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CaHkT-lleTtepOyprckui rocyaapCTBEHHbIVI YHUBEPCUTET MHOOPMAaLMOHHbIX

TEXHOJIOMNV, MEXAHUKWN N ONTUKU

B nocneaHune roasl B 3anaaHou EBpone rpiu noCTPOEHUN OTBETCTBEHHbLIX CUCTEM LUMPOKO MPUMEHS -
eTCcs CUHXPOHHOE NMPorpaMmmMunpoBaHne, 04HaKko Ha PyCCKOM SI3bIKe Kakue-anbo nyOavkaumum Ha 3Ty Temy
OTCYTCTBYIOT. Llesib HacToswer paboTbl COCTOUT B TOM, 4HTOObI BOCMOJIHUTL yKa3aHHbIM npobe.

Synchronous programming is widely used on reliable systems development, but there are no
publications in Russian about it. The goal of this paper is to fill the gap.

BeeneHune

HecmoTpsa Ha WMpokoe pacnpocTpaHeHne yHu-
BEpCasbHbIX S3bIKOB NPOrpaMMmMpPoOBaHNS, Takux Kak
C++ndava, n TEXHONOrMN NPOrpaMMmnMpPoOBaHnA Ha UX
OCHOBE, B MUpe NpoBoAATCa paboThl Mo CO34aHUI0
cneunann3npoBaHHbIX A3bIKOB U TEXHONOTUIA, Npea-
Ha3HaA4YeHHbIX AN NPOrpaMMmMpPoOBaHUS ynpaBieHus
OTBETCTBEHHbLIMU OObEKTaAMMU.

C 1991 rona B Poccun g ykasaHHOro Kjlacca cu-
cTem passusaetca SWITCH-TexHOonorusa, kotopas B
KayecTBe A3blka cneympukaunm ncnonbalyeT rpadsol
nepexonos [1]. 3Ta TexHONoOrmsa Obina TakXxe Ha3Ba-
Ha «MporpaMMmMpoBaHue C SBHbIM BblAENEHNEM CO-
CTOAHNN».

C aT0ro xe BpeMeHu B 3anagHon EBpone TexHo-
NornMyn NporpaMMmnpoBaHna ang ynpasneHnus oTBeT-
CTBEHHbIMU 06bekTaMun pas3BuBalTCa nog obLwmUm
Ha3BaHWEM «CUHXPOHHOE NMporpamMmMupoBaHmne» [2].
OnHako, HecMoTpSA Ha D6oNblIOoe KonNu4yecTBo pabdoT
no 3TOW TemaTuke, OHU MPaKTUYEeCKN HE UBBECTHbLI B
Poccuun, B 4acTHOCTU, B CBA3U C OTCYTCTBUEM Ny6-
NMKaunin Ha PyCCKOM A3bIKE.

Llenb HacToauen paboTbl — BOCMONMHUTb YKa3aH-
HbIA npoben.

OtmeTuM, 410 SWITCH-TEXHONOrna Takxe aBns-
eTCca Pa3HOBUAHOCTbIO CUHXPOHHOIO MPOrPamMmMmnpo-
BaHUs, 0OCOOEHHOCTbLIO KOTOPOIA ABNSETCHA NCNOMb30-
BaHWE YHUBEPCalibHbIX A3bIKOB MPOrpamMmMmnpoBaHuns.

Tunbl NPpOorpamMmMHbIX CUCTEM

B paboTte [3] BblaeneHbl cnenyoLlwme TUnbl npo-
rpaMMHbIX CUCTEM:

npeobpa3syLmne cucTemMsl — 3T0O CUCTEMbI, 3aBep-
wampLme ceoe BbiNOIHEHWE nocne npeobdpa3oBaHus
BXOAHbIX OAHHbIX (HANpUMep, apxmuBaTtop, KOMMNUNA-
Top). B Takmnx cuctemax o6bl4HO BXOLAHbIE JAHHbIE U3-

BECTHbI U OOCTYMHbI HA MOMEHT 3anycka CUCTEMbI, a
BbIXO4Hble AaHHbIE AOCTYMHbI MOCME €€ 3aBEPLUEHNS;

MHTEPAKTUBHbIE CUCTEMbI — 3TO CUCTEMBbI, B3aun-
MOOENCTBYIOLWME C OKPYXaloWen cpefon B pexume
awvanora (Hanpumep, TEKCTOBbIN pegakTop). Xapak-
TEPHON 0COOEHHOCTbLIO TAKNUX CUCTEM SBNAETCS TO,
4YTO OHU MOTYT KOHTPONMPOBATb CKOPOCTb B3aUMO-
ONENCTBUA C OKpYyXaloLWenh cpeaon — 3actaBniaTb OK-
pyXxatwouyo cpeny «kaaTb»;

peakTuBHbIe CUCTEMbI — 3TO CUCTEMBbI, B3aUMOaen-
CTBYKOLIME C OKpYyXaloulen cpenon nocpeactsom o6-
MeHa coobLleHsIM B TeMne, 3ajaBaeMOM CPenon.

MpUMeHUTENBHO K Lenn HacToswen padboTbl, UH-
Tepec NPeACTaBASOT peakTUBHbIE CUCTEMBbI, KOTO-
pble 1 OyAyT paccMaTpuBaTbCH B Aa/ibHENLLEM.

CuncTtembl 3TOro Kjlacca UMerT crenyuime oco-
6EeHHOCTU:

BpeMsa OTK/IMKA peakTUBHOW CUCTEMbl 3ajaeTcs
€€ OKpYXeHunem,;

noBeaeHne peakTUBHbIX CUCTEM AETEPMUHNPO-
BaHO;

0715 peakTUBHbIX CUCTEM XapaKTepeH Nnapannennam.

B cuny cneundukn 3agady, pewaemMbix peakTmne-
HbIMWN cucTEMaMm, cOon B paboTe TakKMX CUCTEM He-
JOMNYyCTUM, Tak Kak 3TO MOXET NoBeYyb 3a coBom ka-
TacTpoduyeckme nocnencTeus.

TUNMYHBIM NPUMEPOM PEAKTUBHOW CUCTEMbI ABNS-
eTCs aBTOMUOT, KOTOPbIN HE MOXET 3aCTaBSaTh X4aTb
okpyxatoulyto cpeny. lNosegeHve apTonuiioTa LOMKHO
ObITb AeTepMUHNPoBaAHO. OH A0KEH DYHKLNOHNPO-
BaTb NMapasnienbHo ¢ APYrMMu BOPTOBLIMU CUCTEMAMMU.
COoin aBTONMAOTa MOXET NPUBECTU K KatacTpode.

OCHOBHbIE UAen CUHXPOHHOIro NPorpaMmmMmpo-
BaHnA

OO6BbSACHUM OCHOBHYIO UAEK CUHXPOHHOIO Npo-
rpaMmMupoBaHnsg. MI3BeCTHO, YTO CXEMbI OEeIATCH Ha
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B Punc. 1. CUHXPOHHbIN aBTOMAT C NNamMsTbio

CUMHXPOHHbIE, aCUHXPOHHbIE N anepuoanyeckue (c ca-
MOCUHXpPOHW3aumen) [4]. Npr NOCTPOEHNN BbIYUCTN-
Te€NbHbIX MaWWH B OCHOBHOM MCMNOMNb3YOTCH CUHX-
POHHbIE CXEMbI, BAXHEWLIEN COCTABNFIOLEN KOTO-
pPbIX ABMAITCA CUMHXPOHHbLIE @aBTOMATbI C MaMAThbIO.
Kaxabll 13 TakMx aBTOMaTOB COOEPXNUT ABE COCTaB-
nawwme (puc. 1):

1) aBTomMaT 6€3 NamMaTn, OCYLLECTBASIOWMIA DYHK-
umMoHanbHoe npeobpasoBaHue;

2) TakTUpPyEMbIE 31IEMEHTHI NaMATU, XpaHaLWme
COCTOsiHMEe aBToMaTa.

MocpencTtBoM 31eMeHTOB NaMsATK yaaeTcs obec-
rne4ynTb CUHXPOHHYIO Mepefavy curHasnoB B oOpaTHOM
CBSA3M C BbIXOAOB aBTOMaTa Ha ero BXo4bl, yCTPaHUB
COCTA3aHUA cUrHanos B 0O6paTHOM cBA3W. OTO NO3BO-
naeT pa3gennutb COCTOAHMS aBToMaTa B nocjiefosa-
TeNbHbIE MOMEHTbHI BDEMEHW. TakTUPYyEMbIE 3NIEMEH-
Thl namMaTu obecneymBaloT Takxke CUHXPOHU3aALUIO
nocTynalLwmx Ha BX04 aBToMaTa BXOAHbIX BO3AeN-
CTBUN U CUTHANOB OOpPaTHOM CBA3MU.

OOVH 13 NoaX040B K NPOrpaMMHON peanmaaunmn as-
TOMAaTOB C NAMSATbLIO COCTOMT B HANUCcCaHUKM no rpady ne-
pexonoB aBToOMaTa CUCTEMb! peanmayumx ero dyne-
Bbix popmyn. Mpnyem nepemMeHHble B JIEBON 4acTun
Kaxaon Gopmynbl COOTBETCTBYIOT KOMMOHEHTE BEK-
TOpa COCTOSHWW B TEKYWWMA MOMEHT BPEMEHU, a B
npaBoWv YaCcTu — BXOAHbIM BO3ENCTBUAM B TEKYLLNA
MOMEHT BPEMEHU U KOMNOHEHTaM COCTOSAHNS B Npe-
OblAYLWNHA MOMEHT.

Mpu aToM 3apepXxka Ha TakT MOAEeNupyeTcs ne-
peobo3HaYEeHNEM NEPEMEHHbIX, COOTBETCTBYIOLLMX
KOMMOHEeHTaM COCTOSHUSA, ANA TOro, 4ToObl B HOBOM
UWKIe BblHMCNEHNN «Npeablayuime» 3Ha4eHNa ctann
«HacToaWwWuMKM». Takum obpasom, obecneymBaeTcs
napannenbHoe (CUHXPOHHOE) BbIYUCIEHNE BCEX KOM-
MOHEHT BEKTOPA COCTOSAHUSA.

MycTb, HaNnpuUMep, HeOBXOAMMO CUHXPOHHO Ne-
pentn na cocrtoaHus «00» B cocToaHue «11». Mpn
3TOM A1 KOPPEKTHOM paboThl 3TOT NEPEXO, AONXKEH
OCYLLECTBAATLCS HENOCPEACTBEHHO (CUHXPOHHO), a
He aCUHXPOHHO — Yepes NPOMEXYTOHYHbIE COCTOAHNS
«01» nnun «10». Nepeobo3Ha4YeHNE NePEMEHHbIX MNO-
3BOIAET 3TOr0 AOCTUTHYTb.

B cuHXpOoHHOM nNporpammMupoBaHuM BBOOANTCSH
TEPMUH peakuns. Peakuns — 3To HeAeNUMBbINA TakT
paboTbl CUCTEMBI, B MPOLECCE KOTOPOTO BCE €€ KOM-
MOHEHTbI CUHXPOHHO 06pabaThiBalOT BXOAHbLIE CUrHa-
Nbl, UBMEHSIOT CBOE COCTOSHUE U POPMUPYIOT Bbl-
XO0AHble curHanbel. C4nTaeTcs, 4TO OANUTENbLHOCTL
noboi peakumn paBHa HysiO.

Takum 06pa3om, B CUHXPOHHOM NpOrpamMmMmnposa-
HUU BBOAUTCHA abCTpakTHOEe AUCKPETHOEe Bpem4a,
KaXabih MOMEHT KOTOPOro COOTBETCTBYET OAHOW
peakumMm CUcTemsbl.

CyLLeCTBYIOT BE OCHOBHbIE MOAENN PEAKTUBHbIX
cucTem:

1) cucTemsbl, ynpaBnsgemblie COObITUAMU (PUC. 2, a);

2) cuctemel, ynpasnasgembie Taimepom (puc. 2, 6).

Bynem paccMmaTtpuBaTb CUHXPOHHYIO CUCTEMY Kak
COBOKYMHOCTb KOMMNOHEHTOB, 3a/laBagMblX:

BEKTOPOM BXOAHbIX MEPEMEHHbIX X;;

COCTOSSHUEM Y;;

BEKTOPOM BbIXOAHbLIX BO34ENCTBUI Z;.

Torpa peakumsa CUCTEMbI B LLESTOM €CTb KOMOUHA-
LM peakunit BCEX KOMMOHEHTOB CUCTEMBI. [1py 3TOM
019 KaXA0ro KOMNOHEHTA CnNpaBeaIBbl COOTHOLLIEHUA:

y = fy! XD,
(1)

Zl =gy x]").

KomMmbBuHaunsa peakunin otaenbHbIX KOMMOHEHTOB
obecneynBaeTCst TEM, YTO BXOAHbIE UMW BbIXOAHbLIE
3HAYEeHUSA (-TO0 KOMMNOHEHTA MOTYT ABAATbLCS Takxe
BXOOHbIMW 3HAYEHUAMW 151 j-TO KOMMOHEHTA:

nan x;'(k) = xj (1), (2)
roe x/'(k) 03Ha4aeT k-0 koopanHaTy BekTopa X

OTmeTUM, 4TO cucTema, 3afdaHHasa Takum obpa-
30M, He BCerga uMmeeT 0gHO3HAYHOe AeTEePMUHNPO-
BaHHoOe nosegeHune. [1eno B TOM, YTO B HEW MOTyT
BO3HWKHYTb MFTHOBEHHbIE ODpaTHbIE CBA3W. JTa CuU-
Tyauus npouaniCcTpUpoBaHa B TEPMUHAX CUHXPOH-
HbIX KOHEYHbIX aBTOMATOB Ha puc. 3 (MrHOBeHHas
obpaTHasa CBS3b BblAENEHA NYHKTUPOM).

OT1a npobnema MoxeT ObITb peLleHa Kak MUHUMYM
4YeTblpbM$ padHbiMK cnocobamum [2].

1. Kaxpas peakumsa cuctembl pasbmBaeTcs Ha
nocnenoBaTeNbHOCTb 3IEMEHTAPHbBIX MUKPOLIATroOB.
KoHuenuns mmkpowaros CoOOTBETCTBYET obuienpu-
HATOMY B MPOTrpaMMMpPOBAHUN MHEHUIO, YTO BbINON-
HEHVe nNporpamMmbl €CTb NOCNEA0BATENBLHOCTb aTo-
MapHbIx gericteuii. OgQHaKo B 3TOM criyyae cuctemMa
nepectaeT ObiTb CUHXPOHHOW, Tak Kak HEBO3MOXeEH

a)

<WHuumanusauna>

<JIns Kakaoro> <BX0OAHOro coObITUA> <NOBTOPSITL>
<BbIYMCNNTL BbIXOAHbIE AAHHbLIE>
<BbIBECTU BbIXOAHbIE LAHHbIE>

<KoHeu uukna>

<UHuumnannsaumsa>

<Onsa kaxporo> <cpabaTblBaHUa TaiMepa> <NoBTOPATL>
<[lpo4ynTaTb BXOAHbIE AAHHbIE>
<BblY4NCNNTb BbIXOAHbIE AAHHbIE>
<BbIBECTU BbIXOHbIE NAHHbIE>

<KoHeu, umkna>

B Puc. 2. Monenv peakTUBHbIX CUCTEM: @ — CUCTEMA yrnpaBrieHusi CObbITuaMu, 6 — cuctema ynpasaeHus Talimepom
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B Puc. 4. ABtomar Munu ana peweHuns 3agaym ABRO

CUHXPOHHbIN (63 NPOMEXYTOYHbIX COCTOSAHMI) Ne-
pexon n3 «00» B «11». Kpome TOro, gaHHbIi noaxon
NPUBOANT K MHOFOYUCTIEHHbIM MPOTUBOPEYUBbLIM UH-
TepnpeTtaunam [5]. NMoaxon ncnonbdyetca B Very
High Speed Integrated Circuit Hardware Description
Language (VHDL) [6], Statecharts [7] n apyrux cu-
cTemMax.

2. BBoautcea tpeboBaHne, HTO CUCTEMA HE MOXET
coaepxaTb MITHOBEHHbIX 00paTHbIX cBA3en. Hanpu-
Mep, NPU NX HaNM4YMM NporpamMma He KOMNUANPyeT-
cs. JaHHbIM noaxon yoobeH ang nporpaMMmpoBaHus
CUCTEM, TAKTUPYEMbIX TaMepOoM. A3bIK NPorpamMmm-
poBaHua Lustre [8] ncnonb3yeT AaHHbIM NOAXOA,.

3. BBoauTcsa TpeboBaHmne, 4TO Kaxaon peakunm
CUCTEMbI COOTBETCTBYET POBHO OAHO AETEPMUHUNPO-
BaHHOE BbipaXeHue Buaa

{state, ., output,} « {state,, input,}, (3)

4TO MOXET UMeTb MECTO HECMOTPS HA HaNN4YmMe MrHo-
BEHHbIX 0OpPaTHbIX CBA3€el. Takon NOAX04 NCNOb3Y-
eTcs B A3blke Esterel [9].

4. BBoamTca TpeboBaHMe, HTO Kax 40N peakumm Mo-
XeT COOTBETCTBOBATb OAHO UM Bonee BbipaXeHuin
Bnaa (3) (B nocneaHeMm cryyae MMeeT MecTo Hefe-
TepMUHUPOBaAHHOE noBeaeHue), nnbo He COOTBET-
CTBOBaATb HM OAHOrO (Nporpamma 3abnokmpoBaHa).
[aHHbI noaxoa ucnonbdyetcs 93bikoM Signal [10].

CUHXPOHHbIE S3bIKU MPOrPaMMUPOBaHUS

LLenecoobpa3HoCTb NPUMEHEHUS CUHXPOH-
HbIX 93bIKOB NporpamMmmupoBanug. B obuiem cny-
yae peakTUBHYK CUCTEMY MOXHO peanun3oBaTb B
BUAE AETEPMUHNUPOBAHHOIO KOHEYHOro aBTomMaTa
Mwunun, npeacTaBNeHHOro B Buae rpada nepexonos,
YT KOTOPOTrO NOMEYeHbl BXOAHBbIMU U BbIXOLHbIMU
Bosaencteuamu. OgHako NPpUMEHEHME aBTOMaTOB
MU B YNCTOM BUAE OFPAHUYEHO.

B Ta6bauuya 1

B ka4ecTBe npumepa pacCMOTPUM Tak Ha3biBae-
MYI0 3agady ABRO [11, 12]: cdopmmpoBaTb curHan
0, Kak TONIbKO NMPOUN30ONAYT KaXAblh N3 CUTHANOB A U
B. CurHan R cOpacbiBaeT Tekyu,ee CoOCToAHUE Cu-
cTembl. Tabn. 1 nanwcTpupyeT BbINOJIHEHWE NPO-
rpamMmel, pelatmouen aTy 3agady.

Ha puc. 4 npuBeneH apTtomat Munu, popmanmay-
owKnn peweHmne 3agadm ABRO. CoCTosiHME, OTMeYeH-
HOE ABYMS KOHLEHTPUYECKMMUN OKPYXHOCTAMU, ABNSI-
eTcqa HavanbHbIM. PopmaTt MeTkm nepexoga — 1[/0],
roe I —ycnosue nepexona; O — CUrHanbl, popmMunpy-
eMble BO BpeMsa nepexona. KeagpatHble cKkobKuU no-
Ka3biBaKT, 4TO HA HEKOTOPbLIX Nepexonax BbiIXOAHbIE
BO3OENCTBUSA MOryT HEe GOpPMUPOBATLCH.

PaccmoTpum 3agady ABCRO, B KOTOPOW HEOOXO-
OVMMO O0XOaThbCs Tpex curHanos — A, B u C. CooT-
BeTCTByLOWMUIA aToMaT Munn 6yaeT cogepxaTb BO-
ceMb coCTOAHNN. O4eBMAHO, YTO ANA peleHns 3a-
padyn AL A,..A_ RO notpebyetca agTomat Munu,
coaepxawmin 2" cocTossHMIA. ApyruMuy cnosamMm, pas-
MEep NporpamMmbl pacTeT 3KCMOHEHUMANLHO B 3aBU-
CUMOCTN OT pa3dMepHOCTU 3a4ayu.

Tenepb paccMOTpuUM NporpamMmmy Ha a3bike Esterel,
KOoTopas pewaeT 3agadyy ABRO (KOMNUAATOP sA3bika
Esterel moxHO 3arpy3unTb no agpecy http://www-
sop.inria.fr/esterel.org/):

module ABRO:
input A, B, R;
output O;
loop
abort
[awalt immediate A || await immediate B];
emit O
when immediate R;
[await immediate R || pause]
end;
end module

OCHOBHbIE KOHCTPYKUWNN, NCMONb30BaHHLIE B 3Ton

Homep peakumm nporpamMmme, NPUBEAEHbLI HUXE MPU ONUCaHUN A3blKa.
Curnan Onqa peweHnsa 3agayn ABCRO AocTaTtoyHO fgoba-
1|2j8|4|b|B 17 |8]89110)11/12 BUTb TONbKO OOHY MHCTPYKUMO. CnegoBaTtenbHo, Npu
A X X x | x x | x pelweHnn 3TOM 3a4a4m pasmep nporpamMmmel, B OTIN-
yne oT aBTomaTta Munm, pacteTt TIMHENHO:
B X X X X X X
R X x | x| x module ABCRO:
input A, B, C, R;
° % X X output O;
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loop
abort
[await immediate A || await immediate B
|| await immediate C];
emit O
when immediate R;
[await immediate R || pause]
end;

end module

A3bIKk NnporpammupoBaHus Lustre. Aabik Lustre —
3TO AeknapaTUBHbIA 93blK NTPOrpaMMmnpPoBaHuns, one-
pUpyroWMin NoToKkamMy AaHHbIxX [8]. 3TOT a3bik yoobeH
N9 NporpaMMmnpoBaHUS CUCTEM, yrpaBisieMbixX Tal-
MEpPOM.

[ToTokoM pgaHHbIX P Ha3biBaeTcsa 6eckoHe4yHas
nocnenoBaTeNibHOCTb 3HAYEHUW OAHOro U TOro Xe
Tuna p,,n <€ (0,<), rae n — HOMep peakumn CUCTEMBI.

MoTokn moryT ObITb CNEeAyLnNX Pa3HOBUOAHOCTEN:

KOHCTaHTbl, 3HAYEHNS KOTOPbIX MOCTOSIHHbI;

BXOQHble MEPEMEHHbIE, ONpefendeMble OKpyXe-
HUEM CUCTEMBI;

BbIXOAHbIE NEPEMEHHbIE.

Kaxpas BbixogHasa nepeMeHHas x 3agaeTcs Bolpa-
XeHnem Buaa x = E, o3HavaloLmMm, 4To nepemMeHHas
X BCerga paBHa BbipaxeHuto E. [lpyrumm cnoBamu, B
Kaxabli MOMEHT BPEMEHW CNpaBeanBo paBeHCTBO
x, = Ep.

OG6bl4HbIE apudMeTHnHeckre n norruyeckmne onepa-
TOpbI, ONepaTopbl CPAaBHEHUS N BETBAEHUS pacLlun-
peHbl AN HeABHOW paboThl C NOCNEeA0BATENbHOCTA-
Mun. Kpome 00Obl4HbIX ONepaTopOoB, AOCTYMHbLI ABa
cneynanbHbIX:

1) pre(x) — onpenenseT NOTOK, 3Ha4YeHMe KOTOPO-
ro Ha KaxaoM LWare n paBHO 3HAYEHWIO MOTOKA X Ha
ware n- 1. Ecnun 3Ha4yeHue notoka x Ha waren — 1 He
onpeneneHo, To MOTOK pre( x) NpUHMMAaEeT cneunanb-
HOe 3HaveHwue nil;

2) x->y” — onpenendeT NOTOK, 3HA4Y€HMNE KOTO-
POro Ha NepPBOM LWIare paBHO 3HAYEHUIO NOTOKA X, a
Ha BCex NocneayLlmx warax — 3Ha4eHuto rnoToka y.

OnpepneneHve NePeEMEHHON MOXET ObiTb pekyp-
CUBHbIM (3HA4YeHVE NePeEMEHHON MOXET 3aBUCETb OT
ee npenblaymnx 3Ha4eHUn).

[na cTpykTypupoBaHusa nporpamMmm a3blik Lustre
npenocTaBnaeT y3nabl (node). Y3en — o170 GyHKUUA,
NpUHUMaLWAas HECKOIbKO BXOAHbIX NMOTOKOB U BO3-
Bpauwalollas HeCckoNbkO BbIXOAHbIX. OH MOXeT nc-
NONb30BaTb IOKANbHbIE NOTOKU. KaXAbli BbIXOOHON
WM NOKanbHbIN NOTOK B y3/1€ A0JIKeH ObITh onpeae-
fleH POBHO 0aMH paa. [lopsaok onpeneneHnin He BaXKeH.

B kauecTBe npumepa nporpamMmmbl Ha a3bike Lustre
paccMoTpum onpefeneHve y3na, NnoacHnTbiBaLLe-
ro KOJIMYeCTBO HEKOTOPbIX COObLITUIA:

node COUNT (event: bool)
returns (count: int);

let
count = (if (event) then 1 else 0) ->
if (event) then pre(count) + 1
else pre(count);
tel.

Y3en COUNT NnpMHMUMAET NOTOK event TUNa bool,
paBHbI true, €C/IN MPOMN3OLIIO HEKOTOPOE CODbI-
Tue, N BblAaeT NOTOK count TUNa int, paBHbIA KO-

nYyecTBY COOBITUI, NPOU3OLLEAWINX C MOMEHTA Ha-
Yyana paboTbl CUCTEMBI.

Mpwn nepBoM 3anycke 3Ha4YeHWe count PaBHO
eanHuue, ecnm cobbiTUE NPOU3OLLNO, U HY/IO, €CK
cobbiTVe He Npou3oLWwo. Ha Bcex nocneayowmx twa-
rax 3Ha4eHuWe count yBEMYNBAETCSH Ha eAuHULY,
ecnn cobbiTe NPON3OLWNO0, N OCTABTCH HEU3MEH-
HbIM, ecin coObITUE HE MPOU30LIIIO.

A3biKk NnporpammupoBaHua Esterel. HA3bik
Esterel — aTo uMnepaTuBHLIN 93bIK MPOrpaMmMmMpoBa-
HUSA, onepupyowmnnm curHanamm [9]. A3bik Esterel
yAo0eH ansg nporpaMMUpPoOBaHNsa CUCTEM, ynpaBna-
eMbIx coObITUaMHU. OTMETUM, 4YTO CyulecTByeT rpa-
dunyecknin asblk nporpammmpoBanHnga SyncCharts
[13], cemaHTMKa KOTOPOro NONIHOCTbIO COOTBETCTBY-
eT ceMaHTuke a3blka Esterel.

CurHan — 370 COObITUE, XU3HEHHbIN LWK KOTO-
poOro orpaHuyeH OOHOW peakunen cucrtemsl. Mpo-
rpaMmma MoXeT NPOBEPSTb HANNYMe BXOAHbIX U Bbl-
XOAHbIX CUTHaNoB U opMMUpPoBaTh (emit) BbIXOOHbIE
curHansl. CurHan NnpucyTCTBYET TOraa U TOJIbKO TOT -
[a, KOraa oH yCTaHOBNEH CUCTEMOM UTN CUCTEMHbBIM
OKpYyXeHnem BO BpeMA Tekyuwleln peakunn. C curHa-
JIOM MOXET OblTb aCCOLUMPOBAHO 3HAYEHUE, HANPW-
Mep, C CUrHanoM SPEED MOXET OblTb accoumnmpo-
BaHO 3Ha4YeHMe, paBHOE TeKYLLEN CKOPOCTH.

CucTtema, peann3zoBaHHas Ha sa3bike Esterel, co-
CTOUT U3 HECKONBKUX BAIOXEHHbIX, NapanienbHo pa-
foTalLWmMx NOTOKOB BbiNONHeHNs (threads). MoToku
B3aMMOLENCTBYIOT Mexay cOOO0MN UCKTIOYUTENbHO
nocpeacTBomM curHanos. CurHan, cHopMmUpoBaHHbIA
OAHVM V3 NOTOKOB, MOXET OblTb NONYYEeH APYrumMu
NnoTOKaMU (TONBKO BO BPEMS TON Xe peakumm).

Mporpamma Ha a3bike Esterel cocTtonT n3 nocne-
00BaTENIbHOCTU UMNEPATUBHbLIX UHCTPYKUUA. NHCT-
PYKLUUA HAYMHaeT CBOE BbINOJSIHEHVE B MOMEHT Bpe-
MeHW t, BbIMONHAETCH M 3aBepLlaeTCcs B MOMEHT t’ > t.
MHCTPYKLUMS Ha3biBAETCS MIHOBEHHOW, ecnnt’ =t n
ANnTeNbHOu, ecnn t’ > t.

[MTpUMepoOM MIrHOBEHHOW UHCTPYKUUN ABNAeTCH
MHCTPYKLUMSA emit S, dopmMupyowasa curHan s. MNpu-
MEPOM ANUTENBHOW NMHCTPYKUNN ABAAETCSH MHCTPYK-
umng await S, oxupatouiasa nepBon cnenyowen pe-
aKuuu, B KOTOPOWN NPUCYTCTBYET CUTHAN S.

MHCTPYKLLMN MOryT BbINONMHATLCA Nocnenosa-
TeNIbHO 1 napanfienbHo. BelpaxeHne p; g o3Havaer,
4TO g HAYUHAET BbIMONHATHCH B TOT XE MOMEHT, KOT -
Ja 3aKkaH4MBaeT BbIMOMHATLCA p. BbipaxeHne p || g
O3HayaeT, 4YTO p W g 3anyckKakwTCsad OAHOBPEMEHHO
(napannenbHO), pa3BeTBASSA TEKYLWMIA NOTOK. Bbinon-
HeHWe BblpaXeHus p || g 3aBepliaeTcs B TOT Xe
MOMEHT, KOrAa 3aBepLlarnTcaup, U q.

OcobeHHOCTbIO A3blka Esterel aBnawTcsa BbiTeC-
HSIIOLLME MHCTPYKUMYM. BbITECHEHME — 3TO OTKa3 He-
KOTOPOMY NMpoueccy B NMpaBe BbIMOMHATLCS HaBceraa
(cunbHasg popma) unu BpeMeHHo (cnabdas dopma) [14].

NHCTpyKunsa abort p when S OTHOCUTCS K CUJb-
HO dopMe BbiTeCHEHUS. lpouecc p BbITECHAETCS
HaBcerga (npepbiBaeTCcd) B MOMEHT BbIMONMHEHNS YC-
NoBUSA S.

MHCcTpyKuna suspend p when S OTHOCUTCSH K
cnabon ¢opme BbiITeCcHeHUs. Npouecc p BpeMeHHOo
BbITECHSAETCS (3aMopaxnBaeTcsd) B MOMEHT BbINOS-
HeHns ycnosusa s.
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OTMeTuM cneayroume xapakTepHble YepThbl Bbl-
TECHAWUX MHCTPYKUUN a3bika Esterel:

TE/IOM BbITECHSAIOWEN NHCTPYKUNU MOXET ObiTb
nbasa, Ckob YrogHO C/IOXHad, nocrepoBaTeib-
HOCTb MHCTPYKUWA;

BbITECHAIOLULME NHCTPYKLMN MOTYT BKNa4blBaTbCH
ApYyr B pyra, ectecTBeHHbIM 0O6pa3om 3agaBas npu-
opuUTETHI.

Bonee noaopoOHO BbITECHSOWME UHCTPYKUUU
a3bika Esterel paccmoTpeHsbl B paboTte [11].

Mpumep Nporpammbl Ha sa3bike Esterel 6611 pac-
CMOTpEH Bbllle. B kayecTBe ewe 0gHOro npmumMmepa
NCMNONb30BaHUSA 3TOr0 A3blka PaccMOTPUM Nporpam-
MY yNpaBieHns MUKPOBOTHOBOW NEYbIO.

MuWKpOBOMHOBAA NeYb MOXET MUMETb HECKOJSIbKO
PEXUMOB MPUTOTOBNEHUSA MUKW (MPUrOTOBNEHMUE
kaptodens, roaguHel 1 1. A.) MNapameTpbl pabdoTbl
neyn (MOWHOCTb U3JTy4EeHUSA, MOWHOCTb rPUNA U T. 4.)
N3MEHSIOTCA B 3aBUCUMMOCTU OT BbIOPAHHOIO pexu-
Ma, o6bemMa NPUroTOBASEMON MULLN N BPEMEHN.
Mpouecc NPUroToBAEHNA AOKEH ObiTb MPUOCTAHOB-
NeH, eCnn OTKpbITa ABepLa Neyn, n npepsaH, ecnu
HaxaTa KHomMka «CTon».

Kopn, ynpaensawowmin napameTpamMmum paboTbl neuu,
MOXeT OblTb BECbMa CNOXHbIM. OQHAKO HUXE Npu-
BOAMTCH CUNbHO YNpPOLLEHHAA BEPCUS, B KOTOPOM
OCHOBHOE BHUMaHWE yaenseTcs npepbiBaHUIO Npo-
uecca npuroTOBAEHUA NULLN:

module OVEN:
input start, stop, open;
output heat, bell;
loop
await start;
emit bell;
abort
suspend
repeat 5 times
emit heat;
pause;
end repeat;
when open;
when stop;
emit bell;
end loop;
end module

Mepeyncnmum curHanbl, KOTOpPblE NPUHNMAET W
GopmupyeT Moaynb OVEN.

1. BxogHble curHansl:

start — HaxaTa KHOofMKa «CcTapT»;

stop — HaxaTa KHOomMkKa «CTOfM»;

open — OTKpbITA ABEPLA NEYNn.

2. BbIxOOHbIE CUTHANbI:

heat — rpeTb;

bell — n3aaTb 3BOHOK, YBEAOMISIOWMNI O Ha4a-
ne/koHue paboThl.

B tabn. 2 npuBeneH npumep paboTel 3TON NPo-
rpaMmmebil.

KomMMeHTapuin ang kaxnon peakummn:

1. Hn4yero He NponcxoaunT.

2. HaxaTta kHonka «CTapT», n3aaH 3BOHOK, Harpe-
BaHMeE.

B Tabnnya 2

Homep peakunm

CurHan

11213456 |7|8|9(10]|11/12]13|14
start X X
stop X
open X X X
heat X | X X X | x| X X | X
bell X X X X

3. HarpeBaHue.

4. OTkpbITa ABEpuUA, HarpeBaHme NPUOCTaHOBEHO.

5. HarpeBaHue.

6. HaxaTta KHonka «CTon», MPUroTOBNEHUE npe-
pBaHO, N34aH 3BOHOK.

7. OTKpbITa ABepLA.

8. HaxaTa kHonka «cTtapT», u3gaH 3BOHOK, Harpe-
BaHUe.

9. HarpeBaHue.

10. HarpeBaHue.

11. OTKpbIiTa ABepUA, HarpesaHne NPMOCTaHOB-
NeHo.

12. HarpeBaHue.

13. HarpeBaHue.

14. MpuroToBNeHNe 3aBEPLEHO, N34aH 3BOHOK.

A3bik NporpaMmmupoBaHusa Argos. A3bik Argos —
3TO rpadunyecknin 93bIK NPOrpamMMmnUpPOBaHNA, ONepu-
pYyHOUWNA KOHEYHbIMW aBTOMaTamu [15].

MNoBepneHne CNCTEMbI B 33blke Argos onncbliBaeT-
cqa rpadom nepexonoB. MNporpamma Ha puc. 5 no kax-
[OMY BTOPOMY COObITUIO el reHepupyeT cobbiTue e2.

MHOXECTBO COCTOSHWUN Ha rpade nNepexonos
0603Ha4yaeTcsd MHOXECTBOM MPAMOYTrOJIbHUKOB.
MpAMOYrofnbHUKN MOMEYEHbl CTPOKaAMU, NAeHTUGN-
UMPYIOLWUMKN COCTOSIHUS cucTeMmsbl. Fpad nepexonos
MMeeT OOHO HavyanbHOE COCTOAHUE, MOMEYeHHoe
ayron 6e3 HavyanbHOW BEPLUUHBI.

MHOXeCTBO NepexonoB MeXaAy COCTOAHUAMN
NpPeacTaBleHO MHOXECTBOM MOMEYEHHbIX Ayr. Met-
KW MepexoaoB COCTOAT U3 BXOAHOINO U BbIXOOHOTO
BO34EWNCTBUIA, 3anncaHHbIx B popmaTte I [/0]. Bxoa-
Hble U BbIXO[Hble BO3AENCTBUSA ONepupytoT cCobbITU-
aMun. BxogHoe Bo3gencTemne I — 3TO ycaoBue, KOTo-
poe NOMKHO OblTb BHINOAHEHO ANF OCYWEeCTBAESHUS
nepexoaa. BoixogHoe Bo3aencreme O — 370 MHOXe-

el
- InterState

s

etl/e2

InitialState ¢

B  Puc. 5. lpocTas nporpamMma Ha si3bike Argos
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el

- InterState

.

el/el3

InitialState

|
|
|
|
|
|
1 \a
|
|
|
|
|

e3

- InterState2

e3/e2

InitialState2

il

el

B Puc. 6. [lapannensHoe BbINoJIHEHNE aBTOMATOB

CTBO COObITUI, KOTOPbIE OOMNXHbI ObITb CHOPMUPO-
BaHbl MPN OCYLLECTBAEHUN Nepexoa.

MpenmyLecTBOM TaKoro NpeacTaBieHns aBnseT-
CHg NpocToTa NPOBEPKN AETEPMUHU3MA CUCTEMBI.
MoBeneHne CUCTEMbI HEAETEPMUHMPOBAHO, €CNN N3
0OHOro COCTOSHUS cyllecTByeT Oonee OAHOrO ne-
pexona ¢ 3KBMBaMIEHTHBIMW BXOOHbIMY BO3AENCTBU-
MM, HO BeAyLUME B pa3Hble COCTOSHUS /UK C pas-
HbIMW BbIXOOHbIMW BO34ENCTBUAMMU.

Ona momennpoBaHnga 60JbWNX CUCTEM A3bIK
Argos npepocTaBnfeT padHooOpasHble cpeacTea
CTPYKTYypupoBaHusa nporpamm. Npun saTom nporpam-
Ma pa3buBaeTCs Ha MHOXECTBO KOMMOHEHTOB, CO-
CTOSALLUNX U3 KOHEYHBIX aBTOMATOB.

KoMMnoHeHThI, pasaeneHHbie MyHKTUPHON NTUHUER,
BbIMONHAIOTCA napanienbHo. Ha puc. 6 nokasaHa
nporpamma, rno Kaxgomy 4eTBepToMy CoObITUIO el
reHepupywouasa cobbiTme e2.

ABTOMaTbI MOTryT B3aUMOAEeMNCTBOBATbL MEX Ay CO-
6ol nocpeacTBOM COObLITUI. BbixoaHble cOObLITUA
0JHOro aBToOMaTa MOryT ObiTb BXOAHbIMU COOLITUA-
MW ON4 Opyroro asromarta. 9A3bik Argos noasonser
3adatb 06n1acTb BUOMMOCTU NOKANbHOTO COOLITUS.
Ha puc. 6 o6nacTb BUAMMOCTM COObITUSA e3 OrpaHu-
YeHa NPAMOYroNbLHUKOM, OXBaThiBaO WM 06a aBTo-
maTta.

B cocTtogHme aBTOMaTa MOXeT ObiTb BOXeEHa
noncuctema. Ha puc. 7 npuseaeHa nporpamma, ae-

[
| Sampling
e3/e2
|
! Sampling2
|
| y o0 [
el InterState ] Sampling4 S
e
[ ‘ » InterState2
I
\ el/e3 | \
InitialState 4———| I e3/e2
| InitialState? |«&
I
I
l
- |

e3

B Puc. 7. BroxeHve noacnuctem
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MOHCTPUPYIOLWAa BNOXeHWe noacuctem. MNMepeknio-
4YeHne pexnmoB ocyullecTBdeTcsd cobblTneM e0.

[o nepBoro cobbiTns e0 noacucTemMa Sampling
HaAXoAWUTCS B COCTOSIHMW Sampling?2. MNpwu nonyye-
HUK coObITNS e0 aTa NOACUCTEMA NEPEXOANT B CO-
cToaHMe Sampling4. B aTOT MOMEHT co3paeTtca noa-
cuctemMa Sampling4 M 3anyckaeTcd B CBOEM Ha4Yallb-
HOM COCTOSIHUM InitialState2. [1py NOBTOPHOM
nonyyeHun cobbiTus e0 noacuctema Sampling4
yHMYTOXaeTcs U noacnctemMa Sampling nepexogunT
B COCTOAHME Sampling?2.

CUHXPOHHOE NpOorpaMMupoBaHue u TecTn-
poBaHune

TecTUpoBaHMEe CUHXPOHHBIX NPOrpamMm OObIYHO
CBOAMTCS K MPOBEPKE BbINMONHEHUSA HEKOTOPbIX YC/10-
Buii 6e3onacHocTu (safety properties) [16]. YcnoBus
6esonacHocTu GOPMYNMPYIOTCA B 3aBUCUMOCTHU OT
cneundukn pewaemon 3agaym. Hanpumep, Mmkpo-
BOSIHOBAA NeYb A0KHA ObliTb BbIKIIOYEHA, €CNN OT-
KpbiTa ee Agepua.

MoBeneHne CUHXPOHHOW NMporpamMmebl NOYTU BCe-
roa 3aBUCUT OT OKpyXallLlen cpeabl. lNMporpamma
pa3pabaTbiBaeTCa NCXOAA M3 HEKOTOPLIX MPeanono-
XEHUN O CBOMCTBAxX 3TOM cpeabl. TN Npeanonoxe-
HMA GOPMYNUPYIOTCH B BUAE YCIA0BUI PEaIMCTUYHO-
cT¥. HanpumMmep, Npo MUKPOBOMHOBYIO Ne4Yb MOXET
ObITb U3BECTHO, 4TO CUIHa/bl start M open HE MO-
ryT BO3HUKaTb OAHOBPEMEHHO.

YcnoBus 6€30NacHOCTY U YCNOBUS peannCTUYHO-
CTU MOTYT ObITb BblpaXeHbl B BUOE CUHXPOHHbIX Ha-
6nwaareneri (synchronous observers). CUHXPOHHbIN
HabnaaTenb — 3T0 MOAYNb, 3aNyckaemMbll napan-
NenbHO C TecTUpyemon nporpammoin. B cnyvyae Ha-
pYyLWEeHNS KOHTPOIMPYEMOrO YCIOBUS Habnwgartenb
dopMuUpyeT COOTBETCTBYIOLWMIA curHan. Habnwoparte-
M MoryT OblTb peann3oBaHbl HA TOM Xe S3blKe, YTO
n TecTupyemas nporpamMma.

ONna MHOTMX CUHXPOHHbIX A3bIKOB CYLLECTBYIOT CU-
cTeMbl Bepudukaumm, Nno3Bond0LIME aBTOMATU3N-
poBaTb NPOBEPKY ycnoBui 6e3onacHocTn. Hanpu-
Mep, BMecTe C KOMNUAATOPOM A3blka Esterel nocTtas-
naeTca cuctema sepuopukaumm Xeve [17].

dTa cuctemMma aHanuaupyeTt nporpamMmmy, cCoOCToN-
Lyt U3 TECTUPYEMOI NporpaMmmsbl U ee Habnoparte-
nen. Nanee reHepupyeTCs KOHEYHbIM aBToOMaT, Kax-
[0€ COCTOAHNE KOTOPOro COOTBETCTBYET COCTOAHUIO
aHanNn3npyemoi nporpammel. 3aTem npoBepseTcy,
LOCTUXUMBbI it COCTOAHNS aBTOMATA, B KOTOPbLIX HaA-
pywatTca ycnosua 6esonacHocTu. lNMonb3oBaTenb
cam yKkas3blBaeT CUrHan, Hanuyme Unm OTCYTCTBUE
KOTOPOroO yka3blBaeT Ha HapylieHue ycnosumsa 6e3o-
NacHOCTWN.

PaccMoTpumM npumMep TeCTUpoBaHNA Moaynsa Oven,
ynpasnsaoLero MMKPOBOJIHOBOM NeYbto. [ng 3Toro no-
CTPOUM NPOrpamMmy, COCTOSILLYIO N3 TPEX MOAYNEN, ABA
N3 KOTOPbIX (NoStartWhenOpenAssumption U
HeatingWhenOpenProperty) ABAAIOTCH CUHXPOH-
HbIMK HabaaTenaMu, a TpeTuin (OvenTest) 3anyc-
KaeT TeCTMpyeMbIt MOAYb Oven napanjiensHo C 3Tu-
MU HabnpaTenamMu:

module NoStartWhenOpenAssumption:
input start, open;
output START OPEN INVALID;
loop
present start and open then
emit START OPEN INVALID;
end;
pause;
end
end module

module HeatingWhenOpenProperty:
input open, heat, START OPEN INVALID;
output HEATING _WHEN OPEN;
loop
present open and heat and not
START OPEN INVALID then
emit HEATING WHEN OPEN;
end;
pause;
end
end module

module OvenTest:
input start, stop, open, ready;
output heat, bell, HEATING WHEN OPEN,
START OPEN INVALID;
run Oven
|| run NoStartWhenOpenAssumption
|| run HeatingWhenOpenProperty
end module

B naHHOM npumepe ycnosue 6e30M0acHOCTU Ha-
pywaetcs, ecnn NPUCYTCTBYET CUrHan
HEATING WHEN OPEN. CucTema Xeve cooOuwiaer, 4To
BblLLeyKa3aHHbI CUrHan Hukorga He 6yaet chopmu-
poBaH n, cnegosaTtenbHO, COOTBETCTBYlOWeEE YCNOo-
BMe 6e30MacCHOCTM HUKOrga He OyaeT HapyLweHo.

ABTOMaTM4eCKoe TeCTUPOBAHWE NO3BOJISET YNPO-
CTUTb cepTUDUKALNIO MPOrPaAMMHbIX CUCTEM.

3aknw4yeHue

B HacTosiwen paboTe BbiNOMHEH 00630p A3bIKOB
CWUHXPOHHOIO NMPOrpaMMmMpPOBaHUS, MO3BONAOLLNX
NOBLICUTb HAAEXHOCTb NPOrpamMmMHoOro obecnevyeHns
Mo CPaBHEHWIO C TPAAUUNOHHBIMU A3bIKAMU U TEXHO-
nornamu. OBbSACHEHO, NOYEMY 3TOT KNACC S3bIKOB
Ha3BaH CUHXPOHHbIMU. TpuBEAEHbI NPUMEPHLI UC-
NONb30BAHUA 3TUX A3bIKOB.

Hapsay ¢ CUHXPOHHBIMU A3bIKaMU MPOTrPaMMmpPo-
BaHWA, co3dfaHHbIMK B 3anafHon Espone, B Poccun
pazsuBaeTcad SWITCH-TexHONOrng, Kotopas Takxe
npenHasHavyeHa ANS NOCTPOEHUSA OTBETCTBEHHbIX
cuctemMm. C 601bWUM YNCNOM NMPOEKTOB, NOCTPOEH-
HbIX C MCMNONb30BAHNEM 3TON TEXHONOIMNU, MOXHO
03HAaKOMWUTLCHA Ha canTte htip://is.ifmo.ru, pasaen
«MpoeKTbI».

AT NPOEKTLI BLIMOMHATCS B paMKax ABUXEHUS 3a
OTKPbLITYIO MPOEKTHYK AOKYMEHTaUMo, 4TO SBAsSeTCH
0COBEHHO BaXHbIM OJ151 OTBETCTBEHHbIX cucTem [18].
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PbIBHbIX, UMMNYbCHbIX, AUCKPETHbIX, ANCKPETHO-HENMPEPbLIBHbIX TUHEMHbLIX U HENU-
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INTUYECKNX COOTHOLLEHUN «BXOA-BbIXO4>», ONPEeAensaiowmx nHTerpans fanepkuHa
019 WUPOKOTO CNekTpa HeMHEeWHbIX XapakTepucTuK Kak B clydyae maeanbHoOro
AWM, Tak n Npun y4eTe KOHEYHOWN ANNTENBHOCTU 3aMblKaHUsa MOAYNATOPOB Tuna |l n
Il. MpnBeneH anropmMTM NPOrpaMMHOro KoMnaekca, peannaytouiero 0600UEHHbIV
meTon ManepkuHa onga cuHtesa napametpoB CAY.
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