO
BbIINMNCbIBAET KOMIMUNTIATOP.

BbIBO4 TNMOB
[ TEepMbl, KOTOpPbie NuweM Mbl ] >»[ TUMNbI ]

BbIBOO NHCTAHCOB

[ TEPMbl, KOTOPblE NUWET KOMNUNATOP ]
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13 3HAUEeHUSA — B TUN

reify :: Int -> (forall n. KnownNat n => a) -> a
reify n K

| n <= 0 = k @Zero

| otherwise = reify (n - 1) \ Gn' -> k @(Suc n')

wonderId :: Int -> Int
wonderId n = reify n (\ @t -> natVal (@t)

-- TUN BEPHYTb HeNnb3s: MNPUHUMOEM MPooosIKeHuUe
-- rnepeoaetcsa knownZero

-- nepedaétcsa knownSuc d
-- d — cnoBapb KnownNat n'

-- 3HAa4YeHue -> TUN - 3HAYeHue
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reify 2: Uncno yobiBaeT, C/IOBapb PacTET

[okaxkeM cnoBapHbI nepeBof reify Kak reifyD: Npogo/mkKeHne NnoayvyaeT TUNOBOW apryMeHT U SIBHbIM C/I0Bapb.

reifyD 2 k

[ k :: ¥Yn. KnownNatDict n - a ]

Tun cnoBaps CnoBapb, NnepegaBaemMblii NPOAO/MHKEHUIO
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reify 2: UMCNO yObiBaeT, c/ioBapb PaCTET

Yncno ymeHbluaeTcs Ao 1. HoBoe npogomkeHune k1 NoayuynT cnoBapb d U nepeaacT B k cnoBapb knownSuc d.

reifyD 1 k,

:: Vn. KnownNatDict n > a

K1

= An.

Ad. k @(Suc n) (knownSuc d)

Tun cnoBaps

CnoBapb, NnepegaBaemMblii NPOAO/MHKEHUIO
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reify 2: UMCNO yObiBaeT, c/ioBapb PaCTET

Yucno ymeHbLiaeTcs ao 0. NpoaomkeHne k, noéasuT ewé oamH knownSuc, Korga nosy4ynT CBOW C/10Bapb.

reifyD 0 k,

k :: ¥Yn. KnownNatDict n - a

ki = An. Ad. k @(Suc n) (knownSuc d)

ko, = An. Ad. k; @(Suc n) (knownSuc d)

Tun cnoBaps CnoBapb, NnepegaBaemMblii NPOAO/MHKEHUIO




reify 2: UMCNO yObiBaeT, c/ioBapb PaCTET

basa pekypcumn: Bblonpaem Zero, CTpouM d0 = knownZero U nepegaém ero npoao/iHKeHuno k.

k, @Zero dO

k :: ¥Yn. KnownNatDict n - a

ki = An. Ad. k @(Suc n) (knownSuc d)

ko, = An. Ad. ki @(Suc n) (knownSuc d)

Tun cnoBaps CnoBapb, NnepegaBaemMblii NPOAO/MHKEHUIO

[ KnownNatDict Zero ]-—————»»[ d0 = knownZero




reify 2: UMCNO yObiBaeT, c/ioBapb PaCTET

Bbi3blBaeM k,: U3 d0 ctpontcsa dl = knownSuc dO. Mpogo/mkeHne k., noayyaet Tun Suc Zero v 3TOT C/I0BapPb.

k, @(Suc Zero) d1

k :: ¥Yn. KnownNatDict n - a

o

ki = An. Ad. k @(Suc n) (knownSuc d)

ko, = An. Ad. k; @(Suc n) (knownSuc d)

G

Tun cnoBaps CnoBapb, nepeaaBaeMbI MPOAO/HKEHNIO
[ KnownNatDict Zero ]-—————»»[ d0 = knownZero ]

[ KnownNatDict (Suc Zero) ]-—————»»[ dl = knownSuc dO ]




reify 2: UMCNO yObiBaeT, c/ioBapb PaCTET

Bbi3biBaeM k: cTpouTcs d2 = knownSuc di1. cxogHoe k nonyyaeT Tun Suc (Suc Zero) M TOTOBbIA CNOBapb.

k @(Suc (Suc Zero)) d2

k :: ¥Yn. KnownNatDict n - a

o

ki = An. Ad. k ©@(Suc n) (knownSuc d)

ko, = An. Ad. ki @(Suc n) (knownSuc d)

o

Tun cnoBaps CnoBapb, nepeaaBaeMbI MPOAO/HKEHNIO
[ KnownNatDict Zero ]-—————»»[ d0 = knownZero ]
[ KnownNatDict (Suc Zero) ]-—————»»[ dl = knownSuc dO ]

[ KnownNatDict (Suc (Suc Zero)) ]-—————»»[ d2 = knownSuc (knownSuc knownZero) ]




3agaya: yauButesibHas ToxxgectBeHHass PyHKUUA

N YcTHO: YTo BepHET wonderId (-3)? ABngerca nuwonderId TOXAECTBEHHOWN (PYHKUNEN?

5 PeweHue.

ghci> wonderId 5
S

ghci> wonderId (-3)
0)

Nnan <= 0 BblOMPaeTcs TUN Zero: PYHKLUMS TOXAECTBEHHA TOSTbKO HA HEOTPULATENbHbBIX YNC/1aX.
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Knaccbl TUNOB U3 MMNJIUCUTOB: Scala

trait Show[T] { def show(x: T): String } // Knacc

implicit object intShow extends Show[Int] { // cnoBsapb
def show(x: Int): String = x.toString

1

def showAll[T](xs: List[T]) (implicit ev: Show[T]): String = // napameTp

xs.map(ev.show(_)) .mkString(", ")

showAll(List(1, 2, 3)) // "1, 2, 3": komnunaTop nodcTtasnsaeT intShow
showAll(List(1, 2, 3))(intShow) // "1, 2, 3": nepedaém crnoBapb camu
implicitly[Show[Int]].show(42) // "42": nonyyaem cnoBdpb U Bbi3biIBAEM €20 MET0d
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KorepeHTHOCTb: ABa NyTU — OAWH C/10Bapb

Hy>xeH cnoBapb Eq [al, B KOHTEKCTe ecTb 0rd a. [epBbI NyTh: MOPSAA0K HA CIMCKAX, a U3 Hero paBeHCTBO.

o

instance Ord a=>0rd [a / classEqa=>0rd a

Ord [a] ] [

class Eq[a] =>Ord [a \ ‘Ace Ega=>Eq]a

(e
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KorepeHTHOCTb: ABa NyTU — OAWH C/10Bapb

BTOpO/i NyTb: PAaBEHCTBO HAa 3/1IEMEHTAX, a U3 HEr0 PABEHCTBO Ha CMMCKaX.

o

instance Ord a=>0rd [a / classEqa=>0rd a

Ord [a] ] [

class Eq[a] =>Ord [a \ ‘Ace Ega=>Eq]a

T
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KorepeHTHOCTb: ABa NyTU — OAWH C/10Bapb

KorepeHTHOCTb: C/10Bapu, NOSTyYEHHbIE Pa3HbIMU NYTSMU, HEOT/IMYMMbI — AnarpamMmma KommyTupyet. OTkyga
MPULLEN NHCTAHC, MOXHO He AyMaTb.

DN

instance Ord a=>0rd [a / classEqa=>0rd a

Ord [a] ] [

class Eq[a] =>Ord [a \ ‘Ace Ega=>Eq]a

BT
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3agaya: MHOXeCTBO C ABYMSA nopaaKkaMn

N YcTHO: MHOXEeCTBO Set a XpaHWUT 3/1eMeHTbl yNopsa0vYeHHbIMN 1 NPY BCTaBKE N NMOUCKE NOJIb3YeTCH
nopsaakom Ord a. YTo Nnpon3onaeT, eC/ii MHOXECTBO MOCTPOUTb C OAHUM NOPAAKOM Ha 3/1IEMEHTax, a UCKaTb B
HEM c Apyrnum? Novemy obblYHAA KOrepeHTHasa Moaesib KnaccoB TUNoB B Haskell ncknoyaeT Takyto cutyaumio,
a BbI6OP nMMNncuTa U3 10KasibHOro KOHTEKCTa AonyckaeT eé?

5 PeweHue.

[TOMCK CBEPHET He B TO NoAAEPEBO: 3/IEMEHT B MHOXXECTBE €CTb, & OTBET — «HET». B 0ObIYHON KOTE€PEHTHOW
moaenu Haskell insert n member nonyyarT HEOTIMYNMbIE cnoBapu Ord a. IMnancnt 6epéTtcsa n3 obiacTu
BUANMOCTW MeCTa Bbl30Ba — B [1ByX MecTax peanim3aumm MoryT okasaTbCs pasHbIMN.
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[MpaBuna nepenncbiBaHuda U cneunannsauus

{-# RULES
"map/map" forall f g xs. map f (map g xs) = map (f . g) xs
"map/append" forall f xs ys. map f (xs ++ ys) = map f xs ++ map f ys
#-}
genericLookup :: Ord a => Table a b -> 3 -> Db
intLookup D Table Int b -> Int -> b

{-# RULES "genericLookup/Int" genericlLookup

intLookup #-}

-- 3aKOH ¢YHKTOpa
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[edyHKUMOHaNN3aUunsA: NAMOAbl CTAHOBATCH AaHHbIMMW

Y kaxxaon nambabl eCTb TEMO; BTOpas eLlé 3axBaTblBaeT y U3 MecTa Bbi3oBa. Hanaém koay n gaHHbIM HOBOE
MecCTO.

map :: (Int - Int) - [Int] - [Int]

MecTa Bbl30Ba: 3[1€Cb OCTATCS AAaHHbIE apply: cloga nepeesxaet Koj,

examplel xs = map [Ax. ][ X + 1 ] XS

example2 y xs = map [Ax. ] [ X %y ] XS

3axBayeHo:

----------------------------------------------------------------------------------------------------------------------------------------------------------------

.................................................................................................................................................................

BbI30B BHYTpU map

( wap ¥ G - el v 7 ]




[edyHKUMOHaNN3aUunsA: NAMOAbl CTAHOBATCH AaHHbIMMW

Teno x + 1nepees3xaeTBBeTKYy apply F1 x.HamecTe nepBou AM0Oabl OCTAETCA KOHCTPYKTOP F1.

map :: (Int - Int) - [Int] - [Int]

MecTa Bbl30Ba: 3[1€Cb OCTATCS AAaHHbIE apply: cloga nepeesxaet Koj,

examplel xs = map [ F1 ]xs apply[ F1 ][ X ]: [ X + 1 ]

example2 y xs = map [Ax. ] [ X %y ] XS

3axBayeHo:

[ data Fun = F1 | ..

BbI30B BHYTpU map

( wap ¥ G - Tl v 7 ]

68



[edyHKUMOHaNN3aUUNA: NAMOAbI CTAHOBATCH AaHHbIMW

Teno x * y nepee3xaeT BBeTKY apply (F2 y) x.3axBayeHHOE y CTAHOBUTCS MO/IEM KOHCTpYKTOpa F2.

map :: (Int - Int) - [Int] - [Int]

MecTa Bbl30Ba: 3[1€Cb OCTATCS AAaHHbIE apply: cloga nepeesxaet Koj,

examplel xs = map [ F1 ]xs apply[ F1 ][ X ]: [ X + 1 ]

example2 y xs = map [ ]xs apply[ (F2 y) ][ X ]= [ X %y ]

F2 xpaHuT y; apply n3snekaert ero

[ data Fun = F1 | F2 Int ]

BbI30B BHYTpU map

( wap ¥ G - el v 7 ]
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[edyHKUMOHaNN3aUUNA: NAMOAbI CTAHOBATCH AaHHbIMW

map Tenepb nNoayyaeT AaHHble Tuna Fun. BmMecTO Bbi30Ba f x OH BbI3bIBaeT MHTepnpeTaTop: apply f x.

map :: Fun - [Int] - [Int]

MecTa Bbl30Ba: 3[1€Cb OCTATCS AAaHHbIE apply: cloga nepeesxaet Koj,

examplel xs = map [ F1 ]xs apply[ F1 ][ X ]: [ X + 1 ]

example2 y xs = map [ ]xs apply[ (F2 y) ][ X ]= [ X %y ]

F2 xpaHuT y; apply n3snekaert ero

[ data Fun = F1 | F2 Int

BbI30B BHYTpU map

[ map f (x:xs) = ] [ apply f x ] [ : map f xs ]
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3agaya: PyHKUUA NPUXOANUT CHAPYXXN

map :: Fun -> [Int] -> [Int]
map df = \case [] -> []; x:xs -> apply df x : map df xs

N lo6aBMM TPETUM KONCANT, B KOTOPOM OYHKLINA NPUXOAUT CHapyXu: example3d £ xs = map (\x -> f x +
1) xs. Kak ero gepyHkumoHanm3npoBaTb? YTo /15 3TOro HY)KHO 3HaTb 06 OCTa/1IbHOW nporpamMmme?

5 PeweHue.
data Fun = F1 | F2 Int | F3 Fun
apply (F3 f) x = apply f x + 1

Hy>KHO 3HaTb BCe MECTa, IAe co3aatoTcs PyHKLMM 3TOro Tuna: npeobpa3oBaHme NPUMEHSIETCA K NporpamMme
LIe/TNKOM.
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KOHCTPYKTOp TNna CTAaHOBUTCSI CUMBOJIOM

B Kotlin napamMmeTp Tna He MOXET ObITb KOHCTPYKTOPOM TUMOB: M<T> 3anncarb Hesb3s.

interface Monad<M> { fun <T> pure(x: T): M<T> }
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KOHCTPYKTOp TNna CTAaHOBUTCSI CUMBOJIOM

[lehyHKUMOHaNn3aLUmMa Ha YPOBHE TUMOB: KOHCTPYKTOPY — TUM-CUMBOJ1, MPUMEHEHUIO — TUM Apply.

interface Monad<M> { fun <T> pure(x: T): Apply<M, T> }
List<T> = Apply<ListSym, T>
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MoHaga Ha Kotlin

class ListSym // cumMBOs KOHCTpykTopa List
class Apply<Sym, T>(val value: Any) // «Sym, npuMeHEéHHbIU K T»: Tunm 3HOYeHUs CTEepT

fun <T> List<T>.to(): Apply<ListSym, T> = Apply(this)
fun <T> Apply<ListSym, T>.from(): List<T> = this.value as List<T>

interface Monad<M> {

fun <T> pure(x: T): Apply<M, T>

infix fun <T, R> Apply<M, T>.bind(k: (T) -> Apply<M, R>): Apply<M, R>
}

fun <M> Monad<M>.go(x: Apply<M, Int>): Apply<M, Int> =
X bind { pure(it + 1) } bind { pure(it + 2) }

e — LleHa: Koa BbIrSANT YyA0BULLHO; CKOPEE BCEro, TEXHNKA cebst He okynaeT
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CemMmeuncrea



Tun BbIOUpaeT npeacrtaB/ieHNe

OObIYHbIN KOHCTPYKTOP TUNa napameTpuyeH: 04HO 00bsSB/IEHNE HA BCE apryMeHTbI.

[ List () ]

List Bool

[ List Int ]

>[ data List a = Nil | Cons a (List a) ]
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Tun BbIOUpaeT npeacrtaB/ieHNe

CeMeNCTBO BbIOMPaeT 00bsAB/IEHME NO aPryMEHTY-UHAEKCY — Kak K/1acc TUMOB BbIOMPAET KoL,

[ XList () ] >[ UnitList Int — xBaTuT ONWHbI ]

[ XList Bool ] >[ BoolList ByteArray — 6UT Ha 3NIeMEHT ]

[ XList Int ] > | MHCTaHca HeT E

----------------------------------------------------------------
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CeMeUCTBO AaHHbIX )XUBET BMecCTe C K/lacCOM

data family XList elem
data instance XList ()
data instance XList Bool

UnitList Int
BoolList ByteArray

class XListOp elem where
xelem :: elem -> XList elem -> Bool

instance XListOp () where
xelem () (UnitList size) = size > 0

xelemAll :: XListOp elem => XList elem -> [elem] -> Bool
xelemAll xs = all ( xelem xs)
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CemelicTBa TUNOB — (PYHKLUU HA TUNAX

type family Plus (n :: Nat) (m :: Nat) :: Nat where
Plus Zerom = m
Plus (Suc n) m = Suc (Plus n m)

ghci> :k! Plus (Suc Zero) (Suc (Suc Zero))
Plus (Suc Zero) (Suc (Suc Zero)) :: Nat
= Suc (Suc (Suc Zero))
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Plus Bblunucnsietcs

[ToaxoamnT BTOpPOe ypaBHeHune: Plus (Suc n) m

Plus (Suc Zero) (Suc (Suc Zero))

Suc (Plus n m).

80



Plus Bblunucnsietcs

Tenepb nepBoe: PLus Zero m = m,

Suc ( Plus Zero (Suc (Suc Zero)) )
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Plus Bblunucnsietcs

HopmasibHas doopma. BblumcaeHne npoLusio B KOMAUISTOPE — Tak Xe B [N1aBe 2 peayunpoBasicst CAHOHUM Pair.

Suc (Suc (Suc Zero))

82



3agada: ANN1MHa cnucka Tmnoe

N PeanunayiiTe 3aKkpblToe CEMENCTBO Length

S5 PeweHue.

[Typel -> Nat, BbluMcAstoLLee ASIMHY CNUCKa TUMOB.

type family Length (tys :: [Typel) :: Nat where

Length '[] = Zero
Length (ty : tys) = Suc (Length tys)

ghci> :k! Length '[Int, Bool, Char]
= Suc (Suc (Suc Zero))
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AccouunpoBaHHble ceMeucTBa

class Container c¢ where
type Elem c
elements :: ¢ -> [Elem c]

instance Container [a] where
type Elem [a] = a
elements = id

instance Container ByteString where
type Elem ByteString = Word8
elements = ByteString.unpack

ghci> :k! Elem ByteString
= Word8

-- TUn, KOTOpbU KAAdcC CTOBUT B COOTBETCTBUE C
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MOXXHO N1 NPOUTU Ha3aj,

KOHCTPYKTOP TUNa NacCMBEH: Pa3Hble apryMeHTbl AatoT pa3Hble Tunbl. I3 Maybe a ~ Maybe bcnegyeta ~ b.

Maybe
[ Int ] >[ Maybe Int ]

Maybe
[ Char ] >[ Maybe Char ]
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MOXXHO N1 NPOUTU Ha3aj,

CeMEeNCTBO BbIUNCNSETCA, U pa3Hble apryMeHTbl MOTYT AaTb 04VH pe3ybTar. 1o pe3ynbraty aprymMeHT He
BOCCTAHOBUTb.

NonlInjective

)
=
[ Char ] / Int um Char?

Nonlnjective
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NMHBEeKTUBHOCTb OO BABNAIOT ABHO

f :: NonInjective a -> String

error: Couldn't match type: NonInjective a0
with: NonInjective a
NB: ‘NonInjective’ 1s a non-1injective type family
The type variable ‘a0’ i1s ambiguous

type family Inj a r | r -> a where -- TypeFamilyDependencies: pe3ynbTaT onpeodensisser aApayMeHT
Inj Int = Bool

Inj Char = Double
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CeMeiAiCTBO HeNb34 nepeaatb apryMmeHToM

type family Map (f :: Type -> Type) (as :: [Typel) :: [Typel] where
Map £ '[] = '[]
Map f (a : as) = f a : Map f as

type family Id (a :: Type) :: Type where
Id a = a

type Test = Map Id '[Int, Booll]

error: The type family ‘Id’ should have 1 argument, but has been given none

e A Matchability — nHLEKTMBHOCTL BMECTe C generativity: U3 f a ~ g acnepyetf ~ g. BbiBOA TUMNOB
npegnonaraet eé y BCAKOro Tuna CTpPesiouHoro kanHaa
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Oo6xoAa: cHoBa gedhyHKUUOHaNn3auus

type family Apply (sym :: Type) (a :: Type)
data IdSym
type instance Apply IdSym a = a

type family Map (f :: Type) (as :: [Typel)
Map £ '[] = '[]
Map f (a : as) = Apply f a : Map f as

ghci> :k! Map IdSym '[Int, Booll]
= [Int, Bool]

;. Type

[Type] where

89



KanHa Constraint



Y orpaHUYeHUN eCTb KanHA

ghci> :k Monad
Monad :: (Type -> Type) -> Constraint

ghci> :k Int ~ Bool
Int ~ Bool :: Constraint

ghci> :k (Egq Int, Int ~ Bool)
(Eqg Int, Int ~ Bool) :: Constraint

data Dict (c :: Constraint) where
Dict :: ¢ => Dict c

KJiacC TUIMNOB CTPOUT OepaHu4deHue

paBeHCTBO TuroB — OepaHu4deHue

KOpTeX 02paHu4YyeHull — o2paHuUyeHue

C/IOBAPb KAK 006BbEeKT $3biKa
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OrpaHUYeHue Ha KaXAabliA TUM N3 CIIUCKA

data HList (tys :: [Typel]) where
HNil :: HList '[]
HCons :: ty -> HList tys -> HList (ty : tys)

type family A1l (c :: k -> Constraint) (tys :: [k]) :: Constraint where
Alt c '[]1 = O
A1l ¢ (ty : tys) = (c ty, All c tys)
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All: cemenUCTBO CTPOUT OrpaHUYeHue

CeMeiicTBO BO3BpALLLAET HE TUM, a orpaHnyeHne. Bropoe ypaBHeEHME OTLLENISET NEPBbIA TUM Crncka.

All Show '[Int, Double]

type family A1l (c :: k -> Constraint) (tys :: [k]) :: Constraint where
AllL c '[1 = ()
ALl ¢ (ty : tys) = (c ty, All c tys)
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All: cemenUCTBO CTPOUT OrpaHUYeHue

ELle pa3 BTOpoe ypaBHEHNKE.

(Show Int, All Show '[Double])

type family A1l (c :: k -> Constraint) (tys :: [k]) ::

AllL c '[1 = ()
ALl ¢ (ty : tys) = (c ty, All c tys)

Constraint where
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All: cemenUCTBO CTPOUT OrpaHUYeHue

CnMCOoK NyCT — NepBOE ypaBHEHNE, NYCTOE OrPaHNYEHME.

(Show Int, (Show Double, All Show '[]))

type family A1l (c :: k -> Constraint) (tys :: [k]) ::

AllL c '[1 = ()
ALl ¢ (ty : tys) = (c ty, All c tys)

Constraint where
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All: cemenUCTBO CTPOUT OrpaHUYeHue

[oAyunncs BNOXEHHbI KOPTEX OrpaHNYeHnin — no 0AHOMY Ha 9/1IEMEHT CMucKa.

(Show Int, (Show Double, ()))

type family A1l (c :: k -> Constraint) (tys :: [k]) :: Constraint where
AllL c '[1 = ()
ALl ¢ (ty : tys) = (c ty, All c tys)
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map MO reTeporeHHOMYy CrUCKy

hmap :: forall c res tys . ALL c tys
=> (forall ty . c ty => ty -> res) -> HList tys -> [res]
hmap ¥ = \case
HNil -> []
HCons X xs -> f x : hmap @c f xs

ghci> hmap ©@Show show (HCons (1 :: Int) $ HCons 'a' HNil)
[IIlII’IIIaIII]
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3agayvya: cpaBHeHUe reteporeHHbIX CMUCKOB

N Peannsynte cpaBHEHME TETEPOreHHbIX CNUCKoB heq :: ALl Egq tys => HList tys -> HList tys ->
Boo'l. OTKya B peKYyPCUBHOM Bbi30Be OEPETCA C/10BapPb A1 XBOCTA CnucKa?

5 PeweHue.

heq :: ALl Eg tys => HList tys -> HList tys -> Bool
heg HNil HNil = True
heq (HCons x xs) (HCons y ys) = x == y && heqg xs ys

ConocTtaBneHne c HCons paéttys ~ ty : tys',MAlL Eq tysBbluucngercasnapy (Eq ty, ALl Eq tys'):
nepBasd KOMMOHEHTa HYy)XHa AN1a ==, BTOpas — c/ioBapb AJ/15 XBOCTa.
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OrpaHu4yeHus c KBaHTopamMu

data Rose f x = Rose x (f (Rose f x))

instance (Eq a, forall b. Eq b => Eq (f b)) => Eq (Rose f a) where
Rose X1 rsl == Rose x2 rs2 = x1 == x2 && rsl == rs2
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Acnonb3oBaHue ad-hoc nonnmopdusma



Cepuanunsarop napbl — 310 List0Onrd

interface KSerializer<T> {
fun serialize(encoder: Encoder, value: T)
fun deserialize(decoder: Decoder): T // 06beKTa ewé HeT: MeTodoM 0b6beKTd He cdendThb

}.

class PairSerializer<K, V>(
keySerializer: KSerializer<K>, // crnoBapu KOMMOHEHT nepeoawTcsa PykKaMu
valueSerializer: KSerializer<V>,

) : KSerializer<Pair<K, V>> { ... }
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CI'IpFITaTb TUM, OCTaBUTb CNN1OBapPb

KOHCprKTOp Any :: a -> Any npsyeT T1n 3Ha4YeHus. B oAuH cnncok nonagakT 3HayYeHud Pa3HbIX TUTNMOB — HO
caenarb C HUMW HEJ1b3A HNYETO.

list :: [Any]

-] -] -]

v v v

e (e ]

Tmn Hen3BecTeH Tmn Hen3BecTeH Tmn Hen3BeCcTeH
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CI'IpFITaTb TUM, OCTaBUTb CNN1OBapPb

[10N0XUM pPAOOM CO 3Ha4YeHNEM CJ/10Bapb — CBNAOETESILCTBO TOIO, YTO CKprTbIVI TUMN NpnMHaa1exXnT K/1accy.

list :: [Has Show]

ANRVANNVAN

[ 42 show gng Int [ “Hello” show ona String [ True show ons Boo'L

L
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DK3UCTEeHUUaNTbHbIN TUM C OrPaHNYeHnem

data Has (c :: Type -> Constraint) where
Has :: c a => a -> Has ¢

showAll :: [Has Show] -> String
showAll = List.intercalate "," . map \(Has x) -> show X

ghci> showAll [Has (42 :: Int), Has "Hello", Has (Just True)]
"42 ,\"Hello\",Just True"

foldHas :: Has ¢ -> (forall a . ca=>a ->h) ->b
foldHas (Has x) k = k x
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3agaya: ooctarb 3HaUYE€HUeE N3 OOEPTKMU

N YcTHO: [ToyeMy Henb3a HanucaTb PYHKUKMIO unHas :: Has ¢ -> a, AOoCTaloLlyo 3HaYeHne U3 00EPTKN?
Uem oT Hee oT/invaeTcsd foldHas?

5 PeweHue.

unHas (Has x) = x

error: Could not deduce ‘al ~ a’ from the context: c al
‘al’ i1s a rigid type varilable bound by a pattern with constructor: Has

B unHas Tvn a BbIGUPAET BbI3bIBAIOLLINI, & B OOEPTKE NEXUT 3HAYEHUE TUMNA, BbIOpaHHOIo npu eé co3aaHunun. B
foldHas KBaAHTOP CTOUT c/1eBa OT CTPESIKN: MPOAO/HKEHNE 06A3aHO NPUHATB JIDOOW TUM, U CKPbITLIW TUM HE
NoKnaaeT cBoen 061acT — Kak s B runST.
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AmAa nona BbioupaeTcsa no tuny

class IsLabel (s :: Symbol) a where
fromLabel :: a -- OverloadedLabels: #name = fromLabel (@"name"

data Pet = Pet { name :: String }
instance (r ~ String) => IslLabel "name" (Pet -> r) where
fromLabel Pet{ name } = name

data Person = Person { name :: String, pets :: [Pet] }

instance (r ~ String) => IslLabel "name" (Person -> r) where
fromLabel Person{ name } = name

ghcli> #name pet
IIReXII
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Constraint trick: cCHa4yana rosioBa, NOTOM NMOCbIJIKA

MHcTaHC ansa Pet -> String. Tvn pesynstara #name pet noka HEN3BECTEH, a Lieflb CpaBHUBAETCA TO/bKO C
ro/1I0BOV MHCTaHCca: He coBnaJsio.

esnb: IsL.abel "name" (Pet — 1)

rosioBa: IsL.abel "name" (Pet — String)
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Constraint trick: cCHa4yana rosioBa, NOTOM NMOCbIJIKA

OcTaBuM rosioBy 06L1en — oHa NoAONAET K /1t060M Lenn. PaBeHCTBO CTOUT B MOCHLI/IKE N cpaboTaeT yXXe nocne
BblOOpa MHCTaHca.

esnb: IsL.abel "name" (Pet — 1)
rosioBa: IsL.abel "name" (Pet - r)

MOChIJIKA: T ~ String
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PaBeHCTBO TUNOB — TOXe orpaHnyeHume

f :: forall a b . a~Db=>a->>b
f = 1id

e A Koepuusi — cBuaeTensb paBeHCcTBa ABYX TUMNOB: 3HaUYeHne pa3mepa 0, KOTOPOEe CTPOUT KOMMUISATOP

e A System FC — System F c HeCMHTaKCU4YECKMMM paBeHCTBaAMM TUMOB: Ma/IEHbKUIA TUMN3NPOBAHHbIN A3bIK, B
KOTOPbIV TpaHcnupyeTtcd Becb Haskell

109



GADT — 3TO paBeHCTBa TUNOB

KOHCTpYKTOPbI GADT 13 rnaBbl 2: y K&XA0ro CBOW TUN pe3ynbrara.

Const :: Int - Expr Int
IsZero :: Expr Int — Expr Bool
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GADT — 3TO paBeHCTBa TUNOB

B System FC pe3ynsTart y BCeX OfINH, a YTOYHEHME 3annucaHo paBeHcTBOM. ConocTaB/ieHne ¢ 06pasLomM BHOCUT
3TO PABEHCTBO B BETKY.

Const :: Vty. ty ~ Int = Int —» Exprty
IsZero :: Vty. ty ~ Bool = Expr Int - Expr ty
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Cemencrea — 3TO akCMoOMblI

type family Plus (n :: Nat) (m :: Nat) :: Nat where
Plus Zero m = m
Plus (Suc n) m = Suc (Plus n m)

axiom Plus Zero m ~om
axiom PLlus (Suc n) m ~ Suc (Plus n m)
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3agaya: BeKTOp B paBeHCTBaX

N PaccaxapbTe B paBeHCTBa TUNOB BEKTOP Vec U3 rnaBbl 2. Kakne paBeHCTBa OKaxKyTCsi B 061aCTU BUANMOCTY
B KaOK0M 13 BETOK OYHKLMN vZip?

5 PeweHue.
data Vec n a where
VNil :: forall n a . h~Zero => Vec n a
VCons :: forallL nam . n~ Sucm=>a ->Vecma ->Vec n a

B nepBon BeTke vzip —n ~ Zero.BOoBTOpOM —n ~ Suc mOTNEepPBOro aprymeHtamn ~ Suc m' OT BTOPOrO;
oTctogam ~ m', MOTOMY UYTO Suc — KOHCTPYKTOP, U PEKYPCUBHbIN BbI30B TUMNU3NPYETCH.
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O6xoa, KOTOPbIN HAYEro He aenaet

newtype Csv = Csv { unCsv :: String }

concatC :: [Csv] -> Csv

concatC = Csv . concat . map unCsv -- map npoxoouT Mo CrnuckKy U HUYyeao He MeHsleT
concatC :: [Csv] -> Csv

concatC = coerce (concat :: [String] -> String)

class Coercible from to where -- YMpoOWeHHO, UHCTOHCh CTPOUT KOMMUAATOP

coerce :: from -> to
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coerce MeHAEeT TUI, a HE NaMATb

Cnncok 06épTok B kKyve. KOHCTpyKTOpa Csv BO BpeMA UCMNOSTHEHUSA HET.

PErNCTPbI U CTEK Ky4ya

xs :: [Csv] [ . >[ ORENE >[ ) |-
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coerce MeHAEeT TUI, a HE NaMATb

[Tocne coerce U3MEHWU/CA TOMLKO TUM. HYM ogHa suenka He TPpOHYyTa, 06Xoaa HeT.

PErNCTPbI U CTEK Ky4ya

Xs :: [String] [ . >[ ORENE >[ ) |-
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Ponun: korpa npuBoAnTb MOXXHO

Ponb napametrpa [llpumep T anpuBoaUTCAKT b,ecnu
phantom data Phantom a = Phantom Bcerga

representational data Box a = Box a a npMBoANTCA K b

nominal data App a = App (F a) a~>h

{-# LANGUAGE RoleAnnotations #-}
type role Map nominal representational
data Map k v = Tip | Bin k v (Map k v) (Map k v)

ghci> coerce (Just (ModuleId 1)) :: Maybe Courseld
Just (Courseld 1)

ghci> coerce m :: Map (Down Int) String

error: Couldn't match type ‘Int’ with ‘Down Int’ arising from a use of ‘coerce’
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3agada: posib Knro4da B Map

N YcTHO: Noyemy y nepBoro napametpa lMap k v ponb nominal? MNpuBeanTte npnumep 06EPTKN HA K/THOUOM,
N9 KOTopow npmBeaeHue Map k vkMap k' v cromasio 6bi crioBapsb.

5 PeweHue.

[lepeBo nouncka ynopsaaoyveHo no nHctaHey Ord k, a OH 3aBUCUT OT UMEHW TUMa, a He OT npeacTaBfieHns. Down
Int YCTPOEH B NnaMATM Kak Int, HO NOPAAOK Y HET0 06pPaTHbIN: NOC/1e NPUBEAEHUA AEePEBO OCTa/1I0Ch Obl

MPEXHMM, a MOUCK NOLLESN Obl N0 HEMY C APYIMM NOPSIAKOM — KaK B 3aa4e Npo MHOXXECTBO C ABYMS
nopsigkamu.
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Tun BO BpemMmsd UCMNOJIHEeHUNA

typeName :: forall a. Typeable a => String -- UHCTOHCH Typeable cTpouT KOMMOUISATOP
typeName = tyConName $ typeRepTyCon $ typeRep $ Proxy (@a

ghci> typeName ©@(Maybe Int)
nMaybeu

data Dynamic where
Dynamic :: Typeable a => a -> Dynamic - - 39K3UCTeHuUuasibHbIU TUun co croBapém Typeable

ghci> d = toDyn (42 :: Int)

ghci> fromDynamic d :: Maybe Int
Just 42

ghci> fromDynamic d :: Maybe Bool
Nothing
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3agaya: CMUMCOK TUNOB B CTPOKY

N Peannasynte knacc ShowT (tys :: [Typel) cmeTogom showTypes :: String, KOTOPbIN NO3BOMAET
pacreyararb CMMCOK TUMOB.
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icknroueHune n ero npeakuv

Owmnoku obpabaTbiBalOT rpynnamm — Hy)XkHa nepapxms. HacneanosaHus B A3blke HET, a nepapxma Ao/mKHa ObITb
OTKPbITOW: HOBbIV TUM A06aBAAETCA B JIIOOOM MOAYIIE.

[ SomeException ]

ES

[ SomeArithException [ MyError ]

AN

[ DivisionByZero ] [ Overflow ]
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cknroueHue v ero npeaku

throw DivisionByZero: MmeTod toException 3aBOpaymMBaeT 3Ha4YeHne B 00EPTKM BCeX NPeKoB.

SomekException

SomeArithException

[ DivisionByZero ]
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cknroueHue v ero npeaku

O6paboTtumk ana SomeArithException: fromException CHUMaET OOEPTKMN CHAPYXU BHYTPb. HYXXHbIN
KOHCTPYKTOP HaLIESICa — NonmaJsin.

SomekException

SomeArithException

[ DivisionByZero ]
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cknroueHue v ero npeaku

O6paboTumk Ans MyError: 06EpTKa CHATA, HO BHYTPW 3HAYEHNE APYroro Tuna, cast He yganics. icknoueHmne
NEeTUT AasbluUe.

SomekException

SomeArithException

[ DivisionByZero ]

cast K MyError: Nothing
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Knacc Exception

class (Typeable a, Show a) => Exception a where

toException :: a -> SomeException
toException = SomeException -- 10 YMOJZIYaHUKW poouTeslb — KOPEHb
fromException :: SomeException -> Maybe a

fromException (SomeException e) = cast e

data SomeException where
SomeException :: Exception a => a -> SomeException -- 3K3UCTeHuuanbHas obepTka, Kak Dynamic
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MpoMeXyTOUYHbIN YPOBEHb Uepapxmu

data SomeArithException where
SomeArithException :: Exception a => a -> SomeArithException
instance Exception SomeArithException -- pooduTtenb — SomeException

data DivisionByZero = DivisionByZero deriving Show
instance Exception DivisionByZero where

toException = toException . SomeArithException -- 30BopayuBaemMcss B poouTtens
fromException e = do
SomeArithException e' <- fromException e -- CHuMaoeM 06epTKy podouTens
cast e'

ghci> throwIO0 DivisionByZero “catch”™ \(e :: SomeArithException) -> putStrLn "caught"
caught

ghci> throwIO0 DivisionByZero ‘catch™ \(e :: MyError) -> putStrLn "caught"
*%x%x Exception: DivisionByZero
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3agaya: ewe oaHo apudomeTnyecKkoe UCK/IroueHue

N [lo6aBbTe B epapxuio UckroueHue Overflow, ToXXe apudpmeTnyeckoe. Kakmmm o6paboTymkamm OHO
NTOBUTCA, a KAKUMWU HET?

S5 PeuweHue.

data Overflow = Overflow deriving Show
instance Exception Overflow where
toException = toException . SomeArithException

fromException e = do
SomeArithException e' <- fromException e

cast e’

JloButca oopaboTtymkamm anda Overflow, SomeArithException n SomeException; 06paboTUMKK ANS
DivisionByZero n MyError ero nponycTAar.
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CTeK BbI30BOB — HesIBHbIU NapamMeTp

myHead :: HasCallStack => [a] -> a

myHead [] = error "empty"
myHead (x:_) = X

bad :: Int
bad = myHead []

ghci> bad
*xx Exception: empty

CallStack (from HasCallStack):
error, called at Bad.hs:5:17 in mailn:Mailn
myHead, called at Bad.hs:9:7 in mailn:Mailn

type HasCallStack = (?callStack ::

CallStack)
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CBou cooOLleHnd 06 olnoKax TUNOB

instance (TypeError
( Text "Attempting to show a function of type "
:<>: Text "'" :<>: ShowType (a -> b) :<>: Text "'"
:$$: Text "Did you forget to apply an argument?"
)) => Show (a -> b) where
show = undefined -- 00 ucnosiHeHuUss 0esio He OOUOET

test = show not

error: Attempting to show a function of type 'Bool -> Bool'
Did you forget to apply an argument?
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[0 KaKoro mecTa AOoLu/10 BblYUC/IeHue

ghci> xs = [1, undefined, 3] :: [Int]

ghcl> xs seq "ok"
IIOI_(II

ghci> length xs
3

ghcl> xs deepseq "ok"
**x* Exception: Prelude.undefined
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seq, length n deepseq

[loKa 3Ha4vYeHune HUKOMY HE I'IOHa,D,O6I/I.I'IOCb, B Ky4€ fieXxat 0gH1 OTJ/TOXXEeHHbIE BbIHNCJTEHUA.

--------------------------------------------------------------------------------------------

-------------------------------------------------------------------------------------------

------------------------------------------------------------------

------------------------------------------------------------------
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seq, length n deepseq

se( BbIYMC/ISIET 40 NEPBOro KOHCTPYKTOPA — A0 C/1ab0i royIoBHON HOPMasibHOW oOpPMbI. 1015 HE TPOHYTHI.

-----------------------------------------------------------------

----------------------------------------------------------------

------------------------------------------------------------------

------------------------------------------------------------------
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seq, length n deepseq

Length naeT No XBOCTaM: BbIUNC/IEH BEChH Xp66€T CMNCKa, 3J1IEMEHTbI OCTaJTNCb OTJTOXXEHHbBLIMW.

------------------------------------------------------------------

------------------------------------------------------------------
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seq, length n deepseq

deepseq 06X0QUT 3HAYEHNE LIENTMKOM, 0 HOPMasTbHOM DOPMbI, — W HaTbIKAeTcs Ha undefined.

--------------------------------------

o eI o) |- |- ] S

--------------------------------------

v v v

----------------------

[ 1 ] [ undefined ] 3

----------------------
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O6xoAa 3aBUCUT OT TUNA — 3HAUUT, KNacc

class NFData a where
rnf :: a -> ()

instance NFData Int where

rnf x = x “seq’ ()
instance NFData a =>
rnf [] = ()

rnf (x : xs) = prnf

force :: NFData a =>

force X = rnf X seq

safe, safe'

e — LleHa: rnf O6XO,£I,I/IT 3Ha4eHne Le/TIMKOM NMpPn KauKgoM Bbi30BE, AaXXe eCJi1 OHO Y)>Xe BbIHUC/TIEHO

NFData [a] where

X seq

a -> a
X

rnf Xs

[Int] -> I0 (Either SomeException [Int])
safe xs = try (evaluate xs)
safe' xs = try (evaluate (force xs))
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3agauun: HopmasibHada popma

N\ Peannaynte nictaHc NFData ansa nepeBa data Tree a = Leaf | Node (Tree a) a (Tree a).

N YcTHO: Noyemy length xs “seq’ () He 3aMeHSAeT rnf xs? YUTO MMEHHO BbIYNCTUT KaXKa0e U3
BbIPa>KeHNA?

S5 PeuweHue.

instance NFData a => NFData (Tree a) where

rnf Leaf = ()
rnf (Node 1 x r) = rnf 1 "seq  rnf x “seq rnf r

length xs BbIYMUCIAET XPEOET CNNCKA N OCTABNSAET 3/1IEMEHTbI OT/IOXEHHbIMU; PNT XS BbIYMUCAAET U XPEBET, U
KaXKabIN 3/IEMEHT.
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UTO Mbl y3HaNU

K/1aCCbl TUTMOB

C/10Bapb, KOTOPbIA KOMNUAATOP NepeaaéT HESBHO;
MHCTAaHC C MOCbISTIKOA — PYHKLMSA MEXAY C/I0BapPAMM

BblIBOA NHCTAHCOB

HacesleHne Tuna pekypcueii no ero CTPYKTYpPE;
CMOTPUT TOJIbKO Ha ro/10BY MHCTaHCA

nedoyHKUnoHanm3auusa doyHKLMA NepBOro Kfiacca = JaHHble + UHTepnpeTaTop
apply; paboTtaeT 1 Ha Tunax

cemMencTea BbIOOP MO TUNY AN1A AAaHHbIX U TUMOB; HE UHBEKTUBHbI
N He nepenarTca aprymeHTamm

Constraint orpaHnyeHnsa XpaHaTt (Dict), BblunucnawT (A1),
KBaHTUOMLUMPYIOT

System FC aBeHCcTBa TUMOB: BO YTO TpaHcanpyroTca GADT,

y

ceMeuncTBaun newtype

e Nomawka fp2-03: criloBapu 1 MHCTaHCbI, AeddyHKLUMOHaIM3auUus, CEMeNCTBa TUMNOB

e Cnepyrouiana TeMa: TUMbl JaHHbIX — rN1aBa 4
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MaTtepuanbl



PaKynbTaTUBHO: data reflection

class Reifies ty terms | ty -> terms where

reflect :: Proxy ty -> terms
reify :: a -> (forall fresh . Reifies fresh a => Proxy fresh -> res) -> res
newtype Wrapped tag a = Wrapped { unwrap :: a } -- PaHTOMHbIU Tea: CKOJIbKO Yy200HO 06EpToK
data ReifiedOrd a = ReifiedOrd { compare :: a -> a -> Ordering }

instance Reifies tag (ReifiedOrd a) => Ord (Wrapped tag a) where
compare = coerce $ compare $ reflect $ Proxy (@tag
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daKkynbTaTUBHO: JIOKa/1bHbIV NOPAA0K AJ11 COPTUPOBKM

sort :: Ord a => [a] -> [a]

sortReverse :: forall a . Ord a => [a] -> [a&]
sortReverse xs =
let dict = ReifiedOrd { compare = flip compare } in
reify dict \(Proxy :: Proxy fresh) ->
coerce $ sort @(Wrapped fresh a) $ coerce xs

(Int, Double) 3aMeHdeM Ha (Member Int d, Member Double d) => Prod d
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UTOo nounTathb

o KoHcnekKT Kypca, rnasa 3 «CrneunasibHbin (ad-hoc) nonimmopdon3am»

e Philip Wadler, Stephen Blott, How to make ad-hoc polymorphism less ad hoc (1989) — must-read: cnoBapu u
NnepeBo/ K/1accoB TUMOB, BCSA NnepBast CeKLUS B OIHOWN cTaTbe

e Oleg Kiselyov, Simon Peyton Jones, Chung-chieh Shan, Fun with type functions (2010) — must-read: cemencTaa
TUMOB Ha NnpumMepax

e Martin Sulzmann et al., System F with type equality coercions (2007) — BO YTo TpaHcnmpyetca Haskell
e Joachim Breitner et al., Safe zero-cost coercions for Haskell (2014) — Coercible n ponu

e Simon Marlow, An extensible dynamically-typed hierarchy of exceptions (2006) — OTKpbITas nepapxums
NCK/THOUEHNI

e Edward Kmett, Type Classes vs. the World — 3auemM Hy)kKHa KOrepeHTHOCTb
e Chris Done, The constraint trick for instances — npMém 13 paspeLieHns MMEH 1 OLLINOOK TUMNOB

e Alexis King, Parse, don’t validate — npakTuka, pagu KOTOpPou HYXHbl newtype 1 6ecnnaTrHble Koepuumn
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