JHUMKNoneama ceTeBbiX NMPOTOKONMOB

Cneuucdpumkaumnna asbika P4, Bepcua 1.2.1

The P4,; Language Specification
version 1.2.1
The P4 Language Consortium
2020-06-11

AHHOTauun

P4 - a3bik nporpaMMmpoBaHusa AN YPOBHS AaHHbIX CETEBbIX YCTPOMCTB. B 9TOM JOKyMeHTe nprvBeaeHO TOYHOE onpedeneHune
A3blka P46, KOTOPbLIN siBNAETCA pe3ynbtatoM nepecmoTtpa B 2016 r. a3bika P4 (http://p4.org). [JoKymMeHT npegHasHaveH ansi
pa3paboTynKoB, CO3AaILLMX KOMMUMATOPbLI, UMUTATOPbI, cpeapl paspaboTku (IDE) n otnaguukn ans nporpamm P4. [okymeHT
MOXeT Takke bbiTb MHTepeceH nporpammuctam P4, xxenarowmm 6onee rnyboko NOHATb CUHTAKCUC Y CEMaHTUKY A3biKa.
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SHUMKIIoNneausi ceTeBbIX NPOTOKOSOB MepeBop cneuyudukaum P4_16 v1.2.1

1. C¢hepa npumeHeHuUs

OT1a cneundvkauma 3agaet CTPYKTYpPY W UHTEepnpeTauunto nporpamMm Ha A3blke P4 6. OI'Ipe}J,eJ'IeHVIﬂ BKNMOYaKT CUHTAKCUC,
CEMaHTUKY U TDEGOBaHVIH K COOTBETCTBUIO AS1S1 peanu3auuin.

,D,OKyMeHT He 3ajaeT:
- MeXaHU3Mbl KOMNUNAUUN, 3arpy3km n UCNOJTHEHUA nporpamMmm P4 B cucremax 06pa60TKI/I NaKkeToB,
- MeXaHU3Mbl nepenayn gaHHbIX U3 OAHOW cUCTEMBI O6pa6OTKI/1 NnakeToB B APYryto;

- MeXaHu3Mbl, C MOMOLLbI KOTOPbLIX YPOBEHb YNpaBneHns nogaepxusaet Tabnuubl «coBnageHne-gencTesme» n apyrme
3aBUCHALLME OT COCTOAHUA 0OBEKTLI, onpeaeneHHble nporpammavu P4;

- pasmep 1 CroXHOCTb nporpamm P4;
- MuHUManeHble TpeboBaHus Kk cuctemam obpaboTkv NakeToB, COOTBETCTBYIOLUM crieundukaumm.

MoHATHO, YTO HEKOTOpble peann3aumm He CMOryT NMONMHOCTbLIO NoadepXnBaTb onncaHHOe 34eCb noBeaeHne BO BCeEX CUTyaUNAX
nnn MoOryT npenocTtaB/iATb BapuUaHTbl NOBbILLEHNA NPOU3BOANTENTBHOCTU UM O6pa6OTKVI bornee KPYnNHbIX NporpamMmm 3a c4eT
CHUXEeHUaA I'apaHTVIVI 6e3onacHocTK. Takum peannsaumam cnenyet JOKYMEeHTUPOBAaTb CBOU OTIINMYNA OT aTON CI'IeLl,VICbVIKaLl,VIVI.

2. TepMuHbI, onpedesieHuUsi, CUMBOJIbI

Hwuxe npueeaeHbl onpeneneHna ncnonbdyemblX B JOKyMEHTEe TEPMUHOB.

Architecture - apxumekmypa
Habop nporpammupyembix Ha P4 KOMNOHEHTOB U MHTEPdENCOB YPOBHSA AaHHbLIX MEXAY HUMW.
Control plane - ypoeeHb (nnnockocmes) ynpaesieHust
Knacc anropMTMOB M COOTBETCTBYIOLUMX BXOAHbIX WM BbIXOAHbIX AaHHbIX, CBSA3aHHbIX C OOEecrnevYeHVemM W HaCTPOWKOWA
KOHpMrypaLmm nrnockoCT! AaHHbIX.
Data plane - ypoeeHb (nnockocms) OaHHbIX
Knacc anropMtmoB, onucbiBaoLLmx NpeobpasoBaHns NakeToB B CUCTEMAX MaKeTHON 06paboTKu.
Metadata - MemadaHHbIe
MpomexyTouHble AaHHbIe, CO34aBaeMble B NMPOLIECCE BbINOMHEHMS NporpamMmel P4.
Packet - nakem
dopmaTUpoBaHHLIN 6NOK AaHHBLIX, NepefaBaembllii B CETU C KOMMYyTaLMEN NaKEeTOB.
Packet header - 3a2051080K nakema
dopmaTupoBaHHble faHHble B Hayane nakeTa. [lakeT MoxeT copepxaTb NOCnefoBaTenbHOCTL — 3arofioBKOB,
npeacTaBnsoLWnX pasnnyHble ceTeBble NPOTOKOSbI.
Packet payload - 0aHHbIe nakema
[aHHble, cnepytlowwime nocre 3arofioBKOB NakeTa.
Packet-processing system - cucmema o6pabomku nakemoe
Cuctema 06paboTku [AaHHbIX, NpegHas3HavyeHHas aAns paboTbl C ceTeBbiMM naketamu. B obwem cnyyae cuctema
06paboTku NakeToB peanuayeT anropuTMbl NITOCKOCTEN AaHHbIX U YNpaBeHus.
Target - yeneeasi nnamgopma (yesb)
Cuctema 06paboTku nakeToB, cNocobHasi BbINOMHATL NporpaMmmbl P4.
TepMuHbI, onpefeneHHble B 3TOM JOKYMEHTE, He CrneAyeT TPaKToBaTb Kak KOCBEHHO CBSI3aHHble C HUMW TEPMMWHbI ApYrux
nokymeHToB. W HaobopoT, He onpedeneHHble 34eck TEepMuHbl  criedyeT WHTepnpeTupoBaTb B COOTBETCTBUM C
obLwenpur3HaHHbIMU NCTOYHMKaMK, Takumu kak IETF RFC.

3. O630p

P4 npenctaBnsetr cobon f3blk, onuckiBawowmi 06paboTky NakeToB B MNMOCKOCTW AaHHbIX MPOrpaMMMPYyEMOro 3aremMeHTa
Nnepecbinkv, TakKoro Kak MporpaMMHbIA UM annapaTHbIl  KOMMYyTaTop, CETEBOW ajanTep, MapLipytTusaTop unu
crneunanusvpoBaHHas ceTeBasd nnatdopma. Vimsi P4 BO3HMKNO M3 Ha3BaHWA CTaTbu, rae s3blk Obln npeanoxeH -
«Programming Protocol-independent Packet Processors»'. XoTs P4 naHayanbHo 6bin npegHasHayeH Afs nporpaMmmmpyemblix
KOMMYTaTOpOB, 06racTe €ro NpUMEHEHUs paclumpunachk M cedac oxBaTblBaeT LUMPOKWUIA CMEKTP YCTpoWcTB. B ocTaBLuelics
4YacTu JOKYMEHTa Takue ycTporcTBamMu 6yayT HasbliBaTbCs LieneBbiMi nnatopMamu nnu uensimu (target).

v ™\

Table mgmt

Traditional Control traffic
switch “’ Packets
L //
V4 =

P4 Program

P4 table mgmt
P4-defined switch 'l

Data plane
e Py

PucyHok 1. TpaduyuoHHbIe U pozpamMmmupyemMbie KOMMYMmamopsi.
MHorve nnatdopmbl peanu3yloT MNNOCKOCTM AaHHbIX M ynpaerneHusa. Asbik P4 npegHasHadeH nuwb Ang  3agaHust
(PYHKLUMOHANbHOCTU B NNOCKOCTW AaHHbIX. Mporpammbl P4 Taioke YyacTMyHO onpenenstoT uHtepdenc B3anmMoaencTBusa mexay
NNOCKOCTAMU AaHHbIX U yNpaBneHns, Ho P4 Henb3a ncnonb3oBaTtb AMS ONMcaHUsa PYHKUMOHANbHOCTY NMOCKOCTU YyNpaBneHus

'[epesod cmambu docmyrneH Ha calime www.protokols.ru. [Mpum. nepes.
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uenesoun nnatdopmoin. B octaslenca yactn gokymeHta P4 paccmaTtpuBaeTcsa Kak 83blk MporpaMmMupoBaHus nnaTdopMbl B
NMOHMMaHUK «MPOrPaMMUPOBAHUSI NIOCKOCTU AAHHBIXY.

B kauecTBe npumepa uLeneBoit NnatopMbl HA PUCYHKe 1 MoKasaHo pasnuune Mexay TPaaMUMOHHBIM KOMMYTaTOpoM C
(PMKCUPOBaAHHON  (PYHKLMOHANMBHOCTBIO M MporpaMMuMpyemMbiM  KoMMmyTatopoM P4. B TpaaMUMOHHOM KOMMyTaTope
(bYHKLMOHANBHOCTb MITOCKOCTM AaHHbIX 3afaeT npowvssoauTenb. MMNoCcKoCTb yNpaBrieHWs KOHTPOSIMPYET MOCKOCTb AaHHbIX
yepes s3anucu B Tabnuuax (Hanpumep, Tabnuua mapLipyTM3auun), HacTPOMKY creuuan3MpoBaHHbIX OGHLEKTOB (Hanpumep,
nsmepuTenen) n o6paboTky ynpaBnsoWmnx NakeToB (Hanpumep, nakeTbl NPOTOKOMOB MapLUpyTU3aLum) Unmu no acUHXPOHHbLIM
COBbITUAM, TAKUM Kak CMeHa COCTOSIHUS! UM YBEAOMIEHUS CUCTEMbI 0BYYeHMs.

I'IporpaMMMpyeMbuZ KOMMYTaTop P4 otnnyaeTtcsa oT TpaguUMOHHOIO B ABYX BaXHbIX acneKkTax.

- OyHKUMOHaNbHOCTb MMOCKOCTU AaHHbIX HE OUKCUpYETCsi 3apaHee, a 3agaeTcsl nporpammoit P4. MnockocTb AaHHbIX
HacTpavnBaeTcsl NpU UHULManM3aunm n peanusyeT (YHKLMOHANbHOCTb, OMUCAHHYO NPOrpaMMoi (ONMHHasA KpacHas
CTpernka Ha pUCYHKE), U He UMEET BCTPOEHHbIX 3HAHMI 06 MMEIOLLMXCS CeTeBbIX NPOTOKOMax.

- TlnockocTb ynpaBneHusi B3avMOAEWCTBYET C YPOBHEM [aHHbIX MO TEM Xe KaHamam, 4To M B (PUKCUPOBAHHOM
YCTPOWCTBE, HO Habop Tabnuu mn apyrnx OO6bEKTOB MMOCKOCTM AaHHbiX Gonblue He SABMseTca (PUMKCUPOBAHHBIM,
nockomnbKy ero onpegensietr nporpamma P4. Komnunsatop P4 reHepupyetr API, uncnonb3yembii MOCKOCTbIO
ynpasneHus Ans B3auMoAenCcTBUS C MIIOCKOCTbIO AaHHbIX.

CnepoBaTesnibHO P4 MOXHO cyMTaTb HE3ABMCUMbBIM OT NMPOTOKOOB SI3bIKOM, MO3BOSSIOLLMM MPOrPaMMUCTY BbIpasuTb LUMPOKMIA
CMeKTp NPOTOKOSIOB U APYrUX AeTanel noBeAeHus NNockocTy AaHHbIX. BasoBble aGeTpakuum P4 npyBeneHbl HUXe.

- Tunbi 3a2on0ekoe, onuckiBatoLLme popmat (Ha60p N pasmepbl none|7|) KaXX4oro 3arojioBka B NakeTe.

- CuHmakcu4eckue aHanu3amopabl (parser) onnucbliBaldT pa3pelleHHble nocrneanoBaTtefibHOCTU  3arojioBKOB B
NPUHUMaEMbIX nakeTax, MAeHTUUKALNIO TakMX NOCeaoBaTENbHOCTEN, a TakKe 3arofioBKM M NOMs Ansi 3BrneYveHmus
13 NakeToB.

- Tabnuuybl cBA3bIBAOT 3afaHHble Mofb3oBaTenem Krouu ¢ aencteuamu. Tabnuubl P4 aensioTtca oboblieHnem
Tabnuy TpaguUMOHHBLIX KOMMYTATOPOB U MOTYT CRYXWUTb ANsi peanusauuu Tabnuy Maplipytusauum, Tabnuy noucka
NMOTOKOB, CMMCKOB KOHTPOMS AOCTyna M ApYrux, 3afaHHbIX MOfb3oBaTenem, TUMMNOB Tabnuu, BKIHOYas CrOXHbIE
peLLeHNs1 Ha OCHOBE MHOXECTBA NepPEMEHHbIX.

- [felicmeus - parmeHTbl KOga, ONMCbIBAKOLIME MaHUMYNSUUM C MOMNSIMU MakeTa U MeTagaHHbIMU. [eNcTBust MoryT
BKIOYATb AaHHble, NpeACTaBEHHbIE NIOCKOCTLIO YNpaBneHust B npoLiecce paboTol.

- Bnoku «conocmaeJsieHue-delicmeue» (C[l), BbINONHSAOLIME PSA ONepaLuii:
- cOo3faHue KIo4ven noucka us nonen naketa Unu paccUnTaHHbIX MeTagaHHbIX;
- MoucK B Tabnumuax no cosgaHHbIM Kro4YaMm 1 BbIGOP BbIMOMHAEMbIX AeCTBUIA (BKINOYasi CBSI3aHHble AaHHbIE);
- BbINOMHEHWE BbIBPaHHOro AEMCTBUS.

- lNMomok ynpaeneHus BblpaxaeT MMMNEPATUBHYD NpoOrpamMMy, OMUCbiBatoLlytd oOpaboTKy nakeToB Ha LENEBOK
nnatgopme, BKMOYasi 3aBUCUMbIE OT [OaHHbIX NocrnegoBaTenbHOCTU Bbi3oBoB OnokoB C[. lMoBTopHasi c6opka
nakeToB (deparsing) Takke MOXET BbINOMHATLCH C UCMOMb30BaHNEM MOTOKA YNpaBreHus..

- BHewHue 06beKmMbI - 32aBUCKMbIE OT apXUTEKTYPbl KOHCTPYKLMMW, KOTOPbIMW MOTYT MaHUMynNupoBaTb nporpammel P4
yepe3 u4eTko onpegeneHHole APIl, HO BHyTpeHHee noBedeHME KOTOpbIX 3a4aHO >XeCcTko (Hampumep, Onoku
KOHTPOIbHbBIX CYMM) U He nporpammupyetcs B P4.

- TMonb3oeamenbckue MemadaHHble - 3afaHHble Monb30BaTeNneM CTPYKTYPbI AaHHbIX, CBA3AHHbLIE C MaKeTOM.

- BHympeHHue MemadaHHbIe, 0GecneymBaemMble apxXUTEKTYpPOW, CBA3AHHOM C KaxkablM NakeToM (Hanpumep, BXOOHOW
NopT, NPUHSBLLMIA NaKeT).

Control-plane
’ P4 program

P4
architecture Dataplane
runtime
model

______________________ M target

Manufacturer supplied

PucyHok 2. lNpoepammuposaHue ¢ ucronb3ogaHuem P4.
Ha pucyHke 2 nokasaH TUNOBOM NPOLIECC NporpaMmMMpoBaHus Lieneson nnaTtdopMbl ¢ UCMONb3oBaHeM P4.

Mpoussogutenu nnatgopm obecneunsatoT annapaTHyo UM NPOrpaMMHYI0 peanunsaunio MOAEeNN, onpeaeneHne apxuTekTypsbl
n komnunsaTop P4 ans nnatdopmel. Mporpammuctel P4 co3galoT nporpaMMmbl Ans OnpeaeneHHON apXWUTeKTypbl, KoTopas
3agaeTt Habop nporpammupyembix Ha P4 KOMNOHEHTOB, a Takke NX BHELUHUE MHTepdENChbl NNOCKOCTU AaHHbIX.

Komnunsumsa Habopa nporpamm P4 co3gaert:
- KOH(Urypaumio ninockoCTU AaHHbIX, PEanu3yoLLyto TOrMKY NePEChINKA, ONMUCAHHYI0 B MPOrpamMme;
- APl ans ynpaBneHus COCTOSIHUSIMU 0BbEKTOB YPOBHS AaHHbIX 13 NMOCKOCTY YNpaBneHus.

P4 sBnsieTcs npeaMeTHO-OPMEHTUPOBAHHBIM A3bIKOM, NPEeAHAa3HAYeHHbIM ANs peanv3aumm Ha pasHblx nrnatdopMax, BKovas
nporpammupyemble MHTepdencHble nnaTtel, FPGA, nporpammHble kommyTatopbl M MukpocxeMbl ASIC. TMoatomy £3bIK
OrpaHNYEeH KOHCTPYKLMSIMU, KOTOPbIE MOTYT 6bITb 3(PEeKTUBHO peanu3oBaHbl Ha BCEX TakuX nnatdgopmax.

B npeanonoxeHun ukCcMpoBaHHON CTOMMOCTM OMepaunii noucka B Tabnuuax n B3aumMogencTBmst ¢ BHELWHUMU O0bbeKkTamu,
BCe nporpammbl P4 (T. €. aHanns3aTopbl U 3NIEMEeHTbI yI'IpaBﬂeHVIFl) BbIMOSTHAKT MOCTOAHHOE YUCNO onepauun NS Kagooro
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SHUMKIIoNneausi ceTeBbIX NPOTOKOSOB MepeBop cneuyudukaum P4_16 v1.2.1
NPUHATOrO U NpoaHanuM3npoBaHHOro G6anTa. XoTs aHanusaTopbl MOTYT BKIOYaTb UMKl C U3BNEYEHNEM HEKOro 3arorioBka B
KaXOOM M3 UMKIIOB, CaM MakeT onpeensieT rpaHvubl BbIMOMHEHWUS CUHTAKCUYeCcKoro aHanusa. MHbiMu crnoBamu, Npu Takux
[OMNYLLEHUAX BbIYUCIIUTENBHAS CNOXHOCTL Nporpammbl P4 nuHENHO 3aBUMCUT OT CYMMapHOro pasMepa 3arofloBKOB WM HUKOTAa
He 3aBUCUT OT COCTOSIHMIA, cobpaHHbIX B npouecce o6paboTkM AaHHbIX (Hanpumep, OT YMcna NOTOKOB Mnu obliero yvcna
06paboTaHHbIX NakeToB). OTU rapaHTUM HEOOXOAUMBI (HO HE JAOCTaTOo4YHbI) Ana obecneveHns 6bicTpori 06paboTkM NakeToB Ha
pasHbIx nnatdopmax.

CootBeTcTtBre nnaTdopmbl s3biky P4 onpegenseTcsa cnegyowmmM obpa3oM - ecnm KOHKpeTHast nrnatdopma T nogaepxveaeT
nMwe Yactb s3blka P4 (Hanpumep, PA4T), nporpamme, HanvcaHHoW Ha PA4T, cnegyet oGecneyvBaTtb MpW BbIMNONHEHUU
noBeJeHNe, COOTBETCTBYKLLEE OMUCAHHOMY B 3TOM AokyMeHTe. OTMeTMM, 4YTO coBMecTuMmble ¢ P4 nnaTtdopmbl MoryT
npeaocTaBnATb NPOM3BONbHbBIE pacluMpeHns A3blka P4 1 BHELLHWE 3NeMEeHTbI.

3.1. Npenmywectea P4

Mo cpaBHEHUIO C COBPEeMEHHBLIMU cucTeMamy 06paboTkM NakeToB (Hanpumep, Ha OCHOBE MUKPOKoAa B CreluannsupoBaHHOM
obopynoBaHun) P4 obecneumBaeT psif CyLLECTBEHHbIX MPeVMYLLECTB.

- Tu6kocmsb. P4 nossonsiet BblpasnTb MHOXECTBO MpaBwuSl MEPECHISIKM MaKeToB B (hopme nporpaMmm B OTNU4YME OT
TPaaANUMOHHbIX KOMMYTaTOpPOB C (PMKCMPOBAHHBIMU MaLUMHAMMN NEPECHISIKM.

- BblpazumenbHocmb. P4 no3BonsieT BblpaXaTb W3OLLPEHHbIE anropuTMbl 0GpaGoTKM NakeToB, He3aBUCHUMbIE OT
060pyL0BaHMS!, UCKMIOUMTENBHO C NMOMOLLLIO OnepaLmii o6LLero HasHa4YeHusl 1 noucka B Tabnuuax. Takue nporpaMmel
nepeHocUMbI MeXay nnaTcopmMamu, MMeLMI O4UHAKOBYH apXUTEKTYpy (Npy HanuymMmM LOCTATOYHbIX PECYPCOB).

- OmobpaxeHue pecypcoe u ynpasseHuem umu. [Nporpammbl P4 onvcbiBaloT pecypcbl XpaHeHus (Hanpumep, agpec
otnpasutenst |Pv4) abcTpakTtHO, KOMNUNATOPbI OTOOpaXkaloT 3afdaHHble MNOoNb3oBaTenemM Mnons Ha [OCTYMHble
annaparHble pecypchl U yNpaBnsoT Ha HUKHEM YPOBHE TakUMK 3a4advaMu, kak pacrnpegeneHne u nnaHnpoBaHue.

- Paspabomka npozpamm. [Nporpammbl P4 npegocTaBnsioT BaXHble MPeMMYyLLECTBa, TakMe Kak NnpoBepka TUMOB,
COKpbITVE UHOPMALIMM, MHOTOKPaTHOE UCMONb30BaHNe NporpaMMHOro Koaa.

- Bu6bnuomeku komnoHeHm. MocTaensieMble npon3soanTenamm onbnmoTeku MOryT Ucnonb30BaTbCA A4 BKITHOYEHUA
annapaTtHO-3aBUCUMbIX (*JyHKU,VIVI B MEPEHOCUMbIE KOHCTPYKLMKN BbICOKOrO YPOBHS Ha A3blke P4.

- Hezasucumoe paszeumue npoz2pamm u o6opydoeaHus. [lpousBoauTenu nnatPopM MOryT NPUMEHSITb
abCTpaKTHY0 apXUTEKTypy ANs AanbHEeNLWero oTBA3biBaHUS HU3KOYPOBHEBLIX AeTarnei apXuTekTypbl oT 06paboTku Ha
BbICOKUX YPOBHSIX.

- Omnadka. MpousBoguTenu MoOryT NpefoCTaBnsATb NPOrpaMMHbIE MOAENM apXUTEKTYpbl AN OKa3aHUs Nnomoly B
pa3paboTke 1 oTnaxuBaHuy nporpamm P4.

3.2. PasButue P4 (cpaBHeHue ¢ P4 v1.0/v1.1)

Mo cpaBHeHuto ¢ P44, (paHHAs Bepcus fA3blka) P44s BkNOYAET MHOXECTBO BaXHbIX, HO HECOBMECTUMbIX W3MEHEHWA B
CMHTakcuce un cemaHTtuke. PasButne ot P4y k P44 nokasaHo Ha pucyHke 3. B yacTtHoctw, MHorme dyHkumm (Bkmrovas
CHEeTYUKHN, pacHeT KOHTPOJbHbIX CYMM, U3MEpUTENnN N T. I'I.) Oblnn nepeHeceHbl N3 OCHOBHOIO A3blKa B onbnunoTeku.

~
P4

language

pa core.p4
el library
(vio/vil) |mEp <

PucyHok 3. Paseumue si3bika P4.
B pesynbtate cnoxHbln si3bik (6onee 70 KkmOYEBbIX CMOB) CTan CyLECTBEHHO npowe (MeHee 40 KMHOYEBbLIX CIOB, Kak
npeactaesneHo B [MpunoxeHun B) u conpoBoxgaeTcs O6ubnuoTekon 6a30BbIX KOHCTPYKUMEA, Tpebyembix Ans co3gaHust
nporpamm P4.

« Stable.
+ Updated rarely.

language « Architecture-specific.

« Can be changed by
target manufacturers.

* Includes “standard
architecture.”

~

B Bepcun 1.1 asbika P4 pobaBneHa KOHCTPYKUMsA extern, KOTOPYHD MOXHO MNPUMEHSTb ANA OnncaHus GubnnoTeyHbIX
anemeHToB. MHorve koHCTpykuun B cneumdukaumm v1.1 6binn npeobpasoBaHbl B 6MOGNMOTEYHblE 3nemeHTbl (BKNoyast
UCKIMIOYEHHbIE M3 53blka KOHCTPYKLUW, TakMe Kak CYeTYMKku M nsmeputenn). OxupaeTcs, YTO HEKOTopble M3 9TUX BHELLUHUX
06bekToB ByayT CTaHOAPTM30BaHbl U BKITHOYEHbI MOTOM B HOBbIN JOKYMEHT, ONUCbIBalOWMA 6nbnmnoteyHblie anemeHTol P4. B
39TOM OOKYMEHTE pacCMaTpMBaETCH HECKONbKO MPUMEPOB BHELLUHUX KOHCTPYKUUA. P44 Takke BBOOUT U MEHSIET HEKOTOpble
A3bIKOBbIE KOHCTPYKUMM V1.1 ANs onucaHna nporpammmnpyemblx HYacTen apxuTekTypel (parser, state, control, package).

OpHon 13 BaxHbIX Lienen nepecmoTtpa qa3blka P46 Obino obecneyeHne cTabunNbHOroO onpegeneHns. ViHeiMn crnosamu, HY>XHO
ObIno obecneunTb, 4TOOLI BCE nporpamMMmbl, HanucaHHble Ha P44, OCTaBanmMCb CUHTAKCMYECKN KOPPEKTHbIMWU U Benu cebs
OMHAaKOBO NMpn pacCMOTPEHNN KaK nporpaMmm 6y/:lYLIJMX Bepcun sa3bika. bonee Toro, ecnu kakas-To n3 6y,D,yLL|,VIX Bepcun a3blka
OTKaXKeTCsl OT NOAAEPKKM CTapbIX BEPCUN, 6yD,ET BO3MOXEH NPOCTOMN nyTb nepesoaa nporpamMmm P41 Ha HOBYIO BEPCUIO.

4. ApxumekmypHasi MOOeJlb

Apxutektypa P4 upeHTudmumpyet nporpammHbie 6noku P4 (Hanpumep, aHanusaTopbl, OMOKM BXOAHOTO W BbIXOLHOMO
ynpaBneHns NOTOKOM, COOPLUMKU M T. N.) U NX MHTepdENChI NMNOCKOCTM AaHHbIX. ApxMTekTypy P4 MOXHO paccmaTpuBaThb Kak
cornawieHne Mexgy nporpaMMoi u ueneson nnatdopmon. [losToMy Kaxabll npoussoauTeNb [OMmkeH obecneynTb
komnunsatop P4, a Takke COOTBETCTBYIOLLEe OMpederieHne apxuTekTypbl And csBoel nnatdopmbl (Mpeanonaraetcs 4To
komnunsaTopbl P4 moryT umeTe obwmn 6nok npegsaputensHon komnunaumm - front-end ons Bcex BapyvaHTOB apXUTEKTYpbI).
OnpepeneHne apxuTekTypbl He 06s3aTenibHO AOSMKHO packpblBaTb BCIO MPOrpamMMuMpyeMylo 4acTb MAOCKOCTWM AaHHbIX W
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MepeBopn cneuncukaumn P4_16 v1.2.1 SHuMKNoneana ceTeBbIX NPOTOKONOB
npounsBoauTesnb Oaxe MOXeT NpenocCTtaBuUTb O51d CBOEro yCTpOI7|CTBa HECKOJ1bKO onpe,qeneHmVl C pa3HbiIMA BO3MOXXHOCTAMU
(hanpumep, ¢ Nogaepxkon 1 6e3 NogaepXku rpynnoBoKn agpecauum).

Ha pucyHke 4 nokasaHbl MHTEPdENCHI NNOCKOCTM AaHHBIX MeXay NporpaMMHbiMu 6riokamu P4. MokasaHna nnatdgopma ¢ AByMs
nporpammMmupyemMbiMu 6nokamu (#1 n #2), Kaxablil N3 KOTOPbIX NporpaMMmnpyeTcst cBoum chparmeHToM koda P4. MHTepdenchl
nnatgopmbel ¢ nporpammon P4 opraHu3oBaHbl 4epe3 Habop perucTpoB YynpaBeHUs WUNU curHanoB. BxogHble anemeHThbl
ynpaBneHusa NpeaocTaBnsaloT uHdopMauuio nporpammamM P4 (Hanpumep, NopT, NPUHABLUMIA NaKeT), a BbIXOAHbIE MOryT ObITh
co3gaHbl nporpammamv P4 ons BnvsiHMA Ha noBefeHwe nnatdopMbl (Hanpumep, BbIGOp BbIXOAHOro nopta). Peructpbl
ynpasneHus (curHanbl) npegcrtaensioTcs B P4 kak BHyTpeHHUe meTagaHHble. Mporpammbl P4 MoryT Takke COXpaHsiTb AaHHblE
ANSA KaXXOoro naketa U MaHUNynupoBaTb UMW B KQYECTBE NONb30BATENbCKUX MeTafdaHHbIX.

Interface Us;;*r jza;ﬂned Interface
of P4 block #1 ~ metadata of P4 block #2

Metadata

P4 block #2

el e e

C

Target runtime/hardware

PucyHok 4. [poepammHbie uHmepghelicb! P4.
MoBeneHve nporpammbl P4 MOXHO MOMHOCTLIO OnmMcaTh NpeobpasoBaHuAMK, oToOpaXalLlyMMK BeKTOpbl OUMTOB Ha apyrue
BeKTOpbl 6UTOB. [ANa peanbHoi 06paboTkn NakeTOB apXMTEKTYpHash MOAENb MHTEPNpeTMpyeT OuThl, KOTopble nNporpamma P4
3anucbiBaeT BO BHYTPeHHUE MeTafaHHble. Hanpumep, Ang nepecbinky naketa B KOHKPETHbIN BbIXO4HOW MOPT nporpamme P4
MoxeT noTpeboBaTbCa YyCTaHOBUTbL OWUT drop B ApyroM BblAeNeHHOM peructpe ynpasneHua. OTmeTum, 4TOo aeTtanu
MHTEepnpeTaunun BHYTPEHHNX MeTafaHHbIX 3aBUCAT OT apXUTEKTYpbl.

Mporpammbl P4 moryT obpawartbecsa Kk cnyxbam, peanu3oBaHHbIM BHELWHUMU OObekTamu, U yHKUMsM, obecneynBaembiv
apxuTektypo. Ha pucyHke 5 nokasaHa nporpamma P4, obpawarowasaca Kk cnyxbe BCTpoeHHoro 6rioka nnatdopmbl Anis
pacyeTa KOHTPOSbHbIX CyMM. Peanusaumsa atoro 6noka He 3agaHa B P4, HO obecneynBaeTcsl uHtepdeinic ¢ HuMm. B obem
cnyyae vHTepdenc Ans BHewHero obbekTa onucbiBaeT Kaxayl obecneymBaemyto MM onepauuio, a Tawkke napameTpbl U
BO3BpaLLaemble TUMbI.

Method calls

Fixed-function P4 program /

block interface &«
CHKSUM

PucyHok 5. lNMpoepamma P4, ebi3bigatowjasi criyx6bl
obbeKkma ¢ Ghukcupo8aHHbIMU YHKUUSMU.
B o6wem cnyyae He npeanonaraetcsi MEepPeHOCMMOCTb nporpamMm P4 mexay pasHbiMi apxutektypamu. Hanpumep,
BbINOMIHEHME nporpaMmmbl P4, paccbinaroowen LWnpoKoBelaTenbHble nakeTbl NyTemM 3anncu B cneuunanbHbIi  perncTp
ynpaBrieHus, He OyneT KOppeKTHbIM Ans nnatdopMbl, He uMetowen Takoro peructpa. OpHako nporpammbl P4 ans
onpeneneHHon apxuUTeKTypbl LOIMKHbI OblTb MEPEHOCUMbIMU MeXZy BCeMM nnatgopmamy, KOTOpble TOYHO peanuayoT
COOTBETCTBYIOLLYIO MOAENb, MPU HaNMYnmn OCTaTOYHbIX PECYPCOB.

4.1. CtaHgapTHble apXUTEKTYpbl

Mpegnonaraetcsa, 4to coobwectBo P4 Oynet passuBaTb HebONbLIOW HAbOp CTaHAAPTHLIX APXUTEKTYPHbIX MoAenewn,
OTHOCALLMXCA B KOHKpPETHbIM BepTukansam. Lupokoe BHeapeHue Takux Mogenen OyaoeT cnocobCTBOBaTb NEPEHOCMMOCTH
nporpamm P4 mexay pasHbimm nnatdopmamu. OgHako onpefeneHve CTaHOapTHbIX apXWUTEKTYP BbIXOAWUT 3a paMku 3TOro
[OKyMeHTa.

4.2. UHTepcencbl ypoBHS AaHHbIX
Ona onvcanusi pyHKUMOHanbHOro 6rnoka, KOTOpbIA MOXHO 3anporpamMmupoBaTb B P4, apxutekyTpa BknoyaeT obbsiBneHve
TMNa, 3agamoLlee nHTepdencel Mexay 61nokoMm 1 ApyrMMyM KOMNOHEHTaMKN apXMTeKTypbl. Hanpumep, 3To MOXeT UMeTb BUg,

control MatchActionPipe<H>(in bit<4> inputPort,

inout H parsedHeaders,

out bit<4> outputPort) ;
3710 06bsABNEHUE TuNa onucbiBaeT 6ok ¢ umeHem MatchActionPipe, KOTopbIli MOXXHO 3anporpammMupoBaThb C UCMONb30BaHNEM
3aBUCSILLEN OT [JaHHbIX MNOcrnefoBaTeNbHOCTU BbI30BOB Groka CI v gpyrnx MMNepaTUBHbLIX KOHCTPYKUMIA (yKasblBarTCst
kno4yeBbiM crnoBoM control). UHTepdpenc mexagy 6nokom MatchActionPipe v apyrumm KOMNOHEHTaMW apXUTEKTYPbl MOXHO
yBUAETb M3 3TOr0 06bABMNEHNS.

- TlepBbiM napameTpoM sBnsieTcs 4-6utoBoe 3HayeHue inputPort. HanpaBneHne in nokasbiBaeT, YTO 3TO BXOAHON
napamMmeTp, KOTOpbI HE MOXeT ObITb U3MEHEH B Oroke.

- Brtopbim napameTtpom sBnsetca obbekt TMna H ¢ umeHem parsedHeaders, roe H - nepemeHHas Tuna,
npeacTaBnsiooWwas 3aronosku, KoTopble 6yayT panee onpegeneHbl nporpammuctom P4. Hanpasnenue inout
rnokasbiBaeT, YTO napameTp ABMAETCA CPpa3y BXOAHBLIM U BbIXOAHbIM.

- TpeTbuM napameTpoMm sBnseTcs 4-6MToBoe 3HaueHUe outputPort. HanpaeneHue out ykasbiBaeT BbIXOAHOM napameTp,
HayanbHoe 3Ha4YeHne KOTOPOro He onpenenieHo, HO NapameTp MOXHO U3MEHSITb.
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SHUMKIIoNneausi ceTeBbIX NPOTOKOSOB MepeBop cneuyudukaum P4_16 v1.2.1

4.3. BHellHMe 00beKTbl U (pyHKLUN
Mporpammbl P4 moryT B3aumopencTBoBaTb C OObekTaMu U PyHKUUsIMU, obecrnevymBaemMbiMU apXUTEKTYpol. DT 0ObeKTbl
OonncbiBakOTCA C NOMOLLbHO KOHCTPYKLUMN extern, 3agatowen VIHTep(beVICbI, OTKpbIBaeMbl€ TakKuM 06BbEKTOM YPOBHKO AaHHbIX.

BHelwwHUn 06bekT onucobiBaet Ha6op peannsyemMmbix M MeTOAO0B, HO HE UX peanm3auuto (I'IOXO)Ke Ha a6CTpaKTHbIe Knaccbl B
O6'beKTHO-OpVIeHTI/IpOBaHHbIX HSbIKaX). Hanpumep, npvBeoeHHOE HWXE OMMCaHWE MOXHO WCMNOoNb3oBaTb AN mMmoayna
MHKPEeMEHTHOro noacyeTta KOHTpOJ'IbHOVI CYMMbl.

extern Checksumlé6 {
Checksumlé6 () ; // KOHCTPYKTOP
void clear(); // HNORTOTOBKAa K pacueTy
void update<T>(in T data); // mo6aBleHMe JHOAHHEHX B KOHTPOJBHYI CyMMy
void remove<T>(in T data); // MCKJOYEHME HOAHHEX M3 KOHTPOJBHOM CYMMEI

bit<16> get(); // nonydyeHMe KOHTPOJIBHOM CYMMB! IJIsi OAHHEIX, HOBABJIEHHBIX MOCJe
// npenmectsBymomero cbpoca (clear)

}
5. Mpumep o4YeHb NPOCMO20 KOMMymamopa

B kauyectBe wunnocTpauum BO3MOXHOCTEN apXMTEKTYpPbl PacCMOTPUMM OYeHb NpocTonm kommyTtatop P4, onucaB cHavana
apxuTeKTypy, a 3ateM npeacTtaBuB MOSHYI0 nporpammy P4, 3agaiolyto nosegeHne nnockoCcT AaHHbIX B 3TOM KOMMYyTaTope.
Mpumep 4eMOHCTPUPYET MHOMME BaXKHbIE BO3MOXHOCTU Si3blka nporpammMmupoBaHus P4.

From CPU To CPU

Input headers ~ ©T°"  Output headers l

e ]/ :
action Demux/
pipeline . queue

i

Packets in
ime
L&~
ackets out

parser runti

Packet / payload |

H I | i 3
inControl outControl H Drop

STt}
PucyHok 6. Apxumekmypa o4YeHb Mpocmozo
KoMMymamopa.

OTa apxutekTypa HasBaHa VSS' 1 nokasaHa Ha pucyHke 6. B VSS HeT HMYero ocoGeHHOro - aT0 MPOCTO y4YeGHbIN Npumep,
nokasbiBaloLMiA, KaKk MOXHO onucaTb WM 3anporpaMMupoBaTb koMmmyTaTop B P4. VSS vMeeT MHOXeCTBO (OUKCUPOBaHHBLIX
PyHKUMOHanbHbIX 6MnokoB  (ronybble NPsIMOYronbHWKK), NOBEAEHUE KOTOpbIX onucaHo B naparpade 5.2. OnuvcaHue
apxutektypbl VSS. OTMeYeHHble 6enbiM NPSIMOYroNbHUKU MPOrpamMMUPYOTCS C UCMOSb3oBaHUEM P4.

VSS npuHvMaeT nakeTbl Yepe3 oauH 13 8 BxoAHbIX nopTtoB Ethernet, kaHan peuvpkynsuum unm nopT, MNOOKMIOYEHHbIV
Hanpamyto k CPU. VSS umeeT OOWH CUHTAKCUYECKUMW aHanu3aTtop B eAMHCTBEHHOM koHBenepe C[l, cBA3aHHOM C
e[MHCTBEHHbIM cboplumkom (deparser). Mocne Bbixoga u3 cbopliMka nakeT nepepaeTcs B OAuMH M3 8 BbIXOAHbLIX MOPTOB
Ethernet nnn B ognH 13 Tpex cneunanbHbIX NOPTOB:

- CPU pns nepepayv nriockocTu ynpaBneHunss;
- Drop B cnyyae oTOpacbiBaH/si NaKeTa;
- Recirculate gns noBTOpHOro NPoOXoXaeHUs Yepes KOMMyTaTop.

Benble NpsSIMOYronbHMKM Ha PUCYHKE yKasbiBaloT NporpaMmmupyemMble 6roku U nofb3oBaTenb AOMKEH NpeAcTaBUTb NporpaMmMy
P4, sagatoLyto noBefeHVe Kaxaoro Ux aTux 6nokos. KpacHble cTpesky NokasbiBaloT NyTu 3aAaHHbIX Nosib3oBaTteneM AaHHbIX,
ronybble - UHTEpdENChl C (PUKCUPOBAHHLIMM KOMMOHEHTaMM, 3efieHble - UHTepdelchbl NNOCKOCTU AaHHbIX ANA nepegaqv
MHpopMaLmmn Mexay OUKCMPOBAHHLIMU M NPOrpaMmUpyemMbimMit 6riokaMmn (BHYTPEeHHE MeTagaHHble nporpammel P4).

5.1. Apxutektypa VSS
MpuBeneHHasa Hwxke nporpamma P4 obbasnaet VSS, kak 3TO0 Mor cpenaTtb npousBoauTenb. 3agaHO HECKOSbKO TUMOB,
KOHCTaHT 1 3 nporpaMmmMmpyeMbix 6r10ka, OnMcaHHbIX TUNamMmn 1 peanvM3oBaHHbIX MPOrpaMMon KoMMyTaTopa.

# include <core.p4>

typedef bit<4> PortId;
const PortId REAL_ PORT COUNT = 4w8;
struct InControl {
PortId inputPort;
}

const PortId RECIRCULATE_IN PORT = 0xD;
const PortId CPU_IN PORT = 0xE;

struct OutControl {

PortId outputPort;
}

const PortId DROP_PORT = OxF;

"Very Simple Switch - oueHb npocmol KoMMymamop.
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const PortId CPU_OUT PORT = OxE;
const PortId RECIRCULATE OUT PORT = 0xD;

parser Parser<H>(packet_in b, out H parsedHeaders);

control Pipe<H>(inout H headers,
in error parseError,
in InControl inCtrl,
out OutControl outCtrl) ;

control Deparser<H>(inout H outputHeaders, packet out b);

package VSS<H>(Parser<H> p,
Pipe<H> map,
Deparser<H> d) ;

extern Checksumlé6 {
Checksumlé6 () ;
void clear();
void update<T>(in T data);
void remove<T>(in T data);
bit<16> get();

}

PaCCMOTpMM HEeKOTOpble U3 3J1EMEHTOB.

- ®ann core.p4 (Mpunoxenne D. OcHoBHas 6ubnuoteka P4) onpeaensieT ctaHaapTHbIE TUMbI AaHHbIX U KOAbl OLUMGOK.
- Twn bit<4> yka3biBaeT CTPOKy 13 4 GUTOB.

- CwuHrakcuc 4wOxF ykasbiBaeT 3HayeHune 15, npegctaBneHHoe 4 6utamu. Jpyrum BapnaHToMm 3anvcu siensietca 4w15.
Bo MHOrMx cnyyasx ykasaternb pa3mepa MOXHO OnNyCTWUTb, NPOCTO Hanucas 15.

- Twvn error ABNAeTCA BCTPOEHHbIM TMNom P4 ans kogos owmnbok.
[anee npuBeneHo ob6baABNEHNE CUHTAKCUYECKOro aHanuaaropa

parser Parser<H>(packet_in b, out H parsedHeaders);

310 06bsBNEeHne onucbiBaeT WHTepdpenc aHanuM3atopa, HO He COAEepXKWT ero peanu3auun, KOTOpyk npegocTaBnser
nporpammMucT. AHanmMsaTop uuTaeT AaHHble M3 packet_in (NpegonpedeneHHbIi BHeWHU obbekT P4 ana npeacrtaBneHus
BXOASALLEro naketa, oobsBneHHbI B Gubnnoteke core.p4). AHanusaTop 3anvcbiBaeT CBOW BbIBOA (KMOYeBOE CrOBO out) B
aprymeHT parsedHeaders. Tun aToro aprymeHTa H ewle He nsBecteH 1 6ygeTt 3agaH nporpaMmMUCTOM.

Ob6bsiBneHne

control Pipe<H>(inout H headers,

in error parseError,

in InControl inCtrl,

out OutControl outCtrl) ;
onucbiBaeT nHtepdenc kousenepa Ch (Match-Action) ¢ nmeHem Pipe. KoHBenep npvHumaeT Ha Bxoge 3aronoBku headers,
napameTp Ans owmbok parseError n gaHHele ynpasnexus inCtrl. Ha pyucyHke 6 nokasaHbl MCTOYHMKM 3TUX AaHHbIX. KoHBelep
3anucbiBaeT cBou BbiBoA B outCtrl n gomkeH 06HOBWTL 3aronoBku, nepefaBaeMble COOPLLMKY.

MakeT BepxHero YPOBHA Ha3blBaeTCA VSS n gna nporpaMmmMmmpoBaHna VSS nonb3oBaTenb AOIMKEH co3aaTb K3eMnnaAp naketa
9TOro Tuna (CM. HVI)Ke). O0bsiBNeHne naketa BEPXHEro ypoBH4A 3aBUCUT OT TUNa nepemeHHon H

package VSS<H>

MepemeHHas Tuna YKa3biBaeT TWUM, KOTOPbLIN €eLle He M3BECTEeH W [OKEH ObITb npenocTaBneH nonb3oBaTtenieMm noaxe. B
OaHHOM cny4ae H saBnaetca Tunom Ha6opa 3arofioBKOB, KOTOPLIN Morib3oBaTenbckas nporpamma 6yﬂ9T O6pa6aTHBaTb

AHanusaTop 6ygeT BblgaBaTb pa3obpaHHOe NpefcTaBMeHUs 3TUX 3arofioBKOB, a koHeeiep CL GyaeT oBHOBMSATH BXOAHblE
3aronoBKW, 3aMeHSIA UX BbIXOAHbIMMU.
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Ob6bsaBneHve naketa VSS BkmovaeT Tpu cocTaBHbIX MapameTpa Tunos Parser, Pipe n Deparser, koTopble sBnsioTCS
06bABNEHNUAMM, ONUCAHHBIMU 34EeCk. [N NPOrpaMMMpPOBaHNsA NNaTgOPMbl HY>KHO NPEeACTaBUTb 3HAYEHNS 3TUX NapamMeTpoB.

B aton nporpamme ctpyktypbl inCtrl n outCtrl npeacraBsnstoT pernctpbl ynpaBneHuns. CoaepXuMoe CTPYKTyp 3arorioBKOB
XpaHUTCA B permcrpax obuiero HasHaveHusi. O6bsaBneHne BHewHen dyHKuMn Checksum16 onucbiBaeT BHELHW OBBEKT,
Bbl3blBaeMbIN A1 pacyeTa KOHTPOSbHbIX CYMM.

5.2. OnucaHue apxuteKkTypbl VSS

[nsa nonHoro noHMMaHusa nosefeHnst VSS n co3gaHnst OCMbICNIEHHbIX NporpaMMm P4 onst Hee, a Takke peanu3auum nnockocTy
ynpaBneHns HYXXHO MOMHOCTbIO onucatb 6rokn ¢ (UKCMPOBAHHOW (DYHKLMOHANBbHOCTLIO. Hike paccmartpuBaeTcs npocToun
npuMep, UNKCTPUPYIOLLMIA BCE OeTanun, KOTOPbIe HYXXHO YYUTbIBaTb NPV ONMCaHUN apXMTEKTypbl. A3bik P4 He npegHasHadeH
Ons onucannst Bcex (pyHKUMOHAamNbHbBIX GOKOB - OH MOXET NUlb OnucaTb B3auMOLENCTBME MexAy MporpaMmmupyembiMu
Onokamn n apxuTekTypor. [Ons Tekywen nporpamMmmbl 3TOT UHTeEpdeic 3apjaetca obbsaBneHusmn 6Gnokos Parser, Pipe n
Deparser. Ha npakTvke npeanonaraetcs MOfHOE OMMCaHWe apXMTEKTYpbl B BMOE WCMOMHAEMON NporpamMmbl W/WMAKW CXEM U
TekcTa. B aTomM gokymeHTe npuBoanTCS HedopMarbHOe TEKCTOBOE OnncaHue.

5.2.1. Bnok ap6bumpaxa
BxoaHon 6nok apbutpaxa BbINOMHAET NepeYnNCneHHbIE HUXKE YHKLNK.

- MMpvem naketa oT ogHoro u3 uanyeckux nopTtos Ethernet, nnockocTu ynpasneHust unu nopta peLmpKynaumm.

- [Ona naketoB wu3 noptoB Ethernet paccunTbiBaeTcs ¥ npoBepseTcsa KOHTpornbHas cymma Tpennepa. [pu
HecoBMageHun nakeT oTopacbiBaeTCs, Npu COBNaAeHNM KOHTPONbHas CyMMa yaansaeTcs U3 AaHHblX naketa (payload).

- [puem nakeTa 3anyckaeT MexaHuU3M apbuTpaxa, ecnm OCTYNHO HECKOSIbKO MaKeToB.

- Ecnn 6nok apbutpaxa 3aHsaT oO6paboTkon npeabigyliero nakera u B odepeau HeT MecTa, BXOL4HOW MOpT MOXeT
oTbpacbiBaTb NpuxoasLme nakeTbl 6e3 kakoro-nbo nHgopmmnpoBaHusi 06 aTom.

- Mocne nonyuyeHus naketa 6nok apbutpaxa ycTaHaBnuBaeT 3HadeHue inCtrl.inputPort, asnsoweeca BxogHbIM ANs
koHBenepa C[, u yka3biBaeT NpuHABLIMIA NopT nakeT. Pusmyeckne noptel Ethernet umetor Homepa ot 0 go 7, nopt
peuvpkynauum - 13, a nopt CPU - 14.

5.2.2. Bnok ebINosIHeHUsI CUHMakKcu4ecKo20 aHanu3a

Brnok BbINOMHEHUS CUHTaKCUYEeCKOro aHanumaartopa (runtime) pa60TaeT BMeCTe C aHann3aTopoMm. Briok npenocrtaBnAaAeT Koa
owmnbkm koHBenepy C[Il Ha ocHOBe OEWCTBUI aHanusaTopa, a Takke MHdOopMauMio O AaHHbIX naketa (Hanpumep, pasmep
oCTaBLLencs 4yactun /J,aHHbIX) 6n0|<y aemynbTunnekcopa. Mo 3aBepLueHnn 06p860TKM naketa CUHTakKCM4eCKMM aHalnn3aTtopom
Bbl3blBAeTCH KOHBeI;Iep CD, C nepep,aqel?l €MY CBA3aHHbIX C NaKeTOM MeTagaHHbIX (3aFOJ'IOBKM n MetTagaHHble I'IOJ'IbSOBaTeJ'Iﬂ).

5.2.3. bnok demynbmunneKkcopa

OcHoBHOM hyHKUMEN Onoka AeMynbTUNNEKcopa SABMSETCA NOoNydYeHue 3arofloBKOB AMNs BbIXOOHbIX MakeToB OT cbopLyuka
(deparser) n gaHHbIX NakeTa OT aHanNM3aTopa C Lenbio COOPKM HOBOro NakeTa u OTNPaBKU €ro B HYXHbIN BbIXOAHOW NOpT. JTOT
nopT ykasbiBaeTcst 3Ha4eHnem outCtrl.ouputPort, koTopoe yctaHaBnuaet koHBeriep C[.

- OTtnpaeka nakeTta B NnopT drop Bbi3blBAeT MCYE3HOBEHWE NakeTa.

- OrnpaBka naketa B BbixogHow nopT Ethernet 0 - 7 Bbi3biBaeT ero nepegavy 4yepes COOTBETCTBYHLINA PU3NYECKUN
nHTepderic. MNakeT MOXeT ObiTb NOMELLEH B OMEPEb, €CNU BbIXOOHOW UHTEPMENC 3aHAT OTNPaBKOM APYroro naketa.
Mpu oTnpaBke MHTepdenc BLIMNCISIET KOHTPOMbHYK cyMMy Tpewnepa Ethernet n nomelaet ee B KoHel nakeTa.

- OrtnpaBka naketa B BbixogHoi nopT CPU BegeT Kk nepefadye nakeTa NfoCKOCTWM ynpaeneHusi. [Mpoueccopy
nepeaaeTcsl UCXOAHbIN NOMyYeHHbIN NakeT, a He pesynbTaT paboTbl cbopLumka (TOT NpocTo oTGpackiBaeTcs).

- OTnpaBka nakeTa B BbIXO4HOW NOPT peunpkynaunm nepenaet ero Bo BXOAHOW NopT peunpkynagmnn. OT0 nonesHo ons
NnakeTos, 06pa60TKy KOTOPbIX HEBO3MOXXHO BbINONTHNTL 3a OOWH NMpoxoa.

- Ecnwu naket nmeet HekoppekTHoe 3HadveHue outputPort (Hanpumep, 9), oH oTbpackiBaeTcs.

- Ecnn 6nok gemynstunnekcopa 3aHAT o6paboTkon npedplAyLero naketa u HeT BO3MOXHOCTM NMOMECTUTL B odepenb
nakeT 13 cbopLymka, 4eMyNbTUNNEKCOP MOXET OTOPOCUTL NakeT, HE3aBUCUMO OT yKa3aHHOro BbIXOAHOrO nopTa.

OTtmeTUm, 4TO HEKOTOpble AeTann noBeaeHuUa aemMynbTuninekcopa MoryT nokasatbCqa HeoXngaHHbIMU. 3pechb He PacCMOTpPEHbDI
HEKOTOpble BaXXHble 3NIEMEHTbl noBegeHund, CBA3aHHble C pa3MepoM o4epenu, ap6v|Tpa>KeM n CI/IHXpOHI/I3aL|,I/IeI7I, KOTOpble
TaKke BINAKT Ha 06p860TKy NakeToB. CTpenKa oT Onoka aHanmaatopa nokasbiBaeT OONOSTHUTESbHbLINA NMOTOK VIH(*)OpMaLI,VIVI oT
aHanusartopa K AeMynbTuniekcopy - 06paGaTblBaeMbll71 NakeT, a TaKke CMelleHuWe B nakeTe, rge 3aKoH4YeHa pa60Ta
aHanunsartopa (T. €. Ha4yano AaHHbIX B naKeTe).

5.2.4. locmynHbie eHewHue 6510kU
ApxuTektypa VSS BKkNoYaeT BHEWHUN OMOK WHKPEMEHTHOro pacyeTa KOHTPOnbHbIX cymm Checksum16, umetowuia
KOHCTPYKTOp U 4 MeToAa:

- clear() rotoBut 6510k K HOBOMY pacuyeTy;

- update<T>(in T data) go6aBnsieT gaHHble B pacyeT KOHTPOSIbHOW CYyMMbl (OaHHble OOMMKHbI ObiTb CTPOKOW GUTOB,
3arofioBKOM WIN CTPYKTYPOWM C TakKUMM 3HAYeHUsIMM), ykadaHHble mnons 4obaensaioTcs (KoHKaTeHauusl) B nopsigke mx
3agaHuns B 06bABNEHUN TUNA;

- get() Bo3BpawaeT 16-6MTOBYI0O KOHTPOMbHYID CyMMy C AOMNonHeHuwem [o 1, npu Bbi3oBe 3TOM pyHKuum 6ok
KOHTPOSbHbIX CYMM [OMKEH NnosyyaTtb Lenoe Yncrno 6anToB AaHHbIX;

- remove<T>(in T data) yaanseT n3 pacyeta aHHble, KOTOPblE paHblUe YYUTbIBANMUCh B KOHTPOSIbHON CyMME.
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5.3. NMonHasa nporpamma VSS

30ecb npefacTtaBneHa nonHa peanusaums nporpammbl P4 ana 6asoBovi nepecbinikn naketoB IPv4 Ha nnaTtdopme VSS.
Mporpamma He wWcCMonb3yeT BCE BO3MOXHOCTM apXWUTEKTYpbl (Hanpumep, PeUMPKYNAuuio), MO MNPUMEHSIET LUPEKTUBBI
npenpoueccopa #include (6.2. MNMpeaBapuTensHas obpaboTka).

CVHTaKCU4YecKkMin aHanmnsaTop MbiITaeTcs pacno3HaTtb 3aronoBok Ethernet, 3a koTopbiM cnegyeT 3aronosok IPv4. Ecnn nroboi
M3 3TUX 3arofloBKOB OTCYTCTBYET, aHanu3 3aBepluaeTcsi ownbKkor. B ocTanbHbix crnydasix MHGOpMauusi n3 3arorioBKOB
nssnekaetcsa B CTPykTypy Parsed_packet. KoHsewep C[1, nokasaHHbIM Ha pucyHke 7, BkntovaeT 4 6noka C[] (kntoyeBoe crnoso
P4 table).

- [lpwn BO3HMKHOBEHMM OLIMOKN B aHann3aTope naket otbpacekiBaeTcs (outputPort = DROP_PORT).

- Tlepeaga Tabnuua ucnonb3dyeT agpec nonyyatens |IPv4 ans onpegenenus outputPort n agpeca IPv4 cnepytowero
y3na nepecbinki. Ecnv nonck He gan pesynbTtaTa, nakeT oTopackiBaeTcs. Tabnuua Takke gekpemeHtupyet IPv4 ttl.

- Bropast Tabnuua npoeepsieT 3HauyeHue ttl u npu oGHapyxeHun 0 NepedaeT NakeT NIIOCKOCTY YNpaBrieHns Yepes nopT
CPU.

- TpeTbsa Tabnuua ucnonbayet agpec IPv4 crnegyollero nHtTepsana (pesynbTaT nepeoi Tabnuubl) ANns onpeaeneHus
Ethernet-agpeca cneaytoulero uitepsana.

- MocnepHas Ttabnuua ucnonb3yeT outputPort anst onpepenexus Ethernet-agpeca (MAC) oTnpaBuTens B Tekyllem
KOMMYyTaTope, KOTOPbI NOMELLAETCA B BbIXOOHOM NakeT.

Ipv4_match Check_ttl Set_dmac Set_smac

arseErrol

P

dstAddr =>
nextHop
outputPort
ttl

PucyHok 7. Cxema koHeelepa CL, ebipaxeHH020
npoepammoti P4 VSS.
C6opLumk cosnaeT BbIXOAHOW nakeT, cobmpas Hosble 3aronosku Ethernet n IPv4 no pesynbtatam paboTbl koHBelepa.

# include <core.p4>

# include "very simple switch model.p4"

typedef bit<48> EthernetAddress;
typedef bit<32> IPv4Address;

header Ethernet h ({
EthernetAddress dstAddr;
EthernetAddress srcAddr;
bit<16>etherType;

}

header IPv4 h {

bit<4d> version;
bit<4> ihl;
bit<8> diffserv;
bit<16>totallen;
bit<16>identification;
bit<3> flags;
bit<13> fragOffset;
bit<8> ttl;
bit<8> protocol;
bit<16>hdrChecksum;

IPv4Address srcAddr;
IPv4Address dstAddr;
}

struct Parsed packet {
Ethernet h ethernet;
IPv4d_h ip;

error {
IPv4OptionsNotSupported,
IPv4IncorrectVersion,
IPv4ChecksumError
}
parser TopParser (packet_in b, out Parsed packet p) {
Checksumlé6() ck;
state start {
b.extract (p.ethernet) ;
transition select(p.ethernet.etherType) {
0x0800: parse_ipv4;
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}

}

}

state parse_ipv4d {
b.extract(p.ip);

verify(p.ip.version == 4w4, error.IPvd4IncorrectVersion);
verify(p.ip.ihl == 4w5, error.IPv4OptionsNotSupported) ;

ck.clear () ;
ck.update (p.ip) ;

verify(ck.get() == 16w0, error.IPv4ChecksumError) ;

transition accept;

control TopPipe(inout Parsed packet headers,

in error parseError,

in InControl inCtrl,

out OutControl outCtrl) ({
IPv4Address nextHop;

action Drop_action() {
outCtrl.outputPort = DROP_PORT;
}

action Set nhop (IPv4Address ipv4_dest, PortId port) {
nextHop = ipv4 dest;
headers.ip.ttl = headers.ip.ttl - 1;
outCtrl.outputPort = port;

table ipv4 match {
key = { headers.ip.dstAddr: lpm; }
actions = {
Drop_action;
Set_nhop;
}
size = 1024;
default action = Drop_action;

action Send to_cpu() {
outCtrl.outputPort = CPU_OUT_ PORT;
}

table check_ttl {
key = { headers.ip.ttl: exact; }
actions = { Send to_cpu; NoAction; }
const default action = NoAction;

action Set dmac (EthernetAddress dmac) {
headers.ethernet.dstAddr = dmac;
}

table dmac {
key = { nextHop: exact; }
actions = {
Drop_action;
Set_dmac;
}
size = 1024;

12
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default action = Drop_action;

}

action Set smac(EthernetAddress smac) {
headers.ethernet.srcAddr = smac;

}

table smac {
key = { outCtrl.outputPort: exact; }
actions = {
Drop_action;
Set_smac;
}
size = 16;
default action = Drop_action;

}

apply {
if (parseError !'= error.NoError) ({
Drop_action() ;
return;

}
ipv4_match.apply();

if (outCtrl.outputPort == DROP_PORT) return;
check ttl.apply():

if (outCtrl.outputPort == CPU_OUT_PORT) return;
dmac.apply() ;

if (outCtrl.outputPort == DROP_PORT) return;

smac.apply () ;

control TopDeparser (inout Parsed packet p, packet_out b) {
Checksumlé6 () ck;
apply {
b.emit (p.ethernet) ;
if (p.ip.isValid()) {
ck.clear();
p.ip.hdrChecksum = 16w0;
ck.update (p.ip) ;
p.ip.hdrChecksum = ck.get();

}
b.emit(p.ip);

}

VSS (TopParser() ,
TopPipe() ,
TopDeparser()) main;

6. OnpedeneHue si3bika P4

A3bik P4 MOXXHO paccmaTpuBaTh Kak COCTOSALLUIA U3 HECKOMNbKUX YacTel, KoTopble ByayT Aanee onucaHbl.
- Ba3oBblili A3bIK, BKMOYAOLWMIA TUMbI, MEPEMEHHbIE, 06nacTn AencTBrs, 0ObABNEHNS, ONepaTophbl, BLIPAXEHUS U T. A.
- Cybasbik Ana 3agaHnsa aHannsaTopoB HAa OCHOBE KOHEYHOrO aBToMaTa Uy MallvHbl COCTOSIHWUIM (12. AHann3 nakeTa).

- CybaAsblk ANa BbIpaXeHUs1 pacyeTos, uUcrnonb3yemMbix 6rnokamu C[l, OCHOBaHHbIMW Ha TPaAWLMOHHOW MMMIepaTMBHOM
notoke ynpasnenus (13. bnoku ynpaenexus).

- Cy06sa3blk onmMcaHnsa apxuTekTyphbl (16. OnucaHue apxuTekTypbl).

6.1. CuHTakcuc n cemaHTUKa

6.1.1. ([pammamuka
MonHas rpaMmmaTuKka P4.s onucaHa B ﬂpVIJ'IO)KeHVIVI H Ha ocHoBe 43blka onucaHus rpaMmmaTukm Yacc/Bison, ncnoJsibayemoro n B
haHHOM TekcTe. B BblAEPXKaX U3 rpaMMaTUKm NpuHMMaeTCA HECKOJTIbKO CTaHOAPTHbLIX ,CI,OI'IyLLI,eHVIVIZ

- ans o6o3HayYeHns TepMuHanbHbIX cumBonoB npumeHstoTcs SAITIABHBIE GykBbi;
- npumeHsieTca HoTauusa BNF, kak nokasaHo Huxe

p4program

| p4program declaration
| p4program ';'

lMceBgokoa, NPUMEHSIEMbIN B OCHOBHOM AfS ONUCAHNUS CEMaHTUKN KOHCTPYKUnin P4, BbIBOAUTCSH (DMKCUPOBaHHBLIM LLUPUETOM

ParserModel.verify (bool condition, error err) {
if (condition == false) {
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ParserModel .parserError = err;
goto reject;

}

6.1.2. CemaHmuka u abcmpakmHbie MawuHbl P4

CemaHTuka P4 onucbiBaetca B TepMUHax abCTPaKTHOM MaluMHbI, BbIMOMHSIOWENA TPagULMOHHBIA MMMepaTyMBHbIN Koa. Ons
Kaxxgoro n3 cy6sasbikoB P4 (aHanusaTopbl, anemMeHTbl ynpaBneHns) umeeTcs cBos abcTpakTHas mawuvHa. [na onvcaHmns aTmx
MaLLWH NPYMEHSIETCHA NCEeBAOKOA N TEKCT.

Komnunsatopbl P4 Moryt camm opraHvM3oBbiBaTb CO3[4aBaeMbll KO, €Cnv BUMAMMOE W3BHE MNoBedeHue nporpavmm P4
COOTBETCTBYET AaHHOW cneundukaumn. Takum BHELWHUM NOBEAEHUEM CUMTAETCS:

- noBsefdeHWe onepauuii BBoAa v BbiBoaa Bcex Gnokos P4,

- COCTOsIHVSA, NoAdepuBaeMble BHELHUMY (extern) Griokamu.

6.2. NMpepBapuTenbHasa obpaboTKka
[ns cbopkn nporpaMm U3 HECKOMbKMX MCXOAHLIX (hannoB P4 komnunaTopam crnegyeT noggepxuBaTb HEKOTOpble (hyHKUMK
npenpoueccopos C:

- #define gns onpegenenns makpocos (6e3 aprymeHToB);
- #undef;

- #if #else #endif #ifdef #ifndef #elif;

- #include.

Mpenpoueccopy Takke crieayeT yaanate cumeonbl \ 1 nepesoga ctpoku (ASCIl 92, 10), ucnonbayemble Ansg pa3breHns CTpok
c uenbto yagobouyntaemocTu.

MoryT nopgaepxvBaTtbcsi Apyrve BO3MOXHOCTWM npenpoueccopa C (Hanpumep, Makpocbl C napameTpamu), HO 3TO He
rapaHTupyetcs. Kak B C, gupektuBa #include moxeT 3agaBatb ms dpaiina B yrnoBbIX CKOOKax U ABOMHBIX KaBblYKax.

# include <system file>
# include "user_file"

PasHuua 3akntovaeTcs B nopsgke novcka gannos NpenpoLeccopomM npu HEMOMHOM YKasaHum nyTu.

Komnunsatopam P4 cnegyeT koppekTHo obpabaTbiBaTb AvpekTuBbl #line, KOTOpble MOryT reHepupoBaTbCs B npouecce
npeaBaputensHoi obpaboTku. 3To nossonseT cobupaTte NporpaMmmMbl P4 13 MHOXeCTBa dainos:

- basoBas 6ubnuoteka P4, onpepeneHHas B 9TOM JOKYMEHTE;
- apxuTekTypa, onpegensioLlasi MHTepdenchl NITOCKOCTU AaHHbIX 1 6noku extern;

- 3agaHHble nonb3oBaTenem 6MGNMOTEKN KOMMOHEHT (HanpuMep, onpeaeneHns cTaH4apTHBIX 3arofioBKOB);

nporpammsbl P4, 3agaioLime nosegeHve Kaxmoro nporpaMmmupyemoro Grioka.

6.2.1. OcHoeHasi 6ubnuomeka P4
Crneundumkauma sa3bika P4 onpegensieT OCHOBHy0 OMONMOTEKy, BKMOYalOLWy HeKoTopble 6asoBble NporpaMMHble
KOHCTpYKuun. OnmucaHume aton 6ubnuotekn gaHo B MNpunoxeHun D. Bce nporpammbl P4 oommkHBI BKITHOYATL 3Ty 6MGnMoTeky

# include <core.p4>

6.3. Jlekcnyeckne KOHCTPYKLUMN

Bce kntoveBble crnioBa P4 cogepxaT Tonbko cumsonbl ASCII, 3T0 ke JOMKHO BbIMNOMHATLCSA ANs BCex naeHtudgukaTopos P4.
Komnunsatopam P4 cnenyeT KOppekTHO obpabaTbiBaTb CTPOKW, copepXkalme 8-O6MTOBble CMMBOSbI B KOMMEHTapusix U
CTPOKOBbIX NnuTepanax. Asbik P4 pasnuyaeTt peructp cuMBoroB. [NpoGenbHble CMMBOIbI, BKIOYasi HOBYIO CTPOKY, CYMTaOTCS
pasgenutensmu. OTCTyn OT Havyana CTPOKW He pernameHTupyeTcsi, ogHako P4 BkntovaeT 6novHble KOHCTpykuun B ctune C BO
BCEX NpUMepax 3Toro JOKyMeHTa Mcnonb3yTcs oTcTynbl B cTune C. CumBonbl Tabynsumm TpakTyroTCcs kak npobensbl.

Jlekcep pacno3HaeT nepeyncneHHble Hke TepMUHarnsi.

- WpeHntudpmkatop (IDENTIFIER) HaumHaeTcsa ¢ 6ykBbl N cMBOMa NOAYEPKNBAHUSA N MOXET BKItoYaTb OykBbl, Lndpbl
1 CUMBOIbI NOAYEPKMBAHUS.

- Wpentudpmkatop tvna (TYPE_IDENTIFIER) yka3biBaeT nmsa tmuna.
- INTEGER o03HavaeT LenovmcrneHHble nuteparsi.
- DONTCARE - 04MHO4YHbI CUMBOJS NOAYEPKUBAHUS.

- KnwoueBble cnosa (Hanpumep, RETURN). Mo cornalleHunio kaxabli TepMyHan KIiYeBOro CrioBa COOTBETCTBYET
KIMIOYEeBOMY CIOBY A3blka C TakMM e NPOWM3HOLLUEHMEM, HO B CMMBOMaXx HWXKHEro peructpa. Hanpumep, TepMmuHan
RETURN cooTBeTCcTBYeT Krto4eBoMy CrioBy return.

6.3.1. UDenmudgpukamopsbli

NpeHtudpmkaTtopbl P4 MoryT BknoyaTth nub OykBbl, LMMPLI 1 CUMBOIbI MOAYEPKMBAHNSA, @8 HAYMHATLCA AOIMKHBLI C BYKBbI UK
nogyepkneanus. CneuunanbHbIn naeHTUdMKaTOP _ 3ape3epBMpoBaH AN 3HAYeHUs, KOTOpPOoe «He UMeeT 3HadeHusi» (don't
care), a ero TMn MOXeT 3aBuCeTb OT KOHTeKCTa. HekoTopble kntoveBble crioBa (Hanpumep, apply) MOryT MCNonb30BaTbCH Kak
MOEeHTUUKATOPbI, ECININ KOHTEKCT HE NO3BONAET NyTaHWLbI.

nonTypeName
IDENTIFIER
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| APPLY
| KEY

| ACTIONS

| STATE

|

|

ENTRIES
TYPE

’

name
I
nonTypeName
TYPE_IDENTIFIER

6.3.2. Kommenmapuu
P4 nogaepXxumBaeT HECKOJTIbKO TUMOB KOMMEHTapPUEB:

- OOHOCTPOYHbLI KOMMEHTapPU OT CUMBOIOB // 4O KOHLIA CTPOKM;

- MHOTOCTPOYHbIi KOMMEHTapuii Mexay cumBonamu /* W */, BRNOXeHHble MHOTOCTPOYHbIE KOMMEHTapuum He
noaaepXvBatoTCs;

- KOMMeHTapuu B ctune Javadoc mexay cumBonamm /<* n */.

HactoaTenbHo He pekoMeHAyeTcs NPpUMEHsTb KoMMeHTapuu Javadoc B Tabnuuax v AeicTBUSIX, UCMONb3YeMbIX MPU CO34aHum
UHTEepdeiica C NNOCKOCTbIO YNpaBreHus.

P4 cuutaeT kOMMeHTapun pasgenutensiMym U He JonyckaeT KOMMeEHTapueB BHYTpM mapkepa (token). Hanpumep, bi/**/t 6yget
paccmaTtpuBaTbCH Kak ABa Mapkepa bi u t, a He bit.

6.3.3. JlumepasibHbIe KOHCMaHMbI

6.3.3.1. Jlornyeckue nutepansbl
Ons nornyecknx (Boolean) 3HaueHWin NogaepKMBatOTCst KOHCTaHTHI true u false.

6.3.3.2. LlenouncneHHble nuTepansbl
LleJ'IO‘-II/ICJ'IeHHbIe nnTepanbl ABNAKTCA NONOXUTENbHbIMU LeNbIMXA YnucinamMmmn cC ﬂpOI/I3BOJ'IbHOIZ pPa3pAaHOCTLIO. Mo ymon4yaHuto
nnTepanbl cHUTaAOTCA OeCATUYHBbIMW. ,D,J'Iﬂ ABHOrIO yKasaHus qaopmaTa NPUMEHATCA NpuBeEeHHble HUWXe obo3HaveHus:

- Oxwunm 0X - wecTHagUaTepuyHble 3HaYEHWS;
- 0o unu 00 - BoOCbMEpPUYHbIE 3HAYEHUS;
- 0d unun OD - gecaTnYHble 3Ha4YeHUs;
- Ob unun OB - gBOMYHbIE 3HAYEHUS.
Pa3mep uncnosoro nutepana B Gutax MOXHO 3afaTb LienbiM YMCnom 6e3 3Haka C MHAMKATOPOM 3Haka:
- W - Lenoe y1cno 6e3 3Haka;
- S -LENnoe Y1Cro CO 3HAKOM.

OtmeTuM, 4to 0 B Havane cam no cebe He yka3blBaeT BOCbMEPWUYHYIO KOHCTaHTy. CMMBOM _ [JOMyCKaeTCsi B YMCMOBbIX
nuTepanax, HO WrHOpPWUpYeTCsl Mpu OfnpeaeneHun 3HaYeHWs aHanuMavMpyemoro uucria. OTo Mo3BoONseT caenatb AfUHHbIE
YMCIOBbIE KOHCTaHTbl Gonee uMTaemMbiMu. OTOT CUMBON He JOMYCKAeTCsl B KOHCTAHTaX ykasaHusi pasmepa M He MOXET BbiTb
nepBbIM CMMBOJIOM YACMOBOrO NuTepana. BHyTpn nutepanoB He A0OMNycKalTCcst KOMMEHTapWu 1 npobensl.

32w255
32w0d255
32wOxXFF
32s0xFF
8w0b10101010
8w0b_1010_1010
8wl70
8s0b1010_1010
16w0377
16w00377

6.3.3.3. CtpokoBble nuTepansi

CtpokoBble nuTepanbl (CTPOKM KOHCTaHT) 3ajarTca B hopme Npou3BOSibHbBIX MocrefoBaTernbHoCcTeN 8-6UTOBbLIX CMMBOIOB,
3aKIoYeHHbIX B ABONHbIE kaBblykK (", ASCII 34). CTpoka HauMHaeTcs C CMMBONa OBOMHBIX KaBblYEK M 3aBEpLUAETCsl Ha NepBOM
CMMBOME [BOWHbIX KaBbl4eK, KOTOPOMY He npefwecTByeT HeyeTHoe uucno cumsonoB \ (ASCIl 92). P4 He nposepsieT
KOPPEKTHOCTb CTPOK (T. €., AONYCTMMOCTb UCMOMb3oBaHHOW koanposku UTF-8).

Mockonbky B P4 He mogdepXvBaloTCA Onepaumv Hag CTpoKaMu, CTPOKOBble fuTeparnbl, BKMOYas 3aBeplualoliye KaBblYKy,
06bIYHO nponyckarTcs KoMnunaTopom P4 6e3 nsmeHeHu ApyruM CTOPOHHWM MHCTpymeHTam unun backend-komnunaropam.
3TN MHCTPYMEHTbI MOryT Mo-cBoeMy obpabaTtbiBaTb escape-nocnefoBaTenbHOCTU (Hanpumep, cnocob 3agaHWs CYMBOMOB
Unicode nnu obpaboTky HenevyaTtaembix cumsonoB ASCII).

Hwxe npvBeaeHo 3 npumepa CTPOKOBbIX NMTeparnos.

"simple string"

"string \" with \" embedded \" quotes"
"string with embedded

line terminator”
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6.4. CornawieHusi 06 MMmeHoBaHuUU

P4 nogaepxmeaet doraTbiv Ha60p TUNoB. ba3oBble TUMbl BKIOYaT GUTOBbLIE CTPOKKM, 4nucna v owmnbkn. Nmerotca Takke
BCTPOEHHbIE TUNbl AnA npeacrtaBneHna KOHCprKLl,VIVI, TakKnx KakK aHanmsaTtopbl, KOHBeVlepr, }J,eVICTBVIﬂ n TaGJ‘IVILI,bI.
[Monb3oBaTenb MOXET co3aaBaTb HOBble TWMNbl HAa OCHOBE CTPYKTYp, nepedyncndaembixX 3HaHEHVIl7I, 3aronoBKkoB, CTeKOB U
O6'be,£|,I/IHeHVII7I 3aroyioBkoB U T. .

Hwxe npvBeaeHbl NPpUHATLIE B JOKYMEHTE cornalueHus 06 nMeHoBaHuu.
- BcTpoeHHble Tvnbl yKasbiBalTCA CUMBOMaMU HUXHEro perncrpa (Hanpumep, int<20>).
- [Monb3oBaTtenbckne TUMbl BKNOYAIOT 3arnaeHble Oyksbl (Hanpumep, IPv4Address).
- [epemeHHble TMNOB BCceraa ykasbiBaloTCcA 3arnaBHbIMy GykBamu (Hanpumep, parser P<H, [H>()).
- B nepemeHnHbIx 3arnaBHble OykBbl He UCMonNb3ytoTCs (Hanpumep, ipv4header).
- KoHcTaHTbI yKasbiBatoTCsa 3arnaBHbiMmn byksamu (Hanpumep CPU_PORT).

- Owwubkun N nepeymncrisieMble ykasblBalOTCs B CTUNE «Bepbnioga» (camel-case), Hanpumep PacketTooShort.

6.5. NMporpammsbl P4

Mporpamma P4 npeacraensieT cobon cnmcok 06bsBNeHNA

p4program

| p4program declaration
| p4program ';'
declaration
: constantDeclaration
| externDeclaration
| actionDeclaration
| parserDeclaration
| typeDeclaration
| controlDeclaration
| instantiation
| errorDeclaration
| matchKindDeclaration
| functionDeclaration

MycTtoe 0GbsiBNEHUE yka3blBAETCA CUMBOJSIOM ; (NycTble 0ObSBNEHUS NOAAEPXKMBAKOTCA C y4ETOM NPUBbLIYEK MPOrpamMMUCTOB
C/C++ n Java, x0T B HEKOTOPbIX KOHCTPYKLUMAX, HanpumMep, struct, Touka ¢ 3anaTon B KoHLe He TpebyeTcs).

6.5.1. O6bnacmsb delicmeus
HekoTopble KOHCTpYKUMM P4 0eicTBYIOT Kak NPOCTPaHCTBA MMEH, co3fatoLLme NoKkarnbHy0 00nacTb JENCTBMSA UMEH, BKMOYas:

- obbsABneHus npom3sBoAHbIX TUNOB (struct, header, header_union, enum) ¢ NOKNbHOM 3HAYMMOCTbLIO UMEH MONew;
- onepartopbl 6510KOB, CO34aloOLLME NOKANbHbIE, NEKCUYECKN 3aMKHYTble 00nacTu 4EeNCTBIUS;
- ©noku parser, table, action, control ¢ nokanbHoOM 06NacTbo OENCTBUS;

- 00bsABNEHNs ¢ nepeMeHHbIMM TUNOoB, co3gavlWwnMn Ona nepemMeHHbIX HOBbIe obnactu OencTeus; HanpumMmep, B
npuBeaeHHOM HMxXe o6bsiBneHnn extern obnacte genctemsa Tuna H 3aBeplLuaeTcd B KOHUe onpeaeneHnsa

extern E<H>(/* napamerpm onymenn */) { }

nOpH,ElOK 00BbABNEHUS BaXXEH U 3@ UCKITIOYEHNEM COCTOSHUI aHanusaTopa Ucnonb3oBaHWo CUMMBOSIa AOJKHO nNpealwecTBoBaTh
ero obbsiBneHve (310 oTcTynneHume oT P4y ,roe obObsABneHus paspelsarotca B nobom nopsgke). Takoe TpeboBaHue
CYLLECTBEHHO YMpoLlaeT peanusauuio KOMIUNATopoB P4, no3eonss UM UCMoNb3oBaTb AOMNONHUTENbHYO MHopmaumio 06
06bSABMNEHHbIX MAEHTUDUKATOPAX NPU UCKMHOYEHUM HEOAHO3HAYHOCTEN.

6.5.2. dnemeHMbI ¢ COCMOSIHUEM
BONbLMHCTBO KOHCTPYKUun P4 He umeeT COCTOAHMI - pes3ynbTaT paboTbl KOHCTPYKUMM OMpenensiercs UCKIYMTENbHO
BXOAHbIMU IaHHbIMU. VIMeeTcst NyLb ABE KOHCTPYKLUMM C COCTOSHUSMW, COXPAHSAIOLLMMU MHAPOPMAaLIMIO OT NakeTa K nakeTy:

- ma6nuubl AOnA NJOCKOCTU AaHHbIX AOCTYMHbI JTUWb Ha YTEHNE, HO UX 3annCn MOXET MEHATb YPOBEHb yNnpaBl1€HUA;

- eHewHue 06bEKMbI MOTYT UMETb COCTOSIHUSA, LOCTYMHbIE A1t YTEHUSI U 3anuUCU MIIOCKOCTAM YNpaBneHns U AaHHbIX;
BCE KOHCTPYKUMUN U3 P4 44, COXpaHSItOLLME COCTOSIHUE (HAnpUMep, CHETUMKM, U3MEPUTENM, PETUCTPbI), NPeaCcTaBneHb! B
P4, o6bekTamu extern.

B P4 Bce 3nemMeHTbl C COCTOSIHUSIMM OOSKHbl IBHO BbIAENATHCA NMPU KOMMAUMSALMKU NyTEM CO34aHMs «3K3emnnspoB». Kpome
TOro, aHanM3aTopbl, 610KV yrnpaBneHnus 1 NakeTbl MOryT Co3aaBaTh IK3EMMISIPbl ANIEMEHTOB C COCTOSIHUSAIMU. Takne anemMeHTbI
Takke [OOMKHbl CO30aBaTbCA [0 WCMONb30BaHUS, Oa)e €CNM OHM UCXOOQHO He WUMEeT cocTosiHui. OpgHako Tabnuubl He
CO34alTCsa 3apaHee, XOTSA Y HUX U €CTb COCTOSIHUSA, - CO3OaHne ak3emnngapa Tabnuubl npomcxoanT npu ee obbasneHun. 1o
caenaHo Ans nognepXku obLiero crny4vasi, nockornbKy G0NbLUMHCTBO Tabnuvuy Mcnonb3yeTcs Nub ogHOKpaTHo. [Ansi 6onee
TOYHOro KOHTPOJS 3@ COCTOAHMEM Tabnuy nporpammucTam crnegyet 00bLEBMATL MX B ArIEMEHTaXx ynpaBeHunst.

B npumepe naparpadpa 5.3. MNMonHas nporpamma VSS TopParser, TopPipe, TopDeparser, Checksum16 n Switch aBnstoTca
Tnamun. Mmeetca gea aksemnnspa Checksum16, no ogHomy B TopParser n TopDeparser (0603HadeHbl ck). dksemnnsapbl
TopParser, TopDeparser, TopPipe n Switch co3gatoTca B KOHLEe NporpaMmMbl B OOBbSABMEHUN OCHOBHOIMO 06bekTa, KOTOpbIf
ABNAETCA aKk3emMnnspom Tuna Switch (naker).
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6.6. BoipaxxeHnsa ana neBon 4actu

Bblpa)KeHMﬂMM Ons neBon 4acTtu (I-value) CHNTAKTCA BblpaXXeHUa crneBa OT onepatopa npucBamBaHUA WU aprymMeHTbl
napameTpoB (yHKUMIA out u inout. TU 3HAYEHNs SIBNSOTCS CCbINKaMy Ha xpaHunuie. KoppekTHble BapuaHTbl NpUBEAEHbI
HWXe.

prefixedNonTypeName
nonTypeName
| dotPrefix nonTypeName

’

lvalue
: prefixedNonTypeName
| lvalue '.' member
| lvalue '[' expression ']'
| lvalue '[' expression ':' expression ']’

- WpeHtudunkaTtopbl 6a30BbIX M NPON3BOAHLIX TUMOB.
- Onepauwnu gocTtyna K anemMeHTam CTPYKTYp, 3arofioBKOB 1 00 beAUHEHMUI 3arofioBKOB (HOTaLMsi C TOYKaMM).

- CcbInkn Ha anemMeHTbl cTeka 3aronoBkoB (8.17. OnepaumyM Hag CTEKOM 3arofioBKOB) - MHAEKCALMS M CCbIIKA Ha
nocneaHni Unu CneayoLwmn SNemMeHT.

- PesynbTart onepartopa «Hapesku» 6utos [m:l].

MprMMepoM KOPPEKTHOrO BhbIpaXXeHMs1 MOXET cnyxuTb headers.stack[4].field. OTMeTyM, 4TO BbI30BbI METOOO0B U (DYHKLUA He
MOryT Bo3BpawaThb |-value.

6.7. CornaweHus o Bbi3oBax

P4 obGecneynBaeT MHOXECTBO KOHCTPYKLMA AONA CO30aHMA MOAYSbHbIX NPOrpaMM - BHELWHWE MeToAbl, aHanusaTopsl,
SNeMeHTbl ynpaBeneHus, enctevs. Bce aTM KOHCTpyKumm BedyT ceba nogobHO npouedypam A3bIKOB MPOrpamMmmmnpoBaHus
obLlero HasHa4yeHus:

- MCNOJb3YTCA UMEHOBaHHbIE N TUNN30BaHHbIE NapaMeTpbl;
- co3faeTcs HoBag fokanbHasa obnactbe 4encTBus s napamMeTpoB U NOKalnbHbIX NEepPEMEHHbIX;
- MOXHO nepegaBaTtb apryMmeHTbl NyTeM NpuBA3KU UX K NapamMmeTpam.
Bbl130BbI OCyLLEeCTBNAKTCA C UCnosib3oBaHMEM CEMaHTUKU copy-in/copy-out. Kaxabin napamMeTp nomMmevyaeTca HanpaBeHneMm.

- MapameTpbl in AOCTYMNHbI NULWb ONA YTEeHUA U yKa3aHue Takoro napameTpa B NeBOV YacTu onepaTopa npucBavBaHus
nnn nepenava Bbl3abiIBAEMOMY HE B Ka4eCTBe aprymeHTa in NpuBegeT K owmnbke. [MapameTpsbl in MHUUManmM3npyroTca
nyTemM KonnpoBaHuA 3Ha4eHUA COOTBETCTBYHOLLEro apryMmeHTa npu BbiNONTHEHUX BbI3OBA.

- [MapameTpbl out 3a UCKNIOYEHNEM HECKOMbKUX YKa3aHHbIX HWDKE CyyaeB, MHULMaNM3WPYKTCS U TpakTylTcs Kak |-
value (6.6. BbipaxeHuns Ans nesow 4acTun) B Tene MeToAoB U pyHKUMI. AprymMeHTbl, NepefaBaemble Kak napameTpbl
out, AomkHbI BbITh |-value, nocne BbINOMHEHWSA BbI30BA 3HAYEHWE NapaMeTpa KOnMpyeTcs B COOTBETCTBYIOLLEE MECTO
XpaHunuiia, BbiaeneHHoe ansa gaHHoro l-value.

- [MapameTpbl inout SBNSIOTCS BXOAHBIMU U BbIXOAHBLIMK cpasy (in 1 out). AprymeHTbl, NepefaBaemble Kak napameTpbl
inout gomkHbl 6bITL I-value.

- OTcyTCTBI/Ie HanpaBlieHNA yKa3blBaeT, YTO NapaMeTp COOTBETCTBYET KaKOMy-J'II/IGO 13 NnpnBeaeHHbIX yCJ'IOBI/II7IZ
- 3Ha4YeHne n3BeCTHO B MOMEHT KOMNUnauuu;

- 3HayeHne SABNAETCA napamMeTpoM AeWNCTBUS (action), KOTOpPbIA MOXET ObITb YCTaHOBJNIEH INULUb NJTOCKOCTbIO
ynpaBrieHus;

- 3HaYeHWe ABNSETCHA NnapameTpoM OEeNCTBUSA, KOTOPbIA MOXET ObITb HanpamMmyro yCtaHOBJ1E€H OPYrMM Bbl3OBOM (B
3TOM Chny4ae nosegeHne aHanorm4Ho napameTpam in).

MapameTpbl out Bcerga WHMLMANMU3MPYIOTCA B Hayane BbINOMHEHWS YacTW MporpaMMbl, MMEIOLEN Takue napameTpbl
(ranpumep, anemeHTa ynpaBneHWs, aHanusatopa, [encTBus, GYHKUMM n T. n.). OAna Apyrux HanpasneHuin Takow
WHMLManm3aummn Her.

- Ecnn napametp out umeet Tvn header nnu header_union, oH cunTaeTcsa HegencTBuUTENbHBIM (invalid).

- Ecnn napameTp out nmeeTt Tun cTeka 3aronoBKOB, BCe 3reMeHTbl CTeka cuMTalTca HegencTeuTenbHbiMK (invalid), a B
none nextindex ycraHaesnusaetcs 0 (8.17. Onepauun Hag CTEKOM 3arofiOBKOB).

- Ecnu napameTp out MMeeT KOMNO3UTHBLIN TUM (Hanpumep, struct), oTNUYalOLWKIACA OT NePeYnCIIEHHbIX Bbille, NpaBuna
NPUMEHSIIOTCS PEKYPCMBHO K 31eMeHTaM KOMMO3WTHOro Tuna.

- Ecnu napameTp out umeeT uWHOW TuN (Hanpumep, bit<W>), peanusauusi He o6si3aHa MHULMANU3NpoOBaTb €ro
npeackasyeMbiM 3Ha4YeHUeM.

Hanpumep, ecnu napameTp out umeeT T1n s2_t 1 umsa p

header hl_t ({
bit<8> f1;
bit<8> £2;

}

struct sl_t {
hl_t hla;
bit<3> a;
bit<7> b;
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}
struct s2_t {

hl t hlb;

sl t sl;

bit<5> c;

}

Torga B Hayane BbIMOSIHEHWS YacTu Mporpammbl, UMEIOLWEN BbIXOOHOW MapameTp p, OH [AOIDKEH WHULMANu3MpoBaTbCH C
o6bsaBneHnem p.h1b un p.s1.h1a HepencTButensHbiMKU. OcTarnbHble YacTM p MHULMANU3MpoBaTb He TpebyeTcsi. AprymeHThbl
OLEHMBAIOTCSI CMeBa HanpaBo [0 Bbl3oBa camoi yHKUuW. opaaok OLEHKM BaxeH, Korga npeacTaBneHHoe Anst apryMeHTa
BblpaXXeHne MoXeT AaBaTtb Nobo4yHble achdekThl. Hanpumep,

extern void f(inout bit x, in bit y);

extern bit g(inout bit z);

bit a;

f(a, g(a));

OTMeTVIM, YTO OLlEHKa g MOXEeT M3MEHUTb apryMeHT a, MO3TOMY KOMNUNATOP AOJIKEeH y6e,D,VITbC$|, YTO 3Ha4YeHue, nepegaHHoe f
B KayeCTBe MnepBoOro rnapametpa, He OblNo U3MeHeHo npn oLeHKe BTOpPOro aprymeHTta. CemaHTUKa OoueHKn Ansa Bbi30BOB
d)yHKLMVI 3afaeTca npuBegeHHbIM HWXe anroputMom (peanvl3au,m;| MOXET MEHATb ero nNpu ycrioBumn coxpaHeHua pesyanaTa).

1. ApryMeHTbI OUEeHUBaKTCA crneBa HanpaBo B COOTBETCTBUU C BbipaKeHem npu Bbi3oBe d)yHKLI,VII/I.

2. Ecnu napameTp UMeeT MPUHATOE MO YMOMYaHWI0 3HA4YeHWe M COOTBETCTBYIOLUMA apryMeHT He MpeAcTaBneH, B
KayecTBe aprymeHTa npuMeHsieTcs nogpasymeBaemMoe 3HayeHue.

3. [ns kaxgoro aprymeHTa out u inout coxpaHsaeTcs COOTBETCTBYOLEee 3HavyeHue |-value (3To He No3BonseT U3MEHUTb
€ro npu OLEeHKe NMOocreayWwmnx apryMmeHToB). OTO BaXKHO, €CN apryMeHT COAEPXMT onepauun MHOEKCUPOBaHWS B
CTEeK 3arosloBKOB.

3HayeHus Kaxgoro aprymeHTa COXpaHsaeTCa BO BpEMEHHOMN obnactu.

®YHKUMS BbI3bIBAETCS C apryMeHTaMu U3 BpeMeHHO obrnact. OTU apryMeHTbl HUKOMAa He SIBNATCS NCEBAOHUMaMK
LpYr Apyra, NoaToMy TakoW «CreHepUpOBaHHbIN» BbI30B (DYHKLMU MOXHO peanu3oBaTth C MOMOLLbIO cobinku (call-by-
reference), ecnu apxuTekTypa 3TO NO3BOMSET.

6. [pu Bo3BpaTe M3 PYHKLUM BPEMEHHbIE 3HAYEHWs, COOTBETCTBYIOLME aprymeHTam out u inout konupylTcsa cnesa
Hanpaso B I-value, coxpaHeHHbIe B n. 2.

B cooTBeTCTBUM C 3TUM anropuTMom I'IpI/IBeD,eHHbIVI Bblllie Bbl30B (bYHKLIMVI 9KBMBaAlleHTEeH nocnegoBaTesibHOCTU onepaTtopoB

bit tmpl = a;

bit tmp2 = g(a);

£ (tmpl, tmp2);

a = tmpl;

,D,J'Iﬂ noayvepKknBaHUA BaXXHOCTU M. 2 npuBeaeHHOro Bbilwle anroputMma paccmMmoTpumM npuMmep

header H { bit z; }

H[2] s;

f(s[al.z, g(a));

OU,eHKa OTOro Bbl30Ba 3KBMBaAlieHTa nocrieaoBaTesibHOCTU onepaTopoB

bit tmpl a;

bit tmp2 = s[tmpl].z;

bit tmp3 = g(a);

£ (tmp2, tmp3);

s[tmpl] .z = tmp2;

Mpu ncnonb3oBaHUM 06BLEKTOB extern B kKa4eCTBE apryMeHTOB UX MOXHO nepefasaTh nuiib 6e3 HanpasneHus (CM., Hanpumep,
aprymeHTbl packet B npumepe VSS).

6.7.1. O6ocHoBaHue

OcHOBHas Mpu4MHa MCMONb30BaHWA CEeMaHTUKM copy-in/copy-out (BMecTo TpaauumoHHow call-by-reference) sakniovaetcs B
KOHTpOne NoBoYHbIX Sd)(beKTOB BHELUHUX (byHKLI,VIVI N MeToaoB, KOTOPbIe ABNMAKTCA OCHOBHbIM MeXaHNU3MOM B3aMMO,D,el7ICTBVI9|
nporpammbl P4 co cBoum okpyxeHunem. CemaHTuka copy-in/copy-out He faeT BHELHWM (PYHKUMSM YAepXuBaTb CChIKM Ha
06bekTbl Mporpammbl P4 1 3T0 N03BOMSIET KOMMUIMATOPY OrPaHUYUTL NOBOYHbIE BNNAHWUSA BHELLHUX OYHKLUIA Ha nporpammy P4
KaK B MPOCTPAHCTBE (BNUSAHWE NULLb Ha NapameTpbl out), Tak 1 BO BpeMeHU (BNUsSHME NULLIb NPpU Bbi30BE (PYHKLNM).

B obwem cnyyae BHelwHWe yHKUMW MOryT genaTb BCe, YTO YrOAHO - XpPaHWTb MHopmauuio B rmobanbHOM XpaHunuiie,
nopoxaaTb OTAeNbHble MOTOKM, «BCTyNaTb B CrOBOP» C APYrMMW A5l COBMECTHOTO MCMNOMb30BaHUs MHAOpPMaLMK, - HO OHU He
UMEIOT JOCTYNa K NepeMeHHbIM nporpammel P4. CemaHTMKa copy-in/copy-out no3BonsieT KOMNUASToOpYy cumTaTth nporpammy P4
BbI3blBaIOLLEN BHELLHUE DYHKLNN.

NmeeTcs elle aBa NnpenMyLLecTBa UCMONb30BaHUS CEMaHTUKU copy-in/copy-out:

- BO3MOXHOCTb KOMMMNUpoOBaTb MporpaMmbl P4 ans apxuTekTypbl, HE MOAAEPXUBAIOLIEN CCbINKM (Hanpumep, npu
pa3MeLleHMn AaHHbIX B MMEHOBAaHHbLIX perncrpax), kotopass MoxeT TpeboBaTb MHOAEKCOB B CTEKU 3arofioBKOB,
nosiBRsOWMECS B MPOrpaMme, YTobbl NONyYnTb 3HAYEHWUS BO BPEMSI KOMMMNSILNK;

- yNpoLLeHuNe aHanu3a B KOMMUNATOPE, NMOCKOSbKY napaMeTpbl OYHKLUMIA He MOryT ObiTb NCEBAOHUMaMK Apyr Apyra B
Tene yHKUMN.

parameterList

| nonEmptyParameterList

’

nonEmptyParameterList
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parameter
| nonEmptyParameterList ',' parameter

’

parameter
optAnnotations direction typeRef name
| optAnnotations direction typeRef name '=' expression

’

direction
: IN
| ouT
| INOUT

’

Hwxe KpaTKo nepeyncneHbl orpaHuyeHns, CB3aHHble C HanpaBreHneM napameTpoB.
- Mpn ncnonb3oBaHUKU B KayecTse aApryMmeHToB BHELlHWe 06BbEKTBI AOMKHbI nepenaBsaTtbCA be3 HanpaBlieHnd.

- Bce napameTpbl KOHCTPYKTOPOB OL/eHUBAOTCA BO BpeMA KOMNUNAuun, NoO3TOMY OHWM HE MOryT MMeTb HanpaBleHud,
3TO OTHOCUTCS K 06BbekTam package, control, parser, extern. 3HayeHus Takux napamMeTpoB OOJIKHbI ObITb 3adaHbl B
MOMEHT KOMNUNSALUM 1 obecneymBaTb BO3MOXHOCTb OLIEHKU npu KoMmnunaunn (14. I'IapameTpmsau,Mﬂ).

- [Ansa pencteui Bce napameTpbl 6e3 HanpaBneHusi JOSMKHbI OblTb B KOHLE Cnucka napameTpoB. [ns AencTeui B
Tabnuue JoMKHbLI yKkasbiBaTbCA NULLL NapamMeTpbl ¢ HanpasneHnem (13.1. Oenctaus).

- [enctBma MOryT Takke BbI3blBAaTbCA SBHO C WCMONb30OBaHMEM CUHTaKCMCa (PYHKUMN U3 Gnoka ynpasreHus unm
apyroro gencteus. NMpu 9ToM 3Ha4YeHUs BCex napameTpoB AENCTBUSA OOMKHbI ObiTb 3a4aHbl ABHO, BKINOYAs 3HAaYEHUs
napameTpoB 6e3 HanpaBneHus, KOTopble B Takon cutyauumn BegyT cebs kak napameTpsl in (13.1.1. Bbl3oB gencreuns).

- |_|pI/IHF|TbIe no ymMmon4yaHU 3HadeHue paspelleHbl Nulb Anda napamMmeTpoB bes HanpasneHuna u in, OHW OOJSMKHbI
npe06pa303b|BaTbc9| B KOHCTaHTbI, AOCTYMHbI€ Npn KOMNUNALUn.

6.7.2. HeobsizamenbHble napamempsbi

MapameTp, aHHOTUPOBaHHEIN Kak @optional, sBnseTcs Heobs3aTeNbHBIM 1 NOMb30BaTENb MOXET ONYCTUTL Ero 3HaYEHNE Mpu
BbI3oBe. Heobs3aTenbHble napameTpbl MOFYT MPUCYTCTBOBATbL MULLb B apryMeHTax NakeToB, BHELUHUX (OYHKUWUA U METOOOB, a
Takke KOHCTPYKTOpoB o0ObekToB extern. Takue napameTpbl HE MOryT MMETb MPUHATBLIX MO YMON4YaHWio 3HadeHuin. Ecnu
KOHCTpyKUMS, nogobHas npouenype, Mcnonb3dyeT HeobsizaTenbHble NapameTpbl U Nogpa3ymMeBaemble 3HAYEHWs, OHa MOXET
BbI3bIBATbCA MNWLLb C YKa3aHMEeM UMEHOBaHHbIX aprymMeHToB. PekomeHnayeTcsa (HO He TpebyeTcs) pa3meLLaTs Heobas3aTernbHble
napameTpbl B KOHLIE CMMCKa NapameTpoB.

Peanuzauuss obbektoB ¢ Heobsi3aTenbHbIMM MapameTpaMu He 3afjaHa B P4, noaToMy HasHayeHue u peanusaums Takmx
OOBbEeKTOB [OMKHbI 3adaBaTbCA LENeBOM apxXWMTEKTypon. Hanpumep, MOXHO npeacTaBUTb apXUTEKTypy ABYX3TarHow
KOMMYyTaLumn ¢ HeobsAsaTernbHbIM BTOPbIM 3TanoM. TO MOXHO 06bSABUTL Kak NakeT ¢ Heobs3aTenbHbIM NapameTpom

package pipeline ( )
package switch(pipeline first, @optional pipeline second) ;

pipeline ( ) ingress;

switch (ingress) main;

SIJ,ECb ueneBaa apxXnUTekTtypa MOXeT peanim3oBaTb HeobsA3aTenbHbIN aAprymMmeHT, ncnonb3ys I'IyCTOVI KOHBeI7Iep. Hwxe npueeneH
npumMmep c Heobs3aTenbHbIMU napameTpamMmu U napameTpamu ¢ nogpasymesaemMbiMn 3HAYEHNAMN.

extern void h(in bit<32> a, in bool b = true);

h(10);
h(a = 10);
h(a = 10, b = true);
struct Empty {}
control nothing(inout Empty h, inout Empty m) {
apply {}
}
parser parserProto<H, M>(packet_in p, out H h, inout M m);
control controlProto<H, M>(inout H h, inout M m);

package pack<HP, MP, HC, MC>(@optional parserProto<HP, MP> parser,
controlProto<HC, MC> _control = nothing())

pack () main;

6.8. Pacno3zHaBaHue nmeH

O6BbeKTbl P4, co3galolimne npocTpaHcTBa MMEH, OpraHmn3oBaHbl B Mepapxuto. MmeeTca Takke 6e3biMAHHOE NPOCTPAHCTBO
BEpXHEro ypoBHA, coaepxallee Bce 0bbaABNeHus BEpPXHEro ypoBHA. MD,EHTVI(bI/IKaTOpr, Ha4vynHawmecda C TOYKUN (), Bcerga
OTHOCATCA K NPOCTPAHCTBY UMEH BEPXHEIO YPOBHA.

const bit<32> x = 2;
control c() {
int<32> x = 0;
apply {
x = x + (int<32>) .x;
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PacnosHaBaHue vaoeHTUUKATOPOB MO CChIfkaM MpeanpuHUMaeTcs M3HYTPW, HauduHas ¢ Tekyuwlen obnactm gencrevs m
3aKkaHuMBasi NEKCUMYECKU 3aMKHYTbIMKM obnactamu. KoMnunaTtop MoXeT BblaBaTb NpefynpexneHnss npu BO3MOXHOCTM
HEOAHO3HAYHOro Pacrno3HaBaHUS UMEHM (3aTEHEHNE UMEH).

const bit<4> x = 1;
control p() {
const bit<8> x =
const bit<4> y
const bit<8> z =

apply {}

[ '
LI
VIR

}

6.9. BuanmocTtb
NpeHTudmkaTopsl, onpeaeneHHble Ha BepXHEM YPOBHe, BUAHbI rnobanbHo. OObABNeHVs BHYTPY aHanusaTtopa unm anemeHTa
ynpaBneHns SBASTCS NPMBaTHBIMKU U HE MOTYT YNOMUHATLCA 3a npegenamMu aToro obbekTa.

7. Tunbi 0aHHbIX P4

P416 ABNAETCA CTaTU4eCKn TMNM30BaHHbIM. npOFpaMMbI, He npouwlejline npoBepky TUNoB, CHATAKOTCA He,D,eIZCTBMTeJ'IbeIMM n
OoTBEprarTCcAa KOMNUNATOPOM. P4 nogaepXxmeaetT MHOXeCTBO 6a30BbIX TUNOB, a TaKXe onepaTopbl ANnA co3aaHuA NpoU3BOAHbIX
TMNOB. HekoTopble 3HayYeHWs AOnyckalT nNpuBeAeHWe K APYroMy Tuny, OAHAKO HesBHOEe npuBedeHne [OoMyCKaeTcs Nuvllb B
HeKOTOprX cmyau,vmx, a ananasoH ,ElOCTyI'IHbIX anBe,qumVl HamepeHHo orpaqueH.

7.1. BasoBble TUNbI
Hwuxe nepeyncrieHbl BCTPOEHHbIE 6a3oBble TUNbl, NoagepXxmnBaembie P4:

- void He MMeEeT 3HaYeHns 1 MCNONb3yeTCA Nnllb B peOKux orpaHnYeHHbIX obcToaTenbcTBax;

- error CnyXxuT Agns nepefayv cBefeHuin o6 owmbkax He3aBUCUMBIM OT MNaTdopMbl, YrpaBnseMbiM KOMMUMSTOPOM
cnocobom;

- string MOXeT NpUMEHATLCS NULLbL ANt CTPOKOBbLIX KOHCTAHT BO BPEMSI KOMMUISILUU;

- match_kind cnyxut anga onucaHus peanusauuu novucka B Tabnuuax;

- bool npeacrtaenseT nornyeckme 3HayeHus;

- int cnyxuT gnsa npegctaBneHns LenbixX Yucen npov3BofbHOrO pasmepa;

- bit<> - GuToBblE CTPOKM (DUKCUPOBAHHOTO pasMepa;

- int<> - yenble yncna PUKCMPOBAHHOIO pa3mepa, NpeacTaBeHHbIE ONOMHEHNEM A0 2;

- varbit<> - GUTOBbIE CTPOKM C OrpaHUYEeHNeM MaKCMarnbHOro pa3mMepa.

baseType
: BOOL

| ERROR

| BIT

| INT

| STRING

| BIT '<' INTEGER '>'

| INT '<' INTEGER '>'

| VARBIT '<' INTEGER '>'

| BIT '<' '(' expression ')' '>'

| INT '<' '(' expression ')' '>'

| VARBIT '<' '(' expression ')' '>'

’

7.1.1. Tun void

Tun YKa3blBaeTCA Kro4eBbiM CIOBOM void U He coaepXWT 3HayeHun. Tun He YKa3aH B npuBegeHHOM Bbllle npaBune
baseType, NOCKOJ1bKYy €ro ncnonb3oBaHue B nporpamMmmax P4 CyLeCTBE€HHO OorpaHn4eHo.

7.1.2. Tun error
Twn error COAEepPXUT 3Ha4veHusa (Opaque), KOTOpPble MOTYT ChyXuUTb AON1A CUrHanmsauuum owmnbok. KoHcTaHTbl TuMna error
onpegensatTca B oopme

errorDeclaration

ERROR '{' identifierList '}'
KoHcTaHTbI error noMelLarnTcst B NpOCTPaHCTBO MMEH owwnboK, He3aBUCMMO OT MecTa ux onpegeneHuns. TUn error noxox Ha
TMN enum B Apyrux sAi3blkax. [porpamMmma MoXeT BKIOYaTb MHOXECTBO OOBbSIBNEHU OLNBOK, KOTOpble KOMMUMATOP cobupaeT
BvecTe. OObsIBNEHNE OOHOWM KOHCTaHTbI Error Heckonbko pa3 sBnsfeTca owunbkoi. BbipaxkeHws Tuna error onucaHbl B
naparpacpe 8.2. Onepauun Hapg Tunom error. Hanpumep, Hwxe nNpuvBedeHO onpefeneHve ABYX KOHCTaHT (M3 OCHOBHOM
oubnuotekun P4).

error { ParseError, PacketTooShort }
BasoBoe npencraeneHne OLLIMBOK 3aBUCUT OT I'IJ'IaT(bOprI.

7.1.3. Tun match_kind

Tun match_kind o4eHb MOXOX Ha error u NpuMeHsieTca Ans oobABNeHns Habopa UMEH, KOTOPble MOTYT CITYXXWUTb CBOMCTBaMM
knoya Tabnuupl (13.2.1. CeowictBa Tabnuubl). Bce naeHTMdmKaTopbl NOMELLAOTCS B MPOCTPAHCTBO MMEH BEPXHEro YpPOBHS.
OnpegeneHne ogHoro naeHTMgukaTopa match_kind Heckonbko pas aBnseTcs owmnbKoNn.
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matchKindDeclaration
: MATCH _KIND '{' identifierList '}'

OcHoBHas 6ubnuoteka P4 copepxut npuBegeHHoe Hwke ob6bsaBneHne match_kind.

match_kind {
exact,
ternary,
lpm
}
ApxuTekTypa MOXET He noaaepXvBaTb AononHutenbHble Tunbl match_kind. O6bsiBneHne HoBbix match_kind moxeT
BbINOMHATLCA NULLL B harnax onpeaeneHns mogenen n nporpaMMucTsl P4 He MoryT genatb Takux 06bABNEHNIA.

7.1.4. Jloczuyeckuu mun
Tlornyeckuii TuN bool nmeet 3HadeHus false u true, He oTHocALWwmecs K integer nnu bit-string.

7.1.5. Cmpoku

Ona npeacrtaBneHns CTpok ucnonb3dyeTcst Tun string. Onepaumii ¢ 3TUM TUMOM B S3blke HE BbINOMHSETCA U HEBO3MOXHO
06bABMTE NepemMeHHyto Tuna string. MNMapameTpbl 3TOro TMNa He MOryT UMeTb HanpaeneHus (6.7. CornaweHus o Bbi3osax). P4
He noggepXuBaeT MaHUMNynsauuii CO CTPOKaMu B MIOCKOCTW AAHHbIX U 3TOT TUM MOXHO MPUMEHHATb NWb ANS KOHCTaHT,
M3BECTHbIX B MOMEHT KOMNWUASUUW. OTO MOXeT ObiTb MOMe3Ho, Hampumep, Ans nnatopM, MOSOEPXKUBAIOLWMUX BHELLHIOW
YHKUMIO ANA perncTpaummn cobbiTuin Buga

extern void log(string message) ;

B nporpammax P4 moryT mcnonb3oBaTbCs Nub CTPOKOBbIE KOHCTaHThbl, OnucaHHble B naparpadpe 6.3.3.3. CtpokoBble
nuTtepansl. Hanpumep, NnpuBegeHHas HKe aHHOTAaLMA yKas3biBaeT, YTO 3a4aHHOE UMS criegyeT NMpUMeHsATb Ans Tabnvubl npu
reHepauun AP| nnockocTy ynpasneHuns.

@name ("acl") table tl1 { }

7.1.6. Yennbie yucna
P4 noagaepXxuBaeT Lenble Ycia Npoun3BOJIbHOIo pasmepa. OcobeHHoCTH TMNn3auun uenbix Yncen npmeeneHbl HUXe.

- Tunusaumsa uenbix 4Yncen noadepXuBaeT MNPOU3BOMbHLIN (OUKCUMPOBAHHBLIA pa3mep 4ucen. B yactHoctM Tun
pes3ynbTaTta BblpaXXeHnda 3aBUCUT NULLb OT onepaHoB, a He OT NCNONb30BaHUA pe3ynbTaTa.

- P4 nbitaetca npeogoneTe MHorve ocobeHHOCTM noBegeHusi C, BkMovallwero pasMep uenbix uducen (int), B
pesynbTaTe Yero KoMGMHaLUMN LENOYUCNEHHBIX TUMOB HE NPUBOAAT K HEonpeaeneHHOMY NoBeAEHMIO.

- [Mpasuna Tunusauun P4 BoibpaHbl Tak, 4To6bI NoBeaeHne ObINo Noxoxe Ha TpaguuMoHHbIE nporpaMmmel C.

- Bwmecto npaBun, Begywmx K HeOXngaHHbIM pe3ynbTatam (Hanpumep, cpaBHeHne B C yncen co 3HakoMm u 6e3 3Haka),
3[eCb 3anpeLleHbl BbIpaXeHNUs ¢ HEOQHO3HAYHbIM pe3ynbTaTtoM. Hanpumep, P4 He paspeluaeT 4BOUYHbIE onepauum,
KOMOUHMPYIOLLIME YnCra CO 3HaKoM 1 6e3 3Haka.

MpuopuTeT apuMeTUYECKNX onepaLuin UOEHTUYEH NPUHSTOMY B C.

7.1.6.1. NepeHocMMoCTb

Hun ogHa nnatdopma P4 He MoXeT nogaepxvmBaTb BCE BO3MOXHbIE TuMbl M onepauun. Hanpumep, tmn bit<23132312>
KoppekTeH B P4, HO c GonblUoi BEepOATHOCTHI He OydeT MoaaepXvBaTbCsi Ha MpakTuke Bcemu nnatgopmamu. Mostomy
Kaxxgasi nnatdopma BHOCUT OrpaHuUYeHns B YACHO NOAAEPKMBAEMbIX TUMOB. Takne orpaHNYeHnst MOryT BKIHOYaTh:

- MakcumarbHbI pa3mep (LUnpuHa);

- TpeboBaHWs K BbIpaBHMBAHMIO 1 3aMOSTHEHMIO (HANpUMep, MOryT NOAAEPXKUBATLCS NULLb apudMeTUdeckue onepawmu
ansa uenesix 6anTos);

- orpaHun4yeHna anda HeKoTopbIX onepaHOoB (Hanpmmep, Ha 3HAYEeHUS1 COMHOXUTENEN UINA BENUYNHbI cnsmra).

B mOKyMeHTauuio LienesbIX NnaTgopM CrieayeT BKIYaTh TaKUe OrpaHuYeHuns], a HaueneHHbIM Ha nnatdopMbl KOMIMIATOPam
crnepyeT BblaaBaTb coobwleHMsi 06 owubkax npu Bbixode 3a Npefesbl orpaHWYeHuin. ApXUTEKTYpa MOXeT OoTBepraTtb
KOppeKTHble nporpaMmbl P4, coxpaHsis COBMECTMMOCTb CO cneuudvkaumen P4. OgHako, ecnv apxuTektTypa cuutaet
nporpamMmMy P4 npurogHoii, noBeAeHVe Takoi NporpamMmMbl AOMKHO COOTBETCTBOBATL AaHHOM creuuduKaLmm.

7.1.6.2. Llenble uncna 6e3 3Haka (bit-string)

Llenbie yncna 6e3 3Haka (bit-string) moryT nmeTb npom3sonbHbIn pasmep B 6utax. Ctpoka 6utoB pasmepa W obo3HavaeTcs
bit<W>. 3HaueHne W [OmKHO OblTb M3BECTHO (BbIYMCIISEMO) B MOMEHT komnumnsuum (17.1. N3BecTHble npu KOMNUNAUUU
3HayeHus1) 1 6bITb LienbiM Yucnom 6onblue 0. BolpaxeHust ons pasmepa vmcna AOSKHbI YKkasbiBaTbCs B CKOOKaX.

const bit<32> x = 10;
const bit<(x + 2)> y = 15;

Butel B bit-string Hymepytotca ot 0 go W-1, 6ut 0 asnsaetca mnagwum, W-1 - crapwum. Hanpumep, tun bit<128> ykasbiBaet
OuTOBLIE CTPOKM pa3mepoM 128 GutoB ¢ Homepamn 6utoB ot 0 go 127, roe 6ut 127 aBnsetca ctapwum. Tun bit senseTtcs
cokpalleHuem ans bit<1>,

Apxutektypa P4 MoxeT BHOCUTb AOMOSHUTESNbHbLIE OFpaHUYeHus Afst GUTOBLIX TWUMOB, HaNPUMMEpP, MOXET OrpaHUYMBaTLCS
MaKCMMarnbHbIA pasMep Uy NoadepXuBaTbCs HEKOTOpble apudMeTUYeckme onepauun Nulb Ans onpeaerneHHbIX pasmMepoB
(ckaxem, 16, 32, 64 6uta). Onepaummn, JOCTyNHbIe ANs Lenbix Yncen 6e3 3Haka onvcaHbl B naparpade 8.5. Onepauun Hag
6uTOBBLIMU TUMaMK (Lernble Yucna 6es 3Haka).
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7.1.6.3. Llenble uncna co 3HakKom

Llenble uncna co 3HakoM nMpeacTaBnsaloTcA gononHeHnem go 2. Llenmoe uucno pasmepom W 6utoB obbsaBnsetca B dopme
int<W>, rae W gomxHo 6bITb BbipaXeHWeM, KOTopoe B MOMEHT KOMNUNAUUM npeobpasyeTcsi B NOMOXUTENbHOE Liefioe Y1cro.
Butbl yncna Hymepytotes ot 0 go W-1, 6ut 0 aBnsetca mnagwwum, a 6ut W-1 copgepxuT 3Hak. Hanpumep, Tun int<64>
OonncbIBaeT Lenble Yyncna, npeacrasnsemoie 64 6utamm ¢ Homepamm ot 0 o 63, rae 6ut 63 (cTaplunii) 3agaeT 3Hak.

Apxutektypa P4 MOXeT BHOCUTb LOMOMHUTENbHbIE OFPaHMYEHUS ONS YUMCEN CO 3HAKOM, HanpuMMep, MOXET OrpaHMyYnMBaTbCs
MaKkCUMarnbHbIN pasMep U NOAAEPKUBATLCA HEKOTOpble apudMeTUYeckue onepauun nulb Anst ONpeAaeneHHbIX pa3mMepoB
(ckaxeMm, 16, 32, 64 6uta). Onepaumm Hag UenbIMM YMcnamMm CO 3HAKOM onucaHbl B naparpade 8.6. Onepaumn Hag uenbiMu
yncnamm UKCMPOBAHHOIO pa3mepa Co 3HAKOM.

Llenoe 4ncno co 3Hakom pasmepa 1 int<1> MOXeT MMeTb [Ba KOPPEKTHbIX 3Ha4YeHus - 0 n -1.

7.1.6.4. QuHaMuyeckmne CTPoOkKu 6muToB

B HekoTOpbIX CeTeBbIX MPOTOKOMaxX MCMONb3YTCS MOMs, pasmMep KOTOPbIX CTAHOBUTCH M3BECTEH NWLb B npouecce paboThbl
(Hanpumep, onuun IPv4). Ins nogaepXku orpaHMYeHHbIX MaHUnynsuuMii ¢ Takumu nonsmn B P4 npumeHsieTca cneumanbHbIn
TMN OGUTOBbLIX CTPOK, pa3mep KOTOPbIX 3adaeTcs B npouecce pabotbl - varbit. Tun varbit<W> ykasbiBaeT cTpoky 6utoB
pasmepom He Gonee W, rae W - nonoxurenbHoe uenoe 4Yvicno, U3BecTHoe npu komnunsauun. Hanpumep, tvn varbit<120>
O3Ha4aeT CTpokm 6uTtoB pasmepom ot 0 Ao 120. BonbWMHCTBO onepauui, NPUMEHNMbIX K GBUTOBLIM CTPOKaM (PMKCUPOBaHHOMO
pa3mepa (uenble Yncna 6e3 3Haka), He MOXeT ObITb BbINMOSIHEHO OS5 AUHAMUYECKUX OUTOBBIX CTPOK.

Apxutektypa P4 mMoxXeT BHOCUTbL [OMNOMHUTENbHbIE OrpaHuyYeHnss Ansg Tuna varbit, Hanpumep, MOXeT orpaHny4nBaTbCS
MaKkcUManbHbI pasmvep Wnu BBOAMTCA TpeboBaHMe ucnonb3oBaTb Mpu paboTe nuwb 3HaveHus varbit ¢ UenbiM Yucrom
6avitoB. Onepauumn Hag varbit onucaHel B naparpade 8.8. Onepauun Hag GUTOBLIMK CTPOKaMM NepeMeHHOro pasMepa.

7.1.6.5. Llenble uncna “6ecKkoOHe4YHON TOYHOCTH”

Tun AaHHbIX «BGEeCKOHEeYHOW TOYHOCTM» OMUCHIBAET LEMble YMcra HeorpaHMYeHHOro pasmepa - int. ToT TMn 3ape3epBnpOBaH
AN LenoYmMCneHHbIX NMTepanos 1 BbIpaXXeHUN, BKIOYAOLWKNX NULWb niuTeparnsl. Hu ogHo 3HadeHue P4 He MoxeT umeTb Tun int
B npouecce paboTkbl - KOMNUNATOP NpeobpasyeT 3HavyeHus int B nogxogsiume Tunbl PUKCUPOBAHHbBIX Pa3MepoB.

Onepauun Hag Tunom int onucaHel B naparpadge 8.7. Onepauuu Had UenbiMM YUCraMu NPOM3BONIbHOW TOYHOCTW.
MpuBeAeHHbIN HXE NPUMepP NokasbiBaeT onpeaeneHns Tpex KOHCTaHT Tuna int.

const int a = 5;
const int b = 2 * a;
const int ¢ = b - a + 3;

7.1.6.6. LlenouyncneHHble nutepanbl
Twvnbl LiefmToYnCINeHHbIX nutepanos (KOHCTaHT) BKJ1HOYaAloT:

- MpOCTbl€ LIENOYMCIIEHHbIE KOHCTaHThI TMNa int;
- NonoxuTenbHble Lenble Ynucna c npedgukcom pasmepa N 1 cumeonom w tmuna bit<N>.
- uenble yucna c npecukcom pasmepa N u cumsonom s Trna int<N>.

B Ta6n|/|ue MOKa3aHO HEeCKOJIbKO NpuMepoB LESIOYUCIIEHHbIX nuTepanoB C UX TUNamMu. ,D,OI'IOJ'IHVITeﬂbeIe npumMmepbl AaHbl B
naparpade 6.3.3. JIutepanbHble KOHCTaHThI.

Jlumepan Unmepnpemayus
10 Twvn int, 3Ha4yeHne 10
8w10 Twun bit<8>, 3HayeHne 10
8s10 Twun int<8>, 3HayeHne 10
2s3 Twn int<2>, 3HayeHue -1 (nocnegHue 2 6uta), NpeaynpexaeHne o nepenosiHeHnn
1w10 Twn bit<1>, 3HayeHue 0 (nocnegHu 6UT), NpeaynpexaeHne o NepenosiHeHUN
1s1 Tun int<1>, 3HaveHue -1, NpegynpexaeHne o nepenosiHeHnn

7.2. NMpoun3BoaHbIe TUMbI
P4 noppepxvBaeT MHOXECTBO KOHCTPYKTOPOB TWUMOB, KOTOPbIE MOXHO NPUMEHATb ANS CO34aHUS NPOU3BOAHLIX TUMOB:

- enum;
- header;

- CTeK 3arofioBKOB;

- struct;

- header_union;

- tuple;

- cneumanusauus Tvna;
- extern;

- parser;

- control;

- package.

Tunbl header, header_union, enum, struct, extern, parser, control, package moryT ucnonb3oBartbcs NuLlb B 06bsBNEHMAX TUNA,
raoe OHW 3aarT HOBOE MMS TUMNa, KOTOpOe BMNOCIEACTBUM NO3BOSISIET YKasblBaTb 3TOT TUM.
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,El,pyrme TUNbl HE MOTYT ObITb O6'bF|BJ'IeHbI, HO CUHTE3NPYTCA KOMNUNATOPOM AnA npeactaBfieHna TUNOB HEKOTOPLIX A3bIKOBbIX
KOHCTpYKUMWA. OTW Tunbl onucaHbl B naparpade 7.2.8. CuHTesupyemble Tunbl AaHHbIX (set m function). Hanpuwmep,
NporpaMMm1CT He MOXeT 0ObABUTL NEPEMEHHYI0 TUNa set, HO MOXHO 3aAaTb BbipaXeHue, koTopoe OyaeT npeobpa3oBbiBaTLCS
B 9TOT TWM. OTU TUMbI UCMONb3YIOTCA B MPOLIecce NPOBEPKU TUMOB.

typeDeclaration
: derivedTypeDeclaration
| typedefDeclaration
| parserTypeDeclaration ';'
| controlTypeDeclaration ';'
| packageTypeDeclaration ';'

’

derivedTypeDeclaration
headerTypeDeclaration
| headerUnionDeclaration
| structTypeDeclaration
| enumDeclaration

’

typeRef
baseType
| typeName
| specializedType
| headerStackType
| tupleType

namedType
typeName
| specializedType

’

prefixedType
TYPE IDENTIFIER
| dotPrefix TYPE IDENTIFIER

’

typeName
prefixedType

’

7.2.1. lNepe4ucnsieMblie murbi
rlepe‘-WICJ'IﬂeMbIVI TUN onpeaendaeTcd C UCnofib3oBaHMeEM NMOKa3aHHOIo HMXxXe CUHTakcuca.

enumDeclaration
optAnnotations ENUM name '{' identifierList '}’
| optAnnotations ENUM BIT '<' INTEGER '>' name '{' specifiedIdentifierList '}’

’

identifierList
name
| identifierList ',' name

’

specifiedIdentifierList
specifiedIdentifier
| specifiedIdentifierList ',' specifiedIdentifier

’

specifiedIdentifier

name '=' inijitializer
Hanpumep, o6bsaBneHve
enum Suits { Clubs, Diamonds, Hearths, Spades }
BBOAWT HOBbIA NEpPeYNCIIAEMbIA TUM, BKIOYaLWmMN 4 KoHCTaHTbl (Hanpumep, Suits.Clubs). O6bsiBneHne enum BBOAUT HOBbIN
naeHTudmKaTop B TeKyLlen obnactv A4eicTBus ANS MMEHOBaHWNA co3gaHHOro Tuna. basosoe npeacTaBneHne nepeymcnsaemoro
Tuna Suits He 3ag4aHo, MO3TOMY ero «pa3mep» B butax He 3agaeTcs (3aBUCUT OT nnaTdopMbl).

MoxHo Takke 3adaTb enum ¢ 6a3oBbIM MpeacTaBfieHMeM. MHorga aTo HasblBalOT cepuanusaumert enum, MOCKOMbKY B
3aronoBKM MOXHO BKIHOYaTh MONsA AaHHOro Tuna enum. JTo TpebyeT OT nporpammucTa NpegocTaBUTb LIENOYUCTIEHHbIR TUM
hbMKCUpOBaHHOIO pasMepa 6e3 3Haka UM CO 3HAKOM U CBA3aHHOE C HUM 3HayeHWe O KaXOoro CUMBOSIbHOMO MMEHM B enum.
Hanpumep, o6bsiBneHne

enum bit<16> EtherType {

VLAN = 0x8100,
QINQ = 0x9100,
MPLS = 0x8847,
IPV4 = 0x0800,
IPV6 = 0x86dd

}

BBOOMT HOBLIN nNepeuncnsiembln TMn ¢ 5 koHcTaHTamu (Hanpumep, EtherType.lPV4). 310 oObsiBneHne enum 3agaet
NpeAcTaBneHnst LemnbIM YACIIOM (PMKCUPOBAHHOIO pa3mepa 6e3 3Haka Ans KaXaoro afieMeHTa enum U ykasbiBaeT 6a30BbIr TUM
bit<16>. JTOT TMN 0OBbABNEHMA ENUM MOXHO cyMTaTb OObABNEHMEM HOBOro Tuna bit<16>, roe nepemMeHHble unu nons 3Toro
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TMNa BbipaxatTcs 16-OMTOBbIMK LenbiMKu Yncnamm 6e3 3Haka u oTobpakeHMs CUMBOSbHBLIX MMEH Ha Yucrna, 3agaHHble enum,
Nno CyTU OMNPEeAenstoT KOHCTaHTbl. Taknm cnocobom enum ¢ 6a30BbIM TUMOM MOXHO MPEACTABMATb KAk TUM, BbIBEAEHHbIN U3
©a30B0Oro, 4YTo NO3BOSISIET UCMONMBL30BaTh PABEHCTBO, MPUCBOEHME U NpMBeAeHME K 6a30BOMY TUMY UK U3 HEro.

lMpegnonaraetca, 4YTO peanusauusa KoMmnungaropa 6yneT BblAaBaTb OwM6Ky, ecnn  ueno4vYncneHHoe npeacraelieHne
PMKCMPOBaHHOIO pasmepa Ans8 enum 6y£l,6T BbIXOAUTb 3a npenernbl 6asoBoro Tuna. Hanpuwmep, o6bsiBneHne

enum bit<8> FailingExample {

first =1,
second = 2,
third = 3,

unrepresentable = 300
}
OyneT BbI3biBaTL owmbKy, nockonbky 3HadeHue 300, cesasaHHoe c FailingExample.unrepresentable BbixoguTt 3a npepgensl
bit<8>.

BolpaxeHne [Ons MHALMANM3auMM OOMKHO OblTb WM3BECTHO B MOMEHT KOMMMNAUMW. AHHOTauuW, npeacTaBnsemble
HeTepMUHanbHbIMK optAnnotations, onucaHbl B pasgene 18. AHHOTaLMK, ornepaummn co 3HaYeHUsIMM enum - B naparpade 8.3.
Onepauuu Hag TMNoOM enum.

7.2.2. Tunbil 3a20/108K08
ﬂ,]‘lﬂ onpepgeneHna tuna header NnpUMeHAEeTCA nokasaHHbIV HUXKe CUHTaKCUC.

headerTypeDeclaration
optAnnotations HEADER name '{' structFieldList '}’

structFieldList

| structFieldList structField

’

structField
optAnnotations typeRef name ';'

roe kaxgoe obbsasneHne typeRef orpaHmyeHo Tunamu bit-string (nepemeHHOro nnu gukcMpoBaHHOrO pasmepa), LenbiMu
ynucnamm OUKCUPOBAHHOTO pa3Mepa CO 3HaKOM, FOFMYecKUM Tunom mnu struct (¢ apyrmu nonsimu struct) ¢ NpousBorbHOM
BIIOXXEHHOCTbIO, €Cnu BCe TUMbl «NUCTbEB» OTHOCATCA K bit<W>, int<W>, cepuanuzyembim enum wnu bool. [pu
ucnonb3oBaHun bool BHyTpu 3aronoska P4, Bce peanusaumun koaupytoT bool ogHobuToBbIM Nonem. 310 obbABNEHe BBOAUT
HOBbIi MAeHTUdUKATOP B TeKyllei obnactn AeicTBMS, KOTOPbIA MOXHO YyKasbiBaTb 3afaHHbIM MAEHTUdMKATOpoM Tuna.
3aronoBok NoxoX Ha cTpyktypy C, copepxallylo Bce yka3aHHble nons. OgHako 3arofloBOK Takke BKIOYaeT CKpbIToe
nornyeckoe none validity. Korga aTo none ycraHoBneHo (true), 3arorioBoK cuvMTaeTcs AencTBUTenbHbIM. [pu obbsBReHUn
nokanbHOM nepemeHHon tTuna header gnsa 6uta validity aBTomaTuyeckn yctaHaBnuBaeTcs 3HadeHue false. MeHaTb aTtoT 6UT
MOXHO C wmcrone3oBaHvem metogos isValid(), setValid() n setinvalid(), kak onucaHo B naparpade 8.16. Onepauun Hag
3aronoBKamu.

OTmMeTUM, YTO BROXEHHbIe 3arofioBkM He nogdepxusatoTcs. OgHa u3 CroXHOCTENW COCTOUT B YCMOXHEHWW OnpeaerneHvs
noBedeHnsa Npou3BonbHbIX NocrnegoBartensHocTen onepaumn setValid, setinvalid n emit. PaccmoTtpum npumep, rge 3aronoBok
h1 copepxut 3aronosok h2 n oba 3aronoska gencteutenbHbl (valid). Mporpamma BeinonHseT h2.setinvalid(), 3a koTopbiM
cnepyet packet.emit(h1). Cnegyet nu emit BeiBoanTs Bce nonsa h1, nponyckas h2? Cnegyet nu h1.setlnvalid() o6baBnaTs
HeeNCTBUTENbHbLIMY BCE 3arofioBKku BHYTpU h1 HE3aBUCUMO OT rnyOWHbI BIOXXEHHOCTN?

3aronoBok MOXeT ObITb NyCTbIM, KaK NOKa3aHO HUXe.

header Empty h { }
OTmeTum, yTo 6UT validity nMeeTcst u B NyCTOM 3aronoBke.

Mpy Hanuuun struct BHyTpM header nopsgok nonen npu n3BneYeHUn M BbI3OBE emit coBnagaeTt c nopAaKoM, yKa3aHHbIM B
McxogHoM koge. Huke npmBeneH npumep 3aronoeka, BkAYatroLwero struct.

struct ipvé_addr {
bit<32> Addr0;
bit<32> Addrl;
bit<32> Addr2;
bit<32> Addr3;
}

header ipvé_t {

bit<4> version;
bit<8> trafficClass;
bit<20> flowLabel;
bit<1l6>payloadLen;

bit<8> nextHdr;
bit<8> hopLimit;
ipvé_addr src;
ipvé_addr dst;

}

3aronoBkn 6e3 nonen varbit MMeT UKCMPOBAHHLIN pa3mep, 3arofloBKM C MofsiMyM varbit - nepeMeHHbln. Pasmep
(PMKCUMPOBAHHOIO 3arornoBka (B butax) He MEHSIeTCA U paBeH CymMMe pa3MepoB Bcex ero nornen (6es ydeta buta validity). Ons
nonen 3arofioBka He UCMNONb3yeTcs 3arnofHEHWE UMK BblipaBHUBaHME. MnaTgopmbl MOryT BHOCMTbL CBOM OrpaHUYeHNUst Ans Tuna
header, Hanpumep, orpaHn4YMBaTb pasmep UenbIM yucnom 6anToB. Hwke npuBegeH npvmep onpegeneHvs anst TUMUYHOro
3aronoBka Ethernet.

header Ethernet h ({
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bit<48> dstAddr;
bit<48> srcAddr;
bit<16> etherType;

}
MpuBeaeHHoe Hke 0ObSBNEHNE NepeMeHHON Ucnonb3yeT onpeaenenne Tuna Ethernet_h

Ethernet_h ethernetHeader;

Asblk aHanu3a P4 npegoctaBnsieT TOYHbIN METOA M3BMEYEHUS, KOTOPbIN MOXHO MPUMEHSTb ANS «3anofHeHusa» nonen header
13 3arofioBKOB MakeTa, Kak onucaHo B naparpade 12.8. M3BneyeHne gaHHbix. MNpu ycnewHoM n3sneveHnu nonen ans oura
validity yctaHaBnmBaeTcs 3HadeHue true. Huxke npmueeaeH npumep 3aronoska IPv4 ¢ onumammn nepeMeHHoro pasmepa.

header IPv4_h {

bit<4> version;
bit<4> ihl;
bit<8> diffserv;

bit<16> totallen;

bit<l6>identification;

bit<3> flags;

bit<13> fragOffset;

bit<8> ttl;

bit<8> protocol;

bit<16>hdrChecksum;

bit<32> srcAddr;

bit<32>dstAddr;

varbit<320> options;
}
Kak nokasaHo B npumepe naparpacda 12.8.2. M3BneyeHue npv nepemMeHHOM pasMepe, ApYruM crnocobom noaaepku
3arorfioBKOB C MOMsIMM NEPEMEHHOro pa3mepa SIBNsSeTcs onpefeneHne AByX 3arofioBKOB - PUKCMPOBAHHOIO U ¢ nonem varbit,
nons U3 KOTOPbIX N3BNEKaTCA pasaenbHo.

7.2.3. Cmeku 3a20/108K08
Crek 3aronoBKoB npeacTaBnsieT cobon MaccuB 3aroyioBKOB, ONpeaenseMblin Kak

headerStackType

typeName '[' expression ']'
3peck typeName ykasbiBaeT nmsa 3aronoska. [na cTeka 3aronoBkoB hs[n] 3HayeHue n ykasblBaeT MakcumarbHbI pasmep u
AOMKHO ObITb MONMOXUTENbHBIM LIEMbIM YUCIIOM, 3HAY€HME KOTOPOro M3BECTHO B MOMEHT KOMMUNAUMU. BrnoxeHHble cTeku
3aronoBKOB He nopaepxuBatTcd. Bo Bpems paboTbl cTek cogepxutT n 3aronosBkoB Tuna typeName, M3 KOTOpbIX
AeNcTBUTENbHA NMULLb YacTb. BbipaxeHns co CTekaMun 3arofioBKOB paccMOTpeHbl B naparpade 8.17. Onepauun Hag CTekoMm
3aronoBKOB.

Hanpumep, oGbsiBneHne

header Mpls h {
bit<20> label;
bit<3> tc;
bit bos;
bit<8> ttl;
}
Mpls h[10] mpls;
BBOAWT CTEK 3arofioBkOB C MeHeM mpls, cogepxatimi 10 anemeHToB Tuna Mpls_h.

7.2.4. O6beduHeHUs1 3a20J108K08

O6beamnHeHne 3aronoBKOB NpeacTaBnseT cobon Apyron BapuaHT CTPYKTYPbl U3 HECKOMNbKMX 3aronoBkoB. O6beanHeHne MOXHO
ucnonb3oBaTb ANS NPEeACTaBleHUs onuunm B Takux npotokonax, kak TCP un IP. OGbeavHeHne Takke noackasbiBaeT
koMnunaTopy P4, 4To MOXeT NnpuCyTCTBOBATb NULLIb OAMH BAPMAHT, MO3BOMAS SKOHOMUTbL MPOCTPAHCTBO XpaHuUnumLia.

headerUnionDeclaration
optAnnotations HEADER UNION name
'{' structFieldList '}’

3710 06bsIBNEHME BBOAMT HOBLIN TWMN C YKa3aHHbIM UMEHEM B TekyLlel obnactu aencteusl. Kaxablii 3aneMeHT 13 crnvcka nonewu,
ucnonb3yemMblx Ans obbaBneHus obbeanHeHUs 3arofioBKOB, AOMmKeH umeTb Tun header. OgHako MOXHO ykas3aTb MyCTOM
CMNMCOK nonen.

MpencTtaBneHHbIV He TUN Ip_h npeacTtaBnseT o6beauHeHne 3aronoskos IPv4 n IPv6.

header union IP h {
_IPV4_h v_4;
IPv6_h v6;
}
O6'be/J.I/IHeHVIe 3aroJ1I0BKOB HEe paccMaTpuBaeTca KaK Tun C (bVIKCMpOBaHHbIM pasmepom.

7.2.5. CmpykmypHbie murnbi
CtpyKkTypHble Tunbl P4 onpegensioTcs, Kak Noka3aHo HUXe.

structTypeDeclaration

optAnnotations STRUCT name '{' structFieldList '}'
O6bsBneHne BBOAUT HOBBIM TWM C yKa3aHHbIM MMEHEM B Tekyluen obnactu gencteud. [onyckaloTca nycTble CTPYKTYpbl.
Hanpumep, npuBegeHHast HUxe cTpykTypa Parsed_headers copgepxuT 3aronoBku, pacno3HaBaeMble NPOCTbIM aHaNM3aTopomMm.

header Tcp_h { }

25 www.protokols.ru



https://www.protokols.ru/

SHUMKIIoNneausi ceTeBbIX NPOTOKOSOB MepeBop cneuyudukaum P4_16 v1.2.1

header Udp_h ({ }
struct Parsed headers ({

Ethernet_h ethernet;

Ip h ip;

Tcp_h tcp;

Udp_h udp;

}
7.2.6. Kopmexu

KopTtexu (tuple) noxoxu Ha CTPYKTYpbl B TOM, YTO MOTYT BKMOYaTb MHOMO 3HadyeHun. OQHaKo Nonsi KOPTEXEN HE NMEIOT UMEH.
Twn kopTexa ¢ n KoMnoHeHTamu TunoB T1,...,Tn onpeaensieTca B opme

tuple<T1l, ,'Tn>

tupleType
TUPLE '<' typeArgumentList '>'

Onepartopsbl Ang paboTel ¢ tuple onucaHbl B naparpadax 8.10. Onepaumm Hag kopTexamu n 8.11. Onepaummn Hag cnMckamu.

Twn tuple<> 3apgaeT kopTex 6€3 KOMMOHEHTOB.

7.2.7. lpasuna es10)xeHHOCMU Muros
B Ta6n|/|ue YKa3aHbl BCe€ TUMbl, KOTOPble MOryT CIyXWUTb 3fieMeHTaMK1 3arofioBKOB, 06'beAI/IHeHI/|IZ 3aroj10BKOB, CTPYKTYyp Unun
kopTexen. OTMEeTMM, 4TO int yka3biBaeT LIENoe YMCno «0eCKOHEYHOM» TOYHOCTU, pa3mMep KOTOPOro He 3adaH.

Tun koHmeliHepa

Tun anemeHma header header_union struct unu tuple
bit<W> paspeLleHo owmnbka paspeLleHo
int<W> paspeLleHo owmnbka paspeLueHo
varbit<W> paspeLLeHo owmnbka paspeLleHo
int owwmnbka owwmnbka olmbka
void owwmnbka owwmnbka olmbka
error owwmnbka owmnbka paspeLleHo
match_kind owwmnbka owwmnbka owmbka
bool paspeLlueHo owwmnbka paspeLueHo
enum paspeLueHo owwmnbka paspeLueHo
header owmnbka paspeLueHo paspeLueHo
header stack owwmnbka owmnbka paspeLueHo
header_union owmnbka owmnbka paspeLueHo
struct paspeLueHo owwmnbka paspeLueHo
tuple owmnbka owmnbka paspeLueHo

Twvn int He MMeeT TOYHbIX TpeboBaHWI K XpaHWUMMLLY B OoTnnYme oT bit<> n int<>. 3HayeHns match_kind 6ecnonesHo coxpaHaTb
B MNEPEMEHHON, MOCKOMNbKY OHW ChyxaT nulWb ANS 3a4aHus COMOCTaBMEHWWA MOnew C Knovamm noucka B Tabnuue,
06bABNAEMbIX BO BpeMsi komnunsiuum. Tun void 6ecnoneseH Kak YacTb CTPYKTYpbl AaHHbIX. 3aronoBKU AOMKHbI UIMETb TOYHO
3afaHHble hopmaThl B BUAE NnocrnefoBaTenbHOCTU BUTOB, YTOOLI X MOXHO GbINO aHanu3MpoBaTtb U cobupaTb 3aHOBO.

OTmeTum, 4TO ABYXaprymeHTHbIN meTtop extract (12.8.2. M3aBneyeHune npn nepeMeHHOM pa3mepe) AN NakeToB NogaepxvsaeT
B 3arofioBKe NuLb 04HO none varbit.

Hwxe nepeyvncneHbl BCe Tunbl, KOTOPbIE MOTYT NPUCYTCTBOBATL B kavecTBe 6a30Bbix B typedef unm obbasnexHusax tuna.

Basoebiti mun B typedef B <name> type B <name>
bit<W> paspeLueHo paspeLueHo
int<W> paspeLueHo paspeLueHo
varbit<W> paspeLueHo owmnbka
int paspeLueHo owmnbka
void owwmnbka owmnbka
error paspeLleHo owmnbka
match_kind owmbka owmnbka
bool paspeLueHo paspeLueHo
enum paspeLueHo owmnbka
header paspeLueHo owmnbka
header stack paspeLueHo owmnbka
header_union paspeLueHo owmnbka
struct paspeLlueHo owmnbka
tuple paspeLueHo owmnbka
Nwms typedef paspeLueHo paspeLueHo
Nwms type paspeLueHo paspeLueHo

7.2.8. CuHme3upyembie murnbi OaHHbIX
[nsi npoepkn TUNoB koMnunsaTop P4 MoxeT cuHTe3MpoBaTb NpeacTaBeHUsl HEKOTOPbLIX TUMOB, KOTOPbIE MOSfb30BaTeNb He
MOXeT Bblpa3uTb Hanpsimyto. K Taknum Tunam otHocsTca set u function.

7.2.8.1. Tun set

Tun set<T> onucbiBaeT Habop 3HayeHWn Tuna T U MOXET NPUMEHSITbCA B OrpaHuWYeHHOM KoHTekcTe P4. Hanpumep,
BblpaXxeHne Ansi gnanasoHa 8w5 .. 8w8 onucbiBaeT Habop 8-6uToBbIX Yncen 5, 6, 7 1 8, T. e. OHU umetoT TN set<bit<8>>;.
OTO BbIpaXkeHWe MOXHO UCMONb30BaTb Kak MeTKy B BbipaxeHun select (12.6. BoipaxeHus ans Belbopa), COOTBETCTBYHIOLLYIO
nobomy yncny us guanasoHa. Tunbl set He MoryT ObiTb MIMEHOBaHHbIMU UMM OO BSABEHHBIMU MpPOrpaMmMmncTomMm P4, oHW nuib
CUHTE3NPYIOTCHA KOMMUNATOPOM AN MPOBEPKU TUMNOB. BbipaxkeHus Tuna set onucaxbl B naparpade 8.13. Onepauun Hag set.
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7.2.8.2. Tun function

Tunbl function cospatotca komnunaTopoM P4 ona npeactaBneHvst PyHKUMA (SBHbIX UM BHELUHWMX) U METOA4OB Mpu NpoBepke
TMNOB. Tun pyHKUMM Ha3bIBAOT Takke ee curHatypon. bBubnuoteku moryT BktoyaTb OOBABMEHWUS (PYHKUMIA U BHELLUHUX
dyHKUMA. Hke npvBeaeHsbl ABa npumepa onpegeneHui.

extern void random(in bit<5> logRange, out bit<32> wvalue) ;

bit<32> add(in bit<32> left, in bit<32> right) {
return left + right;

}

omn onpegeneHna onncbiBaloT ABa obbekTa:

- random, koTopbli ABNseTca Tunom function n Nnpeacrasnser:
- dyHKUMS uMeeT pesynbTaT Tuna void;
- dbyHKUMS NPpUHMMAET ABa NapameTpa;
- MepBbIi NapameTp UMeeT HanpaeneHue in, Tmn bit<5> n nms logRange;
- BTOpOW napameTpuMeeT HanpasrneHue out, Tun bit<32> n nmsa value;
- add Takke sBnsetca Tunom function n npegcrasngaer
- pesynbTaT TMna bit<32>;
- byHKUMA NpuHMMaeT ABa NnapameTpa;

- 0b6a napameTpa UMetoT HanpaeneHue in 1 Tun bit<32>.

7.2.9. BHewHue munbi
P4 noppnepxvBaeT 06bABNEHNSA BHELUHNX OOBEKTOB Y BHELLHNX (DYHKLUIA, KaK MOKa3aHOo HUXe.

externDeclaration
optAnnotations EXTERN nonTypeName optTypeParameters '{' methodPrototypes '}’
| optAnnotations EXTERN functionPrototype ';'

’

7.2.9.1. BHewHue dpyHKUUM
O6bsBNEHNE BHELLHEN hYHKUMM 3a4aeT UMS U CUTHATYpy Tuna Ans yHKLUWM, He 3aaaBasi ee peanusaumu.

functionPrototype
typeOrVoid name optTypeParameters ' (' parameterList ')'

Mpumep 06bABNEHMSA BHELLHEW DyHKLMM NpyBeAeH B naparpade 7.2.8.2. Tun function.

7.2.9.2. BHellHUe 00 BbEeKTbl

ObbaBneHne obbekTa extern yKa3blBaeT 06BEKT N BCE MeTobl, KOTOpble MOryT ObITb BbI3BaHbI Ana BbINONTHEHNA pacyeToB U
CMeHbl COCTOsIHUA 0oObekTa. O6bABNEHMS BHELIHMX ODBLEKTOB MOryT Takke BKMNOYaTb METOA KOHCTPYKTOpa, MMSI KOTOPOro
OOJKHO coBnagatb C MMEeHeM codepXallero aro tuna extern, HO He MMeTb napamMeTpoB Tuna U BO3BpaTa. Ob6baBneHus
BHELIHUX OOBbEKTOB MOTyT NPUCYTCTBOBATb NALLb B MeCTax, pa3peLlleHHbIX apXI/ITeKTypHOVI Modenblo, U 3TO MOXEeT 3aBUCETb OT
nnatgopmel.

methodPrototypes

| methodPrototypes methodPrototype

’

methodPrototype
optAnnotations functionPrototype ';'
| optAnnotations TYPE IDENTIFIER ' (' parameterList ')' ';'

’

typeOrVoid
typeRef
| VOID
| IDENTIFIER

optTypeParameters

| '<' typeParameterList '>'

’

typeParameterList
name
| typeParameterList ',' name
Hanpumep, B ocHOBHOW 6nbnnoteke P4 BBOOATCS BHELWHWE 0ObekTbl packet_in n packet_out ansa onepauun Hag naketamm
(12.8. M3BneyeHue gaHHbIX 1 15. CHopka nakeTta). Huxe npuBegeH npumep, NoKasbiBaLUA BbI30OB 3TUX METOAOB AN nakeTa.

extern packet out {
void emit<T>(in T hdr);

}
control d(packet out b, in Hdr h) {

apply {
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b.emit (h.ipv4) ;

}

B P4 «dopcupoBaHue» nogaepxuBaeTcs nNub Ans MyHKUMA 1 METOOOB - B OQHOM 06nacTu AeACTBMSA MOXET CyLLeCcTBOBaTb
MHOXECTBO OJHOUMEHHbIX MeToAoB. [Npu Mcnonb3oBaHUKM GOPCUPOBAHUS KOMNUASATOP AOMKEH ObiTb CMOCODEH YCTpaHWUTb
HEO[HO3HAYHOCTWN Bbl30Ba METOAO0B W (DYHKLUUA MO YMCMY WM UMEHAM apryMeHTOB. TwuMbl aprymMeHTOB MpW YCTPaHeHWU
HEeoAHO3HAYHOCTEN He paccMaTpuBaloTCS.

7.2.10. Cneyuanu3ayuss muna

Ba3oBbIii TN MOXET ObITb YTOYHEH (CNeunanM3npoBaH) nyTeM 3afaHusa apryMeHToB AN nepemeHHbix Tuna. B cnydasx, korga
KOMMUISTOP MOXET BbIBECTM apryMeHThbl TUNa, Takas cneunanv3aumsa He Tpebyetcd. [Ins cneumMannampoBaHHOro Tuna BCe ero
nepemMeHHbIe TUNa AOIMKHbI ObiTb MPUBSA3aHbI.

specializedType
: prefixedType '<' typeArgumentList '>'

B npuBegeHHOM Hmxe npumMepe oObsBrneHue extern onucbiBaeT 6a30BbIN GNOK PErMcTpoB, rae TUM COXPaHAEMbIX B perncrpe
3/1IEMEHTOB SIBNSAETCS NPOU3BOSIbHBLIM T.

extern Register<T> {
Register (bit<32> size);
T read(bit<32> index);
void write (bit<32> index, T value);
}
Tun T pomkeH yKa3blBaTbCH NpU CO3JaHUM 3K3eMnrsipa HaGOpa perncTtpoB nyTem 3agaHus Tuna Register

Register<bit<32>>(128) registerBank;
CospgaHne aksemnnspa registerBank BbinonHseTcs ¢ ucnonb3oBaHueM Tuna Register 3agaHHoro npussaskon bit<32> k
aprymeHTy Tmna T.

7.2.11. Tunbl aHanuzamopoe u 6s10koe ynpaesieHus!

Tunel parser u control noxoxwu Ha Tun function 1 onuceiBaloT cMrHaTypy aHanmsaTopa unu 6rnoka ynpaeneHus. Takue dyHKLuM
He BO3BpawalT 3HavyeHnn. OB6bSABNEHNs aHanM3aTopoB M GNOKOB yNpaBreHus B apxuUTekType MoryT ObiTb 6a3oBbivu (T. €.
UMeTb napameTpbl TMna).

Twunbl parser, control n package He MOryT CryXuUTb TUNaMu apryMeHTOB Anst METOA0B, aHanM3aTopoB, ANEMEHTOB ynpaBneHus,
Tabnuy unu genctemin. OHU MOTYT CNYXXWUTb TUMAaMKU AN apryMeHToB, nepegaBaeMblx KOHCTpykTopam (14. MNapameTpu3aums).

7.2.11.1. O6bABNeHMe TUNA aHanNu3aTopa
O6bsaBneHVe Tvna parser onuCbIBaeT CUrHaTYpy CMHTaKCUMYECKOro aHanmsatopa, KOTOpoMy criedyeT MMeTb XoTs Obl ogunH
aprymeHT Tuna packet_in, npegcraBnsaowmMn NpuHATLIN Ansg o6paboTku naker.

parserTypeDeclaration
optAnnotations PARSER name optTypeParameters
' (' parameterList ')'
Hanpumep, HWXe nokaszaHo oGbsiBNeHWe Tuna parser ¢ uMeHem P, napameTpusoBaHHoe nepemeHHol Tuna H. AHanusatop
nony4MBLLMI Ha Bxofde packet_in co 3HayeHneMm b, co3gaeT Ha BbIxOAe ABa 3HAYEHUS:

- 3agaHHoro nonb3oBartenem Tuna H;
- npeponpegeneHHoro Tuna Counters.

struct Counters { }
parser P<H>(packet_in b,

out H packetHeaders,

out Counters counters);

7.2.11.2. O6bsABNeHne TuNa 6noka ynpaBneHus
Ob6bsaBneHne Tuna anemeHTa ynpasneHuna (COﬂtI’O|) onuncbiBaeT cUrHatypy Onoka ynpasneHna n noxoxe Ha o0bsABNEHne tuna
parser.

controlTypeDeclaration
optAnnotations CONTROL name optTypeParameters
' (' parameterlList ')'

’

7.2.12. Tunbl nakemoe (package)
Tun package OonncbiBaeT CUrHaTypy nporpamMmMHOro naketa.

packageTypeDeclaration
optAnnotations PACKAGE name optTypeParameters
' (' parameterList ')'
Bce napamMeTpbl package OUeHMBaKTCA Npn KOMNUnAaAununm N He OOJKHbl yKa3biBaTb HanpaBleHuA (He MoryT ObITh in, out,
inout). B octanbHOM TunbI package NMOXOXW Ha parser. [ns naketos MOTyT NnLlb CO34aBaTbCA 3K3eMNApbI 6e3 ynpasneHua
nosegeHnemM npu pabore.

7.2.13. Tunbi, He umerowue 3Ha4YeHus (don't care)

He vmetoime 3HayeHust Tunbl (_) MOryT NPUMEHSITBCA B HEKOTOPbIX 0B6CcTosiTENbCTBaX. VX cnegyeT Mcnonb3oBaTh NULLb TaMm,
roe BO3MOXHAa 3anvcb NEepeMeHHOW npuBs3aHHoro Tuna. CuMBON NOAYEPKUBAHUS MOXET MNPUMEHATHCA OIS CHUXKEHUS!
CMNOXHOCTU KoAa, Korga He UMEET 3Ha4YeHUs KOHKpeTHasi MpuBsa3ka NepeMeHHoN (Hanpumep npuv yHudwvkaumm tuna don't care
MOXeT KOMOUHMpPOBaTLCA € NbbIM ApyrM Tunom). Mpumep paccMoTpeH B naparpade 16.1. Mpumep onucaHns apxuTekTypbl.
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7.3. NoapasymeBaeMble 3Ha4YeHUs

[na HekoTopbiX TMNOB P4 onpeaeneHbl «NpUHATLIE NO YMOJ4YaHUIO 3Ha4YeHuA», KOTOpble MOryT aBTOMatnU4e€CKM NPUMEHATbCA
npu "HMumanmsauum aaHHoro tuna.

- [Ansint, bit<N> un int<N> nogpasymeBaeTcs 0.
- [ns bool nogpasymeBaeTcs false.

- [ns error nogpasymeBaeTtcs error.NoError (onpeaeneHo B core.p4).

- [Ins string nogpadymeBaeTcsa nycrasa cTpoka ™.
- [nsa varbit<N> nogpasymeBaeTtcs cTpoka Hynen (B P4 cenyac HeT nuTepana ans aT1oro).

- Ans enum ¢ 6a3oBbiM TUNOM nogpadymeBaeTcs 0, gaxe ecnu 0 peanbHO He 3a3BaH Cpeau 3HaAYeHU enum.

- [Ans enum 6e3 6a30BOro TMNa nogpasymMeBaeTCs NepBoe 3Ha4YeHUe, NosBRsioLLeecs B 06baABNEHMM TUMa enum.
- Insa header nogpasymeBaeTtcs invalid.

- [Insa cTeka 3aronioBKOB NoApasymeBaeTcs, YTO BCe aneMeHThbl aenatTcs invalid, a nextindex = 0.

- [nsa header_union nogpasymesaeTcs invalid BO Bcex aniemeHTax.

- Onsa struct nogpasymMmeBaeTCa CTPYKTypa, rae Kaxgoe none uMeet MnpuHAToe no yMOon4YaHuK 3HadeHune B
COOTBETCTBMU C TUMNOM NoOsA, ecii Takoe 3Ha4YeHne onpegerieHo.

- Onsa a tuple nogpasymMmeBaeTCa KOpTeX, rae Kaxaoe none MMeet NpuHAToe no ymosndaHu 3Ha4eHne B COOTBETCTBUU
C TUNOM nonsd, ecnun Takoe 3Ha4veHune onpeaerneHo.

OTMeTUM, YTO HEeKOTOpble TWUMbl HE MUMEIT noapasyMeBaeMblX 3HaYeHun, Hanpumep, ato match_kind, set, function, extern,
parser, control, package.

7.4. typedef

O0bsBnNEHNE typedef MOXHO Ucnonb3oBaTb AJ1A Cco34aHUNA OOMOJIHUTENIbHOIro MMeHn Tuna.

typedefDeclaration
: optAnnotations TYPEDEF typeRef name ';'
| optAnnotations TYPEDEF derivedTypeDeclaration name ';'

’

typedef bit<32> u32;

typedef struct Point { int<32> x; int<32> y; } Pt;

typedef Empty h[32] HeaderStack;

Ecnu ABa Tuna ABNATCA CMHOHMMaMU, BCe onepauunmn, KoTtopblie MoryT ObITb BbINOMHEHbI Hag UCXOAHbIM TUMOM, NPUMEHUMbI
M K BHOBb CO3aHHOMY.

7.5. Co3gaHue HOBbIX TUNOB
|_|OJJ,06HO typedef, MOXHO NCNOJ1b30BaTb KnK4eBoe CI1oBO type Aana onpegerneHna HoBbIX TUMOB.

| optAnnotations TYPE typeRef name
| optAnnotations TYPE derivedTypeDeclaration name

type bit<32> U32;

U32 x = (U32)0;

B oTtnunumne ot typedef, knioueBoe cnoo type co3gaeT HOBbIN TUM, HE ABMAOLWMIACA CUMHOHMMOM CYLLECTBYHOLWEro. 3HavyeHust
WCXOLHOMO Y BHOBb CO3[4@aHHOIO TUMa Hemnb3s CMELUMBATh B BbIPAXXEHUSX.

BaKHbIM MPUMEHEHNEM TaKkux TUMOB SABMAETCA OMUCaHWe 3HauyeHun P4, KOTOpbIMU HYXHO OBMEHMBATBCHA C MIOCKOCTHIO
ynpaBrieHnsl Mo KOMMYHUKALMOHHBIM kaHanam (Hanpumep, yepe3 APl NocKoCTU ynpaeneHus Unu B nepefaBaeMbiX 3TOW
MIOCKOCTM CETEBbIX NakeTax). ApXuTekTypa P4 MoxeT, Hanpumep, onpeaensTe TUN 4ns NopToB KOMMyTaTopa

type bit<9> PortId t;

3710 onpegeneHne nNpeaoTBpaTMT ucnonb3oBaHue Portld_t B apudpmeTnyeckmx BoipaxkeHnsix. Kpome Toro, Takoe onpegeneHune
MOXeT paspelnTb chneunaribHble MaHUNynAaumn wunu Takne 3HavYeHua nporpaMmmam, Haxogdawmmca BHE NyTU OdaHHbIX
(ranpumep, cneunduyeckme ans nnatopMbl UHCTPYMEHTBI MOTYT BKMOYaTb NporpaMmel, aBToMaTu4ecku npeobpasyoline
Tmn Portld_t B nHoe npeacTaBneHve npu obMeHa ¢ nporpaMmamMu NiockoCTY ynpaBneHus).

8. BbipaxxeHus

B aTtom pasgene onncaHbl BCe BbIPaXXEHUS!, KOTOPbIE MOTYT NPUMEHATLCSA B P4, C rpynnyMpOBKON MO TUMY BbIXOAHbBIX 3HAYEHWIA.

I'Ipanmo rpamMmmaTukmn ond Bblpa)KeHVII7| obulero Ha3HayeHme MMeeT Bug,

expression
: INTEGER

| TRUE

| FALSE

| STRING_LITERAL

| nonTypeName

| dotPrefix nonTypeName

| expression '[' expression ']'

| expression '[' expression ':' expression ']'

| '{' expressionList '}"'

| '{' kvList '}’

| '"(' expression ')'
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'!' expression

'~' expression

'-' expression

'+' expression
typeName '.' member
ERROR '.' member
expression '.' member

|
|
|
|
|
|
I
| expression '*' expression

| expression '/' expression

| expression '$' expression

| expression '+' expression

| expression '-' expression

| expression SHL expression

| expression '>''>' expression

| expression LE expression

| expression GE expression

| expression '<' expression

| expression '>' expression

| expression NE expression

| expression EQ expression

| expression '&' expression

| expression '~' expression

| expression '|' expression

| expression PP expression

| expression AND expression

| expression OR expression

| expression '?' expression ':' expression
| expression '<' realTypeArgumentList '>' ' (' argumentList ')'
| expression '(' argumentList ')'

| namedType '(' argumentList ')'

| '"(' typeRef ')' expression

;

expressionList
| expression
| expressionlist ',' expression
member
name
argumentList
| nonEmptyArgList
nonEmptyArgList
argument

| nonEmptyArgList ',' argument
pPtyArg g

argument

: expression
typeArg

: DONTCARE

| typeRef

| nonTypeName
typeArgumentList

| typeArg

| typeArgumentList ',' typeArg
MonHaga rpammaTuka P4 npuseaeHa B MNpunoxexHmm H.
MpuBeaeHHas rpaMMaTVika He nokasbiBaeT ovepenHoCTU onepaunii. Nopagok 4encTBUN NOXOX Ha NpUMeHseMblin B C ¢ ogHUM
UCKITIOYEHNEM W HEKOTOPbIMUW JononHeHusMu. MNpuoputeT nobuToBbIX onepauni &, | 1 * Bbiwe npuoputeTa <, <=, >, >=. 9T0
bonee ectecTBeHHO C y4eTom AobaBneHUss noruyeckoro Tuna true B cuctemy TWMNOB, MOCKOMbKY NobuToBbIE onepauun He
MOTYT MPUMEHATLCS K norndeckum Tunam. KoHkateHaums (++) MMeeT TakoW e MPUOPUTET, YTO U MHAUKCHOE CROXEHME.
«Hapeska» 6utos a[m:l] MMeeT Takow xxe NPUopuTET Kak MHAeKcupoBaHne maccuea (ali]).

B pononHenune k atomy P4 noppepxvBaeT BbipaxeHusi Bblbopa select (12.6. BeipaxeHus ansa Bbibopa), KOTOpble MOryT
NPUMEHATBLCS NULb B aHanu3aTopax.

8.1. Nopsapok onepauun
C y4€TOM COCTaBHbIX BupameHMﬂ,rne oLeHmBaeTcAa nopAaAdokK Anda cy6BupameHMﬁ, BaXeH y4eTt NoB0oYHbIX debeKTOB B
Cy6Bpra)KeHVI$|X. Bblpa)KeHI/Iﬂ B P4 OLUEeHMBAKOTCA, KakK onncaHo HMxe.

- Jlornuyeckune onepatopbl && U1 || oueHMBaOTCS B COKpaLLEHHOM Nopsiake, T. €. BTOPOW onepaHi y4uTbiBaeTcs Nullib
npu HeobxoanMocCTu.

- B ycnoBHbIx onepaTopax el ? e2 : €3 oueHnBaeTcs e1, 3atem €2 unu e3.
- Bce ocTanbHble BblpaXeHUs! BbIYUCIIAKOTCA CrieBa HanpaBo B COOTBETCTBUM C MOPSAKOM B KOAE NPOrpaMmbl.

- BbI30Bbl MeETOA0B M (DYHKLNI OLLEHUBAKOTCS B COOTBETCTBMM € Naparpadom 6.7. CornalleHnsi o Bbi30Bax.
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8.2. Onepauun Hag TUNOM error

CumBonuyeckme MMeHa, 3adaHHble onpeaeneHnamun 0LIJI/I60K, OTHOCATCA K NPOCTPaHCTBY MUMEH OLLMOOK. ,D,J'IH TUna error
NoAAEepXKMBaOTCA NULLBL Onepauun CpaBHEHUS «PaBHO» (==) U «He paBHO» (!=), pe3ynbTaToM KOTOPbIX SABMSETCA NOrMyeckoe
3Ha4eHune. Hanpmmep, npmuBeaeHHasa HMXXe CTpokKa npoBepdeT Hann4dmne OﬂpeAEHEHHOVI OoLLMBKM

error errorFromParser;

if (errorFromParser !'= error.NoError) { }

8.3. Onepauum Hag TUNOM enum

CumBonuyeckme MMeHa, 3adaHHble onpengeneHnaMmn nepevyncnaemMmbolX TUNOB, OTHOCATCA K NPOCTpaHCTBaM MMEH, CO34aHHbIM
ob6bsABNEHUAMN enum, a He K NPOCTPaHCTBY BEPXHEr0 YPOBHA.

enum X { vl, v2, v3 }

X.vl

vl

|_|0,D,06H0 error, BblpaXeHuna enum bes YKa3aHuA 6asoBoro TMna noaaepXxXmBarwT NALLb onepaunn CpaBHEHNA paBeHCTBA (==) 7]
HepaBeHcTBa (!=). BoipaxeHus type 6e3 ykazaHus 6a30Boro Tvna Henb3s NPUBECTU K MHOMY TUMY (UNX U3 MHOTO TuNna).

[nsa enum MOXHO YKas3aTb 6a30BhbIN TUM, KaK NoKa3aHo HUXeE.

enum bit<8> E {

el =0,
e2 =1,
e3 = 2

}
MoxxHo OT06pa3VITb HECKOSTbKO CUMBOJIbHbIX 3HA4YE€HMI enum Ha OOHO Liefnioe YMCNo € (OMKCMPOBAHHBIM 3HAYEHUEM.

enum bit<8> NonUnique {

bl = 0,
b2 =1,
b3 =1,
bd = 2

}
[nsa enum c 6a30BbIM TUNOM NoadepXMBaeTca npuseaeHne 6a3oBoro Tuna, Hanpumep

bit<8> x;
E a =E.e2;
E b;

x = (bit<8>) a;

b = (E) x;

3HayeHvne a, koTopoe ObINO WHMUManuampoBaHo kak E.e2 npuBogmntcs k Tuny bit<8> c wucnonb3oBaHueM 3agaHHOro
npeacTaBneHns Lenoro uncna 6es3 3Haka ¢ pukcupoBaHHbIM pasmepoM Ans E.e2 n 3HayeHnem 1. 3atem Ans nepemeHHon b
yCTaHaBNvMBaeTCs CUMBONbHOE 3HayveHue E.e2, koTopoe cooTBeTCTBYeT uenomy uucry 6e3 3Haka C (PUKCMPOBAHHLIM
pasmMepoM u 3HaveHnem 1.

Mockonbky npuBedeHne enum K 6a3oBOMYy LenoYucneHHoMmy Tuny C dUKCUMpPOBaHHbIM pasmepoMm Bcerga 6GesonacHo,
noaaepXvBaeTcs Takke HesBHOE NpUBELEHME enum K LLeNOYMCIIEHHOMY TUMYy CO 3HAKOM nnu 6e3 3Haka.

bit<8> x = E.e2;
E a = E.e2

bit<8> y = a << 3;
HesasHoe npusegeHne 6a3oBoro Tvna ¢ (OUKCMPOBaHHBIM Pa3MepoM K enum He NOAAEPKMBaETCS.

enum bit<8> E1 {
el =0, e2 =1, e3 =2

enum bit<8> E2 {
el = 10, e2 = 11, e3 = 12

El a = El.el;
E2 b = E2.e2;
a = Db;

a = (El1) b;

a = El.el + 1;

(E1) (El.el + 1);

]
I

El.el + El.e2;

)
]

a (E1l) (E2.el + E2.e2);
5]'Ia|'0pa3yMHbll7l KOMNMUIATOP MOXET BblaaBaTb npeaynpexaeHne B ciy4yadx MHOXeCTBEHHOIro aBToMaTtu4eCcKoro npmnseaeHusd.

El a = El.el;
E2 b E2.e2;
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bit<8> c;

if (a > b) {

c=a+b;
XoTa NpuMBeAeHME enum K LenovmMcneHHomMy Tuny ¢ouKCupoBaHHOro pa3mepa 6e3 3Haka u obpatHo Bcerga 6esonacHo, mMoryT
BO3HWKaTb Cly4au, Korga npusegeHue uernoro 6e3 3Haka K CBA3aHHOMY C HMM TUMY enum MOXeT AaBaTb 3Ha4YeHune 6e3 umeHn.

bit8> x = 5;

E e = (E) x;

[nsa e ycTtaHaBnMBaeTCcs HEMMEHOBAHHOE 3HAYeHWe, MOCKOMbKY OTCYTCTBYET CMMBOJS1, COOTBETCTBYIOLLUMI LIeNOMy vucny 6e3
3Haka C (puKCMpOBaHHLIM pa3mMepoM U 3HadveHvem 5. Hanmpumep, B npuBedeHHOM Huxe dparmeHTe koga MoxeT ObiTb
JocTurHyta BeTBb else B 6Grnoke if/else if/else, paxe korga conocTtaBneHME C X BbIMNOMHEHO OTHOCUTENBbHO CHMMBOJIOB,
onpegenexHblx B MyPartialEnum_t.

enum bit<2> MyPartialEnum t ({
VALUE A = 2wO0,
VALUE B = 2wl,
VALUE _C 2w2

}

bit<2> y = < Hexoe BHaudeHue >;
MyPartialEnum t x = (MyPartialEnum t)y;

if (x == MyPartialEnum t.VALUE A) {

} else if (x == MyPartialEnum_ t.VALUE B) ({
} else if (x == MyPartialEnum_ t.VALUE C) ({
} else {

}

Kpome TOro, mpm wucnonb3oBaHMM enum B KayecTBe MOMfsi 3arofioBka mnpegnosnaraeTcs, 4YTo BbiOOp nepexoga Oyaer
COOTBETCTBOBATbL MPUHSTOMY MO YMOYaHWIO 3HA4YEHWNIO, ECMMN aHaNM3npyeMoe Liefnioe 3Ha4YeHne He COOTBETCTBYET OOHOMY U3
CUMBOIbHbIX 3HaYeHu EtherType, kak nokasaHo Huxe.

enum bit<16> EtherType {

VLAN = 0x8100,
IPV4A = 0x0800,
IPV6 = 0x86dd

}

header ethernet {

EtherType etherType;
}

parser my_parser ( ) {
state parse_ethernet {

packet.extract (hdr.ethernet) ;

transition select (hdr.ethernet.etherType) {
EtherType.VLAN : parse_vlan;
EtherType.IPV4 : parse_ipv4;
EtherType.IPV6: parse_ipvé;
default: reject;

}
}
JioBas nepemMeHHaa Tuna enum, cogepXxallada 6e3bIMsiHHOE 3HayeHue B pe3ynbTaTte npmBegeHna enum C 6a30BbIM TUMOM,
CUHTaKCMYEeCKOro aHanusa B none tuna enum ¢ 6a3o0BbIM TUMOM UIK MnpocCTO 06bsABNeHNss enum 6e3 Ha4yanbHOro 3Ha4YeHus!, He
6WJ,ET coBnagatb C Kakum-nnbo M3 3Ha4YeHui, 3agaHHbIX Ans 3Toro Tuna. Takne 6e3biMsiHHbIE 3HAaYeHUs1 Bce pPaBHO OOJTXHbI
obecneynBaTtb npeanckasyemoe noseaeHune B Clly4vadx, rae OHM COOTBETCTBYHT KaKomyan6o nonyctuMmomMy  3Ha4eHuto.
Hanpumep, 9TO 4O/MKHO COOTBETCTBOBATL ntobon 13 npuBeaeHHbIX HNXe CMTyaU,I/IVI.

- B BblpaxeHusix select cnegyet cooTBeTcTBOBaTH BapuaHTy default unu _ B BelpaxxeHun Habopa Knoden.

- B kayvectBe kntova ¢ TponyHeiM match_kind B Tabnuue cnegyeTt cooTBeTCTBOBaTL 3anvcu, rae Ans Bcex butos nons
yctaHoBneHo don't care.

- B kauectBe kntova ¢ match_kind Ipm cnegyet cootBeTCcTBOBaTH 3anvcu, rae aTo none umeeT npedmke pasmepa 0.

OTtmeTum, 4TO NMpw noseBneHun enum 6e3 6asosoro Tmna B APl NMMOCKOCTM ynpaBneHus KOMMUNATOP AOMkeH BbibpaTb
NOAXOASALMA TUM WU NPEeACTaBMNeHne AaHHbIX cepuanu3auuun. Ona 3HavyeHun enum c 6as3oBbIM TUMOM W MPeACTaBneHNeEM
KOMMUASATOPY CriedyeT Mcnonb3oBaTh 3aAaHHbIN 6a30BbIVi TVN B KAYECTBE AaHHLIX cepranmaaumnm n npeacTaBrieHuns.

8.4. Jllornyeckue BbipaxeHus

[ns norndecknx BblpaxeHu nogpepxusatotca onepaunn U (&&), WA (]|), HE (!), paBHo (==) n He pasHo (!=). Mopsgok
BbIMOMHEHUS onepaunin aHanormdyeH npuHatomy B C M mMcnonb3yeT COKpalleHwe (npy o4YeBMOHOM pesyrnbTaTe pacyet
npekpawaetcs). P4 He wncnonb3dyeT HEABHOro NpuBeOEHUs NOrmMyeckmx 3HadeHun K bit-string n obpaTtHo. B pesynbrate
06biuHbIe Anst C BblpaxeHus Buaa
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if (x)
(X - LenoYMCneHHbIV TUM) OMKHO 3anuckiBaTbest B P4 kak

if (x !'= 0)
B naparpacbe 8.9.2. HesiBHOe npuBefeHue onvcaHa oueHka 0 B 9TOM BbipaXKeHWMU.

8.4.1. YcnoeHbilu onepamop

YcnoBHble BbipaxeHus Buaa el ? e2 : e3 BeayT cebs kak B a3bike C. Kak Obino oTMeveHo Bbile, CHavana oLeHUBaeTCs
BblpaXXeHne e1, 3aTem e2 unu e3 B 3aBUCUMOCTU OT nepBoro pesynbrtarta. I'IepBoe CyGBpra)KEHVIe OOJTKHO UMEeTb Jiormyeckunn
"N, a BTOpPOE U TpeTbe AOJTKHbI ObITb OAHOTUMNHbIMW, HO HE MOryT ObITb Lueno4vncrneHHbiMn C 6eckoHeYHoun pa3pAOHOCTbIO,
eCclinm camMo ycrioBue He MoXeT ObITb oueHeHO B MOMEHT KoMnunauuu. 3710 orpaHn4eHune npegHasHa4deHo Oonda Toro, YTOOBI
pa3mMep pesynbTaTta YCIIOBHOIO BbipaXXeHnsa MOXHO ObINO cTaTUYECKM BbIBECTU BO BpemMa koMnunauun.

8.5. Onepauuu Hap 6uTOBLIMM TUNAMU (Lenble Ynucna 6e3 3Haka)
B atom pasgene paccMaTtpuBaroTCA BCe onepaunmn, Kotopblie MOryT ObITb BbIMOMHEHbI Haa BblpaXeHUAaAMu Tuna bit<W> gnsa
3agaHHoro W (I/IX Ha3bIBalOT Takke OBUTOBLIMU CTpOKaMVI).

ApudmMeTnyeckue onepaumm «3aBopaduBaloTca» noAobHo onepaumam C Hag uenbiMM uyucnamm 6e3 3Haka (T. e.
npeacTtaeneHme 6onboro 3HavyeHns W Gutamm coxpaHsieT nuwb mnagawme W 6utoB aToro 3HaveHus). B yactHoctu, P4 He
UMEET apuMETUHECKNX UCKIIOYEHWUIA U pe3ynbTaT apndMeTU4ecKon onepauun onpeaerneH Ans BCEX BO3MOXHbIX BXOOHbLIX
3Ha4YeHun.

ApxuTekTypa nnatcdopm P4 MoxeT noaaepxmeatb apudMeTUKY C HacblleHneM. Bce onepaumm ¢ HacblLWEeHNEM OrpaHUYeHbI
(PUKCUPOBAHHLIM OMana3oHOM OT MWHUMANbHOTO A0 MakCUMarbHOro 3HadeHus. ApudmeTvka C HacblleHueM umeeT
npevMyLLecTBa, 0CODEHHO Npu MCNONb30BaHMU B cyeTYMKax. Pe3ynbTaTt 4OCTUXKEHNS MaKCMMyMa B CYETUYMKE C HacblLLEeHUEM
3HauuTenbHO Brvke K peanbHOMY pe3ynbTaTy, HeXenu nepenonHeHne cyetynka u Havano otcyeta ¢ 0. CornacHo Wikipedia,
apudmMeTvka C HacbIWEHUEM YUCIIEHHO Onmu3ka K BEPHOMY OTBETY, HAaCKONbKO 3TO BO3MOXHO. [Onsi 8-OMTOBOW LBOWMYHOM
apudmMeTrKn co 3HaAKOM B Criyvae koppekTHoro oteeTa 130 ropa3go MeHee yauBRSAET nonyyeHve oteeTa 127 B apudmeTnke ¢
HacblWweHneMm, Hexenn —126 oT MoaynbHOW apndMeTUKA. AHanorMyHo ans 8-6MTtoBoM ABOMYHOM apndMeTUKM 6e3 3Haka npu
KOppeKTHOM oTBeTe 258 MeHbLUMM ctopripu3aom OyaeT nonyyeHue oTBeT 255 OT apuMeTMKU C HacbILEHMEM, HeXenu 2 oT
MoaynbHow apudmeTrkn. B HacTosilee Bpemsa P4 onpegensieT onepauumn ¢ HacbIWeHNEM NLb AN CIIOXKEHUS N BbIMUTAHWS.
Ons uenbix uncen 6e3 3Haka pasvepom W MUHMMarnbHbIM 3HadyeHueM siBnisetcss 0, a MakcumanbHeivM 2W-1. MpuoputeTt
onepauuin CroXeHUsi U BbIMUTAHMS C HacbILLEHWEM COBMaZaeT C NPUOPUTETOM TEX XKe onepaLuin B MoayNbHOW apudmeTrke.

Bce aBouyHble onepauumn (kpoMe casura) TpebytoT ABYX onepaH4oB O4HOro TuMa U pa3Mepa, a NpedocTaBfieHne onepaHaos
pasHoro pasmepa Bbl3blBaeT OWMOKY npu komnunsauuu. Mpu oueHke pasMepa KOMMUMATOP He MpUMEHSIeT HesIBHOro
npveeaeHust TMNoB. He nogaepxuBaeTcs ABOWYHBLIX OMnepauuii ¢ KOMBMHaUMAMK LienbiX Ynucen co 3Hakom u 6e3 3Haka (3a
UCKMoYeHneM capura). Hwke nepeyncrieHbl onepaummn Hag, BbIpaXeHusiMmn 13 GUTOBbLIX CTPOK.

- Nposepka paBeHcTBa GUTOBLIX CTPOK OOHOMO pasmepa 0603HaYaeTcss == 1 gaeT NOrMyeckuii pesynbrar.

MpoBepka HepaBeHCTBa OUTOBLIX CTPOK OAHOrO pasMepa obosHavaeTcs = n gaeT normveckuin pesynbTar.
- CpaBHeHve 6e33HaKOBbIX YMCEN OOHOMO pa3mepa - <, >, <=, >= naeT NOrMYeCcKnii pesynbTarT.
MepeuncneHHble HUXe onepauuy Bo3BpalLaloT pesynbTart bit-string npu pabote ¢ GUTOBLIMM CTPOKaMK OAHOrO pasmMepa.

- OTpVILI,aHVIe nnn cMeHa 3Haka (-) BbINOMHAETCA BblYUTAHMEM 3HaYeHus u3 2%, PeSyJ’IbTaTOM CIy>XUT Lenoe 4ncrno Oes
3HakKa C TeM e pa3mMmepom. CemaHTuMKa coBnagaeT c NPUHATON B C ans uenbix yncen 6e3 3Haka.

- YHapHbIii Nntoc (+) peanbHo He AenaeT HUYero.

- CnoxeHue (+) ABNsSIETCS accouuaTUBHOM onepaumei. PeaynbtaTt nonyyaeTcs myTeM OTCeuku' norny4YeHHol CyMMbl 0
HY>XHOro pasmepa (kak B C).

- BbluutaHue (-). Pesynbtatom siBnsietTcs uenoe yncrio 6e3 3Haka c TeM e TUMOM, YTO M y onepaHaoB. PesynbTaT
BbIYMCIISIETCS MYTEM CIOXXEHWS MEPBOro ornepaHaa ¢ oTpuuaHuemM BToporo (kak B C).

- YMHoxeHwue (*). PedynbTat nonyyaeTca nyTeM OTCEYKM NMPOU3BEAEHUSA A0 HYXXHOro pa3mepa. Apxutektypa P4 moxet
BHOCWTb AOMNOMHUTENbHbIE OFPaHNYEHNs], HanpuMep, paspeLlaTtb YMHOXEHWE NWLb Ha CTenexHun 2.

- MobwuTtoBasa onepauna U mexay oByms onepaHgamu ogHoro pasmepa (&).
- NMobwutoBasa onepaunsa UMW mexay AByms onepaHgamu ogHoro pasmepa (|).
- TNobutoBOE AONONHEHWE OOHOW OUTOBOW CTPOKM (~).
- NMobwutoBasa onepauunsa UckniountensHoe-UINN (XOR) mexay ABymsa onepaHgamu ogHoro pasmepa ().
- CnoxeHue c HacbliweHnem (|+|).
- BbmuTaHue c HacbiweHuem (|-|).
[ns 6GUTOBbIX CTPOK NOAAEPXKUBAIOTCS TaKKe ONMCAHHBLIE HUXE onepauum.

- WsBneueHne HenpepbiBHOro Habopa 6UTOB, Ha3biBaeMoe «Hapeskon» (slice), o6o3HavaeTca [m:l], rae m v | OMmKHbI
ObITb NOMNOXUTENbHLIMU LIENbIMU YMCHIaMU, U3BECTHLIMU MPU KOMAMNSAUMM U m >= |. Pe3ynbTaToM sIBNSieTCst CTpoka
6uTtoB paamepom m - | + 1, Bknoyaa 6utel ot | (Mnagwmn 6ut pesynbTaTa) 4O M (CTapLuMiA) NCXOAHOTO onepaHAaa.
BbinonHeHne ycrosui 0 <= | < W un | <= m < W npoBepsietca ctatnyeckn (W - paamep MCXOQHOM CTPOKM OMTOB).
OTmeTuM, 4TO 06€e KOHEYHbIE TOYKM M3BMEYEHNS BKIOYAOTCA B pedynbTat. ['paHuubl HyXXHbl B MOMEHT KOMNUASLNW,
4YTOObI MOXHO ObINO paccunTaTh pa3mep pesynbtaTa. Hapesku oTHocATes K I-value, noatomy P4 nopgoepxveaet ans
HUX npucBauBaHve e[m:l] = x . B aTom cny4ae ycrtaHaBnmBawTca 6utbl OT m 4O | CTPOKM € B COOTBETCTBUM C Butamu
X, @ ocTasnbHble 6UTbl He MeHsitoTcs. «Hapeska» yucna 6e3 3Haka siBnsieTcs Yucrom 6es3 3Haka.

'Cmapuwux 6umoe. Mpum. nepes.
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- Jlormuyeckuin coBur BMEBO UKW BNPaBO Ha M3BECTHOE B npolecce paboTkl Lenoe Yncno 6e3 3Haka obo3HavyaeTcs << u
>>. pw caBure BreBO NEBbLIV onepaHa SBnseTcs 6e33HakoBbiM, a MpaBbli AOMKeH ObiTb BbipaxkeHneM Tuna bit<S>
nnn HeotpuuaTesrbHbIM LUENOYUCIIEHHBbIM NUTEepariom. PeayanaT MMeeT TOT Xe Tun, 4YTo obIn Y neBoro onepaHaa.
CpBur Ha BeNuYMHY, NpeBbILLaloLLYy0 pasmep, 0bHynseT Bce bUThI.

8.6. Onepauuw Hag uesfibiMmyu Ymcrnamm (bMKCMpOBaHHOFO pa3mMepa CO 3HAaKOM
B aTOoM pasgene paccMoTpeHbl Bce onepaLuun, KOTopble MOryT ObiTb BbINOMHEHbI HAA BblpaXeHussiMu Tuna int<W> ans gaHHoro
W. HanomHum, yto int<W> obo3HavaeT uenble ynucna co 3Hakom W-bit, npegcraBneHHble gononHeHvem 4o 2.

B obwem cnyyae apudmeTnyeckue onepaumn P4 He OeTEKTUPYIOT NEepenoriHEHUs UNW ucHepnaHws - onepauuv npocTo
«HauyumHaT otcyeT ¢ 0 (wrap around), kak B onepaumsax C ¢ uenbiMy yucnamu 6e3 3Haka. MoaTomy nonbiTka NpeacTaBuTb
6onbLwoe ymcno pasamepom W 6yaeTt coxpaHsaTb nywb mragwme W GUMTOB 3HaYeHus.

P4 noppepxvBaeT apudpMeTUKy C HacblLLEeHNEM (CNOXeHNe U BblYUTaHWE) AN UernbiX Yncen co 3HakoM. Mnatdopmbl moryT
oTBepraTb apudmeTn4eckne onepaunn ¢ HacblleHneM. [ins uenoro yicna co 3Hakom pasmepa W MUHMMAIbHBIM 3HaYEeHUEM
asndaetca -2W" a makcumansHbim 2W-N-1.

P4 He nopaepxvnBaeT apudPMETUHECKNX UCKITHOYEHNIA. PesyanaT BblYMCNEHNA B npoLuecce paﬁOTbI ABNAEeTCA onpeneneHHbIM
ONs BcexX KoMOMHaLUMIA BXOOHbIX aprymMmeHToB.

Bce oBouMYHbIE onepaunn (Kpome caura) TpebytoT coBnageHus Tuna (Hanuuue 3Haka) U pa3mepa onepaHaoB. B npoTvBHoM
crnyyae KOMNuNATop coobLyaeT o6 owmbke. KoMNuMnaTop He UCNONb3yeT HeSIBHOMO NpuBeAeHUs ANsi pasHOTUMHbLIX onepaHaos.
Bo Bcex onepaumsx (kpome casura) P4 He no3sonsieT KOMGUHUMPOBAaTh onepaHbl Co 3HakoM 1 6e3 3Haka.

OTtmeTnm, 4TO nobuToBbIE oOnepaumyM pAfs 4Yucen CO 3HAKOM OfpedeneHbl 4eTKo, MOCKOMbKy Takue 4ucna Bcerga
npeacTaenaoTcsa B hopmarte JOMNOMHEHUs Ao 2.

Hwke nepeuncneHbl onepauuu, nopaepxuBaemMble AnNs AaHHbIX Tuna int<W>. 3tu onepauumn TpebyoT OAHOTUMHbLIX
onepaHaoB, a pesynbTaT Bcerga umeeT pasmep feBoro onepaHaa.

- OTpuuaHue unm cmeHa 3Haka (-).

- YHapHbIfi nrtoc (+) peanbHO He AenaeT HUYero.

- CnoxeHue (+).

- Bbmutanue (-).

- CpaBHeHMWe Ha paBeHCTBO (==) U HepaBeHCTBO (!=), JatoLLee NOrMYecKuUin pesynbTar.
- YucneHHble cpaBHeHUs <, <=, >, 1 >=, Aalolne Normyeckuin pesynbTart.

- YMmHoxeHue (*). Pasvep pesynbTtata coBnagaet Cc pa3MepoM onepaHgoB. Apxutektypa P4 MoxeT BHOCUTb
OOMNOMHUTENbHbIE OTPaHNYEHUs], HANPUMEP, YMHOXEHMWE NULLb Ha CTENEHM 2.

- CnoxeHue ¢ HacbilweHnem (|+|).
- BbuTanue ¢ Hacbiwenunem (|-]).

- Apudmetnyeckun cosur Bneeo (<<) u Bnpaso (>>). JleBbln onepaHa vMeeT 3HaK, a MpaBbli AOMKEH ObITb
0e33HakoBbIM Tuna bit<S> unu HeoTpuuaTeNnbHbIM LENOYUCIIEHHBIM NuUTepanom. Pesynbrar Bcerga MMeeT Tun
neesoro onepaHpa. CoBur BneBo BedeT cebs TOYHO Tak xe, kak ansa uucen 6e3 3Haka. CaBur Ha u4ucrno,
npesblLLatoLLee pa3mep, BEAET K KOPPEKTHOMY pesyrnbTaTy:

- BCe Hynu npu casure BneBO;
- BCe Hynu npu casure BnpaBo Ha NONOXUTENIbHOE 3HA4YEeHUE;
- Bce 1 npu caBure BNpaBO Ha MOMOXUTENbHOE 3HAYEHME.

- W3BneueHne HenpepbiBHOro Habopa 6uTOB, Ha3biBaemMoe «Hapeskon» (slice), o6o3HavaeTca [m:l], rae m u | gomkHbl
ObITb NONOXUTENBHBIMW LENbIMWA YUCNaM1, U3BECTHBIMW MPU KOMAMNAUMKM MU m >= |. PesynbTaToM sBnsetca Lenoe
yncno 6e3 3Haka pasmepoM m - | + 1, Bknodas 6utbl oT | (Mnagwwuii 6MT pesynbTata) 40 M (CTapLuMii) UCXOLHOro
onepaHaa. BeinonHenune ycnosun 0 <=1 < W n | <= m < W nposepsietca crtatndecku (W - paamep MCXOAHOW CTPOKU
6uToB). OTMeTMM, 4TO 06e KOHEYHble TOYKM U3BMNEYEHWs BKNIOYalTCA B pesynbTaT. [paHuubl Hy>XXHbl B MOMEHT
KoMNunsauum, 4Tobbl MOXHO ObINoO paccuuTaTh pa3mep pesynbraTta. Hapesku oTHocsatca k |-value, mostomy P4
nogaepxveaeT Ans HUX npucsavBaHue e[m:l] = x . B aTom cny4ae yctaHaBnmBawTca 6utbl OT m Ao | cTpoku e B
COOTBETCTBMM C BUTamum X, a ocTanbHble OUTbl He MeHsAlTca. «Hapeska» yncna 6e3 3Haka sBnseTcs yncrnom 6e3
3Haka.

8.6.1. KoHkameHayus

KOHKaTEHaLl,I/IH NnpUMEeHAeTCa K nape OUTOBBIX CTPOK CO 3HakoM unu 0e3 3Haka 1 obosHavyaeTcs MHCbMKCHbIM onepaTtopom ++.
PesynbTaToM sBnsieTcs cTpoka GMTOB, pa3mep KOTOPOW CoBNagaeT C CyMMOW pa3MepoB onepaHaoB, a cTaplune butsl 6epyTes
13 NneBoro onepaHaa. 3Hak Takxke onpeaendeTcd nesbiMm onepaHaoMm.

8.6.2. 3ameyaHus o codsuze
C,EI,BVII'M (CO 3HaKoMm unu 6es 3Ha|<a) MMEeKT pAaa paCcCMOTPEHHbIX HMXe ocobeHHocTeN.

- Cpeur BnpaBo OTNMYaeTcs Npu AONs yicen co 3HakoM W 6e3 Hero, CABWM uucrna CO 3HaKOM SBnsieTcs
apndmMeTUYEeCKNM.

- CoBur Ha oTpuuaTtenbHOe 3HayeHWe He WMeeT S$IBHOW CeMaHTMKM U cucTemMa Ttunusaumm P4 cuuTaet ero
HEKOPPEKTHBIM.

- B otnnume ot C casur Ha BENWMYUHY, NPEBLILLAIOLLYIO pa3Mep AaeT YETKO onpeaeneHHbln pesynbTar.
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- B 3aBucumocTn ot Bo3mMoOXHOCTelN nnatdopMbl cABUI MOXET noTpeboBaTh 3KCMOHEHUMAanNbHbIX onepauui no vucny
6u1TOB NpaBoro onepaHaa.

PaccMoTpyM HeCKOnbKO MPpUMepOB.

bit<8> x;

bit<1l6> y;

bit<l6> z = y << x;

bit<l6> w = y << 1024;

Kak oTmMeueHo Bbiwe, P4 gaet cTporo onpeAeneHHbln pesynsTtart Npy CABure, npesbilwatolem pasmep (B otnuuue ot C).

Mnatdopmbl P4 MoryT BHOCMTb [OOMOMHWUTENbHbIE OrPaHWYEHUs ANs onepauui casura, Takue Kak 3anpeT casura no
BbIPAXEHWIO, HE ABNSAIOLLEMYCS KOHCTaHTON, UMW Ha BENMWYMHY, NMPEBbLILIAIOLLYI0 OnpeaeneHHbIn npeaen.

8.7. Onepauuu Hag UenbIMK YUCITaMU MPOU3BOJSIbLHOW TOYHOCTHU
Tun int 0603Ha4YaeT Lernble Yncna NpoM3BONbHOM TOYHOCTM (pa3paaHocTH). [ns Bcex BbipakeHWi Tuna int 3HaveHns AOMmKHbI
BbITb M3BECTHBLI B MOMEHT KoMnunsauuw. MNoaaepxmBaemMble Ana Tuna int onepaumm P4 nepedncrieHbl HUXe.

- OTpuuaHue unu cmeHa 3Haka (-).

- YHapHbIn Nntoc (+) peanbHo He AenaeT HUYero.

- CnoxeHue (+).

- Bbmutanue (-).

- CpaBHeHMe Ha paBEHCTBO (==) n HepaBeHCTBO (!=), AaroLee NorMyeckmin pesynbrar.
- YucneHHble cpaBHeHMSA <, <=, >, 1 >=, galoLime NorM4ecknii pesynbrar.

- YMHoxeHue (*).

- [eneHve ogHOro NOMOXMTENbHOrO 3HAYEHUs Ha ApYroe ¢ oTceykow (/).

- [eneHve ogHOro NOMOXMTENbHOrO 3HaYeHns Ha Apyroe no moaynio (%).

- ApudmeTtnyeckun caosur Bneso (<<) n Bnpaso (>>). PesynbTaT casura nmeet Tun int. MNpaBbii onepaHg OoKeH ObiTh
NOMOXUTENbHOW KOHCTaHTOW. BbipaxkeHue a << b akBuBaneHTHo a x 2b,aa >>b - |a/2b |.

Bce onepaHabl nNpvBeAeHHbIX Bbille AEACTBUMA AOMMKHbI UMeTb Tun int. B ABOMYHBIX onepauns He JonyckaeTcsi KOMOUHaLMs
3HavyeHu Tuna int M 3HayYeHWM TUNOB C (OMKCMPOBAHHbIM pa3MepoM. OfHaKo B HEKOTOPbIX Cryyasix KOMMUNSTop
aBTOMaTMYeCKn BbINOMHAET npuBedeHune int kK Tunam ¢ oukcmpoBaHHbIM pa3mepom (8.9. MpuseaeHue TMNOB).

Bce pacueTbl co 3HadeHusmu int BbinonHAOTCA 6e3 noTepu nHdopmaumu. Hanpumep, nepemHoxeHne asyx 1024-6utoBbix
3HaYeHU MOXeT AaTb pe3ynbTaTt padmepom 2048 6GUTOB (OTMETUM, YTO KOHKPETHOE NpeacTaBreHne 3HadeHun int He 3agaHo).
3HadeHus int MOXHO npmBecTn K Tuny bit<w> n int<w>. MNpuegeHne int kK 3Ha4YeHMIO ¢ UKCMPOBaHHbIE pa3mepom byaeT
COXpaHATb COOTBETCTBYHLLEE 4YMCno Mnagwux 6utos. MNpu noTepe crapwmx OWMTOB KOMNWMATOPY crnedyeT BblAaBaTb
npegynpexaexHve.

OTmMeTUM, 4TO nobuToBble onepauun (|, &, A, ~) He onpegeneHbl Ans Tuna int. Kpome Toro, He [onyckakloTcs onepauum
fenexus (B TOM yucrie No MoAyrnio) Ha oTpuuaTesibHoe YMcro. ApUMETHKa C HacbiLLEeHNeM He NnoaaepXXuBaeTcs Ans Lesnbix
yucen ¢ NPoU3BOOHON PaspAaHOCTLIO.

8.8. Onepaunun Hag OUTOBbLIMU CTPOKaMU NEepPEMEHHOro pasmepa

[ns nogdepxku aHanusa 3aronoBKOB C MONAMU nepeMeHHoro pasmepa B P4 cnyxut Tun varbit. Mpn kaxxgom ob6baBneHum
3TOr0 TMMa CcTaTMyecku 3afdaeTcs MakcumanbHbii pa3mep. [o vHuumanusaumm AMHaMU4eckui pasmep OWTOBOW CTPOKM
OCTaeTCs Hen3BECTHbIM. [1NA Taknx CTPOK NOAAEPXMBAETCS OrpaHNYeHHbI Habop onepauuii.

- HasHayeHne apyron cTpoku ouTtoB nepemMeHHoro pasmepa. Llenb HasHayeHuss 4OfmKHA MMETb TakoW e CTaTUdeCcKui
pasmep, Kak WCTOYHMK. Bo Bpems npucBamBaHMs 3Ha4YeHWa ON9 UeneBon MNepemMeHHon yCTaHaBMBaeTca
OVNHaAMUNYECKNA pa3mep OT UCTOYHMKA.

- CpaBHeHMe [OBYX OOHOTWUMHbLIX Monel varbit Ha paBeHCTBO U HepaBeHcTBO. lMonsa varbit cuuTaloTcs paBHBIMK MU
CoBMaeHun OMHaMUYeckoro pasmepa 1 Bcex GUTOB B pamkax 3Toro pasMepa.

MepeyncneHHble HXe onepauun He NoAAEPXUBAOTCA HanpsiMyto Anst Tuna varbit, HO MOryT BbIMONHATLCA Hag ApPYruMu
TMNaMu, BKMOYaloWuMy nons varbit, Ans koTopbiX nogaepxusatoTcs onepaumm extract n emit (Hanpumep, 3HavyeHWUst Nonen
3aronoskoB). OHM YNOMSAHYThI 30eCb NWLLb Ans 06reryeHnst noncka B pasaene, NOCBsLWEHHOM Tuny varbit.

- AHanusaTop usBnekaeT AaHHble B 3arofiloBOK NMEpPEMEHHOro pasmepa C MCMoNb3oBaHMEM OBYXapryMeHTHOro metoaa
extract Bo BHewHem oObekTe packet_in (12.8.2. M3BneyeHne npu nepemMeHHOM pa3mepe), YycTaHaBnvBas
ONHaMn4eckuin pasmep obbekTa.

- Metog emit BHewHero obbekTa packet_out MOXeT BBLIMONMHATECA ANS 3arofioBKOB M HEKOTOPbIX Apyrux Tunos (15.
Cbopka naketa), cogepxawmx nons varbit. BbizoB emit BcTaBnsetr 6GuTOBYIO CTPOKY MEpemMeHHOro pasmepa C
M3BECTHbIM AMHAMWYECKUM pPa3MepoM B CO34aBaeMbli nakeT.

8.9. NpuBeneHune Tunos

P4 noppepxuvBaeT orpaHnyYeHHoOe npusBedeHne TUNoB, 3anucbiBaemoe B dopme (t) e, rae t ykasbiBaeT Tvn, a € - BblpaXeHue.
MpuBegeHne BO3MOXHO nuwWwb ANA 6a30BbIX TUMOB. JTO MOXET Mokas3aTbCa HeyaobHbIM Ans nNporpaMMucTOB, HO
obGecneymBaeT pag NpenMyLLecTB:

- OAHO3Ha4YHOEe yKa3aHune HamepeHvu?l nonb3oBaTtend,
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- ABHOE nNpuBedeHUe 4YUCNOoBbIX 3Ha'~IeHI/II7I, KOTOpOEe MOXeT ObiTb CBAA3aHO CO 3HAYUTENbHLIMU BbIYUCAUTENbHBIMU
n3gepkkamm 4nsi 3Ha4eHUI COo 3HAaKOM Ha psige nnatopm;

- CHWXaeTcs 4MCro cuTyauuii, onucbiBaembix B cneuundmkaumm P4 (HekoTopble nnatgopmbl MOTYT HE NOAAEPXKMBATb
npuBeaeHne TUMoB).

8.9.1. SleHoe npusedeHue
Hwxe nepeuncneHbl KOppeKTHbIE NpuBeaeHNsa TuNoB B P4:

- bit<1> <-> bool npeobpasyet 0 B false, 1 - B true u obpaTHo;

- int<W> -> bit<W> coxpaHsieT Bce 6UTbl HEeM3MeHHbIMW, NepeBoas oTpuLaTeribHbIe YMCna B NONOXUTENbHbIE;

- bit<W> -> int<W> coxpaHsieT Bce GUTbl HeM3MEHHbLIMU, NEPEBOASA Y1CNa CO CTaplumMm 6utom 1 B oTpuuaTtensHble;
- bit<W> -> bit<X> oTcekaeT 3HaveHue npn W > X n gononHaet Hynamu npn W <= X.

- int<W> -> int<X> oTcekaeT 3HaveHue npn W > X n gobasnsaet 6ut 3Haka npu W < X.

- int -> bit<W> npeobpa3syeT Lenoe 4icno B OCTAaTOMHO Gonblloe AOMONHEHWe A0 2 Ans NpedoTBpaLleHnst noTepu
MHdOpMaUuK, Nocrne Yero oTcekaeT pesynbTaTt Ao pasmepa W; KoMnunsTopy crnegdyeT BblgaBaTb NpeaynpexaeHne o
nepenonHeHUn Unu npeobpasoBaHnM B OTpULATENBHOE YNCHO;

- int -> int<W> npeoGpasyeT Lenoe Y1crno B 4OCTAaTOMHO GorblUoe AOMNOSIHEHWE A0 2 Ans NpeaoTBpalleHusl noTepu
MHpopMaLMK, Nocre Yero oTcekaeT pesynbTaT Ao pasmepa W; KOMOUMATOPY criedyeT BblAaBaTb NpeaynpexaeHue o
nepenonHeHuu;

- NpvBedeHWe Mexady napon TUMNoBs, 3adaHHbIX typedef, akBMBaneHTHoe 0AHOW U3 NPUBEAEHHBIX Bbile KOMOUHALMWI;
- NpvBedeHWe mMexay TUMOM, 3aaaHHbIM type, M UCXOAHbLIM TUMOM;

- npumeeaeHune mexay enum C ABHbIM TUNOM U UCXOAHBbIM TUMNOM.

8.9.2. HesieHOe npusedeHue

[na coxpaHeHus NpoCTOThbl A3blka U NPefoTBPALLEHNS CKPbITbIX NpUBeAeHUn Tuna P4 HesiBHO BbINOMHSAET NWLb NpuBeaeHve
int K TMINaM dMKCpPOBaHHOrO pasmepa u npMeegeHne enum k 6asoBomMy Tuny. B yacTHOCTW, NpUMeEHeHNe ABONYHOW onepauum
K BbIpaXeHWo Tuna int 1 BblpaXeHuo C TUNOM (PUKCUPOBAHHOTO pas3mepa NpUBEAET K HEesBHOMY MpuBefeHuto int K Tuny
BTOPOro BbipaxeHus. Hanpumep, Ans npuBegeHHbIX HUxXe 06 bABneHnn

enum bit<8> E {

a=>5;
}
bit<8> X;
bit<lé>y;
int<8> z;

KoMnunsaTop Ao6aBuUT HesABHbIE NMPYBEAEHUS, MOKa3aHHbIE HUXE.
- x+ 1craHet x + (bit<8>)1;
- z<0craHert z < (int<8>)0;
- X << 13 craHet 0 c BbiAa4en npegynpexaneHns o nepenoriHeHnu;
- X | OXFFF ctaHeT x | (bit<8>)0xFFF ¢ Bblgaden npegynpexaeHns o nepenoniHeHnu;

- x+ E.acranet x + (bit<8>)E.a.

8.9.3. HedelicmeumernbHbie apughMemuvecKue ebipaxKeHus
MHorune 13 apumeTnyeckmx BblpaXkeHnn, JOCTYMNHbIX B APYruX A3blkaxX, He paspelueHbl B P4. [Ina unnioctpaumm paccMoTpum
npumep.

bit<8> X;
bit<leé>y;
int<8> z;

B Ttabnvue nokasaHbl HEKOTOPbLIE BbIPAXEHWUS, KOTOPbIE HEMPUEMIIEMbI MO NPUYMHE HapyLUeHWs npaeun Tunusauun P4. Ons
KaXKaoro M3 Takux BblpaXXeHWN NPUBOAUTCS BapuaHT npvemMnemMont 3anmcu. OTMETUM, YTO AN1S1 HEKOTOPbIX BbIPaXEHWUIA UMEIOTCS
HEeCKONMbKO TaKMX BapuvaHTOB W OHM MOryT OaBaTb pasHble pe3ynbTaTbl. KOMMUNATOp He MOXeT yrajaTb HamepeHus
nonb3oBaTens, No3ToMy nporpaMMucT P4 fomkeH cam BblbpaTh HYXHbI BapuaHT.

BbipaxeHue lMpu4uHa Henpu2odHocmMu AnbmepHamuesbl

X+y PasHble pa3mepsbl (bit<16>)x +y
x + (bit<8>)y

X+z PasHble 3Haku (int<8>)x + z
x + (bit<8>)z

(int<8>)y HeB03MOXHO M3MEHUTb Cpasy 3HaK 1 pasmep (int<8>)(bit<8>)y
(int<8>)(int<16>)y

y+z PasHble 3Haku 1 pasmepsbl (int<8>)(bit<8>)y + z

y + (bit<16>)(bit<8>)z
(bit<8>)y + (bit<8>)z
(int<16>)y + (int<16>)z

X<<z JleBbI onepaHg caBura He MOXeT UMETb 3Haka x << (bit<8>)z

X<z PasHble 3Haku X < (bit<8>)z
(int<8>)x < z

1<<x Paamep 3HayeHns 1 HeBegoM 32w1 << x
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~1 MobuTtoBas onepauus Hag int ~32w1
5&-3 MobuTtoBas onepauus Hag int 32w5 & -3

8.10. Onepauun Hap KopTexXamu
KOpTe)KM MOryT HasHa4aTbCA APYrMM KOpTEeXaM TOro e Tuna, nepefaBaTtbCA KakK apryMmeHTbl 1 BO3BpaLlaTbCA d)yHKLI,VIﬂMVI, a
TakKXe MOryT MHULMann3npoBaTbCA C Bblpa>XeHUAMU CMUCKOB.

tuple<bit<32>, bool> x = { 10, false };

8.11. Onepauunu Hag cnuckamm
BbipaxeHnsi CNCKOB yKka3sbIBalOTCA B (PUrypHbIX CKOOKax C nepevynmcrieHMemM BCeX 3NEMEHTOB Yepes 3ansaTylo.

expression
| '"{' expressionList '}'
expressionList

| expression

| expressionlList ',' expression
Tunom BblpaxeHus co cnuckom aBnsetcs tuple (7.2.8. CuHTesmpyemble TuMbl AaHHbIX). BblpaxkeHus co crnvckamu moryT
npucsamsaTbea Tvnam tuple, struct unn header, a Takke nepegasaTbCA METOAAM B KAYECTBE apryMEHTOB, O[JHAKO BbIPaXKEHUS
CO crnuckamu He saBnstoTca |-value. Cnuckn MoryT ObiTb BROXEHHbIMW. Hanmpumep, npuBedeHHbIN Huxe dparmeHT koga
MCMonb3yeT BblpaXKeHne Co CNUCKOM ANt OGHOBPEMEHHON nepeaayn HeCKOMNbKMX MOMen 3aronoBka cucteme obyyeHus.

extern LearningProvider {
void learn<T>(in T data);
}

LearningProvider () lp;

lp.learn( { hdr.ethernet.srcAddr, hdr.ipv4d.src } );
Cnucok MOXHO MPUMEHATb ONA MHULManusauum CTPYKTYpbl, €CNM YMCO SMEeMEHTOB Crucka COoBMafaeT C YWCMOM nonen
CTPYKTYpbl. Pe3ynbTaTom Takon nHuumanusauum 6yaeT npucBoeHmne i-ro anieMeHTa Cnmncka i-my nosnoo CTPYKTypbl.

struct S {
bit<32> a;
bit<32> b;

}
const S x = { 10, 20 };

Bblpa)KeHMﬂ CO CNMUCKaMU MOXHO TaKXe NPUMEeHATb ANnA nHnumannsaumm nepemMeHHbIX ¢ TUNom tuple.

tuple<bit<32>, bool> x = { 10, false };
rlyCTOI71 CMNCOK nMeeT Tun tuple<> - KOpTex 0e3 anemMeHToB.

8.12. BbipaxeHus co 3Ha4yeHuem struct
Mo)HO HanMcaTb BblpaXeHue, OLeHKa (pacyeT) KoToporo aaet Tun struct unu header. CMHTakcuc BbipaXxeHUst UMeeT BUA,

expression
| '"{' kvList '}’
| '"(' typeRef ')' expression
kvList
kvPair
| kvList "," kvPair
kvPair
name "=" expression
,D,J'Iﬂ TaKoro BblpaXeHuna typeRef 3afjaeT uMAa Tmna CTPYKTYpPbl UMK 3arofioBka U MOXeT ObITb onyuwieHo, ecnn ero MoXxHo
BbIBECTU U3 KOHTEKCTa, HanpunMmep, npun nHnumanmsauymm nepemeHHoﬂ ¢ Tunowm struct. Hnmxe npuBeneH npuMmep ncnofib3oBaHUA
BblpaXXeHWUA B NpoOBEPKE paBEHCTBA.

struct S {
bit<32> a;
bit<32> b;

}
S s;

bool b=s == (S) { a=1, b=21};
BbipaxeHus struct MoxHO ucnonb3oBaTb B MPaBoOi YacTu onepauuii NpucBavBaHUs, B CPaBHEHUSX, BbIPaXXEHUsIX Nonen
BbIOOpa, a Takke B Ka4ecTBe apryMeHTOB PyHKUMIA, METOAO0B UMK AENCTBUN. DTU BbIpaXXeHUst He MOryT ObITb I-value.

8.13. Onepauuun Hapg set

HekoTopble BblpaxeHus P4 obosHavatoT Habopbl 3HavYeHun (set<T> gns Hekoro T, 7.2.8.1. Tun set). 3TN BbipakeHus MoryT
NosIBMATLCA NULLb B OFPaHNYEHHOM KOHTEKCTE - aHanmM3aTtopax U NMoCTOSHHbIX 3anucax Tabnuy. Hanpumep, BbipaxeHue select
(12.6. BblpaxeHusi ons BbIbopa) MOXET MMETb NMOKa3aHHYH HUXKE CTPYKTYpY.

select (expression) ({
setl: statel;
set2: state2;

}
3pech BblpaxeHus setl, set2 u T. O. npeobpasyoTcs B Habopbl 3HaYeHUI, KoTopble select npoBepsieT Ha NPUHAANEXHOCTb K
3agaHHbIM MeTKaMm.
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keysetExpression
tupleKeysetExpression
| simpleKeysetExpression

’

tupleKeysetExpression
'(' simpleKeysetExpression ',' simpleExpressionList ')'

’

simpleExpressionList
simpleKeysetExpression
| simpleExpressionList ',' simpleKeysetExpression

’

simpleKeysetExpression
: expression
DEFAULT
DONTCARE
expression MASK expression
expression RANGE expression

|
|
|
|
Onepatopbl mask (&&&) 1 range (..) UMeT OOUHAKOBLIN NPUOPUTET, KOTOPLIN Bbilwe npuoputeTa &.

8.13.1. OOHO3/1eMeHMHbIe HabopbI
B koHTekcTe set (Habop, MHOXKeCTBO) BblpaxkeHnsi 0603Ha4alT 0gHO3NEMEHTHbIE Habopkl. Hanpumep, Bo dparmeHTe

select (hdr.ipvé4.version) {
4: continue;

}
MeTka 4 o6o3HavaeT H360p C €QWUHCTBEHHbBIM 3f1EMEHTOM 4.

8.13.2. YHueepcasibHbIU Habop
B koHTekcTe set BblpaxeHue default unn _ obosHauaeT yHuMBepcanbHbIi Habop, cogepXalimin Bce BO3MOXHbIE 3HAYeHUS
AaHHOro Tuna

select (hdr.ipvé4.version) {
4: continue;
reject;

}
8.13.3. Macku

NHdumKeHbI onepaTtop &&& npuHMMaeT ABa aprymeHTa tuna bit<W> unu cepuannaoBaHHbIX enum 1 CO34aeT 3HaueHue Tuna
set<ltype>, rae ltype siBnsieTcs TMNOM NEBOro aprymeHTa. 3Ha4YeHWe crnpaBa CRYyXWUT MackoW, rae kaxabih 6ut O ykasbiBaer,
YTO COOTBETCTBYKOLMIA OUT He umeeT 3HadveHus (don't care). bonee copmanbHo, Habop, ob6o3HayeHHbIn a &&& b,
onpenensieTcs Kak

a &&& b = { c of type bit<Ww>, rge a ¢ b = c & b }
Hanpuwmep,

8wOx0A &&& 8wOxOF

O6o3HayaeT Habop M3 16 pasHbix 8-OMTOBLIX 3HaYeHU ¢ GutoBon Mackonm XXXX1010, roae X MOXeT mpuHMMaTth noboe
3HayeHue. OTMETUM, YTO MOXET BbITb MHOrO cnocoboB yka3aTb Habop KIYen C UCMONb30BaHNEM onepaTopa MacKkMpoBaHUS,
Hanpumep, 8WOXFA &&& 8wOxOF aact Takom e Habop, YTO U NPMBEAEHHOE BhILLE BblpaXKeHe.

ApXMTemypa P4 moxeT BHOCWUTb AOMOMHUTENbHbLIE OrpaHMYEHUs Ha BblpaXeHWss B NEBOW M MpaBoW 4acTu, Hanpumep,
Tpe6OBaTb OT 0HOro Unu o6omx GbiTb U3BECTHBLIM npu KoMnNmnnauumn.

8.13.4. [Juana30oHbI

MHMUKCHBIM onepaTop .. NpyHMMaeT ABa aprymeHTa ogHoro Tuna T, B Ka4ecTBe KOTOPOro MOXeT cnyxuTb bit<W> unu int<W>
M co3gaeT 3HaveHune Tuna set<T>. MHOXeCTBO COAEpPXWT BCe 3HAYeHMs1 OT JIEBOr0 [0 MPaBOro onepaHaa BKIHYUTENBHO.
Hanpumep,

4w5 .. 4w8
obo3HavaeT 4w5, 4w6, 4w7, 4w8.

8.13.5. Mpou3eedeHue MHOXecme
MoxHo KoMBUHMpPOBaTL MHOXECTBA (Set) C NMOMOLLbI0 AekapToBa Npou3BeaeHust

select (hdr.ipv4.ihl, hdr.ipv4.protocol) {
(4w0x5, 8wOx1l): parse icmp;
(4w0x5, 8w0x6): parse_tcp;
(4w0x5, 8wOx1l): parse udp;
(_, _): accept; }
Tvnom npon3seaeHna MHOXECTB ABNAETCA MHOXEeCTBO KOpTe)KeVI.

8.14. Onepauuun Hag Tunowm struct

EQVHCTBEHHONM onepaumven Ans BbipaXeHus Tuna struct sBnaeTca 4OCTYN K NOfsiM Ha OCHOBE HOTaUuUM C TOYKOM (.), Hanpumep,
s.field. Ecnu s aBnsetca I-value, 1o s.field Takke GygeT |-value. P4 no3eonsieT KonupoBaTb CTPYKTYpbl C MCMOMb30BaHWEM
onepaTtopoB MPUCBauMBaHWUsi, Korga MCTOYHMK M Ha3HayeHne OOMHAaKOBbl MO CTPykType. Kpome TOro, CTPYKTYpy MOXHO
VHMLManM3npoBaTb BbIpaXXEHWEM CMUCKa, Kak onucaHo B naparpade 8.11. Onepaumun Hag cnvckamu, UNn MHULMann3aTopom
CTPYKTYpbI, Kak onucaHo B criegytoliem naparpade. B o6onx cnyyasx 4OMKHbI MHULMaNU3MpoBaTbCs BCe MONS CTPYKTYpPbI.
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[1Be CTPYKTYpbl MOXHO CPaBHWUTbL Ha PaBEHCTBO (==) unun HepaBeHCTBO (!=), ecny OHWM MMEIOT OAUH TUM K BCE MONSA MOryT ObITb
CpaBHUMbl Ha paBeHCTBO. [lBe CTPYKTypbl CYMTalOTCA paBHbIMKW TOrga WM TOMbKO TOrA4a, Korga B HUMX paBHbl Bce
COOTBETCTBYHOLLME NOS.

8.15. UHuumanusaTopbl CTPYKTYp
CTpyKTYpbl MOXHO MHMLMANU3NPOBATb C MOMOLLbIO BblpaXXeHUIA, 3HAYEHUSIMU KOTOPbIX SBMsieTcs CTpykTypa (8.12. BolpaxeHus
CO 3Ha4yeHnem StI‘UCt), KaK NoKa3aHO Huxe.

struct S {
bit<32> a;
bit<32> b;
}
const S x { a=32, b=201};
const S x = (S){ a = 32, b =20 }; // >KBMBaJIEHT
Komnunsatop pomkeH BblgaBaTb OWMOKY, ecnu nMms nons nosensetcsa Gonee ogHOro pasa B UHMLMANM3aTope CTPYKTYPH.
OnuncaHne noBeAeHVs NPU  YTEHUW HEUHULMANWM3NPOBaHHBLIX MOMen CTPYKTypbl AaHo B naparpacde 8.22. YteHue
HEMHNLManu3npoBaHHbIX 3HAa4YE€HWIN 1 3aNUCb B HEAEWCTBUTENbHbIE 3arofoBKM.

8.16. Onepauun Hap 3aronnoBKamMm
[Insi 3aronoBkoB NOAAEPXMBAKOTCA TE Xe onepauuu, YTo U Anst CTpyKTyp. NpUCBOEHNE 3HaYeHWs1 3arofioBKy KOMUPYeT Takke
6uT validity. Kpome Toro, ans 3aronoBkoB NoaAepPXMBAOTCS yKa3aHHbIE HUXKE METOAbI.

- isValid() Bo3BpaLyaeT 3HaveHue buTa validity B 3aronoske;
- setValid() yctaHaBnuBaeT ans 6uta validity 3HayeHue true (npyMeHnMo nuws K I-value);
- setlnvalid() yctaHaBnmBaeT ans 6uta validity 3HauyeHue false (npyumeHrmMo nuwb K I-value).

BeipaxeHune h.minSizelnBits() onpepgeneHo gna nwb6oro h ¢ tunom header. 3HayeHWeM BbIpaxeHUs SBNSETCH CyMma
pasmepoB Bcex nonew h, npu atom nons varbit yuutbiBaoTcs ¢ pa3mvepom 0. BeipaxeHne h.minSizelnBits() asnsetca
KOHCTaHTOMW B MOMEHT komnunsumm un umeeT Tun int. BeipaxeHnne h.minSizelnBytes() noxoxe Ha h.minSizelnBits(), Ho
BO3BpaLLaeT obwuii pa3vep nomnev 3aronoska B 6aiTax C okpyrneHnem B GOnblUyi0 CTOPOHY, €Cnu pasmep 3arofioBka He
cofepXuT uenoro ynucna 6avtoB. h.minSizelnBytes() = (h.minSizelnBits() + 7) >> 3.

MopoGHO CTpyKTypaMm, 06bekT header MOXHO MHUMLMANU3NPOBaTb BblpaXKeHWeM co cnckom (8.11. Onepauuu Hag cnuckamm),
roe copepxartcsi BCe MOMs 3arofioBka B HY)XXHOM MOPsiAKe WM MHULManmu3aTopoM CTPyKTypbl (8.14. Onepauun Hag TUMNoM
struct). MHMUMaNM3NPOBaHHbIN 3arofoBOK aBTOMaTUYECKM CTAHOBUTCA AeNCTBUTENBHBIM.

header H { bit<32> x; bit<32> y; }

H h;

h={ 10, 12 };

h={y=12, x = 10 };

[lBa OOHOTUMHBIX 3arofioBka MOXHO CPaBHUTb HA PaBEHCTBO (==) unu HepaBeHCTBO (1=). 3aronoBku cYNTalOTCA pPaBHBIMU MpU
coBnageHuun 3HayeHu Bcex nonewn, Bkntoyas validity. B naparpade 8.22. YteHne HemHMUManmM3npoBaHHbIX 3HaYeHW 1 3anucb
B HEAEeNCTBUTENbHbIE 3arofloBK1 ONUCaHO NOBeAEeHME B CRyvyasix CYUTbIBAHUA NOMNErn HEMHULMANM3MPOBAaHHOrO 3arofioBka unu
3anncu B 3arofioBOK, KOTOPbIV He ABMSeTCA AeNCTBUTENbHbIM.

8.17. Onepauumn Hag CTEKOM 3arosioBKOB

CTek 3aronoBKOB SIBMSIETCS MaCCUBOM (bVIKCVIpOBaHHOFO pa3mMmepa C OAHOTUNHbLIMK 3aroJiloBKamMmu. ,D,eVICTBVITeJ'IbeIe AN1IEMEHTHI
CcTeka 3aronoBKOB He 00s3aHbl ObITb HenpepbIBHbIMU. P4 noggepxmBaeT Ha6op 0I'Iean,VIl7I ANA CTeKOB 3arosyioBKOB. Ctek
3aronoBkoB hs Tuna h[n] MOXHO onncaTb NpuBeeHHbIM HMXEe NceBaoKoa0M.

bit hs_t {
bit<32> nextIndex;
bit<32> size;
h[n] data;

}

hs_t hs;

hs.nextIndex = 0;

hs.size = n;

MNHTYUTUBHO CTeK 3arofioBKOB MOXHO MPEeACTaBUTb Kak CTPYKTYpY, CodepXallyto OObl4HbIA MacCWB 3arofioBkoB hs v cueTumk
nextindex, KOTOpbI MOXET CRyXUTb ANA YNPOLEHWS CO34aHWs aHanu3aTopoB AfS CTEKOB 3arofloBKOB, KaK OMUCAHO HWXeE.
CyeTumk nextindex nHmunanmanpyetcs sHadeHunem 0.

[ns cTeka 3aronoBkoB hs pasmepomM n NpUBEAEHHbIE HUXKE BblpaXXeHns byayT AeNCTBUTENbHBI.

- hs[index] ykasbiBaeT 3aronoBOK B KOHKPETHOM MO3vuun BHYTpuW cTeka. Ecnu hs aBnsetcsa Il-value, pesynbTtart Takke
Oynet l-value. 3aronoBok MoxeT OblITb HedenWcTBUTENbHbIM. HekoTopble peanusauuy moryT TpeboBaTtb, 4TOOBI
BblpaxeHue index 6bIno M3BeCTHO npu komnunsAumn. Komnunatop P4 gomkeH BbigaBaTb OWMOKY, ecnn 3HaveHue
MHOEeKca Mpy KOMMUAALMK BbIXOAMT 3a pamku. [locTyn K cTeky 3aronoBkoB hs mo mHaekcy meHble 0 wnu 6onblue
hs.size Bo3BpallaeT HeonpeneneHHoe 3HadeHne (8.22. YUTeHve HeVMHWLManNM3MpPOBaHHbIX 3HAYEHUA W 3anucb B
HegencTBUTENbHbIE 3arofoBKM).

- hs.size - Bo3BpawaeT 32-6utoBoe uenoe uucrio 6e3 3Haka, YKas3biBaloLllee pasMep CTeka 3arosioBkoB (KOHCTaHTa B
MOMeHTKOMHMHHHMM)

- MpuceamBaHve 13 cTeka 3aronoBkoB hs B Apyron ctek TpebyeT, uToGbl oba cTeka UMenu OAWMH TUM U pasmep.
KonupytoTca Bce kOMNOHeHTbI hs, Bkntovas ero anemeHTsbl, 6utsl validity n nextindex.
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Uto6bl Nnomoyb nporpaMmmcTaMm cosfgaBaTh aHanu3aTopbl AN CTEKOB 3aronoBkoB, P4 Takke npegnaraet onepauum ¢
aBTOMATUYECKUM MPOXOXAEHVNEM CTEKA S1IEMEHTOB NMPU CUHTAKCUYECKOM aHanmse.

- hs.next MoXxeT NnpuUMeHATLCA TOMbKO B aHanmMsaTopax M AaeT CCbIIKy Ha arnemeHT cTteka ¢ unHaekcom hs.nextindex.
Ecnn nextindex He MeHblUue pasmepa cCTeka, pe3ynbTaToM OLEeHKM OydeT nepexop B COCTOsIHME reject ¢ oLmbKomn
error.StackOutOfBounds. Ecnu hs siBnsieTcs I-value, nHgekc hs.next Takke bygert I-value.

- hs.last MOXeT NpUMeHATLCS TONBKO B aHanu3aTopax W AAeT CChINKy Ha aneMeHT cTeka ¢ uHaekcom hs.nextindex - 1,
ecrnn Takow anemMeHT umeeTcsa. Ecnmn nextindex meHble 1 vnu npeBblllaeT pasMep, pe3ynbTaToM OLEHKM OyaeT
nepexon B cocTosiHue reject ¢ ycraHoBkon owmnbku error.StackOutOfBounds. B otnuume ot hs.next ccbinka Hukoraa
He siBnseTtcs |-value.

- hs.lastindex MoxeT npumeHsATbCA TONbKO B aHanusatopax W gaet 32-6uToBoe uernoe 4yucno 6e3 3Haka, KOTopoe
npeactasnsdet mHaekc hs.nextindex - 1. Ecnu nextindex = 0, oueHka BblpaxeHwe BedeT K HeonpegerneHHOMY
COCTOSIHUIO.

B pononHeHne P4 npepgnaraet HECKOMbKO onepauuii, KOTOpble MOXHO MCMOMb30BaTh A1 MaHMNYNAUUA ¢ BEPLUMHON U AHOM
cTeka.

- hs.push_front(int count) cmewaer hs «BnpaBo» Ha count W nepBble count 3MeMEHTOB CTaHOBSATCS
HeAeNCTBUTENbHBLIMY, a NocneaHue count anemMeHToB cTeka oTbpackiBatoTcs. CueTunk hs.nextindex yBenmumBaeTtcs
Ha count. AprymeHT count AOmKeH ObITb NOMOXUTENBHBIM LieNbiM YUCIOM, U3BECTHBIM MPU KOMAMMAUMK. PesynbTar
nmeeT TMn void.

- hs.pop_front(int count) cmewaeT hs «BneBo» Ha count (T. e. anemeHT count konupyetcs B anemeHT 0). MNocneaHue
count cTaHOBATCA HegenCcTBUTENbHbLIMM, cHeTuunk hs.nextindex ymeHbluaeTcsa Ha count. AprymeHT count AomKeH ObiTb
NONOXUTENbHBLIM LieNbIM YACIIOM, U3BECTHBIM NpK KOoMNUNauun. PedyneTtat umeeT Tun void.

MpuBeaeHHbIV HUXe NceBaokoa onpeaenseT nosegeHue push_front u pop_front.

void push_front(int count) {
for (int i = this.size-1; i >= 0; i -= 1) {
if (i >= count) {
this[i] = this[i-count];
} else {
this[i] .setInvalid() ;
}
}
this.nextIndex = this.nextIndex + count;
if (this.nextIndex > this.size) this.nextIndex = this.size;

}

void pop_front(int count) {
for (int 1 = 0; i1 < this.size; i++) {
if (i+count < this.size) {
this[i] = this[i+count];
} else {
this[i].setInvalid() ;
}
}
if (this.nextIndex >= count) {
this.nextIndex = this.nextIndex - count;
} else {
this.nextIndex = 0;

}

}

[lBa cTeka 3arofioBKOB MOXHO CPpaBHWUTb Ha pPaBEHCTBO (==) nnn HepaBeHCTBO (!=) nnulb B TOM cChny4dae, Korga OHU UMeT
ANneMeHTbl OOHOro TMna un coBnagaroT No pasmMepy. [lBa cTeka cuMTalOTCs OOWHAKOBbLIMM, €CIM BCE WX cooTBeTCTBYyHOLWNE
ANeMeHTbl paBHbl OPYr Apyry. 3HaueHune nextindex He y4nTbiBaE€TCA Npu NpoBepke paBeHCTBA.

8.18. Onepauuu Hapg o6 beAUHEHUAAMIN 3arofioBKOB
MepemeHHasn, o6baABNEHHAs C TUMOM UNION, UICXOQHO HEAENCTBUTENbHA, HAanpuMep

header H1 {
bit<8> £;

}
header H2 {

bit<16> g;
}

header_union U {
H1 hl;
H2 h2;

U u;

370 Takke npeanonaraeT, YTO Kaxabii u3 3aronoskoB h1 - hn B obbeanMHeHUM 3aronoBKOB WMCXOAHO HeaencTBuTeneH. B
OTNn4Me OT 3arofloBKOB 00beaUHEHME HEBO3MOXHO MHULManmauposaTb. OagHako validity Ans o6beguHeHMs 3aronoBKOB MOXHO
0OHOBUTL NyTEM NpUCBaMBaHWSA OENCTBMTENBHOMO 3arofloBka OAHOMY U3 3NEMEHTOB O0beANHEHUS.

U u;

Hl my hl = { 8w0 };

u.hl = my hl;

MoxHO Takke NpUCBOUTb 06BEANHEHNIO CMMCOK 3NIEMEHTOB
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U u;

u.h2 = { 16wl };

UnNn yctaHoBuUTb OuTkl validity Hanpsamyto

U u;

u.hl.setValid() ;

Hl my hl = u.hl;

OTMETUM, YTO CUYUTbIBAHME HEMHULMANM3UPOBAHHOIO 3arofioBka AaeT HeonpedeneHHoe 3HayeHue, Aaxe ecnv 3arofioBOK
aencrteuteneH. bonee copmankeHo - ecnu U IBAsieTCA BbipaXeHueM Tvuna union U ¢ nonamu guanasoHa hi, ons maHunynagum
C U MOXHO UCMOMb30BaTh YKa3aHHbIE HMbKE onepaunn.

- u.hi.setValid() yctaHaBnuBaet B Gutax validity 3HadyeHune true gnsa 3aronoBka hi u false gna Bcex ocTanbHbIX, YTO
03HayaeT BO3BpaT HE3a4AHHOMO 3HAYEHWS NPU YTEHWUM 3TUX 3arONOBKOB.

- u.hi.setinvalid() - ecnu 6ut validity gna no6oro uneHa u MMeeT 3Ha4YeHue true, ANst HEro ycTaHaBNMBAETCS 3HAYEHMe
false, 4To 03Ha4YaeT BO3BpAT HE3a4aHHOIO 3HAYEHUS NPY YTEHWUU NOOOro 3arooBkKa.

MoxxHO cunTaTb npucBanBaHue 06beaANHEHNIO 3arofioBKOB

u.hi = e
OKBMBANeHTomMm

u.hi.setValid() ;
u.hi = e;
€CIn 3arosfioBOK € AENCTBUTENEH

u.hi.setInvalid() ;
B NPOTUBHOM Clly4yae.

PaspelueHbl onepaumu npucBanmBaHWs Mexay OLHOTUMHbIMK 0O6beanHeHUAMN 3aronoBkoB. NpucBavBaHne u1 = u2 konvpyet
noriHoe cocTosiHne obbeauHeHusa u2 B ul. Ecnu obbeauHeHne u2 OENCTBUTENbHO, B HEM WMeeTcss TOT UMM WHOW
OeNcTBUTENbHBLIV 3aronoBok u2.hi. [NpucBavBaHue Oypetr BecTn cebsa kak ul.hi = u2.hi. Ecnm u2 He saBnsetcs
AecTBUTEnNbHbIM, U1 CTaHEeT He4eNCTBUTENbHLIM (T. €. BCe AeNCTBUTENbHbIE 3aronoBku B U1 CTaHYT HeAeNCTBUTENbHbIMMN).

Mertog u.isValid() BosBpawiaeT true, ecnu gencTeuteneH nbow 13 anemMmeHToB 06beanHeHus u false - B ocTanbHbIX criyqasx.
MeTtogabl setValid() n setinvalid() He onpegeneHbl Ans o6beAMHEHNI 3aroNoBKOB.

MpenocTaBneHne BbipaXeHWs TUNa union Ans Bblgady (emit) BegeT K Bblgavye €AMHCTBEHHOTO OEWCTBUTENBHOMO 3arosioBka,
ecnn Takon wumeeTcs. Hwke npuBedeH npuMMep WCMNOMNb30BaHWS OObEAMHEHWs 3arofioBKOB Ansl  YHUMULMPOBAHHOMO
npeactaenexuns IPv4 un IPv6.

header_union IP ({
IPv4 ipv4;
IPv6 ipvé6;
}

struct Parsed packet {
Ethernet ethernet;
IP ip;

}

parser top(packet_in b, out Parsed packet p) {
state start {
b.extract (p.ethernet) ;
transition select(p.ethernet.etherType) ({
16w0x0800 : parse ipvi4;
16w0x86DD : parse_ ipvé;

}

state parse_ipv4d {
b.extract(p.ip.ipv4);
transition accept;

}

state parse_ipv6 {
b.extract(p.ip.ipv6) ;
transition accept;
}
}
MoxHO Takke ucnonb3oBaTb 06beAMHEHMS AN aHanusa (BbibpaHHbIx) onuunii TCP, kak noka3aHo HUXe.

header Tcp_option_end h {
bit<8> kind;

}

header Tcp_option _nop_h {
bit<8> kind;

}

header Tcp_option_ss_h {
bit<8> kind;
bit<32> maxSegmentSize;

}

header Tcp_option_s h {
bit<8> kind;
bit<24> scale;

header Tcp_option_sack_h {
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bit<8> kind;

bit<8> length;

varbit<256> sack;
}

header_union Tcp_option_h ({

Tcp_option_end h end;
Tcp_option_nop h nop;
Tcp_option_ss_h ss;
Tcp_option_s_h s;
Tcp_option_sack h sack;

typedef Tcp_option h[10] Tcp_option_stack;

struct Tcp_option_sack top {
bit<8> kind;
bit<8> length;

}

parser Tcp_option parser(packet in b, out Tcp option_stack vec)

state start {
transition select(b.lookahead<bit<8>>()) {
8w0x0 : parse_tcp_option_end;
8w0xl : parse_tcp_option_nop;
8w0x2 : parse_tcp_option_ss;
8w0x3 : parse_tcp_option_s;
8w0x5 : parse_tcp_option_sack;
}
}
state parse_ tcp option_end {
b.extract (vec.next.end) ;
transition accept;
}
state parse_tcp_option nop {
b.extract (vec.next.nop) ;
transition start;
}
state parse_ tcp option_ss {
b.extract (vec.next.ss);
transition start;
}
state parse_tcp_option_s {
b.extract (vec.next.s);
transition start;
}

state parse_tcp_option_sack {

bit<8> n = b.lookahead<Tcp_option_sack_top>() .length;

b.extract(vec.next.sack, (bit<32>) (8 * n - 16));

transition start;
}
}

{

[lBa OAHOTUMHbLIX OOBLEAMHEHUS 3arOfIOBKOB MOXHO CPaBHWUTb Ha paBeHCTBO (==) M HepaBeHcTBO (!=). O6GbeguHeHUsi
coBnajarT Torga v TOMbKo Toraa, Korga B HUX COBNadalT BCe COOTBETCTBYHOLWME nonsd (T. e., o6a HeAeUCTBUTENbHbI UMK B
060KX COOTBETCTBYIOLLNE INEMEHThI AENCTBUTENbHBI U 3HAYEHUS AENCTBMTENbHbLIX 3arofioBKOB COBMNaaatoT).

8.19. Bbi3oBbl MeTOAOB U (DYHKL NN

MeToab! n (byHKLI,VIM MOXXHO BbI3blBaTb C UCMOJ1Ib30OBAHNEM NOKAa3aHHOIo HMXXe CMHTaKcuca.

expression

| expression '<' realTypeArgumentList '>' ' (' argumentList ')'

| expression '(' argumentList ')'
argumentList

| nonEmptyArgList
nonEmptyArgList
argument
| nonEmptyArgList ',' argument
argument
expression
| name '=' expression
| DONTCARE

realTypeArgumentList
realTypeArg
| realTypeArgumentList ',' typeArg

realTypeArg
DONTCARE
| typeRef
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Mpn BbI3OBE YHKUMM UNN MeToda MOXET AOMNOMHMTENbHO YKa3biBaTbCA MMSA MnapameTpa Ans Kaxgoro aprymeHTa. He
AonycKaeTca MCNOoMNb30BaHMEM MMEH MWL ANS YacTu apryMeHTOB (BCE UMW HU OAHOro). AprymMeHTbl (DYHKLMIA OLEeHMBatoTCH
(BBIYMCNIAIOTCA) B MOPSIAKE MX YKa3aHMs crieBa Hanpaso [0 Bbi3oBa OYHKLUN.

extern void f(in bit<32> x, out bit<lé6> y);
bit<32> xa = 0;

bit<16> ya;
f(xa, ya);
f(x = xa, y = ya);
f(y = ya, x = xa);

Mpn BbI3OBax WMCMONb3yeTcs cornaweHue copy-in/copy-out (6.7. CornaweHns o Bbi3oBax). [Ons 6a3oBbix byHKUMA Tun
aprymMeHTOB MOXHO SIBHO yKasbiBaTb Npu Bbi3oBe yHKUuKM. KOMNUnaTop BCTaBnseT HeABHOE NpuBeAeHne ANA apryMeHToB in
B MeToAax M PyHKUMAX, OTMeYeHHbIX B pasgene 8.9. MNpuBeaeHne TvnoB. Tunbl BCEX OCTarnbHbIX apryMEHTOB AOIMKHbI TOYHO
coBnapatb ¢ Tnamu napameTpos.

BosBpallaemblit hyHKLMeh pe3ynbTaT oTGpackiBaeTcsl Npu Bbi30BE (PyHKLMW B Ka4ecTBe onepaTopa.

NoeHTudukatop _ (He MMeeT 3HauyeHUs!) MOXHO MCMONb30BaTb NULb B apryMeHTax out, koraa Bo3BpallaeMoe B aprymeHTe
3HayeHWe UrHopupyeTtcs B nocnegylowmx onepauusax. Mpy ucnonb3oBaHuM B 6a30BbIX (PYHKUMSX U METoAax KOMMUMATOP
MOXeT oTBepraTb NporpaMMmy, ecrivi OH He cnocoGeH BbiBECTH TUM AN aprymeHTa don't care ().

8.20. BbI30Bbl KOHCTPYKTOPOB
HekoTopble KOHCTpykuum P4 0603Ha4aloT pecypcebl, BbiAENAEMblE MPU KOMNUNAUMU. OTO BHELLHWE OOBbEKTbl, aHanm3aTopsbl,
Onoku ynpaenenusi u nakeTbl (package). BoiaeneHne Takmx 06BbEKTOB MOXET BbINOMHATLCS ABYMsi cnocobamu:

- BbI30B KOHCTPYKTOpa, ABMSIOLLErocs BblpaXKeHWeM, KOTOpoe BO3BpallaeT 06beKT COOTBETCTBYHOLLENO TUMA;
- WCMonb30BaHWe MHMLMATOPOB, Kak onucaHo B naparpadge 10.3. Co3aaHne ak3eMnnsipos.

CVHTaKcUC BbI30Ba KOHCTPYKTOPA MOXOX Ha BbI30B (DYHKUMWM M MOXET BKMOYATb MMEHOBaHHbIE aprymMeHTbl. KOHCTpYyKTOpbI
MOMHOCTbLIO OLIEHMBAKOTCA (BblUMUCTSOTCS) Npu kKomnunsiumm (17. AGcTpakTHas MalumHa P4 - oueHka). MoaToMy Bce apryMeHThbl
KOHCTPYKTOpa [LOMKHbI GbITh BbIPAXEHUSIMM, BBIYUCASIEMbIMY BO BPEMST KOMMUIALMUN.

Hwxe npmBegeH npumep BbI3oBa KOHCTPYKTOpa AnAa yCTaHOBKU 3aBUCUMOIO OT nnatgopmbl CBONCTBA Tabnuubl.

extern ActionProfile {
ActionProfile (bit<32> size);

}

table tbl {
actions = { }
implementation = ActionProfile (1024) ;

}

8.21. Onepauuun Hag TMNamMu, 3agaHHbIMU type
ﬂ,ﬂﬂ 3Ha4YeHun c TUNnamMmun, 3agaHHbIMU KItO4eBbIM CJITOBOM type, noagepXxumBaeTca Nllb HECKOJ1bKO onepaumﬂ:

- npucesaunaHue |-value Toro xe Tuna;
- CpaBHeHMe Ha paBeHCTBO UITM HepPaBEHCTBO, eCln MCXOOHbIN TUN nogaepXmBaeT Takoe CpaBHEHUE,

- NpuBeAeHMWE K UCXOZHOMY TUMy 1 oGpaTHO.

type bit<32> U32;

U32 x = (U32)0;

U32 y = (U32) ((bit<32>)x + 1);
bit<32> z = 1;

bool b0 = x == (U32)z;

bool bl = (bit<32>)x == z;

bool b2 = x == y;

8.22. YteHne HeMHMUMaANU3NPOBaAHHbIX 3HAYeHUN U 3anNUCb B HeOAEeUCTBUTENbHbIE

3aroyioBKu

Kak oTmMe4deHo B naparpadge 8.17. Onepauun Hag CTEKOM 3arosfioBKOB, M00as ccbifika Ha areMeHT cTeka 3aronoBkoB hs[index],
roe index - U3BeCTHOEe BO BPEMsi KOMMNUMALMKN BblpaXeHne (KOHCTaHTa), AOMKHO NPMBOAUTL K OLIMBKE, eCrn MHAEKC BbIXOOAUT
3a npegenbl AvanasoHa. B atom naparpade Tawke onpefeneHo nosefeHve npu paboTe BbipaxeHuit hs.next n hs.last u
onucaHHoe 30ecb NOBEAEHME MMEET NPUOPUTET MO OTHOLLEHWIO KO BCEM MPOYMM OMUCAHUAM STUX BbIPAXKEHUN.

Bce ynomvHaHusi arieMeHTOB CTeka 3arofloBKOB B 3TOM Naparpade NpUMeHsIoTCs NULLb K BbipaxkeHusim hsfindex], roe uHaekc
ABNAETCS NepemMeHHON, onpeaensieMol B npouecce paboTsl, a He Npu komnunaumMn. Peanusauum P4 MoryT He nogaepxueatb
hs[index], roe nHaekc onpeaensieTcs NepemMmeHHoN BO BPeMsi BbINOMHEHUs!, HO NpY NMoaAepKKe TakX BbipaXKeHuii peanusaumm
crneayeT COOTBETCTBOBATb ONUCAHHOMY 30eCb NOBEAEHUIO.

B nepeuncneHHbIX Hke cnyvasx cHMTbiBaHWE 3Ha4YeHWs NpuBeaeT K UCNOMNb30BaHUIO B MONe He3afAaHHOW BEMNUYMHBI.
- Urtenue nonsa n3 HegencteutensHoro (invalid) 3aronoeka.

- UTeHne 13 0encTBMTENBHOMO 3arofioBka nonsi, He MHUUManmM3npoBaHHOIo, Korga 3arosfioBok ctan DEeNCcTBUTENbHbLIM.
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- UrteHne noboro Apyroro HeMHWLManNM3MpoOBaHHOIO 3arofioBka (Hanpumep, nond struct), HenMHMUMaNM3MpoBaHHOW
nepeMeHHoW B OEWCTBUM UMW SneMeHTe YynpaBlieHWs Wnu napameTpa 3a npejenaMy Bbl3BaHHOrO 3reMeHTa
yNpaBneHus uUnu AeicTBUsi, KOTOPOMY He Obifio MPUCBOEHO 3HAYeHWe B MpOLecce BbIMOMHEHUS AENCTBUS MK
3MemeHTa yrnpasfeHns (3TOT CNCOK He ABNSAETCS NCHEPMbIBAIOLLUM).

- YTeHune nons 3arosfioBka, KOTOPbLIN ABNAETCH 3NIEMEHTOM CTeKa 3arofloBKOB, rae UHOEKC BbIXOAMUT 3a npefernbl CTeka.

Bbisoe MeTopa isValid() Ana anemeHTa cTeka 3arofioBKOB C MHOEKCOM BHe [uanasoHa Bo3BpallaeT HeonpeaerieHHoe
noruyeckoe 3HayeHue (true unu false), Ho cneundukauma He TpebyeT onpeneneHHOro 3Ha4YeHUsl U Oaxe CornacoBaHHOCTM
3Ha4YeHMs1 MPU HECKOJSIbKUX TakuX Bbl3oBax. [lpvcBavMBaHMe BbIXOASALLEro 3a npeferbl CTeka 3arofloBKOB 3HAYeHUs OpYyromy
3aronoBky h BegeT K HeonpeaeneHHOMY COCTOSIHMIO h BO BCex NepeMeHHbIX 3arofioeka, Bkrodas 6ut validity.

Tam, rge YNOMMHaETCA 3aroflioBOK, OH MOXeT ObITb YNEeHoM header_union, 3MIEMEHTOM CTeKa 3arofioBKOB MIM OObIYHbIM
3aronoBkom. Takoe HeonpeaeneHHoe COCTOAHUE MOXKET OTNnn4aTbCA AnA pasHbIX onepal_u/u7| CUUTbIBAHUA.

0ns HeuHMUManM3MpoBaHHOrO MOMs UMM NEePeMEHHOW TWMa enum MMM error CYMTbIBaHWE Ha3a[aHHOTO 3HAYEHUS MOXET
NPMBOAUTL K OTMMYMIO OT 3HaYeHuid, onpefesieHHbIX Af1 3TOro Tuna. TakoMmy HeomnpegerneHHOMy 3HayYeHulo criegyeT no-
npexHemMy BecTu K npefckasyeMomy MOBedeHUI0 B criydasix, korga byaeT noaxoauTb nioboe AercTBUTESIbHOe 3HadeHue.
Hanpumep, cnegyeT coOTBETCTBOBATL B MPUBEAEHHbLIX HUXKE CrydasX.

- NMpw ncnonb3oBaHuK B BbipaxxeHuu select cnegyeT cootBeTcTBOBaTH default unv _ B BbipaxkeHUn Habopa KIouen.

- [pu ncnonb3oBaHuM B KayecTBe kntoya ¢ TponyHbiM match_kind B Tabnuue cnegyeT cooTBeTCTBOBaTh 3anucu, raoe
Bce 6uTbl nonst umetoT conar don't care.

- Mpwu ncnonb3oBaHun B kadectBe kntoya match_kind Ipm B Tabnvue cnenyeT cooTBeTCTBOBaThH 3anucu, rae none
mmeeT npedukc pasmepom 0.

PaccmoTtpum cutyaumio, rge header_union u1 BkniovaeT ul.h1 un ul1.h2, a B gaHHom Toudke nporpammbl ul.h1 gasnsertca
aencrteutenbHbiM, u1.h2 - HegencTBuTenbHbIM. [py NonbITke 3anucu B nNone HeaewcTBUTENbHOro 3aronoBka ul.h2 moxer
n3MeHnTLCH noboe (Mnu Bce) none AencTentensHoro 3aronoska ul.h1. Takasa 3anncb He JomkHa MeHATb validity kakoro-nu6o
13 4neHoB Ul unu gpyrue coCcTosHus, onpeaerieHHble B AaHHbIA MOMEHT B CUCTEME, HE3aBUCUMO OT MeCTa onpeaeneHns 3Tmx
COCTOsIHWUIA. [Npu BbINOMHEHUM NOOOro 13 AeNCTBUNA:

- 3anucb B Morie HeJenCcTBUTENBHOMO 3aronoBka (0ObIYHOrO UM 3NeMeHTa CTeka C UHAEKCOM B npefernax guanasoHa),
He BXoAsaLero B o6beanHeHne 3aronoBKOB;

- 3arnncb B 3J1EMEHT CTeKa 3aroJioBKOB C MHOEKCOM 3a npeaenamMmu gnanasoHa;

- BbI3oB MeToAa a method setValid() unu setinvalid() ona anemeHTa cTeka 3aronioBKOB C MHAEKCOM 3a npeaernamu
JunanasoHa;

He OOMMKHO MEHSATbCS Kakoe-NMbo M3 onpeferneHHbIX B CUCTEME COCTOSIHUA HU B MONSIX 3arofioBKOB, HU rae-nvbo ele. B
YacTHOCTM, MNPV BOBMEYEHWM B 3anMCb HeOEWCTBMTENbHOrO 3arofioBka OH [OIMKEeH OocTaTbCs HeaoeNcTBUTENbHbIM. Jltoboi
3anuncy B nonst HeeMcTBUTENbHOMO B AaHHbI MOMEHT 3arofioBka Uinn B 3IEMEHT CTeKa 3arofioBKOB C MHAEKCOM 3a npeaenamu
AvanasoHa paspelleH0 MEHsiTb COCTOSIHUSI C  HEeomnpederneHHbIMM  3HayYeHusiMM  (Hanpumep, 3HayeHust nonen B
HeaeNCTBUTENbHbIX 3arofoBKax).

[nsa aHanu3aTopa unu anemeHTa BEPXHErO YPOBHS B apXUTEKType OT STON apXMTEKTypbl 3aBUCUT 3aaHue napameTpoB in unu
inout, koTopble ByAyT MHULMANU3NPOBATLCS MPY BbI30OBE 3NIEMEHTA YNpaBneHusi, YCIOBWIA, NPU KOTOPbIX ByAeT BbINONMHATLCS
VHULMaNM3aums, 1 3Ha4yeHns Ana MHULManu3aumm, ecny oHa BbINOMHSETCS.

8.23. MHMLWIanI/I3aL|,I/IS| C NPUHATBIMU NO YMOJTHAHUIO 3HA4YEeHUAMU

3HayeHus |-value MOXHO MHMLUMaNM3npoBaTb aBTOMATUYECKM MPUHATLIMU MO YMOMYaHUIO 3HAYEHUSIMWU NOAXOASALLEro Tuna C
ucnonb3oBaHMemM cuHtakcuca ... (7.3. lNogpasymeBaemble 3HaudeHusi). 3HayeHus Tuna struct, header, tuple MmoxHO
WHMLManM3npoBaTb C WCMOMb30BAHMEM $SIBHO 3afaHHbIX W MOApPasyMeBaeMblX 3HaYeHWW, MNPUMEHSS HOTauuw ... B
MHMUManM3aTope BblpaXeHusi cnucka (He 3adaHHble ABHO nons 6yayT MHMUMAnNU3MpoBaHbl MPUHATLIMU MO YMOSYaHMIO
3HayeHusmm). Mpn nHnumanusauun struct, header n tuple ¢ YacTM4HbIM 3ag4aHNEM 3HAYEHUI ... HYXHO pasMellaTb B KOHUE
WHUUManu3aTtopa.

struct S {
bit<32> b32;
bool b;

}

enum int<8> NO {

one =1,
zero = 0,
two = 2

}

enum N1 {
A, B, C, F
}

struct T {
S s;
NO nO;
N1 nl;
}

header H {
bit<16> f£1;
bit<8> £2;
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NO nO = ;

Nl nl = ...;

Ss0O=...;

Ssl={1, };

S s2 = { b = true, };
T t0 = ...;

Ttl={s-= ’ }s
T t2 = { s = };
tuple<NO, N1> p = { };
T 3 = { ., n0 = 2};
Hhl = ...;

H h2 = { £2=5, ... };
Hh3 ={ ...1};

9. O6bsieneHue pyHKUuUU

¢yHKuMM MOryT 00BbABNATECS NUWb Ha BEpXHEM YpOBHE M BCe€ napamMeTpbl AOJIKHbl MMETb HanpaslieHue. Asbik P4 He
no3BondeT onpenendatb pekypCuBHble (byHKLIMVI.

functionDeclaration
functionPrototype blockStatement

’

functionPrototype
typeOrVoid name optTypeParameters ' (' parameterList ')'

Hwxe npvBeaeH npumep dyHKUMKM, BO3BpaLlatoLlen 6onbluee 13 AByx 32-6UTOBbIX 3HAYEHUI.

bit<32> max(in bit<32> left, in bit<32> right) {

if (left > right)

return left;

return right;
}
DyHKUMM BO3BpALLAOT 3HayYeHVMe C NOMOLLb0 ornepartopa return. dyHKUMA, Bo3Bpallalowas Tmun void MoXeT MChnonb30BaTb
return 6e3 aprymeHTa, ocTanbHble (YHKUMM OOMMKHbI BO3BpallaTb 3HA4YeHWe MnoaxoAdswero Tuna npu BCEX BO3MOXHbIX
BapuaHTax UCNOJTHEHUA.

10. O6BsiesIeHUe KOHCMaHM U rnepeMeHHbIX

10.1. KOHCTaHTHI
,D,J'Iﬂ onpegeneHna KOHCTaHT NpuMeHaeTCcqa rnokasaHHbIN HUXKEe CUHTaKCUC.

constantDeclaration
optAnnotations CONST typeRef name '=' initializer ';'

’

initializer
expression

Takoe obbaBneHne BBOOUT KOHCTaHTY CO 3Ha4YeHWEeM ykasaHHOro tuna. Hmke npuBegeHoO HECKONBKO KOPPEKTHBIX 00 BbABNEHUI.

const bit<32> COUNTER = 32wO0xO0;
struct Version {

bit<32> major;

bit<32> minor;

}

const Version version = { 32w0, 32w0 };
BblpameHme MHUUmManunsaTopa AOJIHKHO ObITb M3BECTHO B MOMEHT KoMnunnauunun.

10.2. NepemeHHbIe
JlokanbHble nepemMeHHble 00BbABNAKTCA C TUMOM U MMEHEM, a TaKXke MOryT yka3biBaTb MHULUMaNM3aTop N aHHOTauuio.

variableDeclaration
annotations typeRef name optInitializer ';'
| typeRef name optInitializer ';'

optInitializer

| '=' initializer

OObsABNEHUS NepeMeHHbIX 0e3 MHMUManM3aTopa He UHULMANU3NPYTCs (3@ UCKITIOYEHNEM 3arofioBKOB U CBSI3AHHbLIX C HUMM
TMMNOB, KOTOPbIE MHULMANU3NPYIOTCS Kak HegencTBuTenbHble (invalid) Tak xe, Kak onucaHo ons napameTpoB out B naparpade
6.7. CornawueHus o Bbl3oBax). SA3blK BHOCUT HEKOTOPbIE OFPaHNYEHUS Ha TUMbl NEPEMEHHBIX - MOXHO MPUMEHSATb BOMNLLUNMHCTBO
TMnoB P4, koTopble MOryT ObITb 3anucaHbl ABHO (Hanpumep, 6a3oBble Tunbl, struct, header, ctekn 3aronoskos, tuple). OgHako
HEBO3MOXHO OObBSABUTL MEPEMEHHbIE TUMOB, KOTOpbIE CUHTE3NPYLOTCA KoMnunsATopoM (Hanpumep, set). Kpome Toro,
nepemMeHHble TUMNOB parser, control, package, extern pomkHbl 00bSBNSATLCA € uMHUMUmanu3atopoM (10.3. CospaHuve
ak3emnnsApoB). CunTbiBaHWME 3HAYEHUs] HEWHULMANU3NPOBAHHOM NEepeMeHHOW [JaeT HeonpedeneHHbl  pesynbTar.
Komnunsitopam crnegyeT nbiTaTbCs AETEKTUPOBATL TakMe CUTyauun 1 BbiaaBaTb NPeaynpexaeHus.

Hwxe nepeuncneHbl mecta B nporpammax P4, rae moryt o6bABnATLCA NepeMeHHbIE.

- onepatop block;

45 www.protokols.ru



https://www.protokols.ru/

SHUMKIIoNneausi ceTeBbIX NPOTOKOSOB MepeBop cneuyudukaum P4_16 v1.2.1
- COCTOsIHMe aHanv3aTopa;

- Teno pgencreusa (action);

- Bnok ncrnonHeHust ynpaensoLero 6oka;

- CrMMXCOK roKanbHbIX 06 bABNEHUI aHaNM3aTopa;

- CNWCOK NoKarbHbIX 06bABNEHNI 3NIEMEHTA YNpaBneHusl.

[MepemeHHble nmeT NOKalbHYHO obnactb OencTeus u BeayTt cebs nogobHO co3gaHHbIM B CTEke nepemMeHHbIM C. 3HaueHve
nepeMeHHON HUKOraa He COoXpaHseTcsd MeXay Bbl30OBaMM BKIoYawouwlero ee 6noka. B uacTHocTw, nepeMeHHble He MOryT
NPUMEHATbCA ANA NoOAEPXKKN COCTOAHUA Mexy pa3HbIMU CETEBbIMU NMaKeTaMu.

10.3. Co3pnaHue aKk3emnnsapos
CosgaHne 3K3eMnnsApoB MOXOXe Ha OObABMNEHUE NepeMeHHbIX, HO OHO 3ape3epBMPOBaHO ANA TUMOB C KOHCTPYKTOPOM
(BHeLWwHWe 06beKTbI, BrIOKM yNpaBneHnsi, aHann3aTopbl U NakeThl).

instantiation
typeRef ' (' argumentList ')' name ';'
| annotations typeRef ' (' argumentList ')' name ';'

CosgaHne ak3emnnspa 3anucbiBaeTCA Kak BbI3OB KOHCTPYKTOpa C yKasaHWMeM MMEHW M BCerfa BbIMOMHAETCS BO BPEMS
koMnunsauun (17.1. MI3aBecTHble Npy KOMNUNALMKN 3HavYeHns). PesynbTtaTtoM CnyxuT co3gaHue obbekTa C ykasaHHbIM MMEHEM U
ero npuBa3ka K pesynbTaTy Bbi30Ba KOHCTPykTOopa. OTMETWM, 4TO aprymMeHTbl CO34aHusA 3K3emnnspa MOXHO 3agaBaTb
umeHamu. Hanprmep, aK3emnnap runoteTmyeckoro 6aHka CHETYMKOB MOXHO CO34aTb, KakK MOKa3aHo HUXe.

enum CounterType {
Packets,
Bytes,
Both
}
extern Counter {
Counter (bit<32> size, CounterType type);
void increment(in bit<32> index) ;

}

control c( ) {
Counter (32wl024, CounterType.Both) ctr;
apply { }

}

10.3.1. O2paHu4eHus1 Osisi cO30aHUsI IK3EeMIJIsIPO8 Ha 8EPXHEM YPOBHEe

Mporpammbl P4 He MoryT co3gaBaTb 3MIEMEHTbI YNPABNEHUS U CUHTaKCMYECKMe aHann3aTopbl B NakeTe BEPXHEro ypoBHs (top-
level package). 310 orpaHnyeHue HaueneHo Ha TO, 4To6bl obecneunTb pasmelleHne GONbLUMHCTBA COCTOSIHUA B CaMou
APXUTEKTYpe U1 nokarnbHOM 3N1eMeHTe ynpaBieHNA CUHTaKCUYEeCKoro aHanM3aTopa.limme npuBeneH npuMmep HeKOPpPeKTHOro
CO34aHuA aK3emnnapa.

control c( ) { }

c() cl;

OnemeHT ynpasneHusa ¢1 co3gaeTcsl Ha BEPXHEM YPOBHE, YTO HegonycTumo. OTMEeTUM, YTO 0OBbSABNEHNE HAa BEPXHEM YPOBHE
KOHCTaHT U co34aHMne 3K3eMnnAapoB BHELWHUX 00BEKTOB ABNAKTCA KOPPEKTHbIMU ﬂeVICTBMﬂMM.

11. Onepamopsbl

Kaxgbii onepatop P4 (kpome block) nomkeH 3aBepLuatbcs TOUKOM € 3anaTon (;). OnepaTopbl MOryT yKa3blBaTbCA BHYTPU:
- COCTOSIHWI aHanu3aTopa;
- GnokoB ynpaBneHus;
- Aencteun.

[ns pasmelleHns onepaTtopoB B KOHKPETHLIX MECTax MMEITCs orpaHnyeHus. Hanpumep, B aHanusatope He NoaaepXvMBatoTcs
YCrOBHbIE OMnepaTopbl, a onepaTopbl switch gonyckalTca Tonbko B 6nokax ynpasnexus. Huxe npeacrtaeneH obwui cnyyan
Ans 6noka ynpasneHus.

statement
: assignmentOrMethodCallStatement

| conditionalStatement

| emptyStatement

| blockStatement

| exitStatement

| returnStatement

| switchStatement

assignmentOrMethodCallStatement
lvalue '(' argumentList ')' ';'
| lvalue '<' typeArgumentList '>' '(' argumentList ')' ';'
| lvalue '=' expression ';'

Kpome Toro, aHanusatopam crnegyeTt nogaepxuBaTb oneparop transition (Section 12.5).
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11.1. OnepaTtop npucBamBaHuA

B onepartopax npuceamBaHUA (=) CHa4ana npoBepAaeTcA, OTHOCUTCA 1 NneBOoe BblpaXeHue K l-value, 3atem onpegenaeTca
3HayeHne NpaBoOro BbIPaXEHWUS W pe3ynbTaTr kKonupyeTca B I-value. pousBogHble Tunbl (Hanpumep, struct) konupytoTcs
PEKYpPCMBHO C KONMpOBaHMEM BCeEX nonen 3arofioBka, BKMN4Yas ouThI validity. rlpMCBaI/IBaHVIe He onpeaeneHo AnA BHELWHUX
06BbEKTOB.

11.2. NMycTon onepartop
MycTon onepatop umeeT Bug ; (HET onepauui).
emptyStatement

(]
’

’

11.3. OnepaTop 6noka

OnepaTtop 6noka ob6osHavaeTcs UrypHbIMU CKOBKaMM WM COAEPXKMT MOCIefoBaTeNbHOCTL ONEPATOPOB M OMpPeaeneHui,
BbIMOSIHSIEMbIX NO NopsiaKky. MNepemMeHHble, KOHCTaHTblI U 3K3eMMisApbl 06BHEKTOB, co3aaHHble B Groke, BUAHbI TOMbKO BHYTPU
aToro 6noka.

blockStatement
optAnnotations '{' statOrDeclList '}'

statOrDecllist

| statOrDeclList statementOrDeclaration

’

statementOrDeclaration
: variableDeclaration
| constantDeclaration
| statement
| instantiation

’

11.4. OnepaTop Bo3BparTa

Onepatop return HesameanuTenbHO NPepbIBaeT BbINONHEHNE AENCTBUSA, PYHKUMM unn 6noka ynpasneHus. OnepaTop return
He paspeluaeTcs UCnomnb3oBaTh B aHanu3atopax. B dyHkumax ¢ BosBpallaemblM 3Ha4eHWEM 3a onepaTopom return crnegyet
BblpaXXeHue, TUN KOTOpPOro AOSKEeH COOTBETCTBOBaTb 00bABMEHHOMY Tuny dyHkumu. Jliobble aencteus B ctune copy-out,
3agaHHble napameTpamu out mnu inout BO BKMKOYAOLWEM oOnepaTtop AeWCTBUM, (YHKUMM UMW 3NEMEHTE ynpaBleHus,
NpouCXoasT Nnocne BbINONHeHus onepartopa return (6.7. CornalueHns o BbI30Bax).

returnStatement
RETURN ';'
| RETURN expression ';'

’

11.5. OnepaTop BbIxoaa

OnepaTop exit He3amMeanuTenbHO npepbiBaeT BbINOJIHEHME BCEX BbINOJTHAKWMXCA B AaHHOE BpeMA OIoKOoB. ﬂpepuaaeTCH
TeKyLlee neﬂcmme (ecnm onepaTtop Bbi3BaH BHYTPpU action), TEKyLLl,VIVI ANeMeHT ynpaBneHna U BCe Bbi3blBakOLne UX. OnepaTop
exit Hernb3sa ncnonb3oBaTh B aHanusatopax un beHKLI,VIFIX.

JioBble gencTBuA copy-out, 3adaHHble NapameTpamu C HamnpaeneHnem out Unu inout BKMoYatoLLero onepaTop AeWCTBUSA UK
aneMeHTa ynpaBreHUs M BCEX Bbi3blBalOLMX €ro, BbIMNOMHATCA MOCcne BbIMNONHeHWst onepaTtopa exit (6.7. CornaweHus o
Bbl30BaXx.

exitStatement
EXIT ';'

’

11.6. YcnoBHbIW onepaTtop

B ycnoBHbIX onepaTopax WCNOMb3yeTcs CTaHOapTHbIM CUHTaKkCMC W CeMaHTWKa, MpUHATble B ApYrux  A3blkax
nporpammmpoBaHmns. OgHako ycroBHble BbipaXeHnst B P4 gomkHbl ObITb NOrMyeckMun (a He LenoyYncrneHHbIMK). YCnoBHble
onepaTopbl HEMb3s MPUMEHATb B CUHTAKCUYECKNX aHannsaTopax.

conditionalStatement
IF '(' expression ')' statement
| IF '(' expression ')' statement ELSE statement

Bo BNoOXeHHbIX KOHCTPYKUUSAX C YCrOBUsIMU else OTHOCUTCA K BHYTpeHHeMy (Haubonee Gnuskomy) onepatopy if, y kotoporo
HeT oneparopa else.

11.7. OnepaTop BbIGOpa

Onepatop switch MOXHO NPUMEHSATL TONMbLKO B Br10Kax ynpaBneHust.

switchStatement
SWITCH '(' expression ')' '{' switchCases '}'

;
switchCases

| switchCases switchCase

’
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switchCase
switchLabel ':' blockStatement
| switchLabel ':' // fall-through

’

switchLabel
: name
| DEFAULT

’

BeipaxeHne B onepatope switch gomkHO 6biTe pesynbTatom BeidoBa Tabnuubl (13.2.2. Beizos 6noka CL).

Ecnu 3a meTKoi onepaTopa switch HeT onepatopa 6roka, BbINOMHAETCS NepexoA K creaytower MeTke. OgHako Npu Hanuyum
onepatopa Grioka nepexof K crefylowen MeTke He MpoucxoauT. ATO OT/MYaeTcss OT onepaTopoB Bhibopa B C, rae ans
npeaoTBpaLLeHns nepexoaa K cregytollen Metke TpebyeTcsa break. [lonyckaeTcs oTCyTCTBUE AEUCTBUIA AN HEKOTOPbLIX METOK
n otcytctBue MeTku default. Ecnu B npouecce paGoTbl He HalOeHO COBMageHWin, NPOCTO MPOAOIKaeTCs BbINONHEHUe
nporpamMmbl. MoBTOpeHWe MeTkM B ornepaTope switch He gonyckaeTtcs.

switch (t.apply().action_run) ({

actionl:

action2: { }
action3: { }
default: { }

}

OTmeTtum, yTo MeTka default B onepaTtope switch ucnonb3yeTca Ans BbIMOMHEHUS TOrO WM MHOFO AEWCTBUS, HE3aBUCUMO OT
HaxoXaeHWs Unn oTCyTCTBUSA Ktova B Tabnuue. MeTka default He ykasbiBaeT oTCyTCTBME TabnuLbl M 3a4aHHOE MO YMOMYaHUIo
pencteue (default_action) BeinonHsetca. MeTka default (npu Hanuuun) gomkHa BbITe NocrnegHen.

12. AHanu3 nakema

B atom pasgerne onncaHbl KOHCTPYKUUU P4 oTHocswmecs k CUHTaKCM4YeCKOMY aHanuni3y nakeTos.

12.1. CocTosiHUA aHanM3aropa

CuHTakcuyecknin aHanusatop P4 onucbiBaeT KOHEYHbIV aBTOMAaT C OAHWM CTapTOBbIM W ABYMS (PMHaNbHbIMU COCTOSHUSMW.
HavanbHoe cocTosiHue Bceraa nmeHyetcs start. [1Ba dmHanbHbIX COCTOSIHWUA Ha3blBaloTCs accept (ycnelHbIi aHanus) u reject
(oTkas npu aHanmse). CocTosiHWe start sABnsieTcs 4acTblo aHanusaTopa, a CocTosHus accept u reject otnuyarTcs OT
COCTOSIHUWA, 3afaBaeMblX NPOrpPamMMWUCTOM, W JIOTMYECKM HaxoadaATcsa 3a Mpedenamu aHanusaTopa. Ha pucyHke 8 nokasaHa
obLwas cTpykTypa KOHeYHOro aBTomarta aHanusaTtopa (FSM).

[accept] [ reject J

PucyHok 8. Cmpykmypa FSM.

12.2. O6bsABNeHue aHanu3aropa
O6bsaABNEHNE CUHTaKCUYECKOro aHanu3aTtopa BK4YaeT uMA, CMUCOK MnapamMeTpos, HeobsA3aTenbHbIN CMUCOK napamMeTpoB
KOHCTPYKTOpPaA, JNoKallbHbl€ 3JIeMeHTbl 1 COCTOAHUA aHanmn3aTtopa (a TakXke gononHuTenbHble aHHOTaLI,VII/I).

parserTypeDeclaration
optAnnotations PARSER name optTypeParameters
' (' parameterlList ')'

’

parserDeclaration
parserTypeDeclaration optConstructorParameters
'{' parserLocalElements parserStates '}'

parserLocalElements

| parserLocalElements parserLocalElement
parserStates

parserState
| parserStates parserState

Onwncanne optConstructorParameters, nonesHbix Npu co3aaHnyM NapaMmeTpy3OBaHHbIX aHanuM3aTopoB, NPUBEAEHO B pasgerne
14. NMapameTpusaums.

B otnuume ot 06bsBREeHus Tuna aHanunsartopa, 06bsIBNEHNe camoro aHanusaTtopa He MOXeT ObITb 6a30BbIM. Hanpuwmep,
npuBeAEHHOE HXKe onpeaeneHne HegencTBUTENbHO.
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parser P<H>(inout H data) { }

MosTtomy npu ucnonb3oBaHUM B KOoHTeKcTe parserDeclaration npasuno cosgaHus parserTypeDeclaration He gomkHO faBaTb
napameTpbl TUNa.

B nobom aHanuaaTope OOMKHO NPUCYTCTBOBATb MO MEHbLUEN Mepe OfAHO cocTosiHue - start. He pa3speluaeTcs onpenenstb
HECKOMbKO COCTOSIHWIA C OHMM UMEHEM, a Takke He [OMNyCKaeTCcs siBHOE CO3[aHWe B aHanu3aTope COCTOSIHWIA C UMeHaMu
accept u reject - aTM COCTOSIHWSA NOTMYECKM OTNNYAIOTCA OT onpeaensemMblX NPorpaMM1CTOM.

O6bABNEHNsT COCTOSIHMI OnmMcaHbl HUxe. [Nepeld COCTOSIHUSIMM aHanmM3aTop MOXET TaKKe yKasblBaTb fOKaSbHLIE 3IEMEHTHI,
KOTOPLIMU MOTYT BbITb KOHCTaHTLI U NEPEMEHHbIE, a TakKe CO3AaHue 3K3eMMNNAPOB 0GBLEKTOB, KOTOPLIE MOTYT MPUMEHATLCS B
aHanmsartope. 3TO MOTYT BbITb 9K3EMIMIIAPbI BHELIHMX OGBEKTOB MW APYrne aHanmsaTtopsbl, Bbi3biBaeMble Kak NnoanporpaMmbl.
OpfHako He gonyckaeTcs cosdaHue B aHanuaaTope 6r0KOB ynpaBneHus.

parserLocalElement
: constantDeclaration
| variableDeclaration
| valueSetDeclaration
| instantiation

Mpumep ¢ nonHbIM 06bsABNEHWEM aHanusaTopa npusefeH B naparpade 5.3. MNMonHas nporpamma VSS.

12.3. A6cTpakTHas MallMHa CUHTaKCUMYeCKOro aHanu3a

CeMaHTUKy CMHTaKCMYecKoro aHanmsatopa P4 MOXHO Bbipa3nTb Yepe3 abCTPaKTHYH MaLLMHY, MaHUMYMPYHOLLYH CTPYKTYPOWR
AaHHbIX ParserModel. Hmxke ata malumHa onucaHa nceBgokoaom. BeinonHeHne aHanu3aTtopa Ha4nHaeTCa U3 COCTOAHUA start n
3aBepLuaeTca no AOCTUXKEHUN COCTOAHUA reject nnn accept.

ParserModel {
error parseError;
onPacketArrival (packet p) {
ParserModel .parseError = error.NoError;
goto start;
}
}
ApxuTekTypa AOMmKkHa 3agaBaTb MNOBeAEHWEe Mpu OOCTMKEHMM COCTosHWMW accept w reject. Hanpumep, mMoxHO 3agaTb
oTbpacbiBaHMe BCeX NakeToB MO AOCTWMKEHUN COCTOsHUS reject 6e3 ganbHeviwen obpaboTkun. Apyrum BapmaHTOM MOXeT ObITb
nepegaya Takux NakeToB criegyloLemMy 3a aHanusaTopoM GnoKy C BHYTPEHHUMW MeTagaHHbIMU, MOKa3blBaIOLWMMN COCTOSTHNE
reject n NpuynHy ero.

12.4. CocTosiHMA aHanu3aropa
CocTtosiHus aHanun3aTtopa obbaBnATCA B Buae
parserState
optAnnotations STATE name
'{' parserStatements transitionStatement '}’

’

Kaxxgoe coctosiHMe uMMmeeT uMMsi M Teno, COCToslllee W3 nocrnenoBaTefibHOCTM OMnepaTopoB, OMUCHIBAKOLLNX 06pa60TKy,
BbINOJIHAEMYIO NPU nNepexone aHanun3atopa B JaHHOE COCTOAHME, BKIKO4Yada:

- 00bsABMNEHNS NoKanbHbIX NEPEMEHHbIX;
- onepaTopbl NpUCBanBaHUs;
- Bbl30Bbl METOAOB, BKIOYas:
- BbI30BbI DYHKLMI (Hanpumep, Ans NPOBEPKN OENCTBUTENBHOCTU YXKe NPOaHanmM3npoBaHHbIX AaHHbIX);

- Bbl30Bbl METOOOB (Hampumep, M3BMEeYeHWe AaHHbIX U3 MakeTa WAM pacyeT KOHTPOMbHOW CyMMbl) U OpPYrnx
aHanusatopos (12.10. CybaHanusaTtopsbl);

- nepexofbl B gpyroe coctosiHme (12.5. Onepatopbl CMEHbI COCTOAHMA (Nepexoaa)).
CuvHTakcnc onepaTopoB aHanusaTopa UCMonb3yeT NPUBEAEHHYIO HUXKE rpaMmMaTyKy.

parserStatements

| parserStatements parserStatement

’

parserStatement
: assignmentOrMethodCallStatement
| directApplication
| variableDeclaration
| constantDeclaration
| parserBlockStatement
| emptyStatement

’

parserBlockStatement
optAnnotations '{' parserStatements '}'

ApXUTEKTYpa MOXET BHOCUTb OrpaHNYeHns N5 BbIPAXXEHUIA 1 ONepaTopoB B aHanu3atopax. Hanpumep, MoxeT 3anpeluaTbcs
MCMosnb3oBaHWe Taknx onepauui, Kak yMHOXEHNE UM OrPaHNYMBaTLCS YMCIO UCMOMb3YEMbIX NIOKarnbHbIX MEPEMEHHbIX.

B ParserModel onepatopbl B TOM UM MHOM COCTOSIHMM BbINOSIHAKTCSA NOcneaoBaTenbHo.
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12.5. OnepaTopbl CMeHbl COCTOAAHUA (Nepexoaa)
MocnegHum onepaTtopoM B COCTOAHUN aHanM3aTopa ABNAeTCA Heobs3aTeNbHbIN onepartop transition, I'IepeBO,CI,FlLLI,VIVI ANeMeHT
ynpaBsneHusl B UHOE COCTosIHME (BO3MOXHO, accept unu reject). CuHTakcuc onepaTopa transition nokasaH Huxe.

transitionStatement
| TRANSITION stateExpression

stateExpression
name ';'
| selectExpression

BeinonHeHne onpeatopa transition Bbi3biBaeT oueHKy (BbluMcneHune) stateExpression u nepexod B COOTBETCTBYHOLLEE
coctosiHue. B ParserModel cemaHTuky nepexoga MoxHO chopmannsoBaTh B BUae

goto eval (stateExpression)
Hanpwuwmep, onepatop

transition accept;
npepbiBaeT paboTy TekyLlero aHanMsaTopa He3aMmeanuTernbHbIM NEPEXOA0M B COCTOsSIHNE accept.

Ecnu Teno 6noka cocTtosHMIN He BKNOYAET onepartopa transition, nogpasymesaeTcs nepexoq B COCTOsSIHME reject.

12.6. BbipaxxeHns gnsa Bbioopa
Bblpa)KEHMe select BedeT K Bbl60py COCTOAHUA U NCNonb3yeT nokasaHHbIN HUXXE CUHTaKCUC.

selectExpression
SELECT ' (' expressionList ')' '{' selectCaselist '}'

selectCaselist

| selectCaselList selectCase

’

selectCase

keysetExpression ':' name ';'
selectCase

keysetExpression ':' name ';'

Ecnn B BblpaxxeHun select expressionList nmeeT Tun tuple<T>, kaxxgoe u3 BblpaxkeHUN keysetExpression JOMKHO MMETb TUM
set<tuple<T>>.

B ParserModel BbipaxeHue select

select(e) {
ks[0]: s[O0];
ks[1]: s[1];

ks[n-2]: s[n-1];
_ : sd;

}
MOXHO NpeAcTaBuUTb B BUAE NceBaokoaa

key = eval (e);
for (int i=0; i < n; i++) {
keyset = eval (ks[i]);
if (keyset.contains(key)) return s[i];

}

verify(false, error.NoMatch) ;

HeKOTOpre I'IJ'IaTd)OprI MOoryT Tpe6OBaTb, 4yTOoObI BCE BblpaXXeHnA keyset B select OblNN U3BECTHbI B MOMEHT KoMnnnauuun.
BupameHMﬂ keysetOHEHMBaDTCﬂ no nopaaky CBepxy BHU3, KakK NMOkKa3aHO B npuBegeHHOM Bbille ncesoKkoae. HepBoe n3
3HaveHunii keyset, Bkntovatowee MeTky select, obecneunT BbIGOp pe3ynbTUPYIOLLEro COCTOsSIHUS. Ecnu cooTBeTCTBYyHOLWEN
MEeTKN He Haﬁ,D,eHO, npu BbINONTHEHUN BO3HUKaAET oLmbka co CTaHAapTHbIM KOOOM error.NoMatch.

MpuBeaeHHbIN NpuMep npeanonaraeT, 4YTo Bce mMeTku nocne default unn _ He ncnonbayoTca. KoMnunsaTop B Takux crnyyasx
AOMKEeH BblAaBaThb npegynpexaeHne. 3TO NoKasbiBaeT BaXHOE pasnunyne Mexay BbipaxeHusmu select n onepatopamu switch
B APYruUX a3blkax, NOcKkonbKy keyset B BbipaxkeHusx select MoryT «nepekpbiBaTbCA».

TUNUYHLIM NPUMEPOM UCMONb30BaHUA select sBnseTca cpaBHEHWE HeOaBHO M3BMEYEHHOrO MOMs 3arofioBka C Habopom
KOHCTaHT, KaK Moka3aHo HuxKe

header IPv4_h { bit<8> protocol; }
struct P { IPv4_h ipv4; }

P headers;

select (headers.ipv4.protocol) {

8w6 . parse_tcp;
8wl7 : parse_udp;
accept;

}
select (p.tcp.port) ({
16w0 &&& 16w0xFC00: well known_ port;
other port;
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}
BoipaxeHne 16w0 &&& 16w0xFCO0 onuceiBaeT Habop 16-6uToBLIX 3HAa4eHun 1 0 B LWecTn cTaplumx buTax.

HekoTopble nnaTdopmbl MOryT nogaepxusaTb Habopbl 3HadeHu B aHanusaTopax (12.11. Habop 3HayeHun aHanm3atopa).
Ona napametpa Tuna T B Habope 3HayeHu Tunom Habopa byget set<T>. Tun Habopa 3Ha4yeHuin OOIMKEeH coBnagatb C TUMOM
Bcex Apyrux keysetExpression B AaHHOM BblpaXkeHUW select n Npy HanMuumu pacxoXxOeHUn KOMNUNATOp OOSKeH BblAaBaTb
owmnbky. B Habope 3Ha4YeHuIn OmKeH ncnonb3oBaTbest TUN bit<>, tuple nnu struct.

Hanpumep, 4To6bl Nno3sonuTe API nnockocTu ynpasneHns 3agaeatb nopTbl TCP B npouecce paboTbl, MOXHO UCMOMNb30BaTh

struct vsk t {

@mé%ch(ternary)

bit<16> port;
}
value_set<vsk_t>(4) pvs;
select (p.tcp.port) {

pvs: runtime_defined port;

other port;

}
MpuBepeHHbIn npumep nossonsieT API B npouecce paboTbl 3anonHutb Ao 4 pasHbix keysetExpression B value_set. Ecnn
value_set npuHumaeT B kadecTBe napametpa Tuna struct, APl moxeT mncnonb3oBaTb UMeHa nonew struct ona ykasaHus
obbekToB B Habope 3HayeHun. Tun coBnageHus anga nons struct 3agaetca aHHoTauuen @match. Ecnv aTa aHHoTauusa He
3agaHa ansa nong struct, npegnonaraetcs @match(exact). OanHovHoe none 6e3 TOYHOro coBnageHnst AOMKHO NOMELLATbCs B
struct camum nonem, xenaTensHO C aHHoTaumen @match.

12.7. Onepatop verify
OnepaTtop verify obecneumBaeT npocTyo ¢opmy 06paboTknm owmnboK M MOXET BbI3bIBATLCS MULIb W3 aHanM3aTopoB.
CUWHTaKcM4eckn Ucnonb3oBaHue onepaTtopa noxoXxe Ha BbI30B (byHKLIMM

extern void verify(in bool condition, in error err);

Ecnun nepBbiii aprymeHT MMeeT 3HaveHune true, BeIMOIHEHME onepaTopa He uMeeT NoboyHbIX addekToB. OgHaKo Npu 3HaYEeHUM
false onepaTop BbI3bIBaeT He3aMeanUTENbHLIA Nepexod B COCTOsHME reject ¢ mpepbiBaHWEeM aHanusa UM YyCTaHOBKOW B
parserError, cB3aHHOro ¢ aHanu3aTopomMm, 3Ha4deHus BToporo aprymeHTta. B ParserModel cemaHTuka verify umeet sug

ParserModel.verify (bool condition, error err) {
if (condition == false) {
ParserModel.parserError = err;
goto reject;

}

12.8. N3Bne4yeHne AaHHbIX

OcHoBHas 6ubnunoteka P4 BknioyaeT obbsiBNeHWe BCTPOeHHOro extern Tuna packet_in, npeactaBnsoWero BXxogHble nakeTbl
u3 cetn. ATOT TUN SBNSETCH O0CODObLIM M NONb30BaTENb HE MOXET SIBHO CO3[4aTb €ro 3K3emnnsp. ApxuTekTypa npeacraBnsier
oTAenbHbIV 3k3eMnnap packet_in npy co3gaHum kaxgoro ak3emnnsapa aHanusaTopa.

extern packet in {

void extract<T>(out T headerLvalue) ;

void extract<T>(out T variableSizeHeader, in bit<32> varFieldSizeBits);

T lookahead<T>() ;

bit<32> length();

void advance (bit<32> bits);
}
,D,J'Iﬂ n3Bne4YeHna OaHHbIX M3 NnakeTa, npencrtaBfIeHHOro aprymeHToM b Tuna packet_in, aHanns3aTop BbI3biBaeT MeTOoAbl
mn3snedvyeHnda ansa b. NmeeTcsa OBa BapuaHTa MeToda m3Bne4YeHuda - ¢ O gHMM aprymeHToM A5id 3arojioBKOB (bVIKCVIpOBaHHOI'O
pasMepa U Cc AByMA aprymeHtamun Onda 3arojioBKOB nepemMeHHOro pasmepa. |_|OCKOJ'Ibe 3TN onepaunn MOryt npmBoauTb K
OTKa3aM NnpoBepokK BO BpeMA pa60TbI, BbIMOJIHEHNE NX BO3MOXXHO JTALLb N3 CUHTaKCU4YEeCKNX aHannn3aTopoB.

I'Ip|/| n3Brie4yeHnn daHHbIX B CTPOKY GMTOB UNK LEenoe Yncrno I'IepBbIIZ OMT NakeTa NomeLlaeTcs B CTapLLIVIVI ouT.

HekoTopble nnatopMbl MOTYT BbINOMNHATL 06paboTky «Ha nety» (cut-through), T. e. HaunHaTb 06paboTky A0 TOro, Kak cTaHeT
M3BECTEH pa3mep nakeTa (NakeT elle He MPUHAT NOMHOCTLI). Ha Takmx nnaTtdopmax Bbi3oB meToaa packet_in.length() He
MOXET ObITb peanv3oBaH 1 NOMbITKA TakMX BbI30BOB AOMKHbI MOMEYaTbCs Kak owmnbkn (BO Bpems komnunaumm back-end vnum
npu NONbITKE 3arpy3ky CKOMNUIMPOBaHHOW nporpaMmMbl P4 Ha nnatdope, He NogaepXXmMBatoLLen 3T0T MeTos).

B ParserModel cemaHTuky packet_in MOXHO npeAcTaBuTb C MCNONb30BaHMEM abCTPaKTHOW MOAENN MaKeToB

packet_in {
unsigned nextBitIndex;
byte[] data;
unsigned lengthInBits;
void initialize (byte[] data) {
this.data = data;
this.nextBitIndex 0;
this.lengthInBits = data.sizeInBytes * §8;

}
bit<32> length() { return this.lengthInBits / 8; }

}

12.8.1. U3eneyeHue npu ¢hukcuposaHHOM pasmepe
MeTO/J, n3srnevyeHma ¢ OgHUM apryMmeHTom, HpMMEHHEMbIVI An4 3arofioBkoB CbVIKCMpOBaHHOFO pasmMepa, 00bsABNEH B cbopme

void extract<T>( out T headerLeftValue ) ;
BoeipaxeHune headerlLeftValue pomkHo oueHuBatbes B I-value (6.6. Boipaxenus pgns nesow 4yactu) Tuna header c
rKcUMpoBaHHbIM paaMepoM. [pu ycnelwHom BeinonHeHMn metoaa headerLvalue 3anonHsieTcs AaHHbBIMKU U3 NakeTa u Ans buta
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validity yctaHaBnmBaeTcs 3HaveHue true. MeToqg MoXeT NpMBOAWTL K OTKasaM, Hanpumep, Npu HexeaTke B nakeTe 6utoB Ans
3anonHeHus 3aronoBka. Hmke npveedeH oparMeHT nporpammbl AN n3sneveHuns 3aronoeka Ethernet.

struct Result { Ethernet h ethernet;
parser P(packet_in b, out Result r) ({

state start {

b.extract (r.ethernet) ;

}
}
B ParserModel cemaHTUKy u3Bne4YyeHuss C OOHUM aprymMeHTOM MOXHO NpeAcTaBuTb MNPUBEAEHHBLIM HWXE MCEBAOKOLAOM.
CneumanbHbln naeHtudukatop valid$ cnyxut ana ckpbitoro dnara validity, isNext$ - gna unHgukauum nonyyenus l-value c
ucnonb3oBaHueM next, a nextindex$ - Ans ykazaHusi COOTBETCTBYIOLLMX CBOWCTB CTEKa 3arofoBKOB.

void packet_ in.extract<T>(out T headerLValue) {

bitsToExtract = sizeofInBits (headerLValue) ;

lastBitNeeded = this.nextBitIndex + bitsToExtract;

ParserModel.verify (this.lengthInBits >= lastBitNeeded, error.PacketTooShort) ;

headerlValue = this.data.extractBits(this.nextBitIndex, bitsToExtract)

headerLValue.valid$ = true;

if headerLValue.isNext$ {
verify (headerLValue.nextIndex$ < headerlLValue.size, error.StackOutOfBounds) ;
headerLValue.nextIndex$ = headerLValue.nextIndex$ + 1;

}

this.nextBitIndex += bitsToExtract;

}

12.8.2. U3enedyeHue npu nepeMeHHOM pa3Mepe
M3BneyveHve c BYMsi apryMeHTaMu AN 3arofoBKOB NepeMeHHoro pasvepa oobsasnsetcs B P4 B opme

void extract<T>(out T headerLvalue, in bit<32> variableFieldSize) ;

BoeipaxeHune headerLvalue pomxHo ObITh |-value M nMpeacTaBnsTb 3aronoBOK C €AWHCTBEHHbIM nonem varbit. BeipaxeHne
variableFieldSize nomkHO oueHMBaTbCA B 3HayYeHue bit<32>, ykasbiBarollee 4nMcrno OMTOB, M3BMEKAEMbIX B YHMKANbHOE More
varbit nepemeHHon header (1. e. 310 He pa3mep 3arofioBka, a pasmep nons varbit). B ParserModel cemaHTuKy n3BneveHuns c
OBYMS apryMeHTamMmn MOXHO BbIpa3uTb NCeEBAOKOAOM, NPUBEAEHHBIM HUXE.

void packet_in.extract<T>(out T headerLvalue,
in bit<32> variableFieldSize) {

bitsToExtract = sizeOfFixedPart (headerLvalue) + variableFieldSize;
lastBitNeeded = this.nextBitIndex + bitsToExtract;
ParserModel.verify (this.lengthInBits >= lastBitNeeded, error.PacketTooShort) ;
ParserModel.verify (bitsToExtract <= headerLvalue.maxSize, error.HeaderTooShort) ;
headerlLvalue = this.data.extractBits (this.nextBitIndex, bitsToExtract)
headerlLvalue.varbitField.size = variableFieldSize;
headerLvalue.valid$ = true;
if headerLValue.isNext$ {
verify (headerLValue.nextIndex$ < headerlLValue.size, error.StackOutOfBounds) ;
headerLValue.nextIndex$ = headerLValue.nextIndex$ + 1;

}
this.nextBitIndex += bitsToExtract;

}

MpuBeaeHHbIN HWXe NpUMep nokasbliBaeT oAWH U3 cnocobos aHanusa onuun IPv4 nytem pasgeneHus 3aronoska IPv4 Ha aBa
oTaenbHbIX 06bekTa header.

header IPv4_no_options_h ({

bit<4> version;
bit<4> ihl;
bit<8> diffserv;

bit<16> totallen;
bit<16>identification;
bit<3> flags;
bit<13> fragOffset;
bit<8> ttl;
bit<8> protocol;
bit<16>hdrChecksum;
bit<32> srcAddr;
bit<32>dstAddr;

}

header IPv4_options_h {
varbit<320> options;

}

struct Parsed headers {
IPv4_no_options_h ipv4;

IPv4_options_h ipvdoptions;

}
error { InvalidIPv4Header }
parser Top(packet_in b, out Parsed_headers headers) ({

state parse_ipv4 {
b.extract (headers.ipv4) ;
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verify (headers.ipv4.ihl >= 5, error.InvalidIPv4Header) ;
transition select (headers.ipv4.ihl) {
5: dispatch_on_protocol;
_: parse_ipv4_options;

}
}

state parse_ipv4 options {

b.extract (headers.ipv4options,
(bit<32>) (((bit<l6>)headers.ipv4.ihl - 5) * 32));
transition dispatch_on_protocol;

}

12.8.3. lfpedeapumensbHbIt npocMomp

MeTtop lookahead, o6ecneunBaembliii abeTpakumei packet_in, oueHnBaeT Habop GMTOB M3 BxoasLlero naketa 6e3 ykasaTens
nextBitindex. Mogo6Ho extract, oH GyaeT nepeBoaMTL B COCTOSIHUE reject 1 Bo3BpallaTh ownbKy, ecnm B NakeTe HeJoCTaTOuHO
ouTtoB. Bbi3oB MeToga umeeT Bug,

b.lookahead<T>()
roe T gomxkeH GbiTb TMNOM PUKCUPOBaAHHOIO pasmepa. [pu ycnewHon oueHke lookahead Bo3BpalaeT 3HayeHve Tuna T. B
ParserModel cemaHTuka lookahead MoxeT BbITb BblpaXeHa NpUBEAEHHbIM HUXE NCEBAOKOLOM.

T packet_in.lookahead<T>() {
bitsToExtract = sizeof (T);
lastBitNeeded = this.nextBitIndex + bitsToExtract;
ParserModel .verify (this.lengthInBits >= lastBitNeeded, error.PacketTooShort);
T tmp = this.data.extractBits(this.nextBitIndex, bitsToExtract);
return tmp;
}
Mpumep ¢ onuusimm TCP u3 naparpada 8.18. Onepauun Hag o6beAVMHEHUSIMU 3arofiOBKOB TaKKe CMYXWT UNMocTpaumen K
npumeHeHuto lookahead.

state start {
transition select(b.lookahead<bit<8>>()) {
0: parse_tcp_option_end;
parse_tcp_option nop;
parse_tcp_option_ss;
parse_tcp option_s;
parse_tcp_option_sack;

OwN R

}

state parse_tcp_ option_sack {
bit<8> n = b.lookahead<Tcp_option_sack_top>() .length;
b.extract(vec.next.sack, (bit<32>) (8 * n - 16));
transition start;

}
12.8.4. [lponyck 6umoe

P4 obecneunBaet gBa crnocoba nponycka 6utoB BO BXOAHOM nakete 6e3 nepegayum ux B 3aronoBok (header). OamH cnoco6
3aKI04YaeTCs B M3BMEYEHNE B MEPEMEHHYIO _, SIBHO 32al0LLYy0 TN AaHHbIX

b.extract<T>(_)
OpyrMm cnocobom cnyxuT ncnonb3oBaHne Metoga advance, korga 4Mcno nponyckaembix 6utoB m3BecTtHo. B ParserModel
MeTo advance MOXHO Bblpa3nTb MPUBEAEHHBIM HUKE NCEBAOKOLOM.

void packet_in.advance (bit<32> bits) {

lastBitNeeded = this.nextBitIndex + bits;
ParserModel.verify (this.lengthInBits >= lastBitNeeded, error.PacketTooShort);
this.nextBitIndex += bits;

}

12.9. CTekun 3aronoBKoB
Crekun 3aronoBkoB MMEKOT ABa cBOWCTBa - next u last, koTopble MOXHO ucnone3oBaTb Npu aHanuse. Paccmotpum npumep,
onpegenswLnii CTek Ana NpeacTaBneHnst nakeTos, cogepxawmx oo 10 saronoskos MPLS.

header Mpls h {

bit<20> label;

bit<3> tc;

bit bos;

bit<8> ttl;
}
Mpls h[10] mpls;
BripaxkeHne mpls.next npeacrtasnset I-value tmna Mpls_h co ccbinkon Ha anemMeHT cTeka 3aronoBkoB. McxogHo mpls.next
yKasblBaeT MepBbl ANIEMEHT CTEKa N aBTOMaTUYECKM nepemMellaeTcs Bnepes npy KaXaoM yCnewwHoM U3BMeYeHnn 3aronoska.
CsovictBo mpls.last ykasblBaeT 3neMeHT, HEenoCPeACTBEHHO NPEeLIecTBYOWNA CcreaylolemMy, €ecnu Takon dnemMeHT
cywectsyeT. lNMonbiTka gocTyna Kk mpls.next npu nextindex He MeHbLLE pasMepa CTeka Bbi3blBAET MEPEXOA B COCTOsIHUE reject
and u owwmbky error.StackOutOfBounds. AHanoruyHo, nonbiTka goctyna k mpls.last npu nextindex = 0 BbI3bIBaeT nepexog B
cocTosiHue reject n ownbky error.StackOutOfBounds. Hwke npusegeH npumep NpocToro aHanusatopa Ans obpabotkm MPLS.

struct Pkthdr ({
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Ethernet_h ethernet;
Mpls h[3] mpls;

}

parser P(packet_in b, out Pkthdr p) {
state start {
b.extract (p.ethernet) ;
transition select(p.ethernet.etherType) {
0x8847: parse_mpls;
0x0800: parse_ipv4;
}
}
state parse mpls {
b.extract (p.mpls.next) ;
transition select(p.mpls.last.bos) {
0: parse_mpls;
1: parse_ipv4;

}
12.10. Cy6aHanusaTtopsbl

P4 nossonser aHanu3atopy wucnonb3oBaTb Apyrne aHanmsaTtopbl, nogobHo BbI3OBY noanporpamMm. Bbi3biBaeMbIn
cy6aHanmaaTop HY>XHO CHa4Yana nHmumanmn3mpoBaTtb, a 3aTeM ero ak3aemnnap Bbi3blIBaeTCA C NOMOLbIO MeToAa apply.

parser callee(packet_in packet, out IPv4 ipv4) { }
parser caller (packet_in packet, out Headers h) {
callee() subparser;

state subroutine {
subparser.apply (packet, h.ipv4);
transition accept;

}
}
CemaHTKKy BbI3oBa cybaHanusaTopa MOXHO onucaTh creayrowmm obpa3om (pUcyHok 9):

- COCTOsIHVe, Bbi3blBaloLlee cyGaHanMaatop 4enuTcsa Ha ABa NonycoCTOsHKSA B OrnepaTope Bbi3oBa aHanusaTopa;
- BepxHsAsA NOSoBUHA BKIOYAET nepexop B cocTosiHue start cybaHanusaTopa;
- cocTosHWe cybGaHanusaTopa accept BeeT K nepexoay B HUKHIOK MOMOBUHY TEKYLLEro COCTOSIHUS;

- COCTOAHNE cy6aHanM3aTopa reject nepesoaunT TeKyLLl,VIVI aHann3aTtop B COCTOAHME reject.

accept reject

Callee parser

accept reject

Caller parser

1
1
apply top i
1

apply bot J~_ pap
i
1

1
pUsh

Equivalent result
PucyHok 9. CemaHmuka ebi308a cybaHanuzamopy -
ceepxy UCXO00Hasi npoepamMma, CHU3Y 3K8UBaIeHm.
Mockonbky P4 TpebyeT 00bABNEHUS Nepes NCNONb30BaHNEM, HEBO3MOXHO co3AaTth (B3aMMHO) PEKYPCUBHbIE aHanM3aTopbI.

ApXxuTekTypa MOXeT (CTaTU4Yeckn Unu AMHaMUYeCKN) orpaHNYMBaTh YNCMO COCTOSHUIA, KOTOPbIE aHanM3aTop MOXET NpoXoanTb
npu pasbope naketa. Hanpumep, KOMAMNATOP ANS KOHKPETHOWM MnaTdopMbl MOXET OTBepraTb aHanm3aTopbl C LMKIIOM,
KOTOpbIA Henb3si pa3BepHyTb BO Bpemsi komnunsuuu. Ecnu aHanu3atop npepbiBaeT paboTy AUHaMU4YecKu B pesyrnbrate
ucyepnaHmua paspelleHHoro ans obpaboTkum BpemeHu, emy crnegyeT nepevtu B cocTosiHMe reject c  owwmbkon
error.ParserTimeout.

12.11. Habop 3Ha4YeHuN aHanu3satopa

B HekoTopbIX criyyasx 3HaveHus, onpedensiowme nepexos aHanM3artopa n3 OHOro COCTOSIHMA B APYroe, HYXXHO onpeaensaTb
BO BpeMs paboTbl. MPLS sBnsieTcs ogHMM 13 Npumepos, rae none Metku MPLS cnyxut ans onpegeneHus Toro, 4to crnegyet
3a terom MPLS n 310 oTOGpaxeHne MOXEeT MEHATbCA BO BpeMsi paboTbl. OAna nogaepkku Takow yHKUMOHanbHocTh B P4
ucnonb3yeTca Habop 3HayeHu aHanuaaTtopa (Parser Value Set) - nMeHoBaHHbIN Habop 3HaveHun ¢ API cpefbl BbINOMHEHWS
anst nobaBneHuss u yaaneHus anemeHToB. Habopbl 3HaYeHUn 0O6BbABMAIOTCA NokanbHO B aHanusaTope. 3HaveHus cnegyet
06bABNATL A0 CCbINKM Ha HUX B keysetExpression n oHM MOryT NpMMeHsTbCA B BblpaxeHusx select. CuHTakcnc oobaBneHns
nokasaH HUuxe.

valueSetDeclaration
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optAnnotations
VALUESET '<' baseType '>' '(' expression ')' name ';'
| optAnnotations
VALUESET '<' tupleType '>' '(' expression ')' name ';'
| optAnnotations

VALUESET '<' typeName '>' '(' expression ')' name ';'
Habopbl 3HayeHUIn NOOAEpPKMBAOT apryMEeHT Size, KOTOPbIA CMYXUT peKkoMeHOauMen KOMNWMATOpY Mo pe3epBUPOBaHMI0
annapaTHbIX pecypcoB Ansa Habopa, Hanpumep

value set<bit<16>>(4) pvs;
cosfaet value_set paamepa 4 ¢ 3anucamm Tuna bit<16>.

CeMaHTUMKa aprymMmeHTa size noxoxa Ha CEMaHTMKy OAHOMMEHHOro CBOMCTBa Tabnuupbl. Ecnvn Habop 3HadeHui MMeeT aprymeHT
size co 3HadyeHneMm N, 3TO pekoMeHayeT KOMNUNSTopy BblibpaTb peanu3aumio NIOCKOCTU OaHHbIX, CMOCOBHYH COXpaHsiTb
Habop n3 N 3HayeHuin. Habop 3HayeHuI aHanuaaTopa 3anofHAEeTCs NOCKOCTbIO YNPaBeHUs C MOMOLLbIO METOAOB, 3a4aHHbIX
B cneumdukauyun P4Runtime.

13. brioku ynpaeneHusi

AHaJ‘IVI3aT0pr P4 oTtBevaloT 3a u3BnevyeHne OGUTOB naketTa B 3aronoBKu (header), KOTOpble BMeCTe C MeTagaHHbIMA MOTyT
CNny>Xutb Ana MaHMI‘IyJ‘IﬂLI,MVI 6nokoB ynpaBneHua. Teno 6noka ynpaBneHuna npencraBnaeTt coboi TPaaAUUMNOHHYHO
nMnepaTnMBHyO nporpamMmmy. BHyTpVI Onoka MOTYT BbI3blBaTbCA 6noku Cﬂ ana I'Ip606pa3OBaHMFI AaHHbIX, npeacTtaBndeMble B
P4 KOHCTPYKUNAMMU, KOTOPbl€ HadblBakOT Ta6ﬂI/ILI,aMVI.

CuHTakcmnyeckn 6Gnok ynpaeneHna 3adaeTtca WMeHeM, napamMeTpamu, Heobs3aTeNbHbIMU napameTpamMmn TUNa WU
nocnenoBaTeNbHOCTbIO OO BSABNEHNS] KOHCTaHT, nepemMeHHbIX, newncTeuin, Tabnuuy 1 cosgaHns OPYrnx 3aKk3emMnnapos.

controlDeclaration
controlTypeDeclaration optConstructorParameters

'{' controlLocalDeclarations APPLY controlBody '}'

controlLocalDeclarations

| controlLocalDeclarations controlLocalDeclaration

’

controlLocalDeclaration
: constantDeclaration
| variableDeclaration
| actionDeclaration
| tableDeclaration
| instantiation

controlBody

blockStatement
B 6nokax ynpaBneHWss He [OOMyckaeTcsa  CO3fdaHWe  3k3eMnnsapoB  aHanu3atopoB. OnucaHve  napameTpoB
optConstructorParameters, KoTopble MOryT NPUMMEHSTBCA ANS CO34aHWsA NnapameTpu3oBaHHbIX OMOKOB ynpaBrneHus, AaHo B
pasgene 14. MapameTpmsauus.

B oTnnume oT 06bsBnEHW Tuna anemMeHTa ynpaBneHus, 00bsABNEHNA OnoKoB ynpasneHna He MOoryT ObITb 6a30BbIMU ©
npmuBeaeHHoOe HMXxe 06bsiBNeHne aBnseTcs HEKOPPEKTHbIM.

control C<H>(inout H data) { }

P4 ne nognepxmeaet WCKITIOYEHUI AnA NOoTOKa ynpasBlieHUA BHYTPU 3NTEMEHTOB YynpaBleHUA. E}J,VIHCTBGHHI:IM onepaTtopom,
mnverwmnm HenoKanbHbIN SCbeeKT Ana noToKa ynpaBlieHUA, ABNAETCA onepaTtop exit, He3amMmeanunTernbHO I'IpeprBal'OLIJ,VIVI
BbINMOJIHEHNE coaepXXallero ero onoka. T. e. 34eCb HET 3KBMBaAlleHTa onepartopa Verify NN COCTOAHUA reject B aHanusaTtopax.
MoaToMy Bce oLWMNGKM JOMKHbI ABHO 0BpabaTbiBaTbCs NPOrpamMmmon.

13.1. OencrBun

OenictBuamn HasbiBaloT parMeHTbl Koda, KOTOpble MOryT CuuTbiBaTbh M 3anucbiBatb obpabaTbiBaemble AaHHble. [enctus
MOTYT BKIHOYATb 3HAYEHMS OaHHbIX, KOTOPblE MOIYT 3anMCbiBaTbCSA MIOCKOCTBH YNPABMEHUS UM CYUTLIBATLCS MITOCKOCTLIO
AaHHbIX. [lecTBUS SBNSHOTCSH OCHOBHBIMU KOHCTPYKLMSMM, C NMOMOLLbIO KOTOPbIX NIIOCKOCTb YNPaBeHUA MOXET ANHAMUYECKN
BNMATb HAa NOBEAEHME NMOCKOCTM AaHHbIX. ABCTpaKkTHas Moaenb AENCTBMSA Noka3aHa Ha pucyHke 10.

actionDeclaration
: optAnnotations ACTION name ' (' parameterList ')' blockStatement

CVHTaKcMYeckn [OEeicTBME MOXOXEe Ha (YHKLUMIO, He BO3Bpallalwollyl 3HaveHus. [eictBus MoryT obbsBnsTbcA B Grioke
yrpaBrieHns 1 B 3TOM Crly4ae OHM AOCTYMHbI NULWb B AaHHOM 3k3emnnisipe 6roka ynpaeneHusi. O6bsiBreHne OecTBrUs MMEET
BUA

action Forward a(out bit<9> outputPort, bit<9> port) {
outputPort = port;
}
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data plane control plane

infinout/ouf directionless
parameters parameters

. . action
action action code
data

Pucyrok 10. Jeticmesusi ekmovarom ko0 (P4) u daHHble,
3adasaeMble M10CKOCMbO yrnpaersieHus. Hapamempb/
3a0aromcsi MNIoCKOCMb OaHHbIX.
MapameTpbl gencTena He MoryT umeTb Tun extern. He umelowme HanpasneHus napameTpbl AeNcTBus (Hanpumep, port B
npeablgylieM npuMepe) ykasbiBalOT «AdaHHble gencteusy. Bce Takue napameTpbl AOMKHbI yKa3biBaTbCsl B KOHLE cnucka
napameTpoB. [pn ncnonb3oBaHuu B Tabnuue Ch (13.2.1.2. encteus) 3Tm napameTpbl OyayT NpegocTaBnsiTbCsA NMITOCKOCTHIO
ynpaBsrneHus.

Teno OencTBusi COCTOMT M3 onepaTopoB U obbsBneHwin. OnepaTtopbl switch He gonyckalTcs B AeNCTBUAX - rpaMMmaTtuka
pa3speluaeT Ux, HO CEMaHTUYECKM NPoBepKaM criefyeT oTBepratb. HekoTopble NnaTopMbl MOTYT BHOCUTE AOMOMHUTENbHbIE
orpaHuYeHusl, HanpuMep, paspeLlaTb NULb NMUHENHBIN Kof 6e3 YCNOBHbIX ONepaTopoB U BblpaXKeHWIA.

13.1.1. Bbi3zoe delicmeus
ﬂ,eﬁCTBMﬂ MOTYT BbINOJTHATLCA OBYMA crnocobamu.

- HesasHo Tabnuuamu B npouecce obpaboTtku C[.

- 4BHO 13 6noka ynpaBneHus unu gpyroro aencteus. B obonx cnyvaax sHauyeHust Bcex napameTpoB AENCTBUS OOMKHbI
ObITb 3a4aHbl ABHO, BKINOYAs 3Ha4YeHUs napameTpoB 6e3 HanpaBneHus.

13.2. Tabnuubl

Tabnuua onuceiBaeT 6ok «conocTaBneHne-gencTene» (CL). CTpyktypa Tabnuupbl nokasaHa Ha pucyHke 11.

Control plane

action
code

action
data

action code
&data

Action headers &
metadata

headers &

metadata | ookup key ookup table

Default action

PucyHok 11. lNomok daHHbIx 6rioka CL.
O6paboTka naketa ¢ ncnonb3oBaHnemM Tabnumubl CL, COCTOMT U3 HECKONbKUX 3TaMOB:

- CO3[aHue KIo4a;
- nowuck krntoda B Tabnuue (match), pesynbtatomM yero sensietca gencrame (action);
- BbINOMHEHMWe AeWcTBus (action) Haa BXOAHLIMY AAHHBIMUW, BeayLlee K U3MEHEHUIO AaHHbIX.

O6bsaBneHne Tabnuupl co3gaeT AK3eMNNAp aTon Tabnuubl. Ons nony4YeHnAa HeCKOJTbKNUX 3K3eMnnAapoB Tabnuubl OHM OOIMKHbI
o6bsaBnATLCA B Broke ynpasnieHua, co3gaBaeMoOM B HECKOJIbKMX 3K3eMnnapax.

Tabnvua noucka ABRSETCS KOHEYHbIM OTODpaXkeHWeM, COOEepPXKMMOE KOTOPOrO MEHSETCS aCUHXPOHHO (Y4TeHMe U 3anucb)
NMOCKOCTbIO yNpaBreHuns Lenesor nnaTgopMbl ¢ ucnonb3oBaHnem otaensHoro APl nnockoctu ynpasneHust (pucyHok 11).
OTMeTMM, 4YTO TepMuH «Tabnuua» CAyXUT Kak Ans obosHaveHuss Tabnuy B nporpamMmax P4, Tak M BHYTpeHHUX Tabnuy
uenesoun Nnatgopmel. Ana ycTpaHeHns nyTaHuubl MHorga 6yayT ncnonb3osatbest TepMUH «6rok Cl».

CuHTakcnyeckn Tabnuua onpegenseTca B TepMyHax Habopa nap (CBOWCTB) «Kro4-3HaYeHme». HekoTopble u3 3Tux CBOWCTB
ABMNAIOTCA «CTaHAAPTHLIMU», HO HABOP CBONCTB MOXET ObITb MPU HEOBXOAMMOCTY paCLUMPEH KOMMNUMATOPOM MraTdopMbl.

tableDeclaration
optAnnotations TABLE name '{' tablePropertylList '}'

’

tablePropertylList
tableProperty
| tablePropertyList tableProperty

’

tableProperty
: KEY '=' '{' keyElementList '}’
| ACTIONS '=' '{' actionList '}'
| CONST ENTRIES '=' '{' entriesList '}'
| optAnnotations CONST nonTableKwName '=' initializer ';'
| optAnnotations nonTableKwName '=' initializer ';'
nonTableKwName
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: IDENTIFIER

| TYPE IDENTIFIER

| APPLY

| STATE

| TYPE

CraHgapTHble CBOMCTBA Tabnuubl BKIOYAKOT:
- KM - BblpaXeHue, onuckiBatolLLlee Co3aHne Kroda Ans noucka B Tabnuvue;
- [OelcTBMS - CNUCOK BCEX AENCTBUIA, KOTOpblE MOTYT ObITb HaAeHb! B Tabnvue.
B pononHeHue k aTomy anst Tabnuubl MoryT GbiTe OnpeaeneHsl crneyoLne CBOMCTBa:
- ,D,eP'ICTBMG no ymon4yaHuio, BbiNoJIHAEeMOe B Cliydasax OTCYyTCTBUA B Ta6nmue 3anncu gna AaHHOro Knk4a;
- pasmep - Lenoe 41cro, ykasblBarLlee xenaemblin paamep tabnuupl.

Komnunsatop moxeT ycTtaHaenueaTtb no ymondaHuio (default_action) 3Havenne NoAction (a Takke nomelwiatb ero B CNMCOK
OencTBun) ans Tabnuu, KoTopble He OnpeaenstoT OOmMkHbIM obpasom default_action (aTo cornacyetca ¢ CeMaHTUKON
naparpacpa 13.2.1.3. lNpuHATOE NO ymonuaHuio AencTtBue). B 3TOM AOKyMeHTe npegnonaraeTcd Hanmvyme KOPPEKTHOro
default_action Bo Bcex Tabnuuax.

Tabnuvubl MOryT TakKe BKIOYaTb 3aBUCMMbIE OT apXUTEKTYpbl cBoncTBa (13.2.1.6. [JononHWUTENbHbIE CBOWCTBA).

CBoiicTBa, ykasaHHble kak const, He MOTyT AMHaMUYECKN U3MEHSITbCA MIOCKOCTbIO ynpaenenusi. CeolicTBa key, actions, size
BCeraa sBNATCA NOCTOSHHLIMU, NO3TOMY AJ1S1 HUX He TpebyeTcs KIoYeBoe CroBo const.

13.2.1. Ceolicmea mabnuubi

13.2.1.1. Knoun

Kniou siBnaeTcs CBOMCTBOM Tabnuvubl, 3adalluM 3HAYEHUST MITOCKOCTUM AaHHbIX, UCMOMb3yemble AN MOoMCKa 3anucen B
Tabnuue. Kniou npeacraensietT cobon cnncok nap (e : m), rae € - BblpaXeHue, onucbiBatoLLee OaHHbIe ANs CONOCTaBEHUs C
Tabnuvuen, a m - koHcTaHTa match_kind, onvceiBatowast anroputm conoctaenenus (7.1.3. Tun match_kind).

keyElementList

| keyElementList keyElement

’

keyElement
expression ':' name optAnnotations ';'

;
PaccmoTpym B kayecTBe npumepa cparMeHT Nporpammbl

table Fwd {
key = {
ipv4header.dstAddress : ternary;
ipv4header.version . exact;

}
3aech koY coaepXuT ABa nonsd 3aronoska ipv4header - dstAddress u version, a match_kind cnyxuT Tpem uenam:

- 3agaHue anropuTMa, MCrMosib3yemoro [Ansi COMOCTaBMNEHWUsl AaHHbIX MIOCKOCTM [aHHbIX C 3anuMcaMu Tabnuubl B
npotecce paboTbl;

- cosgaHue API nnockocTu ynpaBneHus Ans 3anonHeHuns Tabnuubl;
- MCnonb3oBaHMe KOMNUIATOpPOM back-end nNpu BbiaeneHnn pecypcoB Ans peanusauum Tabnuubi.
OcHoBHas 6ubnuoteka P4 copepxuT Tpu npegonpeaeneHHbiX naeHtudukartopa match_kind.

match kind {
- exact,

ternary,

lpm
}
3TN naeHTndUKaTopbl COOTBETCTBYIOT OAHOMMEHHBLIM TUNaM conoctasneHns B P44, CeMaHTMKa 3TUX TUNOB (haKTUYECKN He
TpebyeTca Ans onucaHus nosegeHust abcTpakTHOW MawuHbl P4, nx wucnonb3oBaHue BnusieT nuwb Ha APl nnockoctu
ynpaenexHua u peanusaumio Tabnuubl noucka. C Toyku 3peHusa nporpammbl P4 Tabnuua noucka SBRASETCA KOHEYHbIM
oTobOpaxeHneMm, BO3BpaLLalOWUM pesynbTaT B opme AeNCTBUA WM UHAMKaUUW OTCYTCTBUS MO 3a[4aHHOMY KoYy, Kak
onucaHo B naparpacde 13.2.3. CemaHTMKa BbiNonHeHust 6rnoka CL.

Ecnun Tabnuua He nmeeT cBolicTBa key, oHa He BygeT Tabnuuern noucka n OyaeT BKMNYaTh MWL NPUHATOE MO YMOMYaHuo
OENCTBME, T. €. ABMATLCA MNYCTbIM OTOOpaXeHneM.

Kaxxabll 9aneMeHT Krtoya MOXEeT MMeTb aHHOTaLuMIo @name, ncnonb3yemMyro anda co3gaHna BMOMMoro niioCcKoCTu ynpaBneHnda
MMEeHU OAnda nona Knkoda.

13.2.1.2. encTtBuA

Ons Tabnvupbl JOMKHBI 06BABNATLCA BCE AENCTBUA, KOTOPbIE MOTYT NPUCYTCTBOBAaTb B CBA3AHHOW C Hel Tabnvue novncka unu B
NPVHATOM MO YMOMYaHuU AeNCTBMM. OTO [eriaeTca C MOMOLLbK CBOWCTBA actions, 3Ha4YeHMeEM KOTOpPOro Bcerga siBnseTcs
actionList.

actionlList
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| actionList optAnnotations actionRef ';'

’

actionRef
prefixedNonTypeName
| prefixedNonTypeName ' (' argumentList ')'

Ons unnioctpaummn BepHemcs k npumepy VSS u3 naparpada 5.1. Apxutektypa VSS.

action Drop_action() {
outCtrl.outputPort = DROP_PORT;

}
action Rewrite smac(EthernetAddress sourceMac) {
headers.ethernet.srcAddr = sourceMac;

}
table smac {
key = { outCtrl.outputPort : exact; }
actions = {
Drop_action;
Rewrite_ smac;

}

- 3anucn Tabnuubl smac MoryT BKItoyaTh ABa Aencteus - Drop_action n Rewrite_mac.
- [encteue Rewrite_smac nmeet oauH napameTp - sourceMac, KoTopblil 3aaeTcs NAOCKOCTbLIO YrpaBneHus.

Kaxxgoe fgeictBue B cnucke actions gnst Tabnuubl 4OMMKHO UMETb CBOE YHMKanbHoe uMMmsi. Hanpumep, npuBedeHHbIA Huxe
parmeHT GyaeT onbKoN.

action a() {}
control c() {
action a() {}

table t { actions = { a; .a; } }
}
Kaxgbii napameTp ¢ HanpaeneHueM (in, inout, out) gomkeH ObITb NPMBS3aH B CNUCKE cneumdukalmm 4ENCTBUIA, a NapameTphbl
6e3 HanpaBneHns He MOryT ObITb MPUBSA3aHbl K 3TOMY CNUCKY. BbipaxeHusi, npecTaBneHHbIe Kak apryMeHTbl, He OLleHMBaTCA
00 BbI30Ba AEeNCTBUS.

action a(in bit<32> x) { }
bit<32> z;
action b(inout bit<32> x, bit<8> data) { }
table t {
actions = {

a(5);
b(z);

}

13.2.1.3. NMpuHaATOE NO yMON4YaHuto aencTeue

MpuHATOE MO ymMonyaHuMio OelcTBMEe Bbi3biBaeTca Ans Tabnuubl 6nokom C[ aBTOMaTU4YECKW, ecnv B Tabnvue He HangeHo
3anucu Ans npeactaBneHHoro kmoda. MNpu Hanuuum ceomncTtBa default_action oHO JOMKHO ykasbiBaTbCA MOCne CBOWCTBA
action. OHO MOXeT ObiTb OOBLSABMEHO KaK KOHCTaHTA, YTO NPEenATCTBYeT AMHAMUYECKOW 3ameHe [OEeNCTBUS MNIOCKOCTbo
ynpasnexuns. [lencteve, NpuMHATOE NO YMOMYaHWIO, AOMKHO ObiTb OOHMM W3 yKasaHHbIX B crnvcke actions. B yacTHocTw,
BblpaXeHWsl, nepefaHHble Kak napameTpbl in, out unm inout AOMKHbI ObiTb CUMHTAKCUMYECKU WAEHTUYHbI BbIPAXEHUSAM,
MCMOb30BaHHbIM B OAHOM U3 3rIEMEHTOB CrMcKa AeNCTBUN.

Hanpumep, ons npuBeeHHON BbiLle Tabnumubl MOXHO YCTaHOBUTb HEU3MEHHOE nencraune no ymMon4aHuto

const default action = Rewrite_smac(48wOxAA BB CC DD _EE_FF);

OTMeTVIM, 4YTO 3adaHHoOe ,EleVICTBMe no ymMmoOn4YaHUK OOJKHO NpefocTaBnATb aprymMeHTbl ONA NPUBA3AHHbIX NJTOCKOCTbIO
ynpaelieHna napameTpoB (napameprl bes Hal'lpaBJ'IeHI/Iﬂ), MOCKOJIbKY NMPUHATOE MO yMON4YaHUo neﬁcmme CUHTEe3npyeTca BO
BpeMsi KOMMunsauun. BblpaxeHus, npeacTaBrneHHble Kak aprymeHTbl Ans napaMeTpoB C HanpasneHusm (in, inout, out),
OoueHuBalTCA nNpu Bbi3oBE ,D,GVICTBI/IH, a BblpaxeHnda onsg napameTpos bes aprymMmeHToB - BO BpemMaA KoMnunaunun.

B npopomkeHue npumepa 43 npeabligywero naparpada 34ecb MPUBELEHO HECKOIbKO KOPPEKTHbIX UM HEKOPPEKTHbIX
crneumduKkauun NPUHATLIX NO YMOMYaHUI0 AeNCTBUI Ansa Tabnuubl t.

default _action = a(5);

default action = b(z,8w8);

Ecnun Tabnuua He 3agaeT CBOWCTBO default_action N NakeTy He COOTBETCTBYET HMKaKadA 3anuchb, Tabnuua He BNUSIET Ha NakeT 1
o6pa60TKa npoaomkaeTca B COOTBETCTBMN C UMNEepaTUBHbIM NMOTOKOM ynpaBlieHUA nporpamMmmbl.

13.2.1.4. 3anucu

XoTga 3anucu TaGJ‘IVILI, 06bIYHO C0O34akTCA NMOCKOCTbIO ynpaBneHnA, BOSMOXHa nHUUmMannsauma Ta6J'II/1LI, BO BpeMa KoMmnunaumn
C ucnosmnb3oBaHMem Ha6opa 3anucen. 3To NonesHo B CuTtyauuax, rge Ta6J'II/1LI,bI cnyxart ana peanmsaumm (*)MKCVIpOBaHHbIX
aﬂFOpVITMOB - CTaTn4yeckoe 3agaHue Ta6ﬂVILI, no3BongdeT 3agatb 3TU aJ'IFOpI/ITMbI B P4, a JTo Aaet KOMI'IVIJ']ﬂTOpy BO3MOXHOCTb
NOHATL peanbHOe Mcnonb3oBaHne Tabnuubl n NpuHATL 6onee adheKTMBHOE peLleHne O BbiAeNeHNN OrpaHNYeHHbIX PECYPCOB
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nnatdopmsbl. 3anucu, oobsiBNeHHbIE B koae P4, BknovalTca B Tabnuuy npu 3arpyske nporpammbl Ha Lienesor nnaTtdgopme.
CuHTaKcuc onpegeneHuns 3anncen Tabnuy nokasaH Huxe.

tableProperty
const ENTRIES '=' '{' entriesLlist '}'

entriesList
entry
| entriesList entry

’

entry

keysetExpression ':' actionRef optAnnotations ';'
3anucy Tabnuy, HemameHHbl (const), T. €. MOryT NnWlb CYUTBLIBATLCS W MIIOCKOCTb YMPaBEHUS HE MOXET WU3MEHUTb WIu
yoanuTte ux. M3 atoro cnegyeTt HeM3meHHoOCTb Tabnuu, onpegenswowmx 3anucu B koge P4. Takon BblGop MMeeT BaXHoe
BMNMSIHWE Ha CPefy BbIMONHEHNst P4, NOCKOMNbKY HE HYXXHO OTCMEXUBaTb pasnuyHble TUMbl 3anucer B Tabnuue (M3MeHsieMble U
ctatndeckue). B byayuiux Bepcusix P4 moxeT ObiTb Jo6aBneHa BO3MOXHOCTb CMELLMBaTL UBMEHSIEMbIE U CTaTUYECKMe 3anucu
B OfHOM Tabnuue nytem 06bABNEHNS JOMONHUTENBHBLIX CBOMNCTB 3anucer 6e3 KnyeBoro crosa const.

KomnoHeHT 3anucu keysetExpression siBnsieTcsi KopTexeMm, KOTOPbIA [OfmkeH obecneyvBaTb none AN Kaxgoro Knoya B
Tabnuue (13.2.1. CeovictBa Tabnuubl). Tun knova Tabnuubl 4OMKEH COOTBETCTBOBATL TNy anemeHTa B Habope. KOMNOHeHT
actionRef pormkeH 6bITb AelcTBMEM, KOTOpPOEe MPUCYTCTBYET B CNWCKe AENCTBUA Tabnuubl CO BCEMM MPUBHA3AHHLIMU
aprymeHTamum.

Ecnn API cpegbl BbinonHeHnsa TpebyeT npuoputeTa Ansa 3anucen Tabnuusl (Hanpumep, npu ncnons3osaHun P4 Runtime API
Tabnuubl xoTa 6bl C OQHMM TPOUYHBIM NOMEM Krkoya nowvcka), 3anncy COMoCTaBNAIOTCS B MOPSAKE ykasaHWs B NporpaMmme C
OCTaHOBKOWM Ha MepBOW COBMajalollen 3anucu. ApXuTekType crnefyeT onpefenstb 3Ha4YMMOCTb nopsigka 3anvcen (ecnv oH
uMmeeTcs) Ans Apyrmx Tunos Tabnuu,.

B 3aBucmMmocTn ot match_kind ans knwodyeln BblpaxeHus Habopa Knoyel MOryT 3agaBaTb OAHY WIIM MHOXECTBO 3anvcen.
Komnunstop OyaeT cuHTE3MpPOBaTb HYXXHOE YMCINO 3anvcen Ond ycTaHoBku B Tabnuuy. CsokictBa nnatgopmbl MoOryT
OOMNOSHUTENBHO OrpaHNYMBaTb BO3MOXHOCTM CUHTE3UPOBaHWUSI 3anvcei. Hanpumep, ecnn 4ucno CUHTE3VpyeMmbiX 3anuncen
NpPeBOCXOAMUT pa3mep Tabnuupl, peanv3aums KOMNUIATopa MOXET BblAaBaTb NpeaynpexaeHe unm olwmobKy B 3aBUCMMOCTU OT
BO3MOXHOCTEN LieneBon nnatdopMbl.

[ns unniocTpaummu pacCMOTPUM NMPUBEAEHHBIN HIbKe NPpUMEp.

header hdr {
bit8> e;
bit<16> t;
bit<8> 1;
bit<8> r;
bit<l> v;
}

struct Header_t {
hdr h;
}

struct Meta_t {}

control ingress(inout Header_ t h, inout Meta_t m,
inout standard metadata_t standard meta) {
action a() { standard meta.egress_spec = 0; }
action a_with control_params (bit<9> x) { standard meta.egress_spec = x; }

table t_exact_ternary ({
key = {
h.h.e exact;
h.h.t : ternary;
}
actions = {
a;
a_with control params;
}
default action = a;
const entries = {
(0x01, 0x1111 &&& OxF) : a_with control params(1l);
(0x02, 0x1181) : a_with control params(2);
(0x03, 0x1111 &&& O0xF000) : a_with control params(3);
(0x04, 0x1211 &&& 0x02F0) : a_with control_ params(4);
(0x04, 0x1311 &&& 0x02F0) : a_with control params(5);
(0x06, _) : a_with_control params(6) ;
— caj
}
}
3poecb onpegeneH Habop M3 7 3anucen, kaxaas U3 KOTOPbIX Bbl3biBaeT gencteme a_with _control_params, 3a nckniouyeHvem
nocne,quﬁ, KOTOpasa Bbi3blBaeT /J,eVICTBVIe a. MNocne 3arpyskm nporpamMmmbl 3T 3anncn yCtaHaBnmMBarkTCA B Ta6nmue B nopaake
NX yKasaHusa B nporpamMmme.
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13.2.1.5. Pasmep

CBoWNCTBO Ssize siBNsAeTcst AONOJSIHUTEeNbHbIM ANA Ta6ﬂMubIM npu Hannynm 3TOro CBOWCTBa €ro 3HayeHue Bcerga 4BndeTcd
uenbiM YNCITIOM, U3BECTHbLIM Npu KOMNUNAaunn. 3HayeHune YKa3blBaeT 4nucno 3anncen B Ta6n|/|u,e.

Ecnn y Tabnuubl umeeTcs 3HadeHne pasmepa N, KOMNUNIATOPY pekomeHayeTcs BblibpaTb peanusaumio NNOCKOCTU AaHHbIX,
cnocobHyto coxpaHaTb B Tabnuue N 3anucen. 3To He rapaHTUpyeT BCTaBky B Tabnuuy N nponsBOmbHbLIX 3anucent n o3HavaeT
NnVWb BO3MOXHOCTb pa3smelleHus B Tabnuue Hekoro Habopa u3d N 3anucen. Hanpumep, nonbiTka nomecTuTb B Tabnuuy
HekoTopyto KoMBuHauuo 3 N 3anncen MOXeT NPMBECTU K OTKa3y Mo NpUYMHE TOro, YTO KOMMUNATOP Bbibpan xaw-tabnuuy ¢
rapaHTMpoBaHHbIM BpemeHem noucka O(1).

Ecnu peanusauus P4 gomkHa oleHMBaTh pecypchl Tabnuubl BO BpeMs KOMNUAALMK, Tabnuua co CBOMCTBOM Size MOXeT 6biTb
couTeHa olwunbkoii. HekoTopble peanusaumm P4 MoryT ObiTb CMOCOGHbLI AMHAMUYECKM MEHSITb pasMep Tabnuubl B npolecce
paboTbl. Ecnv sHayeHuve size 3agaHo B nporpamme P4, Takum peanusauusam pekoMeHayeTcsl UCMomnb30oBaTh 3TO 3HAYEHWE Kak
HayanbHbI pasmvep Tabnuubl.

13.2.1.6. JlononHuTenbHbIe CBOUCTBA

Ob6baBneHve Tabnuupbl onpegensieT BaXHble MHTEPdEenchl NNOCKOCTEN YyNpaBneHnsa 1 AaHHbIX - Koy u gencreus. OgHako
nyywmnn cnocob peanusauuy Tabnuubl Ha Aene MOXeT 3aBMCETb OT NPMpoAbl 3anvcel, co3gaBaeMbix B npouecce paboTbl
(Hanpumep, Tabnuua MoxeT BbiTb NITOTHOM UK PeaKor, MOXeT ObiTb peanu3oBaHa kak xaw-Tabnuua, accoumaTtuBHas NamsiTb,
aepeso u T. n.). Kpome Toro, apxutektypa MOXeT NoaaepXvBaTh AONOMHUTENbHbIE CBOWCTBA, CEMAHTUKA KOTOPbIX BLIXOAMUT 3a
paMku paHHoW creundukaumi. Hanpvmep, B apxutektype CO CTaTM4eCKMM BbiAENeHVeM pecypcoB Tabnuy MoxeT
notpeboBaTbCA 3agaHve B Nporpamme CBOWCTBA Size, koTopoe komnunatop back-end moxeT mcnonb3oBaTh NS BblAeneHUs
pecypcoB xpaHeHus. OfHako Takve 3aBMCMMbIE OT apXWUTEKTYpbl CBOWCTBA HE MOTyT MEHSITb CeMaHTUKy novcka B Tabnuuax,
KOTOpPbIV BCEraa HaxoAuT HY)XHOe AEeNCTBUE WM OTCYTCTBME TakoBOro. MoXxHO NMulib M3MEHUTb MHTEPNPETAUMIO pesynbTaTa
novcka B NIIOCKOCTU AaHHbIX. OTO OrpaHNYEHNE HYXXHO ANS TOro, YTobbl 06ecnednTs BO3MOXHOCTb MOHSATL NoBeAeHUe TabnuLy
BO BpeMsl KOMMUNSALMU.

B kavecTtBe gpyroro npvMmepa CBOWCTBO peanusaumm MOXHO UCMONb3oBaTb ANA nepegayn AOMONHUTENbHON WHAOPMaLMK
komnunsaTopy back-end. 3HauyeHMe 3TOro CBOMCTBa MOXET ObITb 3K3EMMNMSAPOM BHeLIHero 61oka, BelbpaHHOro 13 nogxoasiien
6ubnunotekn. Hanpumep, 6a3oBas yHKLMOHANBHOCTL KOHCTPYKUMK action_profile B Tabnuue P41, moxeT 6bITb peanv3oBaHa,
Kak MoKa3aHO Huxe.

extern ActionProfile {
ActionProfile (bit<32> size);

}
table t {

key = { }

size = 1024;

implementation = ActionProfile(32);
}
30ecb MOXHO UCMonb3oBaTb npounb OencTeua Ans OonTuMu3sauuu, €ecnu Tabnuua wWMeeT MHOro 3anucein, Ho
npegnonaraeTcs, YTO OENCTBUN, CBSA3AHHbLIX C 3TUMM 3anMCAMMU 6yneT HemMHoro. [lo6aBneHue YPOBHA onocpeaoBaHHOCTU
Nno3BOJSIAET COBMECTHO MUCMNOSb30BaTh MOAEHTUYHbIE 3aMnCK, YTO MOXET CYLLLECTBEHHO CHMXaTb TpeGOBaHVIH K XpaHunuiyy.

13.2.2. Bbi3oe 6510ka C[]

Tabnuuy MOXHO Bbi3BaTb C NoMoLLbio MeToaa apply. Bbi3oB aToro metoga Ans ak3emnnapa Tabnuubl BO3BpallaeT 3HavyeHune
TMna struct ¢ ABymMAa nonamu. 9Ta CTPYKTypa co3aaeTcsl KOMNUNATOPOM aBTomaTuyecku. [Anga kaxagon tabnuvubl T komnmnsaTop
CMHTE3NpyeT enum K struct, kak nokasaHo HUXe.

enum action_list(T) ({

}
struct apply result(T) {

bool hit;

action_list(T) action_run;
}
OueHka meTopa apply yctaHaBnuBaeT B norne hit 3HayeHune true, a B miss - false, ecnu B Tabnuue HanaeHo cosnagexve. B
NPOTMBHOM crny4yae ycTaHaBnuBaetcst hit = false n miss = true. 3T GUTbI MOryT MPUMEHATLCA B MOTOKE YMpaBleHus
BbI3BaBLLEro Tabnuuy 6rnoka ynpasneHus.

if (ipv4_match.apply() .hit) {
} else {

}
if (ipv4_host.apply() .miss) {
ipv4_lpm.apply() ;
}
MNone acﬂon_fun NMoKa3blBaeT TUM BbINOJTHAEMOIo ﬂeﬁCTBMH (He3aBMCMMO oT hit unn nﬂss) N MOXeT UNCNonb3oBaTbCA B
oneparope switch, kak nokazaHo Huxe.

switch (dmac.apply().action_run) {
Drop_action: { return; }

}

13.2.3. Cemanmuka ebinonHeHusi 6noka Cl]
CemaHTUKa onepartopa Bbi30oBa Tabnuubl NokasaHa HUxe

m.apply () ;
1 MOXeT ObITb NpeAcTaBneHa Noka3aHHbIM HbKe NCeBAOKOAOM (CM. pucyHok 11).

apply result(m) m.apply() {
apply result(m) result;
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var lookupKey = m.buildKey (m.key) ;
action RA = m.table.lookup (lookupKey) ;
if (RA == null) {
result.hit = false;
RA = m.default action;
} else {
result.hit = true;

}

result.action_run = action_type(RA);
evaluate and copy in RA args(RA);
execute (RA) ;

copy_out RA args(RA);

return result;

}

Bbi3oB buildKey B npvBefeHHOM Bbille NCEBOOKOAE OLEHVMBAET Kaxaoe BblpaxeHue key, 4Tobbl NOHATb, NPUCYTCTBYET Nu
KN4y B onpegeneHun knoden tabnuubl. NoBeaeHne gomkHO ObITb TakuM, kak ByaTo pe3ynbTaT OLEHKM KaXKOoro BblpaXeHUst
HasHayeH cBeXen BPEMEHHOW MEepeMEHHON, nepen Havarom OLEHKW Creaymrollero BblpaxeHus. Hwke npvBegeH npumep
onpegenexus Tabnuubl P4 n BbizoBa apply.

bit<8> fl1 (in bit<8> a, inout bit<8> b) {
b=a+5;
return a >> 1;

}

bit<8> x;
bit<8> y;
table tl {
key = {
y & 0x7: exact @name ("masked y");
fl(x, y) : exact @name("£f1");
y : exact;
}
}
apply {
tl.apply();

}
37O 3KBMBANEHTHO NOBEAEHWIO ApYyroro onpeaeneHns tTabnuubl n BoizoBy apply.

bit<8> tmp_1;
bit<8> tmp 2;
bit<8> tmp_3;

table tl {
key = {
tmp_1 : exact @name ("masked y");
tmp_2 : exact @name("fl");
tmp_3 : exact @name("y");
}
}
apply {

tmp_ 1 =y & 0x7;

tmp 2 = f1(x, y);

tmp 3 = y;

tl.apply();
}
OTmMeTMM, YTO BTOPOW NpUMep NpUBEAEH ANA 3adaHus NoBedeHUs NepBoro npumepa. Peanusauus moxeT BblbpaTb no6oi
BapuaHT, OGeCI’IeLIVIBa}OIJJ,VIVI Takoe noee,cl,eHme1.

13.3. AGcTpakTHaa mawmHa KoHBenepa CA1
MoxxHo onucatb BbIHUCITNUTESIbHYIO MOAesb KOHBeVIepa C,D,, BOMJ1OWEHHOro B o6rnoke ynpasneHua - Teno Onoka BbINonHSAeTCs
aHanorn4yHo TpagnumMoHHbIM MMNEepaTUBHbIM NporpamMmmam:

- B Cpefe BbINOJIHEHUA onepaTopbl 6noka NPUMEHAITCA B NopAgKe UxX crieoBaHUA;

- BbIMOSIHEHWE onepartopa return He3aMeanUTENbHO NpepbiBaeT WUCMOSIHEHME TeKyLUero 6rnoka wu BO3BpaLlaeT
ynpaBlieHNA B TOYKY Bbl30Ba;

- BbINOSIHEHWE ONepaTopa exit HesameanUTENLHO NPepbIBAeT UCMOSHEHME TekyLero 6roka 1 Bcex BrokoB, B KOTOPbIX
OH cofepXuTcs (OTKyZa BbI3BaH);

- uMcnonb3oBaHue Tabnuubl BeINOMHSAET cooTBeTCTBYOWMN 6nok Cll, kak onucaHo BbILLE.

13.4. Bbi30oB anemeHTa ynpasrneHus

P4 nosBonsetr anemeHTam ynpaBneHuna O6paLL|,aTbCF| K ycnyram p[pyrmx 3nemMeHTOB YynpaBJieHUA, Bbi3blBad MUX I'IO,D,06H0
noanporpammam. ,D,J'Iﬂ Bbl30OBa [pyroro anemMeHTa ynpaBneHUA HYXHO CHa4ana co3faTb ero 3Ksemnndap, KOTOprI7I noTomMm
Bbl3blBA€TCA C NOMOLLbIO MeToaa apply, KaK NoKa3aHO HWXe.

'B 6onbwiuHcmee npozpamm P46 He MpUMEHSIIoMCS 8bI308bI (hyHKUUL Unu Memodoe 8 8bipaxeHusix Ons Kntodel mabauybl u mopsidoK oUeHKU
8blpaxkeHull He eriusiem Ha pe3ynbmupylowee 3Ha4yeHue Kiya roucka. B pacnpocmpaHeHHOM criyyae, ko20a peanu3ayusi rnomeujaem
dononHUMesbHble onepamopsl npuceausaHus Orisi peanu3ayuu ebipaxeHull ¢ KYamu, UMeruwux noboyHble aghghekmbi, HO He UCMOoNb3yem
makue orepamopsl 05151 8blpaxeHuli 6e3 MoboYHbIX 3¢hchekmos, makue ornepamopbl MPaKMUYeCKU He MPUMEHSIFOMCS.
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control Callee( inout IPv4 ipv4) { }
control Caller (inout Headers h) {

Callee() instance;

apply {

instance.apply (h.ipv4) ;
}
}

14. Napamempu3ayus
Ona nogaepxku GuBnNMoTek nonesHbiXx KOMMOHeHToB P4 aHanu3atopbl M GnokvM ynpaBneHusi MOXHO napameTpusoBaTtb C
NOMOLLIbIO NapaMeTpPOB KOHCTPYKTOpa. PaccmMoTpum cuHTakcmc o6baBneHns KOHCTPyKTopa

parserDeclaration
: parserTypeDeclaration optConstructorParameters
'{' parserLocalElements parserStates '}'

optConstructorParameters
| '(' parameterList ')'

M3 aToro npaBuna MOXHO BbIBECTM BO3MOXHOCTb Hanuums y KOHCTpyKTopa AByX HabopoB napameTposB:
- napaMeTpbl cpeabl BbIMONHeHNs (parameterList);
- HeobgasaTenbHble napameTpbl KOHCTPYKyTopa (optConstructorParameters).

MapameTpbl KOHCTPYKTOpa OOIMKHbI OblTb HeHanpaBneHHbIMU (He MoryT ObiThb in, out, inout) U Npu co3gaHum ak3emnnspa
aHanusartopa AofmkHa ObiTb BO3MOXXHOCTb MOJSIHOM OLEHKU BbIPAXEHWUNA, NPeACTaBMEHHbIX ANs 3TUX NMapamMeTpoB, BO BPEMsI
KkoMnunsuun. PaccMoTpum npumep

parser GenericParser (packet_in b, out Packet_header p)
(bool udpSupport) {
state start {
b.extract (p.ethernet) ;
transition select(p.ethernet.etherType) {
16w0x0800: ipv4;
}
}
state ipv4 {
b.extract (p.ipv4) ;
transition select(p.ipvé4.protocol) {
6: tcp;
17: tryudp;
}
}
state tryudp {
transition select (udpSupport) {
false: accept;
true : udp;
}
}
state udp {

}
}
Mpu cozpaHum GenericParser Hy>KHO NPeAcTaBUTL 3HaYeHue Ans napameTpa udpSupport, kak B NpUMepe HUXe.

GenericParser (false) topParser;

14.1. NMpsaAmon BbI3OB TUNA

SKSEMﬂﬂﬂpbl 9NIeMeHTOB YynpaBneHna ”n aHann3aTtopoB 3a4acTyld Cco3aakTCcA OAHOKpaTHO. O6bsBNEHNA 3NemMeHTOoB
ynpaslieHna 1 aHanmsaTtopoB bes KOHCTPYKTOpa MOryT NPUMEHATbCA HanpAMyto, Kak 6y/J,TO 9K3eMnnAap yxe eCTb. 310 co3gaeTt
N npumMmeHaeT NoKanbHbIN 3K3eMnnap AaHHOro Tuna.

control Callee( ) | }
control Caller( ) ( ) {
apply {
Callee.apply ( )

}
}
Onpe,u,eneHme Caller akBMBaneHTHO npmBeaeHHOMY HMXe.

control Caller( ) ( ) |
@name ("Callee") Callee() Callee_inst;
apply {
Callee_inst.apply ( )

}
}
OTO CBOWCTBO MpefHasHauyeHo ANs YrpOoLEHNa OBLIero cryyasi, rae aK3eMmnnap Tvna Co34aeTcs OOHOKPAaTHO. [ns MomHoTbI
noBefeHne HeOQHOKPATHOIO BbI30BA TOrO e TUMa HanpsMyto onpeaerieHo B COOTBETCTBUM C NPUBEAEHHBLIM OMNUCaHUEM.

- MpsAmon BbI3OB TWMa B pasHbiX 0OMNacTsx OENCTBUMS BeAEeT K CO34aHMI0 PasHbIX JIOKAIbHbIX 3K3EMMIISPOB C
pasnuyarLwLMMUCS NOSTHBIMA UMEHAMU SNTIEMEHTOB YNpaBneHus.
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- B ogHon obnactn genctsusi NpsiMble BbI3OBbI TUMa MPMBOOAT K CO3[4aHUK0 CBOErO JIOKanbHOro ak3emnnspa Ans

KaXkOoro Bbl30Ba, OOHAKO OAHOTUMHbIE 3K3eMnnsapbl OyayT MmeTb ofgHO rrmobanbHoe MMs Yepes aHHoTauuo @name

(17.3.2. AnHOTauuu, ynpaenswwmye vMmeHamu). Ecnu Tnn cogepXvT ynpaBnsemble 3MeMeHTbl, HEeOOHOKPaTHbIe

HenocpeaCcTBEHHbIE BbI30BbI B OAHOW 06nactu AerWCTBMSA HeOoMmyCTUMbI, MOCKOMbKY OyayT co3gaBaTbCs HECKOIbKO
9K3eMMNNSAPOB yNpaBnseMbIX 3[IEMEHTOB C OOHUM UMEHEM.

15. C60pka nakema

C6opka naketoB (deparsing) B kKakoM-TO cMbicrie obpaTHa ux aHanudy. P4 He nogaepXvBaeT OTAENbHOrO s3blka Ans cbopku
NnakeToB W OHa BbINOMHAETCHA B 6oKax ynpasneHus, MMetoLmX no MeHbLlen Mepe oauH napametp packet_out. MpuBegeHHbIN
HWXe doparMeHT Kofa 3anuncbiBaeT noovepeaHo 3aronosku Ethernet n IPv4 B packet_out.

control TopDeparser (inout Parsed packet p, packet_ out b) {
apply {
b.emit (p.ethernet) ;
b.emit(p.ip);
}
}
Bblgava 3aronoska fobaensieT header k packet_out, ecnu aToT 3aronoBok aencTeuTeneH. Boigava cteka 3aronoekoB Oynet
,D,O6aBJ'I$ITb BCe 3J1eMeHTbl CTeKa 3arosfioBkoB B NopsAaake pocta MHOEKCOB.

15.1. BcTaBKa AaHHbIX B nakeT
Tun packet_out onpegeneH B ocHoBHOM Gubnuoteke P4 n ato onpepeneHve npuBedeHo Hwxke. Tun obecneunBaeT MeTon
Aob6aBneHns 4aHHbIX B BbIXOOAHOW NakeT, HasbiBaeMbl emit:

extern packet out {
void emit<T>(in T data);
}
MeTop emit nopgaepxvBaeT Ao6aBNEHMS OAHHbLIX B 3arofloBOK, CTEK UM o6begMHEHME 3arofoBKOB 4151 BbIXOQHOMO NakeTa.

- Tpu wucnonb3oBaHWM C 3arofioBKkOM emit [o6aBnseT [aHHble B 3arofioBOK Maketa, €cfiM 3TOT 3arofioBOK
[eViCTBUTENEH, U HUYEro He AernaeT B NPOTUBHOM cryyae (no-op).

- Mpn ncnonb3oBaHUKM CO CTEKOM 3arofloBKOB emit Bbi3biBaeTCA PEKYPCMBHO OJ1A4 KaXXO0ro a3fieMeHTa CTteka.

- Mpn ucnonb3oBaHun co CprKTypOﬁ unu obbegMHEeHNeM 3arofioBkoB emit PEKYPCMBHO BbI3bIBAETCA ON1IA KaXXOoro
nonsa. OTMeTuMm, 4to B struct He A0nyCcKakTCAa nona Tuna error U enum, NOCKOJ1bKY OHU HE CcepunanmayroTcd.

He,EI,OI'IyCTVIM BbI30B emit ANs BblpaXXeHUn 6a3oBoro TMna, enum unu error.
Bb13oB emit MOXXHO onucaTtb NpUBEAEHHBIM HUXE NCEBAOKOAOM.

packet_out {
byte[] data;
unsigned lengthInBits;
void initializeForWriting() {
this.data.clear();
this.lengthInBits = 0;

void emit<T>(T data) {
if (isHeader(T))
if (data.valid$) ({
this.data.append(data) ;
this.lengthInBits += data.lengthInBits;
}
else if (isHeaderStack(T))
for (e : data)
emit(e) ;
else if (isHeaderUnion(T) || isStruct(T))
for (f : data.fields$)
emit(e.f)

}
}
3pecb npumMeHsioTea crneuunansHble naeHTudukaTopbl valid$ ans ckpeitoro 6uta validity B 3aronoskax u fields$ gns cnucka
nonen struct unn obveanHeHnsa 3aronoskoB. MNpumeHseTca Takke cTaHAapTHasd HoTauus Ans UTepauui Nno anemeHTam creka
(e : data) n cnucky nonei o6beanHeHu 3aronoekos unu struct (f : data.fields$). Onsa struct ntTepauun BeiNoONHATCA B Nopsake
yKa3aHusi Nonen npu onpeaeneHun Tuna.

16. OnucaHue apxumeKkmypbl

OnuncaHue apxvUTeKTypbl AOMKHO NPeaoCTaBnsTLCA Npom3BoauTenem nnatdopMbl B (hopMe UCXOAHOro koaa 6ubnuotekun P4,
KOTOpPbI COAEPXKUT MO MEeHbLLEN Mepe OAHO OObsIBNEHME MakeTa. DK3eMMNsip 3TOro naketa Nnonb3oBaTerb OOIMKEH co3faTb
ansa ceoen nporpammbl. Mpumepom MoxeT cnyxuTb onncaHne VSS B naparpade 5.1. Apxutektypa VSS.

danvin onucaHna apxuMTEKTypbl MOXET ONpeaensATb TWMbl AaHHbIX, KOHCTaHTbl, peanusauuy BCMNOMOraTeribHbIX nporpamm
(package) n owmnbkm. OH gormkeH 06BABNATL TUMbI BCEX NPOrpaMMupyemMbix 610KOB, KOTOpblE MOTYT NOSBAATLCH Ha LeneBon
nnatdgopme (aHanu3aTtopbl 1 6rnokv ynpasneHus). lNporpammupyemMbie GrokM MOryT rpynnumpoBaTbCs B nakeTwl (package),
KOTOpble MOTYT ObITb BIOXEHHBIMU.

[MOCKOMNbKY HeKoTOpble KOMMOHEHTbl nfaTtdopM MOryT MaHWNynMpoBaTb 3aJaHHbIMU Morib3oBaTeneMm AaHHbIMWU, KOTopble
HEen3BeCTHbl B MOMEHT co3faHusa anna onncaHus, OHU OMMUChIBAKOTCA C MOMOLLBID NMEPEMEHHbLIX TUMA, KOTOPblE AOMKHbI
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napameTpuyYeckn NCnonb3oBaTbCcs B nNporpamme (T. €. TUN NepeMeHHON nposepsieTcs, NoA00HO yHMBepcarnbHbIM Tunam Java,
a He wabnoHam C++).

16.1. NMpumep onucaHnsa apxXUTEKTypbl
rlpMBEJZI,EHHbIVI HUXe npuMmep onucbiBaeT KOMMYTATOp, MCI'IOJ'Ib3y}OLLI,VII7I OBa nakeTa, KaXablh wu3 KOTOPbIX COOEepPXUT
aHanusatop, koHBeliep C[ v cbopLuuk.

parser Parser<IH>(packet in b, out IH parsedHeaders) ;

control

control

control

package

package

package
N3 atux

IPipe<T, IH, OH>(in IH inputHeaders,
in InControl inCtrl,
out OH outputHeaders,
out T toEgress,
out OutControl outCtrl) ;

EPipe<T, IH, OH>(in IH inputHeaders,

in InControl inCtrl,

in T fromIngress,

out OH outputHeaders,

out OutControl outCtrl);
Deparser<OH>(in OH outputHeaders, packet_out b);
Ingress<T, IH, OH>(Parser<IH> p,

IPipe<T, IH, OH> map,

Deparser<OH> d) ;
Egress<T, IH, OH>(Parser<IH> p,

EPipe<T, IH, OH> map,

Deparser<OH> d) ;
Switch<T>(Ingress<T, _, _> ingress, Egress<T, _, _> egress);
O0BABMNEHUN MOXHO MOMNYYUTb MOME3HY MHGPOpMaUM 06 apXMTEKType OnucbiBaeMoro kommyTtaTopa gaxe 0e3

YTEHMS TOYHOrO OMMUCAHWS apXUTEKTYpPbl (PUCYHOK 12).

Ingres: IH oH
packet Parser I:'; IPipe Deparser packet

-
Egress H oH

packet Parser EPipe Deparser packet

PucyHok 12. ®paesmeHm rnpumepa KoMMymamopa.
KommyTaTop cogepxuT ABa oTaenbHbix naketa Ingress u Egress.

Bnokun Parser, IPipe, Deparser B nakeTe Ingress coeavHeHbl B Lenoyky. Kpome Toro, 6mok Ingress.IPipe nmeeTt BBOA
Tuna Ingress.IH, koTopbIn aBnseTcs BbiBOAoM Ingress.Parser.

AHanoruyHo naket Egress BkntovaeT 6nokun Parser, EPipe, Deparser.

Ingress.IPipe coeauHeH c Egress.EPipe, nmockonbky nepBbii JaeT Ha BbIXOA4 3HayeHue Tuna T, KOTopoe CRyXuUT
BBOAOM Ans BToporo. OTMeTuM, 4TO 3k3emnnspbl Tuna T co3patTcs Takke B nakeTe Switch. HanpoTtus, BxogHown
(Ingress) tvn IH un BbixogHown (Egress) Ttvn IH MoryT pasnuyatbcs. UTo6bl OHWM coBnaganu, MOXHO BMECTO
o6baBnenHns IH n OH Ha ypoBHe kKOMMyTaTopa 3aaaTb

package Switch<T,IH,OH>(Ingress<T, IH, OH> ingress, Egress<T, IH, OH> egress).

OTa ApPXUTEKTypa Moaenumpyet KommyTaTtop, coepkalinin gBa pasHblxX KaHana MexXay BXOOHbIM U BbIXOOHbIM KOHBENEPOM.

KaHan nepepayn paHHbIX HenmocpeacTBEHHO 4Yepe3 aprymeHT Tuna T. Ha nporpammHon nnatdopme c obuuen
namaTbio Ans BXOAHOrO W BbIXOAHOrO KOHBEWepa 37O MOXHO peanusoBaTb MNyTeM nepefadu ykasaTens, HO Ha
nnatgopmax 6e3 obLiert NnamMsaTn KOMAUMNATOP AOMMKEH aBTOMATUYECKN CUHTE3NPOBaTb KOA cepuanusauum.

Kanan onocpegoBaHHOM Nepefayy ¢ UCNoSb30BaHUEM aHanuaatopa ¢ cepuanusaumen JaHHbIX B NakeT u 06paTHo.

16.2. NMpumep nporpammbl AN apXUTEKTYPbI

[nsa paboTbl Ha onNpedeneHHON apxuTekType nporpamma P4 forxHa co3gaTth 3K3eMMnsp naketa BEPXHEro, ypoBHs nepeaaBas
3HavYeHns AN BCeX ero apryMeHToB M CO3[aBasi MePEMEHHYI0 C MMEHEM main B MPOCTPaHCTBE MMEH BEPXHero ypoBHs. Tunbl
apryMeHTOB [OfKHbl COOTBETCTBOBATb TUMam MapamMeTpoB Mocne MoAXOAsWeN MNOACTAHOBKM TWUMOB MNepeMeEHHbIX.
MoactaHoBka TWnNa MOXeT OblTb BblpaXxeHa HanpsMyld C MCMONb30BaHWEM creuuanu3auuM Tuna Wnu  BbiBedeHa
KOMMNUASITOPOM C UCMOMNb30oBaHWeM anroputMma yHudukaumm, nogobHoro Hindley-Milner. Hanpumep, ¢ o6baBneHnsamu Tunos

parser Prs<T>(packet_in b, out T result);

control
package

Pipe<T>(in T data);
Switch<T> (Prs<T> p, Pipe<T> map) ;

ncnegywowmmmMmm 06 bsABNEeHNs MU

parser P(packet_in b, out bit<32> index) ({ }

control
control

Pipel (in bit<32> data) { }
Pipe2 (in bit<8> data) { }

Hwxe npvBeaeHo AencTBUTENBHOE o0bsABNEeHNe ans LeneBom nnaTgopmbl BEPXHETO YPOBHA

Switch(P(), Pipel()) main;
Cnepytoulee onpeaeneHne He4enCcTBUTENBHO

Switch(P(), Pipe2()) main;
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nockonbKy aHanusatop P Tpebyet ans T tvn bit<32>, a Pipe2 TpebyeT ot T Tun bit<8>.

Monb3oBaTenb MOXET SIBHO 3a4aTh 3HAYEHMUs nepeMeHHbIX Tuna (I/IHaLIe KOMNUNATOP BbiBEOET UX

Switch<bit<32>>(P(), Pipel()) main;

16.3. Mogenb ¢punbTpa naketoB
ﬂ,]‘lﬂ AOEeMOHCTpauun yHMUBEpPCarnbHOCTU A3blka OMUCaHUA apXUTEKTYPbI P4 paccMoTpuMm npumMmep CbMJ'IpraLI,VIVI nakeToB, rge
peweHna NPUHNMAKTCA UCKNIOYNTENBbHO NO pe3ynbTaTtaM aHanmn3atopa P4, KaK NMoKa3aHO Ha PUCYHKe 13.

Parser drop? |:>

Pucyrok 13. Modernb cunbmpa nakemos.
3Ty Mogenb MOXHO MPUMEHUTb Ans unbTpaumn naketoB B gape Linux. Hanpumep, MoXxHO 3ameHnTb A3blk tcpdump 6onee
MOLLHBbIM A3bIkOM P4, 4TO NO3BONWT NogAEepPXKMBaTb HOBblE MPOTOKOMbI C 06ecnevyeHneM nonHow «6e3onacHoCTV TUMOBY» Mpu
o6paboTke naketoB. [Ons Takon nnatdgopmbl komnunaTop P4 moxeT reHepupoaTb nporpammy e€BPF (Extended Berkeley
Packet Filter), koTopas nHxektupyetcst ytunuton tcpdump B sapo Linux 1 BeinonHsaetca EBPF kernel JIT.

Ons uenu B BUZe sgpa Linux n apxnTeKkTypHON Mogenu unbTpa NakeToB MOXHO 06bABUTL

parser Parser<H>(packet_ in packet, out H headers);
control Filter<H>(inout H headers, out bool accept);

package Program<H>(Parser<H> p, Filter<H> f);
17. A6cmpakmHasi MawiuHa P4 - oueHka
OueHka nporpammbl P4 BbinonHsieTcs B ABa dTana:

- cTatnyeckasa oueHKa nponcxogut BO BpeMsaA KoMnunauum nporpamMmmbl P4 nyTemM aHanmsa U co3fgaHusa 3K3eMnnapoB
Bcex ONOKOB C COCTOSIHMEM;

- OVMHamMuyeckas OueHKa TMPOUCXOAUT B Cpede BbIMONMHEHWA MyTeM W30MMPOBAHHOIO BhIMNOMHEHUS  KaXO0ro
dyHKUMOHanbHoro 6roka P4, korga oH nony4aet ynpasreHne OT apXUTEKTYpbl.

17.1. U3BeCTHbIe NPU KOMNUMSILUM 3HAYEHUS
- LleJ'IO‘-WICJ'IEHHbIe, Jlorn4yeckmne n CTpokoBble nuTeparnlbl.

- MaoeHTudurkatopbl n3 o6bsiBneHus error, enum, match_kind.

- WpeHtudumkatop default.

- [lone size 3HauyeHWs C TUMOM CTeKa 3arofiOBKOB.

- WpeHtudpmkaTop _ npu ncnonb3oBaHnn B BbipaxeHusAx select.

- VaoeHTudmkatopbl, npeacraBnsiioline OObABMEHHbIE TWMbl, AOEWCTBUSA, Tabnuubl, aHanu3atopbl, 31EMEHTbI
ynpaBneHnsi, NakeThl.

- Cnucku, B KOTOPbIX BCE KOMMOHEHThI UMEKOT U3BECTHLIE MPY KOMMUIALWN 3HAYEHUS.
- BblpaxeHus MHULManu3aumum CTpyKTypy, rae BCe Monsi U3BECTHbI MPU KOMMUIISLMM.
- Oksemnnspsbl, cosnaBaemMble 06bsBneHusMmu (10.3. CosgaHne 3K3eMMNSPOB) U BbI30BAMU KOHCTPYKTOPOB.

- Bblpaxenus +, -, *, /', %, cast, !, &, |, &&, ||, <<, >>, ~, >, <, == 1= <= >= ++, [:], roe Bce onepaHabl NU3BECTHbI NpY
KOMMUAALUMN.

- WaeHTndunkaTopsl, 006 bSABNEHHbIE Kak KOHCTaHTbI C UCMOMNb30BaHNEM KIOYEBOro crioa const.

- BblpaxeHus B dpopme e.minSizelnBits() n e.minSizelnBytes().

17.2. OueHKa npu KOMNUNALUN
OueHka nporpaMmbl BbINMOMHAETCH B MOPSAKe 00bABMNEHNI, Ha4YMHas C NPOCTPaHCTBa MMEH BEPXHErO YPOBHS.

- Bce 06bsABneHusa (HanpuMmep, aHanU3aTopbl, 3NeMeHTbl YNpaBneHus, TUMbI, KOHCTaHTbI) OLIeHMBaKOT caMu cebs.
- Ans kaxpgon Tabnuupl oLleHMBaeTCa aK3eMnnsp.

- Bbl130BbI KOHCTPYKTOPOB OLeHnBaro 00bEKTbI C COCTOSIHMEM COOTBETCTBYHOLLEro Tuna. [ns atoro Bce aAPrymMmeHTbl
KOHCTPYKTOpa OUEeHUBAKTCA PEKYPCMBHO N NPUBA3BLIBAKOTCA K MapamMeTpaM KOHCTPYKTOpa. Apl’yMEHTbI KOHCTPYKTOpa
OOIMKHbI ObITb N3BECTHbI npu KoMnNunaumun. MNMopsigok OLEeHKM ApPryMmeHTOB KOHCTPYKTOpa He OOJDKEeH urpatb ponu,
NOCKOJIbKY OH HE BITUAET Ha pe3dynbTarT.

- SKSGMI'IJ'Iﬂpr OLleHMBAIOT UMEHOBaHHbIE 0OBEKTbI C COCTOSIHUEM.

- Oksemnnsp aHanusaTopa WNU 3MneMeHTa YnpaBrneHus PEeKypPCUBHO OLIEHMBAET BCE 3K3eMMNMsipbl C COCTOSIHUEM,
ob6bsABNEHHbIEe B OMnoke.

- PesynbTaToMm OUEHKU NporpamMmmbl SIBASIETCS 3HAaYEHUE NepeMEHHON BEPXHEro YPOBHS main.
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OTMeTVIM, YTO BC€ 3HAa4YeHUdA C COCTOAHNUEM OLEeHUBAKOTCA BO BpeMa KOMNUNAauun.

B kayecTBe npumepa paccmMoTpum dparMeHT NporpaMmbl, MPUBEAEHHBIN HUXE.

parser P( );
control C( )
control D( )

’

package Switch(P prs, C ctrl, D dep);
extern Checksumlé6 { }

Checksumlé6 () ckl6;

parser TopParser ( ) (Checksuml6 unit) { }
control Pipe ( ) { /* body omitted */}
control TopDeparser ( ) (Checksuml6 unit) { }

Switch (TopParser (ckl6), Pipe(), TopDeparser (ckl6)) main;
OLl,eHKa aTomn nporpamMmmbl NPONCXOAUT B ONNCAHHOM HMXe nopdake.

1. O6bsaenenuna P, C, D, Switch, Checksum16 oueHnunatoT cebs camu.

2. 3xsemnnsp Checksum16() ck16 oueHnBaeTcs u cosgaet o6bekT ck16 Tuna Checksum16.
3. O6wbsasneHus TopParser, Pipe, TopDeparser oueHuBatoT cebsa camu.

4. BebInonHaeTcs oueHKa 3K3eMmnspa nepemMeHHom :

(a) peKypCUBHO OLIEHMBAIOTCSA apryMeHTbl KOHCTPYKTOPA;

(b) BbI3bIBaeTCA kKOHCTPYKTOP TopParser(ck16)

(C) aprymeHTbl OLEHMBAIOTCA PEKYPCUBHO, OLeHnBaeTcsi 0obekT ck16;

(d) oueHvBaeTCs cam KOHCTPYKTOP, YTO BeAeT K co3aaHuio obbekta Tuna TopParser;
(e) ananoruyHo Pipe() u TopDeparser(ck16) oLeHnBalOTCA Kak BbI30Bbl KOHCTPYKTOPA;

(f) oueHuBaloTCA Bce apryMeHTbl KOHCTpykTOopa naketa Switch (aksennapel TopParser, Pipe, TopDeparser) n nx
curHaTypbl CONOCTaBRSOTCA ¢ onpeaeneHuem Switch;

(g) oueHuBaeTcsa KOHCTpykTOp Switch, pesynbtatom yero sensetcs ak3emnnap naket Switch (prs Tmna TopParser
ABNseTcs nepebiM napameTpom, ctrl Tuna Pipe - BTopbim, dep Tuna TopDeparser - TpeTbum).

5. Pe3ynbTaTtom OLEHKM NporpamMmmbl ABMSIETCSA 3HAYEHUE NepeMeHHON main - ak3emnnsipa naketa Switch.

- toplevel
- package maip————————

[ parser prs

ck16

[ control ctrl

[ control dep

PucyHok 14. Pe3yrnbmam OueHKU.
Ha pucyHke 14 nokasaH pesynbTaT OLEHKM B rpadmyeckon dopme, npeacrasnsowmi cobon rpad aksemnnapos. Vmeetcs 1
ak3emnnsaAp Checksum16 (ck16), coBmecTHO mcnonb3dyembii TopParser n TopDeparser (KOHKpETHas apxXuTekTypa MOXeT
notpeboBaTb UCMOMb30BaHNSA Pa3HbIX BIIOKOB KOHTPOMNBHOW CYMMbl).

17.3. UmeHa anemMeHTOB ynpaBreHus

Kaxxabin yI'IpaBJ'IﬂeMbIVI 06'beKT, paCKprBaEMbIVI I'IpOFpaMMOI7I P4, nomkeH nmetb YHUKarnbHOEe NofiHoe NMA, KOTOpPO€e NJTOCKOCTb
ynpaelieHNUa MOXeT Ucnonb3oBaTb AnA B3aMMOLENCTBUSA C 00BbEKTOM. YI'IpaBJ'IﬂeMbIe 06beKTbl BKOYaOT TaﬁJ'IVILl,bI, KIo4u,
,D,eVICTBI/IH, 9K3eMnnAapbI extern. [NonHoe UMsi COCTOUT U3 NOKanbHOro UMEHU ynpasndaemoro ob6bekTa ¢ npe(*)MKCOM N3 MMeHU
BKIIOYalOLLEro ero npoctpaHcTea MMeH. MoaToMy nporpammHble KOHCTPYKLUMM C dneMeHTaMu ynpaBneHus Takke OOMMKHbI
MMETb YHUKallbHbl€ MNOJIHble UMeHa. 3710 3K3eMnndapbl 3/IeMEHTOB ynpaBJieHUA U aHann3aTopoB. OLleHKa MOXeT co34aBaTb
MHOXXeCTBO OHOTUNMHbIX 3K3eMNNApOB, Ka)K,ElbII7I N3 KOTOPbLIX AO0JIKEeH UMETb YHUKaribHOE NMoJIHoe NUMA.

17.3.1. BblyucrneHue uMeH asieMeHMoO8 ynpaeJsieHusi

MNMonHoe MMS KOHCTPYKUMM CO30aeTcsl KOHKaTeHauuen MOMHOro MMEeHW BKIovalero ee 6roka € fnokanbHbIM UMEHEM.
KoHcTpykuun 6e3 BkniovarLlero npocTpaHCcTBa MMeH (T. €. onpedeneHHble rnobanbHo) MMEKT OAWHAKOBblE foKanbHOe U
rnobanbHoe nMeHa. JlokanbHbl MMeHa yrnpaBnsieMblX OOBbEKTOB M BKIOYAIOLUMX UX KOHCTPYKUMI BbIBOOSATCH M3 CUHTaKcuca
nporpammbl P4, kak onmcaHo Huxe.
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17.3.1.1. Tabnuubl
ﬂ,ﬂﬂ Ka)KJJ,OVI KOHCTPYKUNN table ee cuHTakcuyeckoe MM CTAHOBUTCH NOKanbHbIM UMEHEM Ta6J'IVIL|,bI. Hanpmmep, onpeaeneHne

control c( ) () |
table t { }

}

co3aacTt Ta6J'IV|L|,y C NOKanbHbIM UMEeHeM t.

17.3.1.2. Kntoum
CuHTaKkcnyeckun knioyun Tabnuupl ABNATCA BblpaXeHUAMNU. [na NpoCTbIX BbIPaXeHUIN NokanbHOe MMS MOXEeT co3aaBaTbCs U3
camoro BblpaxeHus. Huxe npuseaeH npumep Tabnuupl t, knoum koTopon Ha3saHbl data.f1 n hdrs[3].f2.

table t {
keys = {
data.fl : exact;
hdrs[3].£f2 : exact;
}
actions = { }

}
[MepeuyncneHHble B Tabnuue Buabl BbIpaXXeHUI NMEIOT JNTIoKanbHble MMEHa, BbIBEAEHHbIE N3 UX CUHTAKCUYECKUX UMEH.

BbipaxxeHue lMpumep Nmsa
MeTog isValid() h.isValid() "h.isValid()"
Hoctyn k MmaccuBy header_stack[1] "header_stack[1]"
KoHcTaHTa 1 """
Mpoekumsa nona data.f1 "data.f1"
Hapeska F1[3:0] "f1[3:0]"

Bce npoune BbipaXeHUs [OMKHbI aHHOTMPOBATLCSA C ucnonb3oBaHmem @name (18.3.3. AHHoTaumu APl nnockoctu
yrpaBrieH1s ), Kak MoKa3aHo Huxe.

table t {
keys = {
data.fl + 1 : exact @name("fl mask");
}
actions = { }

}
3aecb aHHoTauua @name("f1_mask") HasHavaeT kntoyvy nokansHoe nma "f1_mask".

17.3.1.3. OencTtBus
,D,J'Iﬂ KOHCTPYKLNN action nokanbHbIM UMEHEM ﬂeVICTBVIﬂ SABNSAETCA CUHTaAKcu4yeckoe umsa action. Hanpmmep,

control c( ) () |
action a(...) { }

}

co34aeT J1oKallbHOe M4 a.

17.3.1.4. 3k3emnnsapsbl
JlokanbHble nMeHa IK3eMNnAapoB extern, parser n control BbIBOOATCA HA OCHOBE UCMNOJIb30BaHUA 3K3eMnnapa. Ecnu aK3eMnnap
npuBdAsaH K UME€HU, OHO CTaHOBUTCA NOKallbHbIM UMEeHaM A4 NNOCKOCTU ynpaBleHUA. Hanpmmep, npu obbsasneHun control C

control C( )O | }
1 co3aaHunKn aKk3emMnnapa

C() c_inst;
NOoKanbHbIM MMEHEM 6yneT c_inst. Ecnn ak3emnnsap co3gaeTcsa B KavecTBe aprymeHTa, ero nokanbHbIM UMEHEM 6yneT nvs
(bOpMaJ'IbHOFO napameTpa, K KOTOPOMY 3K3eMnnAap npuBsA3aH. HaI'IpMMep npu obbasneHun extern E u control C

extern E { }
control C( ) (E e_in) { }
1 co3aaHunKn aKk3emMnnapa

C(E()) c_inst;
nokanbHbIM UMeHeM ak3emnisipa extern 6y,qu e_in.

Ecnn cospaBaemMasi KOHCTPYKUMS nepedaeTcsl kak aprymeHT nakeTy (package), ums ak3emnnsipa BbIBOAWTCH U3
npeAcTaBrieHHOro nonb3oBarternieM o6bABMEHUSA, KOrga 370 BO3MOXHO. B npuBegeHHOM Huxe npuMepe fnokanbHbIM MMEHeM
MyC 6yneT ¢, a nokanbHbIM UMeHeM extern - €2, a He e1.

extern E { }
control ArchC(E el);
package Arch(ArchC c);

control MyC(E e2) () { }

Arch (MyC()) main;

OTmeTuM, YTO B 3TOM NpUMepe apxuTekTypa byaeT npeacTaBnsaTb ak3emnnsp extern npy nepegade ak3emnnapa MyC nakety
Arch. NonHbIM MMeHeM 3Toro ak3emnnsipa 6yaeTt main.c.e2.

[anee paccmoTpum 6onee prﬂHbIVI npumep, NokasblBaOLLNN reHepaLnto UMEH NPU HaNUYNN MHOXECTBA SK3EMIMMSIPOB.

control Callee() {
table t { }
apply { t.apply(); }

}

control Caller() {
Callee() cl;
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Callee() c2;
apply {

cl.apply();
c2.apply() ;
}

}
control Simple();
package Top (Simple s);
Top (Caller()) main;
OueHka 3TOWM nporpaMMbl MpPYM KOMMUIAUUKM CO3[4aeT CTPYKTYPY, MOKa3aHHyl Ha pucyHke 15. OTMeTMMm HanuumMe AOByX

- toplevel

- package main

— control s

control c1¢ table t]

control c2; table t]

PucyHok 15. OueHka npozgpamMmbl ¢ HECKOMTbKUMU
SK3eMnIsspamMu KOMIMOHEHMOo8.
ak3emMnnsApoB Tabnuubl t, KoTopble (06a) AOMKHbI ObITb PacKpbITbl NIIOCKOCTY yNpaBneHns. [Ons nMeHoBaHUSA OObLEKTOB B 3TOM
nepapxmmM UCMonb3yeTcs KOMMOHEHT MyTW WMEH, COAepXawux a3k3emnnspbl. B gaHHoM cnyvae pgBe Tabnuvubl OyayT
HasblBaTbCcA s.c1.t n s.c2.t, rae s - UMA aprymeHTa Ons cosfaHus 3K3emnnspa naketa, KoTopoe BblBOAUTCS U3 UMEHU
COOTBETCTBYHOLLEro hopmarnbHOro napameTpa.

17.3.2. AHHOmMayuu, ynpasJssirowue uMmeHamu
AHHOTaUMK, oTHocsLWMECS K nnockocTu ynpaeneHus (18.3.3. AHHoTauum API NnockocTy ynpaBneHus ), MOryT MeHsiTb BUAMMbIE
NOCKOCTW yNpaBreHus UMeHa.

- AHHOTauus @hidden ckpbiBaeT ynpaBnsembli 3NEeMeHT OT MMOCKOCTU ynpaBneHus. 3TO eAMHCTBEHHbIA Ccriyyan,
korga ynpaensiemoMy o6bekTy He TpebyeTcsi yHMKanbHoe NosiHoe UMs.

- MoxHo ncnonb3oBaTb aHHOTALMIO @,D,ﬂﬂ CMeHbI JTOKaribHOro MMeHu ynpasndaemoro obbekTa.

npOFpaMMbl, Bblaawouwne ogHO NoJsiHoe MA ANna ABYX pa3HbIX ynpaBiideMblX 3JIEMEeHTOB, He4OoMyCTUMbI.

17.3.3. PekomeHOayuu
[MnockocTb ynpasneHna MOXeT yKa3biBaTb yI'IpaBJ'IFleMbIVI 00BbEKT Cy(*)(*)VIKCOM €ero noJyiHoro MMeHu, ecrnm 3710 obecneuymBaeT
OOHO3HAYHOCTb B KOHTEKCTE NPpUMEHEHUA. PaCCMOTpMM npumep.

control c( ) () |
action a ( ) { }
table t {
keys = { }

actions = { a; }
}
}
c() c_inst;
Mporpammbl MAOCKOCTU ynpaBneHusi MOTyT ykasblBaTb AeWCTBME C_inst.a kak a npu BCTaBke npasBun B Tabnuuy c_inst.t,
NOCKOMbKY 3TO SICHO U3 onpefeneHns Tabnuua, kK KOTOPo OTHOCUTCHA AENCTBUE.

He Bce opHO3Ha4yHble COKpaLLEeHWs MOXHO pekomeHgoBaTb. PaccMoTpuM nepBbii npuMep u3 naparpada 17.3. VmeHa
3MNeMeHTOB ynpaBsneHuns. MoxHO mogymaTb O CCbifike Ha S.Cc1 Kak c1, MOCKOMbKy B Mporpamme HeT gpyroro obwbekta ci.
OpHako 9TO caenaeT nporpamMmmy «Xpyrnkony, MOCKOSbKY ee HOBble BEPCUM HE CMOryT CO3[aBaTb 3K3EeMMMsAp C umeHem c1 unu
BKItoyaTb bubnuotekn P4, roe umeetcst 0OObEKT C TakKUM UMEHEM.

17.4. AuHaMmn4yeckas oLeHKa

JvHamnyeckas oueHka nporpammy P4 opraHusyeTcs apxuTekTypHow mogenbto. Kaxaas mogenb fofmkHa 3agaBaTb NMOPSAOK U
YCrNOBUS AWHaMUYECKOro BbIMOMHEHUSI Pa3fMYHbIX KOMMOHEHTOB nporpammbl P4. Hanpumep, B VSS wu3 pasgena 5.1.
Apxutektypa VSS notok BbinonHeHusa umeet Bup, Parser->Pipe->Deparser. Npu BbidoBe 6noka ncnonHeHuns P4 oH pabotaet
[0 3aBepLueHns (NpepbiBaHKs) B COOTBETCTBMM C ONUCAHHOM 30eCb CEMAHTUKOMN.

17.4.1. MoOenb oOHo8peMeHHOoU pabombi
TunnyHon cucteme o6paboTkn nakeToB TpebyeTcs OAHOBPEMEHHO BbINOMHATL MHOXECTBO rnorudeckmx notokos (thread). Mo
MEHbLUEN Mepe MMEETCS MOTOK, BbIMOMHSAEMbIN MITOCKOCTBIO YNPaBeHNss U MEHSAOLWMI cogepxnmoe Tabnuy. Cneundukaumm
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apxXuTeKTypbl cnegyet nogpobHO onucbiBaTb B3aMMOAEWNCTBUS MeEXAy MNMOCKOCTAMMU YnpaBneHus W AadHbiX. [nockocTb
OaHHbIX MOXeT 0obMeHMBaTbLCA C MITOCKOCTbHO ynpasrneHuna 4yepes3 Bbl30Bbl BHELLHUX METOOOB U beHKLLVIIZ. BbICOKOCKOpOCTHbIe
cucteMbl 006pabaTtbiBalOT MHOXECTBO MAaKeTOB OAHOBPEMEHHO (HampuMMep, B KOHBeWepax) Wnu aHanvM3upyloT nakeT
O[HOBPEMEHHO C BbINONHeHNeM onepauunii CI1 ansa gpyroro naketa. B aTom naparpade onucaHa cemaHTuka nporpamm P4 B
YacTn OAHOBPEMEHHON paboTbl.

Kaxgbll aHanusatop unu 6ok ynpaBrieHWsi BEpPXHEro YPOBHsSI BbIMNOMHAETCA B opme OTAenbHoro notoka (thread)
co3aBaeMoro apxutektypoil. Bce napameTpbl M nokanbHble NepeMeHHble 6roka AOCTYMHbl NULb 3TOMY MOTOKY. JTO
OTHOCUTCS K MapamMeTpaM aHanmusaTopoB 4 cGoplunkoB packet in u packet_out. Mockonbky 6rok P4 ucnonbayeT nNuib CBOU
rokanbHble pecypcbl (MeTadaHHble, 3arofloBKM, NepeMeHHbIe), ero noBeaeHne nNpy ogHOBPEMEHHON paboTe He oTnmMyaeTcs oT
N30MTMPOBAHHOIO NoBeAeHUs 1 YepeoBaHe oNepaTopoB U3 pasHbIX GIIOKOB He OOMKHO BNUATL Ha pesyrnbTaThl.

BHelwHne 6noku, 3k3emMnnspbl KOTOPbIX co3fdalTca nporpammon P4, asnsioTca rnobanbHbIMW M MCMONb3YIOTCA BCEMM
notokamu. Ecnun BHewHWe GNOkM y4acTBYHOT B AOCTYMNE K COCTOSHUIO (CYETHMKM, PErUCTPbI), T. €. K METOAAM YTEHMS U 3anucu
COCTOSIHUW, 3TV onepauum SABMSATCA «cocTadaTenbHeiMuy. P4 TpebyeT aTomapHoro (Hegenvmoro) BbINOMHEHWS Bbli30BOB
MEeTOA0B 1 3k3emnnsipoB extern. [na atoMmapHoOro BeinosniHeHWs 6onblinx 6nokos koga B P4 npumeHsieTca aHHoTaums @atomic
Ansi 6noka onepaTopoB, COCTOSIHNSA aHanusaTopa, 6rnoka ynpaesneHus nnv aHanusaTopa uenvkoM. Paccmotpum npumep.

extern Register ({ }
control Ingress() {
Register() r;
table flowlet { }
table new_flowlet { }
apply {
Qatomic {
flowlet.apply () ;
if (ingress_metadata.flow_ipg > FLOWLET INACTIVE_ TIMEOUT)
new_flowlet.apply() ;
}1}
Mporpamma obpallaeTca k BHelwHeMy obObekTy r Tuna Register B genctBuax uz tabnuy flowlet (4teHne) n new_flowlet
(3anuck). bes aHHoTauMn @atomic 3T onepaummn He ByayT BbIMOMHATECA aTOMapHO M 4151 BTOPOro naketa COCTOsIHWE I MOXeT
ObITb CUMTAHO A0 TOrO, KaK NepBbIf U3MEHUT ero.

OTmeTuM, YTO Jaxe B onpefeneHny OencTBUS, KOTOPOe MOXET YUTaTb, USMEHSTb U 3anucbiBaTb COAEPXMMOe peructpa, ang
6noka paboTbl C perucTpoM cneayeT MCnonb3oBaTh aHHOTaumMo @atomic, 4ToObl rapaHTUpoOBaTL CrieayLeMy nakeTy AocTyn
K obHoBNeHHON MHopmauun. KomnunaTtop backend gomkeH oTBepratb nporpaMmmbl ¢ 6Gnokammn @atomic, ecrnim OH He MOXeT
peanu3oBaTb HedenuMmoe BbINOMHEHWe MocnefoBaTenbHOCTU WMHCTPYKUMA. B Takux cnyyasx KoMmnunsaTtopy crnegyet
obGecneymBaTb pasyMHyH0 ONArHOCTUKY.

18. AHHOmMauyuu

AHHOTaUMKN NoXoxu Ha aTpubyTbl C# 1 aHHOTaumm Java. 3TO NPOCTO MEXaHW3M OrpaHWYeHHOro paclmpeHus Asbika P4 6e3
U3MEeHEeHUs1 rpammaTukn. B kakon-To cTeneHn aHHOTauuu BknioyatoT #pragma u3 asbika C. AHHOTaUUWM NPUCOEAMHSIIOTCS K
TMnam, nomnsiM, nepeMeHHbiM W T. M. C MWCMONb3OBaHWEM CuHTakcmca @ (Kak nokasaHo $IBHO B rpammatuke P4).
HecTpykTyprpoBaHHbIe aHHOTaLMN Uy NPOCTO aHHOTaL MM MOTYT HE UMETb Tena, ANA CTPYKTYPUPOBaHHbLIX Teno obssatensHo
1 OOIMKHO coaepxaTb XoTs 6bl ogHy napy ckobok [].

optAnnotations

| annotations
;
annotations
annotation
| annotations annotation

annotation

: '"@' name

| '@' name ' (' annotationBody ')'

| '@' name '[' structuredAnnotationBody ']’
CprKTypVIpOBaHHbIe N HECTPYKTYypupOBaHHbl€ aHHOTaUWUW ONA OAHOro 3feMeHTa He MOryT Mmcnonb3oBatb OOAHO UMA. T. e.
OaHHOe UuMA AOngd noboro anemeHTa MOXeT NPUMEHATbCA nNuUlb K OAHOMY U3 AOBYX TUMNOB aHHOTaLI,MVI. AHHOTaLI,VIﬂ,
ncnonb3dyemada ana ogHoro anemMeHTa, He BNuaAeT Ha aHHOTauMn Opyrux, NOCKOJbKY Y HUX CBOA obnacTb ,D,eIZCTBVIﬂ.

[encTBuTenbHble aHHoTaUumn

@my anno(l) table T { }

@my anno[2] table U { }

HepencTtBuTenbHble aHHOTaALUMK

@my anno (1)

@my:anno[Z] table U { }

,D,J'Iﬂ OAHHOro 3nieMeHTa MOXeT 3adaBaTbCA MHOXECTBO HEeCTPYKTYPUPOBAHHbIX aHHOTaLl,I/IVI Cc OAHMM WUMEHeM - OHUu
AKKYMYIMPYOTCA N BCE 6yD,yT CBA3aHbl C 3TUM 3NNIEMEHTOM. CprKTprpOBaHHaﬂ aHHOTauua ¢ gaHHbIM UMeHeM AnA 3neMeHTa
MOXeT ObITb NULLb OHa N Hann4yme HecKomnbKnx aHHOTaLI,VIVI cosaacTt OLIJVI6Ky.

[encTBuTenbHble aHHOTaLUUKN

@my anno (1)
@my anno(2) table U { }
HepencTBuTenbHble aHHOTaALUK

@my_anno[1]
@my anno[2] table U { }
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18.1. Teno HeCTPYKTYypUpoBaHHOW aHHOTaLUMN
MBKOCTb HECTPYKTYPUPOBaHHbIX aHHOTauun P4 obycnoBneHa MUHMManbHOW CTPYKTYpon, Tpebyemorn rpammatukon P4 - teno
HECTPYKTYpUPOBAHHOW aHHOTauuMM MOXeT codepxaTb mnobylo nocnefoBaTenbHOCTb  TEPMUHANOB  MpU  YCIIOBUM
cbanaHcMpoBaHHOCTU Kpyrnbix ckobok. B npvBeneHHOM Hwxke dparMeHTe rpaMMaTvKM HeTepMUHAIbHBIR  3nemMeHT
annotationToken npepacTtaBnsieT nbon TepMuHan, CO3[AaHHbLIA NeKCepoM, BKIoYas MOEHTUMUKATOPbI, KMYeBble CroBa,
CTPOKU, U LLeNOYUCIIEHHBbIE NUTEParbl, HO UCKIoYasi KpYrible CKOOKN.

annotationBody

| annotationBody ' (' annotationBody ')'

| annotationBody annotationToken
HecTpykTypupoBaHHble aHHOTaLuMu MOryT UMeTb Ty WKW UHYI0 CTPYKTYpY B CBOEM Tene, He onpegensiemMyo a3blkom P4.
Hanpumep, cneundmkauma P4Runtime onpenensieT aHHoTaumio @pkginfo, npegnonaratoLuyto napy Knio4-3HayeHue.

18.2. Teno cTPyKTypUpPOBaHHbIX aHHOTaLMW

B oTnuume OT HECTpPyKTYpUpOBaHHbIX aHHOTaUWMWA CTPYKTYPUPOBAaHHbIE UCMONb3YHT Ckobku [...] M cdopmaTt nx orpaHunyeH.
OOGbIYHO Takne aHHOTaUMK cnyxaT Anst 00bABNEHNS NONMb30BaTENbCKMX METaAaHHbIX, COCTOSLUMX U3 CMIMCKOB BbIPAXEHWUI UNn
CMUCKOB Nap KIi4-3HayeHne (HO He oboux). AnemeHT expressionlist mMoxeT ObITb MyCTbIM MMM copepXaTb CrMCOK
pasfdeneHHbIX 3ansaTbiMU BblpaXkeHun. AnemeHT kvList BkntovaeT ogHy unum Heckonbko nap kvPair, kaxgas M3 KOTOpbIX
BKIIOYAET KMtoY 1 3HavyeHne. CUHTaKCUC BblpaxeHus onucaH Huxke (Mpunoxenue H. Mpammatuka P4 ).

Bce BblpaxeHusa B structuredAnnotationBody AOmKHbI MMeTb W3BECTHble MPU KOMNWUASUMM 3HAYeHUs - nuTepanbl WUnu
Bblpa)eHWsl, KOTOpble AOSMKHbl ObiTb BbIMMCAEHBI MPU KOMAUASAUMM, C TUNOM pe3ynbTata string, int ¢ HeorpaHuyeHHon
paspsgHocTblo unu boolean. CTpykTypupoBaHHble BblpaXeHus (Hanpumep, BblpaxeHus ¢ expressionlList, kvList n 1. n.) He
ponyckatotcs. OTMeTumM, uto MHdopmauma P4Runtime (P4Info) moxeT npegycmaTpumBaTb OOMOMHUTENbHbIE OrpaHUYEHUs,
HanpvMep, LenoYncneHHble BbipaXeHUss MOryT ObITb OorpaHnyeHbl 64-6utoBbIMK 3HaYeHusaMn. He gonyckaetcs aybnvposaHue
kntoyen B kvlist CTpykTypMpoBaHHOW aHHOTaLuu.

structuredAnnotationBody
expressionList
| kvList

;
expressionList
| expression

| expressionlList ',' expression

’

kvList

: kvPair
| kvList ',' kvPair
’

kvPair

: name '=' expression

’

18.2.1. lMpumepbl cmpyKkmypupo8aHHbIX aHHOmMauyuu
MycTol cnMcok BblpaXXeHUn UMeeT NyCTYy aHHOTaLuMio

@Empty[]
table t { }

CmMeLuaHHbIA CMMCOK BblpaXKeHUs 6y,qu MMeTb aHHOTauuk Bnaga

[1,"hello", true, false, 11]

#define TEXT CONST "hello"

#define NUM CONST 6

@MixedExprList[1,TEXT_CONST, true,1==2,5+NUM_CONST]
table t { }

Cnmcok cTpok kvList

@Labels[short="Short Label", hover="My Longer Table Label to appear in hover-help"]

table t { }

Cn1cok cMellaHHbIX BbipaxeHui kvList nmeeTt aHHoTaumio

[label="text", my bool=true, int val=6]

@MixedKV[label="text", my bool=true, int_ val=2*3]

table t { }

Cnucok cMelwaHHbIX kvPair u expressionList OyaeT HegecTBUTENBHBIM, MOCKOMbLKY B HEM cMeluaHbl kvPair n BeipaxeHus

@IllegalMixing[key=4, 5]
table t { }
HepelicTBuTensHoe Oy6nuposaHue Knoya

@DupKey [k1=4 ,k1=5]

table t { }

Heponyctumoe aybnmpoBaHme CTPYKTYPUMPOBaHHbBIX aHHOTaLuUiA

@DupAnno [k1=4]

@DupAnno [k2=5]

table t { }

Heponyctumoe ncnonb3oBaHne CTPYKTYPUPOBAHHON N HECTPYKTYPUPOBAHHOW aHHOTaLmMu
@MixAnno ("Anything")

@MixAnno [k2=5]
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table t { }

18.3. NpenonpeaeneHHble aHHOTaLUN

MMeHa aHHOTauui, HauYMHaKLWMECH CO CTPOYHOM OyKBbI 3ape3epBMPOBaHbl ANA CTaHAApTHOW OMONMOTEKU N apXUTEKTYpHI.
3T1oT OOKYMEHT onpegendeTt «CtaHaapTHble» aHHOTauun B |_|pVIJ'I0)K6HVIM C. I'Ipep,nonaraeTc;l, YTO 3TOT CNNCOK 6y,D,6T pacTtun.
ﬂ,]‘lﬂ APXUTEKTYpPbl peKkoMeHOyeTCA onpenendtb aHHOoTauun, Ha4duHawuwumeca C npecbleca npoun3soaunTena, Hanpumep,
opraHmsaums X MOXeT UCMNOoMb30BaTh ANS aHHOTauMin uMeHa Buga @X_annotation

18.3.1. AHHOmMauyuu Heobsi3ameJsibHbIX NapamMempoes
MapameTp Ana nakeTa, BHELWHEro metoAa, MyHKUMM Unn obbekTa aHHOTUPYeTCA ¢ MomoLblo @optional Ana ykasaxHus Toro,
YTO NnapameTp He TpebyeT COOTBETCTBYIOLLEro aprymeHTa. 3HadeHne napameTtpa 6e3 aprymeHTa 3aB1CUT OT MnaTtdopMbl.

18.3.2. AHHOomayuu cnucka deticmeuli mabnauusi
[ns npegocTaBneHus KOMMUASTOPY W NMOCKOCTW YMNpaBreHWs AONOMHUTENbHOW WuHOopMauuM O AevcTBuAX Tabnuubl
MCMNOnb3yoTCH ABE aHHOTaL MK, He UMeloLwue Tena:

- (@tableonly ykasbiBaeT, YTO AENCTBME MOXET NPUCYTCTBOBATL MULLbL B Tabnuue n He NPUMEHSETCSA MO YMOIYaHuIo;
- @defaultonly ykasbiBaeT, YTO AENCTBME MOXET MPUMEHSITLCA NULLBL NO YMOIYaHMIO, a He B Tabnuue.

table t {
actions = {
a,
@tableonly b,
@defaultonly c,

}

18.3.3. AHHomauuu API nnockocmu ynpaesieHusi

AHHOTauMa @name ykasblBaeT KOMMNUASTOPY WMCMONb3oBaTb APYyroe IokanbHoe MMS Mnpu reHepauun BHewHux APl ans
MaHMNyNAUMN ¢ O6BHLEKTOM M3 MIOCKOCTU ynpaBneHns. Tenom aHHOoTauuu SBNsSeTCs CTPOKOBbIM nuTepan. B npuBegeHHoM
npumepe Tabnvua nmeet nonHoe ums c_inst.t1.

control c( ) O o
@name ("t1l") table t { }
apply { }
}
c() c_inst;
AHHOTaums @hidden ckpblBaeT ynpaBnsieMbli 3NEMEHT (Hanpumep, Tabnuuy, kniod, geicteue mnu extern) oT NNockocTu
ynpasneHus, yaansas no cytu nonHoe ums (17.3. IMeHa aneMeHToB ynpasneHus). AHHOTaums He UMeeT Tena.

18.3.3.1. OrpaHuyeHus

Onsa kaxgoro anemMeHTa MOXHO NPUMEHsITb He bGonee ogHOM aHHoTauMm @name unn @hidden, a kaxgoe MM NNOCKOCTM
yrnpaBneHnss [OOIDKHO YKasbiBaTb He 0Ooree OAHOro ynpaBnsemMoro obbekta. OTO BbI3biBAaeT 03ab0YEHHOCTb Npw
MCNONb30BaHUN abCOMTHOM aHHOoTauMM @name - ecrniv TuM, COAEpXaliMi aHHoTauuM @name C abComMTHBIM NyTem
(HaunHaeTcs ¢ .) co3gaeTca HEOAHOKPATHO, 3TO NPUBEAET K OAHOMY UMEHU Yy HECKOMbKMX YNPaBnsieMbIX 31IEMEHTOB.

control noargs();
package top(noargs cl, noargs c2);
control c() {
@name (".foo.bar") table t { }
apply { }
}
top(c(), c()) main;
Be3s aHHoTaumMn @name 3Tta nporpamma OyaeT cosgasaTb ABa ynpasnseMblX dfieMeHTa C MOfHbIMKM MMeHamy main.cl.t n
main.c2.t. Ograko aHHoTaums @name(".foo.bar") nepenmenytoT B 06omx aksemnnapax Tabnuuy t B foo.bar n umena aByx
yrnpaBrnseMbIX 3fieMEHTOB COBMNaayT,Y4TO HEAOMYCTUMO.

18.3.4. AHHOMayuu 0OHO8PEeMEHHbIX 3JIEMEHMOo8 yrnpaesieHus!
AHHoTaumsa @atomic (17.4.1. Mogenb ogHoBpemeHHoW paboTbl) No3BonsgeT obecneynTs HeaenMMocTb Boka onepauui.

18.3.5. AHHOmauyuu Habopoe 3Ha4YeHul
AHHOTauma @match (12.6. BolpaxxeHuss ansa Beibopa) cnyxuT gnst 3aganuns match_kind, oTiMYHOro NpMHATOrO MO yMOYaHUto,
Anst TOYHOro 3HayeHusi nons value_set.

18.3.6. AHHOMayuu eHewHuUx hyHKUUl u Memoadoe

B 06bsABNeHWsX BHEWHUX (YHKUMA U METOAOB MOTyT MOSIBMATLCA pasHble aHHOTauuMM Afsi ONUCaHUS OrPaHWYeHUn B
NoBeAEHUN U B3aUMOAEMNCTBUSAX ITUX (pyHKUMIA. o ymMonyaHuio BHellHUEe (YHKLUM MOryT oKkasbliBaTb Mtoboe BNusiHe Ha
cpeay nporpammbl P4 1 moryT B3anmogencTesoBatb HeTpuBManbHbeiMK cnocobamu (6.7.1. O6ocHoBaHue). MNockonbKy BHELLHWE
0OBEeKTbl 3aBUCAT OT apXUTEKTYPbl U UX NOBEAEHNE U3BECTHO ONpPenerneHno apxXUTEKTYpbl, TakMe aHHOTauMn HeobsasaTenbHbl
(peanu3aumsi MOXeT 3HaTb O B3aUMOLEWNCTBMU MO UX MMEHAM), HO OHU 0BecneynBaloT eanHbIN CNocod ONUCaHUST HEKOTOPbIX
06LLIEen3BEeCTHbIX B3aMMOAENCTBUN (MNN UX OTCYTCTBUS) ANSt HE3aBUCUMOIO OT apXUTEKTypbl aHanusa nporpamm P4,

- @pure onucbiBaeT (OYHKLUMIO, 3aBUCALLYIO NULLIb OT 3HAYEeHWA NapamMeTpPoB U He OKa3blBalOLLY HUKAKOro BAUSHUS,
Kpome BO3BpaTa 3HayYeHus 1 nosedeHus copy-out onga napametpos out u inout. Mexay BbI30BaMu He 3anucbiBaeTCs
CKPbITbIX COCTOSIHWA M 3HA4YeHWe He 3aBUCUT OT CKPbITOFO COCTOSIHUS, KOTOpoe MOryT MEeHATb Apyrne BbI3OBbI.
Mpumepom sBnseTcs XGW%byHKHMﬂ,KOTOpaH paccHnTbiBaeT OETEPMUHUPOBAHHYKD CBEPTKY CBOWX aprymeHToB U
BO3BpaLlaemMoe 3Ha4eHue He 3aBUCUT OT AOOCTYMHbIX ONA 3anncu nNnOCKOCTU ynpaBlieHUA COCTOSIHUMA UMK 3HAYEeHUs
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BEKTOpa nHuuuanusaummn. PyHkumns @pure, pesynbtaT KOTOPOW HEe UCMONb3yeTCsl, MOXET ObITb UCKMOYeHa 6e3 kakmx-
nnbo HebnaronpuATHLIX NOCMNEACTBUI, 8 MHOXECTBO BbI30BOB C OOAHMMW apryMeHTaMu MOXHO 0O0beAuHWTb B OOWH
BbI30OB (C y4€TOM OrpaHu4eHuin nosegeHus copy-out Ansg napameTpoB out u inout). MNMopagok Bbi3oBa yHKUMI @pure
MOXHO MEHSATb OTHOCMTENbHO APYrMX PacyeToB, KOTOPbIE HEe 3aBUCHAT OT AaHHbIX.

- @noSideEffects cnabee, yem @pure, 1 onuceiBaeT PYHKLMN, HE MEHSIOLLMNE CKPbITbIX COCTOSIHWIM, HO 3aBuUCSLLME OT
TakoBbIX. [MprMepom sBRseTcs xaLw-yHKUMSA, paccunTbiBaoLWwas AeTePMUHNPOBAHHYIO CBEPTKY apryMeHTOB C y4eTOM
HEKOro BHYTPEHHEro COCTOSHWUS, KOTOpoe MOXeT ObiTb M3meHeHo yepe3 APl nnockocTu ynpaBneHus (Hanpumep,
BEKTOp MHWUUManusauumn). OpyruM npumepoM CRyXWT YTeHWe OOHOro dfieMeHTa MaccuBa permctpoB obbekta extern.
Takas yHKUMS MOXET ObiTb MCKMIOYEHA W MOXHO WM3MEHUTb e€e MOPSOOK MO OTHOLUEHWIO K ApYrMM Bbl30BaMm
@noSideEffects 1 @pure (c y4eToM orpaHudeHun noBefeHus copy-out Ans napameTtpos out v inout), HO He K
BbI30BaM ApYrux OyHKUWUIA, KOTOPblE MOrYT BO3AENCTBOBATL HA JaHHYIO.

18.3.7. AHHOmMauyusi OmmMeHbl

AHHOTaumst @deprecated pormkHa BKMKOYATb CTPOKY aprymeHta C CcoobLieHMEM, BbIBOOMMbIM KOMMUIATOPOM Mpu
UCMONb30BaHNM B NPOrpaMMe OTMEHEHHOW KOHCTPYKUMW. 3TO MonesHo B GubnuoTtekax, oOBbABMAIOWMUX KOHCTPYKUUWU TUNa
extern.

@deprecated("Please use the 'check' function instead")
extern Checker { }

18.3.8. OmknoyeHue npedynpexoeHull

AHHOTauma noWarn umeeT o6s3aTenbHbIi CTPOKOBLIM aprymMeHT, KOTOPbIA YykasbiBaeT nodaBnsemble NpeaynpexneHus
komnunsTopa. Hanpumep @noWarn("unused") 6OygeT npepoTBpaliath BbIBOA NPenynpexaeHun  komnunaropa o
Heuncnonb3yemMblx 06bsABNEHUSAX.

18.4. 3aBucuMbIe OT nnaTtopmMbl aHHOTaAUMU

Kaxqqaﬂ peanunsauma Komnmnatopa P4 moxeTt onpenendaTtb CBOM aHHOTaUuM C y4eTom Ll,eﬂeBOI;l I'IJ'IaT(bOprI. CuHTakeue atnx
aHHOTaLl,I/II7I OOJKeH cooTBeTCcTBOBaTb NpuBedeHHbIM Bblille OMNncaHnAM, CeMaHTUKa 3aBUCUT OT ﬂﬂaTd)Oprl. AHHOTaLl,I/II/I
MOXHO MPUMEHATb aHarnorM4yHo pragma B Apyrux s3sikax. Komnunatopy P4 cnegyeT BbigaBarts:

- owwnbKy Npu HEKOPPEKTHOM UCMONb30BaHWM aHHOTaLUui (Hanpumep, OTCYTCTBME UMM HEKOPPEKTHbLIN TUN napamMeTpa);

- npegynpexaeHna npu Hen3BeCTHbIX aHHOTaunAX.

lpunoxeHue A. Uicmopus ebinyckoe

Bepcusi Hdama N3meHeHus
1.0.0 17.05. 2017 WcxogHas Bepcus.
1.1.0 26.11.2018 [OobaBneHbl YHKUUM BEpPXHEro YpoOBHS, Heobs3aTenbHble W VMMEHOBaHHble napameTpbl,

npeacTaesneHnMs enum, Habopbl 3HaYeHWN aHanusaTopa, OonpegeneHvs TUMnoB, apudmeTvka C
HacCbIWEHNEM U CTPYKTYpUpOBaHHble aHHoTauuu. UckniodyeHa aHHoTaumsi globalname, po6asneHo
CBOMCTBO Tabnuubl size. PasbsicHeHa ceMaHTuWka onepaumi C HeOeNCTBUTENbHbIMU 3arofoBKaMu,
nobaBreHbl orpaHMYeHust Ons apryMeHTOB BbI30BA, M3MEHEH MOPSIAOK BbIMOMHEHUA MNOOUTOBLIX
onepaTopoB.

1.2.0 14.10.2019 [JobGaeneHa owwnbka ParserinvalidArgument, nopsigok 3anucer const, MeToabl Size AN 3arofioBKOB,
1-6MTOBbIE 3HAYEHUST CO 3HAKOM, Hape3kn OUTOB CO 3HaKOM, MNyCTble KOPTEXMW, aHHTauus
@deprecated, aHHoTaumm B cBobogHou hopme, Tun int ansa table.apply().miss, Tvn string.

1.2.1 11.06.2020 [OobGaBneHbl BbIpaXXeHUss CO 3Ha4YeHUeM struct, MPUHSTbIE MO YMOMYaHUIO 3HAYEHWSs!, KOHKaTeHauusl,
CTPYKTYpUpOBaHHble aHHoTauuu. CTaHOapTU30BaHO HECKONbKO HOBbIX aHHoTauui, 0606LeHo
npaBuno TUNM3auuM ONAsi MacoK, OrpaHW4YeHo npaBuio TUNM3auuM ONns cABura C onepaHTamu
HeorpaHM4YeHHoro pasmepa. Pa3bsiCHeH NMopsiAoK OLEHKM Anst Kntoyer Tabnuy, noBeaeHue copy-out
behavior, cemaHTMKa HeOeNCTBUTENbHbLIX CTEKOB 3arofloBKOB, CEeMaHTUKa MHULManusauuu.
McnpaBneHo HecKomnbKo Menknx npobrnem B rpammaTuke.

A.1. U3meHeHus B Bepcumn 1.2.1
- [obaBneHbl BlpaxeHus co 3HadveHuem struct (8.12. BeipaxxeHus co 3HayeHuem struct).

- JobasneHa noggepkka NPUHATBLIX NO YMOMYaHWIo 3HadYeHun (7.3. MNogpasymeBaemble 3Ha4YeHWs).

- [obaBneHa noaaepxka KoHkaTeHaumm cTpok (8.6.1. KoHkaTeHauwms).

- [OobaBneHbl aHHOTauun key-value n co cTpykTypoi cnvcka (18. AHHoTauun).

- fobaBneHbl aHHoTauumn @pure n @noSideEffects (18.3.6. AHHOTaUMW BHELUHWX PYHKLUIA U METOOOB).

- [obaeneHbl aHHoTauun @noWarn (18.3.8. OTknoveHve npeaynpexaeHui).

- O6o6LeHa TunM3aumsa macok ang cepuanusauun enum (18.3.3. AHHoTauum API nnockocTun ynpasneHus).

- OrpaHu4yeHbl NONoOXWTENbHBIMU KOHCTAHTaMW npasble onepaHabl 6uToBoro casura c yyactvem int (8.7. Onepauun
Hag uenbiMy Yucnamm NpoM3BONbHOM TOYHOCTH).

- PasbsacHeHo nosepexuve copy-out ans return (11.4. Onepatop BosBpaTta) u exit (11.5. OnepaTtop Bbixoaa).
- PasbsacHeHa cemaHTVKa HeEeACTBUTENBHbIX CTEKOB 3aronoskoB (8.17. Onepaunn Hap CTEKOM 3arofioBKOB).

- PasbscHeHa cemaHTuka wHuumanusauunm (6.6. BbipaxkeHus anst mesow 4vactu, 6.7. CornaweHusi o Bbl30Bax), B
YaCTHOCTM, A4S 3arofIOBKOB W NOKaIbHbIX NEPEMEHHbIX.

- PasbscHeH nopsaok oueHku knoven Tabnuubl (13.2.3. CemaHTrKa BbinonHeHus 6rnoka Cll).
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A2 U

A3. U

lpun

YTouyHeHa rpammaTtuvka Ana aHanu3a casura Bnpaso (>>) Ans noggepku nycTbix onepaTopoB B aHanusaTope (12.4.
CocTosiHns aHanusaTopa) U UCKIMKYeHNs aHHoTaumin ang 3anucein const (13.2.1.4. 3anwucm).

3MeHeHus B Bepcum 1.2.0
Ho6asneHo table.apply().miss (13.2.2. Boizos 6noka C[l).

Jo6asneH Tun string (7.1.5. Ctpoku).

[oGaBneHo HesiBHOE NpuBeAeHWNE AN 3Ha4eHun Tuna enum (8.3. Onepauuun Hag TMNoOM enum).
[lo6aBneHbl 1-6MTOBbLIE 3HAYEHUSI CO 3HAKOM.

Hapeska 6uToB 13 3Ha4eHU co 3HakoM u 6e3 3Haka onpeeneHa kak 6e3sHakoBas.
OrpaHunyeHo mectononoxexue meTtku default B onepatopax switch.

PaspelueHbl nycTble KOPTEXN.

JobaeneHa aHHoTaumsa @deprecated.

CwmsryeHbl TpeboBaHMA K CTPYKType Tena aHHOTaLuui.

WcknioveHa aHHoTaumsa @pkginfo, nepeHeceHHas B cneuundukauyuio P4Runtime.

Ho6asneH Tun int (7.1.6.5. Lienbie yncna “6eckoHeYHON TOYHOCTW”).

Hob6aBneHa owwnbka ParserinvalidArgument (12.8.2. WM3BneyeHue npu nepemeHHoM pasmepe, 12.8.4. [Nponyck
6uToB).

PasbscHeHa 3HauMMocCTb nopsifka aneMeHToB B 3anucsax const (13.2.1.4. 3anucn).

[ob6aBneHbl MeTOAbI pacyeTa pa3mepa 3arofioBkos (8.16. Onepauun Hag 3aronoskamu).

3MeHeHus B Bepcum 1.1.0
PaspelueHo obbaBneHne pyHKUUN Ha BEPXHEM ypoBHe nporpamm P4 (9. O6bsasneHne yHKUNMm).

PaspelueHo 3apgaBaTb napameTpbl N0 MMeHaM, C UCMONb30BAHWEM MPUHATOrO MO YMOMYaHWI0 3HA4YeHUs U Aenatb
napameTpbl Heobs3aTenbHbIMK (6.7. CornalieHusi o BbizoBax)l.

No6aBneHbl Nepeyncnsiemble 3HayeHust - enum (8.3. Onepaumu Hag TUNOM enum).

[ob6aeneHbl Habopbl 3HayeHU aHanu3aTopa - value_set Ans mporpammmpyembiX MAOCKOCTbIO ynpaBreHne MeToK
select (12.11. Habop 3HayeHui aHanu3aTopa).

PaspelueHo onpeaensts HoBble TUNbI B Nporpammax (7.5. CosgaHne HOBbIX TUMOB).

[obaBneHa nogaepxka apudMeETUKM C HacbleHneM Ans HekoTopbix nnatdopm (8.5. Onepaumun Hag GUTOBLIMK
TMnamm (uensie yncna 6e3 3Haka)).

[obaBneHbl CTPYKTYpPUPOBaHHbIE aHHOTALIMM KaK CIUCKM Nap Kroy-3HaveHne (18. AHHoTaumm).

YpaneHa aHHoTaums globalname (17.3.2. AHHOTaumu, ynpasnsioowmue nMeHamm).

[obaBneHo HeobA3aTensHOE CBOWCTBO Tabnuubl size (13.2.1.5. Pasmep).

PasbscHeHa cemaHTVKa onepauuii ¢ HeAencTBUTENbHBIMK 3aronoskamu (8.16. Onepauny Hag 3aronoBkamm).

[lo6aBneHbl orpaHnyeHns Ha TUMbl 3HAYEHWUIA apryMeHToB npu BbidoBax (Mpunoxenune F. OrpaHuyeHnst 4ns BbI30OBOB
npu KoMnNunauun u padore).

NameHeH nopsigok nobutoBbix onepatopoB (MpunoxeHne H. MpammaTunka P4 ) - &, | n » nmetor 6onee BbICOKUIA
NPUOPUTET, HEXENN <, >, <=, >=,

[oGaBneHa nogaepxka 3agaHus pasmepa Tvunos bit u varbit ¢ ncnonesoeaHmem BbipaxeHuii (7.1. basoBble TvnbI).

o)xeHue B. 3ape3epeupogaHHbie crioea P4

Hwxe npuBegeH Cnncok 3ape3epBrpoBaHHbIX (KMoueBbiX) croB P4. HekoTopble CrnoBa SBNSIOTCS 3ape3epBMPOBaHHLIMU JWLLIb
B onpeferieHHOM KOHTeKCTe (Hanpumep, actions).

action apply bit bool const control default else enum error
extern exit false  header header_union if in inout int match_kind
package parser  out return select state string struct switch  table
transition true tuple typedef varbit verify void
lpunoxxeHue C. 3ape3epeuposaHHble aHHOmMauyuu P4

AHHOMauyus HasHnayeHue Mapazpadgh
atomic 3agaeT Hegenvmoe (aToMapHoOe) BbINMOSTHEHWE 17.41
defaultonly [encTBme MOXeT MCMONb30BaTLCA NULLL MO YMonyaHuto (default). 18.3.2
hidden CkpbiBaeT yrnpaBnsieMblii 06BEKT OT NITOCKOCTY yrpaBIeHus. 17.3.2
match 3apgaet none match_kind B value_set. 18.3.5
name HasHauyaeT nokanbHoOe UMS MI0CKOCTU YNpaBreHns. 17.3.2
optional Yka3sblBaeT Heobsi3aTenbHbI NapaMeTp. 18.3.1
tableonly [encTtBne He MOXeT ucnonb3oBaTbcsa No ymonyaxuto (default). 18.3.2
deprecated YKasbiBaeT OTMEHEHHYI0 (YCTapeBLLYH0) KOHCTPYKLMIO. 18.3.7
pure «YuncTasy» dyHKums. 18.3.6
noSideEffects PyHKUMSA 6€3 No6oYHbIX 3PP EKTOB. 18.3.6
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noWarn OTknovaeT npeaynpexaeHus komnunatopa (aprymeHT tuna string) 18.3.8

lpunoxeHue D. OcHoeHas1i 6ubnuomeka P4

OcHoBHas 6ubnuoTeka P4 coaepxut oGbsABNeHUs!, HyXHble 60MbLUMHCTBY NporpamMm. Hanpumep, oHa BKIoYaeT onpeaeneHus
BHeLLHMX 06bekToB packet_in u packet_out, npuMeHsiemMbIx aHanvsaTopamu 1 c6opLiMKamMm npu paboTe ¢ NakeToM.

error {
NoError,
PacketTooShort,
NoMatch,
StackOutOfBounds,
HeaderTooShort,
ParserTimeout,
ParserInvalidArgument

}

extern packet in {
void extract<T>(out T hdr);

void extract<T>(out T variableSizeHeader,
in bit<32> variableFieldSizeInBits) ;

T lookahead<T>() ;

void advance (in bit<32> sizeInBits)

bit<32> length();
}

extern packet out {

void emit<T>(in T data);
}

action NoAction() {}

match_kind {
exact,
ternary,
lpm

}

lpunoxeHue E. KoHmposbHbIe CyMMbI

B P41 HET BCTPOEHHbIX KOHCTPYKLMIA Ans paboTkl C KOHTPOMbHLIMM CymmMamMu. [peanonaraeTcs BbINOMHEHWE TakMx onepauni
BHELHNMMN oObekTamu, obecneunmBaeMbiMM 3aBUCUMbIMKM OT nnatdopmel HGubnuotekamn. bBubnvoteke craHgapTHON
apxuTeKkTypbl cregyeT BKMoYaTb Onoku paboTbl C KOHTPOMbHBIMM CymMMamu. Hanpumep, MOXHO npegocTaBuTb 6ok
WHKPEMEHTHOrO pacyeTa KOHTpOsbHbIX cymm Checksum16 (5.2.4. JocTynHble BHelHUe 6rnokn) ans 16-6UTOBLIX KOHTPOMbHbIX
CYMM C JononHeHnem Ao 1 ¢ Mcnonb3oBaHWeM BHeLLUHero o6bekTa, kak Moka3aHo HUXe.

extern Checksumlé6 {
Checksumlé6 () ;
void clear();
void update<T>(in T data);
void remove<T>(in T data);
bit<16> get();
}
MpoBepky KOHTPONBHON CyMMbI I[P MOXXHO OpraHn3oBaTth B KOA4Ee aHanM3aTopa, Kak Noka3aHo HUXe.

ckl6.clear() ;

cklé6.update (h.ipv4) ;

verify(ckl6.get() == 16w0, error.IPv4ChecksumError);
Pac4yeT KOHTPOMbHOM CyMMbl |P MOXHO BbINOMHUTE B hopme

h.ipv4.hdrChecksum = 16w0;

ckl6.clear();

ckl6.update (h.ipv4) ;

h.ipv4.hdrChecksum = ckl6.get();

B HEKOTOPbIX BapnaHTax apXUTEKTypbl KOMMYTaTOPOB KOHTPOJIbHbIE CyMMbl HE MPOBEPAKOTCA, a NnLlb 0oBHOBMSAOTCA C y4yeTomMm
BHECEHHbIX U3MEHEHUIA. DTO MOXHO peanun3oBaTb B nporpamve P4, kak nokasaHo Huxe.

ckl6.clear () ;

ckl6.update (h.ipv4.hdrChecksum) ;
ckl6.remove( { h.ipv4.ttl, h.ipv4.proto } );
h.ipv4.ttl = h.ipv4.ttl - 1;
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ckl6.update( { h.ipv4.ttl, h.ipv4.proto } );
h.ipv4.hdrChecksum = ckl6.get() ;

lMpunoxeHue F. O2paHu4eHusi Osis1 8bI30808 MNpU KOoMnuasyuu u pabome

B aToM npunoxxeHnn onnucaHbl orpaHnUYeHns npyv KOMAUAALUN 1 pa60Te nporpamMm., MHOrme n3 KOTopbIX y>Ke ynoM1nHalucCb.

O6bekTamu ¢ cocTosiHeM B P44 sBNsAOTCA NakeTbl (package), aHanusaTopbl, 3MeMeHTbl YNpaBneHusi, BHELIHWE OOBbEeKTbI
(extern), Tabnuubl M Habopbl 3Ha4YeHUA. DYHKUMK P41 Takke OTHOCATCS K 3TOW rpynne, Aaxe ecri OHU 3aBUCST NULLb OT CBOMX
aprymeHToB (pure). Bce ocTanbHble TUMbI 34eck HasbiBalOTCA TUNamu 3HadeHui (value type).

HekoTopble 6a3oBble NPUHUNNBbI NepeYvYncrieHbl HWXe.

- OnemeHTam ynpaBreHus He paspeLUeHO Bbl3biBaTb aHanU3aTopbl M HA0GOPOT, MO3TOMY HET CMbicna nepefaBaTb
OLMVH TWUMN OpYroMy B NapameTpax KOHCTPYKTOpa Unu napameTpax cpefbl BbIMOMHEHNS.

- [pu paboTe nocne BbI30Ba aneMeHTa yrnpaBlieHNs, HO 40 ero 3aBepLUeHUs He MOXET OblTb PEKYPCUBHbIX BbI30BOB
Mexay 3neMeHTaMu ynpasreHuss unum Kk camomy cebe. AHanorMyHoe ycrnoBMe OTHOCUTCA M K aHanusatopam,
MOCKOIbKY BO3MOXHbI 3aLMKIMBAHUS COCTOSIHUA BHYTPW aHanusartopa.

- BHewHm anemeHTam He pas3pelieHO Bbi3blBaTb aHanuM3aTopbl U 3N1eMeHTbl ynpaBlieHUda, NO3TOMY HEeT CMbIcna
nepegasaTtb UM Takune 0ObEKTHI.

- 3K3eMI'IJ'IF|pr Tabnuy Bcerga cosparoTcs HanpsaMyro BO BKITHOHakOLWMX Tabnuubl anemeHTax ynpasneHna n He MoryTt
co3aaBaTbCA Ha BepxXHEM YpPOBHeE. CuHTakcuc 3agaHus napamMeTpoB Tabnuy He onpegendaeTca. Tabnuua
npegHasHadeHa anda ncnonb3oBaHna Nulb B onpenenuBlleM ee areMeHTe yrnpaBneHus.

- HaGOpr 3Ha4YeHU COo34aloTCA BO BKMIOYAOLLEM WX aHanM3aTtope UMM Ha BEPXHEM YpOBHe. CuHTakcuc 3agaHus
napamMeTpoB Ha6opa 3Ha4YeHUn He onpegenseTcs. HaGOpr 3Ha4eHun MOryT MCNONb30BaTbCA COBMECTHO
HECKOJIbKMMWU aHann3aTtopamMun, ecriih OHN HaxoaAaTcA B obnacTtu gencraus.

MpeanonaraeTcs, YTO HEKOTOPblE apXUTEKTYpbl ByAyT NoaAepXuBaTb PeLvpKynauuio NakeToB, korga obpaboTaHHbIi nakeT
UMK ero «KIoH» CHOBa Nonafaer Ha BXo4. JTO He OTMEHSIET NPUBEAEHHbIX paHee 3aMedyaHuin O PEeKypCUM, OTHOCALLMXCS K
paboTe aHanM3aTopoB 1 3NIEMEHTOB YrNpaBneHus.

B Tabnuue nokasaHo, kakue TUMbl MOTYT NepefaBaTbCsl B KA4ECTBE NapaMeTpoB KOHCTPYKTOPa AJ1s Apyroro Tuna

Moxem 6bimb napamMempom KOHCMpyKmMopa 0151 muna

Tun package parser control extern
package na HeT HeT HeT
parser aa na HeT HeT
control na HeT na HeT
extern na na na aa
function HeT HeT HeT HeT
table HeT HeT HeT HeT
value-set HeT HeT HeT HeT
Tunbl 3Ha4YeHUn na na na ha

B cnepytowen tabnuue nokasaHbl orpaHudeHns Ha cosgaHue aksemnnspos (10.3. CosgaHue 3K3emMnnspoB) pasHbIX TWUMOB.
OTBeTbl «HeT» B cTonbue O3HayalT, YTO HeT CO3[aHMsA IK3eMNNApoB «BHYTpu naketa» B P44 MOXHO SBHO Bbl3BaTb
KOHCTPYKTOP M MCMNOMb30BaTh 3K3eMMASPbl TUMOB C COCTOAHMAMMW MPW CO34aHMM 3K3eMnnspa naketa C y4eToM NpuBeAeHHbIX
HWXe orpaHuydeHun. [ins Tunos extern MOXHO yKkasaTb Nulib MHTepdenc B P44, HO He peanu3aumio, NO3TOMY 3K3eMnNsApbl
BHYTpW extern He cosgatoTcs. MOXHO 06BABUTL NMEePEMEHHbIE U KOHCTaHTbI MoBOro U3 TMMNOB 3Ha4YeHWI BHYTPU aHanusartopa,
anemeHTa ynpasneHus unn dyHkuum (10.2. MepemeHHble). Takoe obObABMEHWE OTNIMYAETCs OT CO3[4aHUS 3K3eMnnsapa,
nosTomy c Tabnuue ykasaHo «-». [lepeMeHHble Henb3a 06bABNATL HA BEPXHEM YPOBHE NPOrpaMMbl, 8 KOHCTaHTbl MOXHO.

Sk3emnnsap moxxem co3dasambCsi 8

Tun BepxHuii ypogeHb package parser control extern function
package aa HeT HeT HeT HeT HeT
parser HeT HeT na HeT HeT HeT
control HeT HeT HeT aa HeT HeT
extern na HeT na na HeT HeT
function na HeT HeT HeT HeT HeT
table HeT HeT HeT na HeT HeT
value-set na HeT aa HeT HeT HeT

Tunbl 3Ha4YeHUn - - - - - -
B cnepaywowelnt Tabnvue npvBeaeHbl OrpaHWYEHUst A4S TUMNOB, KOTOPblE MOTYT MepefAaBaTbCs B KayecTBe NnapameTpoB npu
paboTe ApyrMm anemeHTaM, cnocobHbIM NPUHMMAaTh Takue napameTpbl (parser, control, extern, action, function).

Moxem 6b1mb napamempom e cpede ebInosIHeHUs Ons1 ebi3oea

Tun parser control method action function
package HeT HeT HeT HeT HeT
parser HeT HeT HeT HeT HeT
control HeT HeT HeT HeT HeT
extern na na na HeT HeT
table HeT HeT HeT HeT HeT
value-set HeT HeT HeT HeT HeT
action HeT HeT HeT HeT HeT
function HeT HeT HeT HeT HeT
Twvnbl 3Ha4YeHUn na aa na na na

Bbi3oBbl MeToaa extern MOryT BO3BpaLlaTb JiNLb TUMNbI 3HaYeHU NN He BO3BpaLLaTh HUYEro (return VOid).

B cne,u,yrou.l,eﬁ Tabnuue nokasaHbl orpaHun4yeHna Onda Bbl30BOB, AOCTYMHbIX M3 pasHblX MEeCT nporpamMmmbl P4. BebizoB
aHanusaTtopa, anemMeHTa ynpaBneHuna mnu Tabnuubl o3Ha4aeT npuMeHeHne Mmetoaa apply(), BbI30B value-set - ucnonb3osaHue
B BblpaxkeHuun select. Ctpoka gns extern YKa3blBaeT, OTKyga MOXHO BbI3blBaTb BHELLHNE METObI. OpaHum 13 cnocoboB Bbl3oBa
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extern ¢ BEPXHEro YypoBHA aHanusatopa Wnn 3neMeHTa YynpasleHUa dABNAEeTCA BblpaXeHne uHuumnanmsartopa Aana
06BbABMNEHHON NepeMeHHON, Hanpumep, bit<32> x = rand.get();.

Mosxem ebizbleambcsi npu pabome u3 ykazaHHO20 Mecma npoz2pammbl P4

Tun CocmosiHue Memod apply anemeHma BepxHuli ypoeeHb aHaniuzamopa unu action extern function
aHasuzamopa ynpaeJsieHusi asieMeHma ynpaeJseHusi

package - - - - - -

parser aa HeT HeT HeT HeT HeT
control HeT aa HeT HeT HeT HeT
extern aa aa na na HeT HeT
table HeT na HeT HeT HeT HeT
value-set na HeT HeT HeT HeT HeT
action HeT na HeT na HeT HeT
function na na HeT na HeT na

Tunbl 3Ha4YeHUN - - - - - -
BbI30Bbl HE ONyCcKalT PEKYPCUM HU HaMpsSIMYIo, H OnocpeaoBaHHoO (B3anMHasi pekypcusi). MeTtoabl extern He MoryT Bbi3biBaTb
apyrve Tunbl NporpaMMHbiX 00bektoB P4 (6.7.1. O6ocHoBaHuMe). [encTBus MOryT Bbi3biBATbCA Hanpsimyto 13 Gnoka apply
3M1EMEHTOB ynpaBneHus.

XoTs cTpoka extern nokasblBaeT BO3MOXHOCTb Bbl30Ba BHELUHMX METOAOB M3 pasHbiX MECT, KOHKPETHble MeToabl MOryT
BHOCWTb JOMOMHUTENbHbIE OFpaHuYeHUs. Takue orpaHUYeHNs crielyeT onucbiBaTh B JOKYMeHTaLUuM MeTofa Afsl apXUTEKTYphbI,
onpefensioLlleit ero. Bo MHOrMX crny4asix orpaHMYeHusi MOryT OTHOCUTCS NULLb K COCTOSIHUSIMI aHanusaTtopa Unu OencTBrsm
Grnoka ynpaBneHus, HanpuMep, BO3MOXHOCTb Bbl30Ba MULIb W3 KOHKPETHOrO 3rieMeHTa YnpaBreHusi, CO34aHHOro B
apxuTeKType Ans onpeneneHHoi ponu.

lNpunoxeHue G. HepeweHHbIe NpobrieMbi

Celyac ocTtaeTcs elle MHOro OTKPbITbIX BOMPOCOB, 0OCyxgaembix B paboyen rpynne P4 n kpaTko pacCMOTPEHHbIX 34€eCh.
PaSpaGOT‘-WlKVI npurnawarnT COOGLIJ,eCTBO npuHMMaTb y4yactme B Oﬁcy)K,El,eHVIVI 3TUX BOMPOCOB W 3KCNepumMmeHTnpoBaTb C
pa3HbiMk peann3aumamMmm KOMNUAToOpoOB.

G.1. O606LwWeHHOEe noBeaeHue oneparopa switch

P4 Bkntovaet onepatopbl switch (11.7. Onepatop Bbibopa) n BbipaxeHusa select (12.6. BoipaxeHus ans Bbibopa). OHu
peanbHO pasnuyalTca B Tekywen Bepcun a3bika. OnepaTop AOMMKEH OUeHMBATbCHA B 3HadeHwe cocTosHus. lNpegnaraetcs
0606LeHHbIN onepaTop switch, COOTBETCTBYIOLMI MPUHATBIM B GOMBLUMHCTBE S3bIKOB MPOrpaMMMpOBaHNsS - yCroBue CO
MHOXXECTBOM BapuvaHTOB, U3 KOTOPbIX BbIOMpaeTCsi NepBbI NOAXOASLINNA.

switch (el, ,en) {
pat_1 : stmtl;

pat m : stmtm;
}
B npumepe npoBepsieMoe 3HayeHwWe 3agaHo KopTexeM (el,/* mapameTpbl onylieHbl */,en), a BapuaHTbl - BbIpaXEHUSIMMU,
o6o3Havawmmy Habopbl 3HavyeHun. 3HadveHne cooTBeTCTBYeT BapuaHTy (branch), ecnu oHo BxoguT B Habop, 3agaHHbIN
BblpaxkeHneMm. B otnnume ot C u C++, 3g0ecb He npumeHsieTcs onepatop break ans npepoTepalleHus nepexopa K
cnepfylowemMy BapuaHTy U Takon Nepexof BO3MOXEH NULLb NPU HECOOTBETCTBUMN 3HAYEHUSA TeKyLLen BETBU (METKE).

9710 caenaHo Ansa duKcaumMm CTaHAapTHOW CEMaHTMKM onepaTopoB switch v nogaepxku oblien nanomsl aHanusatTopos P4,
roe onepatopbl MPUMEHSAOTCS ANsi CMEeHbl COCTOSIHUI aHanu3aTtopa B 3aBUCMMOCTW OT OOHOMO MIM HECKOSbKMX 3HaYeHWUw,
npoaHanu3anpoBaHHbIX paHee. Mcnonb3ya onepatop switch, MOXHO Takke 0600LWUTE YCTPOWCTBO aHanM3aToOpoB, MUCKIIOYMB
select 1 cHAB GOMbLIMHCTBO OrpaHUYEHU Ha TUM OMepaTopoB, KOTOPbIE MOryT NMPUCYTCTBOBATb B COCTOsIHUKU. B yacTHocTw,
paspeLlaTcs YCNoBHblE onepaTopbl M select ¢ NpPOM3BONBHOW BMOXEHHOCTBID. OTOT s3bIK MOXHO NepeHecTn B Oonee
OrpaHMYEHHYKD BEPCUIO, TAe Teno KaXaoro COCTOSHMS COOEPXWT MOCedoBaTeNnlbHOCTb OOBABNEHWMIA MEPEMEHHBIX,
npucBanBaHWi U BbI3OBOB METOA0B, 32 KOTOPbIMY crieayeT OAMHOYHLIN OrnepaTop CMeEHbI COCTOSHMS.

O606LeHo Takke ycTponcTBo obpaboTkv aAns Tabnuy, coBnageHun n otcytcteusa (hit/miss) n gencTeui B 6riokax ynpaeneHus,
nyTeM reHepauumn HesIBHbIX TUMOB AN AeACTBUIA U pe3ynbTaTos.

KoHTp-apryMeHTOM [Ons 3TOro npeasiokeHns sBNSeTCA TO, YTO CeMaHTuka select B aHanu3atope [OCTaTOYHO CUITbHO
oTnnyaeTca oT onepartopa switch.

G.2. HeonpepeneHHoe noBeaeHne

HeonpegeneHHOCTb MOBeAEHMS BbI3bIBAET MHOXECTBO Npobrnem B Takmx s3blkax, kak C m HTML, Bkntoyas owubkm un
cepbesHble yA3BUMOCTU 3almTbl. ECTb HECKONMBbKO MECT, rae oueHka nporpamMmmbl P4 mMoOXeT NpuBOAMTL K HEONpeLereHHOMY
NnoBeAeHNIo - MapameTpbl out, HEMHULMANU3NPOBaAHHbIE NEPEMEHHbIE, LOCTYN K NONAM HeLEeNCTBUTENbHbLIX 3arofioBKOB UMK K
CTeKkaM 3arofioBKOB 3a npegenamu rpaHvubl cteka. HyxHo caenatb Bce BO3MOXHOE Afst YCTPaHEeHUs HeONpeaeneHHOCTeN, B
P4, noatomy npeanaraetca ycunuBaTb (QOPMYNMPOBKM crneuudukauum, YTobbl UCKMTIOYMTE OMNMCaHHOE Bhbille NOBEAEHUE B
NPUHSATBIX MO YMon4yaHuto cny4dasax. C yyeToM 3ab0Tbl O NPOU3BOAMTENBHOCTU NpeanaraeTcst onpeaenutb dnaryu KoMNunsuum
n/vunn pragma Ansi nepeonpefenexHns 3agaHHoro nNo ymonyaHuio nosegexus. OgHako npegnonaraeTcsi, YTo NporpaMMucTam
cnepyeT co3faBaTh 3allyLLEHHbIE NMporpamMmbl U 6onee cepbe3HO OTHOCUTLCS K Borpocam 6e3onacHocTu.

G.3. CTpyKTypMpOBaHHbIe UTepaLmm
BBeneHne utepatopa B ctune foreach gna paboTbl CO cTekamu 3arofioBKOB CHWMXKaeT HeobXooMMOCTb MCMONb30BaHMS
anpekTuB npenpoueccopa C Anst onpeaeneHns pasMmepa CTEKOB 3aronoBkoB. Hanpumep,

foreach hdr in hdrs { }

lMockonbKy CTekn Bcerga U3BeCTHbl CTaTU4eCKU (I'Ipl/l KOMI‘IVIJ'IF!LI,VIVI), KOMMUITATOP MOXEeT npeo6pasoBaTb onepaTtop foreach B
pPEnSIMLMPOBAHHBIA KOO C SBHbIMM CCbhIfIKaMW Ha WHAEKCbl BO BpPEMs KOMMOUAALUUK. I_IpeVIMyLLl,eCTBOM 9TOro sABndeTca
BO3MOXHOCTb nucatb koa 6e3 yyeTa pasmepa napameTpu3oBaHHOIo CTeKa 3arofloBKOB. |_IOCKOJ'Ibe KOMMUNATOP MOXeT
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cTaTuyecku onpeaenaTb YACNO onepauui, kotopble ByayT nonyyeHsl u3 foreach, oH MoxeT oTBepraTb NporpaMMy, ecrnv oHa
TpebyeT Ans OeCTBUIA CIINLLKOM MHOTO PECYPCOB, UnW pasaensTb koA AeWCTBUSI B COOTBETCTBUM C AOCTYMHLIMU PeCypcamMm.

lpunoxeHue H. Fpammamuka P4

Mpammatuka P44 onvcaHa Ha s3bike YACC/bison u He 3agjaeT npuopuTeT onepauui.

pammaTtMka B peanbHOCTU

HeodHO3Ha4yHa, MO3ATOMY FeKCep M CUMHTaKCMYeCKUIA aHanm3aTop AOMMKHbI paboTaTb COBMECTHO. B yacTHOCTW, nekcep OOMmKeH
pasnuyaTb paHee BBeAeHHble naeHTudmkaTopbl TMNoB (Mapkepbl TYPE_IDENTIFIER) n o6bluHble naeHTUdMKaTOpbl (Mapkep
IDENTIFIER). AHanunsaTop OOMXeH Mcnonb3oBaTbh Tabnuuy CUMMBOMOB, YTOObI yKa3biBaTb NeKcepy, kak crnegyet pasbupaTb

nocnegoBaTtenbHble naeHTUdukaTopbl. Hanpumep, Ans npMBegeHHOro Hke parmeHTa

typedef bit<4> t;
struct s { }

t x;

parser p(bit<8> b) { }
JleKkcep BO3BPATUT NOKa3aHHble HWXe B1abl TEpMUHAIoB

t- TYPE_IDENTIFIER
s - TYPE_IDENTIFIER

x - IDENTIFIER
p - TYPE_IDENTIFIER
b - IDENTIFIER

Ha 9Ty rpaMMaTUKy OKa3blBalT CyLleCTBEHHOE BlnAHME OrpaHn4eHna NHCTpyMeHTa reHepauumn aHanmn3aTopoB Bison.

Heckonbko Apyrnx TepMuUHanoB KOHCTaHT NPUCYTCTBYIOT B NPUBEAEHHbIX HUXE npaBunax

MASK - 310 &&&
RANGE - 370 ..
DONTCARE - 310 _

Mapkep STRING_LITERAL cooTBeTCTByeT CTPOKOBOMY NnuTepany B ABONHbIX kaBblvkax (6.3.3.3. CTpokoBble nuTepansil).

Bce octanbHble TEpMUHanbl SABNSATCA NPEACTaBNEHNEM KIHOYEBLIX CNOB 3arnaBHbiMK GykBamu. Hanpumep, RETURN - ato

TepMuHan, BOSBpaLLl,aeMbII;i nekcepom rpu aHanuae Kno4eBoro crnosa return.

p4program

declaration

nonTypeName

name

| p4program declaration
| p4program ';'

’

: constantDeclaration
| externDeclaration
| actionDeclaration
| parserDeclaration
| typeDeclaration

| controlDeclaration
| instantiation

| errorDeclaration

| matchKindDeclaration
| functionDeclaration

’

: IDENTIFIER
| APPLY
| KEY

| ACTIONS
| STATE

| ENTRIES
| TYPE

’

: nonTypeName
| TYPE IDENTIFIER

’

nonTableKwName

: IDENTIFIER
| TYPE IDENTIFIER
| APPLY

| STATE

| TYPE

’

optAnnotations

| annotations

’

annotations

annotation
| annotations annotation
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’

annotation
'@' name
| '@' name ' (' annotationBody ')'
| '@' name '[' structuredAnnotationBody ']'

parameterList

| nonEmptyParameterList

’

nonEmptyParameterList
parameter
| nonEmptyParameterList ',' parameter

’

parameter
optAnnotations direction typeRef name
| optAnnotations direction typeRef name '=' expression

’

direction
: IN
| our
| INOUT

’

packageTypeDeclaration
optAnnotations PACKAGE name optTypeParameters
' (' parameterlList ')'

’

instantiation
typeRef ' (' argumentList ')' name ';'

| annotations typeRef '(' argumentList ')' name ';'

optConstructorParameters

| '(' parameterList ')'
dotPrefix
. L} L}

’

parserDeclaration
parserTypeDeclaration optConstructorParameters

'{' parserlLocalElements parserStates '}'

parserLocalElements

| parserLocalElements parserLocalElement

’

parserlLocalElement
: constantDeclaration
| variableDeclaration
| instantiation
| valueSetDeclaration

’

parserTypeDeclaration
optAnnotations PARSER name optTypeParameters '(' parameterList ')'

’

parserStates
parserState
| parserStates parserState

’

parserState
optAnnotations STATE name '{' parserStatements transitionStatement '}'

’

parserStatements

| parserStatements parserStatement
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’

parserStatement
: assignmentOrMethodCallStatement
| directApplication
| parserBlockStatement
| constantDeclaration
| variableDeclaration
| emptyStatement

’

parserBlockStatement
optAnnotations '{' parserStatements '}'

transitionStatement

| TRANSITION stateExpression
stateExpression

name ';
| selectExpression

v

’

selectExpression
SELECT ' (' expressionList ')' '{' selectCaseList '}'

selectCaselist

| selectCaselist selectCase

’

selectCase
keysetExpression ':' name ';'

’

keysetExpression
tupleKeysetExpression
| simpleKeysetExpression

’

tupleKeysetExpression
'(' simpleKeysetExpression ',' simpleExpressionList ')'

’

simpleExpressionList
simpleKeysetExpression
| simpleExpressionList ',' simpleKeysetExpression

’

simpleKeysetExpression
: expression

| DEFAULT

| DONTCARE

| expression MASK expression

| expression RANGE expression

valueSetDeclaration

optAnnotations

VALUESET '<' baseType '>' '(' expression ')' name ';'
| optAnnotations

VALUESET '<' tupleType '>' '(' expression ')' name ';'
| optAnnotations

VALUESET '<' typeName '>' '(' expression ')' name ';'

controlDeclaration
controlTypeDeclaration optConstructorParameters

'{' controllocalDeclarations APPLY controlBody '}'

controlTypeDeclaration
optAnnotations CONTROL name optTypeParameters
'(' parameterList ')'

controlLocalDeclarations

| controllLocalDeclarations controllLocalDeclaration

’
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controlLocalDeclaration
: constantDeclaration
| actionDeclaration
| tableDeclaration
| instantiation
| variableDeclaration

controlBody
blockStatement

externDeclaration

optAnnotations EXTERN nonTypeName optTypeParameters
| optAnnotations EXTERN functionPrototype ';

methodPrototypes

| methodPrototypes methodPrototype

’

functionPrototype
typeOrVoid name optTypeParameters

’

methodPrototype

optAnnotations functionPrototype ';
| optAnnotations TYPE IDENTIFIER ' (' parameterList ')'

’

typeRef
baseType
| typeName
| specializedType
| headerStackType
| tupleType

namedType
typeName
| specializedType
prefixedType

TYPE IDENTIFIER
| dotPrefix TYPE IDENTIFIER

’

typeName

prefixedType
tupleType

TUPLE '<' typeArgumentList '>'
headerStackType

typeName '[' expression ']'

’

specializedType

prefixedType '<' typeArgumentList '>'

’

baseType
BOOL

| ERROR

| INT

| BIT
| BIT '<' INTEGER '>'
| INT '<' INTEGER '>'
| VARBIT '<' INTEGER '>'
| BIT '<' '(' expression ')' '>'
| INT '<' '(' expression ')' '>'
| VARBIT '<' '(' expression ')' '>'

typeOrvVoid
typeRef
| VOID
| IDENTIFIER

'{' methodPrototypes

' (' parameterList ')'

l}l
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optTypeParameters

| '<' typeParameterList '>'

’

typeParameterList
: name
| typeParameterList ',' name

realTypeArg
DONTCARE
| typeRef

’

typeArg
DONTCARE
| typeRef
| nonTypeName

’

realTypeArgumentList
realTypeArg
| realTypeArgumentList COMMA typeArg

typeArgumentList

| typeArg
| typeArgumentList ',' typeArg

’

typeDeclaration
: derivedTypeDeclaration
| typedefDeclaration
| parserTypeDeclaration ';'
| controlTypeDeclaration ';'
| packageTypeDeclaration ';'

’

derivedTypeDeclaration
: headerTypeDeclaration
| headerUnionDeclaration
| structTypeDeclaration
| enumDeclaration

’

headerTypeDeclaration
optAnnotations HEADER name '{' structFieldList '}'

’

headerUnionDeclaration

optAnnotations HEADER UNION name '{' structFieldList '}'

’

structTypeDeclaration
optAnnotations STRUCT name '{' structFieldList '}'

structFieldList
| structFieldList structField

structField
optAnnotations typeRef name ';'
enumDeclaration
optAnnotations ENUM name '{' identifierList '}'

| optAnnotations ENUM BIT '<' INTEGER '>' name '{' specifiedIdentifierList '}’

errorDeclaration

ERROR '{' identifierList '}'
matchKindDeclaration

MATCH_KIND '{' identifierList '}'
identifierList

: name
| identifierList ',' name
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’

specifiedIdentifierList
specifiedIdentifier
| specifiedIdentifierlList ',' specifiedIdentifier

’

specifiedIdentifier
name '=' initializer

’

typedefDeclaration
: optAnnotations TYPEDEF typeRef name ';'
| optAnnotations TYPEDEF derivedTypeDeclaration name ';'
| optAnnotations TYPE typeRef name ';'
| optAnnotations TYPE derivedTypeDeclaration name ';'

assignmentOrMethodCallStatement
lvalue ' (' argumentList ')' ';'
| lvalue '<' typeArgumentList '>' '(' argumentList ')' ';'
| lvalue '=' expression ';'

’

emptyStatement
. LI |

’

returnStatement
RETURN ';'
| RETURN expression ';'

’

exitStatement
EXIT ';'

’

conditionalStatement
IF '(' expression ')' statement
| IF '(' expression ')' statement ELSE statement

’

directApplication
typeName '.' APPLY '(' argumentList ')' ';'

’

statement
: assignmentOrMethodCallStatement

| directApplication

| conditionalStatement

| emptyStatement

| blockStatement

| exitStatement

| returnStatement

| switchStatement

’

blockStatement
optAnnotations '{' statOrDeclList '}'

statOrDecllist

| statOrDeclList statementOrDeclaration

’

switchStatement
SWITCH ' (' expression ')' '{' switchCases '}'

;
switchCases

| switchCases switchCase

’

switchCase
switchLabel ':' blockStatement
| switchLabel ':'

’

switchLabel
: name
| DEFAULT

’
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statementOrDeclaration
: variableDeclaration
| constantDeclaration
| statement
| instantiation

’

tableDeclaration
optAnnotations TABLE name '({'

’

tablePropertylList
tableProperty
| tablePropertyList tableProperty

’

tableProperty

: KEY '=' '{' keyElementList '}'
| ACTIONS '=' '{' actionList '}’
| CONST ENTRIES '=' '{' entriesList '}'
| optAnnotations CONST nonTableKwName '='
| optAnnotations nonTableKwName '=' initializer

keyElementList

| keyElementList keyElement

’

keyElement
expression ':' name optAnnotations ';'

actionList

| actionList optAnnotations actionRef ';'

’

actionRef
prefixedNonTypeName
| prefixedNonTypeName ' (' argumentList ')'

’

entriesList
entry
| entriesList entry

’

entry

keysetExpression ':' actionRef optAnnotations

actionDeclaration
optAnnotations ACTION name

variableDeclaration
annotations typeRef name optInitializer ';'
| typeRef name optInitializer ';'

’

constantDeclaration
optAnnotations CONST typeRef name '='
optInitializer
| '=' initializer
initializer
expression

functionDeclaration
functionPrototype blockStatement

argumentList

| nonEmptyArgList

’

v

v

tablePropertyList '}'

.
’

’

v

initializer

.
’

/* immutable entries */
initializer

' (' parameterList ')' blockStatement
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nonEmptyArgList
: argument
| nonEmptyArgList ',' argument
argument
: expression
| name '=' expression
| DONTCARE
kvList
: kvPair
| kvlList ',' kvPair
kvPair
name '=' expression
expressionList
| expression
| expressionlist ',' expression
nBody

annotatio
|
|
;

annotatio

annotationBody ' (' annotationBody |

structuredAnnotationBody
expressionList
kvList

nToken
ABSTRACT
ACTION
ACTIONS
APPLY

BOOL

BIT

CONST
CONTROL
DEFAULT
ELSE
ENTRIES
ENUM
ERROR

EXIT
EXTERN
FALSE
HEADER
HEADER UNION
IF

IN

INOUT

INT

KEY
MATCH_KIND
TYPE

ouT

PARSER
PACKAGE
PRAGMA
RETURN
SELECT
STATE
STRUCT
SWITCH
TABLE

THIS
TRANSITION
TRUE

TUPLE
TYPEDEF
VARBIT
VALUESET
VOID
IDENTIFIER
TYPE IDENTIFIER
STRING_LITERAL
INTEGER
"EE&"

annotationBody annotationToken
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| <"
| "&&"
(N
| MW
| =
| n>="
| "<="
| "+t
|
|+
| "=
"=
|
|/
N
I
| "s"
I nmAmn
I nn
(I
[
| ll{ll
[
| o<
o>
|
RN
I "I"
| er
|
I N=n
|
| e
| UNKNOWN_TOKEN
member
name
prefixedNonTypeName
nonTypeName
| dotPrefix nonTypeName
lvalue
: prefixedNonTypeName
| lvalue '.' member
| lvalue '[' expression ']'
| lvalue '[' expression ':' expression ']’
%left ',
%$nonassoc '?'
%$nonassoc ':'
%left ']
%left '&&'
%left '==' 'I='
$left '<' '>' =" '>=!
%left '|'
%$left '~
%left '&’
%$left '<<' '>>'
%left "++' '4' -7 v|+|v vI_Iv

$left '*' /' 'y
sright PREFIX

%$nonassoc ']' '('" '['
$left '.'
expression
: INTEGER
TRUE
FALSE
STRING_LITERAL
nonTypeName

I

I

I

|

| dotPrefix nonTypeName

| expression '[' expression ']'

| expression '[' expression ':' expression ']'
| '{' expressionList '}'

| '{' kvList '}"'

| '"(' expression ')'

| '!' expression %$prec PREFIX
| '~' expression %$prec PREFIX
| '-' expression %$prec PREFIX
| '+' expression %$prec PREFIX
| typeName '.' member
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’

'<' realTypeArgumentList '>' ' (' argumentList ')'

' expression

ERROR '.' member

expression '.' member
expression '*' expression
expression '/' expression
expression '$' expression
expression '+' expression
expression '-' expression
expression '|+]|' expression
expression '|-|' expression
expression '<<' expression
expression '>>' expression
expression '<=' expression
expression '>=' expression
expression '<' expression
expression '>' expression
expression '!=' expression
expression '==' expression
expression '&' expression
expression '~' expression
expression '|' expression
expression '++' expression
expression '&&' expression
expression '||' expression
expression '?' expression ':
expression

expression ' (' argumentList ')'
namedType ' (' argumentList ')'
'(' typeRef ')' expression

MepeBopA Ha pycckum A3bIK

Hukonan Manbix

nmalykh@protokols.ru
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