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IIpucesiayerbest aBTopy
THII30BAHOIO JIAMO/[a IUCIIEHHS

Asonzo Yopuy

1 The Alonzo Language

Mosa nporpamyBamnns Alonzo — 1e YucTa HETHIII30BAHA MOBA, IO € BHYTPI-
IIHBOI0 MOBOIO JIEKAPTOBO-3aMKHEHUX KaTeropiit. Bona 6a3yeTbcs Ha JsiMOmIa-
YUCJIEHH], PO3IINPEHOMY HapaMU, MPOEKIIsIMA Ta TePMiHAJIBHUM O0’€KTOM, 3a-
Oesneuyoun MiHIMAJIBHY MOIE/b /i O0UUC/IeHb Y KATErOPItHOMY KOHTEKCTI.

1.1 Cunrakcuc

Tepmu Alonzo criagaorbes 31 3MiHHUX, JIAMOIA-aOCTPAKIIi, 3aCTOCYBAHbD,
nap, npoekiiii (nepimoi Ta apyroi) Ta TepminajabHoro ob’exra. lle minimasibha
MOBA, IO MiITPUMYE OOUNCTIEHHS Tepe3 OeTa-PeayKINio Ta MPOEKIIil.

I = #identifier
oO=1](0) | OO0 XTI —>0]0,0]0.1]0.2]1

type term =

| Var of string
| Lam of string * term
| App of term * term
| Pair of term * term
| Fst of term
| Snd of term
| Unit

1.2 IIpaBuyia ob64McIeHb
OcHoBuuMu npasumiiamu obuncierb y Alonzo e Gera-penykitist Jiist JistMO1a-
abcTpakiiiii Ta mpaBmia TpoeKmiit s map. TepMinaabHU 00’€KT € HE3BIIHIM.

App (Lam (x, b), a) — subst x a b
Fst (Pair (t1, t2)) — t1
Snd (Pair (t1, t2)) — t2

(Ax.b) afst (t1,t2) snd (t1,t2)
b[a/x] tl t2




1.3 IlimcraHoBka

let rec subst x s = function
| Var y —> if x = y then s else Var y
| Lam (y, t) when x <> y —> Lam (y, subst x s t)
| App (f, a) —> App (subst x s f, subst x s a)
| Pair (tl1, t2) —> Pair (subst x s tl, subst x s t2)
| Fst t — Fst (subst x s t)
| Snd t —> Snd (subst x s t)
| Unit — Unit
|t —=>t

1.4 PiBHicTL

let rec equal t1 t2 =
match t1, t2 with
| Var x, Var y —> x = y
| Lam (x, b), Lam (y, b’) —> equal b (subst y (Var x) b’)
| Lam (x, b), t —> equal b (App (t, Var x))
| t, Lam (x, b) —> equal (App (t, Var x)) b
| App (f1, al), App (f2, a2) —> equal fl {2 && equal al a2
| Pair (t1, t2), Pair (t1’, t2’) —> equal t1 t1’ && equal t2 t2’
| Fst t, Fst t’ —> equal t t~’
| Snd t, Snd t’ —> equal t t~’
| Unit, Unit —> true
| _ —> false

1.5 Peaykia

let rec reduce = function

| App (Lam (x, b), a) —> subst x a b

| App (f, a) —> App (reduce f, reduce a)

| Pair (t1, t2) —> Pair (reduce tl1, reduce t2)
| Fst (Pair (t1, t2)) —> t1

| Fst t — Fst (reduce t)

| Snd (Pair (t1, t2)) — t2

| Snd t —> Snd (reduce t)

| Unit —> Unit

[t —>t

1.6 Hopwmaumizarisa

let rec normalize t =
let t’ = reduce t in
if equal t t’ then t else normalize t’

1.7 Bayrtpimusa moBa 13K

Moga Alonzo € BHyTpiIIHBOIO MOBOIO JeKapToBo-3aMkHeHol kareropii (JI3K).
Bomna Bkitiouae sisiMOa-abCcTpaKiIiii Ta 3aCTOCYBaHHS I 3aMKHYTOI CTPYKTYPH,



ITapu Ta TPOEKIIl STt IEKAPTOBOI'O JIOOYTKY, & TAKOXK TePMiHAJILHUNE 00’ €KT JI/Tst
BijiHOBJIeHHsT TI0BHOI cTpyKTypu JISK.

JlitepaTypa
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2 The Yves Language

Moga nporpamyBanus Yves — Ii€ BHYTDIIlIHA MOBa CHUMETPUYHUX MOHOIIAJIb-
HUX KATEropiii, 1o peastisye mapaJjesabHi 00YuC/IeHHsT depe3 B3aEMOIiI0 KOMOi-
HaTopis (¢, 9, €) 3 npaBuIaMy aHITLIANT Ta KOMyTaIlil, IPUIATHA JIJIs MOJEJIIO-
BAHHSA JIHIHUX 1 MapajebHIX CUCTEM.

2.1 CunTakcuc

Definition 1. Tepmu Yves ckiamaiorbes 31 3minnux, kombinaropis (Con, Dup,
Era), nap, oominy (Swap), 38’a3ysanns (Let) ta oqununni (Unit). Mosa wixrpu-
Mye adiHHy JOTiKy, 3a00POHAIOYN TOBTOPHE BUKOPUCTAHHS 3MiHHUX.

I = #identifier

Y=1I | ConY | DupY | Era Y
| Pair (Y, Y) | Unit
| Let (I, Y,Y) | Swap Y

Definition 2. Koxysanus tepmis y moi OCaml:

type term =
| Var of string

| Con of term

| Dup of term

| Era of term

| Pair of term * term

| Swap of term

| Let of string * term * term
| Unit



2.2 CemaHTHKA

Theorem 1. IlpaBuiia obunciens y Yves 6a3yloTbcst Ha aHirissmii Ta KOMy-
Taril KOMOIHATOPIB:

Con (Con x) — Pair (x, x)

Dup (Dup x) — Pair (x, x)

Era (Era x) — Unit

Con (Dup x) — Dup (Con x)

Con (Era x) — Pair (Era x, Era x)
Dup (Era x) — Pair (Era x, Era x)

Swap (Pair (t, u)) — Pair (u, t)
Let (x, t, u) — subst x t u

(=) (C-annihilation)
(z, )
6(0
(0(=)) (6-annihilation)
(z, )
S(Eix)) (e-annihilation)

2.2.1 IlimcranoBka

Definition 3. Ilincranoska B Yves:

let rec subst env var term = function

| Var v —>
if v = var then

if is bound var env then failwith "Affine violation: variable used twice"
else term
else Var v

| Con t — Con (subst env var term t)

| Dup t —> Dup (subst env var term t)

| Era t — Era (subst env var term t)

| Pair (t, u) —> Pair (subst env var term t, subst env var term u)

| Swap t — Swap (subst env var term t)

| Let (x, t1, t2) —>

let t1’ = subst env var term tl in
if x = var then Let (x, tl1’, t2)
else Let (x, t1’, subst env var term t2)

| Unit —> Unit



2.2.2 Penykiiis
Definition 4. Penyxkiiist repmiB y Yves:

let reduce env term =
match term with
| Con (Con x) —> Pair (x, x)

Swap (Pair (t, u)) —> Pair (u, t)
Let (x, t, u) —> subst env x t u
—> term

| Dup (Dup x) —> Pair (x, x)

| Era (Era x) —> Unit

| Con (Dup x) —> Dup (Con x)

| Con (Era x) —> Pair (Era x, Era x)
| Dup (Era x) —> Pair (Era x, Era x)
\

\

\

2.2.3 Ilomryk map

Definition 5. Ilomyk akTuBHUX Hap JJIsi PeLyKILl:

let rec find redexes env term acc =
match term with

| Con (Con x) —> (term, Pair (x, x)) :: acc
| Dup (Dup x) —> (term, Pair (x, x)) :: acc
| Era (Era x) —> (term, Unit) :: acc
| Con (Dup x) —> (term, Dup (Con x)) :: acc
| Con (Era x) —> (term, Pair (Era x, Era x)) :: acc
| Dup (Era x) —> (term, Pair (Era x, Era x)) :: acc
| Swap (Pair (t, u)) —> (term, Pair (u, t)) :: acc
| Let (x, t, u) —> (term, subst env x t u) :: find redexes env t (find redexes env u acc)
| Con t —>
(match t with
| Dup | Era _ —> acc
| Con x —> find redexes env t ((term, reduce env term) :: acc)

| _ —> find_redexes env t acc)
| Dup t —> find_redexes env t acc
| Era t —> find_redexes env t acc
| Pair (t, u) —>
let acc’ = find redexes env t acc in
find redexes env u acc’
| Swap t —> find redexes env t acc
| Var | Unit — acc

10



2.2.4 TIlapajseabHa peayKIlis

Definition 6. Ilapajensua pegyxitisi:

let eval parallel pool env term =
let rec loop term =

let redexes = find redexes env term [| in
if redexes = [] then term
else

let new term = Task.run pool (fun () —>

List . fold left

(fun acc (old_t, new_t) —> replace_subterm old_t new_t acc)
term redexes
) in
loop new_term
in
loop term

2.2.5 Bwuyrpimua mopa CMK

Theorem 2. [losenenns, mo MoBa Y VeS € BHYTPINTHBOIO MOBOIO CHMETPUIHUX
MOHOIJTAJTbHAX KATEeTOpiif:

Let: A—= C(u-t,t: A— B,u: B— C),
Pair: A—> B —» A® B,
Swap: A®Q B— B® A,
Con: A® A— A,

Dup: A— AR® A,

Era: A — 1,

Var : A,

Unit : 1.

Koucrpykropn Bianosigarors akciomam CMK:

- Pair mozmesntoe TensopHuit 106yTOK ®. - Swap peasizye CUMETDilo o4 g 3
YMOBOIO 0B A © 04, = idaggp. - Unit € onuamunum ob’ekrom I [ AKOTO
AR T = A. - Let Mmogemoe kommosuniio Mopdismis (acomiarusmicts). - Dup Ta
Era yTBOpioioTs cTpykTypy Komonoizna. - Con jii€ sIK KOHTPaKIis.

JIsmbna-dyukitis 1 ammikaris:

Az.t F Con(Let(z, Var(x),t)),
tu — Con(Pair(t,u)).

11
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IIs1 pobora € crmpobGoro OrIsiy iCHYHOYHMX MOB IIPOrpaMyBaHHS sl
KBAHTOBUX OOYHCJIEHB, IX TEOPETUIHUX OCHOB Ta OCOOIMBOCTEM. K mpm-
KJIaJT PO3IVIAIAEThCA NUCKPeTHe repeTBopeHHs Pyp’e, sike B AKOCTI BIpa-
BU IMILIEMEHTYETHCSI Ha JIBOX MOBaX NMPOrPAMyBAHHS: MPAKTUIHIN, iMITe-
parusniit QCL Bix Bepuxapma Owmepall2] Ta reopermuniit dbopmamnbHiii,
dyHKIIOHAJBHIET MOBI TporpamMyBaHHsS, JAMOA-9UCJIECHHI 3 JiHIKHUMYT
dyukuisimu Bin Asgpe Ban Tonaepall6]. Sk BUCHOBOK IPOIIOHYEMO HADHC
cBoel moBu PLQ myist KBaHTOBUX OOYNCIIEHD 3 3AJIEXKHUMU, 3aJICIKHUMU-
JIIHINHUMU Ta KBAHTOBUMHU THUIIAMH.

Kirouosi caoBa: Teopist TumiB, KBAaHTOBI KOMII IOTEPH
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Qenikcy Baoxy

3 The Felix Language

3.1 Jliniiina anredpa

Horamisg Hipaka 1e xkomMmaxkTHHi dopmastiaM JriHiitHoI anarebpu gxuit Oymemo
3aCTOCOBYBATH JIJI BU3HAYEHb KBAHTOBOI MEXAHIK

Taba. 1: Horamia ipaka

Horaniza  Busnagennsa

[4)) 3araJbHUI KeT-BeKTOD, HAIIPUKIAM (Co, .., Cr) L

(Y] JlyaJibHUM Gpa-BeKTop, Haupukiam (¢, ..., ¢)

|n) n-it 6asnc BekTop crangaprHoro 6asucy N = (|0), ..., |n))

|72) n-it Gasmc BekTOp ambrepHaTHBHOrO Gazucy N = (|0), ..., |72))
(P|) CKaJSApHU 100y TOK

|2, 7) TeH30pHUil JOOYTOK GA3UCHUX BEKTODIB |i) Ta |j)

|¢) ® 1)  remzopHmit 10GYTOK

Definition 7. (Bexkropuuii npocrip). Muoxuna V Ha3uBaerbcsd BEKTOPHU
MITPOCTOPOM HAJI CKaJIApHUM TosieM F| Tosi i TimbKu To/1i, Koy BU3HAYMEH] Or1e-
pauil + : V x V — V (cyma BexropiB) 1a - : F' X V — V (106yToK ckajisapa
Ta BeKTOpa) 3 HacTymHuMu BaactuBocTsaMu: 1) (V) +) yTBOPIOIOTH KOMYTATUBHY
epymy; i) M) = [0 i) AQal)) = (Aw)li); iv) (A+ ) = M) + pli); v)
A[Y) + 1¢)) = A) + Ag). Jani GymemMo po3risggaTi CKaJaspHE HOJIEe KOMILIe-
kcuux uancen F' = C.

Definition 8. (Ckanspunit 106yTok). @yukuis (-|-) : V x V — C nazuBaerbest
CKAJSIPHUM JOOYTKOM, Togi 1 Timbku Toi, komw: 1) (¥|(A@) + u|x)) = A{|p) +
w{|e); i) (Yle) = (pl)*; iii) 0 < (P|¢) € R. Cransapruii 106yTOK BU3HATAE
wopmy || [¢) [|= v/ {¢[¢) =[l ¢ |-

Definition 9. (Iloeuuii BekTopHuii npocrip). Hexait V BekTopHuii nmpocrip 3
HOpMOIO || - || Ta |1, ) € V nocainosricTh BeKTOpIB. i) |1)) € mociigosHicTio Kormi
Trr. Ve > 03N > 0 : Vn,m > N, || [¢n) — |[¥n+1) ||< € ii) |[¢) cxomuTbes TTT.
Ye > 03N > 0 : Yn > N, || |¢,) — |¥) ||I< €. Ipocrip V noBrmii TTT. KOXKHA
nocaigosHicTh Kol cxoaurnbed.

Definition 10. (T'iis6epris upocrip). [loBuuii BekTopuuii npocrip H 3i cka-

JgpHuil 1o6yTKoM (-|-) Ta Bigmosigaowo HOpMOIO || ¥ ||= /(¢|1)) HasuBaeTbCsH
l'inpsbepToBuM.

11.0. Baxapuyk. Ksantosa Mexamnika. 2012
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Definition 11. (Jliniiiuuit oneparop). Hexait V — BekropHuwmii npocrip, a A —
dyukmiss AV — V. Toai A HasuBaeThCs JIHITHUM OIIEPATOPOM TTT.

AY) + ple)) = AAY) + pAlp)

B C™ sniniiinuii oneparop € MaTpHIEIO M X 1 3 eJIeMeHTaMu a; ; = (i|Alj), ae
A =%, ;a;;]1)(j|. 3a BusHauennaMm mimiitnocTi omepaTop A MOXKHO 3aIlUCaTH
gepe3 JIiHIHY CyMy BeKTOpiB 6asucy B:

A |n) = Sgars|k), ne |k) € B.

Definition 12. (Tenzopuuii 1o6yrok rissbeprosux npocropis). Hexait Hy Ta
Hs; — T'inpbeprosi npoctopu 3 6asucamu By ta By. Tomi Ter3opuwmit 100y TOK

H = Hy ® Hy = {X)j)ep, X)) € Bacyjli, j)llei; € C}.
Takox ['ibbepTiB mpocTip 3 6azucom B = By X By Ta cKaJsgpHUM J00yTKOM:
(i, 41", 3") = (ili")(§li") = 0i 655", me |i), |i') € Bu,15),15") € Bo.

Definition 13. (Tensopuuii moGyrok siniitaux oneparopis). Hexait A ta B
JTiHitHI omeparopu Ha ['iapbeproBux mporocropax Hi ta Hs, Tomi TeHsopHUit
100y TOK

A® B = %5 ;5 i, )| Ali') (G| Bl )7, 5|

JIiHITHWIT omlepaTop Ha Ha rijibbeproBoMmy mpocropi H; ® Hs.

Definition 14. (Komyrarop Ta antukomyrarop). Hexait A Ta B niniiini onepa-
ropu Ha rijgsbeproomy npocropi H. Oueparop [A, B] = AB — BA nazuBaerbest
KomyTaTopoM, a A, B = AB + BA Ha3uBa€TbCs aHTUKOMYTATOPOM.

3.2 IHTepmpeTtallis KBaAaHTOBOI MeXaHIiKMI

B zastexkHOCTI Bif TOrO SIK camMe MOJEIOIOTHCsSI Ta KOHCTPYIOIOThHCS TiahbepTo-
Bi IIPOCTOpPM Ta TaMiIbTOHIAHW, BUHUKAIOTH PI3HI Teopil, Bij HEPATUBICTCHKOL
KBAHTOBOI €JIEKTPOJMHAMIKA JI0 KBAHTOBOI XPOHOINHAMIKN KA BBOJIUTH IOHS-
TTHA KBapKiB Ta TJIIOOHIB.

Teopis KBaHTOBUX OOYHCTIEHb — II€ 1€ OJHA TeOpis MmoBepx abCTPaKTHO-
ro KBaHTOBOIO (popMaJsiiaMy Ta € iHTepIpeTalieo KBaHToBOI MexaHiku. OmpHak
e He QisudHa TEopis B TOMY CEHCi, IO BOHA He OINCYE MPUPOIHiN IIporiec,
a € OJIIMKIOI0 10 CXeMOTEXHIKM, 3 KBabiTaMH Ta KBAHTOBUMH BEHTUJIAMU, Oe3
BU3HAYEHHs K CaMe€ MOJIEJIIOEThCA KBAHTOBA CHCTEMa, BOHA Moxke OyTu abo
GdizuaHIM 06’€KTOM ab0 CUMYISITOPOM.

Touno Tak siK Jjist armaparHOro 3abe3nedeHHs OyILYIOThCA MOBHU ITOPIPaMy-
BAHHsI Ta BUINI MOBHU [POTPAMyBaHHsS, TaK CaMO JJjis KBaHTOBUX OOUUCJICHD,
KBaHTOBHX CTAHIB Ta KBAHTOBHX JIOTIYHHX €JICMEHTIB (BEeHTHJIB), iCHYIOTH CBOI
MOBH IIPOIPaMyBaHHs. ¥ HACTYIIHIH CeKIil 7aMO OIJIsi/ iCHYIOYMX MOB Ta ITi/IXO-
JiB 70 TX mMOOyI0BU, & TYT JaMO OCHOBHI NPWHITUIIA Ta KOMIIOHEHTH apXiTEKTH
KBAHTOBUX OOYMC/ICHBb, abU TOSCHUTU OCHOBHI MOBHI €JIEMEHTH, Ta IX IEPETBO-
peHHS.

14



3.3 Ilam’aTh KBaHTOBOI'O KOMII'IOTEpPa

Definition 15. (Ksanrosuii 6it). Kantosuii 6ir a60 KBabiT BU3HAYAETHCS SK
KBaHTOBA CHCTEMa, CTaH KOl MOXKe OyTH IOBHICTIO BUPAXKEHMI K CyIepIo-
sunig (simifina xkomOGiHallist) JIBOX OPTOHOPMOBAHUX BJIACHUX 0a30BHX CTAHIB
nosnadenux |0) Ta |1). BaranpHuit cran |¢)) KBabiTa TOAI BU3HAYAETHCA SIK
[Y) = «a|0) + B|1),]|al® + |8|> = 1. 3nauenns kpabiTa omHUCYETHCs CIOCTEpe-
kerusiM N = |1)(1]. (N) nae BiporimicTs 3HajiTu cucremy B craHi |1), sKio
HaJ KBabiToMm Oy npoBeeni Bumipu. [Ipocrip craniB kBabita € riapbepTOoBUM
npocropom H = C2. Opronopmosama cuctema |0),|1) HasuBaeThes obumcTio-
BaJIbHUM Oa3UCOM.

Definition 16. (Cdepa Bioxa). Saranbauii ctan kBabita Moxke O6yTu BupazKe-
HUIT B MOJIAPHUX KOOpJuHATax f Ta ¢:

) = cosg|0> + ei¢sing|1>.

OuurYHuR BEKTOP CTaHy |1)) HA3UBAETHCA BEKTOpOM bBioxa 7y, Ta Mae HaCTy-
IIHy BIACTUBICTL 7y = —T¢ > (P|§) = 0. Obepru maskoiao oceit X, Y Ta Z

% = |0)

=)

Puc. 1: Cdepa Bioxa sik npeicrasienns kpabira |1))

BeKTOpa Biioxa To/i BU3HAYAIOTHCS K OIEPATOPH:

[ —isin?
X(6) = 00529 1327;2} Y(0) = [cos

—8iny COS5 SN

—sind

e—i0/2 0
2 — .
COS% :| aZ(G) |: 0 ez@/2:|

N DO

Definition 17. (Ksanrosa cucrema).

Definition 18. (Esoutonis cucremn). TemmnopasbHa €BOJIONiS CTaAHY CHCTEMU
omncyeTbes piBagausaM [Iproainrepa:

0
inS 1) = HIp).

e h = 1.05457 - 10743 excrepumMenTanbHa KoHCTaHTa Ilmanka, a H — dikco-
BaHUI CAMOCHIPs2KEHH OmepaTop Ha Tiab0EepTOBOMY MpPOCTOPi, 3HaHM K [a-
MUIBTOHIAH KBAHTOBOI cucreMu. B KBaHTOBII (Di3uUIll HOPMYIOTH BifHOCHO fi TOZI
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DIBHSIHHS MOXKHa 3amucanu y Gessumipsiit dopwmi i|t)) = H|y). Tamineronian
H mnosuicTiO Bu3Ha4yae KBaHTOBY cucremy. pyruii cmoci6 Bu3Ha4eHH:, depe3
yHitapuuit oneparop U = e~ . TemmopabHa eBoIIOINis 3aMKHEHOT KBAHTOBOT
cucremu 3i crpany |¢) Ta gacy ¢1 B craH [¢') Ta uacy to moxe OyTu onmcaHa
yuitapaum oneparopoMm U = U (tg — t1), Takum, o [¢") = Uly).

Definition 19. (Buwmipiosanus). [IpoekTuBie BUMIpIOBaHHSI BU3HAYAETHCS AK
caMoCHpsiKeHuit oneparop M sKiilt HA3MBAETHCS CIIOCTEPEKEHHAM 31 CIIEKTPAJIb-
oo kommosuiiieio M = ¥, mP,,, ne P,, mpoeKIlist Ha BJIACHUI IPOCTIp BJIACHO-
ro 3uadeHus m. Biacui 3Havenns m oneparopa M BiAnoBiaioThes yciM MOXKIIT-
BUM pe3yJibTaTaM BUMiproBaHHsi. BuMipioBaHHs 1)) 1acTh pesyasbrar m 3 Bipo-
riguicrio p(m) = (Y|P, |¢), TakuM 4uHOM Yepe3 CKOPOYEHHs [t)) OTPUMAEMO
HOBHil cTan cucremn ) = —A—P,,|¢). [jaa crany KBabita, caMOCIPAZKEHMit

v/ p(m)

oneparop N 3HaHMIT K CTAHIAPTHE BUMipDIOBaHHS.

N = (8 ?) — 0. |0)(0] +1-[1)(1].

Bisnb 3aransro st npoctopy crany H = C™ craHziapTHe BUMIDIOBAHHS BH3HA-
qaerbest gk N = X;i]7) (4.

Definition 20. (Busaxkene cepenne). Buaxene cepejue (M) ycix MOXKINBAX
pe3yabTaTiB BUMipIOBaHHS M HAa3MBETHCS OUIKYBAHUM 3HAUEHHSIM Ta BU3HATAE-
ThCS SIK

3.4 Omneparopu O00UYUCIIOBAJILHOTO sSapa

Definition 21. (Oueparopu ITayii). Oueparopu Iaysi nos’sa3ani 3 noBiabHEM
obepTom BekTOpa Bioxa dopmystoro:

igr 6 0
Ri(0) = e 207 (@y:2) — 00551 - ising(ngCX +n,Y +n.7)

0 1 0 —1 0 —i
R A A
Haitrpocrimmuit Bumamok yHITApHOTO TMEPETBOPEHHSI 1€ OIepaTop sIKWii JIie

Ha OJUHUYHUI KBabiT. 3arajbHa popMa 2-BUMIPHOI KOMILJIEKCHOI YHITApHOI Ma-
tpuri U € SU(2) mae Burs;:

ne X,Y,Z — oneparopu:

X =

U = ¢iv es(ma Pleoss  —er(-atPginf
ez(@=Feost e2(@+Pginl
Hexait U € SU(2) mae 6asucui BeKTOpH |u) Ta |v) Ta BIacHI 3HAUEHHS U Ta
v. Toxi U moxkHa BUpa3uTu:
U = ulu)(u| + vlv){v] = €' R (0),

ne § — daszosa pi3HUI MiZK u Ta v — IOB’sI3aHA AK U = €.
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Definition 22. (Oueparop Ajamapa).

w50

Definition 23. (®azosuit Ta /8 oneparopn).

10 10
S‘{o i}’R?’_{O e”/‘l}

Definition 24. (Konrpossosanuii Bentuis). Hexait U yHiTapauii q-kBabiTHMI
BEHTUJIb, KOHTPOJIboBaHui U-BEHUU/Ib 3 N-KOHTPOJIBHUMHE OiTaMU TOJI BU3HAYA-
€ThCS TK

1

0
0
0
U

o
o
OoO~NO O

B IIpocTopi cramis BE"™,

Definition 25. (Konrposnsosauuit HE BeHTHIIB).

CNot : |z,y) = |z ®y,y)

CNot = C[X] = [é )0(} =

SO O
o o = O
_ o o o
o= OO

Definition 26. (Bentuib nepectaHoBKH).
Swap : |z, y) = |y, z)
Definition 27. (KonrponsoBauuit $ha3oBuii BeHTHIIb).
CPhase : |z,y) — i"Y|x,y)
Definition 28. (Beurmis Todoui).

CCNot : |x,y,z) = i"|x,y)
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3.5 Oraga icHyroUnx MoOB

3 orisiiy Ha HOBU3HY IIpEIMETy PO3pO0JIEHO He Tak Oararo MOB, yCi 10 € MOXKHA
posainiTu Ha iMueparushi (IO JIyXy CBO€I iMmiemMaHTallil) Ta (QyHKIIOHAIbHI
(abo mobynosani Ha 6a3i HeBHOro Buiy JiaMOIa duciaenHs). Mu HaBexeMo npu-
KJIQJW TIporpaM i 000X MiMXOMiB. ¥ SKOCTI IMOPiBHAJBHOI XapaKTePUCTUKHU
Bi3bMEMO AJITOPUTM JUCKPETHOrO reperBopentst Oyp’e.

: o}
R—— .
H :

Puc. 2: I'padiune nmpegcTaBieHns KBAHTOBOI CXeMHU BEHTUJIB JIUCKPETHOTO TIe-
perBopennst Pyp’e st 4-KBabITHOTO pericTpy
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3.5.1 ImnepaTuBHi MOBUM mporpaMyBaHHS

Cranom Ha 2018 pik HaHOIALII PO3PODOJIEHOI0 MOBOIO, SIKA KOMITLIIOETHCS I
Linux ta Mac ¢ QLC Bix Bepuxapma Omepa El o QLC moxna BingzHauTn Ha-
crynni moBu: 1) Q-gol Bix I'pera Beiikepa (1996) EI; 2) qGCL iz ITaoso 3ysiani
(2000)[14]; 3) Quantum C Language Bix Credana Biaxa (2002); 4) QPAlg Big
Mapi Jlonip Ta @imina ZKoppasga (2004)[11], currakcuc ta cemaHTHKA IH€l
cucremu GOa3yerhbes Ha umcyenHi mporeciB Misimepa CCS Ta dopmalibhiilt MOBI
LOTOS; 5) CQP (Communication Quantum Processes) Bin Caiimona Test ta Pa-
Jokaronasa Harapamxana (2004)[8]; 6) Q (DSL mosa gyia C++) Big Berremi,
Kasapko ta Cepadini[?]. 7) LanQ six 'nneka Muanapika[13].

Definition 29. (Ilepecranoska).

cond qufunct Swap(qureg a,qureg b) {
int i; if #al!=#b { exit "arguments must equal"; }
for i=0 to #a—1 {
CNot(b[i],ali]);
CNot(ali],b[i]);
)

CNot(b[i],a[l] o}

Definition 30. (3mina nopsiiky kBabiris).

cond qufunct flip (qureg q) {
int i; for i=0 to #q/2—1 { Swap(q[i],q[#a—i—1]); } }

Definition 31. (duckperne nepersopenns Pyp’e, Konepewmir).

operator dft(qureg q) {
const n=#q; int i; int j;
for i=1 to n {
for j=1 to i—1 { V(pi/27(i—j),q[n—i] & q[n—j]); }
H(q[n—i]); }
flip (q); }

2Bernhard Omer. Structured Quantum Programming. PhD. TU Vienna. 2003. http://
tph.tuwien.ac.at/"oemer/doc/structquprog.pdf

3Gregory David Baker. Qgol. A system for simulating quantum computations: Theory,
Implementation and Insights. 1996. PhD. Macquarie University.
http://www.ifost.org.au/ gregb/q-gol/QgolThesis.pdf
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3.5.2 @yHKIIOHAJIbHI MOBU IIPOrpaMyBaHHsI

JIsMOia IHC/IeHHS JIEYKUTh B OCHOBI CyYacHHUX aJyireOpaiiHUX CHCTEM Ta OCHOB
MareMaTuku[6], BOHO MOxKe 6yTU PO3IJISIHYTE He JIUIIE sIK MOBA IPOrPAMYBAHHS
3araJIbHOrO BUKOPUCTAHHS, ajie i GPeiMBOPK [JIsA CYI2KEHHS PO 00YNCIIOBAIIb-
Hi BJIACTUBOCTI TIpOTpaM.

TakconoMmito JsIMOIa IUCTIEHD, sIKY BUKOHAB XeHK BapeHjpert Ta mojas y
BurIIsii JistMG1a KyOy [7], MoXKHA POSIIUPUTH KBAHTOBIMA MOBHUMHY IIPUMIiTHBA-
MU, BBOJIUTH B BUIIIl JIsIMO/1a 9MCJIEHHSI 3 TOMOTOIIIYHUMH TUTIAME, a00 B CHCTEMU
JIOBEJIEHHSI TEOPEM 3 €KCTPAKTOM a0o0 Jiuiie BepudikaIiiero.

3 orisiy Ha TPUPOJIY KBAHTOBUX OOYMCJEHH HEOOXiIHUM KOMIIOHEHTOM
KBaHTOBOI'O JIAMO/Ia YMCJIEHHS € CUCTeMa JIHIHUX THIB, Je 3a Jac iCHyBaHHS
3MIHHOI B 00J1aCTi BUJIMMOCTI ITiJ 9YaC BHKOHAHHSI JIO3BOJISETHCS 3BEPTAHHSI JI0
Hel TimpKM ofuH pa3. Taka cucTeMa THIB y»Ke BUKOPHCTOBYETHCS HE TiTBKH B
eCIIEPUMEHTAIPHUX BepUdIKATOpaX aje i B CyJaCHUX CHCTEMHUX MOBAaX IIPOrpDa-
myBanng (Rust), ne 3aBasku Bepudikaropy JiHIHUX TUIIB BraeTbes obifiTucs
6e3 aJrOpUTMiB aBTOMATUYIHOIO BUBIJIbHEHHS MMAMTI ITiJl YaC BUKOHAHHS IIPO-
rpamu (cxema IaMsTi MOBHICTIO MOJIEJIOETHCS ITiJ] 9ac KOMILJISIIT IIporpamn).

Cepe/, pobiT IpUCBsIeHUX MOBaM Ha 6a3i JisaMO/a IHC/IeHb MOYKHA, Bi/[3HAYN-
tu vacrynni: 1) Haiiblibmn kiacuyne HerunmuzoBade JssMOa ducjeHns AHiape
Ban Tonnepa|l6]. Tyr nomaerncst moBenenus izomopdizmy mamwuni Tropinra,
[IOBHOTA Ta 3BY4YaHHS CUCTEMH, IO € (POPMAJIBHOIO IIEPEBATOI0 IIepe]l imMiepa-
tuBHUME MoBamu, Takumu sk QCL; 2) Quipper Bix I'pina, Jlromczeitna, Pocca,
Ceuninzkepa ta Banipona [I0][9]. Ie cnpoba 86ymysaT DSL mist kBanTOBUX 06-
qnciienb B MoBy Haskell, cumystsitop MoBu mo0ymoBaHuit Ha reHepaTopax rpynu
Kuniddopua, ksanrosux oneparopax X,Y,Z,H,S. 3) Pobora no nsmbua auciien-
mo Bix Appiri Ta Josexald]. 4) QML mus Haskell sig Topcrena Anbrenkipxa
ta Txxonarana parraxal[l][2][3].
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Definition 32. (Cunrakcuune nepeso Op ). Cunrakcudne gepeso Oy BU3HATAE
JIAMO/1a YUCJIeHH 3 JIHIMHUMA 3MIHHUMHM IO€JHaHe 3 KJACUYHUM HETUIIN30Ba-
HUM JiaMOa uncienusM. Tooro Oy € HainpocTimuM onepariiiiuM KBAHTOBUM
JIAMOIa, YUCJICHHAM JIJIsl CEPEIOBUIL, BUKOHAHHS.

01| H|S|R | CNot | X|Y]| Z|

x | let x =t in t | t ¢

t e | Pt | A x ot

‘
(et

TyT maforhesd TpUMITHBY JIHIHHUX THUIIIB, /i€ TOCTYII 10 3MIHHOT MOKJIMBUM JIATITE
pa3 B obcnacti BusHadeHHs 3MminbOl. [y HemminitHuX ab0 3BUYAHUX JIIMOIA
dyHKIIT naThes npumiTuBy mo3HadveHi | B mepesiky KBaHTOBUX MPUMITUBIB ¢
JA0Thes: 1) oproHopMoBanmii 6asuc |0) Ta |1); ii) H — omeparop Anamapa, iii)
S — dazoBuii BenTHIIb; iv) R3 — 7/8 BEHTW/Ib; V) KOHTPOJILOBAHWUI HE BEHTUJIb
CNot; vi) Benruii ITayni X, Y Ta Z.

Definition 33. (ITapa Aitrmraiina-ITomonscekoro-Posena).
EPR = CNot ((H 0),0) (1)

Definition 34. (Ksanrosa Tesenoprariisi).

teleport x = let (e;,e2) = EPR in
let (2',y') = alice (x,e1) in bob (2,1, e2)

alice (z,e1) = let (¢/,y') =
CNot (z,e1) in (H 2'),y")
bob (2,3, ez) = let (v, e5) = cX (v, ez) in
let (z",¢e) =cZ (2',¢}) in (2", 9", €}) (3)
Definition 35. (duckperne nepersopenns Pyp’e).

fourier list = reverse fourier’ list 4)

0—=0
fourier’ list = caselistof{ h:t —let b/ : t' = phases (H h) t 12 (5)

in ' : fourier’ ¢

phases target controls 'n =

() = target
control : t — let (control’,target’) =

case control of  (¢cR !n) (control,target) in (6)
let target” : t' = phases target’ t |(succ n) in

target” : control’ : t'
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3.6 Bucuosku

dAx BumHO 18 peasizalfil CeMAaHTUKHA MOBH IMPOTPAMYBaHHS JJIsi KBAHTOBUX
KOMIT'IOTEPIB JIOCTATHHO TOETHAATH TEH30pHE THUCIEHHST Pa30M 3 T-UUCJICHHSIM
nporiecis, abo Jinitaumu tunamu. Ha cooropmimmiit menn (2018) cepe imie-
PATUBHUX MOB IIPOTPaMyBAHHS HAMOLIBIN 3aBepIlieHa, MOBHA Ta MPAKTUIHA HA
nyMky aBropa € QLC Bix Beprxapma Omepa, cepes MOB st JisMOIa YUCTIEHD
HeMag YKOJTHOI JIOCTAaTHBO 3Pijol IMILIeMEeHTAITil.

3.7 Mosa PLQ

Binkpure mutanag B Teopil TUIIB, IMIIEMEHTAITIS Ta IU3affH MOBU 3 JIHINHIMUI
Ta 3aJIEKHAMA TUIAMH Ta KBAHTOBUMY IPUMITHBaMu. TOMYy MU IIPOIOHYEMO SIK
BUCHOBOK IIiCJIS OIVISIJLy MOB Ta 1X CHHTAKCHUCIB CBili CHHTAKCHC TAaKOl MOBHU, Ta
ITOKa3yEMO 3 AKWX IHI'Di/Ii€HTIB 11 MOXKHA TOOYIyBaTH.

Mogy kBanTOBUX 06uncienb Oy MOKHO PO3KJIACTH 10 KoMOiHamil (mpsamol
CyMH) TPbOX CHUHTAKCHYHUX Jepes: i) gepesa Oy — 6a30BOr0 4uCTOrO JIsiM-
6718 JHCIIeHHS 3 3aJIeKHUME TunaMu (pure, iMmieMeHToBany asropom[IH]); ii)
nepesa O, — 4YuC/eHHs 3 JIHIHHUMH THIaMU, ab0 MPOCTO iHIMUN BUJ, CTPi-
a0k (linear); iii) omeparopuuii 6asuc kBanToBOro “nciaeHHs Og 3 KOHCTPYKTO-
pamu X,Y,Z,S;HR3 Ta KOHCTpYKTOpOM BHU3HaveHHsi kBabita (quantum). To-
i dbopMabHUN CHHTAKCHC MOBH JIJIsi KBAHTOBUX KOMII FOTEPIB, 3allUCAHUN HA
cubicaltt[4] y Buruisai i lyKTHBHOrO TUIly CHHTAKCUYHOI'O JiepeBa, Oy/Ie BUTJIs-
IAaTH TaK:
data pure (lang: U)

= star (n: nat) | var (l: nat) | pi (l: nat) (f: lang)

| lambda (x: nat) (f: lang) | app (f a: lang)

data linear (lang: U)
= star (n: nat) | var (l: nat) | pi (1: nat) (f: lang)
| lambda (x: nat) (f: lang) | app (f a: lang)

data quantum (lang: U)

= register (n:nat) | i (n:nat) | O | 1 | H (l:lang) | S (:lang)

| X (f:lang) | Y (f:lang) | Z (f:lang) | CNot (f a: lang)
Pesysbryioua aBropchka mMoBa (Hassemo 11 PLQ) Bupaxkaerbcs sk B3agMope-
KyPCHUBHA CyMa €JIMEHTAPDHUX MOBHUX CUHTAKCHUCIB.
data PLQ =Pure (_: pure PLQ)

| Linear (_: linear PLQ)
| Quantum (_ : quantum PLQ)

3 orsmy Ha po3MmiB pedepary, CEMAHTHKY Ii€l MOBH HABOJIUTH HE OyIeMo,
OJIHAK, OYeBUIHO, 1110 MOBY AHjipe Ban ToHaepa MoxHa npomoBxkum 10 PTS 3
JIHITHAMET TUIIAME B KATEropisiX 3 ciMeiictaBaMu 31 3HAYEHHAMU B CUMETPUIHUX
MOHOIZIAJIbHUX KaTeropisx, sik Oysio nmokazano Mareiicom Bakapom|[?].
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IIpucssuayernca aBropy Erlang

II>x0 ApMcTpoHTY

Tperiit po3is onucye pO3BUTOK KOHIIENTYAJIBHOI MOJIEII CUCTEMHU JTOBECHHST
TEOpEM sIK CYKYITHOCTI (pOopMabHUX CEepeIOBUIN BUKOHAHHS, KOXKHE HACTYIE 3
AKWX, CKJIQJIHIITE 38 MOTIePETHE, MAE CBOIO ONEPAIHY CEMaHTHUKY, Ta HACII Y€
yCi BJIACTUBOCTI TIOIIEPETHIX ONEPAIiiHAX CEePeOBUII TOCJIiTJOBHOCTI.

4 The Joe Language

Minimanpna MoBa cucremMu Ocpg, BH3HAYAETHCA IPOCTHM CHHTAKCHIHUAM Jie-
peBoM:

def CPS$_\lambda$ : U

:= inductive { var (x: nat)
| lam (1: nat) (d: cps)
| app (f a: cps)

}

Opnak, Ha TPAKTHIL, 3aCTOCOBYIOTH O1JIBII CKJIAIHI OIUCU CHHTAKCUIHIX JTe-
peB, 30KpeMa [JIsi JIHUBUX OOYNCJIeHb, Ta PO3IIUPEHHS] CHHTAKCUIHOTO JI€PEBa
CHEIaJbHIMI KOMAHIAMU [I0B’I3aHUMHU 3 CEPeIOBUINEeM BukoHanHs. IIporpamu
TAKUX 1HTEPIPETATOPIB BiTOBIIHO BUKOHYIOTHCS Y MEBHiil mam’gTi, sika BUKO-
PUCTOBYETBHCSI sIK KOHTEKCT BUKOHAaHHsI. KKOXKHa Taka IporpaMa KPYTHTHCS SIK
OJIMHWIIS BUKOHAHHS Ha MEBHOMY sIpi mporiecopa. Curema mporecis, e KOXKEH
nporec € CPS-iporpamoro siky BUKOHY€ iHTEPIIPETATOD HA MEBHOMY sIIPi.

MotwuBariis 771t TOOY0BU TAKOTO IHTEPIIPETATOPY, AKHII MTOBHICTIO PO3MITITY-
€Thes pasoM 31 mporpammoro B L1 crexy (sixwuit mimitosanuit 64KB) 6asyerbest Ha
ycrixy Takux Bipryaiabaux mamut gk LuaJIT, V8, HotSpot, a Takox BeKTOpHUX
MoB niporpamyBants Tuny K ta J. dxk6u Mu moriam mobyayBaTu MiiiCHO MIBUI-
KWii IHTepnperaTop sfAKuit O BUKOHYBaB mporpamu miikoMm B L1 ke, 6aiiTko
Ta cTpiMu SKOro OyJsin OW BUPIBHSHI 110 CJIOBAM apXiTEKTYDPH, a JJIs BEKTOPHUX
obunciiensb 3acrocoByBaJincst 6u AVX iHcTpykiil, sIKi, SIK BiZOMO IlepeMaraiorb
o 1ini-sikocti GPU obumciiennsi. TakuM 4MHOM, Takwuii iHTeprperaTop Mir 6w,
HaBiTh 6e3 crerjanaizopanol JIT kKoMmmimsiil, CKIaCTH KOHKYPEHIHIO CYYaCHUM
MMPOMUCIOBUM iHTepupeTaropaMm, TakuM sk Erlang, Python, K, LuaJIT.

Istst tocstimKeHHs i€l rinoTe3n MHOO OyJ10 TOOYI0BAHO €CIIePUMEHTAIbHUN
inTepmperaTop 6e3 6aifiT-Ko/Iy, aje 3 BUPIBHAHUM 110 CJIOBAM apXiTEPKTYPH CTPi-
My KOMaH/I, SIKi € 0e310CepeTHHOI0 MAIUHHOIO MTPE3EHTAIEI0 KOHCTPYKTOPIB
inaykTuHEX TUHB (enum) mosu Rust. Hacrynai pesyabraru 6ynu orpumani
nicjig HeoTHMMI30BaHOI Bepcil inTepiperaTopa pu obuuciaenti dhaxropiasa (5)
ta Gyskuil Akepmana y Touni (3,4).

KirogoBum BuksmkoM TyT crasu JrHiitHi Trnn moBu Rust, aki me mosso-
JITIOTH 3BEPTATHUCS IO CCUJIOK, siKi ByKe Oy 0OpoOJieHi, a 1ie BIIUBAE Ha BCIO
apxiTeKTypy TEH30PHOIO IpecTaBjIeHHsI 3MiHHUX B MOBI iHTepuperarop Oc¢pg,
sIKa HACJI/Tye MeBHUM YnHOM MOBY K.
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Tabn. 2: 3amipu Ha iHTepHpeTaTopax JaHImmadTy aTaknd

Mosa Fac(5) B HC

Rust 0
Java 3
PyPy 8
CPS 291
Python 537
K 756/635
Erlang 10699,/1806,/436/9
LuaJIT 33856

Tabn. 3: 3amipu Ha iHTepIpeTaTopax JaHImmadpTy aTaku

Mosa Akk(3,4) B MmKkc
CPS 635
Rust 8,968

4.1 BekTopusaiisa 3acobamu moBu Rust

objdump ./target/release/o —d | grep mulpd
223f1: ¢5 f5 59 0c d3 vmulpd (%rbx,%rdx,8),%ymml, %ymm1l
223f6: ¢5 dd 59 64 d3 20 vmulpd 0x20(%rbx,%rdx,8) ,%ymm4, %ymm4
22416: ¢5 f5 59 4c d3 40 vmulpd 0x40 (%rbx,%rdx,8),%ymml, %ymml
2241c: ¢5 dd 59 64 d3 60 vmulpd 0x60(%rbx,%rdx,8) ,%ymm4, %ymm4
2264d: c5 f5 59 0Oc d3 vmulpd (%rbx,%rdx,8),%ymml, %ymm]l
22652: ¢5 e5 59 5¢ d3 20 vmulpd 0x20 (%rbx,%rdx,8),%ymm3,%ymm3

4.2 BaiiT-koxa iHTepnperaTopa

Cunrakcuyhe jiepeBo, abo HedpopMaJiizoBaHuii 6aii-Ko [ BipTyabHOI MaluHu abo
inrepuperatopa Ocps PO3KIIQIAETHCA Ha JIBa JIePeBa, OJIHE JIEPEBO LISl yIPaB-
Jsognx KoManz inreprperaropa: Defer, Continuation, Start (mouarox nporpa-
mu), Return (3aBeprienmst mporpamu).

def Lazy : U

:= inductive { Defer (otree: Nodeld) (a: AST) (cont: Cont)

| Continuation (otree: Nodeld) (a: AST) (cont: Cont)
| Return (a: AST)
|
}

Start

Ormepariil BipTyaJibHOI MAIIIMHU: YMOBHUII OIIEPATOP, OIEPATOD IIPUCBOEHHS,
JIsaMOTa (PYHKITIST Ta aIuIiKallisi, € BiToOpaKeHHsIMI HA KOHCTPYKTOPY CHHTAKCH-
THOTO JIEPEBA.
def Cont : U

:= inductive { Expressions (a: AST) (v: Option (Iter AST)) (c: Cont)
| Assign (ast: AST) (cont: Cont)
| Cond (c,d: AST) (cont: Cont)
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—_——

Func (a,b,c: AST)

(cont:

List (acc: Vec AST) (vec:

Call (a: AST) (i:
Return

Intercore (m: Message)

Yield (cont: Cont)

Cont)
Iter AST)

Nat) (cont: Cont)
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4.3 Cunrakcuc

Cunraxcuc moeu O¢pg HMIATPUMYE TEH30PH, Ta 3BHYANHE JIsIMO/Ia IUCICHHS 3
3HaYEHHSIMH Yy T€H30paxX MaITMHHAX THUIIB JaHux: 132, 164.

E: V] A]|C

NC: ";" =[] | ";" m:NL =m
FC: ";" =[] | ";" m:FL =m
EC: ;" =[] | ";" m:EL =m
NL: NAME | o:NAME m:NC = Cons o m

FL: E | 0:E | m:FC = Cons o m

EL: E | EC | 0o:Em:EC = Cons om
C: N | ¢c:N a:C = Call ¢ a
N: NAME | S | HEX | L | F
L: "(" ")” e [] ‘ "([" C:NL "]” m:FL ")H e Table c m
| (" 1:EL ")" = List 1
F: "{" "}" = Lambda [] [] []
"{[" ¢:NL "|" m:EL "}" = Lambda [] ¢ m
| "{" m:EL "}" = Lambda [] [] m

Ilicns mapcepa, cUHTaKCHYHE JEPEBO PO3KJIAJAETHCHA 0 HACTYIHUM CKJIa-
nosumM: AST jist TeH30piB (BusHAuUeHHs BUIIOTO PiBHs); Value st MammmHHAX
caiB; Scalar Jyist KOHCTPYKIi#i MOBU (Kyil BXOJUTH 30KPEMa CIHCKU Ta CJIOB-
HUKW, YMOBHUI OIlepaTop, MPUCBOEHHS, BU3HAYeHHs (DYHKIH Ta i1 artikaris,
UTF-8 sitepas, Ta omepaTop Imepefadi YIPaBJIiHHS B IMOTOK ILIAHYBAJbHUKA
akuil 3akpimiennii 3a nepuum sigpom CPU).

def AST : U
:= inductive { Atom (a: Scalar)
| Vector (a: Vec AST)

def Value : U

:= inductive { Nil

Symbollnt (a: ul6)
Sequencelnt (a: ul6)
Number (a: i164)
Float (a: f64)
VecNumber (Vec i64)

|
|
|
|
|
| VecFloat (Vec f64)
}
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def Scalar : U
:= inductive { Nil
| Any
| List (a: AST)

| Dict (a: AST)

| Call (a b: AST)

| Assign (a b: AST)

| Cond (a b c: AST)

| Lambda (otree: Option Nodeld) (a b: AST)
| Yield (c: Context)

| Value (v: Value)

|

}

Name (s: String)

Koxna cexkiiis 1iel riasu Oyjie IpUCBsAYeHa MM MOBHMM KOMIIOHEHTaM CH-
CTeMU JJOBEIEeHHA TeOpEeM. B KlHL[l pO3,ILi.Hy JTa€ThbCd IIOBHa CHUCTEMa, dKa BKJIIO-
4qae B cebe yci MOBH Ta yci MOBHI I1€peTBOPEHHS.

4.4 Cucrema uucjeHHd nporeciB SMP async
4.4.1 Omnepaiiilfina cucrema

ITepesniunMo OCHOBHI BJIACTUBOCTI Omepaniiinol cucreMu (IIPOTOTHUIL SIKOT OITy0JTi-
KOBaHUI Ha Githu]{b.

BuaacTuBocTi: aBrobamancoBana HI3LKOJIATEHTHA, HEOJIOKOBaHA, 6€3 KOIIIo-
BaHHd, cucreMma depr 3 CAS-MyIbTUKypcopaMu, 3 IpiopuTeTaMu 33439 Ta Mac-
mITabOBAHUME TaliMEPaMH.

4.4.2 AcumerpudHa HGaranpoliiecopHicTb

Sapo cucreMu BUKOPHUCTOBYE acuMeTpudny Garamporecopuicts (AIl) misa mra-
HyBaHHs MAIIIHHOTO Yacy. 1akK y cucTeMi JJIs KOHCOJIBHOTO BBOIY-BHBOIY Ta
BeOCOKET MOHITOPUHI'Y BUKODUCTOBYETbCH OKpeMuil pekTop (3akpiluieHuii 3a
SIZIPOM IIPOIECCOpa), abu IIIaHyBAHHSI HEe BIIMBAJIO HA IIPOIPAMU HA IHIMKUX [IPO-
Iecopax.

Thttps://github.com/voxoz/kernel
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Ile o3navae crarwdHe 3aKPilJIeHHS [IEBHOI'O ATOMAaPHOrO IIPOIECY 0O4ncIe-
HH{ 32 TIEBHUM PEAKTOPOM, Ta HaBITh MOXKJIMBO JIATU TapaHTIIO, IO Tel mporiec
He TIePEPBEThCA MPU HACTYITHOMY KBaHTI IIAHYBAHHS HisIKUM IHIAM ITPOIIECOM
HA [BOMY A1pi (CHTyallis €MHOrO POIECy Ha PEaKTOp sIpa Iporecopy). Auapo
CHCTEMHU TOCTAYAETHCS PA30M 3 KOHMITypaIiiftHOI0 MOBOIO JIIsT 3aKPIIIEHHST 3a-
a9 33 peakTopaMu:
reactor [aux;0;mod| console ;network |];
reactor [timercore ;1;mod|timer|];

reactor [corel ;2;mod[task |];
reactor [core2;3;mod|task]];

4.4.3 HusbkoJjaTeHTHICTH

Vci peakTopu MOBHHHI Hamararucs ooMmexkutu [P-TiquabHUK KOMaH[ miana3o-
HOM posmipom 3 L1/L2 ke 06’eM mporecopa, sl YHEMOXKJIMBIIEHHST KOJTi3ii
MIXK sSIApaMy Ha MIXKsIZEPHIil IIHI MOXKJ/IMBA KOHMIrypallis, e peakKTOpu BUKO-
HYIOTH KOJI, 00JIaCTi maM’siTi SIKOTO He MepeTUHAKThCs, Ta 00Mex)eHi 06’emom L1
Kerlr naM’sTi mo npu HasBHIK AVX BekTopu3ariii JaTh 3MOTY MOBHICTIO BUKOPH-
CTOBYBaTH PECYPCHU IIPOIECODPY HAIOBHY.
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4.4.4 MyabTUKypcopu

CepiieM HU3BKOJATEHTHOI CHCTEMU TPAHCIOPTY € CUCTEeMa HAIEepe]] BUIiJIeHMI
KinbueBux 6ydepis (Kl HABUBAIOTHCS CEKTOPAME TJIOBAIBHOrO Kiiblld). Y Iiiit
cHUCTeMi KiJiellb JIi€ cucTeMa Kypcopi Jijis 3allicy Ta YUTaHHS, I1i KypCOpU MO-
JKyThb MaTH Pi3HU HaNpsMOK pyxy. s 3abesnedenus iMmyrabenabHOCTi (HEPY-

PUBLISHER CASE

NET I/O

PUB Implementation for Zero-Copy
Multiple Consumer Publishing (SPMC)

LINK/CORE #1 CAS Cursor

NET I/0
Shifting
LINK
LINK/CORE #2
LINK
LINK/CORE #3

LINK

Puc. 3: Kinbnea craruana gepra 3 CAS-kypcopom jis myOtikaril

XOMOCT] JIAHMX) Ta BLICYTHOCTI KOMIIOBaHHS B IIOJAJIbIIH poboTi, Nani 3a/u-
MAIOTHCA B 9ep3i, a8 PyXaloThCsd Ta MepPeIaloThCs JIUINEe KypPCopr Ha TUITN30BaHi

IOCJTiTOBHOCT] JTAHUX.

SUBSCRIBER CASE

LINK/
CORE #5

LINK/
CORE #4

Multicursor Implementation of SUB (MPSC)
for InterCore Queue Migrations and Cache Locality

LINK/CORE #1 LINK
L2/L3 FIT LINK

LINK/CORE #2
LINK

CAS Polling NET1/O

NET I/O

Puc. 4: Kubuesa craruuna depra 3 CAS-KypcopoMm Jijist 3TOPTKA
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4.4.5 PeakTopu

Koxken mporecop Mae Tpu THIIM PEAKTOPIB SKi MOXKYTh OyTH Ha HBOMY 3aILy-
meni: 1) Task-peakrop; ii) Timer-peakrop; iii) I0-uukmu. Ina Task-peakropa
icayrorh yepru mpiopiteris, a jys Timer-peakTopa — jepeBa iHTepBasiB. 3a-

Linear: MQ, EXT, DISK, NET InterCore BUS
Trees: TIMERS
Priority Queues: TASKS, IRQ

CPU#1 CPU#1 SPU #1

MQ TIMERS CLUSTER
TASKS

DISK NET

Puc. 5: Cucrema mporecopHux sijiep Ta peakTopiB

rajibHuil croci6 KoMyHIKaIil Jyist 33129 BUNIAAE K yOJikaiis y depry (pyx
KypCOpa 3alucy) Ta MiJIUCKa HA 4epru 1 3ropraddsd (pyXy Kypcopa YdTaHHH).
Korkna wepra mae gK Kypcopw st MyOJsikaril Tak i Kypcopu it IUTAHHS.
MokIMBO TaKOK BUKOpHCTaHHs MikpeakToprol muau InterCore ta mocuiants
CJIy>KOOBOTO TTOBIJIOMJICHHS TI0 TIi#f IMuHI Ha iHIHUH peakTop. Tak, HAITPUK/IAJ,
MIPAIIOIOTH TalilMEepH Ta, CTAPTH MPOIIECIB, SKi ITepeIAl0Th CUTHAJ B PEAKTOP JIJIst
neperianyBanus. MoxkHa cTBOproBaTn HOBI moBimomsenus mwuau InterCore i
cucreMy bigbTPIB JJIsi 3rOPTAHHS Y€PIU PEAKTOPA JJIsi OIIBII THY9IKOI 00pOOKHN
CUTHAJIIB PEaJIbHOTO Yacy.

Task-peakTop

Task-peakTop abo peakTop 3aja4u BukoHye Rust 3ajgadi abo mporpamu iHTEp-
peraropa, siKi MOXKyTh OyTH JBOX BUJIB: KiHeuyHi (sIKi II0BEPTAIOTH Pe3yJbTaT
BUKOHAHHs ), abo HeckindeHnHi (mpouecn).

IIpukian 6eckinevynoi 3amadi — O-mporiec, KUl 3aIyCKAETHCS IPU CTAPTi
cucremu. Ileit nporec 3apxkau jgocrynauii 1o WebSocket kanaay Ta 3 KoHCOJII
TepMiHaJy.

I10-peakTop
Mepezkesuii cepep abo 10-peakTop Moxke 00CIyTrOByBaTH HATaTO MEPEXKEBUX
3’ennannb Ta miarpumye Windows, Linux, Mac cmaku.

Timer-peakTop

Pizui tunwm cyrsocreit mnamysanns (raki gx Task, 10, Timer) maiorsh pi-
3HI JUCHUIUIIHYE CEJIEKTOPIB IIOBIIOMIIEHD JJId depr (IOCJIIOBHO, Yepe3 camo-
basancytoui jepesa, BTree nepesa o).
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4.4.6 MixpeakTopumii Tpanciopt InterCore

[Muna InterCore koncTpyroeThes nepauM unciom SPMC uepr, BumiieHux st
neBHOrO snpa. [[lunra cama mMae Tomosorito 3ipku MixK siapamu, ta yepra MPSC
opraHizoBaHa sk (PYHKIIS HaJl MHOXKHWHOO mabsiniepis. Koxue ssipo Mae piBHO
ojiHOrO mabJtimepa. PyHKIA 00pobKy muHM npoTokosy InterCore HazuBaeTbCst
poll bus ta € wieHoMm mianyBajbHEKa. Bu Moxkere mymaru mpo InterCore sik
TeJIEIOPT MiXK Iporiecopamu, Tak K pull bus BUKINKaEThCs micas KOXKHOI orie-
pamii Yield B mranyBaJibHUK, 1, TAKIM YHHOM, SKIIO HEBHOMY S/PY OIyOJIiKYy-
BaJIX B WOT0O 49epry MOBiIOMIIeHHS, TO Ticisd HacTymHoro Yield ma mpomy sapi
Oyme BUKOHAHA (DYHKITisT OOPOOKHU IIHOTO MTOBiIOMJICHHSI.

fun pub(capacity: int): int

Creopioe HoBuii CAS Kypcop jyga mabgimiinra, Tobro juist 3anucy. [loseprae
rI06AIBHIX MAITUHHWI ieHTHdIKATOP, Ma€ €IUHNUIA apaMerp, PO3Mip Yepru.
IMpukaam: p: pub|16].

fun sub(publisher: int): int

CrBoproe HoBuit CAS Kypcop jjisl YnTaHHsI [I€BHOI Yepru, IIEBHOIO BpaiiTepa.
IToBeprae rimobanbHUIl MamUHHAA ineHTHdIKATOp I unTanadg. llpuxiaam: s:
sub|p].

fun spawn(core: int, program: code, cursors: array int): int

CrBopioe HOBY nporpamy 3ajady CPS-inrenperoparopa jiist IeBHOTO sijipa. 3a-
Jada Moxke OyTu abo mporpamoro Ha MoBi Rust abo 6y/1b sIKOIO IporpamMoro gepes
FFI. Takox mpu cTBOpeHH] 3a/1aMi 38JJa€THCSI CIIUCOK KYPCOPIB, sIKi €KCKJIIO3UB-
HO HAJIEXKATUMYTh 10 1€l 3azadi. [lapamerpu dyHKIii: sapo, TeKCT mporpamu
abo nazsa FFI dynxiiii,cricucok Kypcopis.

fun kill (process: int): int

JleHoHCaITisT TIpOIlecOpa Ha, PeaTopi.

fun send(writer: int, data: binary): int

[Tocuitae nesHi mani B meBHUit Kypcop i 3amucy. [loseprae Nil sikimo Becso OK.
IMpukiaz: snd[p;42].

fun receive (reader: int)

IloBepTae mpounTtaHni jani 3 IEBHOTO Kypcopy. AKINO JaHUX HEMAE, TO MEPEIac
YIPaBJiHHA B IUIaHyBajbHUX 3a joromoron Yield. ITpukiasm: revls|.
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4.5 CTpyKTypH siapa

fnpo € cureMoi0 aKTOpPiB 3 JIBOMa OCHOBHUMHU THIIAMH aKTOPIB: Yepramu, sKi
MIPEJICTABJISIOTH KibIleBl Oydepu Ta BiIpi3Ky maMsTi; Ta 3aadaMi, siKi pe3pe-
3eHTYIOTH OafiT-KO/I TporpaM Ta ix iHTepupeTariiio Ha mporecopi. Yepru O0yBaioTh
JIBOX BHUJIIB: JjIsI IyOJTiKaIriil, sKi MicaTh Kypcopu i 3aluCy; Ta JJId IUTaHHSI,
SIKI MICTSITh KYpPCOPH JIJIsi YUTAaHHS. 3a/a4i MOXKHA IMIIEMEHTyBaTh sik Rust
nporpamu, abo sk O¢pg TPOrPaAMU.

4.5.1 UYepra ajis ny6saikarril

pub struct Publisher<I> {
ring: Arc<RingBuffer<I>>,
next: Cell<Sequence>,
cursors: UncheckedUnsafeArc<Vec<Cursor>>,

4.5.2 UYepra ajisa UUTaHHS

pub struct Subscriber<I> {
ring: Arc<RingBuffer<I>>,
token: wusize ,
next: Cell<Sequence>,
cursors: UncheckedUnsafeArc<Vec<Cursor>>,

Icuye nBi creripai 3amaqi: InterCore 3aa4a, nammcana Ha Rust, sika 3a-
IyCKAEThCA Ha BCIX sif[pax MpHU 3aIycKy cucremu, a takoxk CPS-imreprperop
rOJIOBHOTO TepMiHaJjla CUCTEMHM, KWl 3allycKaeThcss Ha BSP siapi, mobsukue
1o Console Ta WebSocket IO cenexkropis. B mporeci »xkurrs pizai CPS Ta Rust
331291l MOYKYTb OyTHU 3allyIleHi B TaKiil CHCTeMI, TOEIHYIOYN THY9KiCTh ITPOrpaM
inTeprperaropa, Ta HU3bKOPIBHEBUX IIPOTpaM, HaIuCaHnX Ha MOBI Rust.

Okpim "gepr Ta 331, B CHCTEMI TPUCYTHI TaKoXK Tadimepn Ta inmi [0 3amadi,
TaKi K cepBepu MepexKi abo cepBepH J0CTyIy 10 daitriB. Takox iCHYyIOTb CTPy-
KTYpU $IKi PEIPE3eHTYIOTh siJipa Ta MICTSTHb MAJHYBAJbHUKH. YCs BIpTyajbHA
MaIllMHA, € CYKYITHICTIO TAKUX CTPYKTYP-Sep.
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4.5.3 Kanan

Kanan ckiramaerses 3 0JfHOrO Kypcopy Il 3allCy Ta 0araTboX KypCOpIB i
antanus. Kanas npeacTsise coboo KommonenT 3ipku rmmau InterCore.
pub struct Channel {

publisher: Publisher<Message>,
subscribers: Vec<Subscriber<Message>>,

4.5.4 Yepru simpa

[TamsiTh pernpesenTye yci HasgBHI Yepru Jjist myOJriKaril Ta YuTanas Ha sapi. g
indopmMmariist mepegaeThCsd KJIOHOBAHOIO KOXKHII 33/1a41 IIJIAHYBAJIbHAKA HA ITLOMY
SPI.

pub struct Memory<’a> {

publishers: Vec<Publisher<Value<’a>>,
subscribers: Vec<Subscriber<Value<’a>>>,

4.5.5 IlnanyBajibHUK

[ranyBaJbHUK penpe3eHTyeE sijIpa Mporiecapa, siki po3pisHsioThes sik BSP-sipa
(abo 0-simpa, bootstrap) ta AP sapa (immi sigpa > 0, application). BSP sapo
Tpumae Ha cobi Console Ta WebSocket 10 cenekropu. Ile osnadae, mo BSP saapo
Jla€ cBiit yac Ha 0OPOOKY 30BHINIHBOI iH(MOpMaIii, y Toit yac sk AP mporecopu
He 00Ts2KeH] TAKMM HaBaHTaXKeHHsM (10 9epra B TAKUX ILJIAHYBAJIbHUKAX [IYCTA).
Icnye InterCore nosigomiienHs sike mogae abo Buuasisie noBiabhi 10 cemekTopu
B IUIAHYBAJBHUX 711 JOBITHHUX KOHMITypartiii.
pub struct Scheduler<’a> {

pub tasks: Vec<T3<Job<’a>>>,

pub bus: Channel,

pub queues: Memory<’a>,
pub io: IO,
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4.5.6 IIporokou InterCore

[Iporokosn muuu InterCore.

pub enum Message {
Pub (Pub),
Sub (Sub),
Print (String),
Spawn (Spawn) ,
AckSub (AckSub),
AckPub (AckPub) ,
AckSpawn (AckSpawn) ,
Exec(usize , String),
Select (String , ul6),
QoS (u8, u8, ul),
Halt ,
Nop,

4.6 Cucrema yucjenHs TeH3opiB AVX

g peanizaril MoBu mporpaMmyBanHsi Bucokoro pisusi na BLAS Level 3 6eken-
oM Gysa Bubpana moBa NumLin, cepes inmux: 1) Ling, 2) Guarded Cubical,
3) A Fibrational Framework for Substructural and Modal Logics, 4) APL-like
interpreter in Rust (nana po6ora), 5) Futhark.

def AVX—-512 : U

:= inductive { Star | True | False
| Variable (_: Var)
| Prim (_: Builtin)
| Int (_: nat) | Float (_: float)
| Lambda (a: Var) (b: Linear) (c: Exp)
| App (a b: Exp)
| Pair (a b: Var) (c d: Exp)
| Consume (a: Var) (b c: Exp)
| Gen (a: Var) (b: Exp)
| Spec (a: Exp) (b: Fraction)
| Fix (a b: Var) (c d: Linear) (e: Exp)
| If (a b c: Exp)
| Let (a: Var) (b c: Exp)
}

4.7 BucuHoBku

[Teprra craiis peastizariil KiacuaHoro JiHuBoro inrepuperaropa 3 CPS cemanTu-
Koo Oysia BukoHana sik MVP rpeiinquarosoi HF T miardopmu. Hacrymaa cramis
— BUKOHaHH# BepU(IKOBAHOTO iHTEpIpeTaTopa (BipTyajlbHOI MAIIUHN) T KOM-
minsiropa (B Hel) Standard ML moBu Ha ocHoBi Komitisitopa Joe (MinCaml).

37



Issue X: The Robin Language
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! National Technical University of Ukraine
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Amnoraiiis

VY uiit crarti Popmasibaa Tenzopra Mosa” abo Jliniitai Tumm ms Jli-
HiliHOT Anire6pu” PO3IISAAIOThCs JHIAHI CHCTEMY TUIIB, 1K1 € TPUPOIHUM
posmmpenssiv STLC st poGoru 3 TeH3opamu (CTpyKTypaMu 3 JiHifiHK-
MU anrebpaldHUMP ONEPAIisMHU), Ta PO3NOMAIIEHUM y HPOCTOpi Ta [aci
IIPOTI'PaMYyBaHHSAM.

OcHoBHi poboTu mjis o3HaitomyeHHs 3 Temoro: Ling, Guarded Cubical,
A Fibrational Framework for Substructural and Modal Logics, APL-like
interpreter in Rust, Futhark, NumLin.

Keywords: Interaction Networks, Symmetric Monoidal Categories
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IIpucestayerncst apropy ML

Pobiny Minnepy

5 The Robin Language

5.1 Ili-yuciaennd i gi”Hiiigl Tunn

Buepme cemanTuka Ili-unciienns Oyia mpejcrasiena Mimnepom paszom 3 ML
MOBOIO, 3a IO BiH jicraB npemio Tiopinra (oaunH 3 HEGAraTHOX XTO 3aCJLy2Ke-
1o). dxmio koporko o Ili-uncsenns orpumyerbest 3 JIaMO1a-IUCTEHHS TIIISIXOM
epeTBOPEHHsT KOXKHOT 3MIHHOI B HECKIHUYEHHUN CTPIM.

Ilpukaan 1: dakTopian Hampukian y Hac € dpakTopiaa 3amucanuii TaKUIM
YMHOM:
fac(0: int) —> 1
fac(x: int) —> x*fac(x —1)

ITepernucyemo ioro Tak 1mod 3aMiCTh CKAJISIPHOTO apryMEHTY BiH CIIOXKUBAB
CTpiM apryMeHTiB, i pe3yjabraTroM: AJIbTepHATUBHA BepcCisd Ha cTpiMax:

factorial (x: stream int): stream int —> result.set(x*fac(x.get()—1))

Ha Biaminy Bix momepemanoro gakrTopiana, meit ¢paxTopiaa crokuBae 10-
BIJIbHY KiJIBKICTh apr'yMeHTIB 1 JIJIST KOXKHOTO 3 HUX BUIIITOBXYE B PEIYJIHTYIOUNI
cTpiM pesyabrar 00uncaeHus (axTopiady (BUKOPUCTOBYIOUH IONEPEIHIO (DyH-
ko). el nosuii daxropian Ha crpiMax IpeacTaBisie co6oi0 GopMatizaiio
HECKIHYEHHOTO IIPOIECY AKWil MOYKHA 3AIyCTUTH, 1€ IPOIEC MiIKIIOUYATHCA 10
9epru apryMeHTiB, siky OyZe CIIOKHUBATH 1 70 Yepru pe3yabTaTy, Kyau Oyie Bu-
IJIIOBOBYTH OOYUCJIEHHS.

Ilpukiazn 2: ckanapHuii 7o0yToK DyHKIIT MOXKYTh MaTH JOBUIBHY Kijlb-
KiCThb TIapaMeTpiB, BCi IIi mapaMeTpu — Iie Yepru 3 SKUX HEeCKIHYeHHUi ITpo-
IeC CIOXKWBAE MOBIIOMJICHHSI-aPTYMEHTH 1 BUILILOBYE 1X B PEIYJILTYIOUY YEPry-
crpim. Hanpukman miniiftna dyHKIis ska 009nUCIOe CKaIgpHU 700y TOK TPHO-
XBUMIPDHUX BEKTODPIB BHUIVISIATHME TaK:

dot3D(x: stream int, y: stream int): stream int —>

[x1, x2, x3] = x.get(3)

[yl, ¥2, y3] = y.get(3)

result.set (x1lyl+x2y2+x2*y3)

Cnhix pospizHaru JiHIMHICTE gK ajrebpaime TOHATTA 1 Jjimitiaics B Ii-
qucaenui. B Ili-aucnenmi, a Takoxx B jiHitnii jgorini 2Kana-Isa 2ZKupapa siniit-
HICTH O3HAYAE IO 3MiHHA MOXKe OyTH BUKOPUCTAHA TIMHKU OJWH Pa3, MICJsT TOTO
KypCOp Uepru 3CyBa€ThCs 1 flOro HEMOXKJINUBO OyJie BXK€ BEPHYTH B IOIEPETHIO
MTO3MUIIIO IICJIs TOTO sIK SKHIICh IIPOIEC IPOYNTAE Iie 3HaYeHHs rerrepom. Came
TaKa CEMaHTHKa MPUCYTHS B ITUX MPUKJIAJIaX, 30KpeMa B akcecopax get i set.
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[Ipu peanbHuX OOOYUCTEHHIX MOXKE CTATHUCS TaK, IO 3HAYMEHHS [TPOYNTAHE
3 Yepru MmoTpibHO 0Jpa3y JABOM (DYHKIsIM, TOMY MPUPOIHBO HAJATA MOXKJIM-
BICTb 3aKellyBaTH Il 3HAYEHHsI, aD0 IHIIMMU CJIOBAMU CTBOPUTH HOIO KOO
x.duplicate qysa mepega«i mo Mmepexi gadi iHmmM dyHKIisiM-TIporiecaM. Tak camo
BapTO MPHUIUINTH yBary JeCTPYKTOPY IMaM’ STl KOJIA Ie 3HAYCHHST BXKe BUKOPU-
craHe yciMa y4YacHUKaMu 1 Oljibllle He oTpiOHO HiKOMy X.free.

5.2 BLAS nupumituBu B gaapi

Jl1st peasibHUX MIPOMUCIOBUX OOUNC/IEHD CKAJISIPHI JIOOYTKHU HE PaxyTh DYKaMH,
a € UpUMITHBAMHU BHCOKOOITHMIZoBaHuX 06i0/aiorek 3a momnomororn SPIRAL un
Bpy4Hy 3aK0omoBHI. B ctarti NumLin aBTOpm; 30cepemkyiorbesa Ha 1-My Ta 3-My
pisaio BLAS, a ne Briiouae nacrynni npumitusu nisg BLAS pisaga 1: 1) Sum
of vector magnitudes (Asum); 2) Scalar-vector product (Axpy); 3) Dot product
(Dotp); 4) Modified Givens plane rotation of points (Rotm); 5) Vector-scalar
product (Scal); 6) Index of the maximum absolute value element of a vector
(Amax). Tak vacrynui npumitusn juist BLAS pieas 3: 1) Computes a matrix-
matrix product with general matrices (Gemm); 2) Computes a matrix-matrix
product where one input matrix is symmetric (Symm); 3) Performs a symmetric
rank-k update (Syrk); 4) Jekomnoszumnis Xomenpkoro (Posv) Orusy npumiTusis
piBas 1:

Takoxk 3ayBaKUMO 1110 €uHIMEU TunaMu Janux gki € B BLAS e Int 1 Float,
a TaKOXK HaM 3HAJI00/IAThC Xesnepu tuiry Transpose i Size. Tomy cunTakcuaHe
nepeso BOynoBanux npumitusie BLAS Gyze Buruisiiaru tak:</p>

data Arith = Add | Sub | Mul | Div | Eq | Lt | Gt
data Builtin

= Intop (a: Arith) | Floatop (a: Arith) — SIMD types

| Get | Set | Duplicate | Free — linearity

| Transpose | Size — matrices

| Asum | Axpy | Dotp | Rotm | Scal | Amax — BLAS Level 1
| Symm | Gemm | Syrk | Posv — BLAS Level 3

5.3 JliHiiiHe JaMOga YMCJICHHS

JliniiiHe sisiMO/Ta IHCIIEHHST Ma€ BChOro Tpu KoHTekcTn: 1) HacTkoBuX J03BOIIB,
2) KoHrekcT JTiHIRHUX 3MIHHHX, 3) KOHTEKCT 3BUYANHOIO JIsIMO/Ia THCIIEHHS.

Ax mHOM0 O6y10 Mokazano B QPL Mu Mokemo ofiHOUACHO MaTH JBa JIMOIa
9UCJIEHHS: CTAHIApTHE 1 JIiHifiHEe Ha cTpiMax, OAHAK TYT MH IPOCTO OyIyeMO
3puvaiine JiniitHe 1sMO1a YUCTEHHS BUIISIOYUN OO 3 OCHOBHOTO JiepeBa. TeH-
30pH B ITaM’sTi MiCTATD IOAATKOBY iH(MOpPMAIIio Tpo YacTKoBi no3Bosn Fraction,
gakmo Fraction = 1 To MaeTbcsa Ha yBasi moBuuit ownership, axmo Fraction =
1/2 1o uWacTKOBHIi, IO 03HAYAE IO MBI YACTUH OPOrPAMH MAIOTh JOCTYI JIO
HBI'O, YACTKOBI TO3BOJIEHOCTI MOXKHa 00’€IHyBaTH B IPOIECi HOpMAJIi3aril ax
zo nosuoro ownership (Fraction = 1). Tyr Pair upexcrasisie coboro iHiiiny
napy, Fun — miniitny dyskiio, Consume — CroXKMBaHHS 3MIiHHOI IepeHoc i1 3
JIIHITHOTO KOHTEKCTY B 3BUYANHUIL.

40



data Fraction =7 | S (_: Fraction)
data Dimension = Vector | Matrix | Stream | Table
data Linear

= Empty | Unit | Bool

| Int | Float

| Tensor (a: Fraction) (x: Dimension)

| Pair (a b: Linear) | Fun (a b: Linear)

| Consume (a: Linear) | All (a: Var) (b: Linear)

Ilpukman 3: giuiiina perpecis
Posv : matriz — matriz — matriz @ matrizf = (X7 X)Xy

IIporpama, sika 064YHCITIOE JTIHINHY pPEerpecito ClioYaTKy BU3HAYAE PO3MIp Ma-
Tpumi , HoTiM crBopIoe B mam’aTi noBy Marpui Xy i 27, micas goro o6un-
CJII0E 3a JTOTIOMOT0I0 Posv 1 nux ABOX MATPHUIlh O€3MOCEPEeTHBO PE3YIHTAT.

Linear Regression(x y: matrix float) —>
(n, m) = Size x

xy = Tensor (m, 1) { Transpose(x) * y }
xTx = Tensor (m, m) { Transpose(x) * x }
(w, cholesky) = Posv xTx xy

Free w

result .emit (cholesky)

5.4 AST pe3yabTyr0o4oi MOBU

IIoBHe nepeBo Bupasis:

data Exp

= Variable (: Var)

| Prim (: Builtin)

| Star | True | False

| Int (: nat) | Float (: float)

| Lambda (a: Var) (b: Linear) (c: Exp)
| App (a b: Exp) | Pair (a b: Var) (¢ d: Exp)
| Consume (a: Var) (b c: Exp)

| Gen (a: Var) (b: Exp) | Spec (a: Exp) (b: Fraction)
| Fix (a b: Var) (c d: Linear) (e: Exp)
| )

If (a b c: Exp) | Let (a: Var) (b c: Exp)

SimpleConvolutionlD (i: int) (n : int) (x0: float)
(write: vector float) (weights: vector float): vector float —>

if n =i then result.emit(write)
a = [w0,wl,w2] = weights.get(0,3)
b = [x0,x1,x2] = [ x0 | write.get(i,2) |

write.set (i, Dotp a b)
SimpleConvolutionlD (i + 1) n x1 write weights

test —>

write = [10, 50, 60, 10, 20, 30, 40]

weights = [1/3, 1/3, 1/3, 1/3, 1/3, 1/3, 1/3]

cnn = SimpleConvolutionlD 0 6 10 write weights

[10.0, 40.0, 40.0, 30.0, 19.999999999999996, 30.0, 40.0] = cnn
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write = [10.0, 50.0, 60.0, 10.0, 20.0, 30.0, 40.0]
weights = [1/3, 1/3, 1/3, 1/3, 1/3, 1/3, 1/3]
result = CNN.convlD(1,6,10.0,write,weights)

initial: [10.0,50.0,60.0,10.0,20.0,30.0,40.0]
result: [10.0,40.0,40.0,30.0,19.999999999999996,30.0,40.0]
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