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B nocneaHue rodsl B 3anaaHoi EBpone rnpu noOCTROEHWUN OTBETCTBEHHBLIX CUCTEM LWNPOKO MPDUMEHS -
eT1csl CUHXPOHHOE NPOorpamMmMypoBaHne, OAHAKO Ha PYCCKOM 13bIKe Kakue-nbo nyGamkaymmy Ha aTy Temy
oTcyTCTBYIOT. Lens HacToawer paGoTel COCTOUT B TOM, YTOObLI BOCNONHNTEL YKa3aHHbli npo6en.

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.

BeepneHune

HecmoTpsa Ha WKMpoOKOe pacnpocTpaHeHue yHU-
BEPCaNbHbLIX A3bIKOB NMPOrpamMMUPOBaAHNS, TAKUX Kak
C++ undava, n TexHoNornin NporpaMmMmnpoBaHNe Ha UX
OCHOBE, B MUpe npoBoasTcH paboTsl No CO30aHUKD
CNEeUMaNN3NPOBAHHLIX A3bLIKOB U TEXHONOIMMW, Npef-
HAa3HAYE€HHbIX N9 NPOrpaMMMpPOBAHUA yNpaBNeHuUs
OTBETCTBEHHbIMW ODbeKTaMU.

C 1991 rona B Poccum Angd ykasaHHOro Kknacca cu-
ctem passuBaeTcs SWITCH-TexHonorusa, kotopas B
Ka4yecTBe f3blka cneyndpukaunm ncnonbayeT rpadsb
nepexonos [1]. 3Tta TexHonorma 6bina Takxe Ha3Ba-
Ha «NporpamMMmmnpoBaHue ¢ ABHbIM BblAeNneHWnem Co-
CTOSHWI»,

C aToro xe BpemeHu B 3anagHoit EBpone TexHo-
NOTMK NPOrPaMMMpOBaHUA ANS ynpaBneHnus oTBeT-
CTBEHHbIMKU oObekTamiK pasBuBarTca non obwmm
Ha3BaHWEM «CUHXPOHHOE NporpaMmmMmupoBaHune» [2].
OaHako, HecMoTpa Ha Bonblwoe KonnyecTso paboT
Mo 3TOW TEMATUKE, OHU NPAKTUHECKWN HE M3BECTHbI B
Poccun, B 4aCTHOCTW, B CBSI3M C OTCYTCTBUEM Ny6-
NMKaUWIA Ha PYCCKOM A3bIKE.

Llenb HacTos e paboTbl — BOCMOAHUTbL YKa3aH-
HblA npoben,

OTMeTuM, 4yTo SWITCH-TEXHONOrMA Takxe SBns-
eTcs Pa3HOBWHOCTBIO CUHXPOHHOIO NPOrpaMMmupo-
BaHWs, 0COBEHHOCTLID KOTOPOW ABNAETCH MCNONb30-
BaHWe YHUBEPCAJIbHbIX A3bIKOB NPOrpaMmmupoBaHmg.

Tunbl NpOrpaMMHbIX CUCTEM

B pabtote [3] BblaeneHbl crnenyoLwme TUnbl Npo-
rpaMmmHbIX CUCTEM!

npeobpa3syline cMCTeMbl — 3TO CUCTEMBbI, 3aBep-
waKlme cBoe BbiNnoNHeHWe nocne npecbpas3oBaHua
BXOAHbBIX AAaHHbLIX (HANpUMep, apxmeatop, KOMNUNs-
Top). B Takux cuctemax 0Bbl4HO BXOAHbLIE AAHHbLIE W3-

BECTHbl M AOCTYMNHbLI HA MOMEHT 3anycka cucTemsbl, a
BbIXOAHble JaHHble AOCTYMHbLI NOC/e ee 3aBeplleHns;

UHTEPAaKTUBHbLIE CUCTEMbBI — 3TO CUCTEMbI, B3an-
MOOENCTBYIOWME C OKPYXKalOWen cpenon B pexmnme
avanora (HanpumMep, TEKCTOBLIA peaakTop). Xapak-
TEPHOW OCOBEHHOCTbLIO TAKUX CUCTEM ABNAETCH TO,
4TO OHU MOTYT KOHTPONMUPOBAaTh CKOPOCThL B3aUMO-
AENCTBUA C OKPYXAKLWENA cpeaon — 3acTasNATh OK-
pyXalWwy cpeany «xkaatb»;

pPeaxkTUBHbLIE CUCTEMbI — 3TO CUCTEMbI, BRBAUMOLEN-
CTBYWOLME C OKpYyXaloWwen cpedoil nocpeacTBoM ob-
MeHa coobLIeHnaMIW B TEMNE, 3a0aBaeMOM Cpenoi.

MpUMEHNTENBHO K LLenn HacToawen paboTel, WH-
Tepec NpeacTaBnAlnT peakTUBHbLIE CUCTEMBI, KOTO-
pble n ByayT paccMaTpuBaThCH B JallbHEWWeM.

CucTeMbl 3TOro knacca MMelnT cneaylilme oco-
BEeHHOCTN:

Bpems OTKNMKA PeakTUBHOW CUCTEeMbl 3apaeTtcs
ee OKpYXeHUeMm;

noeBeaeHne peakTUBHbIX CUCTEM LEeTEePMUHNPO-
BaHO;

09 peakTUBHbLIX CUCTEM XapakTepeH napannenmam.

B cuny cneundukn 3anaq, pewaemMblx peakTuBs-
HbIMW cucTemMammn, cOon B paboTe TAKUX CUCTEM He-
AONYCTWM, TAK Kak 3TO MOXET NoBedyb 3a coBOM ka-
TacTpoduruyeckme NnocnencTemnd.

TUNUYHBIM MPUMEPOM PEAKTUBHOW CUCTEMbl ABNA-
eTCs aBTONWAOT, KOTOPbIA HE MOXEeT 3acTaBnaTh XAaTb
oKpyXawylo cpeny. lNosepeHne aBTonunoTa JOMKHO
OblTb AeTEePMUHUPOBAHO. OH O0NXeH PYHKLMOHMPO-
BaTb NapannensHo ¢ ApYruMin 60PTOBBIMU CUCTEMAMU.
CHoii aBTONMNOTa MOXET NPUBECTK K KaTtacTpode.

OCHOBHBbIE MAEN CUHXPOHHOIo NPOrpaMmMupo-
BaHusA

OBBLACHUM OCHOBHYIO MAEK CUHXPOHHOTO NPo-
rpaMmMmpoBaHung, MN3BECTHO, 4TO CXEMbl AENATCHA HA

Ne 3, 2004 Wy
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B Puc. 1. CUHXPOHHbLIV aBTOMAT C MamsaThio

CUHXPOHHBLIE, ACMHXPOHHLIE M aneprnoanvyeckne (C ca-
MOCWHXpOoHU3aumen) [4]. Npyu NnOCTPOEHNW BbIMUCIN-
TeNbHbIX MallMH B OCHOBHOM WMCNOJIb3YKOTCH CUHX-
POHHbIE CXEMbl, BaXXHEWLLER COCTaBAAKLWEN KOTO-
PbiX ABNSAKTCH CUMHXPOHHbLIE aBTOMAThI C NAaMAThLIO.
Kaxablidl M3 TaKMX aBTOMATOB COOEPXUT ABE COCTaB-
nawowmue (puc. 1):

1) aBTomart 6e3 namsaTu, OCYLWEeCTBARIOWNIA DYHK-
umoHanbHoe npeobpa3oBaHue;

2) TakTUPYEMbIE 3NEMEHTbLI NaMATKh, XpaHallue
COCTOSIHWEe agToMarTa.

MocpeACcTBOM 31EMEHTOB NamMATK yaaeTtcs obec-
NeYnTb CUHXPOHHYIO NepenaYvy CUrHanoB B o6paTHoR
CBfI3M C BbIXOA0B aBTOMaTa Ha ero BXo4bl, yCTPaHWB
cocTA3aHuA curHanos B obpaTHon cBA3M. 3TO NO3BO-
NAeT pa3fenutb COCTOAHUA aBTomMaTta B nochefosa-
TeNnbHble MOMEHTbI BpeMeHW. TakTUpyemMble 3/1eMeH-
Tel naMaTu oBecnevyunBalnT TakxkKe CUHXPOHU3aL WD
nocTynalwwmx Ha BXxoa aBToMaTa BXOAHbLIX BO34EN-
CTBWW W CUTHANOB 0OpaTHON CBA3MU.

OAWH U3 NOAX0O0B K NPOrpaMmMHON peanusaunm aB-
TOMATOB C NaMsiTbi0 COCTOUT B HAaNMcaHum no rpady ne-
pexoA0B aBTOMaTa CUCTEMbI peannayowmx ero byne-
Bbix opmyn. NMpuyem nepemMeHHble B NeBON 4acTu
Kaxnou GopmMynbl COOTBETCTBYIOT KOMMNOHEHTE BEK-
TOpa COCTOAHWIA B TEKYLIWMA MOMEHT BPEMEHWU, a B
NpaBoOW HacTW — BXOOHbIM BO34EWCTBMAM B TEKYLLWA
MOMEHT BpeMeHM M KOMMNMOHeHTamMm COCTOAHWA B Npe-
OblOYUWWA MOMEHT.

Mpw aTOM 3a4epXKa Ha TakT MOOENUPYEeTCA ne-
DEOGOBHEI‘-IEHMGM nepemMeHHbIX, COOTBETCTBYKLWLKNX
KOMMOHEHTaM COCTOAHUA, AN TOro, 4To6bl B HOBOM
uuKne BbIYUNCNEHUIA «npeablgyuwme» 3Ha4yeHna ctann
«HaCTOALWKMMKN» . Takum OGD&BOM, obecnevyunsaeTcs
napannenbHoe (CUHXPOHHOE) BblHUCIEHWE BCeX KOM-
NMOHEHT BEKTOpa COCTOAHUA.

MNycTb, HanpuMep, HEOBXOAMMO CUHXPOHHO Nne-
peiTtn n3 coctoaHua «00» B cocTosHMe «11». MMpwn
3TOM ONA KOPPEKTHOW paboTel 3TOT Nepexon AoNXeH
OCYWECTBNATLCH HENOCPEACTBEHHO (CMHXPOHHO), a
HE aCUHXPOHHO — Yepes NPOMEXYTOYHbLIE COCTOAHUSA
«01» nam «10», NepeobozHavyeHne NepeMEHHbIX No-
3BONHAET 3TON0 AOCTUTHYTh.

B CUMHXpPOHHOM nMporpamMmmMupoBaHuM BBOOUTCSH
TEPMWUH peakumnsa. Peakuma — 3T0 HEOAENUMbIA TakT
paboThl CUCTEMBI, B NPOLECCE KOTOPOTO BCE €8 KOM-
NOHEHTbI CUHXPOHHO 0BpabaTbiBaOT BXOAHbLIE CUrHa-
Nbl, U3MEHSAIOT CBOE COCTOAHWE U HOPMUPYIOT Bbl-
X0AHbIE cUTrHanbl. CYUTAETCA, YTO ANUTENBLHOCTL
nobon peakunm pasHa HyIo.

Takum 06pa3om, B CUHXPOHHOM NporpaMmmMmuposa-
HUK BBOOUTCH abCcTpakTHOE AUCKPETHOE BpeMms,
KaXObli MOMEHT KOTOPOro COOTBETCTBYET OOHON
peakummn CUCTEMBbI.

CylecTBYIOT ABE OCHOBHbIE MOAENN PEAKTUBHLIX
CUCTEM:

1) cucTtemsl, ynpaenaemble coObITUAMK (pUC. 2, a);

2) cucTemsl, ynpasnaemsblie TalilmepoM (puc. 2, 6).

Bynem paccmatpuBaTh CUHXPOHHYK CUCTEMY Kak
COBOKYMNHOCTb KOMMNOHEHTOB, 3a/laBaeMblx;

BEKTOPOM BXO[HbIX NEPEMEHHbIX X

COCTOAHUEM Y;

BEKTOPOM BbIXOAHbLIX BO3OEWCTBUI Z;.

Torpa peakynsa cUCTEMbI B LLENTOM €CTh KOMBKMHA-
UMA peakunii BCex KOMNOHEHTOB cUcTeMbl. Mpu aTom
ON15 KaXA0r0 KOMMNOHEHTA cnNpaBeanvBbl COOTHOLLIEHUA:

y* =y XD
z = gly[. x{).

KombuHauma peakumini oTAENbHbIX KOMMIOHEHTOB
obecneynBaeTCcs TEM, 4TO BXOAHLIE UMW BbIXOOHbLIE
3HA4YeHUa /-ro KOMMNOHEeHTa MOTryT ABNATbLCA Takxe
BXOAHbIMW 3HAYEHWAMW ONS j-T0 KOMNOHEeHTa!

(1)

x{'(k) = 21,

unu x7'(k) = x7(), (2)
roe x/'(k) o3Ha4aeT k-0 KoopavHaTy BekTopa X!

OTmMmeTuM, 47O cucTema, 3ajgaHHas Takum obpa-
30M, He BCerga uMmeeT 0QHO3HAYHOe AeTEPMUHNPO-
BaHHOe noBepeHune. [leno B TOM, 4TO B HEW MOryT
BO3HWKHYTb MITHOBEHHbIE 0BpaTHble CBA3K. 3Ta CU-
Tyauns NnpounNCTPUpOoBaHa B TEPMUHAX CUHXPOH-
HblX KOHEYHbIX aBTOMATOB Ha puc. 3 (MrHOBEHHas
obpaTtHaga cBA3b BblAENEHA MYHKTUPOM).

OtanpobneMa MoOXeT BbITb pelleHa Kak MUHUMYM
YeTbIPbMA pasHbiMKU cnocobamn [2].

1. Kaxpgaa peakuyus cuctembl pazbuBaeTcs Ha
NnocnenoBaTenbHOCTb 3NIEMEHTAPHbLIX MUKDOLIAroB.
KoHuenumsa Mmmukpolwaros cooTBeTcTBYeT obwenpu-
HATOMY B NPOrpaMmMmMpoOBaAHUN MHEHWIO, YTO BhINON-
HEHWE NporpamMMbl eCTb MOCNEA0BATENBLHOCTL aTo-
MapHbix genctemr. OQHako B 3TOM crnyyae cucTema
nepectaeT ObITb CUHXPOHHOW, TAK Kak HEBO3MOXEH

a)

6)

<WHuymanuaaumns >

<ANna Kaxaoro> <BxoAHoro cobbitua> <noBTopAThL>
<BbIMUCNNTL BLIXOAHbLIE AaHHbIE >
<BbIBECTW BLIXOAHbLIE OAHHLIE >

<KoHewu, unkna>

<WHuunannusauma >

<JAns kaxaoro> <cpabaTbiBaHWa TAUMeEpa> <noBTOPATL>
<[1po4nTaTh BXOAHbLIE AaHHbLIE >
<BBIMUCNUTE BLIXOAHLIE flAHHbIE >
<BbIBECTU BLIXOAHLIE AaHHbLIE >

<KoHew umkna>

B Puc. 2. Moneny peakTtusHbIX CUCTEM: a — CUCTemMa yrpasneHus cobbituamu, G — cuctema yrpasieHis TanMmepom
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B Puc. 3. Mrnosewnras obpartHas cBsidb Npy coeneHeHnu
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B Puc. 4. Astomar Mum ans peleHns 3aaadmn ABRO

CUHXPOHHBLIA (683 NPOMEXYTOYHbIX COCTOAHWIA) ne-
pexon n3 «00» B «11». Kpome Toro, AaHHbIA noaxon
NPUBOANT K MHOTOYUCNEHHBLIM MPOTUBOPEYUBLIM UH-
TepnpeTtaumam [S5]. Noaxon ncnonesyetca B Very
High Speed Integrated Circuit Hardware Description
Language (VHDL) [6], Statecharts [7] n apyrux cu-
cTemax.

2. Beoauntca TpefoBaHMe, 4HTO CUCTEMA HE MOXKET
coAepXaTh MTHOBEHHbIX 0BpaTHbIX cBA3el. Hanpw-
Mep, MPU WX HANKWYMKU NpOrpamMmma He KOMAUIMPyeT-
cs. JaHHblA noaxon yaobeH ona nporpaMmMmupoBaHmng
cUcTeM, TaKTUpyeMbIX TAMMepoM. A3bik NporpaMmmm-
poBaHusa Lustre [8] ncnonb3ayeT AanHbIN NOAXOA,.

3. BeoauTcs TpeboBaHue, YTO Kaxgon peakuuu
CUCTEMbI COOTBETCTBYET POBHO OAHO AE€TEPMUHUPO-
BAHHOE BbipaxeHue Buaa

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

YTO MOXET UMETb MECTO HECMOTPS Ha HaNM4YMe MrHo-
BEHHbIX 0OpaTHbIX CBA3e. TakoW Noaxon NCnonb3y-
eTcq B A3blke Esterel [9].

4. Beoantca TpeboBaHue, Y4T0 Kax a0l peakumm Mo-
XET COOTBETCTBOBATbL OHO UMK Bonee BbipaXeHui
eupa (3) (B nocnegHeM cnyyae MMeeT MecTo Heae-
TEpPMUHUPOBAHHOE NoBeAeHWe), NMBO He COOTBeT-
CTBOBaTb HWM 0OHOroO (Nporpamma 3abnokmposaHa).
JaHHbIA nogxon Mcnonb3yeTca a3slikom Signal [10].

CUHXPOHHbIE A3bIKU NPOrPaMMUpPOBaHUs

Lenecoofpa3HoCcTh NPUMEHEHUS CUHXPOH-
HbiX 93bIKOB NporpammMmuporaHug. B obuwem cny-
Yyae peakTWBHYID CUCTEMY MOXHO peanu3oBaTb B
BMAE OETEPMWHMPOBAHHOIO KOHEYHOro agromara
Mwunu, NnpeacTaBneHHoro B Buae rpada nepexonos,
AYTM KOTOPOro NoMeYeHbl BXOAHbIMU U BbIXOAHLIMUA
BO3,EI.el7!CTEW1$iMM. O.D.HaKO npuMeHeHMe apTomMaToB
Munu B YNCTOM BUAE OrPaHUYEHO.

B Ta6bnwuuya 1

Homep peakuwmn
Curuan
11234 5|6|7[8|9]|10| 1112

B kadecTBe npumepa paccCMOTPUM Tak Ha3biBae-
MYI0 3agady ABRO [11, 12]: chopmmpoBaTh curHan
0, Kak TONbKO MPOW30MAAYT KaXOblid N3 CUTHANOB A U
B. CurHan R cOpacbiBaeT Tekyu,ee COCTOAHWE CU-
cTembl. Tabn. 1 unncTpUpyeT BbIMONHEHWE Npo-
rpamMmmel, pewarowei aTy 3agady.

Ha pwuc. 4 npuBeneH astoMmat Munu, dopmannay-
OWKWiA peweHne 3agadym ABRO. CocTosHMe, OTMeYeH-
HOE NBYMS KOHLLEHTPUYECKUMUW OKPYXHOCTAMK, ABNA-
eTcs HavYanbHbiM. DopmMaT MeTkn nepexona — L[ /0],
roe 1 - ycnosue nepexopa; O — curHansl, Gopmupy-
eMble BO Bpema nepexoaa. KeagpaTtHble CKOBKW Nno-
KasblBaKOT, 4TO HA HEKOTOPbLIX Nepexofax BbiXOAHble
BO3OENCTBMS MOTYT HE OpPMMUPOBaThCA.

PaccmoTpum 3apady ABCRO, B KOTOpPOW HEOOXO-
AUMMO A0XAATLCH TPex curHanos — A, B u C. CooT-
BeTCTBYWMA asToOMaT Munun ByneTt cogepxaTtb BO-
CeMb COCTOAHUNK. O4eBMAHO, YTO ANS peleHusa 3a-
gayv A,A.. . A, RO notpebyeTrca asromar Munu,
copepxawmin 2" cocTosiHMA. pyrumMmn cnosamm, pas-
Mep Nporpammbl pacTeT 3KCMNOHEeHUWaNbHO B 3aBU-
CHMMOCTU OT pasMepHoOCTK 3aha4vn.

Tenepb paccMOTpUM Nporpammy Ha a3bike Esterel,
KOTOpasa pewaeT 3anadvy ABRO (KOMOUNATOP fA3blka
Esterel MmoXxHO 3arpy3unTb no aapecy http://www-
sop.inria.fr/esterel.orqa/):

module ABRO:
input A, B, R;
output 0O;
loop
abort
[await immediate A || await immediate B];
emit O
when immediate R;
[await immediate R || pause]
end;
end module

OCHOBHbIE KOHCTPYKUMK, MCMNONL30BAHHLIE B 3TOWN
nporpammMe, NpPUBEAEHb! HUXE NPKY ONMCaHUM A3blka.

Na 3,2004 Yy

Ana peweHwns 3agadyn ABCRO gocTtaToyHo goba-
BUTb TONbKO OHY MHCTPYKUKWK. CnenoBaTtenbHo, Npu
a % X % | x x | x pelweHnn 3To 3aaa4m pasMmep Nnporpammbl, B OTIN-
4yne oT aBTomarta Munu, pacteTt JIMHEWHO:
B X | x X X X X
R X X | x| x module ABCRO:
input A, B, C, R;
© * X A 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

fA3bik nporpammupoBaHuna Lustre. HAabik Lustre —
3TO AeknapaTUBHbIN A3bIK NPOrpaMMuUpoBaHua, one-
PUPYIOWWIA NOTOKaMK AaHHbIX [8]. ITOT A3bIk yaobeH
ANA NPorpaMMUpPOBaHUSA CUCTEM, YNPaBngaeMblx Tam-
MEPOM.

MoTokom gaHHbIX P Ha3biBaeTca DeckoHe4yHadq
nocnenoBaTenbHOCTh 3HAYEHWA OOHOTO U TOTO Xe
Tuna p,,n<(0,«), rae n - HOMEp peakummn CUCTEMBI.

MoTokn MoryT BbITb CNEAyUIMX PA3HOBWOHOCTEN:

KOHCTAHTbl, 3HAYEHUSA KOTOPbIX MOCTOAHHbI;

BXOOHbIE NEPEMEHHbLIE, ONpPEedEeNnseMble OKpyxXe-
HUEM CUCTEMBI;

BbIXO[IHblE NERPEMEHHLIE.

Kaxpnas BbIx0AHAA NEpEMEHHAN X 3a0aeTCcH Bblpa-
XeHnem Bmaa x = E, o3Ha4alolWmM, 4To nepemMeHHas
X BCerfa pasHa BbipaxeHwio £. [lpyrumu cnosamu, B
Kax/Ablll MOMEHT BpemMeHW cnpaBei/IMB0 PaBeHCTBO
Xn = Ep.

O6blYHbIE apUudMeTUHEeCKne 1 NoTuyeckne onepa-
TOPbl, ONepaTopbl CPAaBHEHWUS U BETBEHWA pacLlumn-
peHbl Ans HessBHOW paboTel C nocneaoBaTenbHOCTH-
M. Kpome obbl4HbIX ONepaTopoB, AOCTYMHLI ABa
cneumanbHbIX:

1) pre(x) — onpepensert NnOTOK, 3Ha4eHue KoTopo-
ro Ha Kax[oM Lare N paBHO 3HA4YeHWI0 NOTOKAa X Ha
ware n— 1. Ecnm 3Ha4YeHWe NOoToka X Ha ware n — 1 He
onpeneneHo, To NOTOK pre( x) NpUHMMaeT crneuvans-
Hoe 3HavyeHue nil;

2) "x —=> y”" — onpefensaeT NOTOK, 3HAYEHWUE KOTO-
pOro Ha NepBOM Lare paBHO 3Ha4YeHWIo NOTOKA X, a
Ha BCeX NoCeayLWmx Wwarax — 3Ha4eHuo noToka y.

OnpepeneHue NEPeMEHHON MOXET ObiTb PeKkyp-
CUBHbIM (3HAYEHME NEPEMEHHOW MOXET 3aBUCETbL OT
ee Npenblaywmnx 3Ha4eHu1m).

Ans cTpykTypupoBaHua nporpamMmm asbik Lustre
rnpenocTtaengdeT y3nbel (node). ¥Yzen — ato dyHKUUA,
NPUHUMAKOLWAaA HECKONBKO BXOOHLIX NOTOKOB U BO3-
Bpawarnuas HeCKONbKO BbIXOAHbLIX. OH MOXET 1c-
NonNb30BaTh NOKaNbHbLIE NOTOKKW. Ka)XAblii BBIXOAHON
UN NOKaNbHLIA MOTOK B y3/1e A0MXeH ObIThb Onpene-
NeH POBHO 0AIWH pa3s. [opafok onpeneneHnia He BaXeH.

B kayecTBe npumepa nporpammel Ha a3bike Lustre
paccMOTpUM onpeneneHue yana, noacynTbiBaoLLle-
ro KONMYeCTBO HEKOTOPLIX CODBITUIA:

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 NnpuHUMAET NOTOK event TUnNa bool,
paBHbIA true, ECNAM MPOM3OWNO HEKOTOPOE COBbI-
TWe, W BblJaeT NOTOK count TUNa int, paBHbLIA KO-

nnyecTBy COBLITUIA, NPOMUIOLWEALLNX C MOMEHTa Ha-
yana paboTbl CUCTEMDI.

Mpun NepeoM 3anycke 3HAYEHWE count PaBHO
eanHnLe, ecnu cobbiTUE NPOU3CILNO, W HYJO, ecnun
coBbITVe He NPON30LWNO. Ha BCcex nocneaynuwmx wa-
rax 3Ha4eHue count yBENUYMBAETCH HA eauHULY,
ecnn cobbiTMe NPOU30LWI0, M OCTAETCH HEU3MEH-
HbIM, €CNK CODOBITUE HE MPOU30LINO.

A3bik NnporpamMmmupoBaHua Esterel. HA3bik
Esterel — 310 MnNepaTyBHbLIN A3bIK NPOrpamMmMunpoBa-
HWA, onepupylowmin curHanamun [9]. Aswik Esterel
yoobeH Ons nporpamMMmupoBaHng CUCTEM, yNpasna-
eMbix cobbiITaMn. OTMETUM, 4TO cyllecTByeT rpa-
duyeckunin A3blk NporpamMmmupoBaHna SyncCharts
[13]. cemaHTMKa KOTOPOro NONHOCTLID COOTBETCTBY-
eT ceMmaHTuke a3blka Esterel.

CurHan — 310 cobblTUE, XU3HEHHbLIA LMK KOTO-
pOro orpaHuyeH oaHoOW peakuven cucremol. MNpo-
rpaMmMa MoXeT NpPoBepsiTb HANMNYNE BXOAHbLIX W Bbl-
XOOHbIX CUTHaNoB v GopMuUpoBaTh (emit) BbiIxoaHbIE
curHanel. CUrHan NnpucyTCcTBYET TOraa v ToNbKO TOr -
[a, koraa oH ycTaHOBNEH CUCTEMOW UKW CUCTEMHbIM
OKPYXeHWem BO Bpems Tekyuien peakunmn. C curHa-
NIOM MOXeT OblTb aCCOLMMPOBAHO 3HAYEHME, HANPK-
MEpP, C CUrHanoM SPEED MOXeT OblTb aCCOLNKMPO-
BAHO 3HA4YeHWe, paBHOE TeKYLLEeN CKOPOCTK.

Cucrtema, peannsoBaHHana Ha a3blke Esterel, co-
CTOWT U3 HECKONbKWX BNIOXEHHbLIX, NapannensHo pa-
SoTalWmx NOTOKOB BbinoNHeHWsa (threads). MNoTokuK
B3aUMOAENCTBYIOT MexXAy cOB0M MCKNYNTENbHO
nocpencTteom curHanoB. CurHan, chopmMupoBaHHbIN
OAHWM M3 NOTOKOB, MOXeT ObITe NONYHEeH APYrUmMU
NnoTOKaMW (TONLKO BO BPEMSA TOW Xe peakunn).

Mporpamma Ha a3blke Esterel cocTouT 13 nocne-
AOBaTENbHOCTU UMNEPaTUBHLIX MHCTPYKUWUA. NHCT-
PYKLWS HAYWHaeT CBOE BhLIMONHEHWE B MOMEHT Bpe-
MEHU t, BLIMOJIHAETCA 1 3aBepLUaeTcd B MOMEHT ' > 1.
MHCTPYKUNS HA3bIBAETCH MIHOBEHHOW, ecnnt’' =t n
ATUTEeNbHOW, ecnn t' > L.

MpUMepoM MIrHOBEHHOW WHCTPYKUWK ABNAETCA
WHCTPYKUMA emit S, popmupyrowas curHan s. MNpu-
MEPOM ANUTENBHON MHCTPYKLUWW ABNAETCH MHCTPYK-
UMa await S, 0Xnaanuwas nepson cneaylen pe-
aKkUWW, B KOTOPOW MPUCYTCTBYET CUMHAN s,

MHCTpYKUMKM MOTYT BbIMONHATLCA NOCNenoBa-
TENbHO W NapannenbHo. BeipaxeHuwe p; q o3HavaerT,
4TO g HAYMHAET BbIMOMHATLCHA B TOT e MOMEHT, KOrT-
03 3aKaH4YnBaEeT BblNONHATLCH p. Bbipaxenue p || g
O3HavaeT, 4yTO p W g 3anyckawTcd OJHOBPEMEHHO
(napannenbHO), pa3BeTBAsS TeKyLwMi NoTok. Beinon-
HEHWE BblpaXxeHwsa p || g 3asBepwaeTcsd B TOT xe
MOMEHT, KOra 3aBepLlakTca U p, 1 q.

OcobeHHocThlo A3bika Esterel asgnqaioTca BoiTec-
HALWWE MHCTPYKUMK. BbITECHEHME — 3TO 0TKA3 He-
KOTOPOMY NpoLeccy B Npaee BbINONHATLCS HaBceraa
(cunbHaga popma) uIn BpeMeHHo (cnabaq opma) [14].

WMHCTPpYKUWS abort p when S OTHOCWTCH K CUNb-
HOW ¢popme BbiTeCHEHWS. MNpouecc p BLITECHAETCH
HaBceraa (NpepbiBaeTcs) B MOMEHT BbINONHEHWUA YC-
nosus S.

MHCTpykunsa suspend p when 5 OTHOCWTCH K
cnaboli ¢popme BeITeCHeHWs. [pouecc p BpEMEHHO
BbITECHAETCSH (3aMopaXXMuBaeTcs) B MOMEHT BbINON-
HEHWA YCNOBMS S.
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\ MPOrPAMMHBIE 1 AMMAPATHbIE CPELCTBA N\,

OtmeTuM cnenyowme xapakTepPHbIE YEPThI Bbi-
TECHSIWMX MHCTPYKLUWUA a3bika Esterel:

TENOM BbITECHSAIOWEN MHCTPYKUWMK MOXeT BbiTh
nobasd, CKkONb YrOAHO CNOXHas, nocnefoBaTelb-
HOCTb MHCTPYKLUMWIA;

BbiTECHAKOWME MHCTPYKUMKW MOTYT BKNNaAblBATbCH
Apyr B Apyra, ecTecTBeHHbIM 06pa3om 3agasas npu-
OpuUTeTHI.

Bonee noapo6HO BLITECHAKWME UHCTRYKUNUW
aablka Esterel paccmoTpeHsl B pabote [11].

Mpumep nporpammel Ha s3bike Esterel 6bin pac-
CMOTpEH Bblille. B kayecTBe eule OOHOro npumepa
WCNONb30BAHWS 3TOrO A3blka PACCMOTPUM NPOrpam-
MY YNpaBneHns MMKPOBONHOBOW NEYbIO.

MMKDOBDHHOB&Q nedyb MOXEeT MMeTb HeCKOJIbKO
PEXWMOB MPUIOTOBAEHUSA MUK (NPUTOTOBNEHNE
Kaptodens, ropaavHel 1 1. A4.) MNapameTpbl paboTbl
neYn (MOWHOCTb U3NY4YEHNHA, MOLHOCTb TPUAA U T. A.)
W3MEHSAIOTCA B 3aBUCMMOCTKM OT BblOPaHHOTO pexwu-
mMa, o6bema NPUroTOBASEMON MUKW N BPEMEHMU.
Mpouecc NPUroTOBNEHNA AONKEH ObiTb NPMOCTAHOB-
NeH, ecnn OTKpbITa ABepua Nneyvym, n npepsaH, ecnu
Haxara KHOMkKa «CTon».

Ko, ynpaengawiwmia napamerpamm paboTel neyn,
MOXeT OblTb BECbMA CNOXHbIM, OOQHAKO HWXE Npu-
BOOMTCH CUMbBHO YNPOLLEHHAA BEPCUS, B KOTOPOU
OCHOBHOE BHMMaHwWe yaenseTcs npepbBaHui npo-
uecca NpuroToBneHnsa N

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

Mepeuncnum curHanbl, KOTOPbIE NPUHUMAEBT W
hopMupyeT MOAYNb OVEN.

1. BxogHble curHansl:

start — Haxara KHOMKa «CTapT»;

stop — Haxarta KHOMKa «CTon»;

open — OTKpbITA ABEpLa ne4yu.

2. BbIXOaHbIE CUTHanbI:

heat — rpeThb;

bell — M3gaTbh 3BOHOK, YBEOOMSOUWMA O Hava-
ne/koHue paboThl.

B Tatn. 2 npuseneH npuMep paboTel 3TOW NPO-
rpaMmmel.

KoMMeHTapuii ANg Kax oo peakumu:

1. Hn4ero He nponcxoguT.

2. Haxata kHonNka «CTapT», u3fgad 3B0HOK, Harpe-
BaHUE.

B Tabnuuya 2

Homep peakumn

Curnan

1(2314 (5678|910 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. HarpesaHue.

4. OTkpbITa ABEPLUA, HArPEBAHWE NPUOCTAHOBNEHO.

5. HarpeBaHue.

6. Haxata kHOMKa «CTOM», NPUrOTOBNEHWE Npe-
pBaHO, U34aH 3BOHOK.

7. OTKpbITa ABepua.

8. Haxara kHonka «cTapT», M34aH 3BOHOK, Harpe-
BaHUe.

9. HarpeBaHwe.

10. HarpeBaHue.

11. OTkpbITa ABEpLUA, HarpeeaHWe NPMOCTaHOB-
NeHo.

12. HarpeBaHue.

13. HarpesaHue.

14. MpuroToBNEHME 3aBEPLIEHO, M3aH 3BOHOK.

A3biKk NporpaMmmupoeaHmsa Argos. HA3blk Argos —
3TO rpaguUyeckmnii 93blKk NPOrpamMMUpoOBaHUS, onepu-
PYOLWWA KOHEeYHbIMKW aBToMaTtamu [15].

NoBeneHwe cucTembl B A3blke Argos onmcbLIBaeT-
cs rpacdom nepexodoB. NporpaMmma Ha pyc. 5 No Kax-
[OMY BTOPOMY COBbLITUIO el reHepupyeT cobbiThe e2.

MHOXECTBO COCTOAHWIA Ha rpade nepexonos
obo3Ha4yaeTcss MHOXECTBOM NMPSAMOYTrONbHUKOB.
MpAMOYronbHUKW NOMeYeHbl CTPOKaMn, naeHTngu-
LUPYIOLWUMK COCTOAHNSA cucTemsl. Mpad nepexonos
MMeeT 0AQHO HavallbHOE COCTOAHME, NOMEYEHHOEe
ayroi 6e3 HayaNbHOW BEPLWMWHbI.

MHOXECTBO NeEpexonoB MexXay COCTOAHUAMN
npeacTaBneHo MHOXECTBOM NMOMeYeHHbIX Ayr. MeT-
KK MepexoaoB COCTOAT M3 BXOAHOMO W BbIXOOHOTO
BO3/ENCTBUI, 3anMcaHHbIx B (popmate I [ /0] . Bxoa-
Hbl€ W BbIXOAHbIE BO3AEWNCTBUA ONEPUPYIOT COOLITU-
amu. BxogHoe BO3OeWCTBMUE [ — 3TO YyCNOBUE, KOTO-
poe AONKHO ObiTh BLINONHEHO ANA OCYWECTBNEHUS
nepexopa. BeixogHoe Bo3aencTBme O — 3T0O MHOXe-

el
— InterState

N

el/e2

InitialState -

B Pwuc. 5. llpocTasi nporpamma Ha s13sbike Argos
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el
= InterState

\

el/e3

InitialState

el
InterState2

-

N\

el3/e2

InitialState2 -

el

B Puc. 6. [TlapaniensHoe BblNoNHEHNE aBTOMATOR

CTBO CODLITUIA, KOTOPpbIE OOMXHbI OblTh CHOPMUPO-
BaHbl NPW OCYLWECTBAEHUW Nepexoia.

MpevmyLecTBOM Takoro npeacTasneHna apnqaeT-
CH NpocToTa NPOBEPKM AEBTEPMWUHU3IMA CUCTEMBbI.
MoBegeHne CUCTEMBI HEAETEPMUHUPOBAHO, 8CNN N3
OHOro CoCTOsAHMSA cylwecTByeT Honee ogHOro ne-
pexoaa ¢ 3KBMBANIEHTHLIMW BXOAHLIMUW BO3OEUCTBU-
AMU, HO BEAYLUME B pa3dHble COCTOAHWUA U/ 1UNKW C pas-
HbIMW BbIXOAHBIMW BO3OENCTBUAMM.

Ona mopenupoBaHMa BO0NbWNX CUCTEM HA3bIK
Argos npepocTaengeT pa3HoobpasHble cpencTea
CTPpYKTYypupoBaHua nporpamm. Npu aToM nporpam-
Ma pa3buBaeTCca HA MHOXECTBO KOMMOHEHTOB, CO-
CTOSLLUMX N3 KOHEYHbLIX aBTOMAaTOB.

KoMNoHeHThI, pasaeneHHbie NYHKTUPHON NUHWEI,
BbIMNONMHAKTCH napannensHo. Ha puc. 6 nokasaHa
nporpamMmma, no Kaxaomy 4eTBepTomy cobbiTUio el
reHepupylouwas cobbitue e2.

ABTOMAaThl MOTYT B3aUMOJENCTBOBATL MEX 4y CO-
6ol nocpeacTBOM COOLITUI. BeixOoaHbIE COOLITUA
OAHOro aBrTomarta MoryT OblTb BXOAHBIMY CODLITUA-
MW ONA Opyroro agromara. Aa3bik Argos noagonaeTt
3ajaTtb obnacTb BUOMMOCTU NOKANLHOIO COBbLITUA,
Ha puc. 6 o6nactb BUAMMOCTK COOLITUS €3 orpaHn-
yeHa NpaMoyronbHUKOM, OXBaTelBalowWwmMmM ofa asTo-
maTa.

B cocTosHmMe aBTOMAaTa MOXET ObiTb BNOXEHa
noagcuctema. Ha puc. 7 nprBeneHa nporpamma, ae-

|
| Sampling
e3/e2
I
[ Sampling2
|
[ *eO 40
e,—bj InterState | Samplingd S
e
| »| InterState2
I
\ el/e3 | \
InitialState | e3/e2
‘ InitialState2 |-
[
I
[
[ 1

e3

B Puc. 7. BnoxeHwe nogcucrem
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MOHCTPUpYlOWan BNOXeHWe nogcuctem. fNepeknio-
YeHWe PEXUMOB OCYLLECTBAAETCS COObITMEM e().

[o nepeoro cobelTus e0 noacucTemMa Sampling
HaxoauTCcs B COCTOAHWMKM Sampling2. MNpun nony4ye-
HUK cOBBITUA e0 aTa NOACMCTEMA NEPEXOAUT B CO-
cTogHne Sampling4. B 3T0T MOMEHT co3aaeTca noa-
cucTtemMa Samplingd M 3anyckaeTcs B CBOEM Havyalb-
HOM COCTOSIHWKW InitialStateZ. MNpWM NOBTOPHOM
nonyyeHumn cobuitua e0 noacmcTemMa Samplingid
YHU4TOXAeTCcA U nogcuctemMa Sampling nepexoaut
B COCTOSIHME Sampling?2.

CUHXPOHHOE NPOrpaMMuUpPoOBaHue U TEeCTU-
poBaHue

TecTUpoBaHUe CUHXPOHHLIX NporpaMm OBbIYHO
CBOOUTCH K NPOBEPKE BLINOJIHEHUS HEKOTOPLIX YC10-
Buii be3onacHocTu (safety properties) [16]. YcnoBus
fezonacHocTU GOPMYNUPYIOTCA B 3aBUCKMMOCTU OT
crneyndukn pewaemoir sanaqu. Hanpumep, MUKpo-
BONMHOBAA Neyvyb O0MKHA ObiTh BbIKIIOYEHA, €CNK OT-
KpbiTa ee Asepua.

MoBeneHne CUHXPOHHOM NpOorpaMmsbl NOYTK BCE-
roa 3aBMCUT OT OKpyXawuwein cpeabl. lMMporpamma
pagpabaTbiBaeTCH UCXOAA U3 HEKOTOPLIX NPeanono-
XEHMWIM O CBOWCTBAaxX aToW cpedbl. 3TU Npeanonoxe-
HUS HOPMYNUPYIOTCHA B BUOE YCIOBUI PEannCTUYHO-
cry. Hanpumep, Npo MMKPOBOMHOBYIO NeYb MOXET
ObITb M3BECTHO, YTO CUTHAalbl start Wopen HE MO-
ryT BO3HWKATb OAHOBPEMEHHO.

Ycnosus 6e30MacHOCTU U YCNOBUA PEaNUCTUYHO-
CTU MOTYT ObITb BblpaxXeHbl B BUAE CUHXPDOHHbLIX Ha-
6aogarene (synchronous observers). CUHXPOHHBLIR
Habnwpatens — 3TO MOAY/b, 3anyckaeMblid napan-
NeNLHO C TecTUpyemMon nporpammoin. B cayyae Ha-
PYLIEHWA KOHTPONMPYEMOro ycnoBua Habnwonartens
dopmupyeT cooTBeTCTBYOWMI curHan. Habnwopare-
nn MOryT OblTb peanm3oBaHbl HA TOM Xe A3bIKE, 4TO
v TECTMPYEMAaA Nporpamma.

ONna MHOTMX CUHXPOHHbIX A3bIKOB CYLLLECTBYIOT CU-
CTeMbl Bepudukaumm, No3BonaLWmMe agToMaTU3U-
poBaTb NPOBEpPKY ycnoBui BezonacHocTt, Hanpu-
Mep, BMECTe C KOMMUAATOPOM A3blka Esterel nocTae-
naeTca cuctema sepudukaumm Xeve [17].

3Ta cucTema aHanuMaupyeT nNporpamMmy, cocTos-
LYo U3 TECTUPYEMOW Nporpammel U ee Habnoparte-
neii. lanee reHepUpyeTcH KOHEYHbIA aBToMaT, Kax-
A0e COCTOSIHMEe KOTOPOro COOTBETCTBYET COCTOSHUIO
aHanuanpyemor nporpamMmel. 3aTeMm nNpoeBepseTcs,
AOCTUXUMbBI N COCTOAHWS aBRTOMATA, B KOTOPBIX Ha-
pywatTcs ycnosua BesonacHocTu. Monb3oBaTtens
cam ykasblBaeT CWUIrHan, Hann4yme unm oTCyTCTBME
KOTOpPOro ykasblBaeT Ha HapyweHue ycnosusa 6e3o-
nacHoCTH.

PaccmoTpum npyMep TECTMPOBaHWUA MOaYNs Oven,
YyNPaensoLWero MMKPOBOHOBOW NeYbio. [1ns aToro no-
CTPOMM NPOrpamMmy, COCTOSALLYIO M3 TPEX MOAYNEN, ABA
M3 KOTOpPbIX (NoStartWhenOpenAssumption W
HeatingWhenOpenProperty) ABNAKTCH CUHXPOH-
HbIMW HabnwaaTenamMun, a TpeTui (OvenTest) 3anyc-
KaeT TecTUpyemblid Moayfb Oven napannensHo ¢ aTu-
MK Habnwpgarensamm:

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;
cutput heat, bell, HEATING WHEN OPEN,
START OPEN_INVALID; B
run Oven
|| run NoStartWhenOpenAssumption
| | run HeatingWhenOpenProperty
end module

B paHHOM npumepe ycnosue 6e30nacHoOCTH Ha-
pywaervcH, ecnu npucyTcTByeT curHan
HEATING WHEN OPEN.CucTema Xeve coobuwaert, 4To
BbllleyKa3aHHbIA curHan Hukorna He oyanet chopmu-
poBaH 1, cnenoBaTes/ibHO, COOTBETCTBYKOUWEee YyC/10-
Bve 6e30NacHOCTW HMWKOrga He OyOeT HapyweHo.

ABTOMATUYECKOE TECTUPOBAHME NO3BONAET yNpo-
CTUTb CEPTUOMKALMIO MPOrPaMMHbIX CUCTEM.

3aknw4yeHue

B HacToAuwen pabote BbinoNHeH 0630p A3bLIKOB
CUHXPOHHOIO NPOrPaMMMpPOBaHNA, MO3BONAIOLMX
MOBLICUTL HAAEXHOCTb NporpamMmmHoro obecnevyeHus
NoO CPaBHEeHUIO C TPAAMUMOHHBIMU A3bIKAMUW N TEXHO-
norunamMmu. OBbACHEHO, NOYEMY 3TOT KNacc fA3bIKOB
HAa3BaH CUHXPOHHBLIMUK, TTPUBELEHLI NPUMEPbI UC-
NONbL30BAHUA ITUX A3LIKOB.

Hapsay C CUHXPOHHBLIMMW A3bIKaMKU NPOrpPaMMupo-
BAHWA, co3daHHbIMW B 3ananHon EeBpone, B Poccun
passueaetca SWITCH-TexHONOrmMaA, KoTopas Takxe
npeanHasHadeHa AN NOCTPOEHMA OTBETCTBEHHLIX
cuctemMm. C 6ONbWKUM YACNOM MNPOEKTOB, NOCTPOEH-
HbIX C UCMNONMb30OBAHWEM 3TOW TEXHONOTUU, MOXHO
03HAKOMWUTbLCH Ha cauTe hitp://is.ifmo.ru, pasnen
«[poekTbl»

DTV NPOEKTbI BLINONHAKTCA B paMKax ABMXEHUN 3a
OTKPbITYH MPOEKTHYIO OOKYMEHTaUUIO, YTO ABNAETCH
0CODEHHO BaXHbLIM NS OTBETCTBEHHLIX cucTem [18].
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ONA WUPOKOro CNeKTpa HEeNMHEWHbIX XapakTepucTUK Kak B cnyvyae MOeanbHOro
AWM, Tak n npu y4yeTe KOHEYHOW ANNTENBHOCTU 3aMblKaHWs MOAYNATOPOB Tuna |l u
Il. MpwBegeH anropnuTM NPOrpaMMHOro KomMnnekca, peannsylowero 0606 WeHHbIN
MeToq FanepkuHa ana cuHtesa napameTpos CAY.
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