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AHHoTauus: Pa3BuTHE MOMYIPOBOZHUKOBBIX TEXHOJIOTHH CHIENAl0 BO3MOXKHBIM CO3JaHHE OCCIIPOBOJHBIX CEHCOPHBIX ceTeil. s
TaKUX CeTed HEOOXOAMMO CO3[JaHUE CHCTEM MOACIUPOBAHMS, MO3BOJIIONIMX BBIOMPATh ONTHUMAJbHBIC IPOTOKONBI UL Kaxgou
MpUKIagHON 3amaun. B pabore mpemmoskeH mMoaxon K MOJCIMPOBAHHIO CEHCOPHBIX CETeH, OOBEAMHSIONMN BO3MOXHOCTH CPEIbI
BU3yaJbHOr0 MojenupoBanust AnyLOQIC U cuCTeMbl CHUMBOJIbHBIX BbluucieHuii TermWare. J[inst AeMOHCTpaumud 3TOrO MOAXOAA
pa3paboTaH HPOTOTHUII CHUCTEMBI MOAEIUpoBaHMSA. PaccmarpuBaercs HpHMep ACKIAPATUBHOIO OIKCAHUS IMPOTOKOJA — IIPOCTOM
CHHXPOHHBII ITPOTOKOJ JOCTYyNa K KaHAIy.

Abstract: Recent technological advances enabled the creation of Wireless Sensor Networks (WSN). There is a need for simulation
systems, which should allow users to choose the best protocols for each applied problem. We present an approach to sensor network
smulation, based on AnyLogic — visual smulation environment and TermWare — symbolic computation sysem. A prototype
smulation system implementing this approach is described. As an example of declarative protocol description we use a simple
synchronous medi a access protocol.

Beenenue

B Hacrosiiee BpeMs MOSBISETCS HOBOE MEPCHCKTHBHOE HAMpaBiCHHE, CBA3aHHOE C MPUMEHEHHEM
6eCrpOBOAHBIX CEHCOPHBIX ceTeil. Pa3BUTHE MOTYNPOBOAHMKOBBIX TEXHOIOTUI MO3BOJISIET CO3aBaTh ManorabapuTHbIC
yCTpO#iCcTBa,  COBMEHIAOlIMe (DYHKIMH  M3MEPEHHs]  OMPEICTCHHBIX  [ApaMeTpoB  OKPYKAIoOIeH  cpempl,
MpeIBAPUTEIIHbHON 00pabOTKU pPe3yabTaTOB U MEPECHUIKM AaHHBIX sl AanbHeiinel oOpabotku. Takue ycTpoicTBa
MOI'YT UMETh HU3KYIO CTOMMOCTb M paboTaloT JiuTensHoe BpeMs (1o 10 jeT) oT BCTPOCHHOrO MCTOYHUKA MUTAHHUS.
OTH 0COOCHHOCTH TMO3BOJSIOT HCIOJB30BaTh CEHCOPHBIE CETH ISl PAa3lMYHBIX HAYYHBIX M MPHKIAIHBIX IENeH.
HccnenoBaTebCcKie MPOSKTH IOKA3bIBAIOT BO3MOXKHOCTH TMPUMEHEHHS CEHCOPHBIX CeTell A HCCleqOBaHUS
JBIDKCHHST JICAHUKOB [2], OOHAapyXeHHs pPaJHOAKTHUBHBIX BEUICCTB [3], JOKaIM3allM¥ CHAWIEPOB B TOPOACKHX
ycioBusix [4].

Peann3oBaHHBIE U TPOCKTUPYEMbIE CEHCOPHBIC CETH HMMEIOT MHOTOYHCICHHBIC pa3ju4us, Kak B 00JacTu
NpUMEHEHHs, TAK U B HCIOJBb30BAHHBIX TEXHHYCCKUX peUIeHUsAX. TeM He MeHee, MOKHO BBIACIUTH OCHOBHBIC
XapaKTepPUCTUKH, CBOICTBEHHbIC OOJBIIMHCTBY cucteM [1]. TumudHAas CEHCOpHAs CETh COCTOUT U3 OOJBLIOTO
KOJIMYECTBa MPOCTEHIINX YCTPOUCTB Muist cOopa mHbopManuu (MOTOB) M HECKONBKUX 0OJIee CIIOXKHBIX YCTPOWCTB st
o6paboTtkn uHpoOpManuu (0a30BBIX cTaHIMit). KaxIplii MOT MPOM3BOIHUT MEPHOTHMYCCKHE H3MEPCHHUsI MapaMeTpoB
OKpY’Karollel Cpe/bl, OCYIIECTBISIET TEPBUYHYIO 00pabOTKy MOTyYSHHOH HHPOPMAIMK U MepechulacT ee Ha 0a30BYIO
cranuuio. Ha 6a30BOil CTaHIMU MPOU3BOAUTCS AajbHeHas oOpaboTka WH(MOpPMAIMH, MPOMEKYTOUHOS XPAHEHHE H
nepesada ee Iis AanbHeiiiei 06padoTki. MOTHI HCIOMB3YIOT MaJOMOLIHBIE MEPEAATIUKH, TIOITOMY OOBIYHO Mepenada
MPOUCXOAUT HE HANPSIMYIO, & C UCMIOIb30BaHUEM MPOMEKYTOIHBIX MOTOB.

THUIMYHBIE CICHAPUU HCIOJb30BAHHS CEHCOPHBIX CETeH HaKIa[bIBAIOT OIpEACICHHbIC OrpaHHYCHHS Ha
YCTPOICTBO M () YHKIIMOHUPOBAHKE MOTOB. B 4acTHOCTH, yCcTpoiicTBa HOIDKHBI OBITH MatorabapUTHBIMH, JOCTATOYHO
JICUICBBIMH U JIOJDKHBI paboTaTh B TEYCHHE IUINTEILHOTO BPEMEHH C HCIIOJ30BAHHEM aBTOHOMHOIO HMCTOYHHKA
mutanust. [103TOMY Ui MOTOB XapaKTEPHBI CYIIECTBEHHbIC OrPaHHYCHHS BBIYHCIUTEIBHBIX PECYpcoB (Iporieccop,
MaMATh) U HEOOXOAUMOCTh OUEHb SKOHOMHO PacXoI0BaTh SHEPruio. J[iist 0a30BBIX CTAHLUI 3T OTPAHUYCHHUS HE CTOMb
AKTYaJIbHBI.

Oco0ble CIOKHOCTH BO3HUKAIOT TMPU pa3pabOTKe MPOTOKOJIOB CETEBOr0 B3aMMOJCHCTBHS MOTOB. PaGora
MpUEMHUKA U MepeJarTyuka TpeOyeT HauOONbLIMX 3aTpaT YHEPrHH, MOITOMY ITH YCTPOWCTBA MOKHBI BKITFOUATHCS
JIOCTATOYHO PEIKO. DTO JAeNaeT HEBOSMOXKHBIM MPUMEHEHHE CTAHJAPTHBIX CXeM ()YHKIIMOHHPOBAHMS OSCIIPOBOIHBIX
cereil (HampuMep, TOCTOSHHOE MPOCTyLIMBaHUe d(Hpa ¢ IebI0 MPenoTBpalieHus Komtu3uit). Kpome Toro, creruduka
UCIIOJIb30BaHMsl CCHCOPHBIX CeTedl ompenenseT u Apyrue ominuus. OOBIMHO HET HEOOXOAMMOCTH B Iepenade
uH(OpMAIUK OT OAHOTO MOTa APYrOMY, BCE JaHHBIC JODKHBI JOCTABIATHCS Ha OMMKaIIyro 0a30BYI0 CTAaHIIMIO.
HanexHocTh MpH mepenade JOCTUTACTCS 3a CUET MOATBEPIKICHUS KAKAOrO MaKeTa JAHHBIX Ha KaKAOM OTare
nepe/ad, a He MMyTeM YCTAaHOBJICHHS HaJCKHOTO KaHaja MEX/Iy KOHCUHBIMH Y3JaMHU IpH mepeaade. HakoHer, MOTHI,
HaxosIIecs Onmke K 6a30BOM CTaHIMU, MOT'YT HE MPOCTO OTCHUIATH TTAKET JAHHBIX Nallbllle, a ArPErHpPOBaTh TaHHBIC
C pe3yJibTaTaMd COOCTBEHHBIX HM3MepeHHid. [I09TOMY AJIs CEHCOPHBIX ceTeil HeoOXomuMa pa3paboTKa CrelHpHUIHBIX
9 PEKTUBHBIX CETEBBIX MPOTOKOJIOB (B OCOOCHHOCTHU TO KAacaeTCsl TOCTYMA K KaHATy U MapIIpyTH3aI[HH).

Ha ceropmsimiHuii AeHb pa3paboTaHO JOCTATOYHO MHOTO MPOTOKONOB MapUIPYTH3allWH, YIUTHIBAIOIINX CHCUHDUKY
paboThl CeHCOPHBIX ceTeil. B pabote [5] mpemnoxkena Kiaccu(pUKaIms MPOTOKOIOB MAPUIPYTU3AIUH, OCHOBAHHAS Ha



BBIICTICHUH CICAYIOUIMX TPYII POTOKOIOB: 1) MPOTOKOJIBI, OCHOBAHHbIC Ha AaHHBIX, 2) HepapXUUECKHUE TPOTOKOIIBI 1
3) MPOTOKOIBI, OCHOBAaHHBIC HA MOJIOXKEHUU MOTOB. J[Jsi pasHBIX MPUKIATHBIX 3a7ad HEOOXOMUMO HCIIOJIb30BAHHE
Pa3HbIX MMOIXO/I0B K MAapUIPyTU3AIMH, TO €CTh JOJDKEH MPOU3BOAUTHCS BHIOOP Hamboliee MOAXOIIIero nporokona. B
HEKOTOPBIX CITy4asX MOXKET ObITh OIpaB/JaHa COBMECTHas pa3paboTKa IMpOrpaMMHON M almapaTHOH 4acTed MoTa Juis
JOCTIOKEHHUSI MaKCUMaNbHOM 3 eKTHBHOCTH paboThI ceTu [6)].

Cpenu BcexX HCCIENOBaHUM, NMPOBOAMMBIX B 00JacTH OECHPOBOJIHBIX CEHCOPHBIX ceTei, 0co0oe BHHUMaHHE
npuBnekaer npoekt TinyOS [7], [8]. B pamkax 3TOro mpoekTa pealn30BaH aHAJOr OMEPAlMOHHON CHCTEMBI 11 MOTOB.
TinyOS peanu3yeT OCHOBHBbIC HU3KOYPOBHEBbIC (DYHKIIMHK, B TOM YHCIE YIIPABICHHE CEHCOPOM U Mepenady AaHHBIX MO
cetH. J{J1s MpOrpaMMHUPOBAHUS MPUIIOKEHHH HCIIOB3YEeTCsl BBICOKOYPOBHEBBIH 51361k NESC [9] — pacumpennue s3bika C.
DTOT A3bIK MO3BOJISIET MCIIONB30BaTh MHOTHE BO3MOXKHOCTH, HAalpumep pa3OueHue MPUIOKEHHs Ha KOMIIOHEHTHI U
COOBITHIHBIN MOAXOA K MporpamMmmupoBanmio. Kpome toro, TinyOS coaepxut cpeactsa Ml pa3pabOTKH CTaHAAPTHBIX
npunokeHuit 6e3 mporpammupoBanus TASK (Tiny Application Sensor Kit) [10].

Ilpu pa3paboTKe CEHCOPHBIX CeTell OOoNblIoe 3HAUYCHHE HMEIOT CHUCTeMbl MopenupoBanus [11]. Cuctemsl
MOJICJIMPOBAHUSI CEHCOPHBIX CETeH MO3BOJISIOT pa3pabaThiBaTh almapaTHOE U MPOrpaMMHoOe oOecIieueH e It MOTOB CO
3HAUUTENbHO MEHBIIUMH 3aTpaTaMM, YeM B Clly4ae MCIOJIb30BAHUS PEalbHBIX YCTpOHCTB. Tarwke OHM MO3BOJIAIOT
BHIOMpAaTh ONTUMAaJbHBIC PEIICHUS i KOHKPETHOW IpPUKJIATHON 3a1auM, ONpeNeNsTh NapaMeTpbl paboThl CeTH
(3amepkKu MpHU AOCTaBKE MaKeTa, PacXojl SHEPruHu, HaJAeKHOCT). Ho i momydeHus: KOPPEKTHBIX PEe3yNbTATOB TaKHE
CHCTEMBI JIOJDKHBI MOJICJIMPOBATh HU3KOYPOBHEBBIE ACTATIH PaOOTHI CETH, YTO YCIOKHSIET UX peaTH3aluio.

B mpoekt TinyOS Bxoaut cuctema mozaenupoBanusi TOSSIM [12]. OHa mo3BOJseT MOICTHPOBATH PabOTy
MIPOM3BOJIGHOM IPOTpaMMBbl JUIi CEHCOPHOM ceTH, HamucaHHOM Ha s3bike NESC. DTo mo3BossieT pas3paboTarh
npuwiokeHue ¢ ucrnosnszoBanueM TOSSIM u moroM ucnosb3oBaTh ero B peanbHol cetd. B cucrteme TOSSIM
MOBE/IEHHE MOTOB MOJEIMPYETCS JOCTaTOYHO IMOAPOOHO — HAllpuMep, MOJAEIUpPYETCs Iepenada KaxIaoro Oura Io
panrokaHainy. OCHOBHBIM HEIOCTaTKOM 3TOW CHCTEMbI MOJCTHPOBAHHS SIBISCTCS TecHas mpuBsa3ka K TiNyOS, 4to He
MIO3BOJISIET MOJIEIIMPOBATh CEHCOPHBIEC CETH, HE OCHOBAHHBIE HA 3TOH MiaTdopme.

CyIIecTBYIOT TaKKe JApPYrHe CHCTEMbl MOJEIMPOBAHUS CEHCOPHBIX CETeH, B KOTOPBIX YJAENseTcS BHUMAaHUE
Pa3MHYHBIM acrmekTaM MopenupoBanue. Hekoropsie cuctembl (Hampumep, ATEMU [13]) ocHoBaHbI Ha AETalbHOM
BOCIIPOM3BECHUN OCOOCHHOCTEH ()YHKIIMOHUPOBAHUS almapaTHOW 4YacTH MOTOB. B Jpyrux cucreMax y4HTHIBAIOTCS
TpeboBanus macmradbupyemoctu (Hampumep, SWAN [14] u TOSSF [15] — macmTabupyemast cucTeMa MOASTUPOBAHUS
st TinyOS) U KOMITOHEHTHOW OpraHU3alliK, MO3BOJSIONICH JIETKO MOAU(PUIMPOBATH CUCTEMY (IPHMEPOM MOMKET
cnyxutb SENS [16], a Tatoke SWAN). TIpoekt Em* [17] npennmaraer enuuyio mwiatgopMmy s MOASTHPOBAHHS,
pa3paboTKM M CONPOBOXKJICHUS CEHCOpHbIX cered. CymecTBYIOT MOAU(GHUKALUMU YHUBEPCAIBHBIX CHCTEM
MOJICIIUPOBAHUS CETEBBIX MPOTOKOJIOB, aNaNTHPOBAHHbIC Ui ydeTa ocobeHHocTel ceHcopubix cereit (NS-2 [18], J
Sim[19]).

B nanHO#l paboTe mpemiokeH MOAXOJA K MOAEIMPOBAHMIO CEHCOPHBIX ceTed, 00bEeqUHSIONINI BO3MOXKHOCTH
cpensl Bu3yanbHOro mopenupoBanust AnyLogic [20], [21] u cucTeMbl CHMBOJBHBIX BhluucieHuid TermWare [22].
Bonblrasi 9acte (QyHKIMOHATBHOCTH, HEOOXOIMMOMN Il MOIESIHPOBAHHs, pealn3oBbiBacTcs B cperae AnylLogic, c
UCIIOJIB30BaHUEM BH3yallbHbIX cpenctB. Cucrema TermWare wucnosib3yercs Uil JeKJIApaTUBHOIO —OIMCAHHUS
MIPOTOKOJIOB. JleKJlapaTHBHOE OIUCAaHHE MPOTOKOJIOB MO3BOJSIET HE TOJBKO YNPOCTUTH 3aJaHUE INPOTOKOJIOB JUIS
CHCTEMBl MOJEJMPOBAHMS, HO M HCIIOJIb30BaTh JIONOJHUTENbHBIE CPEACTBA JJIS aHanM3a HpoTokoia. Hampumep,
BO3MOXHO (hOpPMAIbHOE TOKA3aTENBCTBO KOPPEKTHOCTH MPOTOKONA (CYIIECTBYIOT BEPU(DHKATOPBI I Pa3IHIHBIX
nporokonioB, Hampumep, SPIN [23]). [Ins ngeMoHCTpanuy AaHHOIO MOAXOAa pa3pabOTaH MPOTOTHII CHUCTEMBI
MOJICIIUPOBAHMUs, COCTOSIIIMKA u3 6a3oBoil Momenmun B ANyLOQIC, ommcanus MpOTOKONOB Ha s3bike TermWare u
KOMITOHEHTA CBSI3H, pealn30BaHHOro Ha Java. B kauecTBe npuMepa AeKIapaTUBHOTO OIMCAHUS MPOTOKOJIA PACCMOTPEH
MPOCTEHINNH CHHXPOHHBIH MPOTOKOJI 1OCTyNa K KaHAIy.

1. Cpena AnyLogic

Cpena AnyLogic [20], [21] mo3BoIsI€T UCTIONB30BATh PA3IHIHBIC APAJUTMbl MOACIUPOBAHUS (HEMPEPBIBHOE U
JTUCKPETHO-COOBITUIHHOE MOJCIUPOBAHUE, MHOTOATCHTHBIH TOAXOM), a TaKKe KOMOHMHHPOBATh HX. BaKHBIMHU
MIPEUM YII[ECTBAMH CUCTEMBI SIBJISIOTCS:

- OOBEKTHO-OPUEH TUPOBAHHBIH MOAX0 K MOJICITHPOBAHHIO

- BusyanpHas cpena pa3pabotku ¢ Ooraroi (pyHKIHOHAIbHOCTBIO

- Bo3aMoxHOCTB HCIIOIB30BaHuUS sI3bIKa Java

B cucreme AnyLogiC BBeneHO MOHATHE akmueHo2o obwvekma (AO) — paclinpeHne KIacCHIeCKHX OOBEKTOB,
KOTOpBIE HCIIOJIb3YIOTCS B OOBEKTHO-OPUEHTHPOBAHHBIX s3bIKaxX HporpammupoBaHusi. Kak M oObIYHBIE OOBEKTHI,
aKTHBHbIE OOBEKTHI MOTYT HMETh CBOMCTBA M METOIBI (XOTSI METOABI PEIKO HCIOJB3YIOTCS IS CBSI3H MEXKIY
oO0bekTamu). B AnyLOgiC akTHBHBIH 00BEKT MOXKET BKITIOUATh TAKKE JPYTUE DIICMEHTHI:

- [TapameTpsl — 0coObIe CBOIMCTBA, ONpEeIIIOIIUe apaMeTPpbl MOJEIH

- BHemHue nepeMeHHble — HMCHONB3YIOTCS I cBsA3M ABYX AO, Korja M3MEHEHHE IepeMEHHOH B OIHOM
00'bEKTE aBTOMAaTHYECKH MEHSET €€ 3HAUeHHE B JIPYroM

- [TopTh!l — Mcnonk3yroTes 11 0OMeHa coodieHusIMu Mexy AO

- CreiiTuapThl (qUarpaMMbl COCTOSTHUIT) — 3aJal0T MEPEXObI MEXKIY COCTOSHUAMHU AQ



- TaiiMmepbl — MO3BOJISIOT COBEPIIATh MEPUOAMYESCKUE JICHCTBUS, 3a7aBaTh BPEMEHHBIE 3aICPIKKHI

- Maremaruyeckue QyHKIH — 3aJal0T (PYHKIUIO C HCIIOIH30BaHHEM MaTeMaTUIEeCKUX (GopMyt

HasBaHue «aKTHBHBIM OOBEKT» ONPaBJAHO TEM, YTO KaxJelii 00beKT B ANYLOQiC sBJISETCS aBTOHOMHOM
CYIITHOCTBIO, MOJIHOCTHIO OMPEIEIIONICH CBOE MOBeJcHHe. Tak, KaKOMY aKTHBHOMY OOBEKTY COOTBETCTBYET CBOM
MOTOK yIpaBjieHus (3TO aBTOMarudyeckd obecreunBaercs cperoit AnyLogic). Cea3p Mexy aKTUBHBIMH OOBEKTAMHU
MIPOM3BOUTCS HE Yepe3 BBI30B METOJIOB, a C TIOMOIIBI0 00MeHa cooOmeHUAMH (M BHEIIHHUX MEPEMEHHBIX). B pamkax
MHOTOAr¢HTHOW MapagurMbl, KOXKIbI aKTUBHBIA 00BEKT MOKHO pacCMaTpHBaTh KaK HE3aBUCHUMOIO areHra. [loatomy
cucrema AnyLogic xopoIio moaxoauT i pealu3aiii MoJese, HCIOIb3YIOIMX MHOTOAr€HTHBIN TTOIXOI.

Kaxp1ii akTUBHBIM O0BEKT MOXKET COJEPIKATh JPYrue aKTHBHBIC OOBEKTHI, IIPH ITOM OIMPEIEIISA CBSI3U MEWKIY
HUMHU. MOXXHO BKJIFOUATh KaK OJMH K3EMIULIP aKTHBHOTO O0BEKTA, TAK M PEIUTUIMPOBAHHBIN 00BEKT — PaKTHIECKU
MaccuB 00bekTOB. Mozenb B AnyLOgiC npeacrasieHa nepapxueil akTHBHbIX 00beKTOB. CyIEeCTBYeT OJMH KOPHEBOM
00BEKT, comepKaliuil (IpsAMO WK KOCBEHHO) BCE aKTHBHBIE 00BEKTHI, HCIIOIb3YEMbI€ B MOJICIIH.

Paspabotka Mmozmenu B AnyLogiC mpousBoauTcss B BusyalbHOH cpeme. Co3gaHne aKTHBHBIX OOBEKTOB, HX
JJIEMEHTOB, CBA3EH MKy aKTUBHBIMU 00BEKTaMHU He TpeOyeT HAMKMCaHUs KOJla — BCE 3TU ONEpallii UMEIOT HATJISTHOE
rpaduueckoe npeacrapicHue. KpoMe TOro, €cTh BO3MOXKHOCTD CO3[AHUS aHUMAIIHi, IEMOHCTPUPYIOIIUX COCTOSHUE
o0bekTa. MOXKHO CO3/1aTh aHUMAIMIO s Kaxaoro AQ, MpHu 3TOM U CIIOKHBIX O0BEKTOB aHMMAIHsI CTPOMTCS Ha
OCHOBAaHHMH aHUMAaIMil HX KOMIIOHEHTOB.

Ecmu cranmaptHeix cpeacts AnyLOQiC He XBaTaeT JJis IOCTPOSHUS MOJIENH (HITH MX UCIOJIb30BaHHE HEYI00HO),
©CTh BO3MOXXHOCTh HCIOJb30BaHUs si3blka Java. B mpocteiimeM cioydae, 3TO CBOOMTCS K OIMMCAHUIO JCHCTBHUH,
COBEpILIaeMBIX MPU MEPEXO/ie B JAPYroe COCTOsSHHE, cpabaThIBAHUU TaiiMepa WM mpuxone coobmeHus. Kpome Toro,
MOXKHO T0OaBISITh COOCTBEHHBIN KOJI Ha Java K aKTUBHOMY OOBEKTY, a TAKKE MCIOJIb30BaTh CTOPOHHKUE OUOIMOTEKH.
Dto nenaet cucremy AnyLOgiC Jierko pacimpsemMoi.

BosmosknocTr cucteMbl ANyLOQIiC o0yier4arT peann3aluio MOJEIH CEHCOpPHOHM ceTu. Tak, TMOBEIEHHE CEeTH
ONpeNIeIsIeTCsl MOBEICHUEM OTACIbHBIX MOTOB, IO3TOMY €CTh CMBICI MPHUMEHSITh MHOTOAreHTHBIA MOAXOA K
MOJICTHPOBAHUIO, KOTOPHIi moanepxkuBaercs B AnyLogic. Cructema cooOlieHni 1 TaliMepOB MO3BOJISIET MOJICIUPOBATE
B3aMMOJICHCTBUE MOTOB C yYETOM BPEMEHHBIX 3ajiepikek. KpoMe Toro, BO3MOXHOCTh PACIIUPEHUS MOJIENU C TTIOMOIIBIO
BHENIHUX OUONHOTEK Java TakKe OKa3bIBacTCsS OUCHb yIOOHOM.

2. Cucrema TermWare

Cucrema TermWare [22] nauenena Ha pa3pabOTKy BBICOKOJMHAMHYHBIX MPUKIATHBIX CHCTEM, K KOTOPBIM
MPEIbSBIAIOTCS TMOBBIIICHHBIE TPEOOBaHHS KaK K BCTPOCHHOMY HHTEIUICKTY Uil OOCCICUSHHUs] WHTEPaKTHBHOCTH
pa3pabaThIBaEMbIX CHCTEM, TaK M YICIICBICHHIO Pa3pabOTKH, COKPAIICHUIO CPOKOB MPOSKTUPOBAHUS U YAYUIICHHUS
XapakTepUCTUK TOBTOPHOTO WX HCIONb30BaHUs (PESHH)KCHUPUHTA) U COMPOBOXKIaeMocTH. OHa OTJIHYAETCS OT
OONIBIIIMHCTBA JPYTMX CHCTEM OTOr0 Kiacca KaK HAa3HAUYCHHEM M CEMAHTHKOW HCIONB3YyeMBIX CPEACTB, TaK H
TeXHONMOrue ux peanusauuu. SI3pik Term\Ware He sBIsSeTCS YHHBEPCATBHBIM S3BIKOM MPOTPAMMHPOBAHHS B TOM
CMBICIC, YTO OH HE NpeTHa3HAYeH M HAMMCAHUSA TOMHO(PYHIMOHAIBHBIX MPOrPAMMHBIX CHCTEM. OTO
KOOPAMHAIIMOHHBIA SI3bIK-000JI0UKa, TPEJHA3HAYCHHBIA [UISI HAMHCAHHSA TMPEAMETHO-OPHCHTUPOBAHHBIX YacTeil
MPIIOKEHHH, BCTPAHMBACMBIX B MPHUKIAAHYIO CHCTEMY IS peanu3aliu (HYHKIMH B3aUMOACHCTBHS TOM CHCTEMBI C
MPOrPAMMHBIM OKPYKEHHEM.

Just cucremsl TermWare xapakTepHbl CIeyroIue 0COOEHHOCTH:

- cmiosnp30BaHue ICKJIAPATHBHOTO OTMIUCAHHS

- Peanu3anus ToJIbpK0 TpeOyeMOii 4acTH MPHIIOKEHHUS, & HE BCETO MPUIIOKCHHS

- OpHeHTAIMs Ha TECHOE B3aUMOJISUCTBUE C IPYTUMHU YaCTSIMU MPUITIOKCHHS

TermWare odopmieHa kak OubinuoTeka s3blka Java, BcTpaMBaeMmas B IPOTpaMMHOE INpHiIokKeHHe. Jlist
pa3paboTdrKa CHCTEMa TEPMOB BBIIJIAIUT KaK COBOKYITHOCTH 3K3eMIUIAPOB Kiacca |ITermSystem, ¢ Bo3MOKHOCTBIO
yIpaBlieHUs: HAOOpPOM MpaBUI U PEAyLUPOBaHUs TepMOB. basza (hakTOB Takke MOXKET CONEpXKaTh HMMIICPATHBHbIC
9JIEMEHTHI, OMHUCaHHBIE Kak Java kmacchl. TakuM 00pa3oM, MMeeTcsi BO3MOXXHOCTh HCIIOJIb30BATh JACKJIAPATHBHYIO
MOJIeNb TIPOrpaMMHPOBAHHUS B MPOTPAMMHBIX KOMILIEKCaX, OCHOBAaHHbBIX Ha Java-miardopMe B TEX COydasx, KOT/a 3TO
HEo0X0iMMO. Pa3paboTdiK MOXKET HCMONb30BaTh TEPMAIBHYIO CHCTEMY KaK MPOrPaMMHBIH areHT, BCTPaUBACMbIi B
0011yI0 HH)PACTPYKTYPY MPOTPAMMHO CHCTEMBI.

Camu HAOOpBI MPaBHJI OMHUCaHbI Ha s3bike TermWare u XpaHsTcs B OTHENbHBIX (aiinax. OCHOBOM s3bIKa
SIBIISIIOTCSL TEPMBI, TO €CTh BbIpaxkeHHs Buaa f(Xy,...,X,). B kadecTBe aTOMapHBIX TEPMOB HCIOJB3YIOTCS MEPEMEHHBIC
(koropeie 3amuceiBatoTcs B Buae $identifier), a Tamke KOHCTAaHTBI OIpPENENEHHBIX THUIIOB JAHHBIX (YHCIOBBIX,
JIOTHYECKUX, CTPOKOBBIX M AaTOMAapHOrO0 — HEU3MCHsIEeMble CTPOKH). [l YIPOIICHWS 3allMCH W BOCTIPUSTHS
HCTIOJB3YIOTCS COKPALICHHS ISl MHOTHX TEPMOB, Hampumep X+Y - mis plus(x,y); X ? y: z- ans ifelse(x,y,2) u apyrue.
Beck HaOOp MpaBHIT SABIACTCSI TEPMOM, 3aMMCAHHBIM C UCMONTb30BAHUEM ITUX COKPAIICHHIA.

HaGop mpaBui COACPXUT CaMH MpaBHa, & TAKKe MOMOJHHUTENbHYI0 WH(opMaimio (Ha3BaHHE CHCTEMBI
MpaBwWI, HCMONB3yeMas 6a3a (hakToB, MpHUMEHseMasl CTparerus). TunmdHoe mpaBmiio B TermWare samuchiBaeTcs
CIIEAYIOIUM 00pa3oM:

source [condition ] ® destination [action]

3nech ucnonb3yores 4 TepMma:



SOuUrce — BXoIHOM o0Opaserr
destination — Beixo/1HO#M 06 paserr
condition — ycioBue, onpeaensoee IPUMEHUMOCTD MPaBHIIa

action —neiicTBue, BBIMOJIHIEMOE MTPU CpabaThIBAHUH MPaBHIIA
BrimonHsemble NeHCTBUS U MPOBEPsIieMble YCIOBUS B OCHOBHOM SIBJISIFOTCSL BbI30BaMU MeToz0B B BJI ¢akros.
Takum 00pa3oM, ocyLIeCTBISETCS CBA3b MEXIY NpaBWiaMu Ha s3bike TermWare u xomom Ha Java. Kpome Toro,
BO3MOJKHO HalMCaHHe COOCTBEHHOW CTpaTeruu, olpeaessiomeld Iops 0K IPUMEHEHUS IPaBuIl.
B mopmenu ceHcopHo#t cetu, cucrema TermWare MoxkeT OBITh MCIIOJB30BaHA I JAEKJIApaTUBHOTO OIUCAHUS
MIPOTOKOJIOB B3auMOZAEHCTBUA. [IpH 3TOM ONMUCHIBAECTCS TOJBKO CaM IPOTOKOJI, BCS () YHKIMOHAIBHOCTD, HEOOXOAUMAas
JUISL MOJICJTMPOBAHUS, COJEPIKUTCS B JIOTIOJIHUTENILHBIX KOMIIOHEHTAX, HAIIMCAHHBIX Ha Java

3. OOuiee onucaHue.

Peai30BaHHBINH NPOTOTUII CUCTEMBI MOJICIIMPOBAHHS COCTOUT U3 TPEX OCHOBHBIX YaCTEH:

- BazoBast Mozienb, peanu3oBanHas cpeactBamu AnylLogic

- [IpoTokobl, 3armucaHHble B BUAE npaBui TermWare

- KoMnoHeHT cBsi3H, peann3oBaHHbIH Ha Java

ba3oBast MOJIeNb pea3yeT OCHOBHBIC JIEMEHTBI CEHCOPHBIX ceTeil (MOThI, 0a30Bast CTAHLMUS, X allapaTHbIC U
MPOrpaMMHbIE KOMITOHEHTBI, paJnOKaHal, OKpyXKaomas cpena). Bce ameMeHThl MpeAcTaBiIeHbl B BUAC aKTHBHBIX
00bekToB (AO) cpenpt AnyLogic.

JIis HEKOTOpBIX 3JIEMEHTOB, HalpHMEp, CETeBOr0 M KaHAJbHOTO YPOBHS CETEBOrO CTEKa, HEO0OXOIUMO
HCIOJIb30BaTh Pa3MMUHbIC MPOTOKOIBI. BMecTo peanu3aruu ux Merogamu AnyLogic, ncmnomnb3yercs 3anuch mpoToKoIa
B BHJIE CUCTEMBI NpaBmi Ha si3bike TermWare. Tlpu 5ToM CTaHOBUTCS BO3MOXKHBIM HE3aBHCUMOE M3MEHEHHE 0a30BOH
MOJIENI ¥ NPOTOKOJIOB, NMPUYEM H3MEHEHHE MPOTOKOJIOB BO3MOXHO JIa)K€ BO BPEMs IPOBEICHUS DKCIIEPHUMEHTOB C
MOJIEINBIO, TIPH 3aMmylieHHOH Moen B AnyLogic.

Jlnst cBsi3u ©a30BOI MOJENH U MIPOTOKOJIOB peanin3oBan koMmoHeHT cBs3u (KC). ba3zosas Mojenps He paboTaer ¢
MpaBUJIaMH HANpsSMYI0 — BeCb OOMEH MHQOpMalueil NpoucXoauT yepe3 KOMIIOHEHT CBs3H. B wacTHOCTH, MOzmens B
AnyLogiC He comepUT HEMOCPEACTBEHHBIX CCHUIOK Ha O0O0BeKTHI Term\Ware, BHI30BOB METONOB U APYTUX CPEICTB
B3aUMOJEUCTBHS. DTO YIPOILAET MOJIENb, CKpbIBas 0COOEHHOCTH peanu3anuu TermWare, 1 mo3BossieT HCHoIb30BaTh
pasnmuunbie Bepcun TermWare 6e3 nameHenns B moaenu AnyLogic.

Cpa3b MEKAY 0a30BOH MOIENBIO M MPOTOKONAMHU (CHCTEMOIl MpaBWI) peajn30BaHa Ha YPOBHE aKTHBHBIX
00beKTOB (a He Bcell MoJieN). AKTHBHBIE 00BEKTHI, HCMOB3YIOIINE MOAAePKKY Term\Ware, cBs3anbl ¢ KOMIOHEHTAMH
CBSI3H, KOTOpBIE paboTaloT ¢ mpaBuiaMu. Kaxplii akTHBHBII 00BEKT CBsA3aH C OTAENbHBIM 3k3eMIursipoM KC, xoTopsrit
UCIIOJIB3YET COOTBETCTBYIOUIYIO MPOTOKOIY CHCTEMY IpaBuil. B jmanHoM npororune onuH AO MOXeT HCHOJNb30BaTh
TOJILKO OZMH Ha0Op MpPaBHII; OHAKO 3TO OTPaHUYCHUE HE SIBILSIETCS CYLIECTBEHHBIM.

OO011ast apXUTEKTypa MPOTOTUIIA CUCTEMBI MOJICIMPOBAHHK S ITOKa3aHa Ha puc. 1.

basosas mozesns (AnyLogic)
AO
AOc KC1 [MpoTokoml
[POTOKOJIOM (Java) (TermWare)
AO
AOc KC2 ITpotokon2
IPOTOKOJIOM (Java) (TermWare)

Puc. 1. Obmas apXuTeKTypa CUCTEMBbI MOJIETUPOBAHUS

4. Ba3oBast MoJeJIb.
Ba3OBa$I MOJCJIb pCaIM3yeT a6CTpaI(I_II/II/I OCHOBHBIX 3JICMCHTOB Moz[ennpyeMoﬁ CeHCOpHOﬁ CCTH. Ka)K}.'[I:Iﬁ TaKOﬁ
9JIEMEHT MpPEACTABJICH B BHIEC AaKTUBHOrO oObekTa ANyLOgiC. Momeiab HMeeT HepapXu4ecKyl CTPYKTYpY, 4UTO
TMO3BOJIAIET pacCMaTprBaTh €€ Ha pa3HbIX YPOBHAX.



Haubonee oOuiee mpeacTaBIeHUE MOAEIU COAECPKUT MHOXKECTBO CEHCOPOB, a TAaKXkKe Cpely, ¢ KOTOpOH oHU
B3aMOJICUCTBYIOT (puc. 2). Cpela npeacTaBieHa AByMs He3aBUCHUMBIMU aKTHBHBIMH OOBEKTaMHU:

- Radio — mozmenupyet pagrokanan (CoaepiKaliuii Bce CUTHabI, OCBIIAEMbIE MOTaMH)

- Phenomena — Monenupyer MHOXKECTBO SIBICHHH, KOTOPbIE TOKHBI (PUKCHPOBATHCSI CEHCOPAMHU

Camu CceHCOpBI INpeCTaBICHbl PEIUMIIMPOBAHHBIM aKTUBHBIM OOBEKTOM MOt*, conepkamiuM NpOU3BOJILHOE
KosmuecTBo dK3eMisipoB AO Mot. KoiuyecTBo ceHCOpOB SBISIETCS apaMeTpoM, 3aJlaBaeéMbIM B CBOHCTBaX MOJIEIIH.
BazoBasi craHuusi mpencraBieHa TeM JK€ aKTHBHBIM OOBEKTOM, IPH 3TOM OTJIMYUS OT OOBIYHOIO MOTa 3aJaroTcs
HU3MEHEHHUEM I1apaMeTpOB.

phenomena mot*
b—m>
A
radlo

Puc. 2. Haubonee ob1iee nmpeacTaBIeHUE CUCTEMbI

AxTuBHBIC 00BekTHl Radio u Phenomena umMeroT 1ocTaToqHO MPOCTYI0 CTPYKTYPY, MOCKONBKY OOJIbIIasi 4acTh
(G YHKIIMOHAJIBHOCTH MOJENIM peaju30BaHa B akTMBHOM oObekTe MoOt. Ha puc. 3 moka3aHsl OCHOBHBIE KOMIIOHEHTHI
MOTa, KaK anmnapaTHble, TaK ¥ [IPOrpaMMHBIE.

Mot
O position app

sensor oS
SensorReadings

transiitter receiv er

-0

L‘_I/DD

battery

RadioOut Radioln

i M
o | X

RadioP resent

Puc. 3. KomioHeHTEI MOTA.

B mopenu paccmaTpuBaroTCs CIeIyIOIINUE KOMIIOHEHTHI:

- AnmapatHsle:

- CPU — mponieccop MoTa, HEOOXOMMBIN JUIsl BHIITOJTHEHHS BCEX MPOrPaMMHBIX KOMIIOHEHT

- Sensor — GJIOK U3MEPUTENIbHBIX YCTPOHCTB, YCTaHOBICHHBIX Ha MoTe. C NMOMOIIBIO MapaMeTpPOB 3TOTO aKTUBH
oro 0ObeKTa MOKHO 33/1aBaTh, KAKHE UMEHHO BEJIMYUHBI MOTYT OBITh U3MEPEHBI MOTOM (M3 YHCIIA MPEACTABICHHBIX B
AO Phenomena)

- Transmitter — mepegaTdauk MOTa, UCHOIB3YEMBbIi IS epeadl COOOLICHHH Yepe3 paJnoKaHal.

- Receiver — mpueMHUK MOTa, MO3BOJSIIOIINIT CITYIIATh KaHa



- Battery — 6arapes1, onpenesnstomas 3amnac sHeprun Mora. [Ipu pabore Bcex oCTalbHBIX YCTPOHUCTB PacXomyeTcs
9Heprusi. B MpOTOTHIIE CHCTEMBI MOIESIHPOBAHUS PEATM30BaH MPOCTSHIINIA MEXaHU3M 3aTpar dHepruu (IJisl KaKIO0TOo
YCTPOICTBA MOCTOSIHHBIE 3aTPAThI B SAWHHILY BPEMEHHU, SHEPTUS PACXOAYETCS TOIBKO BO BKIIOUSHHOM COCTOSTHHH).

- IIporpaMMHEIe

- App — npukiIagHas nporpamMma, BEINIOJHsAEMas Ha MOTe. B mpoToTHIie cucTeMbl MOJICIIMPOBAHUS PeTM30BaHa
Iporpamma, KOTopasi CUMTHIBAE€T MOKA3aHHs CEHCOPOB M IEpechUIaeT MX Ha 0a30BYIO CTAHIMIO, €CJIM IPOU3OLUIN
HU3MEHEHMSI.

- OS — omepanyioHHas cHCTeMa MOTa, IPEACTABIIONIAS pPa3IM4HbIE CIIYXOBl NPHUKIAIHON mporpamme. B
peaM30BaHHOM MPOTOTHUIIE JOCTYIHBI JBE CIY)KOBI: CUMTHIBAHHE ITOKA3aHUS CEHCOPOB M IOCBHIJIKA COOOLICHUI Ha
6a30ByI0 cTaHIMIO. Takke 3TOT KOMIIOHEHT YIpaBiisieT padoToH anmnapaTHbIX yCTPOUCTB.

OCHOBHbIE KOMIIOHEHTHl MOTa OIPENENISIOT NpEICTaBICHUE CHUCTEMbl, yHnoOHOe JUIi HCCIIEJOBaHHS
BBICOKOYPOBHEBBIX CBOWCTB. Hampumep, Ha 3TOM ypOBHE BO3MOXKHO HaOJIIOJICHHE 32 PACXOIOM DHEPIHH, BpEeMEHEM
JIOCTaBKM IaKeTa Ha 0a30BYI0 CTAHIMIO U JPYTUMH IapaMeTpamM, ONpPeACAIOLIMMU CTaOWIBHOCTh cUCTeMbl. [Ipu
9TOM HH3KOYPOBHEBBIC JeTajd ()YHKIMOHUPOBAHHS CEHCOPHOW CeTH (Takue, KaKk alrOpUTM MapIIpyTH3aIHH)
OCTAIOTCSl CKPBITHIMH OT ITOJIb30BATEIS.

Campblif TIIyOOKHH YpPOBEHb NETANM3allMd MPEICTABICH BHYTpeHHeW cTpykTypoil kommoHeHTa OS (puc. 4).
JIaHHBII KOMITOHEHT COJEPKUT J1Ba BCTPOSHHBIX aKTUBHBIX 00BEKTA, MPEICTABISAIONINX IPOrPAMMHYIO YacCTh CETEBOTO
cTeKa:

- NETLayer — cereBoit ypoens. Omnpeneiser MappyTH3aLHIO TaKETOB

- MACLayer — ypoBeHs toctyna K kaHaiy. OnpenesiseT CHHXPOHHU3AIHIO JOCTYIA K paJlHOKaHAITy

B 00oux KOMITOHEHTaX HUCHOJIb3YIOTCS IIPOTOKOJIBI, peaIM30BaHHbIE B BUIe Habopa npaswmit TermWare.

AppOut Appln
1 i}
J J
(03]
O nETLayer
SensorOut

Sensorin E E

mA Clayer

Transmitterln ~ ReceiverOut Receiv erOnOff

Puc. 4. Komnonent OS

CBsI3p MEXYy aKTUBHBIMH OOBEKTAMHU B paMKaxX MOJENH OCYILECTBISAETCS ¢ MOMOIIbI0 cooduenuii. [Ipu aTom
ucmosbp3yercs: cpenctsa AnyLOogiC st rpaguaeckoro mpeAcTaBiIeHUs CBsi3eil (HampaBlieHHUs MepeJadl COOOICHUIT).
OCHOBHbIE COOOILEHHS, HCIIOIB3YEMbIE B CUCTEME!

- OSServiceM essage — coobuieHre, HCMOIb3YeMOe TSl TPEJOCTABICHUS] CEPBHCOB OIEPALIMOHHON CHCTEMBI

- NetworkM essage — coobuieHue, Hermonb3yeMoe MpH OMUCaHUH MepeMellleHHe MTakeTa JaHHBIX MEKIY MOTaMH
WM KOMIOHEHTaMH B Ipeziesax MoTa

- BatteryMessage — cooluienue o pacxozie SHEpriuu yCTPOHCTBOM.

Takke WCHONB3yeTCs Opyras BO3MOXKHOCTB, MpemocTaBisemas ANyLOQiC mis CBA3M MEXIYy aKTHBHBIMU
00beKTaMH — CBsI3aHHBIC MepeMeHHble. Hampumep, CBA3b MEXIy aKkTHBHbIMH oOBbekTamMu Phenomena u Sensor
peann3oBaHa C TMOMOIIBIO CBsA3aHHOI mepeMenHoit SensorReadings. Ilpu 3TOM 3HAYeHHS COOTBETCTBYIOIIECH
NepeMEeHHOH B 0JIOKE M3MEPUTEIICH BCeria COBIAaeT CO 3HAYCHUEM, OIPEeIEIIeMbIM SIBJICHUEM.

OCHOBHBIE MapaMeTpbl CUCTEMBI 33JaI0TCsl U3MEHEHHEM IapaMeTpPOB COOTBETCTBYIOLIMX aKTHBHBIX OOBEKTOB.
Tak, 4ucio MOTOB ecTh mapamerp AO Main, moTpedieHne SHEPruu yCTPOHCTBOM — MapaMeTp akTHBHOI'O OOBEKTa,
cooTBeTcTBYyIoOIIero ycrpoiictey (CPU, Sensor, Transmitter, Receiver), mepuoguaHocTh u3Mepenuit — mapamerp AO
App. Hekoropble BakHBIE MapaMeTpbl, UCIIOJIb3yeMble Cpa3y B HECKOJIBKHX AKTHBHBIX OOBEKTaX, BBHIHECEHHI B
KopHeBOil 00bekT Main. K TakuM mnapamerpaM OTHOCHUTCS, HAIpuUMep, TMPOMYCKHas CIOCOOHOCTh KaHama —
UCIoJb3yeTcs kak B Transmitter, tax u B Radio. B kauecTBe OZHOTO M3 MapamMeTpOB Ul aKTHBHBIX OOBEKTOB,
MOJIEPXKUBAIOIIMX TIPOTOKOJIBI, UCIIOJIb3YeTCsl Ha3BaHue (aiisia, coAepKalero CHCTeMy MpaBuIL.

5. Onmucanue NPOTOKOJIOB — 00N MOAXO/

Omnucanre TMPOTOKOJOB pabOTHl MOTOB B CeTH (MapuIpyTH3alus, MOCTYN K KaHATy) MOXHO pealn30BaTh
cpencrBamu ANyLOQIC B COOTBETCTBYIOIINX aKTHBHBIX 00bekTax. Cpema ANyLOQiC He mpemocTaBiseT CPEACTB s
HEMNOCPECACTBEHHOI'O OIMMCAHUA IMPOTOKOJIOB, XOTA MOXKHO HCIIOJB30BaTh CTaHAAPTHBIC Cpe€ACTBA — CTCfIT'-IapTLI,
TaiiMepbl 1 0OMEH COOOLICHUSIMHU.

B p€aIM30BaHHOM MPOTOTHUIIC CUCTEMBI MOACIIMPOBAHUA HMCITIOJIb30BaH }.'[pyl"Oﬁ IoAXO0Hd. Onucanus IIPOTOKOJIOB
BBIHECCCHBI U3 COOTBETCTBYIOIIUX 00BEKTOB U pC€aJM30BaHbI B BUAC CUCTEM ITPpaBUJI HA A3BIKC TermWare. Takoii noaxod
MMEET ONpeACICHHBIC IIPEUMYIIECTBA:



- [IpoTokon omucaH Ha JEKIApaTHBHOM si3bike. 110 CPaBHEHHIO C HCIONB30BaHHEM Java 3TO MO3BOJAET
COKpaTUTh 00BEM 3aIUCH MPOTOKOIA

- Bee omucaHue MPOTOKOJA COASPKUTCS B OXHOM MecTe (B (aiiie ¢ cucteMoil mpasui). Ilpu peanmzanuu
mpoTokoia cpeactBamMu AnyLogic yacti omucanus OyAyT pealnd30BaHbl B BHAE MEPEXOIOB B CTEUTUAPTE, OMEpaluii
TaiiMepoB, METOJOB OOpPaOOTKH COOOLIEHWH, a TakXKe JONMOJHUTENLHOrO KOAa aKTHBHOrO o0Obekra. [Ipu sToM
3aTpYAHEHO MOHUMAaHHE MPOTOKOJIA U ero MOAU(HKAIIHs

- BO3MOXHO H3MEHEHHE MPOTOKOIA (CHCTEMbI MPABUIL), e BO BPEMs BBITIOTHEHHST MOJICIIH.

- Onmcanne MpoToKoia Ha TermWare MOXXHO HCIONIb30BaTh Ui €r0 aHaM3a Pa3UYHBIMU CPEICTBaMU. B
YaCTHOCTH, BO3MOXKHO aBTOMAaTrHdeckoe (OpMajbHOE J10Ka3aTelbCTBO KOPPEKTHOCTH IPOTOKOJNA. Takke MOXKHO
reHepupoBaTh KoJ Ha C /is BBITIOJHEHUS HA YCTPOHCTBAX.

K HemocTaTkaM Takoro IMOAXOa CIEAYeT OTHECTH OOINBIIYI0 TPYIOEMKOCTh TpH peamusanuu (u3-3a
HEOOXOJMMOCTH PeaM3aliH JOMOTHUTEIFHOTO KOMIOHEHTa CBS3H), a TAKKE TeKCTOBOE MPEACTaBICHHE HH(POPMALUH
(B otmuume ot cpempl AnyLogic). Ho KOMIOHEHTBI CBSI3M AJIS Pa3HBIX MPOTOKOJOB MPAKTUYECKH HICHTHYHBI, YTO
MO3BOJISICT Peajn30BaTh TaKOM KOMIIOHEHT OJWH pa3 M B JajbHEWIIeM HCIOJb30BATh €r0 ¢ HE3HAYHTEIbHBIMH
M3MEHEeHUsAMH. Peanu3anus caMux MpaBUIl IPU 3TOM HE OYCHB CIIOKHA, B CHITY ONUCAHHBIX MPEUMYLIECTB. BO3MOXHO
TaKoKe CO3JaHHMe TpadUIeckoro peAakTopa MpaBWwi, Kak [Uisl HOPOU3BONBHBIX mpaBun B TermWare, Tak u
CMEHMATU3UPOBAHHOTO, ISl OMMCAHHN TPOTOKOIIOB.

B peain30BaHHOM MPOTOTHUIIE CHCTEMBI MOACIUPOBAHUS KaX bl MPOTOKOM (CHCTeMa MPABUIT) CBS3aH C OXHUM
AKTHBHBIM OOBEKTOM H (haKTHUESCKHU OMPEAETISCT ero noBeaeHue (B3auMOICHCTBUE C IPYTMMH aKTUBHBIMU 00BEKTaMH).
ITo3TOMy HPOTOKON MOJDKEH OMPEACITh PEaKklHi0 Ha COOOIIEHUS OT IPYTUX AKTUBHBIX OOBEKTOB (pEaKTHBHOE
MOBEJICHUE), a TaKkkKe HEOOXOAMMOCTh CAMOCTOSTENBHOW TOCBUIKH cooOmieHuit (mpoakTuBHOE MoBeaeHue). s
peanu3alyM  MPOAKTUBHOI'O IIOBEIEHMS HCIONB3YIOTCS JUHAMUYECKHE TalMephl — eIle OJHO CpEICTBO,
mpexocTaBisieMoe cpenoit AnyLogic.

OO0u1yI0 CTPYKTYpPY MPOTOKOJIa MOKHO IPEICTAaBUTh B CICAYIOIIEM BUE. IIPOTOKOJI SIBIISETCS CUCTEMOW IpaBHII,
OIUCBIBAIOLIMX PEAKIIUIO HA OMPENeNICHHbIC COOBITHS. BO3MOXKHBI /IBa BUAA COOBITHIL:

- [Ipuxox coobmieHus

- CpaOaTtbIBaHue TaiiMepa

Peakitust Ha 3TH COOBITHS SIBISIETCS KOMOMHAIIMEH CISAYIONINX dIIEMEHTapHBIX ACHCTBHIA:

- [Tocelnka cooOuieHUs

- YcraHOBIICHHE TaiiMepa

- I3MeHeHue BHYTPEHHEr0 COCTOSHUS

Bce oTH ACHCTBUSI HECIIOXKHO 3aMUCHIBAIOTCS B BHe mpaBwn TermWare. Ipu sTom ucnons3yercs Bl dakros,
peann3oBaHHas B KOMIIOHEHTE CBSI3H.

KOMMOHEHT CBsI3H SIBIsIETCST O0BIYHOM OHOIHOTEKOM KiaccoB Ha Java. OH COIEPKUT JBa OCHOBHBIX KJlacca JUis
obecriedeHus B3aUMOACHCTBUS ¢ 6a30BOI MOJEINIBIO M CHCTEMOM MPaBHII:

- ActiveObjectMediator — obecniedrBaet CBSI3b ¢ COOTBETCTBYIOIIMM aKTUBHBIM 00BEKTOM, UCIOJB3YET MIa0I0H
MPOEKTUPOBaHUs SiNgleton, mo3ToMy AOCTYIEH U3 JTI000ro Kiacca

- ActiveObjectFacts — Boictymnaet B ponu B[ hakToB, 4To OMpenessieT CBA3b C CUCTEM O MPABHUIT

Takke 3TOT KOMIOHEHT COIEPIKUT BCTIOMOTaTeIbHbBIC KIACCHI:

- Message — npencrasiseT 00K Kilace 11 ONUCAHUS COOOIEHHH

- Timer — muHaMuYecKuii Taiimep

- State — BHyTpeHHEe COCTOsIHHE TPOTOKOJIA

- Parameter — cymepkiace asa Timer u Message, mo3BosieT XpaHUTh MPOM3BOIbHBIE TApaMeTpPhI (C MOMOIIBIO
xa1-tabnuier). Kpome Toro, onpenenser THIT coobieHus/TaiiMmepa (CTpOKOBasi KOHCTaHTa)

Kpome Toro, B KOMIIOHEHTE CBsi3u ompezaeneH unrepoeiic |ActiveObject, koTopelii [ommkeH OBITH pearTH30BaH
AKTHBHBIM OOBEKTOM.

C TEXHHYECKOH TOYKH 3pEHHs, CBS3b MEXKIY AKTHBHBIM OOBEKTOM H CHCTEMOH MpaBWII pealn30BaHa
CIIEMYIOIUM 00pa3oM. AKTHUBHBINA OOBEKT MPU HMHUIMANK3ALUK perucTpupyer cebst B ActiveObjectMediator. Korna
AO mnonydaer coobmenue (kimacc coobmenuit AnyLogic), on mpeobpasyer ero B kinacc Message u mepemaer
ActiveObjectMediator. B stom kiiacce Ha OCHOBaHWHM MEPEIAHHOTO COOOIICHHS CO3MACTCSl TEPM, M BBI3BIBACTCS
CHCTEMBI MPABHJI TSI €r0 PeIyLHPOBaHuUs. AHAIOTHYHO 00pabaTeiBacTCsl cpabaThiBaHUe TalimMepa.

B 00paTHOM HampaBJCHHH B3aUMOICHCTBHE MPOUCXOAUT uepe3 o0bekT ActiveObjectFacts. C momomibio
CTaHJAPTHBIX KOHCTPYKIMA TermWare u3 mpaBmiI MOTYT OBbITh BBI3BAHBI METOJIBI 3TOT0 OOBEKTA JJIs OCYLISCTBICHHS
9JIEMEHTApHBIX AeUCTBUH. VI3MeHeHne cocTosHUS 00padaThiBaeTCsi BHYTPH 3TOr0 OOBEKTa, a MOCHUIKA COOOIIEHHS U
yCTaHOBKa TaiiMepa mepeHampasisitores ActiveObjectMediator, kotopsiii uepe3 untepdeiic IActiveObject Bei3piBacT
COOTBETCTBYIOLIME METO/Ibl AKTUBHOT'O O0BEKTA.

BONMBbIIMHCTBO KJIaCCOB KOMIIOHEHTa CBSI3M ONWHAKOBBI ISl BCEX MPOTOKOJOB. B HIeambHOM ciydae
HEOOXOMMO H3MEHHTh TOJNBKO Kiacc Stale, KOTOpbI JAOKEH CONep)KaTh MAHHBIC U METOMBI, CCHU(PHIHBIC IS
JAHHOTO TMpoToKosia. Kpome Toro, ecim MOXHO OOOWTHCH 0€3 HCIOJIb30BaHHS METOMOB (BCs 00pabOTKa JaHHBIX
MPOU3BOAUTCS U3 MPABHUII), €CTh BOZMOXKHOCTH MCIONB30BaTh OAMH Kiacc State, yHacnenoBauHblit or Parameter. Eciu
Ke TpeOYIoTCs CyLIeCTBEHHbIE M3MEHEHHS BO B3aUMOJCHCTBMUM TPaBHJI M MOJEIM, BO3MOXKHO H3MEHEHHE
ActiveObjectFacts.



6. OmnucaHue MPOTOKOJIOB — MPpUMeEP

B kauecTBe nmprMepa OnMcaHMs MPOTOKOJIA C UCIONIb30BaHueM |ermWare paccMOTpHM CHHXPOHHBIH IPOTOKOJ
JIOCTyIa K KaHajly, OCHOBaHHBIM Ha BBIZECJICHUM BPEMEHHBIX CIOTOB JJIsI BceX MOTOB. CMBICH pabOTHl IPOTOKOJIA
3aKJIFOYAETCsl B ONPENENICHUH TOYHOTO BPEMEHU NpHEMa M Iepeladd KaXJOro MOTa, YTO IO3BOJISIET CYIIECTBEHHO
COKpaTUTh 3aTpaThl FHEPruu Ha QYHKIMOHHPOBAHNE IIPUEMHHUKA U Tepenaryuka. Pabora MoToB pa3ouTa Ha (peiiMebl, B
HayaJle KOTOPBIX INPOM3BOJMTCS Nepelnada JaHHBIX, a Jajbllie paauo BbIKIOYaeTca. B mpenenax ¢peiima, ects
HeckosbKo (a3. B nepByto dasy, MOTBI onpenenstoT HeoOXOAUMOCTh PACCHUIKM COOOIICHHUH, M TOJIBKO B 3Ty (azy
HEOOXOMMO MpociIylluBaHue 3¢pupa BcemMu Moramu. [lociae okoHuaHusi 3Tod (asel ompenensercs, KTo Oyzaer
nepefaBarb ¥ IPUHUMaTh COOOINEHHME, W B TEYCHUH CIEAYIOIIUX (a3 IMPOUCXONUT Mepenaya COOOLICHUS U
noareepkaeHue. CTpyKTypa NpOoTOKOJIa II0Ka3aHa Ha pUC. 5

CoTBI
alippCcPpB

3anpoc Ha
nepenaavy

[lonTBepxnenue
3ampoca

[TonTBepxnenue
nepefadu

ITepenaua
JIAHHBIX

CocrosiHue:
Texymas daza
Homep Tekymero ciota
Yucio ¢JIoToB
Homep cnora st Mota
Jmuer a3 u kaapos

Puc. 5. CtpykTypa npoTokosa 1ocTyma K KaHay.
J1y1s 3TOr0 MPOTOKOJIA XapaKTEePHBI CIENYIOLIHE TapaMeTphl:
AxruBzblii 00bexT: MACLayer

Ouepeib cOOOIIEHHI — OUepeb COOOIIEH I (C CETEBOro YPOBH:), OKHIAIONIMX JTOCTABKH

Crenyroliee cooOLIeHIE — COODIIEHNE, KOTOpoe OYAET OTIPaBICHO B Hauaie cieayoiieil $has3pl (0COOCHHOCT
CHHXPOHHOT'O MIPOTOKOJIa — COOOIIEHHsI OTIIPABJISIOTCS HE Cpasy, a 10 PaCHCAHHIO)

CIHHCOK KeNTAIOIIUX MOCIaTh COOOIIEHNUE — OMPE/IENAET CIIMCOK MOTOB, JKENTAIOIIUX MOCIaTh COOOIICHHE B

JTAaHHOM (peiime.

Tekyliue MPUOPUTETH MOTOB — OMPEEIISIOT, KTO OY/IET MOChUIATh COOOIIEHIE, MEHSIFOTCS TIOCTe KaX oM
MOCBUTKH, 9TOOBI KX IBIil MOT MOT O AThCsI CBOCH OUepe/IH.

Turnbl coobuieHui (B ckoOKax yka3aHbl MapaMeTpbl):
Network.SendM essage (M essage Payl oad) — ncxomtoe coo0OIeHre ¢ CETEBOT0 YPOBHsI, OMPEIEIISIONIee
HEOOXOIMMOCTh MOCHLIKH COOOIICHHUS

Recei ver.On/Recei ver.Off — coobriienust 0 BKIIFOUEHUN/BBIKITIOUEHUN TIPHEMHHKA

MAC.RequestSlots (int Mot) — ciry:xe6HOe coobuieHHe mepBoit (ha3bl

MAC.TransmissionRequest — ciryxe6HOE COODIIeHHE BTOPOi (ha3bl

MAC.TransmissionAcknowledge (Boolean ACK) — cnyke6Hoe coobieHue(moaTsepkaeHue) Tperbeit (aspr
MAC.Datalransmission (Message payload) — nepeada makera JaHHBIX

MAC.DataAcknowledge (Boolean ACK) — ciiyxebHoe coobieHue(IoaTBepk IeHNe) MATOH (ha3bl

TaiimMepsl

FrameStart — nauano ¢peiima
MySlot — HacTymIeHIEe BpEeMEHHOT'O CJI0Ta JAHHOTO MOTa

PhaseStart (int PhaseNo) — Hauaio ¢a3ss

OnucaHue MPOTOKOJIAa COCTOUT U3 ACHCTBHI, KOTOPbIE HY)KHO IPOU3BECTH IIPH MOCTYIUIEHHMH COOTBETCTBYIOMINX
coo0eHni wim cpadarsiBaHuK TaiimepoB. OmucaHye npuBeieHo B Tabm. 1

Coobienue/Taiimep [Mapamerp | HelicTBue

Network.SendM essage Payl oad Jobasuts coobuienne (Payload) B ouepenp coobuieHuit

MAC.RequestSlots Mot JobaBute ormpaBuTeast (MOL) B CHOHCOK IKeNAIOUIMX TOCTATh
coobLieHue

MAC.TransmissionRequest BricTaBuTh cnenyroniee coodlieHue
MAC.TransmissionAcknowledge

MAC.TransmissionAcknowledge | ACK=true | BeicraButs cienyroiiee coobiienrne MAC. Datalransmission

ACK=fase | ITocaars Receiver.Off

MAC.DataTransmission Payl oad Iepenats coobmenue (Payload) na cereBoil ypoBeHb, BBHICTABUTH
crenyromee coodeHne MAC. TransmissionAcknowledge

MAC.DataAcknowledge ACK=true | ITocnath Receiver.Off, yOpatp HocTaBieHHOE COOOIICHHE U3
odepenu




ACK=fase | ITocnars Receiver.Off

FrameStart VY cranoButh Taiimep FrameStart, mepeiitu k o6pabotke PhaseStart 1
PhaseStart 1 IMocnate Receiver.On, MOaU(pHUINPOBATE COCTOSHHE, YCTaHOBUTH
taiimepsl MySlot u PhaseStart 2
2 [IpoaHam3upoBaTh CIIHUCOK MOTOB, XKENAIOIIUX MOCIATh COOOIICHHE;

HA OCHOBaHHUHU 3TOrO TPHHATH PEIICHHE O POJNM JaHHOrO MOTa B
JTaHHOM (peiime

Ecnu MOT MOCHIIAeT: MOCIaTh COOOLICHHE
MAC.TransmissionRequest u ycranoButh Taiimep PhaseStart 3
Ecnu MOT mpuHHMMaeT: ycTaHOBUTH Taiimep PhaseStart 3

Ecnu MOT He yuacTByeT B Iepeade B JaHHOM (peiime: mocnath
coobuienue Receiver. Off

35 [Mocnate Tekymiee coOOLIEHHE M YCTaHOBUTH CIEAYIOIIMH TalMep
PhaseStart

MySl ot Ecnu ouepenp Hemycrast, mocnarhk coobienne MAC.RequestSlots

Ta6n.1 Onucanue mpoToKoaa

OTH JAeiCTBUS 3aMUCBIBAIOTCS C TMOMOLIBIO CTAaHAApTHBIX cpenacts TermWare. Hampumep, cooOrieHne

Network.SendM essage 06pabatbiBaeTcst CASAYIOUIUM 00pa3oM:

MessageNetwor kSendMessage-> Putl nQueue($msg) [assign($msg,getLastMesage().getMessage(" Payl oad"))],

Putl nQueue($msg)-> success| getSate() . putMessagel nQueue($msg)]

3necs M essageNetworkSendM essage — nexomHbIi TepM, KOTOPbIH PeAYHHPYETCs ¢ UCIOIBb30BaHUEM CHCTEMBI IPABHLIL.
OtoT TepM cozmaercst obbrekTom ActiveObjectMediator Ha ocHoBaHHMHM THIA cOOOIIEHUS. PenylinpoBaHue MPOHCXOIUT
B nBa srtana. CHavama uCXONHBIA TepMm mepexoxut B PutlnQueue($msg), rae B mepemennoit $mMsg coxpansercs
nepenanHoe coobienne (or akTuBHOro obdbekra NETLayer), xoropoe momydaercss BBI30BOM COOTBETCTBYIOLIMX
meronoB ActiveObjectFacts. Tlocne »toro o6pabareiBaercss Tepm PutlnQueue($msg), mnpu 3TOM  BBI30BOM
COOTBETCTBYIOIIETO METOa OCYLICCTBISCTCS TpedyeMoe aeicTBre. B pe3ynbTaTe paboThl CHCTEMBI MPABUIT UCXOIHBIH
TEpM TIEPEXOJUT B KOHEUHBIH TepM SUCCESS, KOTOPBIA CBHICTEILCTBYET O TOM, 4TO 00paboTka coobuieHus (Wiu
TaiiMepa) 3aBepIlieHa YCIEITHO.

CrnoxHble KOHCTPYKIMH, HampiMep, BbIpaKarollue Mepebop BapHaHTOB, TaKKe JJOCTATOYHO MPOCTO
3anuchiBaloTes Ha TermWare. Hampumep, paccmotpum 06paboTky Taiimepa PhaseStart 2, B koTopoii ompenensiercs
poIb MOTa B TaHHOM (peiime:

TimerPhaseStart -> Phase($n)[assign($n,getLast Timer ().getint("PhaseNo"))]
Phase(2)-> CheckSender ($f)[ assign($f,getState().isSender ()] ,

CheckSender (fal se)-> CheckRecel ver ($f)[ assi gn($f,get State().isReceiver ()],
CheckRecei ver (fal se)-> FrameEnded,

CheckRecei ver (true)->NextPhase(2),

CheckSender (true)->NextPhase(2)[ sendMessage(" MACTransmissionRequest”,"PHY")]

B Hauane o6paborku u3 obmiero Tepma TimerPhaseStart crposrtcs tepmsr Phase($n), coorsercTByromiue
TpeOyemoit ase mporokona. B wacTHOCTH, mpu 00pabOTKe Havana BTOPOM (a3l BeI3bIBalOTCsS MeTonsl isSender() u
isReceiver(), ompenensiomue poiib JaHHOTO MOTa Ha OCHOBaHMM HHGOpMAaIlMH, 3aHeCeHHO# paHee. I[Ipu 3TOM
MPOUCXOAUT TIepexon 6o k Tepmy FrameEnded (ecii MOT Gonbliie He y4acTBYeT BO B3aUMOJCHCTBUM), JTUOO K TEPMY
NextPhase($n).21u TepMmbl peoOpas3yoTcest B COOTBETCTBUH C JIPYTHMHE IIPABUIIAMHE:
FrameEnded-> success] [ sendMessage(" Recei ver Off" " Receiver™), getState().setCurrentSate("None")]],
NextPhase($n)->success| set Ti mer (" PhaseStart" ,getState().getPhaselength($n-1))]

PaccMoOTpuM Taroke mpuMep HCIOIb30BaHUS TePMa-yCIOBHUS:
Phase($n)[ $n>2] -> Next Phase($n)[ sendMessage(getSate().getNextMessage())]

3mech mpeoOpa3oBaHHE MPOUCXOMUT OJMHAKOBO U BCeX (a3, KpoMme MepBOH M BTOpOi. DTo 3amaeTcs
yCIIOBHEM puMeHeHus npaBmwia $n>2. [Ipu 3TOM yCIIOBHE 3aMMCHIBAETCS B €CTECTBCHHOM BHJIE, C HCIIOJIb30BAaHUEM
COKpAIL[CHHUSI X>Y BMecTo TepMa greater(X,y).

Boee ClOXKHBIN MPUMEp YCIOBHUSI UCTIONIB3YETCs IPH 00pabOTKe TOATBEPKICHHUSI PHEMa:
MessageMACTransmissionAcknowl edge [ getLastMessage().getBool ean(" ACK")]

->FrameEnded [ getState().removeMessageFromQueug() |
1->FrameEnded,

3mech B 3aBUCUMOCTH OT 3HaueHus1 OyneBckoro moyisi ACK B cOOOLICHHU BBIMOMHSACTCS HIM HE BBITIOJIHSICTCS
Mmeron removeM essageFromQueue(), KoTopslit youpaeT cooOILIeHHE U3 OUYepead HEOTIIPABICHHBIX COOOIICHUIL.

3aK/II0YeHue
B Z[aHHOﬁ pa60Te MPOACMOHCTPUPOBaHA BO3MOXKHOCTH COBMECTHOI'O HCIIOJIB30BaHUA BI/I3yaJ'H>H0ﬁ Cpeabl
MOJECJIUPOBaHUA AnyLOgiC U CHCTEMBI CHMBOJIBHBIX BI)ILII/ICJ'IGHI/II;'I Temeare JJiA IOCTPOCHHA  CUCTEMBL
MOIACIUPOBAaHUSA CEHCOPHBIX ceTeﬁ. TaKOG COBMECTHOC HCIIOJIb30BAHUEC O6€CH€'—II/IBaCT MHOrue IpeumMyniecrsa Iio
CpaBHCHUIO C HUCIIOJIb30OBAHUEM  TOJIBKO CpPEICTB AnyLOgiC. PeaﬂI/BOBaHHHﬁ MPOTOTUIl CUCTEMBI MOICIIUPOBAHUSA
IIOKa3bIBACT O6OCHOBaHHOCTL BI)I6paHHOl"O nmoaxonaa. B Z[aﬂbHefIH.IeM TIAHUPYETCA paClIUupATb U COBEPIICHCTBOBATH
9Ty CUCTEMY, KaK 6a303y10 MOZAECJIb, TaK U CUCTEMY OIIHMCaHUA ITPOTOKOJIOB. Baxabim JOITOJIHEHUEM K CUCTEME MOXET




6I>ITI> l"pa(bI/I'-IeCKI/Iﬁ PEaAAKTOP MPOTOKOJIOB, KOTOpLIﬁ IO3BOJIMT CO31aBaThb IPOTOKOJIbI 663 3HaHI/Iﬁ CHUHTAKCHCa sI3bIKa
TermWare.

OHI/IcaHHLIﬁ Ioaxoa K  OIMCAaHHUIO IIPOTOKOJIOB  IMO3BOJIACT MOACIMPOBATH PA3JIMYHBIC ITPOTOKOJIBL
B3aHMO£[eI71CTBPISI B CeHCOpHOﬁ CCTHU, CpaBHMBATh HX 3(1)(1)6KTI/IBHOCTL U HaAACKHOCTh. TeM CaMBbIM TIIOABJIICTCSA
BO3MOXXHOCTbH noz[6opa Han6onee SQ)Q)GKTI/IBHOFO IPOTOKOJIa IJIsA Ka)i(ﬂoﬁ 3aaa4u. 3T0 IIO3BOJISIET B HOJ‘IHOﬁ MEpE
HCIOJIB30BATh OIrpaHUYCHHBIE PECYPChl CEHCOPHBIX CeTefI B pa3H006pa3HI>IX MPpUIIOKCHUAX, KaK B HAYKEC, TaK U B
MPUKIaJHbIX 3a/ladax.
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