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1. BeedeHue

KoHTekcToM paboThl SBISAETCS CO3JaHHE MOJENCH apXUTEKTYPHl OTBETCTBEHHBIX
CUCTEM C LENbI0 JaJbHEHIIEN NPOBEPKM OSTHUX MOJEJIEH Ha COOTBETCTBUE
(yHKOMOHATNBHEIM W He(YHKIHOHAJHHBIM  TpeOoBaHWSIM  (TpeOOBaHUSAM
OTKa30yCTOWYMBOCTH, IIOTPEOJICHHS PECypcOB IAMATH, 3alepXKeK IIpH Iepenade
UHQOPMAIUH | Ap.).

ApXUTEKTYpHbIE  MOIENH  IPOTPaMMHO-ANIIAPaTHBIX  CHCTEM  YIpaBJICHHA
NPECTAaBISIOT CTPYKTYPY CHCTEMBI U Habop criennHKaHil TOBEACHUS OTACIBHBIX
KOMIIOHEHTOB M CBf3¢H MEXIy HHMH, B TOM YHCIIC ONUCHIBAIOLIINX TEMIIOPaIbHbBIE
cBoiicTBa noBeneHns. COOTBETCTBEHHO, PaCCMAaTPHBAIOTCS TaKHE XapaKTEPUCTHKU
MOJICTIMPYEMOH CHUCTEMbI, KaK JJIUTEILHOCTh BBIMOJHEHUS TEX MM MHBIX 3a/a4
MOJICTIMPYEMOH CHUCTEMOIl U pasMep 3alepKeK Mo Iepenadye MHGOpMaluu BHYTPH
CHCTEMBI.

B nposoaumBmiuxcs panee paborax [1][2] aBTopel mcmomb3oBamM IS
JUHAMHYECKOTO  aHalu3a aKTOPHYI0 MOJeNb, paccMaTpHBas — OTJIENIbHBIC
KOMITOHEHTBI CHUCTEMBbI, HaJ/ICJICHHbIC MOBEJCHUEM, KaK OTJENbHbIC HE3aBHCUMBIC
olIaronyecss akTophl, padoTalolIe B MOJEIbLHOM BpeMeHH. [Ipu 5ToM ObLIH
BBISIBJICHBI CJICIYIOIINE HEJIOCTATKH CHCTEMbl, OCHOBBIBAIOLICHCS HA AaKTOPHOM
MOJICTIM, IPU KCHOJB30BAaHUM B JUHAMHYECKOM MOJEIMPOBAHUU TOBEICHHS
MOJIeJIel CHCTeM:

L4 HCJIOKaJIbHOCTh aKTOpHOﬁ CUCTCMBI

©  aKTOpBl PaCCUUTHIBAIOT HA HAJMYHUE ONPEACICHHBIX aKTOPOB (HAaIpHMep,
KOTOpbIE YMEIOT 00pabaTeiBaTh ONpeeeHHbIe COOOIICHHUS), IPU 3TOM He
MOT'YT rapaHTHPOBAaTh WM IPOBEPHTH ITO;

©  HeJb3s aBTOMATH3MPOBAaHHO CTaTHYECKH (HE TECTHPOBAHHEM) OLICHHTbH
KOPPEKTHOCTh 3aMEHBI OJTHOTO aKTOpa, Ha JIPyroil B ciiydyae, eciu TPETHi
aKTOp, KOTOPBIH IOJIb3YEeTCS 3aMEHSIEMBIM, DPACCUMTHIBACT Ha KakHe-
HUOYIb CBOWCTBA UCXOJHOTO (HANPUMED, PACCUUTHIBAET HA BO3MOXKHOCTb
MIPUHATH U HOJTHOCTBIO 00paboTaTh ONpEeAEICHHBIN THIT COOOIICHHNS);

e  HETUIHM3WPOBAHHOCTH AKTOPHOW CHCTEMBI

o MPUHATUEC WA HCEIPUHATUC COO6HI€HI/I${ peuiaeTcsa TOJbBKO BO BpEMH
BBITIOJTHEHHUA U HE IPOBEPACTCS ITPU KOMITUJIALIAN,
L cl1aboCcTh CpCACTB MJIA MOAACPKKHU MHOXKECTBEHHBIX, HEACTCPMHUHHUPOBAHHBIX,
BEPOATHOCTHBIX WJIW MHTCPAKTHUBHBIX TIapaAaMETPOB HA BXOJC!:

o MHOXCECTBECHHBIC TapaMETPhI Tpe6y}0T MHO>XECTBECHHBIX 3aIllyCKOB C
KOM6I/IHaTOpHHM KOJIMYCCTBOM 3AITYCKOB U ITOBTOPECHUEM 06mef/'1 pa6OTBI;

©  BEpOSATHOCTHBIC M MHTEPAKTHBHEIC IapaMeTpHl TpeOyroT crenuansHon ad
hoc 00paboTKH B Ka)JIOM OTEIHHOM PabOTAIOIIMM C 3THM aKTOpPE; ITO
MIPUBOJIUT K CMEIICHUI0 COOCTBEHHOW JIOTUKH aKTOpa C pean3amueH
MONMYYCHHUST ATHX TIapaMeTpPOB M TIPUBOAWT K 3aCEICHHIO aKTOPOB
TOCTOPOHHEHN JIOTUKOW;
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©  HENETEPMUHU3M TpeOyeT WM Tepe3armyckoB (1MoI00HO MHOKECTBEHHBIM
napamerpam), WIH CIHIIKOM PaHHEro HEeIeTePMUHHUPOBAHHOTO BBIOOpA
OT/ICTIbHBIX [TAPAMETPOB.

AKTOpHasT MoOJeNb BBIYMCICHHH IIMPOKO TPUMEHSETCS B  TPagMLUOHHOM
MPOTPAMMHUPOBAHHH, XOTS IIPH 3TOM TaM HE YUHTHIBACTCS CIIEIHAIBEHBIM 00pa3oM
MOJISIFHOE BpeMs, C KOTOPHIM HEOOXOAMMO pPadoTaTh NPH MOJCIUPOBAHHUU
TOBEJICHHUSI CHCTEM pEabHOT0 BpeMeHH (I TIPOBEPKH CBOWCTB MOJICIH,
CBSI3aHHBIX CO BPEMEHEM).

OmHOBpEMEHHO € OTHM B TIPOTPaMMHUPOBAHWH HAONOJAEeTCS TEHICHIIUS
MPOTHBOIIOCTABIICHUS ~ aKTOPHOW  MOJENM  BBIYHCICHHSA  (YHKIHOHATIHHOMY
MPOTPAaMMHUPOBAHHUIO, KOTOpOE IMO3BOJSIET pemarh (IOMHMO MAPYTHX) Te JKe
mpoOJeMbl, Uil KOTOPHIX OBLIa co3laHa aKTopHas MoAelb. Ilpum  3ToM
(yHKIMOHAJIBHOE  NIPOrpaMMHUpOBaHHME  O0JagaeT  psioM  IPEUMYIIECTB.
AHaJOrMYHO TOMY, KaK B3aMeH aKTOPHOW MOJENH TPUMEHSIOTCS TEXHUKH
(YHKIMOHAJIBHOTO — NPOrpaMMHUpPOBAaHMS B 00NacTsAX, HE CBS3aHHBIX C
MOJICTIMPOBAaHUEM  BpPEMEHH, BO3HHMKaeT HJes I[OompodoBaTh NPUMEHHUTH
AQHAJIOTUYHBIE TEXHUKM B3aMEH AaKTOPHOM MoOAeIM B KOHTEKCTe MOMAEIHHOTO
BpPEMEHH, HEOOXOAUMOTr0 ISl MOBEJCHYECKOTO MOJICIUPOBAHHS CHCTEM peajbHOTO
BpPEMECHHU.

B namHoit pabGoTe mpemyaraercs cmoco0  OpraHU3aluu  MOBENESHYECKUX
crienuduKaui 118 IMHAMUYECKOTO MOJICIUPOBAHUS CUCTEM PEabHOTO BPEMEHH,
KOTOPBIA YYUTHIBACT MOJICIEHOE BPEMS M HCIIONB3YeT TEXHUKY ()YHKIIHOHATHHOTO
MPOTPAMMHUPOBAHHS AJIST PEIICHHs] MPoOJeM, COMYTCTBYIOIIMX MOJCIHPOBAHUIO
TIPY TIOMOIITH aKTOPOB.

Camo moHATHE (QYHKIIMOHAIFHOTO NPOTPAMMHpPOBAHHSA HE SBISETCS YETKO
OTIpEeNIeICHHBIM W TIOPOH HWHTEPIPETHPYETCS HECKOIBKO II0-Pa3HOMY pPa3HBIMH
cnenuanucTaMu. B nmaHHOH paboTe MBI OyHeM TIOJB30BAaThCS MOHSATHIMH,
CBSI3aHHBIMU C YHCTHIM THITH3HPOBAHHBIM ()yHKIIHOHAJIHHBIM IIPOTPAMMHUPOBAHUEM.
Bonee neranpHOE OMUCAHUE UCTIONB3YEMBIX TEPMUHOB M TIOHATHI MOKHO HAaHTH Ha
CTPAaHHULE IIPOEKTa PO®U’. Tam umratess HaiigeT KpaTKO€ OIKMCAaHUE U IPUMEpPBI
JUIA TaKUX MOHATHH KaK yucmas QyHKyus, napamempudeckuti nOIUMOpOusm,
dynxyus  evlcuuux  nopsaokos, Gyukmop, Mmouaoa, ppexm (8 uucmom
@DYHKYUOHANBHOM — NPOSPAMMUPOSAHUY), KOTOPBIE BaXKHBI I HOHUMAHHA
OCHOBHOTO MaTepuaa.

2. Aphekmbi 8 hyHKYUOHaNIbLHOM Npo2paMmMupo8aHuu

Tak xak aHHas paboTa UCIOIB3YeT TEXHUKY MOAEIUpoBaHus 3hHeKToB B uucmom
(yHKIIMOHAJIBHOM TNPOrPaMMHUPOBAHHH, CIIEAYET OCTAHOBHTHCS Ha TOM, YTO MBI
NOHUMAaeM NOA d¢pghexmom N Kak MPOXOJAUIO Pa3BUTUE ITOTO MOHSITHUS B UCTOPUH
(hyHKIIMOHAJIBHOTO IPOrPaMMHUPOBAHHSI.

2 Crpanmma npoexta rpanta PO®U 17-01-00504: https:/forge.ispras.ru/projects/ductilejur
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2.1 NMo6o4Hble 3chheKTbI

OCHOBHBEIM IOHSTHEM B YHCTOM (YHKIHOHAILHOM IPOIPaMMHPOBAHHHU SIBIISECTCS

noustue uucmou momanvrou @ynxyuu [3][4], T.e. yukmmu 6e3 nobounwvix

agppexmog. OpmHako, B KOHEYHOM HWTOTE, HPOTPAMMBI JOJDKHBI IIPOHU3BOIHTH
no6ouHble 3PQPEeKTH — HampuMep, YNTaTh W NHCaTh B 0a3bl JaHHBIX, BBIBOAWUTH

UHGOPMALUIO II0JB30BATENI0, YUTATh M NHCATh (aiiibl, B3aMMOAEHCTBOBATH C

JOPYTUMH IIporpaMMaMy IO CeTH ¥ T.II. TakuMm oOpa3oM, mepen (pyHKIHOHAIBHBIM

CTHJIEM MPOTPaAMMHPOBAHHS BCTACT BOMPOC COBMEIICHHS YUCIMOMbL UCTIONb3YEMBIX

GbyHKIMHA ¥ n0O0YHbIX 9¢hhexkmoa ISl BBIIOTHEHUS TTOJIE3HbIX EHCTBHH.

Jnst Toro, 94ToGBl COBMECTUTH 3TH JBE, Ka3aJloCh OB, HECOBMECTUMBIC BELIH, B

(YHKIHOHATEHOM MPOTPAMMHPOBAHHH HCIONB3YIOT TOT (aKT, YTO yucmoe

BBIYHCIICHHE MOXKET BO3BPAIATh JOCTATOYHO MPOU3BOJIBHYIO CTPYKTYPY JaHHBIX, B

TOM YHCJIE CTPYKTYPY AaHHBIX, KOTOPAsk BHYTPU COACPKUT OMUCAHHIE BBIYUCICHHUS,

He SIBIIIOLIETOCS YucmblM (T.€., bluucienue ¢ NoGOUHbIM I dekmon).

ITIpu 3TOM, eciu COOCTBEHHO 3amyCK GbIYUCACHUS C HNOOOYHbIM 3pdhexmom

HEJIOCTYIICH YUCmoM) KOJY, TO He HAPYIIACTCS HUKAKUX MPEIIOI0KEHUI O YHCTOM

KOJIE.

TakoMm 00pa3oM, pe3yabTaToOM pabOThl YHCTOrO KOJa MOXKET OBITh OIMUCAHUE

8bIUUCHCHUL ¢ NOOOUHBIM IPhexkmom, KOTOPOe MOXKET OBITh Jajee BBIIOJIHEHO

BHEITHUM ([0 OTHONIEHHWIO K CaMoil mporpaMme) HCIOTHUTENeM. TeM caMbiM,

TPOU3BOIUTCSI Pa3/ICICHHE BBIMOMHEHMS (YHKIIMOHANBRHON MPOTpaMMbI Ha JBE

YacTH:

e B NEPBOI YaCTH MCXOIHASA MpOrpamMma, HalMCaHHAas Ha (YHKIMOHAIHLHOM
SI3BIKE, BBIYUCIISIET HEKYIO CTPYKTYPY JaHHBIX, KOTOPAasi COAEPKUT MTOMUMO
JIPYTUX BBIYMACICHUH WHCTPYKIMH, COAepKaniie MmoOouHble 3(QeKTl,
MpelHa3HA4YeHHbIC [ BBHIMOJHEHUS CHElUaIbHBIM HCIIOJHUTENEM; Ha
9TOM BBIMOJIHEHHE COOCTBEHHO MPOTPaMMBbI 3aKAHUNBAETCS;

e  BO BTOPOH yYacTH cleLUabHBIA HCIIOJHUTENb WCIOJIHAET WHCTPYKLHMH C
MOOOYHBIM AP PEKTOM U3 BEIYNUCICHHON CHIENIHUATBEHON CTPYKTYPHI JaHHBIX.

B oOmem ciaydae, MOKET CYIIECTBOBATh HECKOJBKO CHELUANBHBIX HCIONHUTENICH

UHCTPYKUHMI ¢ MOGOYHBIM 3(P(HEKTOM M, COOTBETCTBEHHO, CTPYKTYp HAaHHBIX, C

KOTOPBIMH 3TH HCIIOJHUTENH padoTaroT. HekoTopele M3 HUX MpeIHA3HAYCHBI IS

BBITIIOJTHEHHST TIPOM3BOJIBHBIX BHELIHUX MOOOYHBIX 3()(HEKTOB, HEKOTOPHIE TOJBKO

JUTSL OTIPE/ICICHHOTO OTPAaHHYEHHOTO MHOXECTBA (UTO TO3BOJISIET TPaHyIMPOBAHO

KOHTPOJIMPOBATh WX HCHOjdb30BaHHe). CylmecTBYIOT Takke OHOIHMOTEKH,

MO3BOJITIONIME  a0CTParupoBaThCss OT KOHKPETHOTO HCIOJHHUTENS MOOOYHBIX

3¢ ¢dexToB, MO3BONASL MUCATh NOIMMOPGHBIA KO C YKa3aHHEM HCIOIb3yEeMBIX

3¢ dexToB.

o  IIpousBoubHbIe 3P PheKThI
Yame Bcero, CIPYKTYpbl J[aHHBIX, KOTOpbIE HHKAaICYJIHPYIOT B cebe
sblulCaenus ¢ nobounvim d¢hgexmom, HaspiBaroTcs 10 win Task [5][6][7]1[8].
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CoOTBETCTBEHHO, MOTYT OBITh YHCThIE (YHKIIUH, KOTOPBIC BO3BpPAIIAIOT
3HAYCHUS 3TUX THUIOB, HAIIpUMep, GYHKIUH CTPOKOBOTO BBOJIA M BEIBOAA:

def printlLine(s: String): IO[Unit]

def readlLine: IO[String]
B namHOM citydae, pyHKIMS printLine YnCTas W OHA JIMIIb BO3BpAIIaeT
BEIUMCIICHHE, KOTOpPOE pacmedaTaeT CTPOKYy Ha JKpaH (B BO3BpamIacMoM
3Ha4eHnH THma 10 [Unit]). AHanorndHo, GyHKIusS readLine Bo3Bpamaer
HE CTpPOKY, BBEJEHHYIO II0JIb30BATENIEM, a BBIYUCICHHE, KOTOPOE MOXKET
BEpPHYTbH CTPOKY, BBEJICHHYIO MOJIb30BATEIIEM.

e I'panyasipubie 3¢ deKxThbI

CyIIeCTBYIOT CHOCOOBI OMHMCAHUS BBIYHCICHHUN, KOTOPBIC ROAUMOP@HbI TIO
KOHKPETHOMY THIYy BO3BpallaéMOro 3HAYEHUs, HO HWMEIOT TpaHyJISAPHBINA
KOHTPOJIb 32 IPOU3BOIUMBIMU 3 heKTamu.
B atoM cimyyae QyHKIMS BO3BpAlIaeT TUIN MPOHM3BONBHOTO 3(dexra F[ 1.
[Ipu >TOM B curHatype (QYHKIMH yKa3bIBAIOTCS OTPAaHMUYCHHS HAa BO3MOXKHEIC
BapHaHTHI 3P PEKTOB, JOITyCTUMBIE ISl OCYIIECTBICHUS 3TOH (QYHKIHEH.

2.2 Komno3uuunsa BbluncneHunm c achdekramm

[IpomonenupoBaB GyHKIMK ¢ TOOOYHBIM 3(P(HEeKTOM Kak YHUCThIe QYHKIMU BHIA A
=> IO[B] wim OoJee rpaHYIsIpHO KaKk A => F[B] Ui ONpeneNeHHBIX F, MBI
MOJy4aeM HEKHe BO3MOXKHOCTH OOpaboTKM WHPOPMALUH, IOIXy4eHHOH MpH
MOMOIIH TOO0YHOTO 3P PEeKTa, HO MX MOKA HEJOCTATOUHO.

Hamnpumep, npu nomomu pysknuii readLine U printLine, ONMUCAaHHBIX BHIIIE,
HE TIOJIyYaeTcs pacledaraTh CTPOKY, KOTOpas cojepkaiia Obl MH()OpMAIHIO W3
CUMTAHHOM CTPOKH, MOTOMY 4TO IO[A] — 3TO JIMUIb OINUCAHUE GbIYUCAEHUS C
nobounbiM I¢hghexmom, BO3BPAIIAIOIIETO A, MOITOMY HEBO3MOXXHO €ro IMOJyYHTh
BHEe 1O B YHCTOM (yHKIIHH.

Jnst pemenust mpobnem xomnozuyuu GYHKIWE Buga A => IO[B] mw B =>
TO[C] ObuUla MpUMeHEeHa TEeXHUKA, KOTOpasi Ha3bIBaeTCsl MoHadamu [5] u kotopas
MMeEeT CBOU MCTOKH B Teopuu kareropuii [9][10].

Ecimn xaxoi-TO THII NaHHBIX M[ ] ABISETCA MOHAIOH, 3TO O3HAYAET, 4TO, MMeES
M[A], MBI MOXEM INPHUMEHUTh K HeMy (yHKIM0 A => M[B] H MOIy4uM
3HaueHue M[B]. Dra omepauus UCTOpPUUYECKH MMeeT Ha3BaHus bind, flatMap
WM oTiepaTopa >>=.

Jnst mpumepa ¢ IO [A], OMHCHIBAIONICH BBIYUCIEHUE C MTOOOYHBIM 3P (HEKTOM, 3TO
03HAYaeT, 4TO, €CIM MBI MPUMEHUM (YHKIIHIO, KOTOpas oOpabaThiBaeT 3HAYCHHUE
THTIA A, TIOJIYYCHHOE B pe3yibTaTe mo0odHoro 3ddexra, Kk QyHKIUH, KOTOpas €ro
o0Opaboraer U BepHeT IO [B], MBI CMOXXEM MPOHM3BECTH MX KOMIIO3UIMIO C TEM,
9TOOBI TOJIYYIUTh 10 [B].

def f[A, B](a: IO[A], f: A => IO[B]): IO[B] = a >>= f
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Jpyroit BaxxHOI 4epToil MOHaJ SBISETCS TO, YTO BCErJa €CTh BO3MOXHOCTH IO
YICTOMY 3HAUYEHHIO TOJyYUTh MOHAJANYECKOE, TO €CTh ITOJYIUTh 3HAUCHHUE KaK OBl
¢ Hynegbim d¢hdexmom. OOBIIHO TaKOTO pona (YHKIWH HA3BIBAIOTCSI pure WIIH
point uumeror BUgA A => F[A].

MoHagudeckass KOMIO3AIUS 1O CYTH SIBJIIETCS MOCIEI0BATENBHON KOMIIO3ULHEH
3aBUCHMBIX BBIYHCIICHHH, TJ€ KaKAOE BBIYHCICHHE MOXET NMPOM3BOANTH 3(dexT.
Jnst MoHax Thna IO MOHaAWYECKasi KOMITO3HMLUS ABJIAETCS CBOETO POJa aHAJIOIOM
«TOYKH C 3alATOH» B MMIEPATUBHBIX A3bIKAX HPOTPAMMHUPOBAHHS, I'Zl€ TOYKA C
3aITOM 9acTo pas3lesisieT OTACTBHBIC OIEPATOPbHI, KAKIBIH M3 KOTOPBIX MOMKET
00agaTe MOOOYHBIM 3P HEKTOM.

Kak MBI yBuamm nanee, B ()yHKIIMOHAJBHBIX S3BbIKaX MOHAJBI MO3BOJIIOT Ooee
rHOKO YHpaBiIATh 3TOM Kommosuiued. [Ipm 3TOM Takoro poxa KOMITO3HLIUS
TapaHTHPYET yMOpPsI0YCHHOCTh BO3HUKHOBEHHMS TIOO0YHBIX 3()(HEKTOB.

Onmnako He Bcerza BBMHCICHHA ¢ 3¢QQeKTaMH JODKHBI  OBITH  CTPOTO
yHOpsaa0oYeHHBIMA. [[prarHO#M MOTYT OBITH Kak coOOpaxkeHus sghgexmugnocmu (He
BCET/la BBIUMCICHUS CTOMT JE€NaTh MOCJIEAOBATENBHO), TaK M COOOpaKEeHHS
cemanmukyu (HE BCerJa Hy)XHa WIM OIPEAE]IeHa WMMEHHO IOCIIeI0BaTeIbHAs
KOMIIO3UIHS (P (EKTOB).

Jns Takoro poja KOMIIO3MIMH Obula IpeAyioKeHa aOCTpakIMs anniuKamueHbiX
@ynxmopos [11]. AnmnukatiuBHbie (QYHKTOPBI MO3BONISIOT CIUTH Hapy 3GPEKTOB B
3¢ ekt morydeHus mapsl 00bEKTOB:

def product[A, B](a: F[A], b: F[B]): F[(A, B)]
Tak Kak anIIMKAaTHBHBIA (YHKTOp sBIsAeTCA (PYHKTOPOM, K 3HAYCHHIO BHUJA
F[ (A, B)] MOXHO NMPUMEHUTH (QYHKIOWIO BHOa (A, B) => C c TeM, 4TOOBI

IIOJIYYUTH 3HaUeHUe Ttumna F [C].

Hdust  2pQexToB, KOTOpBIE MOXHO BBIIONHATH MAPAJUICNBEHO, pealn3anus
ANIUTUKATHBHOTO (PYHKTOpPa MOJKET ITO3BOJUTH BHIIONHATH 3TH BBIYHCICHHUS
napajienbHo. B obmieM cioydae, aOCTpakilds anmiMKaTUBHOrO (yHKTOpa
MO3BOJISIET OCYIIECTBIISATE MapalIeIbHYI0 KOMITO3UITUIO BEIYUCICHUH ¢ AP PeKTaMu.

2.3 3dphekTbl B LLUPOKOM CMbICIIe

Ha nonsitue s¢pgpexma MoxxHO IOCMOTpPETH mupe: 1o 3¢ (HeKToM MOKHO IOHUMATh
HE TOJBKO 1MoOOYHBIe 3((PEKTHl B BUAE HM3MEHEHUS] COCTOSHMS BHEIIHETO 110
OTHOIIEHHIO K IPOrpaMMe MUPA WX €€ NePEMEHHBIX.

B obmem cnydae (B 3aBUCUMOCTH OT MOTPEOHOCTEH TOYHOTO MOJEIMPOBAHUS
CEeMaHTHUK{ BBINIOJHEHUS B YHUCTOM (YHKIMOHAILHOM s3bIKE) TOA 3(h(PeKToM
MOXHO TIOHMMaTh JJake oOpallleHne K 3HaYEeHUIO0 IIEPEeMEHHON HaxoJsieics, ObITh
MOXET, Ha APYI'OM y3JI¢ BEIYMCIUTEIBHON CETH NPU PACIIPEICIEHHOM BbIITOJHEHUH
[12]. B Gomee uacTHbIX ciydasx oA 3PGHEeKToM MOTyT MMOHHUMATHCS JHOObBIC
JeWcTBHS (PYHKIMM IOMHMO BBIYMCICHHS U BO3BpaTa MPOCTOTO €IMHCTBEHHOTO
3HAYEHUSA, TPUMEPBI KOTOPBIX OyIoyT pacCMOTPEHBI Aaee.
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BaxHbIM CBOMCTBOM (HYHKITUH C TOOOYHBIM 3((HEKTOM SBIAETCS TO, YTO OHH MOTYT

JeNaTh €IIe YTO-TO, KPOME BBIUMCICHUS BO3BPAIIAEMOTO 3HAYCHUS, a TAKXKE

MIOJTB30BATRCS €Ille YeM-TH00, KPOME CBOMX apTyMEHTOB I cBOoeH paboTsl. Ilpu

(hYHKIMOHATIHFHOM TPOTPAMMHUPOBAHUH BMECTO (DYHKYULL ¢ NOOOYHbIM 3¢hhekmom

BUIa A => B paccMaTpHUBAIOT yucmole (byHKuMI/I Buga A => F[B], roe F

WHKATCynupyeT caM 3¢ ekt (HarmpumMep, Mpon3BOIBHBIN M0O0YHBIH 3¢ dekT, Koraa

sto TUn I0). Ilpm Oonee HIMPOKOM B3TIAAE Ha NOHATHE 3¢¢exkma MOXKHO

paccmarpuBaTh GyHKIMM Bupa A => F[B] Kak uucmole aHAIOTH QYHKYUU C

agppexmom BUma A => B mud Ooiee IMUPOKOTO Kiacca THUIOB F, WeM MpPOCTO

MOOOYHEIH AP PeKT.

PaccMoTpuM HEKOTOphle MPUMEpPhl MOHAJ, KOTOpPhIE MOAEIMPYIOT T€ HIM HHBIE

aghgexmol B 4CTOM (HYHKIIMOHATHHOM MPOrPaMMHPOBAHUH.

e Monaga mnpou3BOJbHOI0 NM0G04YHOro 3ddexra. YmoMuHaBIIKECS paHee
MoHazBl I0 U Task U Apyrue NoA0OHbIe MO3BOJIIOT OMMUCHIBATE BHIUHUCICHUS
C TIPOU3BOJIBHBIM MTOOOYHBIM 3 heKToM.

e TpuBuanbHas ™moHaga. Monaga Id ONHUCHBaeT “HyNmeBOW’ APQEKT.

Oynkiwms 061anaroas TakuM dbdextom (T.e., pyHKIWs Buma A => Id[B])
Ha CaMOM JieJie SIBIsIeTCsl YucTor (akTudecku, A => B). [locnenoBarenbHas
KOMIO3HLMs (PyHKIMH ¢ TPUBHAIBHBIM 3((EKTOM COBIANAET C INPOCTOH
KOMMO3HIUEH ()YHKITHH.
Ha npakTuke Takyro MOHaJy MCIOJB3YIOT B AJisl ToJUMOpgHOro 1o 3ddexram
KOJa, T7ie B KOHKPETHOM CiTydae HUKakue 3((GEeKThl He HYXKHbBI WIN JICHCTBHE
omnpeneneHHbIX 3()(EKTOB MOJEIUpYyeTcs UYUCTBIM KOAOM (HAampUMep, INpH
TECTHPOBaHUM).

e Monaga 4vacTHYHBIX BbIYHCJIeHHii. B kadectBe »sddexkra MoxkHO

paccMarpuBaTh CHUTYaluio, Korjna (yHKIHS B HEKOTOPBIX CIydasXx HE MOXKET
BO3BpPATHUTh 3HAYCHHE, TO €CTh (DYHKIUS HE SIBISETCS MomanbHou (SBISETCS
yacmuunou). B Takux ciydasx HCIoib3ylOT MoHany Option (oHa xe
Maybe).
[MocnenoBarenpHass KoMno3unus GYHKIMA ¢ 3QQPEKTOM  YaCTHUHBIX
BEIYMCIICHUI O0NaJlaeT CEMaHTHUKOW pawuneco nadenusi (fail fast). Dto
03HAYaeT, 4TO CTOWUT JIOOOH (YHKIMH B IOCIEAOBATEILHOCTH (QYHKIMH C
9TUM 3¢ (HeKToOM BepHYTh 3HaUeHHE ThMa None (T.e., OTCYTCTBUE Pe3yJibTaTa),
BBIYHCIICHHUE IIPEKPAIACTCS C TEM JKE PE3YJIbTATOM.

e  MoHaaa MHOKeCTBEHHBIX BbIYHcIeHUIl. HekoTopsle (yHKIMN BBIYUCISIOT
HECKOJIBKO 3HAUEHHH (B TOM YHCIIE M OTCYTCTBHE 3HAYEHUIT). DTO TOXKE MOXKHO
paccMmarpuBaTh Kak 3 QEKT U KOMIIO3UPOBATh TaKMe MHOTO3HAYHbIe (QyHKINU
apyr ¢ apyrom. Komrmo3uiyelh MHOTO3HaYHBIX BBIUYMCIICHUI SBISIETCSI aHAJIOT
JIEKapTOBOTO IPOM3BEJACHUS (IIPM HEOOXOJMMOCTH C YYETOM MOBTOPEHHH).
OOBIKHOBEHHBIN CIHUCOK List 4acTo SBIISETCA MOAXOMALIEH MOHAION It
MHOTO3HAYHBIX BBIYUCIICHUI.
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. MoHnana BbIYHCJIeHMH € KOHTekcTOM. MoHana Reader mpencraBisieT
co0OM  BBIUMCIICHHWE, KOTOpOE€ WMEET JOCTYNl 10 JIOTOJHHUTEIbHOH
nH}popMannM: KOHTEKCT WM KOHGUTIYparus BbIYHCICHUs. B03MOXHOCTBH
TaKOro JOCTYIa (SBHO HE OTPAXEHHOTO HANpPSMYIO B CHTHAType (YHKIHMN)
TakxKe ABIAETCA IPPEKTOM (B IIUPOKOM CMBICTIE).

e Monana BbrunciIeHnii ¢ MeramHpopmanmeil. B kagectBe sddexra
paccmarpuBatoT  (OPMHPOBAHUE  JONOJHUTENbHOW  HMHGOpPMAlMKd  TIpU
BBIYHCIICHUH OCHOBHOTO 3HaueHUS. JTa MH(MOPMALMS SBIAETCS CBOETO poOJa
onMcaHueM (BO3MOXHO ITyCTBIM), IPHIIOKEHHBIM K BBIYMCICHHOMY 3HAUCHHIO.
3a 3T0 OTBEYaeT MOHaAa Writer.

Jlyii KOppEKTHOW paboThl ATOH MOHAIbBI, B YACTHOCTH, s OOCCICUCHHS
KOMIO3UPYEMOCTU MOHAIAUYCCKUX BI)I‘II/ICJ'IeHI/II‘/II, HY>KHO O6CCHC‘II/ITI), YTOOBI
COOTBETCTBYIOII[E HCIIOJIb3YeMble OINHCAaHMSA, KOTOpBIE HAYT BMECTE C
BBIUMCIICHHBIM 3HAYCHHEM, TaKXKe KOMIIO3UPOBAJIHCE.

XapaKTEpHBIM IPUMEPOM HCIIOJIb30BAaHUS ITONM MOHAJBI SIBJISETCS OIMCAHUE
BLIHHCHGHHﬁ, KOTOpPbIC napajjicjibHO C KaKMMHU-TO BBIYUCIICHUAMU,
dbopMupyrOT JIOT CcOOBITHHA. B 3TOM ciydae, 3TOT JIor COObITHH u Oyaer
SIBISTHCS ONTMCAHUEM ITHX BBIYMCIICHUM.

e BepositTHocTHas Monama. Eme oxHuM mpuMmepoM  3ddekra  MOXKHO

pacCMOTPETh BO3BpaT HE CAUHUYHOIO 3HA4YCHHUA, a BEPOATHOCTHOTO
pacupeneneHus 3HaueHuid. Ilpu paccMOTpeHMHM KOHEYHBIX JUCKPETHBIX
pacrpeneneHuil  BEpOSTHOCTH, JTO sBisgeTcs oOoOmenueM 3¢ dekra
MHO)KECTBEHHBIX 3HaUCHHH (Te KaXIOMy 3HAUSHHUIO MPUIHNCaHa BEPOSTHOCTD
BO3HWKHOBEHHS 3TOTO 3HAYCHUS).
MoXHO paccMaTpuBaTh W paclpeleeHus], He SBIIIONINecs AMCKpeTHIMU. B
3TOM Cllydae pe3yJbTHPYIOIIee BEPOSITHOCTHOE paclpeielIeHHe IO0JKHO OBITh
Jajee  MPOMHTEPIPETUPOBAHO (HAampuMep, TpPH IIOMOIIM  TeHeparopa
CITy4alHBIX YHCEI).

2.4 HacnanBaHue MOHag

2.4.1 Npobnema

OueHp 4acTO BO3HUKAET CUTYalHsl, KOraa Ju00 OJHOBPEMEHHO HCIIONBL3YIOTCS JIBE
Wi Oosiee MOHAJ IJIsl OJHOTO M TOTO K€ 3HaueHHs (TO €CTh KO IPOWU3BOJUT
HECKOJIbKO 3(deKToB), 1100 nMeeTcs MOTPEOHOCTh B KOMITIO3UPOBAaHUU (YHKINH,
HCTIOJIB3YIOMIUX PA3JIMYHBIC MOHAIbI (TO €CTh (I)yHKHI/II/I, NMCIOIINE PA3HBIC
ahdexTsr). Yke depe3 HeOONbIIOE BpeMs TOCIHE HCIOIL30BAaHUS MOHAM JUIS
MOeTTUpOBaHUSA dPPEKTOB (B IMIMPOKOM CMEBICIIE) OBUIO TMOKa3aHO, YTO B OOIIEM
cily4ae pasHble MOHAIbI He KoMIo3upyrotes [13].

Taxoke ObUIO MMOKA3aHO, YTO B OOIIEM Clydae MOPSIOK HACIOCHHS MOHA[ Ipyr Ha
Jpyra CYyIIECTBEHHO BIUSET HAa pe3yJbTaT, YTO OKAa3ajloCh OrPaHUYCHUEM JUIS
HaINMCaHUsl MOJIUMOP(HOro KOJa.
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Hampumep, KOMIIO3MIMS MHOXKECTBEHHBIX M YAaCTHYHBIX BBIYMCICHUH MOXET
NPOAYIHPOBaTH (B  3aBHCHMOCTH OT TOpsAAKAa TpUMEHeHHs APQPeKToB
MHOXecTBeHHOCTH List u wdactmyHocTHm Option) 1mO0 MHOKECTBEHHOCTh
gacTHYHBIX pe3ynbraToB (List m3 Option’oB), nrO0 YaCTUYHBIA MHOKECTBEHHBIN
pesynbrar (Option List’oB).

2.4.2 TpaHccopmaumus MmoHag

B KauecTBe NONBITKM pa3pelleHHs 3THX M CBS3aHHBIX C 3THM IpoOieMm, ObLT
npeIoKeH MexaHu3M mparncgopmayuti monao (monad transformers) [14].
OnHako, 3TOT MOAXOJ HE IO3BOJISUT IIOJIHOLEHHO OIUCHIBATH KO, KOTOPBIH
OPOAYILMPYET OTHACIBHBIA 3(PQGEKT WIM HECKOJIBKO J(PQPEKTOB, MPH ITOM
KOMITO3UpyeMblid ¢ apyruMu dddekramu. Koa, ucnonp3yromuii 3TOT MpuHLIMI,
JOIDKeH ObUI BCeraa 4YeTKO OmpeneNisiTh, B KaKoM I0CIeI0BaTeIbHOCTH
NPUMEHSIOTCS. MCIONb3yeMble 3()(GEeKTH, ¥ HE JOMYCKal NMPOH3BOJBHON BCTaBKH
Ipyrux 3QQeKToB MeXAy HCHOIb3yeMBIMH 3(dekramu (eciu TONBKO HE OBLI
HAIlMCaH B CICLHAIBHON 1 0YeHb TPOMO3/IKON MaHepe).

Takum 00pa3oM, paHbllle BpEMEHH MPUHAMAJIOCH PEIICHHE O MOCIEI0BATEIEHOCTH
npuMeHseMbIX 3G ekToB. M3-3a 3TOro HEBO3MOKHO OBLIO ONHCATh CIUHCTBEHHYIO
(GyYHKIUIO, KOTOpas Morjia Obl KOMIIO3HPOBATBCSA C OPYIUMH (QYHKIHSAMH TeX Ke
s¢dexToB B apyrom mopsake. Takke BOSHHKAIH NMPOOIEMBI ¢ BOSHHKHOBEHHEM
HECKOJIBKO Pa3 OJTHOTO M TOro ke 3 deKTa B 3TON MOCIIeI0BATEILHOCTH 3()(HEKTOB.

2.4.3 Pacuwupsiemblie acppeKkTbl

Ilozke OBLT MPEIUIOKEH MOJXOM, ONKCBHIBAIONIMIA CICIHATBHYI0 MOHAIY,
Ha3BaHHY0 Eff, KoTopas IMO3BOJsIa OIKCHIBATH JICHUBOE BBIYHCICHUE C
HeymnopsoueHHbIM MHOXKecTBOM 3 dexToB [15][16]. Dto HeynopsaoueHHOE
MHOXecTBO () (eKToB (110 UCTOPUIESCKAM IPUIWHAM HWHOT/A HAa3BIBAEMOE CHIEKOM
aghpexmog) sBIAETCS MapaMeTpoM THma Eff W TeM caMbIM TpPUCYTCTBYET B
CUTHAType BceX (PyHKIMIA, BO3BpAIIAIONINX 3HaUeHUE THa Ef f.
IIpu 3tom ObUTM cHOPMYIHPOBAHBI MPABMIA MOHATUYECKON KOMITO3UIIMKA TaKUX
BBIYUCIICHUHA. Pe3yipTupyroniee BBIYHCICHHE HMEET OOBCIMHCHHE MHOXKECTB
3¢ pexToB KOMIMO3UpyeMbIX BBIYHCICHUH. JIerkocTh 00beuHEHNUS (M NanbHEeHei
KOMIIO3UIIMKM) TaKUX BBIUYUCICHHA OOCCIICUMBACTCS IyTEM HCIOJIb30BaAHHS
oepanuuennozo noaumopgpuzma (bounded polymorphism) mo stomy mMHoXxecTBy. B
TAKOM Cliy4ae 0ObeAMHEHHE MHOXKECTB CBOIUTCS K OOBEAMHECHUIO OTPaHUYCHHUI Ha
noauMOp(HBIM ~ MapaMeTp  BBIYMCICHHMH, YTO  ©CTECTBEHHBIM  00pa3oM
MOJICP/KUBACTCS B SI3bIKAX, ITOAICPKUBAIOIIIX OIPAaHHYCHHBIH TOJMMOP(OU3M.
COOTBETCTBEHHO, I TOTO, YTOOBI BHITIOJTHUTH BBIUHCICHHE CO BceMU dddexTamu,
TpeOyeTcsl MPUMEHHUTh K 3HaveHWto Tumna Eff (MMeromero MHOXecTBO 3P QeKToB
KaK MapaMeTp THIA) CHCHHANbHBIC UHTEpHperaTtopsl 3ddekroB (B Tpedyemom
MOPSAZIKE), T/ KaXAblH M3 WHTEPIPETATOPOB OyAeT Nub0 yOmpaTh M3 MHOMKECTBA
3pdexToB kak MUHUMYM OAWH 3dekT, b0 mpeodpa3oBsBaTh OaMH dPDEeKT B
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Ipyrue. ITO JOIHKHO TPOJOJDKATRCSA IO TEX IMOp, MOKa MHOKECTBO d(h(eKkToB He
ctaHeT mycTeIM. [lonydeHHoe 3HaUeHHe OyeT YHCTHIM.

OrtoT moaxo[ obecreunBaeT THOKHE BOZMOXKHOCTH 10 Peai3aluy MOIUMOP(HHOTO
1o 3¢ eKxTaM Koaa, KOTOPEI He TpeOyeT paHHeTo yrnopsaounBaHust 3h(HeKToB u He
UMeeT TMpo0JIeM C TOBTOPEHHEM OJHOTO W TOTO ke 3(¢eKxTa B HACIaWBAHHH
HECKOJIBKO  pa3  (W3-3a  paccMOTpeHHs MHOXecTBa  3(PQPEKTOB  B3aMEH
nocienoBatenbHOCTH). OrpaHMYeHHEM MOIXO0Na SBJILETCS TO, YTO BCE (PYHKIHH,
uMeromue Kakoi-nmibo s¢dexr, HeoOxomaumo odopmisiTh B BHAE (QyHKUUH,
BO3BpallalONIMX OO0BEKT cHeuuaigbHoro Tuma Eff (¢ ompeneiaeHHBIMH
mapamMeTpamMHu THIIA), a TaKKe HEOOXOAWMOCTh WCIOJIH30BAHUS IPUMUTHBOB,
cnenn()UIHBIX I TUTIA JaHHBIX Ef £.

PaccMoTpuM mpumep BBIYHMCICHHUH, KOTOPbIe O(GOPMIICHBI I HCIOJIB30BAHUS C
MoHazol Ef f.

def multiplelIntegers[R: list]: Eff[R, Int] = 2°2?

def sqgrt[R: option] (x: Int): Eff[R, Double] = ?2°??

def composition[R: list: option]: Eff[R, Double] =

for {

i <- multiplelIntegers

x <- sqgrt (i)

} yield x

B osrom mpumepe MbI mMeeM jaBa BbuHcIeHHS (multipleIntegers u
sqrt), kotopble MOIUMOP(GHBI 1O 3()(HEKTY ¢ HCIOIL30BaHHMEM MOHaAbl Eff
(mapametp Tuma R), HO IPH 3TOM TiepBasi PYHKIHUSA TpeOyeT, 4TOOBI R MOIepKUBAIT
apdekT MHOKECTBEHHOCTH, a BTOpas — d3((EeKT YaCTUYHBIX BBHIYMCICHUH.
CooTBeTCTBEHHO, (GYHKIMS KOMIIO3UIMHK TpeOyeT 00a aTux addexra.

[anee, Mbl MOKEM MPOMHTEPIPETUPOBATH (HYHKIHIO KOMIIO3HMIMH KAaK MUHUMYM B
JBYX YIOpsAAOYMBAHUSAX 3(PQekToB: cHavana 3(P(eKT MHOKECTBEHHOCTH, 3aTeM
3¢ GEKT YACTUYHBIX BBIYUCICHUN WK HA00O0POT.

type 1O = Fx.fx2[List, Option]

// MHOXeCTBO M3 IOBYyX 2bdekToB

composition[LO].runList.runOption.run
// pesynbrar Tuna Option[List[Double]]

composition[LO].runOption.runList.run

// pesynbrar TMna List[Option[Double]]

Msbl  MOXeM  HcHonb3oBaTh 3Ty (QyHKuMio W B Oojee  oOIIMpPHOM
KOHTEKCTe, Hanpumep, ¢ 3¢p@exrom BBOAa-BeIBOAA. TakuMm 00pa3oM, MBI MOXKEM
UCIIONB30BaTh ONHM M TE XK€ (YHKIMM B TNPOHM3BOJIBHBIX KOHTEKCTaX, KOTOPHIC
MPEIOCTABIIIOT 00PaOOTKY TpeOyeMbIX KOHKPETHOMY BBITHCIECHUIO 2P (HEKTOB.
type Ext = Fx.fx3[List, Option, IO]

composition[Ext].runList.runOption
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// pesymnbTaTr THUIA
// Eff[Fx.fx1[I0], Option[List[Double]]]

2.4.4 Nonumopduram no achdekTy

Ceoero pona o00OOLIEHWEM NPENBIAYIINX JBYX pPELICHUH SIBISETCS BMECTO
UCIIONIb30BaHMsl ONPEACICHHON CTPYKTYpBl JaHHBIX W TOJUMOpGHU3Ma MO ee
mapameTpy WCIIONBb30BaHue noaumoppusma evicokozo nopaoka (higher-kinded
polymorphism) mo camomy Tty 3¢ dexTa BKyIIE ¢ oepanutenbim noIUMOPGHUIMOM
B KaX1I0# oTnensHON (yHKIHHU. [lo McTOpHYecKknM mpUYrHAM (M H3-3a FICTOKOB B
TEOPUH KaTeropuii) OTOT ToAXox Tonmyunmn Hasauue tagless-final crumb
[17][18][19]. B omHOM YacTHOM, HO IMHPOKO PaCIPOCTPAHEHHOM Ciydae TOIXOJ
HazplBaeTcsl «F C IBIPKOIl», 4TO MOJYEPKHBACT HCIIOJIb30BaHUE MOIMMOpPHU3MA
BBICOKOTO MOpsAAKa MO 3 dexTy.

B oarom mnoaxome ¢yHkimMu, oOnajaromue TeM WIM HHBIM 3(QQHEKTOB U
npeaHa3HaYaeMble sl KOMIIO3UPYEMOCTH, OOBSBISIFOTCS OIUMOP(HBIME 110 THITY
a¢pdekra (TO ecTh MO THUMY BBICIIETO MOPsAKA, OOBIMHO 0003HaYaeMoro F),
BO3BpAIL[AONIMMHU 3HaueHWe F ¢ KOHKPETHbIM TuUHoOM. [Ipu 3TOM anst omucaHus
TOr0, Kakue HMMEHHO 3(@eKThl MOTryT OBITh NPOU3BEICHBI 3TOH (YyHKIHMEH,
UCIIONIB3YCTCS OSPAHUUEHHBI NOAUMOPPU3IM, TO €CTh MOIUMOPGHU3M, KOTOPBIA
TpeOyeT KOHCTPYKTHUBHBIX JIOKa3aTeJLCTB TOrO, 4YTO F, MO KOTOPOMY
OCyLIECTBIISIETCSl  MOJAUMOpPGH3M, 00NafaeT JOCTATOYHBIMH — BO3MOXHOCTSIMH
obecrieunBaTh 3aTaHHBIA Y3PPEKT.

OTOT MOAXOJA MMEET JIMIIb TO NPUHLMUIHAIGHOE OTJIMYME OT MOJXO0Ja C MOHAIOM
Eff, uro B obmeM cimydae it THma F He 00s3aTelbHO TpeOyeTcs, 94ToOBl OH
aBisics MoHanoi. Ecnmm  dyHkumu ¢ sddekrom F He TpeOyercs HMEHHO
MOHaJM4YecKasi CYIHOCTh 3(dekTa, oHa He o0s3aHa TpeboBaTh 3T0. C Apyroi
CTOpOHBI, eci  pyHKIMH  TpeOyercs, 4ToOBl  3pdexr F  ObT  MOHAIOH
(Hanpumep, caMa (QDYHKUUSL  SIBISETCS MOHAJAMYECKOW KOMIIO3ULHMEH JApYyrux
(hyHKUIHI), OHA ZOIDKHA MOTPeOOBATH MOHAAUIHOCTD F SIBHO (B OTIIMYHE OT MOHAIBI
Eff, koTopass sBIseTCS MOHaIOW cama mo cebe). DToO MOXKET HMETh CBOHU
NPEerMYIIECTBA M I03BOJSIET (DYHKIUM YeTdye JAEKIapupoBaTh, YTO HMEHHO eH
TpebyeTcsi (OrpaHNYEHHBIH TOMMMOP(U3M SKCIUTyaTHPYETCsl HE TOJIBKO JJIsI THIIOB
3¢ ekra, HO U VT cIToc00a KOMITO3UIIHH).

2.4.5 lpyrve anbTepHaTUBDbI

Crout ynomsHyTh f3bIK Unison, pyHKIIMOHAJIBHBIN A3BIK B pa3paboTKe, KOTOPHIH
UCIIONIb3YEeT HacllOeHHE (YHKTOPOB M MOHAJ Ha YPOBHE 53bIKa, a HE HA YPOBHE
6ubnmorek (kak 3to nemator Haskell u Scala) [20]. ®aktudecku, B s3bIKe
nepeornpesesieHa KOMIIO3ULUS (YHKIMH, KOTOpass MOXET OBITh peajn30BaHa Kak
KOMITO3MIMS ANIJIMKaTHBHBIX (DYHKTOPOB WM MOHaJ (B 3aBUCUMOCTH OT THIIA
BeIpaXkeHUs1). M3-3a 9TOrO yiydmiaercs YMTaeMOCTh KOJa M, BO3MOXHO, CKOPOCTb
kommusiiu. OjHako, MO Bcel BUAMMOCTH, INPHHIMIIHNAIBHBIE BO3MOXKHOCTH
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OCTAIOTCS Ha TOM e ypoBHe. [1o3ToMy B nanbHeliieM Mbl OyfeM paccMaTpUBAaTh
peaTM3aIMI0 HACIIOCHHS MOHA/I IPH MTOMOIIY OMOIMOTEK K IHPOKO MCIOJIB3YeMbIM
sI3bIKaM (B 9aCTHOCTH, Scala).

AJIbTEpHATHBHBIM BapUaHTOM pELICHHs HIPOOJIEeMbl KOMIIO3HPYEMOCTH MOHAZ
SBJIACTCS. HUCIIOJNB30BAaHHE 6Mecmo MOHAL Ul KOMIO3HLIUHM BBIYUCICHHH C
a¢¢dexramu abCTpaKIKH, SBISIONICHCS IyTh MEHEe MOITHOHM, YeM MOHaza, HO IpHU
9TOM Bce eIle NPUMEHHUMOHW W TP 3TOM OoJiee JIETKO KOMIIO3UpyeMoW. OTa
abcTpakius moydiiaa HazBanue cmpenxu (arrow) [21][22]; ona sBisiercst Gonee
BBIPA3UTEIHHO MOLIHOW, YeM allUIMKaTUBHBIA (YHKTOp, HO MEHEe MOILIHOMH, ueM
moHana [23]. Yucro ¢yHKUHOHANBEHOE MporpaMMHpoBaHHe ¢ 3((deKTaMH HE B
MOHAJIMYECKOM, @ B CTPEJIOYHOM CTHJIE TpeOyeT HECKOIBKO HEOOBIYHOTO (M HOpOi
HEMPUBBIYHOT0)  crocoba  BBIPAXEHHS  NPOrpaMMBbl,  OJHAKO  MO3BOJISET
KOMOWHHPOBATh pazIUYHBIE IPQPEKTH Jerko (i TeX 3PQEeKToB, K KOTOPBIM
NPUMEHUMO MoHsTHE cTpenku) [24][25][26].

3. MoHadu4eckuli no0xo0 K ModeslupoeaHuro

3.1 basoBasa nges

Haynem c¢ npeacraBneHUss MOAEIBHOTO BPEMEHM NPU IMOMOILM HCIONb30BAHMS
MoHaa. OCHOBHOHM mjeel ‘“MOHAaINYEeCKOro” Mmojxoja K paboTe ¢ BEIYUCICHUSIMHA B
MOJIEIBHOM BPEMEHH COCTOMT B PAaCCMOTPEHUHM HCIIOJIB30BAHUSA MOJEIBHOIO
BpEeMeHH Kak 3P QeKTa (B IIUPOKOM CMBbICIIE).
B mpocrefiieM ciay4ae MBI MOXKEM MPEACTABIATh (YHKIHIO, MOJCITHPYIOIIYIO
BEIYUCIICHHE, KOTOpOe TpeOyeT ompeAeseHHOe MOJEIBbHOE Bpems, Kak ()YHKIIHIO,
BO3BpAlIAIONIYI0 BBIYHCIEHHOE 3HAYEHHE BMECTE€ C BEIMYMHOH TpeOyemoro
BpEMEHM.
st komnosupyemocmu  Takoro poja BEIYHCICHHWHA, mpencTaBuM 3PQeKt
BBIYHCJICHUS] BMECTE C TPAaTOM MOJETHHOIO0 BpeMEHHM Kak MOHaay; OyaeM Ha3blBaTh
ee TimedValue.
Hampumep, paccMOTprM IPOCTEHITYIO PYHKIIMIO CIIOKEHUS ABYX YHCEIN.
def sumTimed(x: Int, y: Int): TimedValue[Int] =

(x + vy) : 2.microseconds
JanHas QYHKIMS OMUCHIBACT BBIYHCIICHUE, COCTOSIIEE M3 CIOXKCHHUS JBYX YHCE,
KOTOpoe (MCXOJs U3 OINpENeNICHUs 3TOH (PYHKIUM) 3aHHMAaeT IBE MUKPOCCKYHIBI
MOJIETLHOTO BpPEMEHH Ha BBIUHCICHHE. 31IeCh OINepaTrop |: — CHHTAKCHYECKH
yIO0OHBIN cIOCOO cO3AaHus 3HaUeHU MOHAAEI TimedValue.

Ora MOHaJa TOX0ka HAa MOHaIy Writer, HO OHa HE MMEET THUIIOBOTO IapaMerpa
HaKaIUTUBaeMOTro 3HaucHus (TyT OH 3adukcupoBas, 3To T Time). Kak cnencraue,
JTa MOHaJa He TPeOyeT MOMOJHUTEIbHBIX OTPaHHMYEHUH Ha CIOCO0 KOMIIO3UIIMH
I BpeMeHu. [l mocrieoBaTeNbHOW  KOMIIO3WMIIMM — BBIUMCIEHUNA BpeMeHa
BBIYUCIICHUH CKJIaqbIBAIOTCS.

Takum 06pa3om, UMest, HapuMep, 1Be QYHKITUH
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val inc: Int => TimedValue[Long]

val sgrt: Long => TimedValue[Double]
MBI MOXEM CKOMITO3MPOBAaTh HX B ONHY (YHKIHIO, 3aHUMAMOIIYI0 CYMMY
MOJICIIFHOTO BpeMeHH 00enX (yHKIHH:
inc >=> sqrt: Int => TimedValue[Double]

3.2 NocnepoBartenbHaa 1 napannenbHasg KOMNO3MLUA

OyHKIMSA CIOXKEHHUS BBIOpAaHa HMMEHHO ISl HOCAe008AMENbHOU KOMNOZUYUU
BBIYMCIICHHH B MOJICTIbHOM BPEMEHH, MOIXO/SIIAs IS MCIONB30BaHUS B MOHAJIE,
TO €CTh JUTS OTIUCAHHS 3aBUCHMbIX BBIYHCICHHUI.

B ofbmem cioyuae, MOXET HCIOJIB30BATECS IPOM3BONBHASL  ACCOYUAMUBHAS
ounapnas GYHKIMS KOMIIO3UIMU NBYX BpeMeH. Bribop 3Toil ¢yHKIMM B 60NbLIONN
CTEMEHH ONpEEIsCT CEMAHTHKYy KOMOWHAIIMH MOHAJMYECKUX  3HAUCHHUH
TimedValue.

Hampumep, 3Ta ¢pyHKIus Moria Obl 100aBIATh ONPEICICHHYIO BETMYUHY BPEMEHH
UL MOJCNUPOBAHMS 3aJepKeK Ha CcoOCTBEHHO BBI3OB (yHKIMil (mpu
HEOOXOJMMOCTH M OYEHb TOYHOM MOJICIMPOBAHUU 3aTPAYMBACMOTO0 BPEMEHH).
OnHako, B JaHHO# paboTe Mbl He OyJeM paccMaTpHBAaTh TaKOW Ciydail.

B kauectBe apyroro (BechMa Ba)KHOT0) IPEMEPa allbTePHATHBHON (DYHKIUH MOXXHO
BbIOpaTh GyHKIMI0O MakcumyMa. [Ipu TakoM BeIOOpE, MONy4nTCS NapauienbHas (C
TOYKH 3PEHHs. MOJEIBFHOrO BpPEMEHM) KOMOHMHAIMs BbIUUCIeHWII TimedValue.
OnHako, ¢ Takoil KOMIIO3HMIHMEH MOXXET BO3HHKHYTH INpoOieMa ¢usuueckozo
cmpicna pe3ynbTaTa. B yacTHOCTH, He BCeraa AOCTYIHA MapauieNibHask KOMIO3UIIUS
BBIYMCIICHUH, 3aHUMAIONIMX (MOJEGNBHOE) BpeMs, HM3-32 HEXBATKH (MOJCIbHBIX)
PECYpCOB Jaxxe B ClIyyae He3aBUCHMOCTH ATUX BBEIYHMCIICHUH 1O JAHHBIM.

Jnst  TpaHyJUpOBaHHOTO IOAXOJA HCHONB3YKHOTCA —pasiMYHble  aOCTPaKLUH
(mampumep, Parallel [27]), xoTOpbIe MO3BOJSIIOT HE IaBaTb KOMIIO3HPOBAThH
GyHKUMM, TpaTsIMe MOJENbHOE BpeMsl MapajjieJbHO B CIydae HEXBaTKH
MOJIETIBHBIX ~ PECYpCcoB ISl 3TOr0. OTO JOCTUTAETCS 3a CUET CIIOKHOTO
napaMeTpuueckoro  momuMopdusma,  QakTHYecKM ~— HSKBHBAJIEHTHOTO IO
BBIPA3UTEIIbHONW MOLIHOCTH CUCTEMe XOPHOBCKHX AU3BIOHKTOB [28].

3.3 MoHaabl BpeMeHu B CTEeKe MOHaA

Kak n Apyru€ MoOHazabl, MOHaIy BBIYHCIIEHUH C MOACJIBbHBIM BPEMEHEM MOXKHO
HCII0JIB30BATh B CTCKC C IPYTUMHU MOHaJlaMU.

3T0 IIO3BOJIACT HCIIOJIB30BAaTh OJHWH M TOT XE€ MOHa}II/I‘IeCKI/Iﬁ KOO B pas3jIMYHbIX
CUTyausax 663 NEPENMCbIBAaHUA U 663 N3MCHCHUSA CEMAHTUKH C COXPAaHCHHUEM
tunobe3onacHocTy. [Ipu 3TOM, pa3inuyHas CeMaHTHKA UTOTOBON paOOThI (YHKIIHMA
JOCTUTaeTCs 3a CUET Pa3IMYHBIX KOMOMHAIMH (YHKUHI-UHTEPIPETATOPOB MPHU
MCIIOJIb30BAaHUHU 3TOT0 MOHAJMYECKOI0 KOJIa.

[IpaBaa, Takoi MOJAXOJ HAKIAJBIBACT OMpe/eIeHHbIe TpeOoBaHus Ha 0(OpMIICHUE
MoHamuueckoro koxa. Tak, ecnu g0 3Toro ¢QyHkumu A => B, KOTOpbIC
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MOJICTTUPYIOT BBIYUCIICHUE, 3aTpavuMBaroOIIee BpeMsi, Mbl TIPEICTABISUIA Kak A =>
TimedValue [B], ais TOro, YTOOBI UCIIOJIE30BAThL TAKUE q)yHKum/I B HACJIOEHUU C
IPYTUMH MOHamamMu U d¢¢ekTamMu, HaM TPUACTCA TPEACTABISITE M3 Kak
nonuMopdHEIe (QYHKIUH MO0 THIY 3¢¢eKTa ¢ OrpaHHYCHHSIMH Ha O3TOT THII
3¢ ¢ekra.
Hanpuwmep, ¢GyHKIMS BHIYKCICHUS KBAaAPAaTHOTO KOPHS BMECTO TOTO, YTOOBI OBITH
OOBSBICHHON KaK
def sgrt(x: Int): TimedValue[Double] =

math.sgrt(x) |: l.millisecond
JIOJDKHA OBITH OOBSIBIICHA nOAUMOPGHOU no muny 3¢pgexkma. B ctune F ¢ dviprotl

3TO OYZET BBITVIAACTH KaK
def sqrt[F[ ]: TimedValueAlgebra] (x: Int): F[Double] =
math.sqgrt(x) |]: l.millisecond

B crune moHansr Ef £, 3Ta ke (yHKOHSA BRITIIACTA OBI Kak
def sqrt[R: timedValue] (x: Int): Eff[R, Double] =

math.sqgrt(x) |]: l.millisecond
WIH, UCIIOJIb3YS «CTPEJIOUHBII CUHTAKCUC BMECTO yKa3aHus tuna Ef £,
def sqrt[R: timedvValue] (x: Int): R |[> Double =

math.sqgrt(x) |]: l.millisecond
[TpuHnunuanpHO, B paMKax JaHHOW paboThI, 006a crocoba moauMop(HOTo 3aaaHus
SKBHBaJCHTHHI. [103TOMY, JUIS TPOCTOTHI, B 3TOM pasjeie OyIeM paccMaTphBaTh
TOJIBKO BTOPOH CIOCO0 U3JI0KEHHS (TTPH TIOMOIIU MOHAbI Ef £).
B nmanHOM mpuMmepe THUNOBOW INapameTp R OTBedaeT 3a NPOU3BOJBHBIN ek,
KOTOPBI OTpaHWYEeH TeM, 4YTO B HeM o00s3aH NPUCYTCTBOBaTh 3S(ddekT
_timedvalue. Ilpm »3ToMm, timedValue TeXHHYECKHM OOBABIEH Kak
TimedValue |= ?, TO ecTh O3Ha4aer, 4yTo 3(G(PEKT, MOACIUPYEMbIH MOHAION
TimedValue mnpucyrcTByeT B cTeke MoHaj. CuHrakcuc omneparopa || :
MO3BOJISIET YIOOHO CO3[aBaTh 3HAYCHUsI COOTBETCTBYIOMIETo THIA (TO ecTh, Eff ¢
NpOU3BOJILHBIM 3((GEKTOM R, KOTOpBIH, B CBOIO OYepellb, OIPaHUYCH HAINYHUEM
TimedValue B cTeKe MOHAN).
IlepeunicnuM BB 3HAYCHHH, C KOTOPBIMH NPHUXOIUTCS paboTaTe B 3amadax
MOJIEJIUPOBAHUSL.
. EauHuyHoe 3HaYeHHne

ITonoxum, y Hac ectb MPOCTOE IEJIOYUCICHHOE 3Ha4Y€HHE, 3allaKOBaHHOE B
MIPOU3BOJIBHBIN CTEK MOHAJ (TO €CTh, HET HUKAKUX OrpaHndeHnil Ha R):

def simpleVal[R]: R ||> Int
MpI MOXXEM MPUMEHHTH (DYHKIIMIO BBIYHCICHUS KBAJPAaTHOTO KOPHSA K 3TOMY
3HAYEHUIO:

simplevVal >>= sqgrt
Pe3ym,TaTOM 6yz[eT 3HayeHue tuna R | |> Double, rne Ha R 6yz[eT
HaJOXEeHO orpaHuuyeHue Haiuyus TimedValue B creke MOHaA. Mbl MOXeM
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3aIlyCTUTh BBIYHCIIEHUE O3TOTO BBIPAKEHUS M TMOJYyYUM 3HAYCHHE THIA
Double Ha BBIXOJEC:
type S1 = Fx.fxl[TimedValue]

(simplevVal[S1l] >>= sqgrt[Sl]).runTimed.run
// pesymnbrar Tuna TimedValue [Double]

MHoxecTBEeHHOE 3HAYeHH e

IIpeacraBum cebe, 4TO Ha BXOJE €CTh MHOXKECTBEHHOE 3HA4YCHHWE, IS
KOTOPOTO MBI XOTHM BBIIOJNHWTH Hame timed-BerumcieHue. Taxoe
MHO)KECTBEHHOE 3HAUCHHE MOXCET OBITh IPOMOJCIHPOBAHO CIICAYIOLINM

obpazom:
def severalVals[R: list]: R |[|> Int

PasHuia ¢ pacCMOTPEHHBIM BhINIe SimpleVal COCTOHUT B TOM, YTO 3PPeKT R
COAEPKUT TPeOOBaHNE MHOXKECTBEHHOCTH list (KOTOpoe pacKphIBaeTcs B
List |= 2, HamojgoOme ToMy, Kak _timedValue packpbBaeTcs B
TimedValue |= ?).

MBI MOXEM TakuM K€ 00pa3oM CKOMITO3MPOBAaTh 3TO MHOKECTBECHHOE
3Ha4YCHHE C (PYHKIIMCH BBHIYMCICHUS KBAJPATHOTO KOPHSA (HAIIOMHHM, YTO STa
(GYHKIOHS TPATHT MOJEIBFHOE BpeMs):

severalVals >>= sqgrt

MpI Tak ke, Kak U B TMPEIbIIYIIUN pa3, MOKEM 3aMyCTUTh BBIYUCIIEHUE ITOTO
BbIpaxkeHUs. OHaKO, 10 MOMEHTA 3alycKa pe3yJbTHUPYIOLIee 3HAaUCHUE UMEET
HEOJIHO3HAYHOCTh NOpsAKa 3amycka. KoMnuisTop He 3HAeT XOTHM JIM MBI
MOJIYYUTh PE3YJIbTAT BBIUMUCICHUS CIMCKA, 3aHUMAIOIIMM MOJEJIBHOE BpeMs,
WJIM K€ CHUCOK PEe3yJbTaTOB, KaXKIbli 3aHUMAIOUINI CBOE MOJAEIBHOE BPEMsI
Ha BBIYMCIEHHUE. DTO ONPEAEIIIeTCS TUIIOM pe3yJbTaTa: B IEPBOM Cilydae OT
TimedValue [List [Double]], BO BTOPOM OH
List [TimedValue [Double]]. MOImHOCTE MOJX0Ja C HMCHOJIL30BAHUEM
CTeKa MOHAJ COCTOMT B TOM, YTO MBI MOXEM IMOJy4YHTh 00a BapuaHTa
pe3ynbTaToOB, W TMPHU 3TOM OTIENbHBIE Y4YacTKW Kojaa (B JaHHOM cCiydae,
¢yHKINN severalVals u sqrt) OyAyT OAMHAKOBBIMH B 000MX CIIydasx, TO
€CThb  COOCTBEHHO  ONWCAaHUEC QJITOPUTMAa  BBIYUCICHHA  TOJHOCTBHIO
TIePEUCTIONB3YETCS:
type S2 = Fx.fx2[TimedValue, List]

(severalVals[S2]>>= sqrt[S2]) .runlist.runTimed.run
// pesymnbrar Tuna TimedValue[List[Double]]

(severalVals[S2] >>= sqrt([S2]).runTimed.runlList.run
// pesynbrar Tuna List[TimedValue [Double]]

PazHuna ecth TONBKO B TOpsAKE BHI30BAa HHTEpHperaropoB runlist u
runTimed.
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BepOﬂTHOCTHOC 3HAYCHHE

AHanorn4HBIM 00pa3oM MBI MOKEM IIEPEHCIIONB30BaTh (DYHKIHIO Sqrt IUis
paboTBl ¢ BEpOATHOCTHBHIM 3HaueHHeM. Mmes variadicVal, BosBpamaromiee
KOHEYHOE JIMCKPETHOE DPAacCIpeJesIeHNe LEJBIX YHCeN, MBI MOXXEM 3allyCTHTh
CIEAYIOIMKA KOA M TIOJNy4HTh JUCKpPETHOe pacmpeneneHue uucen Double,
3aHUMAIOIUX MOJEIFHOE BpeMs:
type S3 =
Fx.fx2[TimedValue, DiscreteFiniteDistribution]

(variadicvVal([S3] >>= sqrt[S3]).runDFD.runTimed.run
// pesysibTar THUIA
// DiscreteFiniteDistribution[TimedValue [Double]]

BoJee c1o:kHBIE CMeIIeHU S

B oOrmiem ciyuae Mbl MOXEM HCIIOJB30BaTh CTEK MPOM3BOJILHOM riryOuHbEL B
KayecTBE IMpUMEpa, MBI MOXEM pPAacCMOTPETh CHUTyalluio, Korga timed-
BBIUMCIICHUE 3aBUCHT OT MCTOYHHMKOB PA3HBIX MOHAIMUCCKUX (QyHKIUi. J{ist
MPOCTOTHI, MBI OYIEM HCIOJb30BAaTh OMHCAHHBIC BBIIIC (PYHKIUH
severalVals u variadicvVal, a B timed-pyHkumio sqgrt Oyzaem
mepesaBaTh CyMMY OT TeX IBYX (yHKIUH.
def f[R: timedValue: list: dFD]: R ||> Double = for ({
vl <- severalVals
v2 <- variadicVal
s <- sqgrt(vl + v2)
} yield s
B obmem cirydae cymiecTBYeT IIECTh BAPHAHTOB BBITIOJTHEHUS 3TOW QYHKITNH U
MONMyYeHHUsT KOHKPETHOTO 3HaveHWs. Bce HSTH BapuaHTB OyIyT HdaBaTh
pe3yIbTaT Pa3IMYHBIX THIOB (¥, KaK CIEICTBUE, BBEIYUCICHUE OyIeT MMETh
pa3IHYHYI0 CeMaHTHKY). [Ipm 3TOM Ui TONMydeHHs JITHX 3HAYCHHU OynmeT
HCTIOJB30BaTHCS OJIMH U TOT K€ KO QyHKIUH f.
PaccMoTpuM HECKOJIBKO MPUMEPOB TaKUX BBIUKCICHHUH. B mepBoM cityuae Mbl
Oy/ieM MOJy4aTh CIHCOK BEPOSITHOCTHBIX paclpeeieHui timed-BeIHYuH THIIA
Double. Bo BropoM ciydae ™Mbl OyaeM TONy4aTh BEPOSTHOCTHOE
pacnpenenenue timed-BenuunH Tina List [Double].
type S4 =
Fx.fx3[TimedValue, List, DiscreteFiniteDistribution]
f[S4] .runTimed.runDFD.runList.run

// pesynbTar Tuna List[
// DiscreteFiniteDistribution[TimedValue [Double]]]

f[S4].runlist.runTimed.runDFD.run
// pesynbTar Tuna DiscreteFiniteDistribution]|
// TimedValue [List [Double]]]

Takum 00pa3oM, MBI MOXEM UCIOJNB30BaTh BBIYHCICHUS, OIUCHIBAIOIINC
BBIYHCIICHHS, 3aHUMAIOLIIE MOJICIIBHOE BPEMsI, BMECTE C JIpyroro poja 3pexramu.
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IIpu 3TOM JIeTKO OCYIIECTBIISIETCS pa3/elicHue OMUCAHUs ACHCTBUM U BBINOJHEHUS
STHX neiictBuil. Bmecte ¢ 3TUM, cmoco0 BBIMOTHEHUS OMpEAessieT KOHECYHYIO
CEMaHTHKy BCeH omeparyy, KOTopas 3afacTcs YIopsAAodYnBaHHEM 3(PQPEKTOB U3
CTeKa MOHAJ. JTO MO3BOJISIET IEPEHUCIIONB30BATh OJMH U TOT XK€ KOJ IOBEICHUN B
pPa3UYHBIX CHUTYalUsIX U JaeT BO3MOXHOCTh HE TMPUHUMATh ONpeAeNeHHBIX
MPOCKTHBIX PEIICHU# (B YaCTHOCTH, MO YIOPSIOYUBAHHIO 3(PPEKTOB) paHbIIC
BpEMEHHU.

3.4 O6006LeHnsa 3aTpauMBaeMoro BpeMeHu1

3Hauenne THma TimedValue COOEP)KUT EAWHCTBEHHOE 3HAUCHHWE BpPEMCEHH,
o0o3HayaroImee JUIMTEJBHOCTh — MOJCNIBHOE BpeMs, 3aTpaydBacMoe JUIs
BBIYMCIICHHUS XPaHWMOTo 3HauyeHus. B oOmiem ke cirydae MOXeT HOTpeboBaThCs
UMETh HE NpPOCTOE 3HAYEHHE JUIMTEIBHOCTH, a Ooyiee CIIOKHbIE BapHaHTHL. B
9aCTHOCTH, PACCMOTPUM CIIEAYIOIINE IPUMEPHI TAKUX MOTpeOHOCTEH.

¢ KocBennoe Bpemsi

[Ipu ommcaHnM BBEIYUCIICHUS HE BCETIa M3BECTHO COOCTBEHHO 3aTpadyMBacMoe
BpeMsi Ha BBIIOJNHCHHWE. BpeMs MOXeT 3aBHCETh OT HCIIOIB3yeMOTro
mporieccopa, 3aTpaT Ha KOMMYHHUKAIIHIO, padoTsl K3mma u mp. [Ipu neransHOM
MOJICIIMPOBAHMH BPEMEHH, 3TO MOXKET CYIICCTBEHHO CKa3aThCs Ha Pe3yJbTaTe
BBIYUCIICHUM.

B dwactHOCTH, BMeECTO YyKa3aHHs 3HAYCHHH 3aTPadyMBaeMOr0 MOJAEIHHOTO
BPEMCHH, MOXKET 6I)ITI) HOTpe6HOCTI) B YKa3zaHUM 3aTpavyrMBaCMbIX MOJCIIbHBIX
TUKOB IIpOLECCOpa WM B YKa3aHUU UUCJIA PA3IMYHBIX HMHCTPYKLUI
OTPE/ICIICHHOTO BU/1a, KOJHUYECTBA 00PAICHUI K MTAMSTH U IOJJ00HOM.

To €CTb, B KOHCYHOM HUTOIC, BpPEMs YKa3bIBACTCA KOC6€HHO, B TCPMHUHAX
IpoIeccopa WilK armnapaTyphbl.

MO>KHO BBOJWTH CHEIHAIA3HPOBAHHBIC aHAJOTH MOHaIel TimedValue mis
TaKOTO pPOJa KOCBEHHOTO 3ajaHus BpeMeHH. OJHAKO MOTYT BO3HHKHYTh
MPOOJIEMEBI, CBSI3aHHBIE C BO3MOXKHOW MOTPEOHOCTHIO B pa3HOOOpa3sHH TaKOTO
polia MOHaJ.

Takxke BO3HHKAIOT MPOOJIEMBI C KOMIIO3UIIMEH 3THX MOHAJ C MOHAJIOH
TimedValue, Tak Kak Uil KOPPEKTHOW KOMITO3HMIIMMA OHH JOJDKHBI 3HATh
KOHKPETHBIC MMapaMETPhl UCTIOJIB3YEMBIX IPOILIECCOPOB. 9T0 MOXKET IPUBOIUTH
K HCO6XO)II/IMOCTI/I U3MCHCHHUA KOJla, OIMCBIBAIOMICTO BBIYUCICHUA IIPpU
BHEITHUX IO OTHOIIIEHHUIO K HEMY M3MEHEHHUSX (CMEHE THIIa IIPOIIeccopa).

L4 He equHCcTBEHHOE 3HAYEHHE BpEMEHHA

He Bcerma MoxeTr OBITH M3BECTHO TOYHOE (IIYCTh A€ M MOJCIBHOE) BpeMsi
BBIMIOJIHCHUSI TE€X WM WHBIX (QyHKUOUH. ENMHCTBEHHOE 3HAYCHHWE BPEMCHH,
HUCIOIB3YIOLIceCs B MOHazIe TimedValue MOJKHO, KOHEYHO,
HWHTEPIIPETUPOBATh KaK OorpaHudeHue cBepxy. [IpaBma, B TakoMm ciy4dae Mbl
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JIMIIAeMC BO3MOKHOCTH OLIEHUBATh 3aTPAaYMBAEMOE MOJIENBHOE BPEMS CHH3Y,
9TO MOKET OBITh HY>KHBIM HHOTIA [29].

[Ipobnembl ¢ HIKHEH TpaHUIEW MOXHO NpoOOBAaTh pEMIaTh BBEACHHUEM
AHTEpBAJla BPEMEH BMECTO OTACIBHOIO BpeMeHHM B TimedValue.
CoOoTBeTCTBEHHBIM 00pa3oM HYXHO OyJeT M3MEHHWTh NpaBHJa KOMIO3UIMH
MOHA/IBI (CO CII0’)KEHHEM MHTEPBAJIOB BMECTO CII0KEHHS OTAEIBHBIX BEIUYHH U
COOTBETCTBYIOIIEH  KOMIIO3ULMEH  HMHTEPBAJIOB  IpU  IapauleIbHOU
KOMITO3HITUH).

Ho wHTEepBa) MOXET CTaTh JHIIb I'PYObIM NPUOIMKEHUEM ACHCTBUTEIBHO
HEOOXOAMMOTO 3HAUeHHWsS BPEMEHH. AHAJIOTHMYHO pPA3IMYHBIM BXOJHBIM
mapaMeTpaM  BBIYMCICHHH TIpH  TMOCTPOCHHHM  CT€Ka  MOHAIUYECKHX
BBIYHCIICHUH, MOXXET TIOTpeOOBaThCS BBIPAXKaTh, HANpPHUMEpP, KOHKPETHBIH
CIHMCOK OTIENBbHBIX BpPEMEH (a HE HENpEphIBHBIA HHTEPBAN) WIM Iaxe
BEPOSATHOCTHOE PaCIpeIEIEHUE 3aTPAYNBAEMBIX BPEMEH.

Ecmu 0000IIMTE 3TH MBICTH, MOJYYUTCS, 4TO MOHama TimedValue momKHA
COJIepKaTh HE omoenbHoe eOUHUYHOe 3HaAYeHUe 8pemMeHl, a 0000ujennoe 3Havenue,
cooepoicawjee 8pems.

case class TimedValue[A, F[ 1] (a: A, time: F[Time])

ITpu sT0M, HanpuMep, AJIs1 KOMIIO3ULIUY MOXKET TpeOOBAThCs, YTOObI JAaHHBIH F [ ]
Obu1, Hanpumep, GyHKTOpoM. [ mapayuienbHON KOMIIO3UIIMH, COOTBETCTBEHHO,
MOKeT TpeboBaThcs, 4ToObl F[ ] OBUT OBl AaNMINKATHBHEIM (QYHKTOPOM.
AHaNOrn4HO, A TOCIENOBATENbHON KOMIO3UIMKA MOXKET OBITh aHAJOTHMYHOE
TpeGoBaHUE [UII MOHAIMYHOCTH 3TOTO Mapamerpa Tuma. MOTryT CyIIeCTBOBATH M
Jpyrue JOIOJIHUTEIbHbIEC OrpaHUYeHUuss Ha F'[ ].

IMono6HbIe orpaHudeHnst HA F[ ] MOTyT OBITh OTHECEHBI Ha KaK MOXHO Ooiee
MO3JHUI MOMEHT 1O Koay (TO ecTh, B (YHKLHMSX, KOTOpbIE AEHCTBUTEIBHO
WCTIONB3YIOT OTH CBOMCTBA (PYHKTOPHOCTH, allTUIMKATUBHOCTH, MOHATUYHOCTH WJIH
ApyTHE)).

MokHO paccMmaTpuBaTh Takke 00oOIIeHrne (C OZHOW CTOPOHBI YCHIIUBAIOIIEE, C
JPYTOi OrpaHMYUBAIOIIEE), KOT/Ia XpaHUMOE BPeMsI — 3TO HE 0OEPHYTOE 3HAYCHHE,
a INPOM3BOJIBHBIM CTEK MOHAJ, B KOHEUYHOM CUeTe MNPONYyLUPYIOILIUM 3HauyeHUe
BpPEMEHH (B COOTBETCTBHH C CEMAaHTHKOH CTEKa).

case class TimedValue[A, R] (a: A, time: R ||> Time)

Bonee Toro, 3to 000OIIEHHE TMO3BOMSAET ECTECTBEHHBIM 00pa3oM OMKCHIBATH
CIIy4ail, Korja BpeMsl 3aJ]aHO KOCBEHHO (HampuMmep, depe3 3aTpadyuBaeMble THKU
mporeccopa u mp.). B Takom ciiydae 3TH JaHHBIE OJDKHBI MO3BOJIATH TONTYYHUThH
KOHEYHOE BpEMsI 4YE€PE3 IIPOMEXYTOUYHBIE MOHAJbBI, KOTOPBIE B KOHEYHOM HTOIE
MOKa3bIBAIOTCA B CTEKE MOHA/I.
for {

a <- timedvVal |]: (1 to 5).milliseconds

b <- tickedval(a) |]: (100 to 200) .processorTicks

c <- instVal |]: (500.arithOps + 20.controlOps)
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} yield b + ¢

CTOUT OTMETHTh, YTO JaKe IIPU HCIIOIB30BAaHHU HENPSAMOTO IPEACTABICHUS
BPEMEHH CTEKM MOHAJ IO3BOJLIIOT 33a1aBaTh MHTEPBAJIBI, MHOKECTBEHHOCTH WU
JaXke BEPOSTHOCTHBIE pAacIpeneIeHHsl 3aTPayuBaeMOr0 BPEMEHH 4Yepe3 THKH
nporeccopa U Apyrue cnoco0sl. I[Ipy 3ToM npu cMeHe THIa mporeccopa ¥ APYTrHX
XapaKTepUCTUK (M, KaK CIEACTBHE, BO3MOXXHOTO HW3MEHEHHS 3aTpadrBacMoro
MOJIETIBHOT'O BPEMEHH), KOJI, ONHMCHIBAIOIINI BEIYUCIICHHS, HE OyIeT MEHSITHCS.

3.5 KoHTponb BpeMeHu Ha YpOBHe TUMOB

PaccmorpuMm ppyroi#t BapmaHT n3MeHEHHs 0a30BOH naen. MoIHas cHCTeMa THIIOB
no3BoJsieT 0Oojee TOYHO KOHTPOJMPOBATh 3aTPadMBaeMOE MOJEIBHOE BpEMs H
COOTBETCTBHE NMEIOIIETOCS M TPeOyeMOro MO/ICIFHOTO BPEMEHH.

B wactHOCTH, €CTh BO3MOXKHOCTh YKa3aTb, YTO ONpPENCIICHHBINA UCTIOMHHUTENb timed-
(YHKIMHA MOKET NPHHATh KaK apryMEHT TOJbKO (DYHKIUH, 3aTpavyMBaloOIlie HE
Gosiee 4eM 3a7aHHBIN 00BEM BpPEMEHH. DTO MOXKET OBITh IOJIE3HO IJISI CTATHYECKOH
MPOBEPKH B CITydae HCIIOIB30BAHMSA CO CTPOTO-NIEPHOANIESCKUMH OINEPAIHOHHBIMH
CHCTEMaMH, KOTOpbIE HAaXOAAT MIMpOYaiilliee MNPUMEHEHHE B OTBETCTBEHHBIX
CUCTeMax pealbHOro BPeMEHHU.

Camo 3aTpadynBaeMoe MOJICITBHOE BPEMsI MOXKHO IIPUCOEINHNTH K BBIPAXKCHHIO TTPH
MOMOIIM JIMTEpabHBIX THUHOB. Tak, HarpuMmep, mpeacTaBuM cebe  QyHKuMIO,
BO3BPALIAIONIYI0 3HA4YE€HHE, KOTOpoe OyaeT WUMeTb THI, COOTBETCTBYIOLIHHA
pe3ynbTaty, BeIUUCIIeMoMy 3a 10 MWITHMCEKYH]T MOAEIHLHOTO BpeMeHH. Eciu Mbl
MombITaCMCA NEPEAATH ITO BBIPAKCHUE B (byHKL[I/IIO, KOTOpast MOXKET BBIIOJHUTH
BBIP@XXEHUsI, 3aHUMatolee He OoJiee, HalprMep, BOCbMH MHJUTUCEKYH]] MOJIEIIEHOTO
BPEMCHHU, MBI IMOJTYYHUM OI_[II/I6Ky BPEMCHU KOMIIUJIALIAHN.

Js TOTO, YTOOBI 3TO cenaTh, HY’KHO, 9TOOBI THUII, COOTBETCTBYIOLIUI
3aTpaunBacMOMY MOJEIBHOMY BpeMEHH, ObLI IPHUIKCaH K timed-BeIpakeHU0. OTO
MOJHO CICJIaTh KaK MUHUMYM JIBYMsI crnocobamu.

e  Tunosoii napamerp
OmauM  ©3  CcHOCOOOB  sABSICTCS 100ABJICHHWE THIOBOTO MapameTpa B
MOHa}II/IquKI/Iﬁ THII, KOTOpBIfI OIMMCBIBAET BBIPAXKCHUE, BBIYUCIIAEMOC 3a
MOJIEJIBHOE BPEMsI, TO €CTh B THIl TimedValue.

Takum 00pa3oM, 3TOT THUI HAYMHAET HMETh CUTHATYpy He TimedValue [A],
a TimedValue[A, TimeBound]. CoOOTBETCTBEHHO, BCE OIEpaMHd HaJ
S9TUM THUIIOM JOJDKHBI B CBOMX CHUTHaTypax yY4YWUTBHIBaTb O3TOT THUIIOBOM
rmapamerp.

DT0, HA caMOM Jelie, MPEACTABIICT cO00i HEKyIo MpoOIeMy s HEKOTOPBIX
METOJIOB, TIOTOMY YTO OHH TIIEPECTAIOT OTBEYaTh CBOMM aOCTPAaKIIHSIM.
Hampumep, Takum  sBisiercs  (ynkums flatMap, —ompenessronias
MOHAQIMYECKYI0 KOMIIO3UIMIO. DTO OrPaHUYMBAET NPUMEHUMOCTb TaKOIo
MeToAa.
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e Tun-noJe
Jpyro#t cnoco® cocTouT B TOM, 4YTOOBI mNpuBs3aTh typelevel-sHaueHue k
BBIPOKEHUIO CO BPEMEHEM — 3TO 3asucumvle munvl. VIMeeTcs HECKOIbKO
OTrpaHMYEHHBIH BapHaHT, KOTOPBIM HasbiBaercst path-dependent type [30].
IMonxon mnpexacraBnsier coboi mobaBieHHE TMONsI B CTPYKTYPY JaHHBIX
TimedValue, KOTOPOE SABIAETCA Munom, a He 3HaAYCHUEM.

Peann30BbIBaTh caMO OTpaHUYCHHUE 110 BPEMEHH MOXKHO TOXE JABYyMs criocobamu. B
o0ouX  Cchaydasx  THIOBBIM  [apaMeTpOM  SIBISIETCS  KOHCHMPYKMUGHOE
ooxasamenvbcmeo (WA caudemenbcmeo, eVIdence) Toro, 9To COAEPRKUMOE 3HAYCHUS
BPEMEHU SBIISIETCS OrPAaHUYCHHBIM (HAIPUMEp, HE IPEBBINIACT 3a/JaHHYIO
BEIMYHHY).

4. 3aknroyeHue

MoHagu4yeckuii MoaXoJ K MOJCIUPOBAHHIO BPEMEHHM (AKTUUECKH SIBISETCS
NPUMEHEHHUEM XOPOLIO M3BECTHBIX TEXHHMK (D)YHKLIHMOHAJIHHOTO HMPOrPaMMHUPOBAHUS
K O00lacTH apXHUTEKTYPHOTO MOJCIMPOBAaHMA, B YaCTHOCTH, K OOJIACTH
MOJETUPOBAHUS TIOBEIEHUS CII0KHBIX KOMIIBIOTEPHBIX CUCTEM.

B uacTHOCTH, cTporas THUNU3UPOBAHHOCTE M IIHPOKHE BO3MOXHOCTH MOIIHOMN
CUCTEMBl THIIOB IIO3BOJISIIOT BBIPAKaTh MHOTUE AaCHEKThl MOJEIH CHCTEMBI
HANpSIMYI0O B KOJZIe, KOTOpPBHle OyayT TPOBEPEHBI HA CTAaOWH KOMITHJISIIIAN
KOJla, CCCHEpUPOBAHHOTO HA OCHOBE MOJEIM CHCTEMBl. OTO  IO3BOJISIET
obecrieunBaTh paHHHUE MPOBEPKH KOMITO3UPYEMOCTH M COOTBETCTBUS OTHEIBHBIX
MOBEJICHUN TPU H3MEHEHHSX MOJCITH M OTACIBHBIX CICIM(UKAINNA MOBEICHHUS
KOMIIOHEHTOB MOJEJIHU. OTH TPOBEPKH MPOU3BOJATCS CTATUUECKH, 10 3alycKa
MOJIEIMPOBAHUS BCEH CUCTEMBI.

IlosiBnsitOTCS  Tak)K€ IIUPOKHE BO3MOXKHOCTH IO KOMIIO3MLMM Pa3sHOPOIHBIX
MOBEICHUH MM UX AaCMNEKTOB 3a CYET MCIOJb30BaHUSl OrPaHUYEHHOTO
napaMeTpudeckoro  moaumopdmsma  QyHKImiA. 3a  CYET  HCIOJIb30BAHHS
nomuMopdu3Ma BBICOKOTO TMOpsiAka 1Mo dddexTam NosBIAeTCS BO3MOXKHOCTH
HACIIaMBaHHS JOIOJHHUTENBHBIX J(PQPEKTOB K HMEIOMEeMycss Koxy 0e3 ero
MepenuchBanns (M Jake 0e3 MepeKOMIIIAINK). OTO MO3BOJSIET PACHIUPSTh U
YTOYHATh CEMAHTHUKY OTHCIBHBIX MOBEJCHHMH M HMX KOMIIO3MIHWH 0e3 moTepu
KOPPEKTHOCTH.

I[lomumo mpodero, JaHHBIA TOAXOJ O0JNagaeT JAPYTMMH MPEUMYIIECTBAMH
(yHKIMOHATBHOTO  TPOTPAaMMHUPOBAHHSA, B TOM  YHCIIE,  BO3MOXKHOCTBIO
WCIIOJIB30BAaHMUS TIOBBIIICHHOTO YPOBHS aOCTpakumud B Koae (Kak CIeACTBUE,
YBEIMYECHUSI CKOPOCTH Ppa3pabOTKM ¥ MPOCTOTHl IOHUMAaHUs), [IHUPOKUMH
BO3MOXHOCTSIMM aBTOMAaTHYECKOH ONTUMH3AalMU KOJa BO BpeMsl KOMMWIALUU U
ABTOMATHYECKOTO pacHapaeluBaHus BO BPEMs BBINOJIHEHHS, & TaKKE MHOTUMH
JpYTUMHU BO3MOXHOCTSIMHU. KOHEUHO, pH 3TOM CTOUT yYUTHIBATh HEIPUBBIYHOCTD
TaKoro poja MOAXOAA JUIl MHOTHX NPO(ECcCHOHANIOB B MPHUKIJIAJHONH 00JIacTH, YTO
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HEOOXOIMMO WMETh B BHAY B OymymeM M 4YTO HE OTHOCHTCS HANpsAMYIO K
U/IesIM, H3JI0’KEHHBIM B TOH padoTe.

B pamkax mpoekra PODU 17-01-00504 B 2019 romy mmanmpyercst pa3zpaboraTh
9KCIIEPHMEHTAIBHBII KOMIUIEKC HWHCTPYMEHTAIBHBIX CPEACTB ISl MOJCIHPOBaHHS
cucreM ympasieHus. KoMiieke Oyaer cTpoutscst Ha miatdopme Scala, nmeromeit
BCE HEOOXOAUMBIE VIS 9TOTO CPEeACTBa (PYHKIHMOHAIBEHOTO IIPOrPAMMHUPOBAHUS.

CoBMeCTHOE HCIOJIB30BAHHE MEXaHU3MOB (DPYHKIHMOHAIBHOTO HMPOrPaMMHUPOBAHHSA
JJaeT BO3MOXKHOCTH OTIHMCHIBATh BBIUUCIICHUS C MHUHHUMAIbHBIMH TPEOOBAaHMAMH Ha
MH(PACTPYKTYpy TaKue, 9TO OHH T'apaHTHPOBAHHO KOPPEKTHO KOMIIO3HUPYIOTCS C
JPYTMMHU BBIYUCICHUSMH B IMPOM3BOJIBHBIX MOAXOASLIMX HHPPAcTpyKTypax (mpu
9TOM KX HEBO3MOXKHO HCIIOJIb30BaTh B HEMOAXOSIIUX HHPPACTPYKTypax, MOTOMY
9YTO MPOBEPKH OCYLIECTBISAIOTCS Ha YpPOBHE KOMIMIATOpa). OTO MO3BOJISET
MePENCIIONb30BaTh (Nake 0e3 MepeKOMIMIALNK) UMEIOMINICS KO/ HE TOJIBKO JUIs
peLIeHUs] KOHKPETHOH 3aJa4yu, Ui KOTOPOM 3TOT KoJ ObLT pa3paboTaH, HO W AJIS
peleHus 3a7a4 PacIupsIOIIEro Kiacca.

Kak crneactBue, HapamuBaHue HaOopa HMHCTPYMEHTAJIBHBIX CPEACTB M BHUAOB
aHaiM3a B TEPCIEKTHBHOW Ccpele MOJENMpOBaHMsl OyneT TpeOoBaTh JIMIIb
JN00aBIEHUsT WM HM3MEHEHHUS KOJa, OTBETCTBEHHOTO 3a KOHKPETHBIE YacTHbIC
acriekTsl (B YaCTHOCTH, CIeIM(UYHBIE AT 3aJadd BUABI BXOJHBIX JAaHHBIX H
aHaIM3 CIEeNU(HUIHBIX pe3yNbTaToB) M He OyAeT 3arparuBaTh HMeEIOIIHiics
(momumopdubIi) kox. Ilpm 3TOM  HCHONIB30BaHME MOIIHBIX  MEXaHH3MOB
(DYyHKIIMOHAJIBHOTO MPOTPaMMHPOBAHUS TPEOYeT ONIPENeICHHOW KYyJIbTYpHl H
CJICZIOBAHUS ONPEAEICHHOMY CTHJIIO IPOrPaMMHpPOBAHHS, 4YTO B KOHTEKCTE
pa3pabOTKM M aTTECTALIMH CHCTEM OTBETCTBEHHOTO HA3HAUCHMUS SIBIISIETCS YMECTHOM
IUIATOH 3a TOJIydeHWe MPEUMYIIECTB B IUIAHE TIOBBIIICHHS JOJIM ITIOBTOPHO
UCTIONIB3YEMBIX ~KOMIIOHEHTOB (re-use), KOMIO3HPYEeMOCTH H JOCTOBEPHOM
KOHCHUCTEHTHOCTH CHCTEMBI.
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Abstract. Functional programming plays the big role in the modern computer science and its
importance is growing. This is not accidential: this approach helps to create better and more
reliable software that is easy to reason about (both manually and automatically). However,
these techniques are hardly used in the field of tools helping designing and modeling mission-
critical systems. In this paper, we are trying to apply some nice techniques of functional
programming to create a modeling system, in particular a simulation system for analysis of
temporal behavioural properties of mission-critical systems. As a first step, we designed a
representation of simulation time in terms of abstractions used in functional programming
and tried to study its compositionability properties.
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