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B npeabiayien cepum

e AT/l: kak std: :variant + std: :tuple/struct
® NaTTepH MAaTUUHT — YMHbI pa3bop 3HaueHUs
® Knacchbl TMNOB — Kak nHtepdericol B OO

® IeHBbl€ BbIYMCIIEHUS

® OeCKOHeUHble CTPYKTYPbl AaHHbIX



[Touemy map TONbKO A/19 CMTUCKOB?

map AenCTBYeT Haa CNUcKamu:

mCLp(f? [56073717'“7557’&]) = [f(‘q;l)?f(:E?)a:f(:En)]

Ho nouemy 6bl He ncnosib3oBaTh ero A aepesa’?

map(fi5%) = 735

Ans matpuuybl?
map(f, Haab]v [Cad”) = Hf(a)vf<b)]7 [f(C),f(d)]]

[Ans npon3BONBHOrO KOHTeliHepa?

AHanorus ¢ C++: std: :transform — npeobpasoBaTtenb uero-To
NTEepUpyemMoro:

template< class InIt, class OutIt, class UnOp >
OutIt transform( InIt firstl, InIt lastl, OutIt d_first,
UnOp unary_op );



dGYyHKTOp — UTO-TO, HaA uem paboTaeT map

class Functor (f :: % —> *) where
fmap :: (a->b) > fa->fb

Tun c onHUM NapameTpoMm c onepaumeii npeobpa3oBaHusl.

+—+ +—+ +—+ +—+

1] 4] 12] |5]

+—+—+—+ fmap (+1) +—+—+—+
2] e > 3]

+—+—+ +—+—+

3] |4 ]

+—+ +—+



[Tlpumepbl pyHKTOpPOB

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

data Maybe a = Just a | Nothing

data Either a b = Left a | Right b

f $ x =f x —— onmeparop npumeHeHna (MeHblle CKOb60K)

fmap (+1) (Cons 1 (Cons 2 Nil)) -- (Cons 2 (Cons 3 Nil))
fmap (+1) Nil —— Nil

fmap (+1) $ Just 3 —— Just 4

fmap (+1) $ Nothing —— Nothing

fmap (+1) $ Left "huge number" —— Left "huge number"

fmap (+1) $ Right 8 —— Right 9

List, Cons, Nil nonHocTbio akBuBaneHTHbl [ 1, 1, [ ] ns Haskell.



[Tlpumepbl pyHKTOpPOB

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

data Maybe a = Just a | Nothing

data Either a b = Left a | Right b

f $§ x = f x —— oneparop npumenenna (MeHbluie CKOb6OK)

instance Functor List where

fmap £ (Cons a as) Cons (f a) $§ fmap f as
fmap _ Nil Nil

instance Functor Maybe where
fmap £ (Just a) = Just $ f a
fmap _ Nothing = Nothing

instance Functor (Either a) where
fmap _ (Left e) Left e
fmap £ (Right v) Right $§ f v

List, Cons, Nil nonHocTblo 3kBuBaneHTHbl [ ], i, [ ] ns Haskell.



3aKoHbl PYHKTOPOB

OnpeneneHus:
id x = x —— 3KBUBJIEHTHOE Npeobpa3oBaHue
f . g=\x > f (f x) —— komMmo3zurnsa

1 fmap c skBuBaneHTHbIM Npeobpa3oBaHueM He MeHsieT PYHKTOPp:

fmap i1id = id

2 fmap n KOMNoO3MLMIO MOXHO NMepecTaBUTh:

fmap (f . g) == fmap £ . fmap g

Ecnu 3akoHbl BbINONHAKTCY, NofyyaeTcs npeodpazoBaHue, KOTopoe
He MeHseT (DOpMY KOJIJIEKLUU.



3auemM 3aKOHbI?

3aKOHbI 3KBUBaNleHTHbl KOHTpakTy B [1[1.
® 3aKOHbI HE MPOBEPATCA KOMMUAATOPOM — C/AEAUT NPOrpaMMumcCT

® Ecnu BoinonHs0TCA, BCEé paboTaeT, Kyuy BCero Mo>KHO BbIBECTU
MaTeMaTnyecKm

® Ecnu He BbITTOJTHAKOTCA, JIOMAETCd TO, UTO MNMoJjilaraetcd Ha HUX

INpumep
axb = a+ax(b—1)=axb =b+bx(a—1), b>0
MO>XHO He onpeaensaTb YMHOXeHUE, a BbIBECTU €0 U3 CIIOXKEHUS.

Ecnn cnoxeHue He y1oBneTBOpseT 3aKkoHaM clioxeHus (Hanp.
a+b=a—0>b), TO yMHOXeHMNE clloMaeTCs, aXXe eCli CI0KeH e
BbIT/151/1€J10 BMOJIHE HOPMaJIbHO.



AnnnnkaTuBHbIN PYHKTOp — Koraa pyHKUUS
TOXe B KOJIeKUUY

class Functor f => Applicative (f :: * —> *) where
pure :: a —> T a
(<#>) :: f(a-—>b) >fa->Ffhb

+—+ +—+ +——t——+ +—+—+  +—t+—+

1] [4] |+1]*2] <*> 1212]  [5]8]

+—+—+—+ +——t+——+ +—t—t—+—+—+—+
2] e > 3141

+—+—+ +—t—t—+—+

|3 ] 1416

+—+ +—+—+



pure — “noaHsATUE” 3HAYEHUS B PYHKTOP

pure obopauunBaeT 3HauUeHNe B aNMNINKaTUBHbIN DYHKTOP

TpUBUAJIbHBIM 00pa3zoMm

pure :: Applicative a =>t —> t a

pure 'x' :: Applicative a => a Char

pure 'x' :: Maybe Char —— Just 'x'
pure 'x' :: [Char] — ['x'"]
pure 'x' :: Either Char —— Right 'x'

Just toUpper <*> pure 'x

?)aMeTl/IM, 4TO pure 4YTO—-TO — nOﬂI/IMOpd)Haﬂ KOHCTaHTa, TUM ONpeaensaeTca asBHO Nian ncxoasa n3 COCE,D,CVI MO BbIpa*>X€HUnHo.

—— pure 'x' :: Maybe Char
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BoluncneHus c apdpektamum

® Maybe - BbluncneHmne moxeTt 3aBepLUMTbCA Heyaauen
Just 1 - ycnex, pesynabrarl
Nothing — Heypaua

e Either - BbluncneHue MoxeT 3aBepLUNTLCS OLLINOKON
Left "Bcé mnoxo" — owwunbka "BCcé mioxo"
Right 1 - ycnex, pesynbtatl

® [ | — BbluucneHne nmeeT Npom3BOJIbHOE KOJIMYECTBO pPe3yJ/ibTaToB
[] — pe3aynbTaTtoB HeT
[1] — oanH pe3ynbTat
[1, 2, 3] — MHOro pe3ynbTaToB
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[Tpumepbl annNIMKaTUBHbIX (DYHKTOPOB

—— Oumnbka mMOpTUT BCE:

Just (+1) <*> Just 3 —— Just 4
Nothing <*> Just 3 —— Nothing
Just (+1) <*> Nothing —— Nothing
Nothing <*> Nothing —— Nothing

—— JlekapTOoBO npou3BegeHue:

[(+0), (+10)] <*> [1, 2] - [1, 2, 11, 12]
[] <#> [1, 2] - []

[(+0), (+10)] <*> [] —-— []

[] <#> [ ] —-— []

—— Ounbka MOpTUT BCE:

Right (+1) <*> Right 3 —— Right 4
Left "ERR" <*> Right 3 —— Left "ERR"
Left "E1" <*> Left "E2" —— Left "E1"

Right (+1) <*> Left "ERR" —— Left "ERR"
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3aKOHbl annanKaTuBHbIX PYHKTOPOB

1 pure m 3KBMBaJIieHTHOE npeo6pa303aHme Mo CYyTN HNYETO HE

nenatoT:

pure 1id <*> v = Vv

—— Identity

2 pure TpuBMasbHa, HE MeLlaeT NPUMeHeHU0 PyHKLNIA:

pure f <*> pure x = pure (f x)

3 CneBa unm cnpasa — BCE eANHO:

u <*> pure y = pure ($ y) <*> u

4 Ann.pyHKTOp He MellaeT KOMMNO3ULUU:

—— Homomorphism

—— Interchange

pure (.) <*> U <*> Vv <*¥> W = U <*¥> (V <*¥> w)

—— Composition
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LiftA* — “nogHaTtue” pyHKUUI B MUp
annivKaTuBHbIX GyHKTOPOB

LiftA/1iftA2/... nogHUMaOT yHapHY0/OMHAPHY1O/... PyHKLUUIO B
MUP anninMKaTUBHbIX YHKTOPOB

liftA :: Applicative £f => (a ->b) > fa > fb
1l1iftA2 :: Applicative f => (a -> b —> c)
—~>fa->fb->fc

liftA (+1) [1, 2, 3] -- [2, 3, 4]

LiftA2 (+) [1, 2] [10, 20] —— [11, 21, 12, 22]
liftA f x = pure f <*> x

LliftA2 £f x vy = pure f <*> x <*> vy

LliftA3 £ x v z = pure f <*> X <*> y <> Z

1iftA2 (+) [1,2] [10,20] =pure (+) <*> [1,2] <*> [10,20] =[(+)] <*> [1,2] <*> [10,20] = [(+1), (+2)] <*>

[10, 20] =[11, 21, 12, 22]. AHanoruuHo, liftA* npumenser GyHKLMIO K OAHOMY apryMeHTy 3a MpPOXoa,.
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HYnucteln Mup n nencTeug — atanbl Npo3peHnd

1 Ecnu ucnonb3oBaTh TONbKO YnCTble QYHKLNU, HACTOSLLYIO
nporpammy HanumcaTb HEBO3MOXHO

® pI‘il’lt — HE UNnCTad, Y3HaTb pe3yJibTaT NporpaMmmbl HUKaAK HETb34

® porpamma MOXeT AeflaTb BCE, UTO YrOAHO, CHapyXu BCE
3KBMBAJIEHTHO

2 ViMnepaTuBHble anrOpUTMbl CTAHYT UMCTbIMU, eCnn 100ABUTD
apryMeHT C KOHTEKCTOM

® random :: number -- smb60 KOHCTaHTa, MMb0O Marus

® random :: context -> (context, number) -- uwmcrasa
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HYnucteln Mup n nencTeug — atanbl Npo3peHnd

3 Becb Mmup — aprymeHT pyHkunm, dbyHKUMS BO3BpaLLaeT HOBbIM
MU

® print :: (world, item) —-> world —-- uwmcrasa

® Bce pyHKUUYN — UUCTbIE

4 [laBanTe peannsyem 3TO uepe3 MOHabl

® BHYTPpU MOHAa/bl 6YﬂeM HEABHO rnepeaaBatb M1pbl

5 MoHaabl MOXXHO MCMOIb30BATh eLEé pa3HbIMU criocobamu

o y1106Haﬂ MaTeMaTnyeckKkas a6CTpaKU,I/l$l
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MoHanabl: cneudyHKUMN, CrieU3HAUYEHNS

class Applicative m => Monad (m :: * —> *) where

(>>=) :::ma->(a->mb) >mb —— bind
return :: a -=> m a —— return
+—+ +—+ f——f——t ==+ +—t—+

11] [4] >>= \x —> [+1]*2] 12]2] |5]8]
+—+—+—+ +——t—t +—t—F—F—+—+—+

2] e > 1314

+—t—+ f—t—t—t—+

|3 | |46

+—+ +—+—+

[x]-lyl --————r———— > []
17



MoHanga — 310

OnpepneneHve: MoHaaa — 3T0 MOHOU[ B KaTeropuu 3HAOMYHKTOPOB.

He noHsiBLIMe MmaTemMaTuuecKyto CyThb (UyTb MeHee, UeM BCe)
NPUAYMbIBAIOT U MYOAMKYIOT CBOU MHTepNpeTaLunu:

® yNakoBKa A1 3HaUeHu i, KoTopas npeobpasyeTcs Noa AencTBueM
crneymnasnbHbIX NpaBu

MOHazga — KOHTEeHHEP, MOHAHUYECKOE 3HAYEHHE — HHCTAHC
KOHTEHHEpa

aHanoruu: BeKTop B matemaTuke, pyHkTop B PI1
® KOMIOHOBLLNK 3aKOHCEPBUPOBAHHbIX AENCTBUN

MOHama — NPUHUHI paboTbl ¢ 3¢pdhekTaMu, MOHagHUECKOE
3HaueHHe — 3aKOHCEPBUPOBAHHOE TTekCTBHE

aHanoruu: 6anTbl NCNOMHAEMOroO KoJa, yka3aTtesb Ha npoueaypy

VlHTepﬂpeTaLll/ll/l HenoJHbl. [loHnmMaHue MOHa/bl KaK YNakKOBKN HEMPUMEHNMO, HalNnpunmep, Al IO, Reader; NMOHNMMaHNne

MOHafbl Kak 3aKOHCepBMPOBaHHOIO AeNCTBUS He Bceraa ymecTHo, Hanpumep, ans Maybe, [].

18



return — co3gaHme NpPocTenLlero 4encTeung

return obopaunBaeT 3HauUeHUe B MOHaly TpUBManbHbIM 0Opa3om
return s3KBUBaneHTHa pure, TOJbKO TPeOYeT KOHTEKCTA MOHA/bI.

return :: Monad a => t —> t a

return 'x' :: Monad a => a Char

return 'x' :: Maybe Char —— Just 'x'

return 'x' :: [Char] — ['x"]

return 'x' :: Either Char —— Right 'x'

Just 1d >>= \_ -> return 'x' -- return 'x' :: Maybe Char

?)aMeTl/IM, yto Monad 4yTO-TO — ﬂOﬂl/IMOde)HaFI KOHCTaHTa, TUM ONpeaenaeTca 1sBHO Nin Ncxoasa mn3 COCC,U,CVI MO BbIpa>X€HUn1o.
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[lpumepbl MOHan

Maybe, Either — BbiuncneHuns ¢ BO3MOXHOCTbIO OLLNOOK.

[ ] — BbluncneHnsa co MHOXXeCTBOM pe3yJ/ibTaToB

Just 3 >>= \x
Nothing >>= \x
Just x >>= \_
Nothing >>= \_

[1,2,3] >>= \X
[1,2,3] >>= \X
[] >>= \X
[] >>= \X

Right 3 >>= \x

—>

Just (2%x)
Just (2#%x)
Nothing
Nothing

[x, x+10]

[]
[x, x+10]

[]
Right (x+1)

Just 6

Nothing
Nothing
Nothing

[1,11,2,12,3,13]
[1
[1
[1

Right 4
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MoHagHble 3aKOHbI

OnpepeneHve. Komno3dnuus moHaanuecknx gpyHKLNIA:

(>=>) :: Monad m=> (a->mb) > (b ->mc) >a->mc
(m>>>n) x=mx >>=\y > ny

1 return >=> g = g —— Left identity

2 f >=> return = f —— Right identity

3 (f >>g) > h=f >>> (g >> h) —— Associativity

21



LiftM* — “nogHaTue” dyHKUNI B MUP MOHA[

LiftM/1iftAM/... nogHUMAOT YHapHY/OMHApHY/... PYHKLUUIO B
MUpP MOHafA

LiftM* skBuBaneHTHbl L1ftA%*, HO B KOAe OHU peann3yrTcs
Nno-pa3HoMy, UToObl He TpebOBaTh JULLIHUX KOHTEKCTOB

liftM :: Monad m => (a > b) ->ma ->mb
1liftM2 :: Monad m => (a -=> b —> )
->ma ->mb -—>mc

LiftM  (+1) [1, 2, 3] —— [2, 3, 4]
LiftM2 (+) [1, 2] [10, 20] —— [11, 21, 12, 22]

1liftM f x = x >>= \x —> return (f x)
LiftM2 f x v = x>>= \x —> y >>= \yv —> return (f x vy)

1iftA2 (+) [1,2] [10,20] =[1, 2] >>= \x —> [10,20] >>= \y —> [x + y]=[11, 21, 12, 22]. liftA2 cobupaet

aprymeHTbl yHKUMU, ANS KaXKAOTO Habopa 3anyckaeTcst hyHKL M.
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Monapna 1O

[encTBusa BBOAa-BbIBOAA 3anpaTaHbl” B MoHaay 10:

print :: Show a => a —> I0 () —-- pacneyararp He4TO
putStr :: String —> I0 () —— BbIBECTU CTPOKY
putStrLn :: String —> I0 () —— BbIBECTUH CTpOKy + '\n'
readln :: Read a => I0 a —— CYNTATh M PACHapCHUTh
getline :: I0 String —— CYUTATBb CTPOKY
writeFile :: FilePath -> String -> I0 () —-- mucarp B ¢amn

Mo>Ho NoHMMaTb Kak Habop MMNepaTUBHbIX PYHKLMIA:

vold putStr ( char* str) {
printf("%s", str);

}

vold putStrLn ( char+* str) {

printf("%s\n", str);
} 23



Monapna 1O

B MOHaaANUYECKOM 3HAYEHUN TUTlaA 10 a nexwur

“3akoHcepBMpOBaHHOE” (OTNIOXKEHHOE) AECTBME, BO3BpalllalolLee a.

print [1,2,3] :: IO () —-- pacnmeuyararp CHUCOK
putStr "xxx" :: 10 () —-- BbIBECTM CTpPOKYy
putStrIn "xxx" :: 10 () —-- BeiBecTu crpoky + '\n'
putXXX = putStr "XXX" -- 3akoHcepBHMpoBaHHOe JeuCTBHUe

MoHaaunueckme 3HaueHns 1O MOXXHO MOHUMATb Kak Hy/b-apHble
nmnepaTuBHble PYHKL MU, HE KaK pe3ybTaT UCMONTHEHUS:

void printl123 () {
printf("[1, 2, 3]");
}

vold putXXX () {
printf("xxx", str);

¥
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bind — cBa3bIBaHUe

Habop penctBuii — kak Habop PyHKUUI, KOTOPblE MOXHO 3aMyCTUTh:

>———— > > > >————— > > >
| x := 1 | | x 1= x+1 | | x := 9 | | result: x+3 |
>———— > >————— > >———— > > >
[lencTBNS MOXKHO CBSA3aThb:

>———— >———— >———— >————— >

| x (=1 | x :=x+1 | x =9 | result: x+3 |

>———————— >———————— >———————— > ————— >

AHanor B C:

int proc() {

Xx = 1; // x — global
X += 1;

X = 9;

return x+3;

¥
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bind — cBa3bIBaHUe

[Tocne cBA3bIBaHMS KOMMNO3UTHOE AENCTBME MOXKHO 3aMycKaTb Kak
nporpammy:

world > >—————— > >
_______ | x =1 | x 1= x+1 | X
| |
> >

Il
©

input > >———————-

AN

AHanor B C:
int x;

int main() {

proc() ;
}
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bind

(>>=) — cBA3bIBaHUE M.3HaueHUs ¢ M.OyHKLUE:
[1,2,3] >>= \x —> [x,-X] - [1,-1,2,-2,3,-3]

getLine >>= \x —> putStr (x ++ x)
—— JABaxzjbl rnedaraer BBeJEHHOeE

B Clly4dae [O 3HaueHue u3 MOHaAbl 4OCTaTb HUKAK HeNMb34, MOXXHO TOJIbKO UCIMOJ1Ib30BaTb >>=.

(>>) — cBg93bIBaHMe M.3HaUYeHNd C M.3HAYEHNEM:

X >>Vy =X>=\_ >V —— onpejejieHue
[1,2,3] >> [10,20] -- [10,20,10,20,10,20]
putStr "xxx'" >> putStr "yvyy" —— BbIBOJUT XXXYYY

JKBUBANEHTHO nocneaoBaTe/ibHOCTHU JleVICTBMVI (onepaTop 3aﬂﬂTaﬂ) B MMnNepaTnBHOM nporpamMmmMmmnpoBaHnn. BI/I,IJ,HO, 4YTO B

cnyuae [1,2,3] >> [10,20] acddexTbl [1,2,3] (yTpansaHue pedynbraTa) COXpaHsoTCI, a 3HAUEHNE UTHOHUPYETCS.
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do-HoTauust — cMHTaKcuueckuii caxap aJg

NCI1OJ1b30BaHA MOHa/
OpHa “komaHpaa” — oHa cTpoka:

actions = monadicValuel >> monadicValue?2
actions = do

monadicValuel
monadicValue2

2 A6cTpakuusg + bind = “npucBanBaHue nepemeHHON:
actions = monadicValuel >>= \x —> monadicValue?2
actions = do

X <— monadicValuel
monadicValue2

MMeHOBaHHOE 3HaueHue:

actions = let x = 3 in print x

actions = do
let x = 3 ——- HeobA3aTe/bHO MOHAAMYECKOE 3HAYEHHEe
print X

28



[lpumep nporpammbl

import Control.Monad (when)

readName :: I0 String
readName = do
putStr "Enter name>
getLine

readPassword :: String —> I0 Bool

readPassword validPassword = do
putStr "Enter password> "
password <- getLine

let valid = password == validPassword
if valid

then putStrLn "Password is valid."
else do

putStrIn "Password is invalid."
putStrLn "Are you a hacker?"
return valid

main :: IO ()
main = do
name <- readName
when (name == "qwerty") $ putStrLn "Cepnészno?"
valid <- readPassword "12345"
if valid
then putStrIn ("Hello, " ++ name ++ "!")
else main —— pEeKypcuss BMECTO LKA
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Ewé dpyHKUMM Kak umnepaTuBHbINA caxap

—— map C MOHAAU4YeCKOM QYHKLMen
mapM :: Monad m => (a -=> m b) —> [a] —> m [b]

—— map C MOHaAU4YeCKO¥ QYHKLUEH, YUYUTbIBAWTCH TOJIBKO SPPEKThI
mapM_ :: Monad m => (a -=> m b) —> [a] > m ()

—— mapM c uMIepaTuBHbIM CHHTAKCUCOM
forM :: Monad m => [a] —> (@ => m b) —> m [b]
forM = flip mapM

forM_ :: Monad m => [a] —> (a -—> m b) —> m ()
forM_ = flip mapM_

—— BKJINYAET JelCTBHue, eCJIM BbIIIOJIHEHO YCJIOBUE
when :: Applicative f => Bool —> f () —> f ()

Ha camom aene, mapM ob6bsiBneHa kak uactb knacca Tunos Traversable, paboTaeT He TONbKO CO CMUCKAMMU, HO C JTHOObIMY

Tunamm, oTHocsawmmunca Kk Functor n Foldable.
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OnHa do-HoTaumg — ogHa MoHaaa
import Control.Monad (forM_)

triangles :: (Enum a, Num a, Eq a) => [(a,a,a)]
triangles = do

z <- [1..20] -- list

y <- [1..z] —— list

X <- [1..v] —— list

-— print (x, y, z) —— 10, error!

if xA2 + yA2 == zA2

then return (x, vy, z) —— list

else [] —— list

printNumbers :: I0 ()
printNumbers = do

print 1 - I0

print 2 -—- I0

— x <- [1..10] —— list, error!

—— print x -—— I0
printNumbers' :: I0 ()
printNumbers' = do

print 1 -—— I0

print 2 -- I0

forM_ [1..10] $ \x —> do
print x -—- 10



Yto nanbwe

® PaszHblie MmoHaabl (Reader, Writer, State n meHee TpuBMasnbHble)
MoHanbl No3HaTCA Ha NpakTHKe

® MoHaaHble TpaHcdopmepbl (UTOObI B OAHOM MOHAANY€ECKOM
BblpaXkeHUn paboTano 6oblie 0OJHO MOHa/bl)

® MHoro MmaTemaTunueckoi Teopuu (Teopusi KaTeropuin, anropuTMm
XnHann-MunnHepa, MHOXXeCTBO pa3HbIX TEPMUHOB, ...)

cM. 3BoJitoums nporpammumcta Ha Haskell
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https://www.willamette.edu/~fruehr/haskell/evolution.html

3agauu

3HaHUN JOCTATOYHO A/1s peanus3aumnm Bcex 3aaauv:

® 3anaunm 1, 2 o cnuckax

® 3anau 3,4 0 HaNUCaHUYU Nosne3HbIX PYHKUUI 1 Nporpamm
BHumaHue, nekuumn, 3agaHns U1 CHUNMETbl OOHOBMSOTCS.
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