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MepiAndn

2KOTIOG TNG Tapouoas SUMAWUOTIKAG epyaciag eival n avamtuén kat mapouoioon €vog
T(POYPAUUATOC AOYLOUIKOU (edapuoyng) mou edbapuoletal oe €va eheyktn OLKTUOU
UTTOAOYLOTWY, HE o0TOXo TNV OpopoAdynon twv Sebopévwy oto SIKTUO e TO EAAXLOTO
EVEPYELAKO KOOTOC Ko v ouVEXN evailayn ™ng Aettoupylag
(evepyomnoinon/amevepyomnoinon) Twv CUCKEVLWY Tou SLkTUoU. H emhoyn tNC KATAANANG
Stadpoung yivetal avaloywg tou evepyeLakoU TPODGIA Katl To GopTio TwWV CUCKEUWV TIOU
Spaotnplomolovvtal oto Siktuo AN Kat Twv amodAcewy Tou SLaxelpLoTh Tou SIKTUOoU.

Ma Tnv avamtuén e ePpapuoynC QUTAG XPNOLUOTIOLEITAL €va €PEUVNTIKO TIPWTOKOANO
ETILKOLVWVLWV TIOU akoUeL otnv ovopaoia OpenFlow. H xprion tou OpenFlow givat onuavtikn,
SL0TL mpoodEpel TNV duvatotnta anolevéng tou nebiov dedopévwy amod to medio eAEyyou
Tou SIKTUOoU. EToL UTIApYEL Eva KevTpomolnévo Siktuo mou Bacilel Tnv Asttoupyla Tou o€ Eva
KEVIPLKO €AEYKTH, avTl 0€ EMIUEPOUC OUOKEVEG. H avamtuén e edpapuoyng ylvetat pe tnv
xpron tou AoV Baotkol eAeykTr Tou PpwTtokoAlou OpenFlow, Tou eAeyktr Beacon.

ErumAéov xpnolpomolnBnke To Aoylopikd Mininet.To Aoylopikd autd armoteAel évav
efopowwtn Siktvou. Exel Tn duvatotnta va eKTEAE TAUTOXpOVA VO CUVOAO Ao TEPUATIKA,
SpopoAoyntég, petaywyeic Ethernet dA\a kal Twv avtiotolywv cuvdEouwy o€ éva eviaio
Linux Kernel(rupnva).

TéAOG yla TNV eVpeon TNG eAdxLOTNG duvaTtnC evepyeLaKnG SLladpoung xpnoLlomnolntnke to
Aoylopiko IBM ILOG CPLEX Optimization Studio (cuxva avadépetal wg CPLEX). Mpokeltal yla
€Val TIOKETO AoylopLkoU PeAtiotomoinong mou umootnpilel  yAWooA TPOYPAUUATIOUOU
BeAtiotomnoinong (OPL) n omola €xel oxedlaotel eldika yla tn BeAtiotomnoinon cuvOuaoTIKWY
poBANUATWY.

Né€elc Khelbua

MpwtokoAo OpenFlow, Beacon controller, poég, mivakag powv, Evepyelakn
SpopoAoynon, Mininet , CPLEX






Abstract

The purpose of this thesis is the development and presentation of a software program
(application) that is applied to a controller computer network aimed at routing the data to
the network with minimum energy costs and continuous operation switch (on / off) on the
network. Choosing the right path is depending on the energy profile and the load of the
devices operating on the network, but also the decisions of the network administrator.

For the development of this application using a research protocol communications
hears the name OpenFlow. Using OpenFlow is important because it offers the possibility of
decoupling the data field by field control network. So there is a centralized network bases its
operation on a centralized controller, rather than individual devices. The development of the
application is using the most basic controller protocol OpenFlow, controller Beacon.

Additional software used Mininet. To software is a network simulator. It has the
capability to simultaneously perform a set of terminals, routers, Ethernet switches and other
relevant links on a single Linux Kernel (kernel).

Finally finding the minimum possible energy path software used IBM ILOG CPLEX
Optimization Studio (often referred to as CPLEX). This is a software package that supports
optimization programming language (OPL) that has been designed specifically for
combinatorial optimization problems.

Key Words

OpenFlow Protocol, Beacon controller, Flows, flow table, Eneergy aware routing,
Mininet, CPLEX
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Eicaywyn

1.1 2xomog ormimuatikig epyacios

TNV ouyxpovn €moxn n xpnon kot aflomoinon tou Stadlktuou aufdvetal
paydaiwc. H Slktuakh xpnon TwV UTIOAOYLOTWY KAl TWV TEXVOAOYLKWY OUCKEUWV
YEVLKOTEPQ EXEL YIVEL OVATIOOTIAOTO KOUUATL 0TNV {Wwr) Tou avBpwrou. To yeyovog auto
EXEL WG ATIOTEAECUA TNV EKTIANKTLKA QVATTUEN TNG SIKTUAKAC UTIOOOUNAG. To YeEYovoq
QUTO €XEL WG QTOTEAECHO N OTATAAN OE EVEPYELQ TIOU KATAVOAWVOUV Ol OIKTUAKEG
OUOKEUEC va auédvetal. H avaykn yla eUpeon AUCEWV E0IKOVOUNONG EVEPYELAG Elval
Evag MPOoBANUATIOUOC TTOU amaoXOAEL TNV Kowwvia OAO Kol TIEPLOCOTEPO OTIC UEPEG

LG,

Ot AUoelc kal ot pgEBodol autol pmopolv va avalntnbolv oe SladopeTIKA
enineda doung tou Slktvou, aAAG TO CNUAVTIKOTEPO QMO AUTA Tapapével n (dla n
urtodoun Tou, n omola amoTeAelTal Ao TO OUVOAO TWV CUCKEUWY TIOU TO amapTilouv
Kal ouvoEovTal LETAEL TOUG, OTwe oL SpopoAoyNnTEG (routers), petaywyelc (switches),

emavaAnmreg (hub) , eunnpetntéc (servers) katl meAdtec (clients) .

O tPOMog SPOHOAOYNONCE TWV SIKTUAKWY CUCKEUWY UEXPL ONUEPO TIAPAUEVEL
oTaTkOC. Ot SpopoAoynTEC Kal oL LETaywyYEls Snuloupyouv Stadpouég oto dikTuo ue
xpnon dtadopwv aiyopiBuwv (rty eAdxlotng anodotacnc — Dijkstra) yla emikowwvia twv
Stadpopwy cuokeUWY PETAEL Toug. OL alyoplBuoL auTol KATAOKEUAOTNKAY £TOL WOTE
VO ETUAEYOUV TO OUVTOUOTEPO UOVOTIATL. 2TIG HEPEC UAG TIOU UTIAPXEL TIOLKIALQL OTLG
ToXUTNTEC oUVOEONC aAAA Kol EPOPUOYEC PE SLAPOPETIKEG QVAYKES TAXUTNTAC Ol
TpomoL avtol kpivovtat avopBodotol kabwe pumopel va odnynoeL otnv peyain avénon

TOU $opTioU Tou eMetepyAlETAL LA CUCKEUT) EVW TOUTOXPOVA KATIOLA AAAN TIAPALUEVEL




adpavelc. H adpavela pag SIKTUOKAG CUOKEUNG elval plor KATAoTaon averBuuntn

kaBwg epdaviZetatl To davopevo AOKOTING OTIATAANG EVEPYELAG.

H mapovoa SUTAwUATIKA epyacio €XeL W 0TOXO TNV AVATTTUEN EVOG NXAVIOUOU
mou Ba eAéyxel Suvapkd TNV SpOooAOYNoN TwV TOKETWY UTIoAoyilovtag avd Taktd
XPOVLIKA OlaoTAUATA TNV OLKOVOULKOTEPN OLKovouLk: Stadpopr). MapdAAnAa otdxog
elval n kataotoAn t¢ Aettoupyiag (sleep mode) Twv cuokevwy Tou elval o adpdavn

KQTaotaon aAAd Kol n evepyomoinon Toug otav auto kplBel anapaitnto.

Ma TNV avamtuén Tou pnxaviopoU yivetal n xpnon Ulag vEag apXLTEKTOVIKNC,
tou OpenFlow, mou mapéxel tnv SuvatotnTa SNUIOUPYIAS EKOVIKWY SLKTUAKWY
urnodopwv oe Spopoloyntég kal Snuoupylag moAamAwy Sladpouwv oe eva puoLkod
biktuo ywplc va eivat avaykaia n emavektéAeon akyopiBuou dnuovpyiag cuvbéoswy

yla kaBe Stadpoun and tov Spopoloynth.

1.2 Opyavweon ketuévoo

H SumAwpaTikn epyaoio amoteAeltal and ouvoAllka mevie (5) kepaAala. 2To
TPWTO KebAAaLo avartuxBnkav oL tpoBAnpatiopol kat oL avAykes mou odriynoav otnv

dnuoupyia TS SIMAWUATIKAG AUTAC epyaoiac.

>1o kedpAAalo 2, yivetal n mapouciaon tng texvoloyiag OpenFlow. Avadépetal
N SO TNC APXLTEKTOVLKNAC KAl 0L AGYOL yla TOUC Omolouc avamtuxBnKe. ITnV CUVEXELQ
ylvetal pa mopoucioon oG moLKIALOG EAEYKTWY TTOU €X0UV avamtuxBel, evw oto TEAoG

avaAuBnkav ot duvatodtnteg twv OpenFlow SpopoAoyntwy.

>to KepaAalo 3 ylvetal po ektevnc meplypadrn Tou eAeykty Beacon mou
xpnoluomnolBnke otnv mapovoa epyacia. AvadEpovtal Ta TTAEOVEKTHLATA TOU KAl O
AOYOC TIOU €TUAEXBNKE €VAVTL TWV UTIOAOITWY EAEYKTWY TIOU UTIAPYXOUV OTO EUMOPLO

onuepa. TEAog avalletal N Sour Kal n apXLTEKTOVIK Tou Beacon.




210 4 kedadAalo neplypddetal To Aoyloulkd Mininet ou xpnotpomnolénke yla
TNV ELKOVLK dnuloupyia tng tomoloyiag pag. Mapouaotalovtat ol SuVATOTNTEG Kat Ta
TAEOVEKTHUOTA TOU. EmumAéov yivetal mapouaiaon kat emeéryynon tng tomoAoylag mou

xpnoLuomnolBnke otnv mapovoa pyacia.

TéNog oto 5 kedbdAalo avalUetal 0 TPOBANUATIONOC TTOU AvarTtUXBnkKe yla thv
SpopoAOyNoN TWV TAKETWY KOL TNV KATAOTOAN TwV adpavwy CUCKEUWY UE OTOXO TOV
TEEPLOPLOUO AOKOTING OTATAANG evépyelag. lvetal avdAuon tng Stadlkaciag mou
akoAouBroape ylwa TNV avamtuén Tou pnxaviopou. EmumAéov, mapouoldleTal To
Aoylopikd CPLEX kat ot duvatotnteg mou TpoodEPOouV T  AOYLOULKA  ToU
XPNOLUOTIOOVUV YAWOOO TIPOYPAUUATIOMOU BeAtioTomnolinonc. Avalvovtal €niong ta
obEAN KOl T UELOVEKTAUATA TIOU UTopel va €xel ula apxltektoviky SDN yla tnv
SpopoAoynon debopévwy Kal TNV aoPaAeld Twyv SIKTUWV UTTOAOYLOTWY OTa oTola

QVATTUCOETOL.







H teyvoioyia OpenFlow

2.1 To mpwtoxolio openflow

Kottdlovtag niow oto mapeABdv Tov Tpomo epapuoync Twy SIKTuwv mpLy amo 20 xpovia
Kal oLUYKp{vovTag Ta PE TNV OnUeEPLVA ekova NG Siktuwong, elval mpodaveg OtL Ta
Siktua €xouv egehxBel Spapatika og otL avadopd Tnv TaxLTNTA, TNV afloriotio aAAd
Kal tnv acdaiela. Ol texvoloyieg o€ emimedo duokol OTPWHATOS €xouv eEeAlOetl
napexovrag ouvOoeoell UPNAAG TaxUTNTAG, N UTOAOYLOTIKY oXUC Twv OLKTUAKWY
OUOKEUWV €XEL BeATLwOel aloBNnTd Kal pa tepdoTia MoKAla SIKTuakwy ebappoywy
€xeL dnuoupynBel. Mapohautd dev mapouaotaletal Ueyain arlayn otn Sour tou
Siktuou amd TNV €yKOTAOTACN TOU €WC OAUEPA. XTNV UdLOTAUEVN umodour, ol
oUVBeTeC epyaoiec mou CUUPBANOUV oTnV AEITOUPYIKOTNTO TOU OLKTUOU, OMWG N
SpopoAdynon i oL epyaciec mou adopouv tnv mpocBacn oto Siktuo,eival amoddceLg
TIoU avaTiBevTal OTLC SIKTUAKES CUCKEUVEC amo SLAdPOPETIKOUC TAPOXOUG TOU OAOL TOUG
TPEXOUV SladopeTikd UAKOAoyLouLko (firmware). Auth n kaBlepwpévn dLoktntn Baon
e€omAlopoy amaptilel oAOkAnpn TNV uTtodour tou SIkTUou Kat §&v Sivel ApKETO XwpPOo
Yl VEEC EPEUVNTIKEC LOEEC OTIWG VEQ TIPWTOKOAAQ SPOOAOYNONG T OTtoLal TIPETIEL VO

Soklpaotouv o€ eupela kKAlpaka, og mpaypaTika diktua.

ErutAéov n eloodog¢ tou Sladlktuou aAA@ Kal YEVIKOTEPA TWV TEXVOAOYLWV TOU
Baoilovtal otnv SIKTUWGN,aAAA Kal O0TNV KABnUePLVOTNTA TOU avBpwTou , amoTeAEl
€VOV QMOTPEMTIKO TAPAyovVTA yla OToLAdHTIOTE TPOOTIABEIA TIELPAUATIONOU KO
npoomnaBela alaywv oto §ikTuo. AUTOG OUGCLAOTIKA E(val Kot O TIAEOV TILO ONUOVTLKOG
Aoyoc ywa tov omoio n umodour; tou OlkTUou E€XEL TOPAUEVEL O OUPBATIKEC

TeEXVOAOY(EC KABWC KATOLOC AavBOLEVOC XELPLOUOG EVOEXOUEVWGE VA KATAOTPEYEL EVa




LEYAAO UEPOC TOU SIKTUOU LE ATIOTEAECUA VA ATIOTEAECEL ONUAVTIKO TIPOBANUA OTLS

EPYQOLEC TTOU ETUTEAOUVTAL E TNV XPrON TOU.

H avaykn vo aVTILETWTILOTOUV aUTEC oL BepeAlwdelg eMelelg otnv Siktvwon
TIOU TIapoUCLALOVTaL OHEPQ, EIXE WG ATTOTEAECUA ULA EPEVVNTLKY) CUVEPYACia EEL ETWV
petaty tou Mavemotnuiou Stanford kat tou Mavermothuo ™ KaAlpopvia oto
MrmépkAel. H ouvepyaoia auth Eekivnoe to 2008 kat odrnynoe otnv avamtuén tng LO€ag

Tou OpenFlow.

To OpenFlow amotelel €va mpoypapuati{lOUeVO TPWTOKOANO OLKTUOU ToU
dnuwoupynBbnke pe okomod tnv Slaxeiplon kal tnv katevBuvon tng kivnong twv
Sdedopévwy peTatl tTwv dpouoloyntwy (router) ,Twv PeETAyWYEWV (switch) kal Twv
enavaAnmtwy  (hub). Baowkdg otoxoc tng €peuvag nAtav n  dnuloupyla evog
TIPOYPAUUATI{OUEVOU KAl avolkTtoU TeplBaAlovtoc Siktuwong yla SOk Kot
edapuoyn VEwV TeEXVoAoyLwy, LEBOSwWV kal alyopiBuwy OpopoAdynong kal aodAAELOG

SikTLoU.

Ol SIKTUAKEC CUOKEVEG UEOW TOV OTolwv yiveTal mpowbnon Twv MAKETWY
ovoualovtal SpopoAoyntéc ) petaywyeic. Ou petaywyeic (switches) amoteAouv
OUOKEUEC He Suvatotnteg mpowbnong maketwy anod tnv BUpa e06dou otnv Bupa
e€6bou oludbwva ue TNV emikedarida Tou makéTtou kal douAevouv oto emimedo 2
(Cevénc debouévwy — data link layer) tou cuotiuatog OSI. H Aettoupyia TG HETAYWYNC
npaypatonole{tal Baon Twv mvakwv mpowbnong péow Twv omolwv Aaufavetat n
anodaon yla tnv Bupa e€66ou. AvtiBeta Ot Spouoloynteg (routers) amoteAoUV TLO
TIOAUTIAOKEG OUOKEUEC OL OTIOLEC €xouv TNV duvatotnta anodaonc Spouoloynong Tou
TIAKETOU KOl UTTOPOUV va eAEyxouv TNV erukedaAida IP yia tov TeEAKO TPOOoPLoUO TOU
TakEToU. Autd oupPaivel kaBwg o Spopoloyntg Aettoupyel oto eminedo 3 tou OS|
(eminedo Siktvou — network layer) kat €xouv tnv Suvatotnta Snuloupylag kal
Slaxeiplong moAamAwy Siktuwy Kabwe Kat Aettoupylag oav mUANG e€6dou (gateway)
kat Slabgtouv mivakeg mpowbBnong, Omwe ol Petaywyelc. TéAlog n mARuvn (hub)
(concentrator, xpNGULOTOLOUVTAL KOL OL OPOL EMAVAAATITNG , CUYKEVTPWTNAG, SLOVOUEAC)

elval pla ouokeuny otnv omola ouvdéovtal Oiktuakol koufol péow kKaAwbdiwv
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OUVECTPAUUEVWY (eVYWV 1 OMTIKAG (vag wote va dpouv wg eviaio tuiua. Kupiwg
xpnotluomnoleital o€ torkd diktua ethernet. Ol avapeTadotes AeltoupyoUV 0To GUOLKO
eninedo (otpwpa 1) tou povtédou OSI. H cuokeur eival pla popdr) avapetadotn
noAamAwy Bupwv. OL MARuveg ethernet elval emiong uneVBUVEG yla TNV Mpowbnaon

€VOC ONUOTOG CULPOPNONG 0€ OAEC TIG BUPEC, EepOCOV EVTOTILOTEL KAoLa cUYKpoUon.

To OpenFlow aflomolel TNV UMopén TwWv TVAKWY QVTLOTOLXlAC OTOUG
olyxpovouG OpPOLOAOYNTEG Kal TOUG HETaywyelc. KUplo YopakTnploTKO TNG
TeExvoAoylag autng elvatl ol mivakeg pong (flow tables) mou Aettoupyolv oe TaxVUTNTEC
QVAAOYEC HE TWV YPOUUWV petadopdc kol Ppiokouv edappoyn yia firewall,
NAT(Network address translation), QoS(Quality of Service) 4 akopa kal oto va
oUA\éyouv Slddopa oTATLOTIKA, Kal olkilouv avaAoya Tov EKAoTOTE APoX0. QOTOC0
N ouada mou SnuloUPYNoE TNV VEX QUTNA TEXVOAOYLQ, €VTOTLOE €va KOO GUVOAO
AElToUpylWV TIOU  uTootnpilovial amd TOUC TIEPLOCOTEPOUC HETAYWYELG Kol
dpopoioyntéc. O evtomopog autog Sivel tnv Suvatotnta Snuioupylag evog
TUTIOTIOLNMEVOU  TPOTIOU  XELPLOPOU  TWV  TIWVAKWY  POWV KAl UIopouv  va
xpnoluomnolnBouv o OAEC TIG CUOKEUEG TOU SIKTUOU aveEAPTNTA TWV KATAOKEVOOTH).
Me autov Tov tpomo n kivnon deboupévwyv oto Oiktuo umopel va opyoavwBel oe
SLadopeg po€g mou urmopouv va opadornotnBouv Kat va armopuovwBouy TPoKELUEVOU VA
SpopoAoyouvtal, va emetepyalovial [ va eAéyxovtal UE omolovdnmote emBuunto
Tpomo. To OpenFlow mpwTtokoANo cuvERAAAE otnv SLapopdwaon Kot ToV EAEYXO VEWV
HeBOSwvY Skt woNG o€ NON UTIAPXOVTA KAl AELTOUPYLKA SikTua Ywpic va mapeupalvel

otnv Aettoupyla Twv NN evepywv MPWToKOA WY dpopoAdynong kat aopAAeLag.

To OpenFlow umopel va epopuUooTEL O MAVEMIOTNULOKA SikTuol OToU N
AmopOVWOoN TS €peuvag kal n dnuoupyia kivnong 6edopévwy amod Toug XProTeES TWV
akadnuaikwy SIKTUWV ,amoteAolV Asltoupyleg (WTKAG onuaciag. Poéc pumopolv va
SnutloupynBoulv kat va StatnpnBolv amod [l KEVIPLKH OVIOTNTA TIOU OVOUAlETaL
EAeyktnc (controller).O0 EAeyktng pmopel va emektoBel MPOKEIUEVOU VA EKTEAEOEL
NMPOoBETEC AelToUpYieg OTwG N §popoAdynon Kal oL amopACELS yLla TNV MPoofacn oTo
Slktuo. Katapywvitag Tnv €KTEAECN QUTWV TWV AETOUPYLWY OO TIC OLKTUAKEG

OUOKEUEC ToU Bplokovtal SLacKOPTILOUEVES KATA UKOG TOU SIKTUOU UMopel Kavels va
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TO EAEYXEL KEVIPLKOTIOLNUEVA  XPNOLUOTIOLWVTIAC TOUG QavTiOTOLXOUG EAEYKTEC TIOU
avoAapBdavouv tnv ektéAeon Toug. OL LOVEC ATIALTIOELG TIPOKELUEVOU Va EGAPUOOTEL N
Tpornornoinon auth elvat oL 5poUOAOYNTEG TTOU UtopoUV va UTtooTnpiéouv to OpenFlow
Kal n UTapEn evVOg KEVTPLKOU eAeykTh (controller) mou. Me To TPOmo autov 0 EAeyX0G
Kal to eninedo twv dedopévwy dev eival mMAéov cuvduaopéva o€ pia LOVO CUOKEUN
Siktuou, dMa Staxwpilovtal kat cuvdéovtal Ouvaulkd To éva pe to GAAo. O
SLaXwpPLOUOC TWV AELTOUPYLWVY EAEYXOU Kal TO eTtinedo twv dedopévwy Kal n uloBEtnon
EVOC KEVIPLKA eAeyxOuevou povtéAou Siktuou, eival évvoleg ou €xouv oulntnBel Kat
npooeyyilovtal amd Toug epeuvnTeéC Tplv. OL mpoomabeleg oav ta ForCES kat
SoftRouter, €xouv TPOTEIVEL APXLTEKTOVIKEG YL VA ETUTPEMETAL N ATOCUVEECN TOU
EAEYXOU Kal n Asttoupylkotnta Tou eninedou SeSoPEVWY TWV CUOKELWY SIKTUOU,
OTOXEVUOVTOC €TOL OTNV TAPOXN HlAG TIO QTMOTEAECUATIKAG TpowBnong Kal
HEYaAUTEPNG eVeALElac oTI AetToupyiec eAéyxou. To OpenFlow polpaletal moANG Kowd
onuela e AQUTEG TIG OPXLTEKTOVIKEG ,EXOVTAG OUWE OAV TIAEOVEKTN A TNV ELCAYWYNA TNG
EVVOLOG TWV pOWV KaL n aflomoinon tng UMaPENC TWV TIVAKWY PONG OTOUC EUTTOPLKOUG

SpopoAoynTEC

H véa avutn pebodoc Siktuwoncg Bplokel edpapuoyn o NdN unapyovta diktua
XwpPLg va mapepPfalvel oTnv AELTOUPYIA TWV EVEPYWY TIPWTOKOAAWV SpopoAdynong Kat
aopaielac. To yeyovog autd SlaodoiileTal e TNV Xpnon g &vwolacg TNg
glKovikomoinong (virtualization),6nAadr tnv dnuloupyla €KOVIKAC UNXavAC o€ pia
SLKTUOKN) CUOKEUN OMwe O HETAaywyeac r o Spopoloyntng, OMouU TO AELTOUPYLKO
olOoTNUO TNG OUoKeung autng Tou OpenFlow, Ba Asltoupyel TAUTOXPOVWC UE TNV
punxowvn autr. Etol 0Aa ta makeTa mou AapBavel n ouokeur), Staxelpilovtal ano To (dlo
TO AELTOUPYLIKO CUOTNUA TNC OCUCKEUNG KOL OE TIEPIMTWON TIOU KATIOLO TIOKETO QVIKEL

oto neplBarrov OpenFlow, mpowBeital oTNV €LKOVLKN LNXAVA.

Avalutikotepa to OpenFlow amotelel TO KUPLOTEPO EKMPOOWIO TNG
texvohoylag software defined networking (SDN) , amodektr) amd apkeToUG EPEUVNTEC
AOYW TWV TAEOVEKTNUATWY TNG, KOL XPNOLLOTIOLEITAL amMO KATAOKEVOAOTEC OUOKEUWV
SIKTUOU. 2ZNUAVILKO TIAEOVEKTNMA TNG TEXVOAOYIag amoteAel TO yeyovoc oTL Aettoupyel

avetdptnta amnod tnv nén undpyxouoa Soun TNG CUCKEUNG HE QMOTEAECUQ VA UNV
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arnatteital omoladAMOTE MAPEUPRACN OTIC ECWTEPLKEC AELTOUPYIEC, aKOUA KAl OTNV
QPXLTEKTOVLIKN TNC. ‘EToL ekAelmouy ol kivbuvol AavBaouévng Aettoupylag tng ekdotote
OUOKEUNG, YEYOVOC Tou Ba Umopoloe Vo amMOTEAECEL ONUAVTIKO KivOuvo yla tnv
akepatotnta (integrity) kat avBektikdotnta (robustness) tou &iktvou oto ormoio

eykaBiotatal n ev AOyw CUOKEUN.

2.2 To OpenFlow Aixtvo

Ot kUpLeC povadec evog Siktuou mou untootnpilel OpenFlow texvoloyia eival
oL g€Nnc:
e ApopoAoyntég mou umootnpilouv OpenFlow
e EfumnpetnTég moOU ekTEAOUV TIC SLEPYAOLEC TOU EAEYKTN

e Bdaon dedopévwy mou mepLEXOUV TNV TormoAoyla Tou SikTtuou

Ol 6popoloyntég OpenFlow, amoteAolvTal amd TivakeS PonG TIOU TIEPLEXOUV
KOTAXWPNOEL PONG, OL OTIOLEC XPNOLUOTIOOUVTOL Yla TNV EKTEAECN avalntnong Kat
TipowWBNONC TOU TTAKETOU, KAL ad €va AoPaAEC KAVAAL TTOU CUVOEEL TNV CUOKEUN UE

Tov eAeykTr) OpenFlow yla tnv achain avtadlayrn HnvupATwWy.

O eheyktnc amoteAel pia Baolkr, KEVIPLKNA oviotnta n onola ekTeAEl OAEC TIC
Slepyaoieg eAéyxou Tou OpenFlow SiktUou. MéxpL oAUEPQ, €XOUV avamTtuyxBel apKeTES
mAatdOpueS eEAeyKTWV TNG Texvoloyiag OpenFlow omwc eival n NOX, POX, Floodlight, n
Beacon aAAQ Kal OPKETEC AKOMA. XTO MAALOLA TNG Mopouoag SUTAWHATIKAC epyacia

EyLve Xprion t¢ mAatdoppag Beacon onwe Ba avadepBbel kat mapakatw.

EruumAéov €vag eAeykTn ¢ mapexel Stemadn ya tnv dnuiloupyia, Tnv tpomomnoinon
KL TOV EAEYXO TWV TIVAKWY POWY TWV CUCKEUWY TIOU EAEYXEL. AglTOUpYEL ouvnBwg o€
KAmolov SLaKoULoTH TIou elval ouvdedeévog oTo SIKTUO Kal EAEYXEL £(TE TO OUVOAO TWV
OUOKEUWV £(Te o opada auTwy. ZUVETIWE N AslToupyla eAéyxou Tou SIKTUOU Urmopel

va ylvetal amo €vav f Katl TEPLOCOTEPOUC EAEVKTEC.
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H apyltektovikr Tou mpwTtokoAAou OpenFlow Baciletal otic apxég Aettovpyiag
Tou Software defined networking (SDN). H évvola SDN amotelel pla véa mpoaoéyylon
oTOV OXEOLAOUO, TNV KATAOKEUT Kal TNV Slaxeiplon twv diktuwyv. H Baoikr déa tng
évvolag evtomiletal oto ot Staxwpiletal o €Aleyxog tou OSlktuou amod to emimedo
TPOWBNONC TWV TTAKETWY, YEYOVOGS TTOU KABLOTA EUKOAOTEPO TNV BeATIOTOMOINON TOU
KaBe topéa Eexwplotd. 2to meplBAaAAov autd o eleyktnc ( Controller ) evepyel wg
“eyk€PaNOC” TTOPEXOVTAC HLA YEVIKOTEPN €LKOVA TOU SIKTUOU. MEOW TOU EAEYKTN, OL
SLaXELPLOTEG TOU SIKTUOU UTTOPOUV YPRyopa Kal EUKOAQ Va TTAPOUV amodAcELS Yo TO
TWC T cvothpata mou Baoiletal n mpowbnon Twv MakETwyV (SpopoAoyNnTES Kal
petaywyeic) Ba Slaxelplotovv TNV kivnon. To OpenFlow amotelel To MO yvwoTto
PWTOKOAAO Tou xpnotpomnote(tal ota diktua SDN kal SLEUKOAUVEL TNV EMLKOWVWVIA
HeTatl Tou eAeykth) (mou ovopdletat Southbound API) kol TwvV OUCKELWV
dpopoAoynong. Autd pmopel va emteuyxBel epapuolovtag to nedbio eléyxou o€
KQTAAANAO AOYLOUIKO O €EUTNPETNTEC Kal TO Tiedio OeSOUEVWY OE CUOKEUEG TOU

SIkTUOoU OMWC €lval oL LETAYWYELS Kal ol SpooAoyNTEC.

AuTto akplBwe To poviélo uloBeteltal kat ano to OpenFlow, mou elvatl kat o
KUPLOTEPOC EKTIPOOWTOC Tou SDN, avabetovtag Tov EAeyxo TnG SPoUoAdYNoNG o€ Eva
auTovouo eheyktr (stand-alone controller) o omoilog Tpéxel otov €CumMNPETNT Kol
ETUKOWWVEL APECQ LLE TIC UTIOAOUTEC OUCKEUEC TOU SIKTUOU (mpowBnong dedopévwy —
data forwarding devices) mou €xouv tnv duvatdtnTa NPowbnong MAKETWY CUUPBATA UE

TNV apxLTeKToVIKA Tou OpenFlow. ZxNUATikd Ut TMAPOUCLAZETAL TILO KATW:

/
® @ 99

Zyijua 2-1 Controller and Forwarding Layers

& ®
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‘Onwg dalvetal kat oto oxAua 2-1 eivat duvatd va umapxouv ToAlamAol
OpenFlow eAeyKTEG, oL OTOlOL VAl ETUKOWVWVOUV AUPLUOVOCHUAVTA LETAEY TOUG KAl O

K&Be controller va emikolvwvel pe T SIKEC TOU CUOKEVEG TTPOWBNONC TMAKETWV.

Ot 8dladikaoteg mpowbnong kat SpopoAoynong Sedouévwy emteAouvTaL amo Tig
OUOKEUEC TpowBnong Baon twv kataxwploewv pong (flow entries) onwg autég
QMOOTEAAOVTAL OTNV CUOKEUN ard Tov EAEYKTH. AUTO POodhEPEL ONUAVTIKY gueALEia
WG TPOC TNV Suvaulkn avdBeon MoOpwy amo Tov eAeYKT KaBwg Kal tnv duvatotnta
Snuloupyiag powv dedopévwy oto Siktuo avaloya e TNV {NTNON Kal TNV epapuoyn

Tou ekteAeital avd Sedouévn XpOVIKT OTLYUN.

2.2.1 O &deykrijs Floodlight

O Floodlight amoteAel éva Aettoupylkd cUOTNHA TIOU EXEL WC OTOXO TOV KEVIPLKO
€Neyxo ebapuoywyv tou SIktvou. O eAeYKTAC amoTeAE(TAL OO ULa AUTOVOUN CUAAOYNA
AETOUPYIKWY HovASwY Tou emITEAOUV TIG KUpPLEG Aettoupyiec tou Floodlight wg
eleyktn¢ OpenFlow kaBwg Kol ebapUOYES TTOU AVATITUCCOVTOL LE TPOTIO WOTE Va
umteptiBevtal (on-top) t¢ Baokng povadog tou eleyktry (REST applications) n va
Aettoupyolv pall pe tov eleyktn (Module applications) , omwc mapouolaleTal oTo

akoAouBo oxnua:

REST Applications

5“‘\“” ‘U“"""Sﬁ"“ Applications in any language leveraging services via REST
sener Quantum PIUEN 1 ) 6y nosed by controller modules and module applications
(python) (python)
REST API
Module Applications Floodlight Controller

Statit R}

VNF LR

a. low R
< o 4
o Discove! ache =
@ Routing Memory
Hub Learnings 4 > W
fut . 05
Switch 2 OpenFlow Services
Applications with Switches H‘ SRR h’ PerfMon Nj Trace h, f-'SU'Wl":I'kJ
Mama
higher bandwidth L Store
communication
with controller Core services of coramon interest to SDN applications

such as PacketIn's

* Interfaces defined only & not implemented: FlowCache, NoSql

2xriua 2-2 Floodlight controller kat REST applications
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‘Onwg nmapouotaletal mo navw, o Floodlight amotele{tal and Ti¢ AeltoupyLKEG
Hovadec TtomoAoyiag kat (evéng (Topology Manager, Link Discovery), eAéyxou
OUOKEUWV Kal povadwv (Device Manager, Module Manager), unnpeolwv OpenFlow
(OpenFlow Services), amoBrkevong kat Xelplopou povadag (Storage, Counter Store,

Flow Cache, Packet Streamer, Thread Pool).

OL epapuoyég mou xpnotpomolovv tov Floodlight wg umokeipevo otpwpa
avanmtuooovtal WG aveEdptnteC  Uovadeg Java KOl XPNOLWOTOWOUV TNV
npoypappatiotiky Stemadr REST tou eleyktrny (REST APl — application programming
interface). Méow tou REST API oL epappoyEC Tou avamtUooovVTal ETLKOWVWVOUV UE TOV
Floodlight eAeykti kal HmopoUv va XPnollomolioouv To S(KTUo yla TNy omola

Aettoupyla Toug.

Eniong ol ebapuoyég pmopouv va avamtuxBouv kal va puBuLotouy oto eninedo
tou Floodlight eAeyktr), dtavel va avarmtuxBolv Kal va eGapuocToUV OTOV EAEYKTN WC
uropovadec Java (Java modules). Autdg o TPOMOC, TMAPOTL EVAL TILO ATIALTNTIKOG KAl
Suokolog amd otL n xprion twv REST API’s, €xel onuavtikd odpéAn 6co adopd tnv
ToXUTNTO EKTEAEONC TNG EHAPUOYNG KABWC KAL TIPOOPOPAG LEYAAUTEPOU EUPOUC LWVNG
eTikolvwviag pe tov Floodlight, pag kat n ouleuén edapuoync — eAeyKTr yivetal mio

QUEOA HE TNV Xpnon Twv Java API’s.

2.2.2 O gleyrtiig NOX — NOX controller

O NOX eAeyktnc elval pla mMAaThOpUa AOYLOULIKOU N omolo TIPoodEPEL TNV
duvatotnto Kataokeung, Slaxelplong kot eAéyxou UTIOAOYLOTIKWY SIKTUWV LE XPHoN
ToUu TPWTOKOAoU OpenFlow. O NOX pdAloTa ATAV O TPWTIOG EAEYKTAG TOU
avamtuXBnKe amMOKAELOTIKA Yl TO TTPWTOKOAAO OpenFlow Kal CUVETNWCE elval armod Toug

o Stadedopévoug eAeYKTEC yia cuokeUEG OpenFlow.

O NOX apxwkd avamntuxbnke and tnv etalpela Nicira Networks, tautdoypova e

TNV avamntuén tou mMpwtokoAAou OpenFlow . AdBnke oTnv €peuvVNTIKA KOWOTNTA TO
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2008 kal amod tote ouvexiotnke n €&€AEN Tou kal umnpée n Pdon ywa dladopa
EPELVNTIKA €pya Ttou adopolv to SDN (Software defined networking), évvola n omnola
tekivnoe amod akadnuaikég epyaocieg yla SnpOUPYLa OPXLTEKTOVIKWY YLO ETALPLKA
Siktua onwc elvat to SANE (Secure Architecture for the Networked Enterprise) kat to

Ethane.

Fevikad o eAeyktrc NOX mpoodépel pLa AR pn poypappotiotiky Stemadn (API
— application programming interface) tou OpenFlow 1.0 pe xprion Twv yAwoowv C++
kabwc kat Python, xpnon aoclyxpovwyv ew0ddwv — €€odwv (I/0) kal eivat
T(POCOVATOALOPEVOC Yla Asttoupyla o€ ocuotApata Linux, ouyKeKpLUéva yla TLG

ekbooelg Ubuntu 11.10 kat 12.04, kaBwg kat yla Debian.

Ma tov €Aeyxo tou SilktUou oto omolo avartuooetal, 0 NOX ypnoluomnoleitot
WG TAatdoOpUa OTNV Omola avamtuooovTal Kol TPEXOUV €PAPUOYEC OL OToleg
efeldlkeVovTal yLa va eTITEAOUV TIG EMBUUNTEC EVEPYELEG 0TO SIKTUO O TOV XpRoTN.
OL edpopuUoyEC auUTEC xpnoluomololv To OpenFlow APl tou NOX kot €tolpa
UTTOTIPOYPAUUATA (components) amd TOV €AEYKTH) ylo AUECN Xpron o€ OuVNBELC
Aeltoupyleg omwe n SpopoAoynon Twv MAKETWY (routing component) r n avixveuon

TomoAoyiag tou Siktvou (topology component).

2.2.3 O &leykrijs Beacon

O Beacon eivat évag eheyktric OpenFlow mou avamtuxBnke oe meptBAANov
Java kat StatéBnke yia xprion to 2011. Mmopel va TpE€el o€ apKETES TMAATHOPLEC
(Windows, Linux, Android OS) kat umtootnpilel moAuvvnuatikr (multithreaded)
Aettoupyla. Baoiletat og tunuatiki Aoyikr) (modular) omodte eival ebkoAa
ETEKTAOLLLOC E XPHON VEWV TUNUATWY (modules) yla umootrpLen emumpooBeTwy

AELTOUPYLWV.

Me tnv xpron deopwv kwdika (code bundles) o Beacon umopel va ektelel pe

SUVAULKO TPOTIO EPapLOYEC TToU Oev elval aAANAEEOPTWUEVEC EEKIVWVTAC,
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oTapOTWVTOG 1) B€tovtac o mavon 6€opeC KWOLKA oUWV UE TIG ETUAOYEC TOU
XPNotn, Xwplg va elval avaykaia n emavekkivnon Tou eAeyktn yla kaBe aAlayn. H

QPXLTEKTOVLKNA aUTr) Tou Beacon mapouctdleTal oto oxrjua 2-3.

Jxnua 2-3 Beacon controller ue 6éouec kwébika (Bundles)

OL Oéopec kwdlka avWTEPW HmopoUV va SOUAEUOUV TAUTOXPOVA, Va
Slapotpalovral Ta TakeTa Kwdka Kat evtoAwy Toug (Java packages) pe dAeg b€opeg,
Va ETIEKTE(VOUV TO PEMEPTOPLO AELTOUPYLWV TOUC UE dANo kwdika (extend) fy kal va

€XoUV TTOAATAEC eKSOOELG 0 AslToupyla TauTOXpOVa (versioning).

O Beacon mapéxetal pe OAeg TIC PBaoikéc O€opeC KWOKA, OMwWE eival n
OpenFlow (OF 1.0 Protocol) yta to mpwtokoAo OpenFlow, ot §€oueg yla kwdikomoinon
Kal amokwdikomoinon makétwy (Ethernet, ARP, IPv4, LLDP, TCP, UDP), 6€oueg yla
Baowkeég Aettoupyieg petaywyéa (Core, Learning Switch, Hub, Device Manager) kabwg
kal 6€opeg aAlyoplBuwv kal eupeong TomoAoyiag (Topology, Layer 2 Shortest Path

Routing).

2.3 To OpenFlow Switch

To OF switch umopel va elvat omoladrmote cuokeur) MPowBNONG TAKETWY

(6popoloyntng — router kal peTaywyéag — switch) mou va SlaBétel éva n

16




neplocotepouC mivakeg por¢ (flow tables) , éva mivaka opadomnoinong (group table)
Kat SuvaToTnTa XPrIoNg VOGS EEXWPLOTOU KAVOALOU yla Aeon emikowwvia pe tov OF
eleyktr). Méow autoU Tou kavaAloU yivetal n Slaxelplon Tou UETAYWYER ATO TOV
€AEYKTN Kal PmopouV va pootefoly, evnuepwBolv f va adatpebolv KaTaxwpnoeLg

pong (flow entries) ano ta flow tables.

‘Evag 6popoioyntrc OpenFlow amoteAeital amo évav r) mepLOCOTEPOUG TIIVOKEG
pong (flow tables) kat mivakeg opadag (group tables), mou ekteAoUv Aettoupyieg Omwe
avalitnon Kal mpowbnon MakETwyV , Kot anod éva kavail OpenFlow mou cuvdéstal oTov
eleyktr). O eleyktn¢ SlaxelplleTal TOV UETAYWYER UECW TOU TPWTOKOAAOU OpenFlow.
XPNOLOTIOWWVTAC QUTO TO TIPWTOKOANO, O EAEYKTING MUMOpPeEL va mpooBeoesl, va
EVNUEPWOEL Kal va dlaypalel kataxwpnoelg mou Bplokovtal otov Tivaka powv , elte

SLadpaoTikA (AmMAVTWVTAC OE QULTANOELS TTOKETWY) E(TE MPOANTITIKA.

KaBe mivakag porg otov SLakomTn MEPLEXEL Eva OUVOAD KATAXWPHOEWY OTIOU
KaBe pila amoteleltal anod ta nedia match tables,puetpntég, kKabBwWS KAl pLa oepd amo

EVTOAEC yla TNV ebapUOYr O€ TAKETA AVTLOTOXLONG .

H avtiotoiylon ekvasl amo Tov MpwTo Tivaka porg Kal Urmopel va ouvexioel
KOl OTOUG UTtOAowmoug Tilvakeg ponc. OL kataxwpnoelg ponc (flow entries)
avTlotolyilouv Ta TAKETA UE OEPA TPOTEPALOTNTAC. 2TNV MEpimTwon mou PBpebetl
avtiotolylon , oL odnyiec mou oxetTilovial HE TN OUYKEKPLUEVN KATAXWPENON
ekteAovvtal. Eav dev BpeBel kapla avtiotoia otov mivaka pong to amotéAecua
efaptatal amno tn SlapopPwWaon ToU HETAYWYEQ: TO TTAKETO Unopel va dtaBLBaletal otov
eAeyKT LEOW TOu KavaAlou OpenFlow, va amoppldtel , | umopet va cuveyioel otov

EMOUEVO TTVAKA PONC.

0O&nylec mou oxetilovtal pe kKABe KaTaxwpnon, mepLypadouv TNV mpowbnaon Kat
TNV TPOTIONOLNON TWV MAKETWY, TNV enefepyacia tou mivaka opadag (group table) , kat
v dtadikacia g Soxeteuong. OL odnyiec mou avadepovtal otnv Slepyacia g

SLOXETELONG, ETUTPEMOUV OTA TIAKETA VO ATOOTEANOVTOL O€ EMOLEVOUC TIVAKEG YL
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TEPALTEPW ETEeEEPyQOia KAl EMTPEMOUV TNV aviailayr) TAnpodoplwy, Ue TN popdn

TWV HETASESOUEVWY, LETAEY TWV TUVAKWV.

Kataxwpnoelg pong upmopouv va StaPfiBaoctovv oe pla Bupa. Auth eslvat
ouvnBwe ula duotkr Bupa, aAAd pmopel emiong va elval pla €lkoviky Bupa mou
opiletal anod to petaywyéa. Ol elKOVIKEG BUPEeC Umopouyv va ekteAécouv dladikaoieg
npowbnong, OMwg n OmooTtoAn OTov €AeykTn, N umepxeldlon, n mpowbnon
xpnowomnowwvtag pebodoug xwpic tnv xprion OpenFlow, omMw¢ oL CUUBATIKEC

AELTOUPYIEC TWV SIKTUAKWY CUCKEUWV.

Controller
|
OpenFlow Protocol
S
Secure : Group
Channel | | Table
Erommmem——
Flow Flow
Table [ """ Table
Pipeline

Zxnuo 2-4 Aourj tou OpenFlow switch

Mépa TG Sloxelplong KABe TOKETOU EEXWPLOTA, O HETAYWYEAC UTOPEl va
xpnoluomnotroeL to group table yia mio padikn enetepyaoia tng kivnong. Eva flow entry
Umopel va avtiotolyel oe €va group table action (evépyela mou oplleTal oTo group
table) yla makéta mou avtioTolyouv oto ev Aoyw flow entry. Tétoleg evépyeleg TTOU

emiteAovvtal BAon Kal Pe Xprion Tou group table kal Twv group entries mou autod
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neplAapfavel, pmopoulv va eival o TOAUTIAOKEC, OTwWG N TIOALSLOdEUDN TTAKETWY
(multipath forwarding), ypryyopn enavadpopoAoynon (fast reroute) 4 N cUCCWUATWON
CeV&ewv (link aggregation). AvaAuTikotepa To group table meplypadetal oto keddralo

2.4.2.

‘Onwg avadepbnke kal mponyoupévwe Ta flow tables oe éva switch Bplokovtal
o€ SlaowAnvwueévn popdn (pipelined) kat avaloya pe tnv popdr tTng SLacwWANVWoNng
ol petaywyeic dlakpivovtat oe dvo €idn:

A. Ot OpenFlow-only petaywyeig, ot omotol umootnpilouv pOVO Aeltoupylec
OpenFlow kat 6Aa ta maketa enetepydlovral pe Tnv OF SLacwARvwon Tou UETAYWYEQ.

B. Ot OpenFlow-hybrid petaywyelc, ot omoiol unootnpilouv Kal Asettoupyia
OpenFlow kaBwg kat Aettoupyia Ethernet (kAaoowkny Aettoupyia OSI layer 2 kot 3
dpopoAoynong).  Autol oL petaywyelc  mepllaufavouv  Eva UNXAVIOUO
Katnyoplomoinong mou avakateuBuvel ta AndBévta makéta eite otnv SLACWARVWON
OF eite otn kavovikn StacwAvwon Ethernet. O pnyavioudg autog unopet va Baoiletal
otnv BUpa el0060U TwV MOKETWY ) TBAVA 0€ KAToLa €TIKETA (tag) otnv emikedaiida

(header) Twv mMakeTwy.

Ol 0XeSL00TEC TWV HETAYWYEWV UMOPOUV va oxeSLAlOUV TNV E0WTEPLKH Soun
TWV OUCKEUWV KATA BoUANGN, LE TOV TIEPLOPLOUO OTL YL VA TTANPOUV TIG PO UTOBEDELC
yla 1o TpwTokoAo OpenFlow ol cuokeuég mpenel va Sabétouv tnv Baolkn
OPXLTEKTOVIK TIoU  avaAuBnke mponyoupévwe. Quolkd Mmopouv  va  yivouv
Sltadopomnotroelg mou va elvatl cupPatég pe to OF, yla mapadelyua n xpron oG
naokag bit (bitmask) yia mpowBnon makeétwy og moAamAEC BUpec o €va flow entry,

avti va yivel xprjon tou group table.
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2.4 Flow Table ka1 Group Table

241 Flow Table

H Soun evog mivaka powv (Flow Table) amoteAeital amod ta avrtiotola Flow

Entries onmwc paivetal kat otnv KATWwOL ElkOVA:

I Match Fields | Counters | Instructions |

Zxnuoa 2-5 Aoun Flow entry

MoAA& Té€tola entries elval kataywpnuéva oe €va mivaka mou Aéyetal flow

table. Bdon autwv twv Kataxwploswv yivetatl n §popoAdynon Twyv MAKETWY amnod To

MPWTOKoAAO OF. AvaAuTtikotepa n doun evoc flow entry eivad:

match fields: ta nedia avrtiotoixiong ywa ta AndBévia makéta. Autd
TEPLEXOUV TNV BUpa €l00dou (ingress port), tig emikedpaiideg kal BUpeC
nakétwv (headers,ports) kal TpoalpeTikd kdmolwa  petadedopéva

(metadata).

Counters: petpntég mou agdopouv Ta AndBevta maketa, yla mapadelyua

nooa avtiotononkayv emtuxwe N méoa anoppidOnkav.

Instructions: odnyleg yla TNV €MITEAECN 1] TPOTIOTOLNGON KATIOLWY EVEPYELWV

Tou yivovtal Katd tnv SLapKeLa TG eMeEepYAciog TOU TTAKETOU.

Ma tnv dtadoxikn ocuykplon ota flow tables to OF akoAouBel tnv Stadikacia tng

Sloxeteuonc (pipeline) dnuloupywvtag £Tol o oTaBepr] por MAKETWY HLEow Twv flow

tables, 6nwg umopel kaveic va Slamiotwoet kat anod to akoAouBo oxua:
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OpenFlow Switch

Packet +
ingress port + o | Packet
metadaa} Table | ) Table [Packet i EXeCe } our
) 1 Action S ;
Action Set ' et k
o O

2xnua 2-6 Atabpourn makerou uéow twyv flow tables

‘Onwg yivetal avtAnTto kal and To oxfua ol Tivakeg porg evog OpenFlow
Sdpopoioyntn elval apBunuévol akohouBlakad, tekvwvtag ano to 0. H enefepyaoia
apxilel oelplaka. H dtadikacia tng SLoxETELONC EEKLVAEL TTAVTA ATIO TOV TIPWTO Tivaka
pongc. MNa va ylvel n avtiotoixon Katd tTnv ANPn evog MAKETOU YIVETAL oUYKPLON TWV
Sdedopévwy TG emikedaiidag tou makeTou, TS BUPAC ELCOSOU TOU TTAKETOU KAL TUXOV
petadedouévwy Sladoxikd pe to mpwto flow entry Tou mpwtou flow table katl otadlakd
OAwv Twv enouevwy entries ota untodowna flow tables. H avtiotoixlon yivetal katd
OElpA poTepaLOTNTAG, SNAadA N MPWTN emituxng avtiotoiylon flow entry elvatl auti
mou akoAouBe(tal, pe T emopeva  entries ota umohowuta flow tables va

xpnouomnotlovvtat avaloya pe tig odnyieg Tou matched entry .

DAvtioToi)L0N KATA OELPA TIPOTEPAULATNTAS

] @ektéheon onolacdrmote eVIOARG:

Match fields: e @ Match fields: . Me tnv tpomonoinon Tou makétou avaioya pe TNV
Ingressport + _ o = * « p Ingress port + A A&l , s

metadata + Flow metadata + EVTOAN 7:[OU EKTEAELTAL KOl EVNUEPWON TWV TTEOLWV

pkt hdrs pkt hdrs avtiotoiytong
Action set Table Kitior oot . Evnuépwan tou nmediou evtoAwv Tou mMAKETOU
> @ > @ 1. Evnuépwaon UETAOESOUEVWY TTAKETOU
®AnocToM Tou avTioToLoU TTAKETOU KOL TWV OET EVIOAWV
— oto enopevo Flow Table

2xnua 2-7 Eneéepyaoia nakétou o€ flow table

‘Otav emTtUxeL n avtlotolylon evog makeétou pe va flow entry evoc flow table,
ekteAe(Tal To avtiotolxo oet evtoAwv (Instructions set) mou nepthapBavet to entry. Ot
EVTOAEG QUTEC Mmmopel va avakoateuBuvouv To TakETo o Ao flow table omou n
Stadikacia mpowbnong emavalapPfavetal (evtoAéc Goto). Afloonueiwto elvatl to

yeyovoc otl éva flow entry pmopel va kateuBuvel to makéto oe flow table pe aplBuod
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LeyaAUTEPO amod To TPEXOV (0To omolo Bploketal To entry), kabwc n dtadikacia TG
Sloxéteuong Aettoupyel pe mpowbnon Tou TAKETOU TPOG TA EUMPOC Kal OXL TPog T
niow. Onwc elvat mpodaveg otL ta flow entries Tou tehevtalou nivaka porg dev umopet

va epAauBavel evtoAég mou adopouv v dtadikaoia mpowbnong (evtoAég Goto ) .

‘Otav to TMakETo GTAcEL 0TO TEAOG TNG SLACWANVWONC Kal Sev UTAPXEL GAAN
EVTOAN TpowBNONG TOTE TO MOKETO enetepyaleTal amo TG eVIoAEg Tou flow entry kat

npowBeital otnv avdioyn Bupa e€d6dou.

2Tnv mepintwon mou éva maketo Sev avilotolxnBel oe kamolo flow entry evog
flow table tote €xoupue aotoyia mivaka — table miss. H Stadikacia mou akoAouBeitat
O€ TETOLEC TMEPUTTWOELG €€QPTATAL ATTO TNV TOALTIKY Tou ekdotote Siktuou OpenFlow.
Q¢ mpoemihoyn oTNV MEPMTTWON AUTA TA AVTLOTOLXA TTOKETA PowBouvTal LECW TOU
kavaAlou ehéyxou (control channel) otov eAeyktr. BEéBala o€ 0pLOUEVES TIEPUTTWOELC

akoAouBeital kat n Stadikaoia andppupng tou aketou (drop).

2.4.2 Group Table

KaBe kataxwpnon ouadag (group entry) mepLexet:

| Group Identifier ‘ Group Type | Counters | Action Buckets |

2xnua 2-8 Aouny Group entry

e group identifier: avayvwplotikd opddag, mou elval €vag un
TIPOCNUACUEVOG AKEPALOG AplBUOC TwV 32bit Kal xpnolUeVEL yla TNV
TouTomoinon tNG opadac TMAKETWY ToU adopoUV TO GCUYKEKPLUEVO

entry.
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e group type: o TUMOG tTNC opaddagc, mou Seixvel MOLEG EVIOAEC QMo TV
opada eviohwv (action bucket) Ba ekteAeotoUv yla Ta MOKETA TIOU

QVvnKOULV OTO entry.

e counters: LETPNTEG, TTOU Xpnolpormnolovvtal yla Stddopeg mAnpodopleg,

OTWG APLOUOG TTAKETWY TIOU AV KOUV OTO group entry.

e action buckets: Alatetayuévn Alota evtoAwv otnv omoia kaBe evtoAn
TIEPLEXEL EVOL OUVOAO EVEPYELWV KAL TIG OXETIKEG MAPAUETPOUC YLa VAl

€PAPUOOTOUV OTO TIPOC EMECEPYATIA TIAKETO.

‘000 adopd Ta group types, UTIAPXOUV TECOEPLS KATNYOPLEC:

e Katnyopia all : EkteAoUvtal OAeg oL eVTOAEG OTLG OUASEG EVIOAWY, WE TO
TIAKETO VO KAWVOTIOLE(TaL 0€ avTiypada kal va enmetepyaleTal amo KaBe
€VTOAN oTo action bucket. Autr) n katnyopla xpnolpomnoleltal cuvnBwg

yla eupuekmounn (broadcasting) kat moAuvekmounn (multicasting).

e Katnyopla select: Exteleital povo pla evioAr; amod to oUVOAO TNG
opadoag evtoAwv, BAcn TwWV TAPALETPWY TOU TIOKETOU KOL TWV

aAyopBuwv emAoyn g TNG EKACTOTE CUOKEUNG.

e Katnyopla indirect: ExteAeital pia povo mpokaBoplopévn EVIOAN OTO
group table, mpayua Tou ETUTPEMEL TIOAATAEG POEG TIAKETWY VA
Selyvouv oe éva avayvwplotikd ouadag (group identifier) kat va
uTootnpiletal ypnyopotepPn KAl QmMOTEAEOUATIKOTEPN Tpowdnon

OUAO WV TIAKETWY OE CUYKEKPLLLEVO TIPOOPLOUO.
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24.3 Merpytég - Counters

unootnpifovrtal ano T mpodlaypadéc tou OpenFlow.

XpelaoTel Eava emikowvwvia pe tov controller.

Counter

Per Table

Reference count (active entries)

Packet Lookups

Packet Matches

Per Flow

Received Packets

Received Bytes

Duration (seconds)

Duration (nanoseconds)

Per Port

Received Packets

Transmitted Packets

Received Bytes

Transmitted Bytes

Receive Drops

Transmit Drops

Receive Errors

Transmit Errors

Receive Frame Alignment Errors

Receive Overrun Errors

Receive CRC Errors

Collisions

Per Queue

Transmit Packets

Transmit Bytes

Transmit Overrun Errors

Per Group

Reference Count (flow entries)

Packet Count

Byte Count

Per Bucket

Packet Count |
[

Byte Count

Zxrjua 2-9 Aourj Counter

OUVOAO OAWV TWV OPaAUATWY ANYP NS KAl CUYKPOUOEWV.
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O opoc Duration avodEpeTal 0TO OCUVOAIKO XPOVO

Katnyopla fast failover: EkteAeital n mpwtn €v evepyeia opada eVvioAwy,
dnAadr| To cUVOAO EVTOAWV TIOU E(VOL CUCYXETIOUEVO LUE [La evepyr BUpa
e€6bou. Me autr tnv nEBodo kdBe déaoun evepyelwy oto action bucket
OUOXETI(eTal pe pla Bupa €€d6dou ywa va UMOPel N OUOKEUN
SdpopoAdynong oe meplmtwon amnmwAelag ocvvbeong amo ula Bupa

e€6bou va enavadpopoloynoel makeTa oe epedplkég BUPeC xwplc va

H OpenFlow texvoloyila unmootnpilel Tnv SnuLoupyla LETPNTWY TIOU UIMOPOUV
va tormoBetnBoulv oe k&Be mivaka, por) ,BUpa, oupd, group Kol oe otolfec. Xtov

TAPOKATW THVOKO OUYKEVTPWVYVOVTAL OAa Ta OuvaTd OET TWV HETPNTWY TOU

mou n pon elvat

EYKATEOTNUEVN OTOV peTaywyéa. EmumAéov to nedio Receive Errors avadépetal oto




2TNV MEPLMTWOoN ToU N TLUA Tou PeTpnTtn Sev elval oTig SLaBECLUES TLUEG TTOU

TapExovTal amod To cUOTNUA, N T Tou opiletal oto -1 .

2.5 Aopaiés Kavaii (Secure Chanel)

To aodaléc kavaAl (secure channel) elval n Olemadn mou cuvdéel kABe
uetaywyéa OpenFlow oe évav eleyktr). Méow NG Stemadng autng O EAEYKTAG
QVTAAAAOCOEL UNVUHATA UE TIG SIKTUAKES CUCKEUEG TIPOKELEVOU Va TIG pubuioet kat va

TIC SLOXELPLOTEL.

OpenFlow
Protocol e 4
Secure | 4-*"" ) Controller

Channel

Flow
Table

OpenFlow Switch

Jxnua 2-10 E&ibaviksuugvog OpenFlow ustaywyéac. To Flow Table eAéyyetal amo
Evav QIOUaKPUCLEVO EAEYKTI) UETW TOU aOPAAOUG KOVIALOU

To OpenFlow mapéxel €va TMPWTOKOAAO ylo TNV €mikowvwvia PETAED TNG
Stadlkaciog tou eleykty kal toug OpenFlow-petaywyelc. Ymapxouv TPELS TUTIOL
UNVUUATWY TIou uTtootnpilovtal amnod to mpwtokoAlo OpenFlow. Ta pnvUpota TUTTOU
controller-to-switch,asynchronous kat symmetric. ©a meptypdloupe ev cuvtouia autd

To Tpla (6N pNVUpATWY.

Ta unvupoata tumou Controller-to-switch amooté \\ovtal anod tov eAeyktr Kal
Sev amaltouv mavta andavinon ano tov §popoioyntr. Méoa and auTtd Ta pNvULATa O

eAeYKTNC PUBOLLIZEL TIC SIKTUOKEG CUOKEUEG, Slaxelpiletal Tov mivaka ponc (flow table)
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Kal amokTd mAnpodopleg yLa TNV KATAOTOON TOU TivaKa pong Kal Ti¢ SuvaTtoTtnTES ToU

urootnpilovtal amno tov Spopoloyntr kaBe SeSopévn oTLyUN.

Ta aolyxpova. LNVUUATO ArTOOTEANOVTAL XWPLE altnon amod Tov LETAywWYEQ OTOV
eAeyKT Kal SNAwvouV Pl aAAayr 0TO PETAYWYEA i 0TNV KATAOTAON Tou SkTUoU. Eva
Qo TAL TILO ONUAVTIKA YeyovoTa elval To packet-in, To omoilo cupPaivel dtav €va mMakETo
Tou Bev €xeL avtloToixlon e kamota pory, ¢ptdvel otov dpopoioyntr. Otav cupPaivel
QUTO, éva prvupa packet-in oTEAVETAL OTOV €AEYKTH, TIOU TIEPLEXEL TO TIAKETO N €val
LLEPOG TOU TIAKETOU, TIPOKELUEVOU Yla TOV EAEYKTN va eEeTAOEL Kal va poodloploet
molo €(6o¢ pong Ba npémel va cuotabel yia avtd. AN yeyovota neplapBdvouy Anén

KQTAXWPNOEWV poNC, aAlayr) Kataotaong tns Bupag f aAa cupufdavta opAALATOC.

Téhog, n tpltn Kkatnyopla Twv pnvupdtwy  OpenFlow  elvat  ta
OUMMETPLKA(SYymmetriconous) pnvUpoTa ou armooTéANovVTAL Xwplg altnon mpog Tig
dUo kateuBuvoelc. Autol pmopouv va xpnotgomownBouv yla va BonBrijcouv i va

Slayvwoouyv npoPAnuato otnv cVVOeoN Tou eAeYKTA-OLaKOTTN.

25.1 Mpuyvibuara tomov Controller-to-Switch

Ta pnvopata tumou Controller-to-Switch ekkivouv amd tov eAeyktn Kot
arattovv | oxL amdvinon amd tov OSpopoloyntr. Mapakdtw TmepLlypadovTal ol
SLaPOPETIKEG AELTOUPYIEC TTOU UTTOPOUV VAL EKTEAECTOUV HE XPAON LNVUUATWY TUTIOU

Controller-to-Switch.

Features: O eAeyktng umopel va kAvel altnuo otov Tov Spopoloynt OXETIKA HE
TI¢ Ouvatotnteg tou. H aitnon auth yilvetal otéAlvovtag features request.O
SpoUOAOYNTNC OTNV OUVEXELM OTEAVEL dla amavtnon tumou features reply mou
neplhapfavel  6Aeg¢ Tic SuvatdtNTEG TNG OUOKEUNG. H  Aewtoupyla  auth
Tipaypatonoleital cuvABwe KoL TNV OTLYUN TIou yivetal n eykataotacn tou OpenFlow

KOWVOALOU.
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Configurations: O eAeyktr¢ Wmopel va KAVEL AlTAPOTA TIOU adpOopouV TIC
TIOPOUETPOUG pUBULONG Tou SpopoAoynTr Kat prmopet va Tig puBuioel. O Spopoloyntig

QVTATIOKP{VETAL LOVO OTA ALTALATA TOU EAEYKTH

Modify-State: MnvuUpata tunou Modify-State amootéAAovtal anmd tov eAEYKTH
0ToUG SpopoAoyNTEG He okomo TNV Slaxeiplon tn¢ katdotaong touc. O MPWITAPXLIKOGS
TOoUuG 0TOXO¢ elval va pooBéoouv/adalpécouy Kal va Tpomornotoouv flows/groups
otoug OpenFlow mivakeg aAAd kol va puBpicouv 1BLOTNTEC TwV BUPWV TWV SLKTUAKWY

OUOKEUWV.

Read-State: MnvuUpuata tumou Read-State, xpnolpomolovTal oo Tov EAEYKTH
ylo TN GUAAOYK) OTOTLOTIKWY OTOLXELWV aro tov §popoAoynthA. Ta Lnvipata autou Tou

TUTou Ba avaAuBouv mepALTEPW YLo AOYOUC TTOU VOAUOVTAL OTNV CUVEXELQA.

Packet-out: XpnotpomotoUvtal amod Tov EAEYKT YLOL TNV ATTOOTOAN TTAKETWV Ao
plo ouykekpLuévn BUpa Tou HETAywyEa OAAA KOl ylo vor iPowBel ta makéta mou
Aappavovtal péow packet-in - pnvupdtwyv. Mnvopatoa  packet-out Tpémel  va
nepAapBavouy €va TANPEC TAKETO 1 €0Tw Kamola &bk touméla (ID) mou
avapEPETAL OTO TTAKETO TIOU AroBNKEVETAL OTOV PETAYWYEQ. TO UVULA TIPETEL ETIONG
VA TIEPLEXEL LOL AlOTOL EVEPYELWY TIOU TIPETIEL VAL EKTEAOUVTOL UE TNV CELPA TIOU EXEL

kaBoplotel. Mia kevi Alota Ba €xel wg amoTéEAeoua TNV amoppLPn TOU TTAKETOU.

Barrier: MnvUuata tomou Barrier xpnoyiomolouviat amnod tov eAeYKTH Kuplwg
yla Aettoupyleg eAEyXoU, OTwE TO va AAUBAVOUV EVNUEPWOELS YL TIPAEELG TIOU €XOUV

oAokANpwOEL.

2.6 Read State Myviouaro.

Ta pnvUpoto tumou Read-State, xpnolpomolouvTal amod Tov EAEYKTN Yo TN
OUAOYH OTATIOTIKWY oToLXElwv amod tov Spopoloyntr. Onwg Ba avaAubel oto méumto

KeAAQLO yla TNV EVUPECT TOU EMLBUUNTOU LovoTtaTlol oTtov 0AyopLBuo SpooAOYNoNg
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mou Snuoupyndnke, amapaitnto NTav n cUANOYN OTATIOTIKWY OTOLXEIWY OXETIKA UE
Stadopa otolyeia tou SIkTVOU Kat n armoBriKeuon TwV oToLElwV auTwy o€ KAmola Baon

dedouévwy TIou Ba EVNUEPWVOTAV CUXVA.

To mpwtokoAo OpenFlow mapéxel tnv duvatotnta CUANOYAG TETOLWV
otolyelwv pEOw pnvupatwy Read-State.lMlo ouyKeKplUEVA avA TAKTA XPOVIKA

SlaotApata o  €AEYKTAC QMOOTEAAEL OTLG OIKTUOKEG OUOKEUEG  UNVUPATA

OFPT_STATS_REQUEST.

struct ofp_stats_request {
struct ofp_header header;

uintl6_t type; /* One of the OFPST_* constants. */
uintle_t flags; /* OFPSF_REQ_* flags (none yet defined). */
uint8_t pad[4];

uint8_t body[@]; /* Body of the request. */

s
OFP_ASSERT(sizeof(struct ofp_stats_request) == 16);

OL SpopoAoynTég amaviouv PE €va ) Kol TEPLOCOTEPA UNVUUATO TUTIOU
OFPT_STATS_REPLY.

struct ofp_stats_reply {
struct ofp_header header;

uintl6_t type; /* One of the OFPST_* constants. */
uintl6_t flags; /* OFPSF_REPLY_* flags. */

uint8_t pad[4];

uint8_t body[@]; /* Body of the reply. */

1
OFP_ASSERT(sizeof(struct ofp_stats_reply) == 16);

H povn tun mou opiletal yla onuaia (flag) oe pia andvinon pnvUPOToC elval n TN
0x0001, kot opiletal povo otnv nepimtwon mou Ba akoAouBrnoouV MEPLOCOTEPES Ao
plo amavtnoelg. Mo tnv SlteukoAuvon epopuoync, ol SPOUOAOYNTEC ETUTPEMETAL VA
otelhouv amavtnoelg (replies) xwpic emumAéov eyypadéc. Qotdo0, MPETEL TAVTA VA
QTOOTEAEL LETA €va UrVU O TIoU Ba mepléxel TLLEG Tou ediou flag. Ol tauTtoTnTEG TWV
ouVaAay WV (xid) Twv amavtAoewy MPETEL VAL TALPLAZEL TTAVTA E TNV alTnon TToU ToUG

€xeL {ntnOel.

Audotepa Kal OTLG ALTACELS KAl OTLG AMAVINOELS, 0 TUTIoG tediou mpoodilopilet
T0 €(bo¢ mMAnpodoplwy mou S6BNkav Kal kKabopilouv Tov TPOTO OU EPUNVEVUETAL TO

nedlo:
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enum ofp_stats_types {
/* Description of this OpenFlow switch.
* The request body is empty.
* The reply body is struct ofp_desc_stats. */
OFPST_DESC,

* Individual flow statistics.

* The request body is struct ofp_flow_stats_request.

* The reply body is an array of struct ofp_flow_stats. */
OFPST_FLOW,

I* Aggregate flow statistics.

* The request body is struct ofp_aggregate_stats_request.
* The reply body is struct ofp_aggregate_stats_reply. */
OFPST_AGGREGATE,

* Flow table statistics.

* The request body is empty.

* The reply body is an array of struct ofp_table_stats. */
OFPST_TABLE,

[* Port statistics.

* The request body is struct ofp_port_stats_request.

* The reply body is an array of struct ofp_port_stats. */
OFPST_PORT,

I* Queue statistics for a port

* The request body defines the port

* The reply body is an array of struct ofp_queue_stats */
OFPST_QUEUE,

[* Group counter statistics.

* The request body is empty.

* The reply is struct ofp_group_stats. */

OFPST_GROUP,

[* Group description statistics.

* The request body is empty.

* The reply body is struct ofp_group_desc_stats. */
OFPST_GROUP_DESC,

/* Experimenter extension.

* The request and reply bodies begin with a 32-bit experimenter 1D,
* which takes the same form as in "struct ofp_experimenter_header".

* The request and reply bodies are otherwise experimenter-defined. */
OFPST_EXPERIMENTER = Oxffff

Y€ OAOUC TOUC TUTTIOUC TWV OTATLOTIKWY , EQV KATTOLA TLI TOU UETPNTH (counter)

Sev elvat SlaBéoun otov Spopoioyntr, n TN Tou TiBetal oto -1.

2.6.1 Ieprypagpn otatiotikdy

MANPOdOPLEC OXETIKA UE TOV KATOLOKEUAOTH Tou Spopoloyntn, Tnv €kdoon Tou
UAkOU (hardware),tnv €kdoon TOU AOYLOULIKOU, TOV OELPLOKO aplBuo, Kol pua

neplypadr| yevikotepa etval dtabeoiun amnod to tuno otatiotikwyv OFPST_DESC:
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/* Body of reply to OFPST_DESC request. Each entry is a NULL-terminated
* ASCII string. */
struct ofp_desc_stats {
char mfr_desc[DESC_STR_LEN]; /* Manufacturer description. */
char hw_desc[DESC_STR_LEN]; /* Hardware description. */
char sw_desc[DESC_STR_LEN]; /* Software description. */
char serial_num[SERIAL_NUM_LEN]; /* Serial number. */
char dp_desc[DESC_STR_LEN]; /* Human readable description of datapath. */
s

OFP_ASSERT(sizeof(struct ofp_desc_stats) == 1056);

‘OAec oL eyypadég exouv Stapopdwbel pe kwdikomoinon tumou ASCII kat
TOPOYEULOLEVEG o Ta 6e€La pe null bytes.(/0). To medio DESC_STR_LEN €xel
Léyeboc 256 Bytes kat to SERIAL._NUM_LEN 32 bytes.

2.6.2 emuépovg poég 6TatioTIKOD TOUTOV

MANpodOPILEC VIO TIC EMIUEPOUC POEC (NTE(TAL ME TA OTATIOTIKA TUTIOU

OFPST_FLOW :

/* Body for ofp_stats_request of type OFPST_FLOW. */
struct ofp_flow_stats_request {

uint8_t table_id; /* ID of table to read (from ofp_table_stats),
oxff for all tables. */

uint8_t pad[3]; /* Align to 64 bits. */

uint32_t out_port; /* Require matching entries to include this

as an output port. A value of OFPP_ANY
indicates no restriction. */
uint32_t out_group; /* Require matching entries to include this
as an output group. A value of OFPG_ANY
indicates no restriction. */

uint8_t pad2[4]; /* Align to 64 bits. */

uint64_t cookie; /* Require matching entries to contain this
cookie value */

uint64_t cookie_mask; /* Mask used to restrict the cookie bits that

must match. A value of @ indicates
no restriction. */
struct ofp_match match; /* Fields to match. */

1
OFP_ASSERT(sizeof(struct ofp_flow_stats_request) == 120);

To Match field mepiéxet pa meplypadn Twv powv mou Ba mpemnel va cuvOuAleTal Kot

eniong unopel va mepléxel wildcard (xapaktipag avanAnpwong).

To mebio tou Table id Selxvel to delktn €vOC PEUOVWHEVOU TivaKA TIOU UMOPEL va

StaPBaotel N To Oxff yla 0Aoug Toug Tivakec.

Ta mebla out_port kal out_group mpoatpeTikad dAtpdpovtal anod tnv Bupa e€6dou kal

v opada(group).Eav oUte TO out_port,0UTE TO Out_group TEPLEXEL MO TLUN
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Stadopetikn and autv tou OFPP_ANY kat tou OFPG_ANY avtiotolxa, el0ayel Evav
TEPLOPLOUO KaTd TNV Stadikacia tng avtiotolxiag. AuTtoC O TEPLOPLOUOG lval OTL O
KQVOVOC TIPETIEL VAL TIEPLEXEL LLaL eVEPYELD €€060U KATELBUVOUEVN OTNV €V AOYWw Bupa r
opada. Ailel va onuelwBel OTL yla tnv amevepyomnoinon Tou dpAtpapiopartog e€ddou,
1000 To Tedio out_port 600 kol To out_group mpénel va puBulotouv oe OFPP_ANY kal

OFPG_ANY avtictowxa.

O KOPUOC TNE amavtnong anoteAeital ano uia oepd amnod ta akoAouba:

/* Body of reply to OFPST_FLOW request. */

struct ofp_flow_stats {
uintl6_t length; /* Length of this entry. */
uint8_t table_id; /* ID of table flow came from. */
uint8_t pad;
uint32_t duration_sec; /* Time flow has been alive in seconds. */
uint32_t duration_nsec; /* Time flow has been alive in nanoseconds beyond

duration_sec. */

uintl6_t priority; /* Priority of the entry. Only meaningful
when this is not an exact-match entry. */
uintl6_t idle_timeout; /* Number of seconds idle before expiration. */
uintl6_t hard_timeout; /* Number of seconds before expiration. */
uint8_t pad2[6]; /* Align to 64-bits. */
uint64_t cookie; /* Opaque controller-issued identifier. */
uinté4_t packet_count; /* Number of packets in flow. */
uinté4_t byte_count; /* Number of bytes in flow. */

struct ofp_match match; /* Description of fields. */
struct ofp_instruction instructions[@]; /* Instruction set. */

¥
OFP_ASSERT(sizeof(struct ofp_flow_stats) == 136);

Ta medla amotelouvial amod ekeiva mou mpofAénovial oto flow _mod mou ta
Snulovpynaoe, KaBwC Kal amo Tov Tivaka oTov omolo €ywve n eyypadn, Tov apltBuog Twy

TIAKETWY, KOl ToV aplBuo twv byte.

Ta medla duration_sec kat duration_nsec, beiyvouv 1o mapeABovta xpovo Tou
XPELAOTNKE N pon yla va eykataotabel otov petaywyéa. H ouvoAikr Olapkela o€
vavodeutepOAenTa Unopel va urmtoAoylotel wg duration_sec * 109 + duration_nsec. Ot
UAOTIOLNOELG UTIOXPEOUVTOL VA TIAPEXOUV aKpifela XIAlooToU Tou SEUTEPOAETTOU.

MeyaAUtepn akpifela evBappuvetal 6mou auth eivatl Stabéotun
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2.6.3 Aggregate Flow Statistics(XvykevIpwTiKd 6TATIGTIKD PODY)

JUYKEVTPWTLIKEG TIANPOodOpLeg yLa TTOAATAEG pOEC {NTOUVTAL UE TA OTATLOTIKA TUTIOU

OFPST_AGGREGATE:

/* Body for ofp_stats_request of type OFPST_AGGREGATE. */
struct ofp_aggregate_stats_request {

uint8_t table_id; /* ID of table to read (from ofp_table_stats)
oxff for all tables. */

uint8_t pad[3]; /* Align to 64 bits. */

uint32_t out_port; /* Require matching entries to include this

as an output port. A value of OFPP_ANY
indicates no restriction. */
uint32_t out_group; /* Require matching entries to include this
as an output group. A value of OFPG_ANY
indicates no restriction. */
uint8_t pad2[4]; /* Align to 64 bits. */
uinté4_t cookie; /* Require matching entries to contain this
cookie value */
uint64_t cookie_mask; /* Mask used to restrict the cookie bits that
must match. A value of @ indicates
no restriction. */
struct ofp_match match; /* Fields to match. */
s
OFP_ASSERT(sizeof(struct ofp_aggregate_stats_request) == 120);

Ta mebla og auTd To HAVUUA €XOLV TLG (8lEC onuacies OTWC OTA EMPUEPOUC OTATLOTIKA

pon¢ {ntoupevou tumou (OFPST_FLOW).

O KOpHOC TNC anmAvtnong amoteAeital anod Ta akoAouba:

/* Body of reply to OFPST_AGGREGATE request. */
struct ofp_aggregate_stats_reply {

uint64_t packet_count; /* Number of packets in flows. */
uinté4_t byte_count; /* Number of bytes in flows. */
uint32_t flow_count; /* Number of flows. */

uint8_t pad[4]; /* Align to 64 bits. */

OFP_ASSERT (sizeof(struct ofp_aggregate_stats_reply) == 24);

2.6.4 Table Statistics(Zratiotikd mivaka)

OL mAnpodopleq OXETIKA HE TOUG TvVaKeG {NTouvIal amd TA OTATLOTIKA

{nToUpevou tumou OFPST _TABLE.H altnon &ev nepiéxet kavéva Sedouévo Tou Kopuou.

O KOpUOC TNC amAvINong amoTeAe(Tal amo pia oelpd amo Ta akoAouba:

/* Body of reply to OFPST_TABLE request. */
struct ofp_table_stats {
uint8_t table_id; /* Identifier of table. Lower numbered tables
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are consulted first. */

uint8_t pad[7]; /* Align to 64-bits. */
char name[OFP_MAX_TABLE_NAME_LEN];
uint32_t wildcards; /* Bitmap of OFPFMF_* wildcards that are
supported by the table. */
uint32_t match; /* Bitmap of OFPFMF_* that indicate the fields
the table can match on. */
uint32_t instructions; /* Bitmap of OFPIT_* values supported. */

uint32_t write_actions; /* Bitmap of OFPAT_* that are supported

by the table with OFPIT_WRITE_ACTIONS. */
uint32_t apply_actions; /* Bitmap of OFPAT_* that are supported

by the table with OFPIT_APPLY_ACTIONS. */
uint32_t config; /* Bitmap of OFPTC_* values */
uint32_t max_entries; /* Max number of entries supported. */
uint32_t active_count; /* Number of active entries. */
uint64_t lookup_count; /* Number of packets looked up in table. */
uint64_t matched_count; /* Number of packets that hit table. */

}s
OFP_ASSERT(sizeof(struct ofp_table_stats) == 88);

O kopuog eplexel €va nedio wildcard,to omolo deiyvel Toug Topels yla Toug omoloug o
OUYKEKPLUEVOC TiivaKag umootnpilel tnv Umapén twyv wildcards. Na mapadelypa, yla
apeon avalntnon mivako KOTAKEPUATIOUOU Ba €xel auTo To cUVOAO TtediwV 0To PUNdEy,
evw dtadoxka n avalntnon nivako Ba mpénel va oplotel oe OFPFW_ALL. Ot eloodol

ETULOTPEDOVTAL [LE TN OELPA TIOU Ta TaKETA Staoyilouv Toug Tivakec.

To nebio write_actions eilval ula duadikn paoka(bitmask) twv Spdoewv mou
umnootnpifovtal amod Tov mivaka xpnotpomnolwvtag tnv evtoAr) OFPIT_WRITE_ACTIONS,
evw 10 Tebilo apply_actions avadeépetal otnv evtoAn OFPIT_APPLY_ACTIONS.
MNepapatilopeveg dpdoelg dev Ba mpénel va avadepbouv péow autng TNG SUASIKAG
pnaokac(bitmask). Autr) n paoko xpnolpomolel TI¢ TIEG amd ofp_action _type wg Tov
aplBud Twv duadikwv PYnodiwv mou Ba peTATOMICEL APLOTEPA OE WA QVTLOTOLKN
evépyela. Mo napadelypa to OFPAT SET DL_VLAN Ba ypnotpomololoe TV onuoia
0x00000002.

To unkog tou mediou OFP_MAX_TABLE _NAME_LEN eival 32 Bytes.

2.6.5 Port statistics (oTatietixd 0vpag)

Ol mAnpodopieg oxeTikad pe TIg BUPeC InTouvTaL Ao Ta {NTOUUEVA OTATLOTIKA TUTIOU

OFPST_PORT:
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/* Body for ofp_stats_request of type OFPST_PORT. */
struct ofp_port_stats_request {
uint32_t port_no; /* OFPST_PORT message must request statistics
* either for a single port (specified in
* port_no) or for all ports (if port_no ==
* OFPP_ANY). */
uint8_t pad[4];
s
OFP_ASSERT(sizeof(struct ofp_port_stats_request) == 8);

To nedlo port_no mpoalpeTkd GNTpApeL Ta {NTOUPEVA OTATLOTIKA 0T Soopévn Bupa.
Ma va {ntnBolv OAa ta oTaTloTkd BUpag, To port_no Ba mpémnel va pubulotel os

OFF_ANY.

O KOpHOC TNC amAvInong amoteAeital amod pia oelpd amnod ta akoiovba:

/* Body of reply to OFPST_PORT request. If a counter is unsupported, set
* the field to all ones. */
struct ofp_port_stats {

uint32_t port_no;

uint8_t pad[4]; /* Align to 64-bits. */

uint64_t rx_packets; /* Number of received packets. */

uint64_t tx_packets; /* Number of transmitted packets. */

uint64_t rx_bytes; /* Number of received bytes. */

uint64_t tx_bytes; /* Number of transmitted bytes. */

uint64_t rx_dropped; /* Number of packets dropped by RX. */

uint64_t tx_dropped; /* Number of packets dropped by TX. */

uinté4_t rx_errors; /* Number of receive errors. This is a super-set

of more specific receive errors and should be
greater than or equal to the sum of all
rx_*_err values. */
uinté4_t tx_errors; /* Number of transmit errors. This is a super-set
of more specific transmit errors and should be
greater than or equal to the sum of all
tx_*_err values (none currently defined.) */

uinté4_t rx_frame_err; /* Number of frame alignment errors. */

uinté4_t rx_over_err; /* Number of packets with RX overrun. */
uinté4_t rx_crc_err; /* Number of CRC errors. */

uinté4_t collisions; /* Number of collisions. */

s
OFP_ASSERT(sizeof(struct ofp_port_stats) == 104);

2.6.6 Zepa avauovijc eratictikdv(Queue Statistics)

To unvupa aitnong otatiotikwyv OFPST _QUEUE mopéyxel oTaTioTkA yla pia n
MEPLOOOTEPEC BUPEC AANA KL pia 1 TEPLOCOTEPEG OELlPEG avapovic. O INToUHEVOS
KOPUOC TIEPLEXEL €va Ttedlo port_no mou avayvwpilel tnv BUpa tou OpenFlow yla tnv

omoia {ntouvtal oTaTloTikad, f To OFPP_ANY mou avadépetal o OAeg T Bupec. To
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nedlo queue_id avayvwpllel pa amo TIC MPWTAPXLKES OELPEG avapovn, i to OFPQ_ALL
TIOU QVOadEPETAL O OAEC TG OELPEG QVOLOVAG TIou €xouv StapopdwbBel yla pa

OUYKEKPLUEVN Bupa.

struct ofp_queue_stats_request {
uint32_t port_no; /* All ports if OFPP_ANY. */
uint32_t queue_id; /* All queues if OFPQ_ALL. */
s
OFP_ASSERT(sizeof(struct ofp_queue_stats_request) == 8);

O KOPUOC TNE ATAVTNONC AmoTeEAE(TAL Ao Evay Tiivaka Pe TNV akoAouBn doun:

struct ofp_queue_stats {
uint32_t port_no;

uint32_t queue_id; /* Queue i.d */

uint64_t tx_bytes; /* Number of transmitted bytes. */

uint64_t tx_packets; /* Number of transmitted packets. */

uint64_t tx_errors; /* Number of packets dropped due to overrun. */

s
OFP_ASSERT(sizeof(struct ofp_queue_stats) == 32);

2.6.7 ZXratietikd opddag(group statistics)

To pRvupa aitnong otatotikwy OFPST _QUEUE moapéxel oTOTIOTIKA Yo pia
nEepLoooTeEPEC opddec. O INTOUUEVOG KOPUOG amoTteAeital amo éva nedio group_id,mou
uropet va puBulotel oe OFPG_ALL wote va avadepetal o€ OAeC TIGC ouadeC oTov

LETAYWYEQ.

/* Body of OFPST_GROUP request. */

struct ofp_group_stats_request {
uint32_t group_id; /* All groups if OFPG_ALL. */
uint8_t pad[4]; /* Align to 64 bits. */

¥
OFP_ASSERT(sizeof(struct ofp_group_stats_request) == 8);

O KOPUOC TNG AmAvTnong anoTeAe(tal amod Evay mivaka pe Tnv akoAouBn doun:

/* Body of reply to OFPST_GROUP request. */
struct ofp_group_stats {

uintl6_t length; /* Length of this entry. */

uint8_t pad[2]; /* Align to 64 bits. */

uint32_t group_id; /* Group identifier. */

uint32_t ref_count; /* Number of flows or groups that directly forward
to this group. */

uint8_t pad2[4]; /* Align to 64 bits. */

uint64_t packet_count; /* Number of packets processed by group. */

uint64_t byte_count; /* Number of bytes processed by group. */

struct ofp_bucket_counter bucket_stats[0];
15
OFP_ASSERT(sizeof(struct ofp_group_stats) == 32)
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To mebio bucket_stats _field amoteAeital ano évav nivaka amod dopég Tumou

ofp_bucket_counter

/* Used in group stats replies. */

struct ofp_bucket_counter {
uint64_t packet_count; /* Number of packets processed by bucket. */
uint64_t byte_count; /* Number of bytes processed by bucket. */

¥
OFP_ASSERT(sizeof(struct ofp_bucket_counter) == 16);

2.6.8 Ouaoa meprypapns eratictikav(Group Description Statistics)

To uRvupa aitnong otatiotikwy OFPST _GROUP_DESC mapéxel €vav TpOmo yla TNV
Kataypadn twv pubuicewyv Twv opddwy oe évav PETAyWYEQ, Hall Ue TIG avTloToLXEC
evEpyeLlec Tou kadou (bucket) . O KopudC TOU PNVUUATOG aitnong elval AdeLog, evw o

KOPUOG amavtnong elvatl pla oelpd amod TNV akoAoubn doun:

/* Body of reply to OFPST_GROUP_DESC request. */
struct ofp_group_desc_stats {
uintl6_t length; /* Length of this entry. */
uint8_t type; /* One of OFPGT_*. */
uint8_t pad; /* Pad to 64 bits. */
uint32_t group_id; /* Group identifier. */
struct ofp_bucket buckets[0];
s
OFP_ASSERT(sizeof(struct ofp_group_desc_stats) == 8);

Medla yia tnv opdda meplypadnc OTATIOTIKWY eival ta dla 6nw¢ autd mou

xpnoluomnotovvtal e to ofp_group_mod struct.

2.6.9 IHeapapatiioueva oratictika(Experimenter Statistics )

TO OTATLOTIKA UNVU LOTA TWV ELSIKWV-TIELPAPATIOTWY {NTOVUVTAL LE TOV OTATLOTIKO TUTIO
OFPST_EXPERIMENTER.Ta mpwta t€0oepa byte Tou pnvUPaTOC E{val T avoyVwPLOTIKA

TWV TEPAUATIOTWY. TO UTTOAOLTTIO TOU KOPUOU Elval MELPAUATIKA KABOPLOUEVO.

To mepopatikd medlo elvat éva 32-bit ,afla mou povadikd avayvwpilel Tov
MEPAPATLOTA. EAV TO 1o onuaviiko byte eival to undév, ta emopeva tpla bytes Ba
elval tou mewpapatiotry IEEE OQUI. Edv o melpapatiotic dev €xel(n dev emBupel va
xpnotpornotroel)tov OUI Toug, Ba mPEMEL va ETMLKOLVWVO0OUV UE TNV KowoTmpagia Tou

OpenFlow yia va e€aodaiioouv éva.
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Beacon Controller

3.1 O &leyrtipg Beacon

O Beacon amotelet évav arnd Toug 1o SLadeSopUEVOUG EAEYKTEG AVOLXTOU KwOLKA TUTIOU
Xpnoluomolwvtag TNV texvoloyia OpenFlow.AnulouvpynBnke oTO TAVETLOTHULO TOU
Stanford to 2010 kal avamtuxBnke oe meplBAAAoV Java. XpnoLULOTOoLETal EVPEWC YLa
SL6aKTLKOUC Kal yla €PEVVNTIKOUC OKOToUC Kal Baciletal otig apxég Twv “AkTUwy

KaBopllopeva anod Aoywopiko” (Software Defined Networking (SDN).

H mpwtn mAatdpopua eA€yxou avolxtoU KwOIKA, ylo TS TPWTEC £PAPUOYEG TNG
Texvoloylag Atav o NOX.O NOX &dwoe tnv duvatdtnta OTOUG EPEUVNTEC VA
avamtuéouv  SIKTUAKEC €eDAPUOYEG HE  XPNON  TIPOYPOAUUOTIOTIKWY  TEXVLKWY,
xpnotgomowwvtag Python , aAd kal Tnv mpoypappatiotiky yAwooa C++ . Me tnv
napodo tou Xpovou dnuloupynbnke n avaykn avamtuéng ulag mAatdpopuac mov Ba
UMOpOUOE va KAAUWYEL TTEPLOOOTEPEG AVAYKEC 0 £PAPUOYEC OAAA KOl VA TIAPEXEL

vnAdtepeg amodoOoELC.

H yAwooa mpoypappatiopol Kal to MePLBAAAOV avAmtuéng tng €XOUV ONUAVILKO
QVTIKTUTIO OTNV TIOPAYWYLKOTNTA TWV TIPOYPAUUATIOTWY, Kal Umopel emiong va eival
€VOG TIEPLOPLOTLKOC TAPAYOVTOC oTnY amodoon Twv ebapUoywy. YAPXOUV TIOANEG
YAWOOEC PIAIKEC TIPOG TOV  TIPOYPOUMATIOT, QA n  amodoory toug otav

xpnoluomnolovuvtat o€ évav eAeyktr) OpenFlow Atav ayvwotn.
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Topology
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Zxnua 3-1 EAsyktric Beacon

3.2 Amodotikotnza Ilpoypouuaticuov

2TnV evotnTa auth neplypddovtal ot emAoyEC oxedlaocuol Tou eAeyKTr) Beacon mou
npoopilovtat yla tn BeAtiwon TNG MapaywylkotnTag tou €pyou. Ol oxeSLAOTIKEG
ETUAOYEC TTIOU TTAPOUCLALOVTAL OTOUG AKOAOUBOUG TOUELS : YAWOoO TPOYPOLLUATIOUOU,

BiBAL0BnKeC kaL API.

3.2.1 TIidaooa Illpoypopuuaticuov

Mpwv TNV avamtuén tou eAeyktr) Beacon ol KUPLEC YAWOOEC TIPOYPAUUATIOUOU TWV
eleyktwv Ntav n yAwooa C kat C++. Ol YAWOOEG AUTEG XPNOLLOTIOLOUVTAL yla Vo
TapAayouv epapuoyeg oAU uPnAng amodoong, oAAA emiong emiBapuvouv TNV
EKTEAEON TOU €pyou. Me TNV XpAon Twv YAwoowv autwv mapouctdlovial cuvhBwg
npoPARUaTa OMwG UEYAAOC XpOVOC METayAWwTTong (> 10 Aemtwy), ouxva opaipata
otnv Stadikaoia TnG LETAYAWTTLONG, poBARpata Slaxeiplong pvApUNG mou odnyouv o
KQTAKEPUATIOMO ohaApdtwy (segmentation faults), Stappogg pvung kat dAAa ou v

avOoAUOVTAL TIEPALTEPW.

Av Kol €X0UV YIVEL TTIPOOTIABELEG yLa TNV eAaloTomoinon MPoBANLATWY TETOLOU £(60Ug
, QTOULTOUVTOL TEXVIKEG SUOXPNOTEG AAAA KOL XPHON TWV TMEPLPEPELAKWY CUCKEUWY |,

YEYOVOC TIOU OMALTEL CUOKEUEC e auEnuevec SuvaTOTNTEC. AUTO ELXE OOV OMOTEAECUQ

38




TNV avaykn avamtuéng mAatdoppag mou Ba  Paociletat o Gk yAwooa
TPOYyPAUHATIONoU Kol Ba mpoodépel uPnAéc amodooelc evw Ba pmopel va
eykataotabel oe Baolkég UALKOAOYLOULIKEG cuokeVEC (hardware), omou n CPU kal n

uvAun RAM pmopet va emektabel eukoAa pe To xapunAdtepo duvatd KOOTOC.

Ta Backd xapakTnpLloTkA ou AfdBnkav umtoPLy yla TNV yYAWooo IPoypaUUATIOUOU
mou Ba em\exBel yla v avamtuén tg mMAaTdoppag autng NTav: n dlaxelpon Ing

LVAUNG, TTOAAQTAY) MAaTtdOpua, kot uPnAr anodoor).

H auvtouatn Staxelpion g pvAung (ovopadetal kat cuAoyn okouTidlwy) Umopet va
efaleleltameploocotEpA OHAAUATA TIPOYPAULATIOUOU TIOU OXETL(OVTAL LUE TNV UVAULN.
MWOoEC PE TNV KAVOTNTA QUTH €Xouv ouvnBwc Kabolou 1 eAdxlotn ouvtaln,
e€aleldovtag Tov XpOVo AVAOVIG YLOL TNV LETAYAWTTLON TOU Tpoypaupatoc. Eniong ot
YAWwooeg Tou elboug autou mapeéxouv avadopd oPAAUATOC UTIOSELKVUOVTAC TO aKPLBEC
onuelo tou AdBoug. OL YAWOOEG TTOU LKAVOTIOLOUV TLG LKAVOTNTEG AUTEC lval n CH# , Java

Kat n Python.

Av kot n mAatdopuo Tou Beacon oxedSLAOTNKE yla Vol AEITOUPYEL O AELTOUPYLKO
ocvotnua Linux, ot dnuoupyol Tou emBupovoav va PMopel va ekteAeltal kol ota
uTtoAota SU0 Lo ONUAVTIKA AslToupyLlka cuothpata, Windows kat Mac OSX, xwpig
onuavtikn mpoomndbela dopnTdTNTAS. To TPOBANUA autd NTav Kal amd Ta o
ONUAVTIKA Tou eumodile AAAeC TAOTHOPUEC VA HMOPOUV VO EKTEAOUVIAL OE
AELTOUPYLKA CUOTALATA €KTOG Linux.Av Kal OAEC OL TIPOYPAUUATIOTIKEG YAWOOEC £XOUV
NV SuVaTOTNTA VA EKTEAECTOUV O€ OAEC TIG TMAATPOPUEG, N CH aduvatel va ekteleoTtel
oe AAAN mMAatdopua ektoc aut twv Windows kabBwe n CLR (Common Language
Runtime) ,mou anoteAel Tov enmionuo Slepunvéa tng, umootnpilel povo ta Windows.Q¢

ek ToUTOU n CH# amokAelotnke amod Tnv emAoyN.

H évvolwa t™¢ uPnAng amoddoonc eival UTIOKELUEVIKA. € QUTO TO TAAlolo €va
XOPOKTNPLOTIKO TOU OPLOUOU TNG €lval n kavotnta va auvédvetal n anodotikotnta
avaloya e TNV XpAon Kal Twv aplBud Twyv mupnvwy eneéepyaciac. H éAewdn g
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Sduvatotntag moAuvvnudtwong (multi-threading) amd tov emionuo Slepunvéa Ing
Python e€aleidel Tnv yAwooa autr wg umoPrdlo. H umoAewmtopevn Bacikn €mAoyn
elvat n yAwooa Java, yla tnv omola mapapével dyvwotn n amnodoon tng otav
xpnotuomnoteitat og éva eheyktr) OpenFlow.TeAlka emiAéxBnke n Java Baolldpevn oTig
ubnAéc amobooel TOU  TAPOUCLACTNKAY amd TapOUold  TPOoypAupata  Tou

XPNOLUOTIOLOUV QUTH TNV YAWOOA TTPOYPAUUATIOLOU.

3.3 BiflioOkeg

O eAeyktng Beacon xpnotwuomolel moAAamA€éC BLBAloBnkeg oe pia mpoomdbela va
LLEYLOTOTIOLOEL TNV EMAVOXPNOLUOTIONON ToU Kwdka Kal va eAadpUvel Tov $OpTo ToU
(6lou Tou eheykT AAAA KAl TwWV EGAPUOYWY TIOU TOV XPNOLUOTIOLOUY. H TILo ONUaVTLKN
BBALoBAKN elval n Spring. To Spring, mpoildv Tng eTalpeiag Springsource, €ival éva
ehadpL Java/J2EE mhaiolo edpappoywyv mou Baciletal oe kwdika mou dnpoclevbnke
oto PBBAio “Expert One-on-One J2EE Design and Development” amd tov Baciko

ouvteAeotr tou framework, Rod Johnson.

Kuplwg otn mAatdopua tou Beacon ypnotpomnotouvtatl duo otolxelia tng BLBALOBAKNC
autng: Tov Container Baolouévo oto Inversion of Control (loC) ) Dependency Injection
katd dAhouc kat to Web Framework.Mia kown epyacia tng Java elvat n dnuloupyia
QVTIKELUEVWY KAl N oUvdeon PETAEL TOUG PE TNV avabeon Toug w¢ LOLOTNTA KATOLoU
AaAou. H xprnon tou mAatloiou loC eMITPEMEL OTOUG TIPOYPAUUATIOTESG SNLOUPYHOOULY
tia Alota oe XML, mou mepAapfavel mAnpodopleC OXETIKA UE TA QVTIKE(HEVA T oMol
SnuoupynBnkav Kal mwc auTd cuvOEoVTal KOl OTNV OUVEXELA TTOPEXEL LEBOSOULC yia
TOV TPOTIO QAVAKTNONG TWV OVTIKELLEVWY QUTWY. Xpnolpomowwvtag éva mAaioto loC
€EOLKOVOE(TOL ONUAVTIKOC XPOVOC YLa TNV oVATITUEN TNG TAQTPOPUAC OE OXECN UE TNV
Kowvn eVOAAQKTIKR AUGN Ttou TpoBAETEL TNV SNnoupyia MOAAWY KAACE WY TAUTOXPOVA.
O eleyktng Beacon xpnotpomolel to mAaiowo loC yla tnv Sltaclvdeon evtog Kal PeTaly
TWV epappoywyv. To mAaioo Web xpnoluomole(tal yla TNy avTloTolXlon altnpatwy
Tumou Web kat REST og amAég kA oelg pebBodwy, Kat eKTEAEL QUTOUOTN LETATPOTT) TOU

QLTAMOTOC Kal TwvV OeS0UEVWY ATOKPLONG O€ QVTIKE(UEVA Java.
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3.4 Beacon API

H Alenadn Mpoypappatiopol Edapuoywv (API) yia Beacon €xel oxedlaotel wote va
elval amAn kal QmoTeEAEOUATIKA XwPIlG TEPLOPLOROUG. Ol TPOYPAUUATIOTEG elvatl
eAelBepol va ypnolpomoljoouv KaBe dlabéolun kataokeun Java, onwg elval ta
viuata(Threads), xpovouetpa(Timers), urtodoxég (Sockets), kKA. To APl meplhaupavet
Kal Anpodopieg oxetka pe TNV aAAnAenidpaon pe touc dpopoloyntéc OpenFlow. O
Beacon YpnolUOTIOLEL TO HOVTEAO TOU TOPATNENTA Omou oL akpoatég(listerners)

OUOXETI(OVTAL YLO VO AVTATIOKPIVOVTOL O€ CUYKEKPLUEVA YEYOVOTA.

O eheyktn¢ Beacon meplhapPavel tnv BLBAoBrnkn OpenFlow) vyl tnv Slevépyela
EPYAOLWV OXETIKA HE pnvupota tumou OpenFlow. H OpenFlow) amoteAel pia
avTIKeLpevooTpadng edpappoyn tng Java kat avaivetal ot mpodlaypadéc OpenFlow
1.0. H OpenFlow]) meptéxel kwdka TMOU CUUBAAAEL OTNV QMOOCELPLOTONCN TWV
LNVUUATWY TIOU TIPOEPXOVTOL amod Ta OIKTUO, 0€ AVTIKE(HEVQ, KAl OTNV CELPLOTIOINON

QVTLOTOLYWV UNVUHATWY KAl TNV armootoAr oto Siktuo.

H oA\nAemnidpaon pe toug SpopoAoyntéc OpenFlow yivetat péow tng KAAONC
IBeaconProvider. Ol akpoatég cuoyxetilovtal yla va avIamoKpivovTol OE YEYovOoTa
onwg n ouvdeon f n adaipeon evog Spopoioynth (IOFSwitchListener) ,n apyikomnoinon
Tou 6poporoyntn (IOFInitializerListener) kat n AP n CUYKEKPLUEVWY UNVULATWY TUTIOU
OpenFlow (IOFMessagelListener). O kwdikag Java Twv KAACEWY QUTWV AAAA Kal OAwvV

TWV UTIOAOLTIWV TtapatiBeTal oto mapaptnua A.

O Beacon neplhapfBavel emiong epapuoyeg mou Baoilovtal o€ AEITOUPYLIEC OXETIKEC LE

TOV Mupnva, mpoobétovtag emumAéov API:

Device Manager. lMapakohouBel TG cuokeuég mou €xouv ouvdeBel oto biktuo,
ouuneplAapBavouévwy  twv: OleuBuvoewv (Ethernet kat IP), tnv TteAeutaia

nuepounvia ouvdeonc, kat To Spopoloyntn Kat mOPTa Tou oUVOEBNKE N CUCKEUN TNV
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Teleutaia dopd. To API Device Manager mapéyel pla Slenasn (IDeviceManager) mou
amookomel otnv avalntnon YVWOoTwV OCUOKEUWYV, KaBwc¢ kat tn duvatotnta
evnuépwaong yla dtddopa yeyovota Onwg Otav mpootiBevtal VEEC CUOKEUEG, OTAV

TPAYLATOTOLE(TAL EVNUEPWON, 1 adaipeon TWV CUOKEVWV.

Topology. Evtomilet Ttoug ouvOéopouG METAEL ocuvbedepévwy  SpopoAloynTwy
OpenFlow. Méow tng Slemadn g tou ITopology emitpémnel TNV avAkTnon evog KATAAOYoU
QUTWV TWV CUVEECUWY, Kal KataypadeL yeyovota onwg n cuvdeon 1 n adbaipeon evog

ouvdEopou.

Routing. Mpoodépel Tnv cuvtopotepn Stadpoun dpopoloynong (oe emninedo 1-levéng
Sedopévwy) UETAEL TwV OUOKEUWV Tou SLlkTUou. AUt N edbapuoyn xpnollomnolel To
nieptBaiAov IRoutingEngine, emitpénovtag evalhayeg oTig puBbuioelg mou eAéyyxouv TV
SpopoAoynon. Ol ebapUOYEG TOU TUTIOU QUTOU XPNOLUOTIOoUV OAeg TIG SuvaTEQ
HeBodouc umoAoyLlopol cuvtouotepng Stadpoune. To APl Routing e€aptatal toco amno

Ta avtiotolya Topology kat Device Manager.

Web.Mapéxet €éva Ul (User Interface-Alemadry xpnotn) MECW TOTKOU OLKTUOU
(localhost: 8080) yLa tov eAeyktr Beacon. H diktuakn auth ebappoyr XpnoLUOToLEL TV

Sdlenadr) IWebManageable, emttpénovtag tnv mpooBeon vewv otolxelwv oto Ul.

3.5 Adouocroryciowon exréleons(Runtime Modularity)

OL MEPLOCOTEPOL EAEYKTEC €XOUV TNV SUVATOTNTA VA ETIAEYOUV TIG EPAPUOYEC TTou Ba
dnuoupynoouv (SopooTolxelwon XPOVou HETAYAWTTIONG) KAl QUTEC Tou Ba
EKTEAEOOUV KATA TNV €Kkivnon tou eAeyktn (Sopootolxelwon xpovou ekkivnong ).0O
eAeyktn¢ Beacon mapéxel tnv duvatdtnTta oxL povo va mpoobeoel kal va adalpéoel
ePAPUOYEC KATA TNV €KKlivnon tng Asttoupylag tou, aAAd kal tn mpocBeon Kol
adaipeon autwv xwplic va dtakomel n Aettoupyia tou eAeyktr Beacon (Sopootolyeiwon

EKTEAEONC).
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To yeyovoC QUTO ETUTPETEL OTOUG TIPOYPOLUOTIOTEG TNV QAVATITUEN VEWV TPOTIWV
aMnAenidpaong pe tov eleykth. MBAVEG XPAOELS TWV XAPAKTNPLOTIKWY QUTWYV

QoTEAOLV:

e H dnuioupyla kal TNV MPOOWELVH €yKATAOTACN €PAPUOYWY HUE OTOXO TNV
amooPaAPATWOoN LECW TNG CUAAOYH TTANPODOPLWV.

e Awopbwoelg odaAudtwy f BeAtiwon Twv NN uTtdpxov edapPUOYwWV.

®  EVKATAOTAON VEWV EGAPHUOYWY KATA TO XPOVO €KTEAEONC Ao €va "KATAOTN A
edapuoywv".

e Anevepyormoinon epapuoywy mou napouctdlovy eodbaAuévn ocupnepldopa.

Mo va EVEPYOTIOLNOETE AUTHV TN Aeltoupyia, Beacon xpnoluomolel pla uAomoinon g
npodlaypadng OSGi, tnv edpapuoyn Equinox. To OSGi elval pia apxLTEKTOVLIKH
Baolouévn o ouvBeTikad (components), Ta onoia otn yYAwooa tou OSGi ovoualovtal
bundles. ‘Eva bundle Staveipete wg éva apyelo jar kat mpoodEépel pia AettoupylkotnTa
0TO OUVOAIKO TAaiolo. ‘Eva amod ta duvatd otowxeio tou OSGi eival n SuvapKA
Saxeiplton tou kUkAou Cwng (life-cycle) twv bundles. 'Eva bundle umopel va
eykataotabel, ekkivnBel, avavewBel kal otapatnBel Suvaulkad, Xwpig val OTOUOTAEL N
Aettoupyla tou umoAoutou mAaloiou. Mpodavwe autd eival Wlaitepa xprioLlpo yla
OUOKEUEC TIOU XPeLAleTal va  AETOUPYOUV  OOTOUATNTA, VYWOTL Pmopouv  va
avaPBabulotolv xwplic Stakomr Tng Aettoupylag Toug.

OL TPOoYPAUUOTIOTEC KaBopilouv Tov TPOTIO E Tov omoilo dlapopdwvetal N epapuoyn
TouC. MNa mapadelypa éva bundle pmopel va neptéxel edappoyeg MOANATAEC 1) Kol pia
LOVO , (te pmopel val uTtapxeL pia tou va pmopet va dtadoBel oe moAamAd bundles.
AuTéc oL amodaocelg cuvnBwc yivovtal pe Bdon to Babuod tng Sopootolxelag mou ula
edapuoyn €xel. o mapddeypa ov €va HEPOC TNG edapuoyng Hmopsl va
avtikataotabel katd tnv €vapén r tv SLdpKeEla TNG EKTEAEONC, OTWG N KNXAvA
napaywyng Stadpouwy mou Xpnolpomoleltal amo TNV epapuoyr SporoAdynaong Tou

Beacon.
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‘Eva otolyeio twv npodlaypadwv OSGi elval n kataxwpnon umnpeowwy. Evepyel wg
LECOAQPBNTNAC yla UTNPEGCLEC Kal CUPBAANEL OTNV KaTaxwpnon toug. EmutAéov Sivouv
TNV duVaTOTNTA OTOUG KATOVAAWTEG VA QVOKTAOOUV LA CUYKEKPLUEVN UTINpEcia
avaAoya TG avaykec touc. O Beacon xpnotuomnoletl og peyaho Babuod to povtélo autd
Slvovtag otoucg meAdteg tnv duvatotnta va KAVOUV ALTAOELS Kal vo Aapfavouv
eDAPLOYEC TWV UTINPECLWY AUTWV. H SLdpkeLla Tou KUKAOU {WwN¢ TWV UTINPECLWY lval
SUVAULKA: OL UTINPEGLEG UTTOPOUV va EpxovTal Kat va pelyouv pe Bdon ta bundles mou

elval eykateotnuéva kal Aettoupyouv non.

3.6 Amodoon

H amodoon evog eleyktry OpenFlow ouvnBwg HETPLETAL PE TOV APLBUO Twv
ELOEPYOUEVWY TIAKETWYV TIOU UTIOPEL €vag EAEYKTAC VA EMEEEPYAOTEL KAL VAL ATAVTHOEL
o€ ava OeUTEPOAENTO KAl amdO TOV HECO XPOVO TIOU QTIALTEL O €AEYKTINC yla TNV
enetepyaoia kaBe yeyovoTtog. Autr n evotnTa MEPLYPAPEL TNV OPXLTEKTOVIKA Beacon

yla tnv eneepyaoia pnvupatwy OpenFlow.

3.6.1 Xepiouog yeyovorwy

Ot edpappoyeg mou uAomotoly v dtemadn IOFMessagelistener dnAwvovtal amnod tnv
uninpeocia IBeaconProvider n omola AauBAavel OCUYKEKPLUEVA pnvUUATA TUTIOU
OpenFlow mou mpoépxovtal amod toug dpopoloyntéC. Ol KATAXWPNUEVOL AKPOATEG
QTOTEAOUV EVa OELPLOKO aywyo enmetepyaoiac yla kabe pnvuua tumou OpenFlow.H
Slatagn Twv akpoatwy evtog Kabe aywyou elval puBuULlOUEVN, KL O AKPOATAC UOpPEL
va emilééel av Ba Sladwoel kaBe yeyovog r Oxl. ‘Eva mapddelypa Tou aywyou
TMapouolaleTal oto akoAouBo oxAua. O aywyog autog €xel TPelC OLAdOPETIKES
edapuoyec vy TNV AfRPn HUNVURATWY €lo0EpopEVWY TakeéTwy: Device Manager,

Topology, kat Routing.
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Decode Applicjations

Topology Routing

Jynua 3-2 : Pon Stabikaoiwv tou Thread IOFMessagelistener

3.6.2  Avayvwon uyvoudrwv OpenFlow

Ma v enitevén vPnAwv emibooewy, o EAeyKTAG Beacon kal OAeC ol edaAPLOYEC TOU
elvatl mMARpw¢ moAuvnuatikég (multithrated). AVo amod MOAUVNUATIKES EDAPUOYEC TTIOU
XPNoLomolouvTal ylo TNV avayvwon kat tnv enefepyacia pnvupdtwyv OpenFlow

TapoucLdlovTal oTn CUVEXELA.

3.6.2.1 Kowoypnotn ovpd. avouovig

>to oxnua 3-3 mapouocialetal n oxedlaon tou poviédou SlapolpalOHeEVNG OUPAG
QVAPOVNC TIoU amoTeAe(tal and dVo cuvola vnudtwy ektédeong(thread). To mpwto
oUVoAo, N opdda I/0, elvat umteBUVN YL TNV AVAYVWON KAL TNV ATOOELPLOTIONON TWV
Unvupatwy OpenFlow mou mpoépyovtal and Toug SPOUOAOYNTEC KaL OTNV CUVEXELD TA
AVAYVWOPEVA nvUpata tornobetolvTtal oe oupd Kat mpowBouvtal oTny Kovoxpnotn
oUpad avapovng onmwg dalvetal kal oto oxnua. Kabe Spopoioyntnc elval
ouvdedeEvog Lovo og éva viapa (ektéleonc) I/0, evw avtiBétwe moAol SpopoloynTtég
urmopel va elvat ouvdedeuévol oto (So vAua. To I/O vApa umopel emiong va

kataypalel ta e€epyodpeva unvupata tov OpenFlow otoug peTaywyelg Tou.
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1/0 Threads Pipeline Threads

Read
a

Wri )

f—w Shared
Queue
4 AN

Queue]
=

Zxnua 3-3 povtédo Siauopalduevns oupdc

App 1 % App 2 = App 3

To &evutepo olvolo Twv threads, ta Aeyopeva threads SltacwAnvwong, e€dyouv Ta
OpenFlow pnvipata amod TNV Kowoxpnotn oupd AVOUOVAG, Kal OTnV CUVEXELX T
TakETa MpowbBouvtal péow Tou aywyou IOFMessagelistener mou avtiotolyilovtal
avaAoya e ToV TUTIO Tou KABE uNvUPaToG. AUTO elval amoteAeouaTkoO yla threads tou
aywyou, kaBe ¢opd TToU UTIAPXOUV UNVULATA OTNV 0UPA. ETUTAEOV E TOV TPOTIO AUTO
OAa ta threads ¢ Slox€tevong UMopel va elval amaoxoAnpéva e TV eneéepyacia
TWV MOKETWV. QOTO00, 0 oXeSLAOUOG analtel emiong aodAAELQ OTNV KOLVOXPNOTN 0UPA,

OoAAG Kal avTiotolyn aodAAeLla LETAEY TWV U0 CUVOAWVY TWV VNUATWV.

Mia onuavtikr mapaldayr Tou oxedlaopol autoU amoteAel n Umapén MOANATAWY
0UPWV QVAUOVNC, (ow¢ ula ava dpopoloynth, 1 aKOUA TIEPLOCOTEPEC, UE TNV KABE
oupd va €xel SLadOPETIKEC TPOTEPALOTNTEC. AUTO Bal umopovoe va BEATIWOEL TN
Sikaloouvn otnv emefepyacia  UNVUUATWY PETAEU Twv  OpopoAoynTwy, WE

XPOVOTIPOYPAUUATIOUO EEUTINPETNONC TWV OUPWV EK TIEPLTPOTIAG.

3.6.2.2 Oloxinpwuévny extéleon

Mua Slepyacia mapadidel Tov EAeyxo HOVOV OTav €XEL OAOKANPUWOEL TO £PYO TNG

(run to completion). H texvikn autn amoteAel pla amlomolnpévn €kdoxn TNng
KOLVOXPNOTNG OUPAG AVALOVAG, £XOVTAG MOALG €va eviaio oUvolo vnuatwy I/O . KabBe
vAnua eivat mapopota pe ta vipata | / O mou ekteAoUVTAL OTNV IPONYOUEVN TEXVLKA
TOU Kolvou oxedlacuol oupdg. Qotdoo avti va tormoBetnBel To prvupa o€ oupd yla va

enetepyaotel amo €va vhua StacwAivwaong, StoxeteVel aneuBeiag kABe avayvwopEVo
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pUAvLHa péow tou aywyol |IOFMessagelistener. 2To mapakatw oxfpa amelkoviletal n

QPXLTEKTOVLKN TNG TEXVIKAG KOLVOXPNOTNG OUPAC AVAUOVHG.

I/0 Threads

2xnua 3-4 Run-to-completion

H texvikn autn dev amaltel emumAéov aodpaiela otnv Stadpopn kata tnv Stadikaoia
NG aVAYVWoNG ToU UNVUPOTOG, KABWE TO VAL TO OTIO{0 AmOCELpLAKOTIOLEL TO UAVU LA,
TOo TpowBel péow Tou aywyou. Mepaltépw TOPEXEL TNV AKOAOUBN e€yyunon otnv
Slemadny IOFMessagelisteners: T kaBe Spopoloyntr), HOvo €va vAua Ba

enefepyaletal pNvUpATa anod Tov SpopoAoynTr auTwy TNV (Sla xpovikn oTiyun.

‘Evag onUavTIKOC TEPLOPLOPOC TNG TEXVIKNG QUTAC AmOTEAEL TO yeEyovoC OTL OpLOUEVOL
Spopoloyntéc mou pmopel va elval amaoyxoAnuévol, evoéxetal va ouvdebouv pe
KATOL0 UTtooUVOAOD vNUATWwY, adrivovtag aAla vipata o€ adpavela. Ma tnv anodpuyn
TIAPOUOLWYV TIEPUTTWOEWY ATALTE(TAL N TIEPLOSIK AvaTpooappoyr Twv SpouoAoynTwy

ota vAuaTa.

O eleyktc Beacon xpnolpomolel tnv TeXVIKA run-to-completion pe éva pubullouevo
apBuo amd 1/0 vAupata. OL Spopoloyntéc OpenFlow katd tn ouvdeon Toug
Spopoloyolv ta makéta ota  I/O vAuata kavoviag xpnon Ttou aAlyopiBuou
xpovorpoypaupatiopol Round-Robin kal mapapévouv otatikd cuvdedeuévol Ue TO
avtioTolyo vApa péxpl va amoocuvdebouv amod to biktuo. Kabe vAaua 1I/O AapPavet
oelplokd ta dedopéva mou €xouv Non umootel enetepyaoia and kabs Spopoioynt

Tou elval cuvdedeEvoc e TO VALAL.
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3.6.2.3 Amoaroin unvouarwv OpenFlow

O TpOMOG UE TOV OmMOlo TA UNVUUOTA QMOOCTEANOVIOL QIO TOV EAEYKTN OTOV
Spopoloyntr) emnpedlel onuavtika tnv anodoon tou eleyktrh. O eheykTrc Beacon
uTooTNPIilel TNV TMOAUVNUOTIKN Agltoupyla. Q¢ €k TOUTOU, N QIMOOTOAR UNVUUATWV
uropel va yivel tautoxpova amod moAamAd threads. Etol elval amapaitntn n avamntuén

LEBOS WV CUYXPOVIOUOU LE OTOXO TNV amoduyr) CUYKPOUTEWV.

210 oxnua 55 meplappavetatl o alyoplBuog cupudwva pe Tov omoio oxedLaletal n
eyypadn ta pnvipata mou omootéAlovtal otoug Spopoloyntec OpenFlow. Ot
edAPLOYEC OTNV OUVEXELA KAAOUV Tnv pEBodo eyypadrg, n omola celplomolel Kkal
TMPOCAPTEL TO PNVUPQ O€ pia €Lk TPOowWPLV UVAUN TOU SpOouoAoynTr, Kal otnv

ouvexela mpowBel ta dedouéva otnv umodoxn.

function WRITE(OFMessage msg)
buf.append(msg)
flush()

end function

function FLUSH
socket.write(buf)

end function

N oW N R

xnua 3-5: MéGobot apyikoroinong popodoyntn

Ot embdoelc kAvovTag xpnon tou oxedlaopol autou, Atav YaunAéc. H umnpeoia
lyvnAdtiong €8eike otL n Java JVM exkteholoe pia eyypadry otov muprva Tou
ouoTNUATOC yla KaBe eyypadr umodoxng, xwplc svblaueoo enetepyaoia. e €va
QTACXOANUEVO CUOTNUA, O XPOVoG Tou damavatal o€ petadopec dedopévwy petaty

XPNOTN KAL TTUPARVA ATAV GNUAVTLKN.

Ma tnv emiAvon Tou MPOPANUATOC AuToU avamtuxbnke pio véa apxltektovikn. To
TPWTO HEPOC AUTNC TNE APXLTEKTOVIKIC TOPOUCLALETAL OTO OXUa 3-6 , Kal avadEpeTaL

o€ pla Tporornotnuévn pebodo flush (extelel avaykaotikn petadopd Twv dedouévwy
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TOU output stream. Xpnolpomnole{tal yla to adelaopa tou buffer. ) mou mepléxel dvo
boolean petafAnTtéc: TNV write kat tnv needSelect. H petaBAntr write €xel oplotel o€
aAnBng otav epdaviletal pa eyypasdn umodoxnc, mpoAauBavovtag TG EMakOAoVBEeq
eyypadEC Ewe 0Tou N petaBAntr tebel oe Tun false. H petaBAntr needSelect opietal
otav untdpyouv dedopéva ,mou SV avTLOTOLXOUV O gyypadr, LETA amno KaBe syypadn
umodoxng, yeyovog mou Selyvel ot n oupd TCP elval yepdtn, kal ta umolouta
Sedopéva Ba mou mpénel va eyypadolv oTo HEANOV, OTAV O N TIPOCWALVH VAN glvatl

ylvetal kat aAL Stabéatun.

1: function FLUSH

2: if lwritten && !needSelect then

3: socket.write(buf)

4: written true

5: if buf.remaining() > @ then
6: needSelect true

70 end if

8: end if

9: end function

2xriua 3-6 tpororntotnuévn uédodo flush

To 6eUtepo PU€pog Tou oxedlacpol Baciletal o Tpomonolnoelg otov Bpoxo | /O onwg
dailvetal oto KATwbL oxua 3-7 OmMou MAPOUCLAETAL O avTioTOoLX0G aAyOPLBUOC TTou
XpnoLuomoBnke. Xtov aAyoplBuo autov mpooTteBnKav oL Ypappeég 3-9 kat 15-18 e
OKOTIO TNG UTIOOTAPLEN TNG OPXLTEKTOVIKAC AUTNAG. M0 CUYKEKPLUEVA OL YPAUUEC 3-9
efaodalilouv otL KABe SpopoAroynTtnc Ba Snuloupynoel eyypadeg yla Ta eEepxouEVa
dedopéva pia popa ava I/0 Bpodxo doo ol eepyouevol TCP buffers Sev eivat mAnpng.
Ot ypapuég 15-18 staodaAilouv ot Ba dnuiloupynBel eyypadn povo otav UTIAPYXEL

Slabéotpog xwpog otoug eEepydpevouc buffers.

To amotéAeopa elvat OTL Ta pnvouata eite eyypadovtal apéows eite pla dopd ava
Bpoxo I/0. Ta cuotruata ou Bplokovtal umo peyalo ¢opTo gpyaciog dSnploupyeitat
Evac PUOLKOG UNXAVIOROG METAL Twv Bpoxwv 1/0, pelwvovtag €Tol TIC KANOCELS

eYYpadng Kot TG aAANAETUS PACELC LETAED XPAOTN-TIUPNVA.
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coNOUVT A WNER

function IOLOOP
while true do

for all Switch sw : switches do
sw.written false
sw.flush()
if sw.needSelect then

sw.selectKey.addOp (WRITE)

end if

end for

readySwitches = select(switches)

for all Switch sw : readySwitches do
if sw.selectKey.readable then

readAndProcessMessages(sw)

end if
if sw.selectKey.writeable then
sw.needSelect false
sw.flush()
end if

end for

end while

end function

2xnua 3-7 AAydpiSuoc tpononoinanc I/0 Loop Bpdyou
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Mininet

4.1 To Aoyiouixo Mininet

Katd tnv eKTEAEON TOU TELPAUATIKOU HEPOUC TNG SUTAWUOTIKNAC £pyaciog
anapaltnto yeyovog amotehel n Onuwoupyia evog SIKTUOU OMOTEAOUUEVO QTo
OIKTUOKEC OUOKEUEG TpowbBnong kal SpopoAdynong MoKETWY, CUOKEUEC Tou Ba
amoteAoUV Toug TEALKOUG XpHOoTEC AAAA Kal amd auTEG Tou Ba ekTEAOUV TIG Epyacieg
ToU gAeykTr TNC teXvoAoyiag OpenFlow. Onwg yivetatl avtiAnmto, n mpooouoiwaon evog
TETOLOU OUOTAUATOG amOTEAEL TPpOYXOTESN KABWC AmALTOUVTAL OLKOVOLLLKOL TTOpOoL aAAG
Kal OxL Lovo KaBwce n tomoAoyia Tou cuothuatog Ba mpEmel amoTteAeital and MOANEC
OUOKEUEC KAl va elval EUKOAO TPOTIOTIOLACLUO WOTE TA ATIOTEAECUATA VO ITOPOUV VA
YEVIKEUTOUV. ETUMAEOV KOTA TNV EKTEAEON SIKTUAKWY TEIPAUATWY KAl EPYACLWV Elval
anapaitntn n dnuioupyla MOAAATIAWY TOTIOAOYLWY WOTE VA UMOPEL TO OUCTNUA HAC VA
Soklpaotel oe dladopeTikég cuVORKeS. ‘OnMwe yiveTal avTIANTITO KATL TETOLO €lval oAU
SUokoAo otnv mepintwon mou n mpooopoiwon autn Ba mpémnel va cupBel pe Tnv xpron

TPAYLATIKWY OUCKEVWV aAA Kat e€{cou xpovoPopo.

Ma tVv SleukOAuVon OAWV TWV TAPATIAVW, EYLVE XPrON TOU TPOYPAULATOG
mininet. To mpoypauua Mininet amotelel €vav efopowtry Siktvou. ‘Exel tnv
Suvatotnta va ekteAel Ttautoxpova €va oUVOAO amd TEPUATIKA, SPOOAOYNTES,
HeETaywyelc ethernet aMa kat Twv avtiotolywv ouvdéouwv o€ €va evialo Linux
Kernel(muprjva). Xpnolpomolel TNV texvoloyia tTng ELKOVOMOLNCNC WOTE Va UMOPEL Eva
evialo oUOTNUA VO TIPOCOUOLWVETAL WC €va TIANPEC SikTUO, XpNoLUoToLwVTaG To (blo
oUOTNHA TTUPAVA KOl UE TOUC (BLloug KwdikoU ¢ xpnotn. To KABEe ELKOVIKO TEPUATIKO OTO
mininet Aeltoupyel cav €va MPAayPOTKO TEPUATLKO. EmmAgéoy mapéxetal n Suvatotnta
aoparolc ouvdeong (tumou SSH) OTo TEPHATLKO, KAl VO EKTEAECEL OTIOLOSNTIOTE

TpOypappa (Ue TNV polmoBeon OTL auTo elval eyKaTteoTNUEVO 0TO cuoTnua Linux).Ta
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TIPOYPAULATA TIOU EKTEAOUVTOL WMOPOUV va amooTtelAouv TOKETA HETALY TwV
TEPUATIKWY KaBWC avayvwpilel tnv ouvdeon HETALU TOUC WG OSlemMadEC TUTOU
Ethernet.H amootoAr) twv mMakéTwv mpaygatomnoleitat pe Oebopévn taxLTNTA
ouvbeong kal TNV amattoupevn kabuotépnon. Ta Tokéta emnefepyalovial amod
OUOKEUEC TIOU Aeltoupyolv w¢ Opopoloyntég (Ethernet swtiches, routers) pe
Sedouévo xpovo oe oupEG avapovhg. ‘Otav SUo MPoYyPAUUATA, OTIWG yLa apAadeLyUa
10 iperf (To omolo PETPAEL TNV XWPENTIKOTNTA TNG YPAUUNC LETAEL SUO onueiwy) petaly
evOC meAdtn(client) kat evog Slakoulotr (server) emikolwvwvouv pécw Mininet, n

LeTpoLevn anodoon Ba mpEmel va elval kown Ue auTtrh Twv SU0 GUOLKWY LNXOVWV.

Ev ouvtoula, oto Mininet, Ta TEPUATIKA, OL OPOUOAOYNTEC, Ol LETAYWYELS, Ol
EANEVKTEC KAl OL CLUVOEDELS SNULOLPYOUVTAL UE TN XPHon AoyLlopikou (software) kat oxt
UAlkoU (hardware) . Elval Suvatov n dnuloupyia evog diktvou Mininet mapouoLlo pe
éva mpaypatiko Siktuo mou Baciletal oe hardware, | n dnuoupyia evog Siktuou
hardware mapopolo pe autd tou Mininet, Ta omola va ekteAouv tov (6o Suadiko

KwdLka Kal epapuoyeC otnv Kabepia mAatpopua.

‘Onwg yivetal aviiAnmtd to mininet amoteAel &va €0XpPNOTO Kal aLOTILOTO
epyalelo otnv mpooopoiwon SIKTUWV CUYKEVIPWVOVTAC CNUAVTIKA TTAEOVEKTLATA.

MNapakdtw cuvoyilovtal Ta o afloonUElWTA TTAEOVEKT LLOTA.

e H dnuloupyla evog amAouoTeUpévou SIKTUOU TPAYUOTOTOLE(TAL OE
EAAXLOTO XpOVIKO Oldotnpa  PE  OMOTEAECUO  va  pmopel  va
npayuatonoinBel  ypriyopa n  Stadikaocia tng amoodaApdTwong
(debugging).

o [lapéxetal n Ouvatdtnta €eKTEAEONG OAWV TWV AOYLOULKWY TOU
umtootnpilovtal amo To AEITOVPYLKO cuoTnua Linux

e  Mnopel va tpomomnoinBel n mpowBnon twv makétwy: Ot Spopoloynteg-
Mininet umopouv va. PoYPAULOTIOTOUV Xpnotuomolwvtag OpenFlow

TIPWTOKOAAO.
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e To Mininet pmopel va ekteheotel o€ omoladnmoTe UTOAOYLOTH,
SLOKOULOTH, €LKOVIKA UNXavh i akopa kal o TexvoAloyia tumou cloud
(vedoUmoloyLoTikn).

e Ta amoTeAE0OUATA TOU AOYLOULIKOU UmopoUv va avarmapaxBouv amod
omolodnmoTe Xprotn Kabwg To UOVO Tou amatte(tat elval n eKTEAEDN
ToU &lou KWSLKA 0TO AVTIOTOLYO TEPUATLKO.

e To Mininet amotehel elxpnoto Aoylopiko. MNa tnv dnpoupyla kat tnv
EKTEAEON MELPAUATWY ATALTE(TAL TTPOYPAUUATIONOC 0 YAwooa Python.

e Amnotelel €pyo avolxtou kwdika kal BplokeTat umod evepyr avamntuén. H
KolvotnTa tou Mininet armoteAeital amod XprioTeC KOl TIPOYPALUATIOTEC
Kal prmopoUv va cUPBAAOUV OTNV  QVILUETWTILON Omoloudnmote

TIPOPANUATOC TIOU UTOPEL VAL AVTILETWITLOEL O EKAOTOTE XPROTNG.

4.2 Anquiovpyia tomoloyicmv

To mininet urtootnpilel TNV dSnULloUPYiA TAPAUETPOTIOLOLUWY TOTtOAOYLWY. Me
TV dnpoupyia Tou avtiotoyou kwdika Python, mapéxetal n duvatotnta dnuloupylag
€VENIKTNG TomoAoyiag n omola pmopel va Stapopdwbel pe Baon ta otolxela mou
EVTAOOOVTAlL OTOV KwOWKA, Kal MMopel va emavaypnolponolnBel oe moAlamAd

TEpapaTa.

Ma mapddelypa, mapakdtw napouctdletal pia tomoAoyia tou Siktuou n omola
anoteAeital anod €va kaboplopevo aplbuo xpnotwv(hosts) kat cuvdéovtal pe eva

LETAYWYEQ.

from mininet.topo import Topo

from mininet.net import Mininet

from mininet.util import dumpNodeConnections
from mininet.log import setLoglLevel

class SingleSwitchTopo (Topo) :
"Single switch connected to n hosts."

def  init_ ( , h=2, **opts):

Topo. init ( . X*opts)
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switch

# Py

elf.addSwitch('sl")
range (N) genera
for h in range(n):
host = self.addHost ('h%s' % (h + 1))
self.addLink (host, switch)

ates 0..N-1

def simpleTest () :
"Create and test a simple network"
topo = SingleSwitchTopo (n=4)
net = Mininet (topo)
net.start ()
print "Dumping host connections"
dumpNodeConnections (net.hosts)
print "Testing network connectivity"
net.pingAll ()

net.stop ()

if name == "' main '
# Tell mininet to print useful
setLogLevel ('info')
simpleTest ()

OL KAAQOELG KOL Ol OUVOPTACEL; TIOU Xpnoldomolndnkav emegnyouvtal

TEPALTEPW:

Topo: H Bacotkr kKAdon mou xpnotpomnoleital otig tonoAoyie¢ Mininet

addSwitch(): mpooBétel €vav OSpopoAoyntr) oTnV TOTOAOyla KOl €TMLOTPEDEL TNV
ovopaoia tou Spopoloyntn

addHost():mpoocBetel Teppatikd otnv tomoloyia kal emIOTPEDEL TNV ovopacia Tou
addLink():mpooBétel pla apdidpoun ocuvvdeon otnv tomoloyia.( Ot ocUvdeoell oto
Mininet elval apdidpopeg, ektog av avadepetal SLaPOoPETIKA.)

Mininet: kUpla katnyopia yla tnv Snuloupyia kat tn Staxeipnon tou Siktuou

start(): Evepyormotel tnv Asttoupyia tou Siktuou.

pingAll(): eAéyxel TNV oUVOECLUOTNTA TWV TEPUATIKWY EKTEAWVTAS SLASOXLKA QLT OELG
ping LETAEL TwV KOUPBwWV.

stop(): TepuartiZel tnv Aettoupyia Tou Siktvou.

net.hosts: Emotpédel tnv ovopaoia OAwv Twv KOpBwv

dumpNodeConnections(): Amoppintel cuvoEoeLg mpog/amod €va cUVOAO KOUBWV
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4.3 Poluion mopauétpmy anooocns

Ektog amd tig Baowkég Asttoupyieg g Siktuwong, TO mininet mapéxet
Sduvatotnta puBULoNG TNG amddoong Kal AMOUOVWONG OPLOUEVWY XAPAKTNPLOTIKWY,

HEOW TWV KAACEWY CPULimitedHost KOl TCLink .

#!/usr/bin/python
from mininet.topo import Topo
from mininet.net import Mininet
from mininet.node import CPULimitedHost
from mininet.link import TCLink
from mininet.util import dumpNodeConnections
from mininet.log import setLogLevel

class SingleSwitchTopo (Topo) :
"Single switch connected to n hosts."

def _ init__ (self, n=2, **opts):
Topo. 1init (self, **opts)
switch = self.addSwitch('sl")

for h in range(n):

t gets 50%/n of s
21 f.addHost ('h%s'
/n)

1 bps, 5Sms delay, 10% loss, 1000 packet queue
self.addLink (host, switch,

bw=10, delay='5ms', loss=10, max queue size=1000,
use_ htb=True)

def perfTest():
"Create network and run simple performance test"
topo = SingleSwitchTopo (n=4)
net = Mininet (topo=topo,
host=CPULimitedHost, 1link=TCLink)
net.start ()
print "Dumping host connections"
dumpNodeConnections (net.hosts)
print "Testing network connectivity"
net.pingAll ()
print "Testing bandwidth between hl and h4"
hl, h4 = net.get('hl', 'h4d'")
net.iperf ((hl, h4))

net.stop ()

if name == "' main ':
setLoglLevel ('info'")
perfTest ()

Ol Two OnNUOVTIKEG HEBOSOL Kol TAPAUETpOL TIOU  XPnoluomolBnkav

EMEENYOUVTAL TIEPALTEPW:
self.addHost (name, cpu=£f): ME TNV XPron tng EVTIOANC QUTNC EMITPEMETAL O OPLOUOC
TOU TT0O0OTOU TNC oUVOALKNC CPU Tou ouoTtruatog mou Ba XpNoLULOTIOLOEL O ELKOVLKOC

XPNotng.
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self.addLink( nodel, node2, bw=10, delay='5ms', max queue size=1000, loss=10,

use htb=True): Anploupyet ouvdeon SutAng katevBuvong petafy Svo KOpPwv pe
OUYKEKPLUEVAL XAPAKTNPLOTIKA OMWE XWPNTIKOTNTA, KOBUOTEPNON, QVEKTLKOTNTA
OMWAELWY TIAKETWY, UE UEYLOTO HEyeBOC NG oupdc avapovnc ta 100 makéta. H
MOPAPETPOC bw ekdpdletal oe Mb/s, evw n delay akolouBeital pe TNV avtioToxn
Hovada xpovou (s,ms,us).AvtiBeta n mapAdueTpog 1oos ekPpAleTaL OE TTOCOOTO ETL

TOLG €KATO.

4.4 Extélecn mpoypauudToy 6Tto EIKOVIKG TEPUATIKA

H extéAeon MPOYPAUUATWY OTA TEPUATLKA ATTOTEAEL TO TLO afloonUElwTO YeYOVOG KaTd
TNV EKTEAECN TWV TELPAUATWY, £TOL WOTE VO UMOPOUV VA UTIOOTNPLXTOUV ETUMAEOV
EVTOAEC amo TIG ouvnBLlopEveg evioAég Tumou pingAll () kat iperf (). H dtadikaoia auth

umootnpiletal anod o AoyloLko Mininet.

KaBe teppatikd oto Mininet amoteAel ouoLaoTIKA €val KEAUPOC TUTIOU bash
mou ouvléetal pe pla n kot meplocotepeg Olemadeg SIKTUOU HE QATMOTEAECUA VA
uTtooTtnpilel TNV ekTEAEON EVTOAWY TUTIOU bash. MNa Tov Adyo auTto yla TNV EMKoWwvia

e KABE TeEpUATIKO XpnoLuomoleital kupiwg péBodog tumou CMD.

Ma TNV ektéAeon plag evioAng amd KAMOoV EevioTr) Kal TNV amoTUTwon Tou

QMOTEAEOUATOC, LEOW UEBOSOU cmd, XpNOLUOTIOLELTAL O TTOPAKATW KWELKAC

hl = net.get('hl")
result = hl.cmd('ifconfig')
print result

Y€ OPKETEC TIEPUTTWOELC ATIALTELTAL N EKTEAEON [LLOG EVIOANG OTO MPOCKAVLO YLl KATIOLO

Staotnua, n dtakomr TG N N anobnKeuon TOU AMOTEAECUOTOC O€ KATIOLO ap)ELo.

from time import sleep

print "Starting test..."
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hl.cmd('while true; do date; sleep 1; done > /tmp/date.out &')
sleep (10)

print "Stopping test"

hl.cmd('kill %$while')

print "Reading output"

f = open('/tmp/date.out')

lineno = 1

for line in f.readlines():
print "%d: %$s" % ( lineno, line.strip() )
lineno += 1

f.close ()

EKTOG amd Tn xprion Tou Lnxaviopou avapovig Tou keAUdoug, To Mininet mapéxet tnv
duvatdTnTa EMLTPEMEL TNV EKTEAEON €VOC OUVOAOU EVIOAWV XPNOLUOTIOLWVTAC TNV
evtoAr) sendCmd () kal, otn cuveéxela, n omola avauévete va oAokAnpwbel o kamola

LLETAYEVEOTEPN OTLYUN, XpNOLUOTOLWVTAC TNV evtoAr waitOutput ():

for h in hosts:
h.sendCmd ('sleep 20")

results = {}
for h in hosts:
results[h.name] = h.waitOutput ()

4.5 Xvotnua opyciov Mininet

Ol ewkovikol €evioTég Tou mininet dlapolpdlovtat amnod mpoemhoyr Toug dakéAwV root
TOU OUOTAMOTOC TOUu UToke(pevou Slakoplotr. AvtiBeta n dnuouvpyia véou
Eexwplotol ocuotnuatog (filesystem) amotelel xpovoBopa Sadikacia kat Wblaitepa

SUOKOAN.

H kolvr) xpAon Twv apXelwv TOU CUOTAUATOC TIOPEXEL TO TAEOVEKTNUA OTL Sev Ba
xpelaotel n aviypadrn twyv Sedopévwy PeTAll Twv Eeviotwyv KaBwe €xouv AN

SnuloupynBet.

To yeyovog auTO OHWG, €XEL KAl €va ONUOVIIKO HELOVEKTNUA. X€ TEPMTTWON TOU
anatte(tat edikn dtapopdwaon  yla kamowo mpoypaupa (ry. Httpd), amatteitol n
Snuloupyla VvEwv apxelwv puBUlONG Tapauétpwy ya Kabe Eeviotr). EmumAéov
Snuoupyeltal kat o Kivbuvog cuykpoUoewyY apxeiwy, o mepimtwon mou dnpoupynbel

otov {6lo katdAoyo to (6lo apxeio.
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4.6 MéBooor mapaueTpomoinens Ty CeViGTmV

Ot &evioTéC 0TO Mininet Tapéyouv UL oelpd amod pebodoucg mou cupBarlouv otnv

eukoAla tn¢ Stapdpdwon Tou Siktvou.

IP():Emotpédel tnv StevBuvon IP TOU TEPUATIKOU 1N KATOLAG OUYKEKPLUEVNG

Slemadnc.

MAC () :Erotpédouv tnv dlevBuvon MAC Tou TEPUATIKOU N KATIOLOG CUYKEKPLUEVNC

dlemadnc.
setARP () : Anuloupyel eyypadn static ARP otnv ARP cache tou TepUATIKOU.
setIP (): Pubuioeilg ouykekplpévn SlevBuvon IP yla KAmolo TepuaTiko n Stemadn.

setMAC () : Pubuioelg ouykekplpévn SlevBuvon IP yla KAmoLo TEPUATIKO N Slemadn.

Ma mopadelypa:

print "Host", hl.name, "has IP address", hl.IP(), "and MAC address",
hl.MAC ()

4.7 Mininet CLI

To Mininet meplhapBavel meptBarlov ypappung evtoAwv (Command Line Interface) mou
UTopoUV va Aettoupynoel kot o€ €va S(kTtuo. Mapéxel pia mMOLKIALDL amod XPrOLUES
EVIOAEC, KaBwg kal tn duvatdtnta eudavions mapablpwy xterm yla TNV EKTEAECN

EVTOAWV O€ ETMIUEPOUC KOUPBOUC Tou SIKTUOU 0aC.

from mininet.topo import SingleSwitchTopo
from mininet.net import Mininet
from mininet.cli import CLI
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net = Mininet (SingleSwitchTopo (2))
net.start ()

CLI (net)

net.stop ()

H xprion t¢ ypauung evioAwv cUUBAAEL Kat otnv amoodaApdtwon tou OLKTUou,
KaBwg epdavitel tnv diktuakr TomoAoyia (Ue xprion TG eVTIOAAG net ), Tov EAeyxo TNV
ouvOeaLOTNTAC (LE TNV evTOAn pingall) kal TV amooTtoAr eVTOAWY 0 OAQ TOL TEPUATLKA

aveéaptnra.

*** Starting CLI:

mininet> net

cO

sl lo: sl-ethl:hl-ethO sl-eth2:h2-ethO

hl hl-ethO:sl-ethl

h2 h2-eth0O:sl-eth2

mininet> pingall

*** Ping: testing ping reachability

hl -> h2

h2 -> hl

*** Results: 0% dropped (0/2 lost)

mininet> hl ip link show

746: lo: <LOOPBACK,UP,LOWER UP> mtu 16436 gdisc noqueue state UNKNOWN
link/loopback 00:00:00:00:00:00 brd 00:00:00:00:00:00

749: hl-ethO: <BROADCAST,MULTICAST,UP, LOWER UP> mtu 1500 gdisc pfifo fast

state UP glen 1000
link/ether d6:13:2d:6£:98:95 brd ff:ff:ff:ff:ff:ff

4.8 Mininet API

KahoVUpe APl 1 Alenadn Mpoypapuatiopol Edappoywyv  ywwoth Kol wg
Awoovvdeon Mpoypappatiopol Edoapuoywy, T SlEmadn Twv TPOYPAUUATIOTIKWY
Sladlkaolwy Tou €va AEToupylkd cuotnua, BBAloBAkn 1 edappoyr mopexel
TIPOKELLLEVOU VO ETUTPETIEL VAL YIVOVTAL TIPOC AUTO QULTNOELG OO GAAQ TTpoypApaTa ) /

Kal avtaAlayr dedopévwvy.

YTLG TPONYOULEVEC TapAypAdOUC TTAPOUCLAOTNKE UL OELPA ard KAACELG TNG
Python mou mepllapfavovtal oto APl tou Mininet, cuumepAauBavouévou Twv
KAAOEWV Topo, Mininet, Host, Switch, Link KQL TWV UTTOKATNYOPLWV TOUG. AOYW
amAomnotlnong TNg Kat SleukOAUVONG TOU TIPOYPOUUATIOMOU Ol KAAOELS Ywpilovtal og
Tpelq katnyopleg-emnimeda: vPnAov emunédou API, peocaiou emumédou APl kal xapunAou

eruédou API.
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e XapunAoUu emumédou API: AmoteAe(tal amd TG KUPLEC KAAOCELG TOU
adopolv TOUC KOPPBoUC Kal TIG OUVOEDEL (OTWC Host, Switch,
Kal Link KQL TG UTTOKATNYOPLEC TOUG) OL OTIOLEC XPNOLUOTIOIOUVTAL YLa
Vv Onuwoupyila Siktvou. H tpdmog Snuoupylag SlKkTUOU POVO LE
kKA@oelg tou emumeédou autol amoteAel Sladkacia Slaitepa

duoxpnotn.

e Meoailou emumeédou API: MpooBEtel avtikelpeva TUTOU Mininet , TQ
omola XpNOLEVOUV WG ETMPOCOETA oToLKEla KaL pubuioelg o€ KOUPBOUC
Kall OUVEOELG. MNapéxel tia oelpd amno Hebodouc
(O6mwg addHost (), addSwitch(), KOl addLink()) yla Tnv mpooBeon KOUBwv
Kal ouvbéoswv otov Siktuo ,kabBwg kal ywa TNV Slapopdwon Tou

SKTUOoU, TNV EKKIVNON KAL TOV TEPUATIONO TOU ( start(),stop()) .

e Y{PnhoU erunmédou APl: Mapéxel mpooBeteg emhoyeC puBULONG TNG
Tonohoyiag. Méow tnNg KAAoNng topo TMPoodEpel TNV SuvatotnTa
dnuioupyiag  umodelyuartog TomoAoylag Tou  umopel  va
napapeTpononBel kal va emavayxpnotpomnolnBet. Ta umodelypata tou
TUTIOU auToL opilovtal LEow TN evtoAng mn (L€ow Tou oplopatog ——

custom option) kalekteAovvTal amo TNV YPAUUAR EVIOAWV.

FevikOTEPQ Yo ToV ameuBelag €leyxo Twv KOUPwWV Kal Twv Spouoloyntwy,
xpnowuomnoteitatl to APl xapnAou emumédou. AvTIBETWE yLa TNV SLakorr TnG AeLtoupylag
€VOG OLkTUoU xpnotuomote(tal to APl peocalou emumedou.

H &nuoupyla evog mAnpoug kol Aemtopepéotatou OLWKTUOU Hmopel va
npayuatonoinBel pe tnv xpnon omotoudnmote emumédou API, ald cuvABwg
EMAEYETAL TO peoaio kat To uPnAo eminmedo xApn OTIC KAAOELG TIOU TIEPLEXOUV KOl
SleukoAUvouv apketd TNV Onuwoupyia tou. Mopakdtw Tmapouclalovial Tpla
napadelypata Snpoupylag evog mMARPoUS SIKTUOU XPNOLUOTIOLWVTAC €va SLadOPETIKO

eninedo API kaBe popd.
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Low-level API: kbuBol kat cuvdEoelg

hl = Host( 'hl' )

h2 = Host( 'h2' )

sl = OVSSwitch( 'sl', inNamespace=False )
c0 = Controller( 'cO0', inNamespace=False )

Link( hl, sl )

Link( h2, sl )
hl.setIP( '10.1/8" )
h2.setIP( '10.2/8"' )

cO.start ()

sl.start( [ cO ] )

print hl.cmd( 'ping -cl', h2.IP() )
sl.stop ()

cO.stop ()

Mid-level API: Alktuo

net = Mininet ()

hl = net.addHost( 'hl' )

h2 = net.addHost( 'h2' )

sl = net.addSwitch( 'sl' )

cO0 = net.addController( 'cO' )
net.addLink ( hl, sl )
net.addLink ( h2, sl )
net.start ()

print hl.cmd( 'ping -cl', h2.IP() )
CLI ( net )

net.stop ()

High-level API: YoSelyua TomoAoyiag

class SingleSwitchTopo( Topo ) :
"Single Switch Topology"

def init ( self, count=1l, **params ):
Topo. init ( self, **params )
hosts = [ self.addHost( 'h%d' % i )

for i in range( 1, count + 1 ) ]
sl = self.addSwitch( 's1' )
for h in hosts:
self.addLink( h, sl )
net = Mininet( topo=SingleSwitchTopo( 3 ) )
net.start ()

CLI( net )
net.stop ()

To ueoalo eninedo APl amoteAe(tal anod amhovotepn §ounon Kabwg onwg Gpaivetal kat
0TO TAPATMAVW TaPAdelyua amaltel tTnv dnpoupyia kKAaong tomoAoyiag. Av to API
XOUNAOU Kal pecaiou emumeédou elval €UEALIKTA, €XOUV TO HELOVEKTNUO OTL elval
nepLoooTeEPO SUOXPNOTN N Emavaxpnolponoinon toug og avtiBeon pe to APl unAou

emutedou.
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4.9 Epyaicia uétpnong

To mininet TepLEXEL eVTOAEC-epyaleia Tou  kataypddouv HETPHOELS Kal
OUMBAAOUY oToV €AeyX0 TOu OLKTUOU Kal oTnV TPoomabela amooGaApudTwaong Tou.
MapakATw mapoucLdlovTal Ta TIo ONUOVTIKA epyaleia pall Le TNV avTioTOoLXEC EVIOAEC
TOUG,.

e FEUpog lwvng (bmw-ng, ethstats)

e KoBuotépnon (LEow TNE eVTIOARG ping)

e QOupég avapovAG (LEow TNE EVTOAAC tc Tou TepAapBavetal otnv
KAGONn monitor.py)

e Jtotlotika TCP (tcp probe)

e Xpnon CPU (top, cpuacct)

4.100penFlow ka1 mpocapuocusvy opouoroynon

‘Eva amd ta 1o woxupd Kol XpAoLUa XOpaKTNPLOTIKA Tou mininet elvatl otL
xpnotuorotel Aiktua KaBopldopeva amd Aoylouiko. Me tnv xprnon tou OpenFlow
TIPWTOKOAAOU ETUTPETETOL O TIPOYPAUUATIONOG TwY SPOoHOoAoYNTWY €T0L WOTE VA
UTopoUV var AapBavouv amodAoELlg vl T TIOKETA TIOU ELOEPYXOVTAL O QUTOUG. H
Texvoloyla OpenFlow kaBlotd TOug TPOCOUOWWTEG, OMwG elvat Tto Mininet,
TEPLOCOTEPO XPNOLUOUC SeSoUEVOU OTL 0 OXESLAOUOC TWV SIKTUOKWY CUCTNUATWY,
OUUTEPIAQUPBAVOUEVOU KAl TNV TIPOCAPLOCUEVN Tipowbnon TMOKETWY WPE Xpnon
OpenFlow,unopel va petagdepBel oe OpenFlow SpooAoynTEG yLla AELTOUPYIEC OXETIKA

HE T0 pUONO YPOUUAG.

4.10.1 OpenFlow Eieyxtés
Katd tnv Slevépyela evog MELPAUATOC TO Mininet xpnolUomoLel wg TPOETIAOYN

€ANEYKTH TUTIOV ovsc. H avtiotown looduvapn evioAn ival:

$ sudo mn --controller ovsc
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O eAeyKTAG auToU Tou TUTIOU UAoTOLEL éva amAd Spopoioynth ndbnong Ethernet,kat

uTooTNPIleL ewg Kot dekagL emipépouc SpoUoAoYNTEC.

Katd tnv kataokeur) evog oevapiou(Script) étav ektedeotel n kAdon Mininet() Ba
TIPETEL VO €XEL OPLOTEL KaL avtiotolxn KAAon Tou EAEYKTH. Z& MEpImTWon Tou Sev €xeL
SnAwBEel k&mola amod Tov XProTn KATOL CUYKEKPLUEVN KAAON EAEYKTA TOTE KAAE(TAL N
npoemdeyuévn kAaon Controller()ue amotélecpa tnv Snuoupyla eAEyKTWY TUTIOU

Stanford/OpenFlow.

AVTIBETWE TTaPEXETAL KAl N SUVATOTNTA XPNOLLOTIONOELG SLaDOPETIKOU TUTIOU EAEYKTH
avaloya pe TIC avAykeg tng edapuoyns. O xpnotng Umopel va dnpoupynoel pia
urokatnyopia Controller() kat va tnv peTadépel ota apyeia Tou CUOTAUATOS TOU
Mininet. ‘Eva mapdadewypua uvlomoinong €vog eheykt) tumou POX mapatiBetal

TAPAKATW.

from mininet.net import Mininet

from mininet.node import Controller

from mininet.topo import SingleSwitchTopo
from mininet.log import setLogLevel

import os

class POXBridge ( Controller ):
"Custom Controller class to invoke POX forwarding.l2 learning"

def start( )z
"Start POX learning switch"
.pox = '$s/pox/pox.py' % os.environ|[ 'HOME' ]
.cmd ( .pox, 'forwarding.l2 learning &' )
def stop( )t
"Stop POX"
.emd( 'kill ' O+ .pox )

controllers = { 'poxbridge': POXBridge }

if name == "' main ':
setLogLevel ( 'info' )
net = Mininet( topo=SingleSwitchTopo( 2 ), controller=POXBridge )

net.start ()

net.pingAll ()

net.stop ()
AfloonueiwTo elval OTL To mapanmavw MapAadeLlypa elval €ToL SOUNUEVO WOTE Va
Umopel va xpnotuonolnBel wg o TPOETIAEYUEVOC EAEYKTAG OTNV EVIOAN mn yLa TNV

Slekmepalwon SOKLUWV.
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4.10.2 Elwrtepixoi eleyrtés OpenFlow

2Tnv mapovoa SUTAWUATIKA e€pyacia yivetal xprion Tou €AeykTr) Beacon mou €xel
avarntuxBel oe meplBarlov Java. AuTo €xel WC QMOTEAEOUA VOl LNV cuvioTatal va
SnuloupynBet oto Mininet kKAdon Tou va avadEpeTal oTov AeYKTH Beacon kabwg To
Mininet xpnowuomolel kKAAoeLg TTou €xouv avamtuxBel oe meptBaAov Python. lNa tov
A6yo auto to Mininet mapéxel tnv SuvatotnTa cUVOEDNC UE EAEYKTH TIOU eKTEAE(TAL O€
KATIOLO TEPLATIKO OTO TOTKO S{KTUO OE ELKOVIKY pnxavn i akoua Kat otov (6lo tov

UTTOAOYLOTH) AG.

H kAdon RemoteController () Aettoupyel w¢ SlapecoAaBnTnC yLa Evayv EAEYKTH O
omolo¢ pnopel va Aettoupyel o onolodnmote onueio Tou SIKTUOU €AEYXOU, LE TNV
Sladopd OtL n €vepén kal n Slakormn NG Aettoupylag tou Ba mpénel va yivel pe Tpomo

XELPOKIVNTO 1) UE KATIOLO pnxavilopo ou Sev eAéyxetal ano to Mininet.

MNapakdtw mapatiBevtal 0pLOUEVEG XPHOELS TNEG KAAONC RemoteController ()

from functools import partial
net = Mininet ( topo=topo, controller=partial( RemoteController,
ip='127.0.0.1", port=6633

net = Mininet( topo=topo, controller=lambda name: RemoteController ( name,
ip='127.0.0.1" ) )

net = Mininet ( topo=topo, controller= )
net.addController( 'c0O0', controller=RemoteController, ip='127.0.0.1",
port=6633 )

‘Onwg daivetal kal ota mapadeiypata o eAeykTNC amoteAel cuvaptnon dounong Kot
OXL avtikeipevo. Mapéxetal n duvatotnta dnuloupyiag ocuvaptnong SGUNONG eV OELPa
XPNOUOTIOLWVTOG TO Oplopa partial ) lambda 1 dnuloupywvtag pia cuvaptnon
nou Ba maipvel oplopata kal Ba emoTpEPeL TOV EAEYKTH WG avTIKelpevo. TéAog Sivetal
Kal n duvatotnTa EL0AYWYNG TOU €AEYKTH Kal w¢ KAAon (umokatnyopla tng KAGoNC

RemoteController ().
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Mia eniong xpriowun wotnta amnoteAel otl eival ediktr) n dnuloupyia MoOAAAMAWY
€AeYKTWV KaL n dnuloupyla plag umokatnyoplag tng kAdong Switch() mou Ba emttpémnet

TNV ouvdeon pe SLadOoPETIKOUG EAEYKTEC:

cO0 = Controller( 'cO' )
cl = RemoteController( 'cl', ip='127.0.0.2" )
cmap = { 'sl': c0O, 's2': cl, 's3': cl }

class MultiSwitch( OVSSwitch ):

"Custom Switch () subclass that connects to different controllers"
def start( , controllers ):
return OVSSwitch.start ( , [ cmapl .name ] ] )

TENOC ETUTPETETAL O OPLOMOG TOU €EWTEPLKOU EAEYKTN MEOW TNG YPOLMAG

EVTOANG:

$ sudo mn --controller remote,ip=192.168.51.101

4.11 Tomoloyia

To API Tou Mininet emITpEMEL oTOV XPNOTN TNV SNULOUPYLO TIPOCAPUOCUEVWY
SIKTUWV avaAoya e TG avAYKEG TOU, E TNV XPron Alywv ypapuwy kKwdika o€ yAwooao

Python.Xtnv mapovoa epyacia emAEXONKE N MAPAKATW TOTOAOY(A.

%@ -

swa QES) ’
9~ S~

Zxrijua 4-1 ToroAoyia
JUudwva pe TO  TOPAMAVW OXAMO TAPATNPOUUE OTL n TomoAoyia pog

amoteAeital amod TPl TEPUATIKA Kol TECOEPLC SPOUOAOYNTEC HE TIGC QVTIOTOLYEG
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ouvbéoelg mou daivovtal. M tnv dnuloupyla oUW TNG Mapamdvw TormoAoyiag
amnalteltal OMwe emwinKe Kol mapamavw n Petadpaon tou o€ yAwooo Python.ztnv

TAPAKATW ELKOVA TTAPOUCLALETAL O KWOLKAG TNG TOTOAOYIOC

"""Custom topology example

Topology consists of 4 switches plus 3 hosts

Adding the 'topos' dict with a key/value pair to generate our newly
defined

topology enables one to pass in '--topo=mytopo' from the command line.

from mininet.topo import Topo

class MyTopo( Topo ):
"Simple topology example."

def init ( self ):
"Create custom topo."

# Initialize topology

Topo. init ( self )

# Add hosts and switches
A = self.addHost( 'hl' )
B = self.addHost( 'h2' )
C = self.addHost( "h3' )
D = self.addHost( 'h4d' )

SW1l = self.addSwitch( 'sl' )
SW2 = self.addSwitch( 's2' )
SW3 = self.addSwitch( 's3' )
SW4 = self.addSwitch( 's4' )

# Add links
self.addLink( C, SW1 )
self.addLink ( SW1, SW2
self.addLink ( SW2, SwW4
self.addLink ( SW2, SW3
self.addLink( SW1l, SW3
self.addLink ( SW4, A )
self.addLink( SW3, B )
self.addLink ( SW3, SwW4 )
self.addLink( SW2, D )

topos = { 'mytopo': ( lambda: MyTopo() ) }

Zxnua 4-2 2 TonoAoyia o€ popen Python

210 mapandvw oxnua eaivetal o KWOLKAG TN TOMOAOYLAC KAl T OTOLXELQ TTOU
TO amoteAoVV. Me Tov TPOTOo aUTO UMopel Kavelc val GTIAEEL TNV TOTOAOY( TOU TTou va
KQAUTITEL TIG AVAYKEG TOU YLOL VA UTTOPEL VO TIPAYUOTOTIOLE(CAL TIG TIPOCOUOLWOELS TIOU
emBUUEl. 2TNV OUVEXElX yla TNV €EKTEAECN TNG Tpooopolwong xpelaletal va

AVATPEEOUE OTOV Mininet HEow TNG MAPAKATW EVIOAAG.
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sudo mn —-custom topologia.py -topo mytopo - mac —-controller=remote,
ip=192.168.1.88

210 onueilo autd Ba emefnynOOUUE TIG TAPATIAVW EVIOAEC WOTE va Yivel
Katavontn n xpnon tng kabe evtoAng. Me tov 6po sudo mn , 0 XpNoTNG QATOKTA
Sikalwpata Slaxelplotrh otov mininet kat divel odnylec oto mininet val ekteA€oel TO
apxelo topologia.py mou PBpioketal oto ¢pakelo custom kal va SnULOUPYNOCEL TNV
TomoAoyia mytopo HeE TIG avtioTolxeg cUVOETELG TToU TNV OLEMOUV OTIWC aUTH oplleTal
oto apxelo topologia.py. O Adyog mou ocupPaivel autr n emoAuavon amnod To
npoypaupa eival kabwg oto apxeio pmopel va mepthapfavovral mapandvw omno pio
TomoAoyieg. EmumAéov pe to Oplopa —mac pubuiletal n SdtevBuvon MAC Ttou kdBe
TEPUATIKOU (00 pe tnv SlevBuvaon IP tou. AuTo yivetal yia Adyoug amAoUoTeuong Kata
Vv dladikaoia avaAuong Twy anoteAeopdtwy. EmumAéov yla tnv dnuloupyia kivnong
QMo TEPUATIKO OE TEPUATIKO KAL YEVIKOTEPA TOV EAEYXO AELTOUPYLWY TWV TEPHUATIKWY
XPNOLUOTIOLE(TAL TO OPLOUA —X TIOU €XEL WG ATOTEAECUA TNV SnuLoupyia mapabupwv
EKTEAEONG eVIOAWVY (command prompt) éva yla kdBe cuokeur]. TEAOG TO TILO ONUOVTLIKO
oplopa elval To —controller=remote, ip=192.168.1.88.Me tnv evtoAry autr opiloupe
Tov gAeykTr) Tn¢ tomoAoyiag (OpenFlow Controller) ot Bploketal otnv dlevBuvon e ip
v 192.168.1.88 . AUTO TO YEYOVOG ETUTPEMEL OTOV EAEYKTN va Bploketal kdmou
QTTOLLAKPUOUEVA OTIWES OTNV TPOKELUEVN TEP{TTTWON oV BploKETAL EKTOG TNG ELKOVIKAG

HNXQVAG.

2TNV MapakAatw elkova paivetal n dnuloupyia kivnong amnd toug host A,Host C
npog Tov Host B o omotog €xel StevBuvon ip 10.0.0.2 kat amnd tov Host B mpog tov Host
1 pe ip 10.0.0.1 .H dnuoupyia kivnong yivetal pe tv enavolaufavopévn kKAfon
QLTAOEWV TUTIOU ping LEow TNC evtoAng ping 10.0.0.2 kat pe tnv avtiotolyn yia tov Host

B.

67




host: h2
thlzg

|[_host: hz
@ &) @ =l 0 [ (53 [#]Right ctrl
Zxnua 4-3 Anuoupyia Kivnonc ustaéu twv Host ugow tou Aoyiouikou Mininet
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Evepyeiaxn Apouoioynon

H evepyelakr anodoon €xel TAEOV KATAOTEL {WTIKNC ONUACLAC yla OAEG TIC Blopnxavieg
KLl YEVIKOTEPA yLo OAOKANPN TNV Kowvia, KaBwg undpxel Loxupo Kivntpo yla tnv
Helwaon tou kepaAaiou kal Twv damavwy. Z0udwva Pe TNV aykoopa BBAloypadia,
N €Tnola NAEKTPLKN) EVEPYELQ TIOU KATAVAAWVETOL Ao OUCKEUEC TOU SIKTUOU OTLC
H.M.A. urtoAoyiletat ota 6,06 Terra Watt ava wpa, to onolo petadppaletal nepimou os
éva SloekatoppUplo SoAdpla Tov Xpovo, TapouacLlalovtag EToL EVa LoXUPO EMXElpnua
yla TNV pelwon tng evépyelag Mou KATAVAAWVETAL amd CUCKEUEG SIKTUWONG, OTWG

ouokeUueg hubs, mpoofaong diktvou(access points), HETAYWYELC KAl SPOUOAOYNTEC.
5.1 Evepyesiaro mpogil OIKTOOKOV GOCKEVDY

JTIC UEPEC HOC €XOUV TIOPOUCLOOTEL OPKETEC TPOOEYYIOELC yla T Helwon g
EVEPYELAKNC KATAVAAWONC TwV SIKTUWV. OPLOUEVEC amo auTéS adopolv TNV XpAon TG
katdotaong sleep mode otnv omola Ol CUCKEUEC ELOEPYOVTOL OE KATAOTACN XAUNANC
KatavAaAwong evépyeLag Katd tn SLApKELa TwV EPLOSd WV adpAVELAC, KOL TNV ULOBETNON
QVAAOYWV EVEPYELOKWY LLNXOVLIOUWY OTIOU O APXLTEKTOVLKOC OXEOLAOUOG TNC OUCKEUNG
TMapexel TV duvatoTNTA Vo KAVEL TNV KOATAVAAWON €VEPYELAG OVAAOYn TOU
Tipaypatikol ¢opTiou.

H evépyela mou amoBnkeVETOL 0 QUTEC TIGC OUCKEUEC TIOAAEC HOPEC YAVETAL AOYW
emBapuvong TG anod ta emumAéov doptio. Na autd Ba mpémel va alalel avaldywg
TNV avaAoylkotnta Tou doptiou. Q¢ ek Toutou, dev elvat anmAd va mpoPAedBel mola
elval Ta ogvapla mou KAVOUV TNV KATAOTAON aVACTOANG AElToupylag amodoTiky wg
TPOC TNV £€0LKOVOUNGN EVEPYELAC. 2TIC TPOOEYYIOELC AUTOU TOU TUTIOU BEWPOUE ATAd

HOVTEAQ TwV SIKTUWV UE KUPLO OTOXO TNV OUAAOYR TANPOPOPLWY OXETIKA UE TNV
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EVEPYELX TIOU KATOVAAWVOUV Ol CUOCKEUEG aVOAOYKA HE TNV kKukAodopia mou
Slaxelpilovtal Kal Tov TooooTo TwY KOUPBWV Tou €xouv TeBEl 0 KATAOTAON AVACTOANG
Aettoupylag(sleep mode).Ta povtéha auTtd pog ETUTPEMOUY va TIPOoBAEYOUE TIOON
evépyela pmopel va efolkovounBel oe SladopeTikd oevapla. Ta amoteAEoUOTA
delyvouv OTL KA@vovtag xpron Tou HoviéAou sleep mode pmopel va emitevyBel
onuavtiki pelwon otnv katavdAwon evépyelag. QoTooo €AV N KATAVAAWONG TNG
OTATLKAG EVEPYELAC E(vVaL KATA ia TAEN LeYEBOUG LKPOTEPN ATtO TO GPOPTIO AVAAOYLKOU
otolyelou, TOTE N avaoToAn Aeltoupyelag Twv cuokevwy Oev amoteel cupdEpouoa

Kataotaon.

5.2 Real-Time opouoloynon

‘Onwg yivetal avtAnmto n e€olkovounon evépyelag Twyv SIKTUWY amoTteAel pa véa
avnouxla oTtoug OapYLITEKTOVEG TwV OIKTUWVY. H AOKOTN OTMATAAN TWV EVEPYELAKWY
TMIOPWV €XOUV ONUAVTIKA EMIMTWoN OXL LOVO OTNV olkoAoyia tou mepLBaAlovtoc aAla
Kal otnv olkovopla. BERala onmweg avadepBnKe Kol MAPAmAVW N APXLTEKTOVLKA TwV
ONUEPWVWY SIKTUWV amOTEAEL TPOXOTEDON OTNV QAVATTTUEN VEWV £PAPUOYWY TIOU
amaltouv PeyaAUTEPN TAXUTNTA KAl UETAOOON O€ TPAYUATIKO Xpovo. Ma tnv
QVTILETWTILON QALVOUEVWY TETOWWV amaltouvtal unxaviopol mou otnpilovtal o€
Hovtéda kol Ba SpopoAloyolv tnv kivnon tou SIKTUOU HE TETOLO TPOTO TOU Va
AapBdavovtat urtoP v Stddopot MapPAYOVIES, OTIWE N EE0LKOVOUNON EVEPYELOG OAAQ KOl

N MPOTEPALOTNTA TWV TIAKETWV.

2NUAVTIKA avnouxia yla TNV avAamtuén TETOWY LNXAVIoUWY OmOTEAECE n UAoTolnoN
TOUG, KABWE N amopAoELS YL TNV ETILAOYT TOU KAAUTEPOU Lovomatiol SpOoUoAOYNonG
Sev pag EMLTPEMEL VAL YIVETAL XELPOKIVNTA ULAG KL OL LETABANTES TTOU €MNPEATOUV TOUG
LUNXQVLIOUOoUGS auToU¢ oAAAZOUY O TIOAU UIKPA XPOVLKA SLAOTAMOTA. JUVETIWE Yla TNV
avamnTuén pnxaviopwyv SpopoAdynong amalteltal n xprion Aoylopikwy mou Ba gival
€TOL TIPOYPOUUATIOMEVA WOTE VA HMOpPoUV o€ UNdevikd xpovo va Aapfdavouv

anodAcel; yla TNV OpopoAdYyNon TwWV TAKETWY Kal Toutoxpova va BE€Ttouv o€
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KataotoAn (sleep mode) TIC avevepyéc ouokeuéC. H avdamtuén tng texvoAoyiag
Software defined networking (§iktuwv mou Bacifovral ota diktua kaboplldpeva amno

AOYLOULKO) OUVERBAANE ONUAVTIKA 0TNV AVATTTUEN TNG LOEAG AUTNC.

Méow Tou TmpwtokOAou OpenFlow mapéxetat n duvatdTnTa EMIKOWVWVIAC TWV
EAEYKTWV WE TIC SIKTUAKEC OUOKEVES dpopoAdynong. Méow tou Slaulou emkowvwviag
ETUTPEMETAL N avTaAdayn punvupdtwy Slaxeiplong oAAG Kot cUAAOYNHG TTANPOdOPLWY ,
YEYOVOG Tou Omw¢ Ba avaAubel mapakdtw eival amapaitnTto ya TNV avantuén tou

punxoviopou SpopoAdynonc.

5.3 Aoyicuixé Belrieronoinons CPLEX

‘Onwg avadepbnke MPONYOUUEVWE, N Aoyl TNEG KAtaAnAng SpouoAdynong tng
Klvnong Twv makétwy, dev umopel va yivel xelpokivnTta armod tov SLaxeLpLlotr) Tou SIKTuou
yla n ouxvotnta Tng kivnong kat n toxUTNTo TwyV TAKETWY £lval TO00 HEYAAN TOU

QTALTOUVTOL QUTOUATOTIOLNUEVEG EVEPYELEG.

Ma tov AOyo auTOV Ol SLAXELPLOTEG XPNOLUOTIOOUV AOYLOULIKA Ttou uTtootnpilouv
yAwooa mpoypoppatiopol BeAtiotomnoinong (OPL). H yAwooa nmpoypappotiopol OPL
elval pla yAwooa mou €xel oxedlaotel lOIkd yla tn BeAtiotonoinon ocuvOuAOTIKWY
npoPAnudtwy. O oxedlaopog tou OPL mapakwvnBnke amd tnv emtuxn ebapuoyn
YAWOOWV TpoypappaTiopoU, onws AMPL kat GAMS, otn povtehomnoinon kat emihuon
pabnuatikwyv mpofAnuatwyv. Méow tng yAwooag OPL emutpémel oto xpnotn va
povtelomnolel mpoBAnpata mou mapadoolakd ekppalovtal o€ aAyePPLKN ypadn LE TN

Xpron wodLVaUwWV 6pwV UTIOAOYLOTH).

Me Bdon tnv O€a ¢ aflomoinong Twv XOPAKTNPELOTIKWY TOOO OTOV HOBNUATIKO
TPOYPAUUATIOUO OO0 KAl OTNV TEEPLOPLOMEVN TIPOTEYYLOT TOU TIPOYPAUUATIOUOU OTNV
enthuon tou mpoPAruatog oto XépL, To OPL emttpémnel oto xprotn va Stapopdwoel To

MPOPANHa o€ pLa uBpPLOLKN TPpoagyylon. To yeyovog auto, pall Le AANEC VEEG EVVOLEG,
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OTIWC OL EPLOPLOOL aVWTEPNG TAENG KAl O AOYLKOC CUVOUACHOG BEATIWVEL ONUAVTIKA
TNV QVayvVWOoLPOTNTA Kal TNV eKGPaOoTIKOTNTA TOou TPORAALATOC, adalpwvTag
TAUTOXPOVA TUXOV TIEPLTTEC AemTopéPeleC. To OPL yedupwvel QmMOTEAECUATIKA TO
xaopa petafy povtehomoinong kal emiluong mpoPAnuatwy. H yAwooa OPL péxpt
OTLYUAG UTtooTNPIZeTAL LOVO arod To AoyLlopko IBM ILOG CPLEX Optimization Studio, To

OT0(0 XPNOLUOTIOLOU AL OTNV CUVEXELQ YLA TNV ETUAUON TWV TPOBANUATWVY.

To Aoylouikd IBM ILOG CPLEX Optimization Studio (cuxvd avadépetatl wg CPLEX) elvat
EVa TIOKETO AoyLopLKkoU BeAtiotoroinong. To CPLEX Optimizer odeilel Tnv ovouaoia
Tou otnv ovopaoia tng ueBddou simplex, mou  edapuodletal otn yAwooa
TIPOYPAUMATIOMOU C, av Kol OAUEPQ UTIOOTNPLIEL EMioNG Kol AN €(6n HaBnUaTIKAG
BeAtiotomnoinong kol mpoodEpeL EMUTAEOV ETUAOYEG EKTOC QIO TNV XPAoN TN YAWooAg
C. To CPLEX apywkd avantuxbnke amd tov Robert E. Bixby to 1988 amnd tnv etaipia
CPLEX Optimization Inc, n omola e€ayopdotnke amnod tnv ILOG to 1997. ZtnV CUVEXELA N
etalpia ILOG eayopdotnke amnod tnv IBM, tov lavoudplo tou 2009. To CPLEX cuveyilel

VO QVOTTTUOCETOL EVEPYQA Qo TNV tatpia IBM.

To IBM ILOG CPLEX Optimizer oxebldotnke yla va AUVeL TPOPANUATA AKEPALOU
TIPOYPAUUATIOMOU, HEYOAQ TIPORAAUATA YPOUULIKOU TIPOYPOLUOTIONOU PE TN XPHoN
napaAlaywy g peBodou simplex | g peBodou eumodiwv Kol ECWTEPLKWY ONUElwY
(Barrier and interior point methods), KUPTWV KOl N KUPTWV CUVOAOU TIPOBANUATWY
TETPOAYWVIKOU TIPOYPAUUATIOMOU, QAAG KOl KUPTWV TIEPLOPLOMEVWY TETPAYWVLIKWY
TPOPANHATWY , Ta OTtola ETUAVOVTOL LECW KWVIKOU TIPOYPAUUATIOUOU SeVTEPNC TAENG,

A SOCP).

To CPLEX Optimizer meplEXeL €va oTpwHA TTou ovopaletal Concert kot dSnuloupyel TV
oupBatotnTa Tou AoyLoulkoU UE T YAwooeg C ++, C # kal Java. Mapéxetal emumAéov
uo Stemadn oe yAwooa Python mou Baoiletal otn Stacuvdeon tng yAwooac C.
ErumAéov, emutpénovtal ouvdéoel oto Microsoft Excel kat to MATLAB. TéAog,
TIAPEXETAL EVA AUTOVOUO SLadpaoTIKO TIPOYPAUUA AMOOPAALATWONG TIOU E€XEL WG

oTtOX0 TOV €&VTIOTUOPO odoApdtwyv. To CPLEX Optimizer eival mpoofdciuo péow

72




aveEdpTNTWV ouoTNUATWY povtelomoinong onwg ta AIMMS, AMPL, GAMS, MPL,
OpenOpt, OptimJ kat TOMLAB.

To CPLEX mpoodépet emiong AUoelg BeATiotomoinong Tou SIKTUOU Kal OTOXEVEL OE LA
€L0LKNA KaTnyopla Twv ypaupkwy poBAnua mou epdaviouy ti¢ Souég tou Siktuou. Ta
npoBAAaTa autou Tou £idouc Ba pag amaoXoAjoouUV OTNV CUYKEKPLLEVN TIEP{TTTWON.
To CPLEX pmopetl va BeAtiotomnolnoet Tétola mPoBARUATA OTIWE TA ouvAOn YPAUULKA
npoypdppata, oAA& av to CPLEX umopetl va eaydyet OAo To cUVOAO 1) €va UEPOC TOU
NipoPANHaTog we eva diktuo, Tote Ba emitevyBel o amoteAeopatiky BeAtiotonoinon
Tou SIKTUOU O€ QUTO TO UEPOG TOU TIPOBAARUATOC KAL OTNV CUVEXELA XPNOLUOTIOLEL QUTH
TV UEPLK Alon Tou PpéBnke ylo vo KATAOKEUAOEL €VOl TIPOXWPNHUEVO onuelo

ekkivnong mou Ba cupBaAAeL otnv BeAtiotomnoinon Tou umoAoimou péPoug.

5.4 Anurovpyio Inpopopiorv

Ma tnv BeAtlotomoinon tou TPOPANUATOC HAC KAl TNV €mitevén efolkovounong
evépyelag amapaitntn elvat n ouAlloyn mAnpodoplwv mou oOnw¢ Ba avaAuBel
napakdatw Ba xpnotpomnotnBouv we dedopéva. O aiyoplBuog mou Ba xpnotuomnoinBel
anapaltnto eivat va avayvwpilel tTnv tomoAoyia Tou SIKTUOU OAAA KAl OPLOPEVEG
TANPOdOPLEC OYETIKA HE TNV KATAOTOON Twv SpopoAoynTwv Kal TNV Kivnon Ttou
Siktuou. Av kal n tormoloyia tou SIkTUoU amoteAel Katd KUPLO AdYyo €va OTATLKO
otolxeio, SnAadn n xaptoypadnon tou Siktuou yivetal cuvnBwg eite pia dopd katd
TNV EKKIVNON TOU TIPOYPAUHUATOC E(TE AVOVEWVETOL OE LEYAAQ XPOVIKA SlaoTaTa, oL
OTATLOTIKEG TIANPOdOPILEC TTOU amattouvTal amod TG SIKTUAKEC OUOKEUEC AMOTEAOUV

otolxela ta omola petafaiiovtal aueoa.

H kivnon péoa oto diktuo anotelel Eva otolyeio 1o omolo cuvABwg umopel KAToOLOC va
TO MapakoAouBnoet pe delypatoAnia o€ Taktd xpovikd Staotripata. To yeyovog auTto
odelAeTOL OTO OTL OL XPHOTEC KOl Ol SIKTUOKEC OUOKEUEC AVTAAAACOOUV UNVULATA E

HEYAAN ouxvOTNTA Kal PEYAAOUG puBuoUC. EMUmAEoV ONUAVTIKOC TApAyovTaS TIoU
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ennpealel tnv kivnon oto &iktuo amoteAel n kabBuotépnon TwV UNVUUATWY TIOU
odpelleTal oe MAPAYOVIEC OTIWE N CUCCWPEUCT UNVUUATWY O€ OUPEC AVAUOVNC OAAA
Kal TtoAAoU G dAAoug rtou dev Ba avadepBouv oto mAaiolo T mapovoag SUTAWUATIKAC.
Télog efloou onUAVTIKO yeyovog amoteAel n Stadpoun Twv TAKETWY KATA TNV
QTOOTOAR UNVUPATWY HeTaEy SUo kopBwv, kabwg dev akoAouBeital mavta n bl
Slabpoun UE QMOTEAECUA VA LNV UTIAPXEL KATIOLO aVAAOYLKO LOVTEAD TPOPBAEdNC TNG

Klvnong ou MLOKENTETAL KABE CUOKEUT).

‘Onwg yivetal Apeca avTANTTo, OMALTE(TOL N OUVEXAG QVOVEWON TWV OTATIKWY
mAnpodoplwy mou xpnotuorolel to CPLEX yia va BeATiotomnoljoou e tnv SpouoAdynon

KOl VO TIETUXOU E TO ETUBUUNTO QIMOTEAECUAL.

5.4.1 Tomoioyia Aiktvov

M va Umopéoel va AettoupynoeL o alyoplBuog BeAtiotomnoinong oto CPLEX, amatteital
0 KaBoplopog tng tomoAoyiag tou Siktlou, €10l wote va AndBel umoPv o TPomog
SlaoUvdeong Ttou SIKTUOU yLa TN EUPEDCN TNG EVVAAAKTIKAC OPOUOAOYNONG TWV TTAKETWY
o€ mepintwon mou autd amattnBel and tov AOyLoULKO. Mo CUYKEKPLUEVA yla TNV
Helwon TNC KatavaAwong evepyelag, umopel va mpokUPel and to CPLEX cav Avon, n
aAAayn TNG KATAOTAOoNG EVEPYELAG VOGS Opouoloyntn (elcodog Tou oe katdotaon sleep
mode), kat n eUpeon evarllakTikng Oladpoung yla ta véa mokeéta. ‘Omote n

xaptoypadnon tou Siktuou amoteAel mMAnpodopia anapaitntn yia to CPLEX.

Av kat Ba pmopouoe auth n mAnpodopia va S0Bel xelwpokivnTa Kal OTATIKA OTO
AOYIOHKO KATL TETOLo amodevyeTal. O onNUAVIIKOTEPOC AOYOC elval OTL Ba mpemeL n
Aettoupyla tou va umootnpilel TNV KaBoAwotnta, OnAadn va pmopel va
XPNOLUOTIOLE(TAL YEVIKEUEVA O OAOUG TOUG XPNROTEC Kal Ta Siktua Kal va pnv
amoteAel pio €€elbikeupeévn mepimtwon. EmumAéov n Soun tou Siktuou aAAAlel
Suvapkad koBwg ol OLKTUOKEC OUOKEUEC Kal TO TEPUATIKA €VEPYOTIOLOUVTOL KO
QTEVEPYOTIOLOUVTAL CUVEXWG HE QTMOTEAECLO VO QITALTETAL SUVALKY) OVAVEWGOT TWV

TANPOPOPLWV.

74




Ma tnv dnuovpyla Twv MANPodopLWY AUTWY XPNOLUOTIOOU AL ToV EAEYKTH Beacon
HEOw TOU ormolou SnuloupyouvTal pNVUPATA TIPOG OAoUC Toug SPOPOAOYNTEG Kal
ETULOTPEDOUY ATAVINOELS TTIOU avadEPOUV TNG EVEPYEC TOUC BUPEC KAL TLG YELTOVIKEG

OUOKEUEC e TIG oToleg ouvdéovTal.

L0 CUYKEKPLUEVQ, OTIWG EXEL NON avaAuBel kal og mponyoUpeVo KEDAAALO, O EAEYKTAC
ETUKOWVWVEL @Queoa PE TOUG SPOUOAOYNTEG KAl QVIAAAGOOOUV HNVUUOTO HEOW
aodarolc kavaAlou. O eheyktig Beacon umootnpilel tnv dnulovpyla OTATLOTIKWY
UNVUUATWY Kal pnvupdtwy tomoloyiac. Méow tou thread Topology, amootéAhovtal
UNvOpata oTlG SLKTUQKEC OUOKEUEG WOTE VO EVIOMLOTOUV Ol OUVOECHOL HETOEV
ouvdedepevwy Opoporoyntwyv OpenFlow. Méow tng Slemadng tou ITopology
ETUTPEMETAL N AVAKTNON €VOG KATAAOYOU QUTWY TwV CUVOECHUWY, KAl TNV Kataypadn

TWV YEYOVOTWVY OTav €vag ouvoeopoc mpootebel | adalpebet.

package net.beaconcontroller.topology;

import java.util.Map;

public interface ITopology {
public boolean isInternal (SwitchPortTuple idPort) ;
public Map<LinkTuple, Long> getLinks();

yniua 5-1 H ITopology kAdon

MéEow TNC ouvaptnonG Map<LinkTuple, Long> getLinks() KaAe{tal n kKA&on
LinkTuple N omola WE TNV Oelpd TNG KAAEl TI¢ amapaltnteg KAAOELG Kol OTO TEAOG
ETUOTPEPEL  Kal Snuloupye(Tal PAVUPO TUTMIOU OFStatisticsRequest TOU OTNV
OUVEXELQ amooTeAeTaL oTtoug Spopoloyntég mou kabopiletal amd To UAvUUA. TNV
OUVEXELX Ol SPOUOAOYNTEC ATIOOTEAAOUV UNVULATA QVAYVWPELOTIKA 0 OAOUC TOUG
VELTOVIKOUC OPOUOAOYNTEC KOl ETMAEOV €Xovtag OUAAEEEL TIC MAnpodopleg Tou
QTTALTOUVTOL ATTOOTEANOUV TNV QMAVINCN OFStatisticsReply, TNV omola AaupaveL o
€AEYKTNC Kal eTLOTPEDEL TNV SlevBuvon Twv SpopoAoynTwy Kal TIC MOPTEG LECW TWV

omoilwv cuvdEéovtal ol SpopoAoynTéEc.
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MNapakdtw ouvoliletal n KAAON OFStatisticsRequest TOU QVOQEPETAL OTNV
Snutoupyia pnvupdtwy tumou OpenFlow mou amootéAAovtat otoug SPOUOAOYNTEC KAl

ETULOTPEDOULY OTATIOTIKA dedopEva.

package org.openflow.protocol;
import java.util.Collections;

import org.openflow.protocol.statistics.OFStatistics;
import org.openflow.util.Ul6;
public class OFStatisticsRequest extends OFStatisticsMessageBase {
public OFStatisticsRequest () {
super () ;
this.type = OFType.STATS REQUEST;
this.length = Ul6.t(OFStatisticsMessageBase.MINIMUM LENGTH) ;
}
public OFStatistics getStatistics() {

if (statistics == null)
return null;

else if (statistics.size() == 0)
return null;

else

return statistics.get (0);

}

public OFStatisticsRequest setStatistics (OFStatistics statistics) {
this.statistics = Collections.singletonList(statistics);
return this;

Zynua 5-2 Anuoupyia artrjuartog OFStatisticsRequest

JTo mAalola TNG mapouoag SUTAWUATIKAG pyooiog, SNULOUPYOUE amd TOV EAEYKTN
HNVUPOTO TUTIOU OFStatisticsRequest ONMWE avaPEPBNKE TPONYOUUEVWS, OTOUC
SpopoAoynNTEC KAl OTNV CUVEXELAX TOTOOETOUUE TA QTMOTEAECUATA OE €va apXelo
bdebopévwy, topology.dat, n popdr tou omolou Ba avaAuBel otnv cuvExeld. XTO
akoAouBo oxnua mapouclalete n  OSladkaocia amobAkevong TwV  OTATLOTIKWY

dedopuévwy Tn¢ TtomoAoyiag tou Siktuou.

ScheduledExecutorService ses = Executors.newSingleThreadScheduledExecutor () ;
ses.scheduleAtFixedRate (new Runnable () {

@Override

public void run() {

BufferedWriter writer = null;
try {
writer = new BufferedWriter (new FileWriter ("topology.dat"));
List<String> columnName = new ArrayList<String>();
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columnName = new ArrayList<String>();
columnName.add ("Src Id"):;
columnName.add ("Src Port");
columnName.add ("Dst Id");
columnName.add ("Dst Port");
columnName.add ("Capacity");
columnName.add ("Cost") ;
int n = columnName.size();
for(int 1 = 0; 1 < n ; i++){
writer.write (columnName.get ( 1 ) );
writer.write (" ")
}
writer.newLine () ;
for (LinkTuple 1t : topology.getLinks() .keySet()) {
List<String> row = new ArrayList<String>();
row.add (HexString.toHexString (lt.getSrc () .getSw () .getId()))
row.add (lt.getSrc () .getPort () .toString());
row.add (HexString.toHexString (lt.getDst () .getSw() .getId()));
)
)

’

row.add (lt.getDst () .getPort () .toString()
row.add (findBandwidth (1lt.getSrc () .getSw( , lt.getSrc().getPort() ) +
"Mbps") ;
row.add("10") ;
for(int 1 = 0; 1 < n ; i++){
writer.write( row.get( i ) );
writer.write (" ") ;

}

writer.newLine () ;

}

} catch (Exception e) {
e.printStackTrace () ;
} finally {
try {
// Close the writer regardless of what happens...
writer.close () ;
} catch (Exception e) {

}

}, 0, 10, TimeUnit.MINUTES) ;

// when finished

ses.shutdown () ;

Jxnua 5-3 Anodrikeuon ototyeiwv toroAoyiac tou Siktuou

Ta apxelo auTto amoBnKeUETAL OE KATIOLO CUYKEKPLLLEVO PAKEAO TToU OpllETaL QMo TOV
TPOYPAULATLOTH (0TNV TepinTtwon pag otnv emdavela epyaciag tov umoAoyLoTr) Kat

uropet va €xel mpooBaon kal to CPLEX wote va Umopel va eLoayayeL To apxelo auTo.

To apxelo mou amoBnkeVeL Ta oTolKEla TNG TOTTOAOYIAG AVAVEWVETAL QUTOUOTA OVA
O€ka AemTd Ue amOTEAECUA TNV OTAOLOK EVNUEPWON VLA TUXOV aANAYEC OTO OTOLYELQ

TOU apyelou, ou evEEXOUEVWCE va TIPOEKU V.
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Ta oTolyela TOU CUYKEVTPWONKAV amd TO OFStatisticsReply , OTNV OUVEXELQ
TomoBeToUVTAL 08 TECOEPLC OTAAEC THivVaKA WOTE va Unopet to apyelo va elvat evkoAa
Slaxelplolpo katl euavayvwoto Kat amno tov CPLEX Kat ard Tov mpoypauaTtioT:) Kabwg
o€ meplmtwon opaipatog umopel va Bonbrosl otnv dtadikaoia amoohaApudtwongc.
2TNV OUVEXELD amelkoviletal o KwdLKAC PECw Tou omolou ta dedopéva ekywpouvTal

OTLG TECOEPLG OTHAEG

row.add (HexString.toHexString (lt.getSrc () .getSw() .getId(
row.add (lt.getSrc () .getPort () .toString()

)));
) i
row.add (HexString.toHexString (lt.getDst ()
)
)

.getSw () .getId()));

row.add (1lt.getDst () .getPort () .toString()

row.add (findBandwidth (1t.getSrc () .getSw( , lt.getSrc().getPort() ) +

"Mbps") ;
row.add ("10") ;

Ot othAec autéc meplhapBAavouy e TNV OEpA Tou avaAvovtal, tnv StevuBuvon Tou
Spopoloyntr) TOU €OTENE TO QAVAYVWPELOTIKO UAvuPa  (Omwg  avadépbnke
TIPONYOUEVWC) , TNV BUpa Tou SPOUOAOYNTH-ATMOCTOAEN HECW TNG OMOLAC EYLVE N
ouvbdeon, tn O&levbuvon Tou SpopoloynTA-AATTN KAl otnv TeAEuTala OTAAN

neplhappavetat n BUpa Tou Spopoioynti-ARTTn.

2TNV MOPOKATW ELKOVA AMELKOVIZETAL TO TEPLEXOUEVO TOU apxelou topology.dat mou

avadEPeTal oTNY ToMoAoyla TTou avamtuxBnke oto mininet Omw¢ avaAuBnKe Kal oTto

'
kedbalalo 4.
£ topolgy - Notepad - olEN
File Edit Format View Help
ISr‘c Id Src Port Dst Id Dst Port Capacity Cost
00:00:00:00:00:00:00:01 3 00:00:00:00:00:00:00:03 2 192Mbps 10
00:00:00:00:00:00:00:01 2 00:00:00:00:00:00:00:02 1 192Mbps 10
00:00:00:00:00:00:00:02 3 00:00:00:00:00:00:00:03 1 192Mbps 10
00:00:00:00:00:00:00:02 2 00:00:00:00:00:00:00:04 1 192Mbps 10
00:00:00:00:00:00:00:02 1 00:00:00:00:00:00:00:01 2 192Mbps 10
00:00:00:00:00:00:00:03 kL 00:00:00:00:00:00:00:02 3 192Mbps 10
00:00:00:00:00:00:00:03 2 00:00:00:00:00:00:00:01 3 192Mbps 10
00:00:00:00:00:00:00:04 1 00:00:00:00:00:00:00:02 2 192Mbps 10
< >
.
Zxnua 5-4 Topology.dat
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Src ID: >to nebio auto eyypddovral n dlevBuvon IPv6 Twv Spopoloyntwy amd Toug

omoiloug otaABnke pAvupa tumou OpenFlow 0Toug yelTovikKoUg SpOoUOAOYNTEG.

Src Port: >to mebio autd eyypadovtal n mopTa twv Spopoloyntwy amd tnv omnola

amooTEAETAL TO prvupa TUTtou OpenFlow otoug yeltovikoUg SpooAoyNTEG.

Dst ID: >to nebio autd eyypddovtal n dlevBbuvon IPv6 Twv Spopoioyntwy oL omoiol
Aaupavouv TO pAvupa Ttumou OpenFlow mou OTAABNKeE amd TOUG YELTOVLKOUC
SpopoloynTéEc.

Dst Port: >to mebio autd eyypadovtal n mopta Twv SPOHOAOYNTWY Ol omoiot
Aaupavouv TO pAvupa Ttumou OpenFlow mou OTAABNKE amd TOUG YELTOVLKOUC

SpopoAoynTEc.

Capacity: H xwpnTkotnTa TNG YPAUUAGS TOU SIKTUOU.
Cost: To evepyelakd KOoTog Tou KaBe kKOuBou. Anapaitnto nedio otov UTTOAOYLOUO TNG

BéATioTng AUong ou urtoAoyileL To Aoylopko CPLEX.

54.2 Anuiovpyia otatioTiK®V cTOLYEIWY

Ma va urmopéooupe va amodavBoupe ylo TNV BEATIOTN SPOUOAOYNGN UE OKOTO TNV
elaylotomnoinon tNg KATAVAAWGONG EVEPYELAG, ONUOVTLKO XOPOAKTNPLOTIKO AmoTeAEL O
doptoc epyaoiag kabBe Oiwktuakng ouokeunc. O aAyoplBuog tou CPLEX mou
xpnoluomnole(tal epapuolel KATAAMNAQ OTATIOTIKA oTolxela BaoLlopéva 0TO POVTEND
mou Ba avaAuBel otnv cuvEXELla e oKOTIO va UTIOAOYLOBEL edv N KABe cuoKeur| Umopet

va evtayBel oe katdotaon sleep mode.

Méow Tou €eleyktry Beacon  OnMOUPYOUHPE  OUVEXWC  OLTAMATA  TUTIOU
OFStatisticsRequest TIPOG OAOUC TOUG OPOHOAOYNTEC HE OTOXO TNV OUVALKN
amoTUTIWOoN TNG Katdotaong kivnong twv cuokeuwv. Ol SIKTUAKEG CUCKEVEC OTNV
OUVEXELQ ATMOOTEANOUV PNVUUOTA TUTIOU OFStatisticsReply TIOU TIEPLEXOUV TLG

QVT{OTOLXEC QAT OELG.

79




O eAeyktc Beacon dnuloupyel altroelg autol Tou TUTOU avA TIEVTE AETTA WOTE va
LUTMOpel va QMOTUTIWVETAL CUVEXWC N KaTAoTaon tou OLkTUuou, yeyovog mou Ba

BeATlwoEL TNV KaTAotaon tn¢ avadpouoAdynong.

‘Onwg avadepbnke kat oto 2° kedpdAalo n texvoAoyia OpenFlow €emITPEMEL OTLC
SIKTUQKEC OUOKEVEG Onuloupyla TMOAWY, TUTIOU OTOTLOTIKWY, HNVUUATWY. TNV
nepinmtwon mou efetdlovpe emAéEape va OUAANEYOUUE oplopéva otolxeia. Mo
OUYKEKPLUEVA Ol SPOPOAOYNTEG OTIG QTOVTINOELG TUTIOU OFStatisticsReply TIOU
avadEpBnKav mponyouuevwe cUAEYouV mANpodoplec mou adopolv Ta PNvVULaTA
mou Slaxelpilovral TNV oTyun ekeivn oto diktuo. Etol emAéyou e va amoBnkeloou e
mAnpodopieg O6nwg tnv Bupa mou elonxOn To MakeTo, TNV Bupa amd tnv onola Ba
e€€NDeL, TNV SlevBuvon IPv4 Tou amooToAEQ KA TOU TTAPQAANTITN, TA TTAKETA Kal Ta Byte

Tou avTtoAAdxBnkav aAAA Kal To XpOVo eneepyaaiac Kol LETADOPAS TWV TTOKETWV.

JTNV CUVEXELA TIOPOUCLALOULE TOV KWK TTOU EKTEAE(TAL OTOV EAEYKTH Beacon, uéow
TOU omoiou SnULoUPYOUVTAL TA ALTHUATA TTPOC TOUC SPOUOAOYNTEG Kol armoBnkevUovTtatl
oTnV ouvéxela o€ apyeio tumou .dat . O eAeyKTAG elval €TOL TIPOYPAUUATIOUEVOC WOTE
TO pnvUpaTa mou AapBavet amo kabe SpouoAoynTr) armoBnKeUovTal 0€ XWPLOTO apXELD

e ovopa tnv dlevBuvon IPV6 NG SIKTUAKAC CUCKEUNG.

ScheduledExecutorService ses = Executors.newSingleThreadScheduledExecutor () ;

ses.scheduleAtFixedRate (new Runnable () {
@Override

public void run() {

/* Update flow file*/

System.out.println ("---->switchId="+switchId);
String sw_id =switchId.replace(":", " _");
System.out.println("---->switchId="+sw_id);

FileWriter writer = new FileWriter (sw_id+".dat");
BufferedWriter bufferWritter = new BufferedWriter (writer);
for (int 1=0; i<data.size(); 1i++) {

bufferWritter.write (Ul6.f (data.get (i) .getMatch().getInputPort())+" ");

bufferWritter.write (HexString.toHexString(data.get (i) .getMatch() .getDatalayerSource())
+ll ll),.
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bufferWritter.write (IPv4.fromIPv4Address (data.get (i) .getMatch () .getNetworkSource())+"
") ;

bufferWritter.write (IPv4.fromIPv4Address (data.get (i) .getMatch () .getNetworkDestination (
)+ " ")
StringBuffer outPorts = new StringBuffer();
for (OFAction action : data.get(i).getActions()) {
if (action instanceof OFActionOutput) {
OFActionOutput ao = (OFActionOutput)action;
if (outPorts.length() > 0)
outPorts.append (" ");
outPorts.append(Ul6.f (ao.getPort()));

bufferWritter.write (HexString.toHexString(data.get (i) .getMatch() .getDatalayerDestinati
on())+" ");

bufferWritter.write (outPorts.toString()+" ");

bufferWritter.write (U64.f (data.get (i) .getByteCount())+" ");

bufferWritter.write (U64.f (data.get (i) .getPacketCount ())+" ");

double duration = (double)U32.f (data.get (i) .getDurationSeconds())+ ((double)
data.get (i) .getDurationNanoseconds ()) / 1000000000d;

bufferWritter.write (Double.toString(duration));

bufferWritter.newlLine () ;

}

bufferWritter.close();

return view;

}, 0, 10, TimeUnit.MINUTES) ;

// when finished

ses.shutdown () ;

2xnua 5-5 flows.dat

‘Onw ¢alvetal Kol amo To OYXAMO TO OTATIOTIKA OTOlKEla eyypadovtal o popdn
niivaka,yeyovog mou KAvel To apyelo evavdayvwoto. EmumAéov, Onwe emwOnke Kat
TIPONYOUEVWC Ta. apxela €xouv wg ovoua tnv StevBuvon twv dpopoAoynTwv.Auto

oupPaivel amo TNV EVTOAN sw_id+".dat" .

H amoBrjkeuon Twv OTATLOTIKWY 0€ SLAPOPETIKA apxeia SLEUKOAUVEL TOV UNXOVIKO TOU
Slktuou aAAd Kol TO AOYLOMLKO va avayvwpllel TG kivnon tou kaBe dpopoAoyntn
xwplota. Etol, pmopel va avtidapBavetal Tuxov SUCAELTOUPYLEG TTOU TILBAVWY VA €XOUV
npokUP el aAAA Kal va cUUBAAAEL oTtnV amoodaApdTwon tou SIKTUoU £hpOcOV KATL

TETOLO KpLBEel amapaltnro.
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JTNV  TOPAKATW  €kOVA  QTEIKOVIZETAL TO  TEPLEXOMEVO  Tou  apyeiou
00 _00_00 00 00 0O1.dat mou avadépetal ota otatiotikd otowxela (flows) mou

OUMEéyovTal o€ Wdia XpoVikr OTWyMR amo tov SpopoAoynty UE TNV avtiotolyn

StevBuvon.
| 00_00_00_00_00_00_00_02 - Notepad = =
File Edit Format View Help
lIn_por't Switch_Src Host_Src  Host_Dst Switch_Dst Out_Port Bytes Packets Time(s)
3 00:00:00:00:00:02 10.0.0.2 10.0.0.1 ©0:00:00:00:00:01 2 166782 3971 26.048
2 00:00:00:00:00:01 10.0.0.1 10.0.0.2 ©00:00:00:00:00:02 3 2450 25 26.041
3 00:00:00:00:00:02 10.0.0.2 10.0.0.1 ©0:00:00:00:00:01 2 2450 25 26.0833

Sxfiua 5-6 00_00_00_00_00 01.dat

5.4.3 Béitiotn dpouoioynen uéeccw CPLEX

To otatlotik@ otolxela kot n tomoAoyia tou Siktvou pag Swafalovral Kat
Kataypadovtal Pe OUYKEKPLUEVN Ooun o€ éva apxelo tumou .dat .Xtnv mapovoa
epyaoio To apxelo auto €xeL TNV ovopooia green stoixeia.dat. To CPLEX otnv cuvéxela
elval €10l MPOYPAUUATIOUEVO WOTE va avTAEL OAa Ta amaltoupeva oTolyela amd to

apxelo.

YTNV OUVEXELD ameLKOVIZETaL N popdr) Tou apxeiou green_stoixeia.dat
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4 SR S 3 0 >, < 2 0 >, 18.75, 22.5 26.25, 30, 10, 1 >;
1s < K 2 0>, < A 0> 18.75, 22.5 26.25, 30, 10, 1 >,
e e A, 0 >, <e 3 0> A8I75; 22.5 26.25 30, 120, 2:
< < 3 0 >, L 0 >, 18.75, 22.5 26.25 30, 20, 2 >,
8 % & 2% 0>, e a3 0> 18.75, 22.5, 26.25, 30, 20, 3 >,
i9 < X, 0 >, <k {2y 0::5; AB8LTS, 22.5 26.25, 305 20; 3:>;
20 < K 2y 0 >, < 4, 0 >, 18.75, 22.5 26.25, 30, 20, 4 >,
21 < < 4, 0>, < 2 0>, 18.75, 22.5, 26.25, 30,|20, 2>,
22 < X 3y 0 >, <. ‘4, 0 >, 18.75, 22.5 26.25, 30, 10, 5 >,
23 < K ‘e 0>, < i3, 0> 18.75, 22.5, 26.25, 30, 10, 5 >,
2 of flows
30 / om, to, rate(se bit per sec)
I 0>, < 2 0>, 0,13742394 >,
2 Ko e A, 0 >, <o 3y 0 >, 0,12882111 >,
3 X5 XL Ay 0 >, < 4, 0 >, 0,15000484 >,
4 < < 2 0>, o A 0> 0,1374239¢ >,
5 X G 2% 0 >, < '3, 0 > 0,13324865 >,
& i 2y 0>, < 4, 0> 0,16862925 >,
7 C S SRR 0o >, < 1y 0 >, 0,12882111 >,
LSRR 0 >, < 2, 0 > 0,13324865 >,
& % 3 0>, < 4 0> 0,15492165 >,
Ko e g0 0 >, <2 A, 0 >, 0,15000484 >,
1 X XL 45 0 >, < 2 0 > 0,16862925 >,
2 < % 4 0>, < 3 0> 0,15492165 >,

2xnua 5-7 data_stoixeia.dat

‘Onwg va avaAuBel Kal Mapakatw, Yo ToV UTIOAOYLOHO TNC KATAAANANG SLadpopnC
optlovtal tpia oplopata to V, E, F . H petaPAntr V mepthapfavel Tov aplBuod kat tnv

ovopaoia 0OAwv Twv Spopoloyntwy Tou SIKTUOU.

>to oOplopa E meplhapPdavovtal OAEC oL UTIAPYXOUCEC OUVOECELG UETAEL TwV
SpopoloynTwy Kol TEVTIE apPLOUNTIKEC TOOOTNTEG TOU UTIOSEIKVUOUV  KATIOL
EVEPYELOKO KOOTOC ToU Spopoloyntn o SLadOPETIKEC KATAOTACELS AVAAOYQ LIE TOV
BaBbuo xpnowuonolnong tng ypauuns. H mpwtn nocotnta avadepetal oto 0% dnhadn
ol §popoAloynTég Tng ouvdeonc Pplokovtal oe katdotacn adpAveLac. 2TNV TepiMTwon
auTtn ol SpOUOAOYNTEG KATAVOAWVOUV EVOL ONUOVTIKO TTOCOOTO EVEPYELAC YEYOVOC TIOU
EMOUPOVE TNV EAOXLOTOTIOINON TNC KATAOTAONG AUTHG KAL TNV £{0050 TWV AVEVEPY WV
OUOKEUWV O€ Kataotaon sleep mode. TEAog n TeAsutala KatdoTaon, avadEPETL OTNY

nepinmtwon mou o BaBuog xpnotponoinong tng ypauung eivat oe moocootd 100%. Téhog
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Ol UTIOAOLTIEG KATAOTACELG avadEpovtal o€ evOLAUETEC. Ta oTolyela Tou TEPLEXOLV

OAEC TIC UTIAPXOUVOEC OUVOEDELG (E) elodyovtal amo to apyeio dedouévwy topology.dat

H petaBAntn F mepAapBAVEL TO OTATLOTIKA TNG Kivnong Tou SIKTUOU. Mo OUYKEKPLUEVA
nepAapfavel to pubuo PeTddoonc yla OAEC TG TEPUTTWOELS OMOOTOANG UNVUUATWY
LETAEL TWV XpNOTwVv. 2TNV Tepinmtwon pag €Xoupe 4 XProTEC PE QTOTEAECUA VA
epdavitovral 12 StadopeTikég meputtwoelg. ‘OnMwe avaAuBbnke kal mapandvw PEow
TOU €AEYKT) SnULOUPYOULE apxela OTATIOTIKWY SESOUEVWY TIOU TIEPLEXOUV TNV Kivnon
TWV SPOUOAOYNTWY avaypAPOVIAC TOV TIPOOPLOUO KAl TNV KATELOBUVON TOU TTAKETOU
OAG Kal Ta TAKETA KAl TOV XPOVO ToU KAvouv yla va petadoBouv. ETol ue tnv
dnuoupyla EVOC QUTOUOTOTIONUEVOC TIPOYPAULATOC KATACKEUAOTNKE O puBUOG ou
arnattel to CPLEX cav dedouévo yla oAec Tig duvateg dladpopéc. To yeyovog OTL Ta
OTQATLOTIKA OTOLYXELO AVAVEWVOVTAL AVA TAKTA XPOVIKA SLOCTALATA £XEL WG ATOTEAEOHA
Ta otolxela tou puBuol petddoong oto CPLEX va Baocilovtal o€ peAALOTIKA

QTOTEAECUOTA.

JTNV Oouvéxela UmoAoyiletat n  eAaylotn Suvatr Owadpoury HE OTOXO TNV
e\axLoTomoinon TNG KATAVAAWONG EVEPYELAS CUUDWVA LE TO TIAPAKATW AAYOPLOLILKO

LLOVTEAO.

dexpr float TotalEnergy = sum (v in V) v.B * Y[v] + sum (e in E) (
Sl[e]l*e.alpha + S2[e]*e.beta +S3[e]*e.gama +S4[e]*e.delta);

minimize TotalEnergy;

Jxnua 5-8 AAyopiduoc eEAayiotonolinonc TN KATavVaAwong EVEPYELOG

Ot petapAntecg Y[V],Z[E],S1[E],S2[E],S3[E],S4[E], maipvouv TiuEG O kat 1 e amotéleopa
va AElToupyolV w¢ OLakomtes N HeTaPANTéC amoddoewv. EmMumAéov ol TIHEG TNG
HeTaBANTAC V onwg avadepBnke Kal MPONYOUUEVWE amoTeAEl Toug KOpBoug Tou

Siktvou evw n petaPfAnt E meplhapfavel mivaka e TTANPODOPLEC OXETIKA UE TNV
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EVEPYELAKN) KATAVAAWGON TOU OLKTUOU Ao TEPUATIKO OE TEPUATIKO avaAoya Tov Babuod

XPNOLLOTNTAG TNG YPOUUAG.

2TNV OUVEXELX POV TO AOYLOULKO KAVEL TOUG Amapa{TNTOUC UTIOAOYLOOUC, EKTUTIWVEL
o€ éva apxelo TUTou txt pe dvopa shut_links.txt éva mivaka-ypour) ou MEPLEXEL TOOEG
OTAAEG OOEG KL OL CUVOETELC LETAEY TwV dpopoloynTwy. To medio 0pLlopol Twy TIHWY
TOU Ttivaka eival To povadiaio cvotnua. ‘Otav éva keAl €xeL tnv Tiun 1 onualvel mwe n
ouvbeon auth Ba mapapelvel avolyTr), evw avtlBETwe av €xeL TNV TUA 0 Ba mpénel va

TEPUATIOTEL N Asltoupyeia tng cuvdeonc.

| shut_links - Notepad - 8 n w

| File Edit Format View Help
[[1100111180080]

Zxnuo 5-9 Shut_links.txt

Ta otolxela Tou mivaka avadEpovtal oTlG CUVEEDELG TWV OLKTUOKWY CUOKEUWY OTIWE
QUTEG avaypddovtal oTo apxelo green_stoixeia.dat oto medio E , aAA& kal oto
topology.dat . AuTO €xel WG OUVETELA va yVwWPLTEL KAl O TIPOYPAUUATIOTAG TOU SIKTUOU
OAAQ KAl O EAEYKTNC WCE TO KABe oToLXElO TOU TivaKa avOPEPETOL OE OUYKEKPLUEVN

Staouvdeon katl dev alalel Suvapikd.

2TNV CUVEXELD TAL OMOTEAEOUATO QUTA TIPETEL val avaAuBoUv amod tov controller wote
VO EVNUEPWOEL TLG OVTIOTOLXEG CUCKEVUEG VAL ATTEVEPYOTIOLO0OUV TNV KATAAANAN BUpa

KOl KOT® OUVETTELQ TNV oUVEEoN HEeTAtY TOUC.
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0.4.4  Amevepyomoinon o10.60VOEGEWY UEGD TOV EAEYKTH

O eAeyKTNC €lvaL TPOYPAUUOTIOUEVOC V. EKTEAEL KABE TEVTe AemTtd TO AoyLopikod CPLEX
WOTE va €KTEAEL TOUC QAMALTOUEVOUC UTIOAOYLOMOUC. H evtoAr HEow TnG omolog
TPAYUATOTOLEITAL AQUTO TO YEYOVOC €lval n KATwOL:

e oplrun [options] model-file [data-file ...]

c:. | Command Prompt

:NILOGNOPL63Noplide >oplrun C:N\ILOG\OPL63\diplomatiki\pc.mod C:\ILOG\OPL63\diplo
atiki\green_stoixeia.dat

2xnuo 5-10 ExktéAeon tou CPLEX uéow CMD

H Sladkaoia auth ylvetal e tnv Xpron XPOVOTPOYPAUUATIOUEVNG EKTEAEONC, Uia
duvatotnTo IOV TIOPEXEL N java MEOW TNG KAAONC timer(). 2TtV ouvéxela ekteAe(Tal
LEOW TOU EAEYKTNA N EVIOAN TIou avadEpBnKe PoNyoULEVWES KABWC N java eMITpENETAL
TNV eKTEAEON EVTOAWV PEow CMD. Mapakatw mapatiBetal 0 KwSKOG LECW TOU omoiou

TPOYLLATOTOLE(TAL TO YEYOVOC QUTO.

try {

String command = "cmd /c start cmd.exe";

Process child = Runtime.getRuntime().exec(command);

OutputStream out = child.getOutputStream();
out.write("cd ../../ILOG/OPL63/oplide /r/n".getBytes());
out.flush();
out.write("oplrun \\ILOG\\OPL63\\diplomatiki\\pc.mod
\\ILOG\\PL63\\iplomatiki\\reen_stoixeia.dat /r/en".getBytes());

out.close();

} catch (IOException e) {

}
Zxnua 5-11 Extéleon evrolric o€ java péaw Command Prompt
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Katd tnv ektéleon tng evioAng to CPLEX ekteAeltal kal Snpoupyel to apxelo pe ta
QTOTEAEOUOTA OE OUYKEKPLUEVO XWPO TOU UTIOAOYLOTH, TIOU TIPORAEMETAL QMO TOV
npoypappatioty. O eAeyKTAG KAVEL Xprion UG PeTaBANTrG tumou Boolean kat dev
ouveyilel TNV ektéAeon Tou uTtoAoimou kwdika ewg 6Tou dnuoupynBel To amapaitnto

apxelo, to shut_links.txt .

O Beacon mpénel va avallosl ta amnoteAéopata tou CPLEX kal va amootellel
OpenFlow pnvupata otou¢ SpopoAoynteg. Na tov okomod auto Stafalel kabe oslpd
EexwplLota tou apyeio topology.txt kal anobnkevel oe kAmolov mivaka tnv dtevBuvaon
Twv Spopoioyntwy ¢ KABe Staocuvdeang Kal TIG avtioTolxeg BUPEC LECW TWV OTIOlWY
yivetal. 2tnv cuveéxela dlaBdalel To mpwto otolxeio Tou shut_links.txt kal avaioya pe
TNV TLUA TOU KEALOU, amooTEANEL 0TOUC SPOUOAOYNTEC TTIOU UTTIAPXOUV OTOV TtlvaKa TNV
avtiotolyn evtoAn, onw¢ auth Ba avaAuBel otnv cuvéxela. MOALG oAokAnpwBel n
EVEPYELQ AUTH 0 EAEYKTNG SLABALEL TNV EMOUEVN YPAUU TOU apxeiou topology.txt mou
nepléxel 1o emopevo link. H  Swadkacia mou  avadépBnke TPONYOULEVWE

enavalapBavetal péxpl va oOAokANpwBel yla OAeg TIG UTtdpyouoeg CUVOEDELC.

JTNV OUVEXELX O EAEYKTNC OTEAVEL OTOUC SpOopoAOYNTEG Ta avtioTolxa unvopota. Ta
UNVUUOTO QUTA OTIWE (VAL QVOUEVOEVO TIPETIEL VAL EXOUV CUYKEKPLUEVN Soun yla va
LITOPOoUV VA avayvwpLoTouy oL TAnpodopies amod Ti¢ cUOKeUEC. Mo Tov Adyo auTo TO
TiPWTOKOAAO OpenFlow €xel oplogl CUYKEKPLUEVN SOUH UNVUUATWY TTOU amooTteANOVTOL
Kal AapBdvovtal and TG OIKTUAKEG OUOKEUEG KAL TOV EAEYKTN. TNV OUYKEKPLUEVN
TEPUTTWON 0 €AEYKTAG XPNnOLlUomolel pnvupata tumou OFPT_PORT_MOD yua va
TPOTIOTIOLNOEL TNV CUUTEPLPOPA LA CUYKEKPLUEVNG BUpac. Mapakdtw mapatiBetal n

Soun Tou PNVUPOTOC, To omolo xpnoLuomolnBnke Kol otov eEAeykTh Beacon.

/* Modify behavior of the physical port */

struct ofp_port_mod {

struct ofp_header header;

uint32_t port_no;

uint8 t pad[4];

uint8 t hw_addr[OFP_ETH_ALEN]; /* The hardware address is not
configurable. This is used to

sanity-check the request, so it must

be the same as returned in an

ofp_port struct. */
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uint8_t pad2[2]; /* Pad to 64 bits. */

uint32_t config; /* Bitmap of OFPPC_* flags. */

uint32_t mask; /* Bitmap of OFPPC_* flags to be changed. */
/* Port mod property list - © or more properties */

struct ofp_port_mod_prop_header properties[0];

}s
OFP_ASSERT(sizeof(struct ofp_port_mod) == 32);

Zxnua 5-12 unvuua tomou OFPT_PORT_MOD

To meblo config meplypadel pubuioelg Slaxeiplong Twv Bupwv Katl €xeL TNV

akoAouBn Soun

/* Flags to indicate behavior of the physical port. These flags are

* used in ofp_port to describe the current configuration. They are

* used in the ofp_port_mod message to configure the port’s behavior.

*/

enum ofp_port_config {

OFPPC_PORT_DOWN = 1 << @, /* Port is administratively down. */

OFPPC_NO_RECV = 1 << 2, /* Drop all packets received by port. */

OFPPC_NO_FWD = 1 << 5, /* Drop packets forwarded to port. */

OFPPC_NO_PACKET_IN = 1 << 6 /* Do not send packet-in msgs for port. */
¥

Zxnuoa 5-13 Mrvuua turmou ofp_port_config

To bit OFPPC_PORT_DOWN uTtoSelkvUEL OTL n BUpa eival KAelot kol Sev MPEMEL va
xpnowuomnoteitat. ‘Onwg yivetatl avTiAnTTo n T AUt XpNOoLUoToLE(Tal o€ meplmTwon
TIOU Ta amoteAéopata mou mpoekuav amod to CPLEX amaltolv To KAE(OIMO KATOLOG
OUYKEKPLUEVNC BUpaC pla ouokeung. AvtiBeta yla tnv evepyormoinon t¢ Bupag

xpnowdormotettal n tn 1.

To medio mask xpnolpomnoteltal yla tnv emloyr) Twy bits oto nmedio config Ta omoia Ba

TpormornolnBouv.

Kata tnv oAokAnpwon Tng amooToAnG TwV UNVUUATWY Ol CUCKEUEC TPOTIOTOLOUV
Kat@AAnAa Tnv katdotaon Twv Bupwv Toug kot N kivnon Ttwv  Siktuou
avadpopoAoyeltatl avaloya TNV UPLOTAUEVN KOTAOTAGCN TOU SIKTUOU. 2TNV GUVEXELX OL

EANEYKTEC CUANEYOUV VEQ OTATLOTIKA OTOLXE(Q QO TIG CUOKEUEC KAl UE TNV TApod0o Tou
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XpOVoU, ekTeAe(tal ek Vvéou, OmMwc mpoavadeépbnke, TO Aoylopkd CPLEX «kal

avoKUKAwVETaL n (dla dtadikaoia mou avaAluBnke.

JTIC TMAPOKATW ELKOVEG TOPLOTAVETAL pia amewkovion tng dadlkaciag autng. Xtnv
OUYKEKPLUEVN Tepimtwon O&nulovpyeital kivnon amd tov umoloyloty C otov
umtoAoyLoTr B.'Onwg daivetal kat amod TNV mapakatw ekova n kivnon ninyatvel anod tnv
Stadpoun petaty tou dpopoioynth S1 kat S3 kabwg amnd tov dpouoloyntr) S2 dev
TIEPVAEL Kivnon evw OAn n kivnon mnyaivel and toug §popoloynTég mou avadepbBnkay

TIPONYOU LLEVWC.

Zxnua 5-14 KatevGuvaon makeTwv Kata TtV QmooToAr) UNVULATOS LETAED TwV
Tepuatikwv B kat C— ptv tnv ektéAeon tou CPLEX
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'BEACON

~ Core

Flows for switch: 00:00:00:00:00:00:00:01

Search:

» Device Manager W sic 2 N v Protot & TP ™ Time e S Ou
10.0.0.3 8 0 56.834 0 ] dol
» Topology 10.0.0.2 0 0 882 0 0 1 del
3 00:00:00:00:00:02 00:00:¢ 10,0, 0 ) 10485 831 0 0 1 dal
Showing 1 to 3 of 3 entries
- Core
Controls the "» Flows for switch: 00:00:00:00:00:00:00:03
At o Rewcon
Search: Re h
+ Device Manager In port + ™ Pa cm
2 0 79 del
+ Topology 0 14290 P
Showing 1 to 3 of 3 entries
'BEACON
~ Core Overview | 0SGi | Flows™| Flows™| Flows™  Flows™
re Flows for switch: 00:00:00:00:00:00:00:02
Beacon
Search: Refresh Start Auto Refres!
+ Device Manager InPort + DLSrc DLDst & DLType NW Sr NW Dst NW Protot TP Src P Dst Wildcards Packets Time (s Idle Te Hard T ookie Out Port(s
No data available in table
+ Topology Showing 0 to 0 of 0 entries
- Core verview | 0SGi | Flows™| Flows ™ Flows™ | Flows™
Star
W S ' K s =

+ Device Manager

+ Topology

Zxnua 5-15 7 Katavourj kivnonc atouc SpopoAoyntéc Katd TtV armooTtoAr) MAKETWY Qo
10 TeEpUatiko C ato B —lptv tnv ektéAean tou CPLEX

>tnv ouvéxelo to CPLEX onwg daivetal kat oto oxnua 5.6 , divel wg anotéheopa tnv
Katapynon tng ouvdeong petaty S1-S3 kabwc unmoAoyiotnke mwe n Stadpoun S1-S2-S3
elval evepyelaka mo amodotikn. ‘ETol 0 eAeyKkTNC avalauBAavel TNV amevepyomnoinon

¢ BUpag 3 tou Spopoloyntn S1 kal tn BUpa 2 tou S3.

AUEON OUVETELA N AVASPOUOAOYNON TWV TIAKETWY TOU UNVUUATOC TIOU OIMOCTEANETAL
HeTtaty twv SVo umoAoylotwy. H véa Stadpourn Twv MOKETWY elval auth UETAEL TwWV
Spopoioyntwy S1,52,S3 yeyovog mou amodeIKVUETAL KAl OO TG OVTIOTOL(EG ELKOVEG
kaBwg otnv mepintwon autr) dnuloupyeital kivnon kat otov dpopoloyntr) S2 pe DPID:

00:00:00:00:00:00:00:02
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Host

c

Zxnua 5-16 Kateuduvaon mokeTwv Katd TNV QmooToAr] UNVULATOG LUETAED TwWV
Tepuatikwv B katL C— Meta tnv extédeon tou CPLEX

'BEACON

~ Core

Controls the core
Components of Beacon.

» Device Manager

Topology

'BEACON

- Core

Controls the core
components of Beacon.

Device Manager

+ Topology

'BEACON

~ Core

Controls the core
components of Beacon.

» Device Manager

Topology

'‘BEACON

~ Core

Controls the core
companents of Beacon.

Device Manager

» Topology

Overview | 0SGi | Flows™| Flows ™| Fiows™ | Flows™

Flows for switch: 00:00:00:00:00:

search: Start Auto Refresh
In Port = oL Src DL Dst DLType & NWSIC & NWDSt & NW Protot & TP Src
2 00:00:00:00:00:03 00:00:00:00:00:02 2048 10003 10002 1 8
4 00:00:00:00:00:02 00:00:00:00:00:03 2048 10002 10003 1 0
'Showing 1 to 2 of 2 entries
Overview | 0SGi | Flows™| Flows ™| Flows™| Flows™
Flows for switch: 00:00:00:00:00:00:00:01
Search: 2
In Port DL Sre DL Dst S NWSrc ¢ NWDst & NWProtot ¢ TPSrc &
1 00:00:00:00:00:03 00:00:00:00:00:02 2048 10003 10002 1 8
2 00:00:00:00:00:02 00:00:00:00:00:03 2048 10002 10003 1 0
Showing 1 to 2 of 2 entries.
ov Flows * | Flows ™| Flows *
Flows for switch: 00:00:00:00:00:00:
Search: Re t Auto Refresh
In Port = oL src OL Dst OLType & NWSrc S| NWDst S NW Protot ¢/ TP Src
1 00:00:00:00:00:03 00:00:00:00:00:02 2048 10003 10002 1 8
3 00:00:00:00:00:02 00:00:00:00:00:03 2048 10002  10.0.03 1 [
Showing 1 to 2 of 2 entries
Overview | 0SGi | Flows™ | Flows ™| Flows™ | Flows™
Flows for switch: 00:00:00:00:00:00:00:04
Search: Refresh Start Auto Refresh
InPort ~ DLSrc o DLDst 3 DLType NWDst S NW Protot P Sn TP Dst
No data available in table
Showing 0 to 0 of 0 entries

TP.Dst & Wildcards
0 1048576
0 1048576
TP Dst 7
0 1048576
0 1048576
TP Dst
0 10-
0 1048576
Wildcards ¢ Bytes

Bytes ¢ Packets
8134 83
8134 83
Bytes & Packets
8036 82
8036 82
Bytes ¢ Packets
8232 84
8232 84
Packets

83.289
83.288

1dle TO ¢ Hard TO ¢
5 0 0
5 0 0
s) ¢ Idle TO ¢ Hard TO ¢ Cookie
5 0 )
5 0 o
2 Hard TO ¢ Cookie
0 0
s 0 0
1die TO Mard TO ¢ Cookie

Qut Port(s) & Cmd
4 dal
2 del
OutPort(s) & Cmd
2 del
1 del
Out Port(s) ¢ Cmd
3 del
1 del
Out Port(s: cmd

Zxnua 5-17 Katavoun kivnong otous SpopoAoynTeS Katd TV arooToArn MTAKETWY Qo
10 TepUatiké C oto B — Meta tnv ektéAgon tou CPLEX
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5.5 Avakxepalaiwen Kol TEAIKA GOUTEPAGHUATO.

H efolkovounon evépyelag oOTIC UEPEC HAC OMOTEAElL TOV ONUAVIKOTEPO
TPOPBANUATIONO 0 OAEC TLG KOWwVies. Omwg yivetal avtAnmto, oL tpoBAnuatiopot kat
N TMPOOTIABEL AVTIUETWTILONG TN KATAVAAWGON TNG eVEPYELAC 0TO SLadikTuo Kal OTLG
€DAPLOYEC TOU AMOTEAEL ONUAVTLKO YEYOVOG, LAC KOL N XPHON TOU €XEL YIVEL ONUAVTLIKO

KOLUATL OTNV KABnNUEPLVOTNTA TOU avOpWTToU.

2TNV TMPOOTIABEL AVTIUETWTILONG TOU dalvopévou auTtol, ota mAaiola g
napovoag SUTAWUATIKAC Epyaciag, avamtuxBnke Evag UNXAvIoUOC LECW TOU EAEYKTN
Beacon, o omolog emkowvwvel apdidpopa pe TG SIKTUAKEC CUOKEVEG Kal Umopel va
AVTAANAOOEL CUVEXWC LNVUHATA.O eAEYKTNC KAVEL XapTOoypAdpnon TNG TOmMoAoyilag Tou
SIKTUOU Kal CUAAEYEL OTATLOTIKA OTOLXELQ OXETIKA LE TO POoPTiO OV TIEPVAEL Ao TOUC
SpopoloynTéC. XNV OUVEXELX TA oOTolxela oUAAéyovtal amd €va  AOYLOWLKO
BeAtioTomnoinong mou umootnpilel yAwooo mpoypappatiopol BeAtiotonoinong (OPL)
, L€ OKOTO TNV €UPECN TNG EVEPYELOKA OLKOVOULKOTEPNC SpopoAdynong. To Beacon
OTNV OUVEXELD €XEL WG OKOTO va avoAloel ta amoteAéouata tou CPLEX, kat va
ETUKOLWVWVNOEL HE TOUC avtioTolyoug OSpopoAoOyNTEC ylo Vol KATAoTE(Aouv Tnv

AelToupyla Toug 1 va eLloEABoUV 0€ KATAOTAON KAVOVLIKNC AELTOUpYiag.

H xprion Tou pnxaviopou autou prmopel va ebapooTel kal o HeYAANG EKTOONG
Slktua e TNV XPNON €VOC KEVIPLKOTIOUNUEVOU EAEYKTH, TAPEXOVIAG LA TILO
QTTOTEAECUATIKY) KAl OLKOVOWLKA ¥pron tTwv mopwv evoc Siktuou OpenFlow . O
HLNXOVLOMOG Tou avamtuxOnke Ba mpemnel va cuvOUATZETAL KOl PE AAAOUC NXOVLIOUOUG
mou Ba mpémel va eAéyxouv TNV UTINPEecia Kal TNG AVAYKEG TOU KABE pnvUUATOC.
Quowkd ol amaltioelg oe kdBe Slaocvvdeon HeTAEL Twv KOUBwv Tou OLlKTUOU
eCaptwvtal dueoa and Vv Aeltoupyla mou emteAe(tal anod kABe epapuoyn. 2€ pa
KANoN Kat emikovwvia dwvng pe xpnon texvoloywwv onwc VolP (Voice over IP) elval
avaykaia n ypryopn kat apeon petadopd Twv dedouévwy oto SIKTUO, UE QVOXEG OE
TEPUTTTWON AMWAELOG KATIOLWY TIAKETWY SeSOUEVWY. 2€ AAAN TepimTwon OMwe elval n
uetadopd OSedouevwy TANpodoplag OMwe KEWWEVOU 1N TIOAUUECIKWY Oedopévwy

(audio-video) umtapxouv SladopIKEC amaltAOELS , OTIWC UPNAGTEPO EUPOC LWwvNnC, VoA
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o€ Teplmtwon xpovikng kabuotépnong aAAd UnbeVIKN avoxn o€ MePIMTWOon amWAELAG
TAKETOU SeSOUEVWY. JUVETIWG KATA TNV ETUAOYH TOU OnUavIkotepng Stadpoung Ba
TPEMEL VO AapBAvovTal WG KPLTAPLO KAl Ol AVAYKEG TIC ehappoync, WOTE va pnv
urmofabpuileTal n mowdTNTA TNG UTNPEECIAC Kal va CUUBAAAEL OTNV TPAYUOTLKA
SleukoAluvon g Aettoupylag tou Siktvou, mpooBetovtag mMapdAAnAa ToV XapaKT)pa

Tou “mpacivou Siktuou” .

Fevikd, UmopoUpe va OoUUE UE TNV XpAon tou eleykt Beacon kat tou
MpwTtokOAAou OpenFlow to kUplo 6deroc tg SDN (Software Defined Networking)
OPXLTEKTOVIKAG, CUYKPLTIKA e AAANEC QPXLTEKTOVIKEC SIKTUOU . Me TNV xprnon &vog
KEVIPLKOU EAEYKTH oL SLOXELPLOTES eVOC SikTUou SDN pmopouyv va emepBouv aueoa Ko
VOl TPOTIOTIOL 00UV HE OTOLO TPOTIo EMIBUUOUV TIG UTINPECLEC TTOoU TtapExeL To SikTuo,
HEOW TOU EAEYKTN, XWPLg va elval avaykaia n Xelpokivntn pubuLlon Twv MAPAUETPWY
TWV CUOKEUWVY TOU SIKTUOU (UETAyWYEWY, SPOUOAOYNTWV 1 TEPUATIKWY). ETiTpémnetal
0 AUTOUATOC EAEYXOG TNG AELTOUPYIAC TWV CUOKEUWY , KL 0AAQYT) TNE KATACTACNG TOUG
O€ TIPOYHOTIKO XPOVO , TIAPEXOVTOG £E0LKOVOUNGN EVEPYELOG Xwplg mapdAAnAa va
urnoBabuiletal n mowdtnta Asttoupyiag tou Oiktvou. TéAog avaPabuiletal kal n
aoPaAela Tou SIKTUOU, KABWE PE VAl KEVTPLKO TPOTIO EAEYXOU UTOPEL TILO UKOAQ val
aviyveuBouVv KaKOPBOUAEC eVEPYELEG N AelToupyieg 0To SIKTUO KAl VA QVTLLETWTTLOTOUV

apeoa amnod Tov Slaxelploth Tou SIkTUou.

H SDN apyxltektovikn elval akoua pla vea peBodog dnuloupyiag kat Staxeiplong
SIKTUWV UTIOAOYLOTWY, TIOU aKOUN avamtuoostal kal dokipdletal. Me tnv napodo
OHWG TOU XPOVOU Ta PWTOKOAAQ Ttou TNV umootnpllouv (onmwg to OpenFlow) yivovtoat
TWO WPLHOL KOl aélOTLoTa, €VW OVATTUOOOVTAL OAO KOl TIEPLOCOTEPOL EAEVKTEC OE
Stadopec yAwooeg mpoypappatiopol, mépav tou NOX, 6nwc o Beacon 1) o Floodlight,
ToU TIPOOGDEPOUV ONO KOl TEPLOOOTEPEC duvatotnTeg yla tnv  dnuoupyla

KEVTPOTIOLNEVWY, AELTOUPYLIKWY KA AELOTILOTWY SIKTU WV UTIOAOYLOTWV.
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Hopaptnpuo

TMopoKkdTe EMGLVATTOVTAL 01 TO GNUAVTIKEG TPOYPAUUATIOTIKEG dtemapég (API) tov
gleyktn Beacon, mov ypnoponomOnke.

e Controller.java

package net.beaconcontroller.core.internal;

public class Controller implements IBeaconProvider, SelectListener {
protected static Logger log = LoggerFactory.getLogger(Controller.class);
protected static int LIVENESS POLL INTERVAL = 1000;
protected static int LIVENESS TIMEOUT = 5000;
protected static String SWITCH REQUIREMENTS TIMER KEY = "SW REQ TIMER";

protected ConcurrentHashMap<Long, IOFSwitchExt> activeSwitches;

protected CopyOnWriteArraySet<IOFSwitchExt> allSwitches;

protected Map<String, String> callbackOrdering;

protected boolean deletePreExistingFlows = true;

protected ExecutorService es;

protected BasicFactory factory;

protected boolean immediate = false;

protected ExecutorService initializerExecutorService;

protected CopyOnWriteArrayList<IOFInitializerListener> initializerList;

protected Object initializerLock;

protected ConcurrentHashMap<IOFSwitchExt,
CopyOnWriteArrayList<IOFInitializerListener>> initializerMap;

protected String initializerOrdering;

protected String listenAddress;

protected int listenPort = 6633;

protected IOLoop listenerIOLoop;

protected volatile boolean listenerStarted = false;

protected ServerSocketChannel listenSock;

protected Timer livenessTimer;

protected ConcurrentMap<OFType, List<IOFMessagelListener>> messagelListeners;

protected boolean noDelay = true;

protected volatile boolean shuttingDown = false;

protected Set<IOFSwitchListener> switchListeners;

protected List<IOLoop> switchIOLoops;

protected Integer threadCount;

protected BlockingQueue<Update> updates;

protected Thread updatesThread;

protected class Update {
public IOFSwitch sw;
public boolean added;

public Update (IOFSwitch sw, boolean added) {
this.sw = sw;
this.added = added;

public Controller () {

this.messagelisteners =
new ConcurrentHashMap<OFType, List<IOFMessagelListener>>();

this.switchlListeners = new CopyOnWriteArraySet<IOFSwitchListener>();
this.updates = new LinkedBlockingQueue<Update> () ;
this.initializerLock = new Object();
this.callbackOrdering = new HashMap<String, String>();

}

public void handleEvent (SelectionKey key, Object arg) throws IOException {
if (arg instanceof ServerSocketChannel)
handlelistenEvent (key, (ServerSocketChannel)arg);
else
handleSwitchEvent (key, (IOFSwitchExt) arg);
}

protected void handlelistenEvent (SelectionKey key, ServerSocketChannel ssc)
throws IOException {
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SocketChannel sock = listenSock.accept():;

log.info ("Switch connected from {}", sock.toString());
sock.socket () .setTcpNoDelay (this.noDelay) ;
sock.configureBlocking (false) ;

sock.socket () .setSendBufferSize (1024*1024) ;
OFSwitchImpl sw = new OFSwitchImpl () ;

IOLoop sl = null;
for (IOLoop loop : switchIOLoops) {
if (sl == null || loop.getStreams().size() < sl.getStreams().size())
sl = loop;
}

SelectionKey switchKey = sl.registerBlocking(sock, 0, sw);
OFStream stream = new OFStream(sock, factory, switchKey, sl);
stream.setImmediate (this.immediate) ;
sw.setInputStream(stream) ;

sw.setOutputStream(stream) ;

sw.setSocketChannel (sock) ;

sw.setBeaconProvider (this) ;

sw.transitionToState (OFSwitchState.HELLO SENT);

addSwitch (sw) ;
stream.write (factory.getMessage (OFType.HELLO)) ;

switchKey.interestOps (SelectionKey.OP READ);
sl.addStream(stream) ;

log.info ("Added switch {} to IOLoop {}", sw, sl);
sl.wakeup();

}

protected void handleSwitchEvent (SelectionKey key, IOFSwitchExt sw) {
OFStream out = ((OFStream)sw.getOutputStream()) ;

OFStream in = (OFStream) sw.getInputStream();
try {
if (!key.isvValid())
return;
if (key.isReadable()) {
List<OFMessage> msgs = in.read();
if (msgs == null) {

// graceful disconnect

disconnectSwitch (key, sw);

return;
}
sw.setLastReceivedMessageTime (System.currentTimeMillis()) ;
handleMessages (sw, msgs) ;

}

if (key.isWritable()) {

out.clearSelect () ;

key.interestOps (SelectionKey.OP READ);
}

if (out.getWriteFailure()) {
disconnectSwitch (key, sw);
return;

}

} catch (IOException e) {
log.error ("Exception during IOloop", e);
disconnectSwitch (key, sw);

} catch (CancelledKeyException e) {
log.error ("Exception during IOloop", e);
disconnectSwitch (key, sw);

}

protected void disconnectSwitch(SelectionKey key, IOFSwitchExt sw) {
synchronized (sw) {
key.cancel () ;
OFStream stream = (OFStream) sw.getInputStream() ;
stream.getIOLoop () .removeStream(stream) ;
removeSwitch (sw) ;
try {
sw.getSocketChannel () .socket () .close();
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} catch (IOException el) {

}

this.initializerMap.remove (sw) ;

if (!OFSwitchState.DISCONNECTED.equals (sw.getState())) {
sw.transitionToState (OFSwitchState.DISCONNECTED) ;

}

log.info("Switch disconnected {}", sw);

}

@SuppressWarnings ("unchecked")
protected void handleMessages (IOFSwitchExt sw, List<OFMessage> msgs)
throws IOException {
for (OFMessage m : msgs) {

if (((OFStream)sw.getInputStream()).getWriteFailure()) {
break;

}

switch (m.getType()) {

case ECHO REQUEST:
OFMessageInStream in = sw.getInputStream() ;
OFMessageOutStream out = sw.getOutputStream() ;
OFEchoReply reply = (OFEchoReply) in
.getMessageFactory () .getMessage (
OFType.ECHO REPLY) ;
reply.setXid(m.getXid()) ;
out.write (reply);
break;
case ECHO REPLY:
break;
case ERROR:
logError (sw, (OFError)m);
default:
switch (sw.getState()) {
case DISCONNECTED:
log.info("Switch {} in state DISCONNECTED, exiting message
processing loop", sw);
return;
case HELLO SENT:
if (m.getType() == OFType.HELLO) {
log.debug ("HELLO from {}", sw);

sw.transitionToState (OFSwitchState.FEATURES REQUEST SENT) ;

sw.getOutputStream() .write (factory.getMessage (OFType.FEATURES REQUEST)) ;
}

break;
case FEATURES REQUEST SENT:
if (m.getType() == OFType.FEATURES REPLY) {

log.debug ("Features Reply from {}", sw);
sw.setFeaturesReply ( (OFFeaturesReply) m);

OFStatisticsRequest sr = new OFStatisticsRequest();
sr.setStatisticType (OFStatisticsType.DESC) ;
sw.getOutputStream() .write(sr);

sw.transitionToState (OFSwitchState.DESCRIPTION STATISTICS REQUEST SENT);
}

break;
case DESCRIPTION STATISTICS REQUEST SENT:
if (m.getType() == OFType.STATS REPLY) {
OFStatisticsReply sr = (OFStatisticsReply) m;
if (sr.getStatisticType() == OFStatisticsType.DESC &&

sr.getStatistics () .size() > 0) {

OFDescriptionStatistics desc =
(OFDescriptionStatistics) sr.getStatistics().get(0);

sw.setDescriptionStatistics (desc);

log.debug ("Description Statistics Reply from {}:
{}", sw, desc);

OFSetConfig config = (OFSetConfig) factory
.getMessage (OFType.SET CONFIG) ;
config.setMissSendLength ( (short) Oxffff)
.setLengthU (OFSetConfig.MINIMUM LENGTH) ;
sw.getOutputStream() .write (config);

sw.getOutputStream() .write (factory.getMessage (OFType.BARRIER REQUEST)) ;
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sw.getOutputStream() .write (factory.getMessage (OFType.GET CONFIG REQUEST)) ;

sw.transitionToState (OFSwitchState.GET CONFIG REQUEST SENT);
}
}
break;
case GET CONFIG REQUEST SENT:
if (m.getType() == OFType.GET CONFIG REPLY) {
OFGetConfigReply cr = (OFGetConfigReply) m;
if (cr.getMissSendLength() == (short)Oxffff) {
log.debug ("Config Reply from {} confirms miss
length set to Oxffff", sw);
sw.transitionToState (OFSwitchState.INITIALIZING) ;

CopyOnWriteArrayList<IOFInitializerListener>
initializers =

(CopyOnWriteArrayList<IOFInitializerListener>) initializerList.clone();
this.initializerMap.put (sw, initializers);
log.debug ("Remaining initializers for switch {}:

{}", sw, this.initializerMap.get(sw));
if (deletePreExistingFlows) {

OFMatch match = new
OFMatch () .setWildcards (OFMatch.OFPFW ALL) ;
OFMessage fm = ((OFFlowMod)
sw.getInputStream() .getMessageFactory ()
.getMessage (OFType. FLOW MOD) )
.setMatch (match)
.setCommand (OFFlowMod.OFPFC DELETE)
.setOutPort (OFPort.OFPP NONE)

.setLength (Ul6. t (OFFlowMod.MINIMUM LENGTH)) ;
sw.getOutputStream() .write (fm) ;

sw.getOutputStream() .write (factory.getMessage (OFType.BARRIER REQUEST)) ;
}

if (initializers.size() > 0)
queuelnitializer (sw,
initializers.iterator () .next());
else
advanceInitializers (sw);
} else {
log.error ("Switch {} refused to set miss send
length to Oxffff, disconnecting", sw);
disconnectSwitch (( (OFStream)sw.getInputStream()) .getKey (), sw);
return;

}
}
break;
case INITIALIZING:
CopyOnWriteArrayList<IOFInitializerListener> initializers

initializerMap.get (sw) ;
Iterator<IOFInitializerListener> it =

initializers.iterator();

if (it.hasNext()) {
IOFInitializerListener listener = it.next();
try {

listener.initializerReceive (sw, m);
} catch (Exception e) {
log.error (
"Error calling initializer listener: {} on
switch: {} for message: {}, removing listener",
new Object[] { listener, sw, m });
advanceInitializers (sw);
}
}
break;
case ACTIVE:
List<IOFMessagelListener> listeners = messagelisteners
.get (m.getType());

if (listeners != null) {
for (IOFMessagelListener listener : listeners) {
try {

98




if (listener instanceof IOFSwitchFilter) {
if
(! ((IOFSwitchFilter)listener) .isInterested(sw)) {
continue;
}
}
if (Command.STOP.equals(listener.receive (sw,
m))) |
break;
}
} catch (Exception e) {
log.error ("Failure calling listener ["+
listener.toString()+
"] with message ["+m.toString()+
"1, el

}
} else {

log.debug ("Unhandled OF Message: {} from {}", m, sw);
}

break;

}

protected void logError (IOFSwitch sw, OFError error) {
OFErrorType et = OFErrorType.values() [Oxffff & error.getErrorType()];
switch (et) {
case OFPET HELLO FAILED:
OFHelloFailedCode hfc = OFHelloFailedCode.values () [Oxffff &
error.getErrorCode() ];
log.error ("Error {} {} from {}", new Object[] {et, hfc, sw});
break;
case OFPET BAD REQUEST:
OFBadRequestCode brc = OFBadRequestCode.values() [Oxffff &
error.getErrorCode() ];
log.error ("Error {} {} from {}", new Object[] {et, brc, sw});
break;
case OFPET BAD ACTION:
OFBadActionCode bac = OFBadActionCode.values () [Oxffff &
error.getErrorCode () ];
log.error ("Error {} {} from {}", new Object[] {et, bac, sw});
break;
case OFPET FLOW MOD FAILED:
OFFlowModFailedCode fmfc = OFFlowModFailedCode.values() [Oxffff &
error.getErrorCode () ];
log.error ("Error {} {} from {}", new Object[] {et, fmfc, sw});
break;
case OFPET PORT MOD FAILED:
OFPortModFailedCode pmfc = OFPortModFailedCode.values() [Oxffff &
error.getErrorCode () ];
log.error ("Error {} {} from {}", new Object[] {et, pmfc, sw});
break;
case OFPET QUEUE _OP FAILED:
OFQueueOpFailedCode gofc = OFQueueOpFailedCode.values() [Oxffff &
error.getErrorCode() ];
log.error ("Error {} {} from {}", new Object[] {et, gofc, sw});
break;
default:
break;

}

public synchronized void addOFMessagelistener (OFType type, IOFMessagelListener
listener) {
List<IOFMessageListener> listeners = messagelisteners.get (type);
if (listeners == null) {
messagelisteners.putIfAbsent (type,
new CopyOnWriteArrayList<IOFMessageListener>());
listeners = messagelisteners.get (type);

}

if (callbackOrdering != null && callbackOrdering.containsKey (type.toString()))

String order = callbackOrdering.get (type.toString());
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orderedInsert (order, listeners, listener, new
IOrderName<IOFMessagelListener> () {
@Override
public String get (IOFMessagelListener obj) {
return obj.getName () ;

}

}) i

} else ({
listeners.add(listener);

}

protected <T> void orderedInsert (String order, List<T> objects, T object,
IO0OrderName<T> orderName) {

if (!order.contains (orderName.get (object))) {
objects.add (object) ;
return;

}

String[] orderArray = order.split(",");
int myPos = 0;
for (int i = 0; i1 < orderArray.length; ++i) {

orderArray[i] = orderArray([i].trim();

if (orderArray[i].equals (orderName.get (object)))

myPos = 1i;
}
List<String> beforelist = Arrays.asList(Arrays.copyOfRange (orderArray, O,
myPos) ) ;

boolean added = false;
if (objects.size() > 0) {

for (int i = 0; i < objects.size(); ++i) {
if (beforelist.contains (orderName.get (objects.get(i))))
continue;

objects.add (i, object);
added = true;
break;
}
}
if ('added) {
objects.add (object) ;
}
}

public synchronized void removeOFMessagelistener (OFType type, IOFMessagelListener
listener) {
List<IOFMessageListener> listeners = messagelisteners.get (type);
if (listeners != null) {
listeners.remove (listener) ;

}

public void startUp() throws IOException {
initializerList = new CopyOnWriteArrayList<IOFInitializerListener>();
initializerMap = new ConcurrentHashMap<IOFSwitchExt,
CopyOnWriteArrayList<IOFInitializerListener>>();
switchIOLoops = new ArrayList<IOLoop>();
activeSwitches = new ConcurrentHashMap<Long, IOFSwitchExt>();
allSwitches = new CopyOnWriteArraySet<IOFSwitchExt> () ;

if (threadCount == null)
threadCount = 1;

this.factory = new BasicFactory();

es = Executors.newFixedThreadPool (threadCount+1) ;
initializerExecutorService = Executors.newFixedThreadPool (2);

for (int 1 = 0; i < threadCount; ++i) {
final IOLoop sl = new IOLoop (this, 500, 1i);
switchIOLoops.add(sl) ;

es.execute (new Runnable () {
public void run() {
try |

log.info("Started thread {} for IOLoop {}",
Thread.currentThread(), sl);
sl.doLoop () ;
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e);

} catch (Exception e) {
log.error ("Exception during worker loop, terminating thread",

1)
) i
}

updatesThread = new Thread(new Runnable () {
@Override
public void run() {
while (true) ({

try {
Update update = updates.take();
if (switchListeners != null) {
for (IOFSwitchListener listener : switchListeners) {
try {

if (update.added)
listener.addedSwitch (update.sw) ;
else
listener.removedSwitch (update.sw) ;
} catch (Exception e) {
log.error ("Error calling switch listener", e);
}
}
}
} catch (InterruptedException e) {
log.warn("Controller updates thread interupted", e);
if (shuttingDown)
return;
}

}
}}, "Controller Updates");
updatesThread.start () ;

livenessTimer = new Timer () ;
livenessTimer.scheduleAtFixedRate (new TimerTask() {
@Override
public void run() {
checkSwitchLiveness () ;

}
}, LIVENESS POLL INTERVAL, LIVENESS POLL INTERVAL) ;

log.info ("Beacon Core Started");

}

public synchronized void startListener () {
if (listenerStarted)
return;

try {
listenSock = ServerSocketChannel.open() ;
listenSock.socket () .setReceiveBufferSize (512*%1024);
listenSock.configureBlocking (false) ;
if (listenAddress != null) {
listenSock.socket () .bind(
new java.net.InetSocketAddress (InetAddress
.getByAddress (IPv4
.toIPv4AddressBytes (listenAddress)),
listenPort));
} else {
listenSock.socket () .bind (new java.net.InetSocketAddress (listenPort));

}

listenSock.socket () .setReuseAddress (true) ;

listenerIOLoop = new IOLoop (this, -1);

listenerIOLoop.register (listenSock, SelectionKey.OP ACCEPT, listenSock);
} catch (IOException e) {

log.error ("Failure opening listening socket", e);

System.exit (-1);
}

log.info ("Controller listening on {}:{}", listenAddress == null ? "*"
listenAddress, listenPort);

es.execute (new Runnable () {
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public void run() {
try {
listenerIOLoop.doLoop () ;
} catch (Exception e) {
log.error ("Exception during accept loop, terminating thread", e);
}
I
)

listenerStarted = true;

}

public synchronized void stopListener () {
if (!listenerStarted)
return;

try {
listenerIOLoop.shutdown () ;
listenSock.socket () .close();
listenSock.close () ;
} catch (IOException e) {
log.error ("Failure shutting down listening socket", e);
} finally {
listenerStarted = false;
}
}

public void shutDown () throws IOException {
shuttingDown = true;
livenessTimer.cancel () ;

stopListener () ;

for (Iterator<Entry<Long, IOFSwitchExt>> it =
activeSwitches.entrySet () .iterator(); it.hasNext();) {
Entry<Long, IOFSwitchExt> entry = it.next();
entry.getValue () .getSocketChannel () .socket () .close();
it.remove () ;

}

for (IOLoop sl : switchIOLoops) {
sl.shutdown () ;
}

es.shutdown () ;
initializerExecutorService.shutdownNow () ;
updatesThread.interrupt () ;

log.info ("Beacon Core Shutdown");

protected void checkSwitchLiveness () {
long now = System.currentTimeMillis();
log.trace ("Liveness timer running");

for (Iterator<IOFSwitchExt> it = allSwitches.iterator(); it.hasNext();) {
IOFSwitchExt sw = it.next();
long last = sw.getLastReceivedMessageTime () ;
SelectionKey key = ((OFStream)sw.getInputStream()) .getKey()

if (now - last >= (2*¥LIVENESS TIMEOUT)) {
log.info ("Switch liveness timeout detected {}ms, disconnecting {}",
now - last, sw);
disconnectSwitch (key, sw);
} else if (now - last >= LIVENESS TIMEOUT) {
OFEchoRequest echo = new OFEchoRequest () ;
try {
sw.getOutputStream() .write (echo) ;
} catch (IOException e) {
log.error ("Failure sending liveness probe, disconnecting switch "
+ sw.toString (), e);
disconnectSwitch (key, sw);

}

}
public void setCallbackOrdering (Map<String, String> callbackOrdering) {
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this.callbackOrdering = callbackOrdering;

protected ConcurrentMap<OFType, List<IOFMessagelistener>> getMessagelListeners() {
return messagelisteners;

}

protected void setMessagelListeners(
ConcurrentMap<OFType, List<IOFMessagelistener>> messagelisteners) {
this.messagelisteners = messagelisteners;

}

@Override
public Map<Long, IOFSwitch> getSwitches() {
return Collections.unmodifiableMap (new HashMap<Long,
IOFSwitch> (this.activeSwitches));
}

protected Set<IOFSwitchExt> getAllSwitches() {
return Collections.unmodifiableSet (this.allSwitches);

}

@Override
public void addOFSwitchListener (IOFSwitchListener listener) {
this.switchlListeners.add(listener);

}

@Override
public void removeOFSwitchListener (IOFSwitchListener listener) {
this.switchListeners.remove (listener) ;

}

protected void addSwitch (IOFSwitchExt sw) {
this.allSwitches.add (sw) ;
}
protected void addActiveSwitch (IOFSwitchExt sw) {
this.activeSwitches.put (sw.getId (), sw);
Update update new Update (sw, true);
try {
this.updates.put (update) ;
} catch (InterruptedException e) {
log.error ("Failure adding update to queue", e);

}
}

protected void removeSwitch (IOFSwitchExt sw) {
this.allSwitches.remove (sw) ;
if (OFSwitchState.ACTIVE == sw.getState()) {
if (!this.activeSwitches.remove (sw.getId(), sw)) {
log.warn ("Removing switch {} has already been replaced", sw);
}
Update update = new Update (sw, false);
try {
this.updates.put (update) ;
} catch (InterruptedException e) {
log.error ("Failure adding update to queue", e);

}
}

@Override
public Map<OFType, List<IOFMessagelistener>> getListeners() {
return Collections.unmodifiableMap (this.messagelisteners);

}

public void setListenAddress (String listenAddress) {
this.listenAddress = listenAddress;

}
public void setListenPort (int listenPort) {

this.listenPort = listenPort;

}
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public void setThreadCount (Integer threadCount) {
this.threadCount = threadCount;
}

public void setImmediate (boolean immediate) {
this.immediate immediate;

}

public void setNoDelay (boolean noDelay) {
this.noDelay = noDelay;
}

public void setDeletePreExistingFlows (boolean deletePreExistingFlows) {
this.deletePreExistingFlows = deletePreExistingFlows;
}

@Override
public void addOFInitializerlListener (IOFInitializerListener listener) {
synchronized (this.initializerLock) {
if (initializerOrdering != null) {
String order = initializerOrdering;
orderedInsert (order, this.initializerList, listener, new
IOrderName<IOFInitializerListener>() {
@Override
public String get (IOFInitializerListener obj) {
return obj.getInitializerName () ;
}
b
} else {
this.initializerList.add(listener);

}

@Override
public void removeOFInitializerlListener (IOFInitializerListener listener) {
synchronized (this.initializerLock) {
this.initializerList.remove (listener);
Iterator<Map.Entry<IOFSwitchExt,
CopyOnWriteArrayList<IOFInitializerListener>>> it =
this.initializerMap.entrySet () .iterator();
while (it.hasNext()) {
Map.Entry<IOFSwitchExt, CopyOnWriteArrayList<IOFInitializerListener>>
entry =
it.next () ;
entry.getValue () .remove (listener) ;

}

@Override
public void initializerComplete (IOFSwitch sw, IOFInitializerListener initializer)

log.debug ("Initializer for switch {} has completed: {}", sw, initializer);
IOFSwitchExt swExt = (IOFSwitchExt) sw;
advanceInitializers (swExt) ;

}

protected void queuelnitializer (final IOFSwitch sw, final IOFInitializerListener
initializer) {
initializerExecutorService.submit (new Runnable () {
@Override
public void run() {
initializer.initializerStart (sw);

PY) g

}

protected void advanceInitializers (IOFSwitchExt sw) {

CopyOnWriteArrayList<IOFInitializerListener> initializers =
initializerMap.get (sw) ;
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Iterator<IOFInitializerListener> it = initializers.iterator();

if (it.hasNext()) {

IOFInitializerListener initializer = it.next();

initializers.remove (initializer);

log.debug ("Remaining initializers for switch {}: {}", sw, initializers);
}
if (it.hasNext()) {

IOFInitializerListener initializer = it.next();
queuelnitializer(sw, initializer);
} else ({

synchronized (sw) {
if (!OFSwitchState.DISCONNECTED.equals (sw.getState())) {
sw.transitionToState (OFSwitchState.ACTIVE) ;
// Add switch to active list
addActiveSwitch (sw) ;
}

initializerMap.remove (sw) ;

public void setInitializerOrdering(String initializerOrdering) {

this.initializerOrdering = initializerOrdering;
}
@Override
public List<IOFInitializerListener> getInitializers() {

return Collections.unmodifiableList(this.initializerList);

}

public Map<String, String> getCallbackOrdering() {
return callbackOrdering;

}

@Override
public InetAddress getListeningIPAddress () {
return listenSock.socket () .getInetAddress();

}

@Override
public int getlListeningPort() {
return listenSock.socket () .getLocalPort();

}

e |OLoop.java

package net.beaconcontroller.core.io.internal;

public class IOLoop {
protected SelectlListener callback;
protected boolean dontStop;
protected int id;
protected Object registrationLock;
protected int registrationRequests = 0;
protected Queue<Object[]> registrationQueue;
protected Selector selector;
protected List<OFStream> streams;
protected long timeout;

public IOLoop (SelectlListener cb, int id) throws IOException {
callback = cb;
dontStop = true;
this.id = id;
selector = SelectorProvider.provider() .openSelector();
registrationLock = new Object();
registrationQueue = new ConcurrentLinkedQueue<Object[]>();
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streams = new CopyOnWriteArrayList<OFStream>();
timeout = 0;

public IOLoop (SelectlListener cb, long timeout, int id) throws IOException ({
callback = cb;
dontStop = true;
this.id = id;
selector = SelectorProvider.provider() .openSelector();
registrationLock = new Object () ;
registrationQueue = new ConcurrentLinkedQueue<Object[]>();
streams = new CopyOnWriteArrayList<OFStream>();
this.timeout = timeout;

}

public void register (SelectableChannel ch, int ops, Object arg)
throws ClosedChannelException ({
registrationQueue.add (new Object([] {ch, ops, arg}):;

public synchronized SelectionKey registerBlocking(SelectableChannel ch, int ops,
Object arg)

throws ClosedChannelException {

synchronized (registrationLock) {
registrationRequests++;

}

selector.wakeup () ;

SelectionKey key = ch.register(selector, ops, arg);

synchronized (registrationLock) {
registrationRequests--;
registrationLock.notifyAll () ;

}

return key;

public void doLoop () throws IOException {
int nEvents;
processRegistrationQueue () ;

while (dontStop) {

for (OFStream stream : streams) {
stream.clearWrote () ;
if (stream.getNeedsSelect ()) {

stream.getKey () .interestOps (
stream.getKey () .interestOps ()
| SelectionKey.OP WRITE) ;

}

}

nEvents = selector.select (timeout);
if (nEvents > 0) {
for (Iterator<SelectionKey> i = selector.selectedKeys ()
.iterator(); i.hasNext();) {

SelectionKey sk = i.next();
i.remove () ;

if (!sk.isvalid())
continue;

Object arg = sk.attachment () ;
callback.handleEvent (sk, arg);

}

if (this.registrationQueue.size() > 0)
processRegistrationQueue () ;

if (registrationRequests > 0) {
synchronized (registrationLock) {
while (registrationRequests > 0) {
try {
registrationLock.wait () ;
} catch (InterruptedException e) {
e.printStackTrace();

}
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}

protected void processRegistrationQueue () {
for (Iterator<Object[]> it = registrationQueue.iterator(); it.hasNext();) {
Object[] args = it.next(
SelectableChannel ch = (
try {
ch.register (selector, (Integer) args[l], args[2]);
} catch (ClosedChannelException e) {
e.printStackTrace () ;

’

)
SelectableChannel) args[0];

}

it.remove () ;

public void wakeup () {
if (selector != null) {
selector.wakeup () ;

}

public void shutdown () {
this.dontStop = false;
wakeup () ;

}

public void addStream(OFStream stream) {
this.streams.add (stream) ;

}

public void removeStream (OFStream stream) {
this.streams.remove (stream) ;

}

public List<OFStream> getStreams () {
return streams;

}

@Override
public String toString() {
return "IOLoop [id=" + id + " stream count="+streams.size()+"]";

}

e OFStream.java

package net.beaconcontroller.core.io.internal;

public class OFStream extends OFMessageAsyncStream implements OFMessageSafeOutStream {
protected Logger log = LoggerFactory.getLogger (OFStream.class);

protected SelectionKey key;

protected IOLoop ioLoop;

protected boolean writeFailure = false;
protected boolean needsSelect = false;
protected boolean wrote = false;
protected boolean immediate = false;

public OFStream(SocketChannel sock, OFMessageFactory messageFactory,
SelectionKey key, IOLoop selectLoop) throws IOException {
super (sock, messageFactory);
this.key = key;
this.ioLoop = selectLoop;

}

@Override
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public void write (OFMessage m) throws IOException {
synchronized (outBuf) ({
appendMessageToOutBuf (m) ;
if (!wrote && !needsSelect) {
flush();

}

@Override
public void write (List<OFMessage> 1) throws IOException {
synchronized (outBuf) {
for (OFMessage m : 1) {
appendMessageToOutBuf (m) ;
}
if (!wrote && !needsSelect) {
flush();
}

}

public void flush() throws IOException ({
synchronized (outBuf) {

if (wrote || needsSelect)
return;

outBuf.flip();

try {
sock.write (outBuf) ;

} catch (IOException e) {
log.info ("Detected remote switch hangup {}", sock);
this.writeFailure = true;

}

if (!immediate)
wrote = true;

outBuf.compact () ;

if (outBuf.position() > 0) {
needsSelect = true;

}
}

public boolean needsFlush() {
synchronized (outBuf) {
return outBuf.position() > 0;

}

public boolean getWriteFailure() {
return writeFailure;

}

public boolean getNeedsSelect () {
synchronized (outBuf) {
return needsSelect;
}
}

public void clearWrote() throws IOException {
synchronized (outBuf) {
this.wrote = false;
if (outBuf.position() > 0 && !needsSelect)
flush();

}

public void clearSelect() throws IOException ({
synchronized (outBuf) {
this.wrote = false;
this.needsSelect = false;
if (outBuf.position() > 0)
flush();

}

public SelectionKey getKey () {
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return key;

public IOLoop getIOLoop () {
return ioloop;

}

public boolean getImmediate () {
return immediate;

}

public void setImmediate (boolean immediate) {
this.immediate = immediate;

}

e |Pv4 java

package net.beaconcontroller.packet;

public class IPv4 extends BasePacket {
public static byte PROTOCOL ICMP = 0x1;
public static byte PROTOCOL UDP = 0x11;
public static Map<Byte, Class<? extends IPacket>> protocolClassMap;

static {
protocolClassMap = new HashMap<Byte, Class<? extends IPacket>>();
protocolClassMap.put (PROTOCOL ICMP, ICMP.class);
protocolClassMap.put (PROTOCOL UDP, UDP.class);

}

protected byte version;
protected byte headerLength;
protected byte diffServ;
protected short totallLength;
protected short identification;
protected byte flags;
protected short fragmentOffset;
protected byte ttl;

protected byte protocol;
protected short checksum;
protected int sourceAddress;
protected int destinationAddress;
protected byte[] options;

public IPv4 () {
super () ;
this.version = 4;

public byte getVersion() {
return version;

}

public IPv4 setVersion (byte version) {
this.version = version;
return this;

public byte getHeaderLength() {
return headerLength;

}
public IPv4 setHeaderLength (byte headerLength) {

this.headerLength = headerLength;
return this;
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public byte getDiffServ() {
return diffServ;
}

public IPv4 setDiffServ(byte diffServ) {
this.diffServ = diffServ;
return this;

}

public short getTotalLength() {
return totallength;
}

public IPv4 setTotallength (short totalLength) {
this.totallength = totalLength;
return this;

}

public short getIdentification() {
return identification;

}

public IPv4 setIdentification (short identification)
this.identification = identification;
return this;

}

public byte getFlags () {
return flags;

}

public IPv4 setFlags (byte flags) {
this.flags = flags;
return this;

}

public short getFragmentOffset () {
return fragmentOffset;

}

public IPv4 setFragmentOffset (short fragmentOffset)
this.fragmentOffset = fragmentOffset;
return this;

}

public byte getTtl() {
return ttl;

}

public IPv4 setTtl (byte ttl) {
this.ttl = ttl;
return this;

}

public byte getProtocol () {
return protocol;

}

public IPv4 setProtocol (byte protocol) {
this.protocol = protocol;
return this;

}

public short getChecksum() {
return checksum;

}

public IPv4 setChecksum(short checksum) {
this.checksum = checksum;
return this;

}

public int getSourceAddress () {
return sourceAddress;

}
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public IPv4 setSourceAddress (int sourceAddress) {
this.sourceAddress = sourceAddress;
return this;

}

public IPv4 setSourceAddress (String sourceAddress) {
this.sourceAddress = IPv4.toIPv4Address (sourceAddress) ;
return this;

public int getDestinationAddress () {
return destinationAddress;

}

public IPv4 setDestinationAddress (int destinationAddress) {
this.destinationAddress = destinationAddress;
return this;

}

public IPv4 setDestinationAddress (String destinationAddress) {
this.destinationAddress = IPv4.toIPv4Address(destinationAddress) ;
return this;

}
public byte[] getOptions() {
return options;

}

public IPv4 setOptions (byte[] options) {
if (options != null && (options.length % 4) > 0)
throw new IllegalArgumentException (
"Options length must be a multiple of 4");
this.options = options;
return this;

}

public byte[] serialize() {
byte[] payloadData = null;
if (payload !'= null) {
payload.setParent (this) ;
payloadData = payload.serialize();
}

if (this.headerLength == 0) {

int optionsLength = 0;

if (this.options != null)

optionsLength = this.options.length / 4;

this.headerLength = (byte) (5 + optionsLength);
}
if (this.totalLength == 0) {

this.totallength = (short) (this.headerLength * 4 + ((payloadData == null)

20
payloadData.length)) ;

}
if (this.parent != null && this.parent instanceof Ethernet)

((Ethernet) this.parent) .setEtherType (Ethernet.TYPE IPv4);
byte[] data new byte[this.totallLength];
ByteBuffer bb = ByteBuffer.wrap(data);
bb.put ( (byte) (((this.version & Oxf) << 4) | (this.headerLength & 0xf)));
bb.put (this.diffServ) ;
bb.putShort (this.totalLength) ;
bb.putShort (this.identification);
bb.putShort ((short) (((this.flags & 0x7) << 13) | (this.fragmentOffset &

Ox1fff)));

bb.put (this.ttl);

bb.put (this.protocol) ;

bb.putShort (this.checksum) ;
bb.putInt (this.sourceAddress) ;
bb.putInt (this.destinationAddress);

if (this.options != null)
bb.put (this.options) ;
if (payloadData != null)
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bb.put (payloadData) ;

if (this.checksum == 0) {
bb.rewind() ;
int accumulation = 0;
for (int i = 0; i < this.headerlLength * 2; ++i) {
accumulation += Oxffff & bb.getShort();
}

accumulation = ((accumulation >> 16) & Oxffff)
+ (accumulation & OxXffff);
this.checksum = (short) (~accumulation & Oxffff);

bb.putShort (10, this.checksum) ;
}
return data;
}

@Override

public IPacket deserialize (byte[] data, int offset, int length) {
ByteBuffer bb = ByteBuffer.wrap(data, offset, length);
short sscratch;

this.version = bb.get();

this.headerlLength = (byte) (this.version & 0xf);
this.version = (byte) ((this.version >> 4) & O0xf);
this.diffServ = bb.get();

this.totallength = bb.getShort();
this.identification = bb.getShort();

sscratch = bb.getShort();

this.flags = (byte) ((sscratch >> 13) & 0x7);
this.fragmentOffset = (short) (sscratch & Ox1fff);
this.ttl = bb.get();

this.protocol = bb.get();

this.checksum = bb.getShort();

this.sourceAddress = bb.getInt();
this.destinationAddress = bb.getInt();

if (this.headerLength > 5) {
int optionsLength = (this.headerLength - 5) * 4;
this.options = new byte[optionsLength];
bb.get (this.options);

}

IPacket payload;
if (IPv4.protocolClassMap.containsKey (this.protocol)) {
Class<? extends IPacket> clazz = IPv4.protocolClassMap.get (this.protocol);
try {
payload = clazz.newlInstance();
} catch (Exception e) {
throw new RuntimeException ("Error parsing payload for IPv4 packet",
e);
}
} else {
payload = new Data();
}
this.payload = payload.deserialize(data, bb.position (), bb.limit ()-
bb.position());
this.payload.setParent (this) ;
return this;

}

public static int toIPv4Address (String ipAddress) {
String[] octets = ipAddress.split ("\\.");
if (octets.length != 4)
throw new IllegalArgumentException ("Specified IPv4 address must" +
"contain 4 sets of numerical digits separated by periods");

int result = 0;
for (int 1 = 0; 1 < 4; ++1i) {
result |= Integer.valueOf(octets[i]) << ((3-1)*8);
}
return result;

}

public static String fromIPv4Address (int ipAddress) {
StringBuffer sb = new StringBuffer();
int result = 0;
for (int 1 = 0; 1 < 4; ++1i) {
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result = (ipAddress >> ((3-1)*8)) & Oxff;
sb.append (Integer.valueOf (result) .toString());
if (1 !'= 3)
sb.append (".") ;
}

return sb.toString();

public static String fromIPv4Address (byte[] ipAddress) {
return fromIPv4Address (IPv4.bytesToInt (ipAddress));
}

public static int bytesToInt (byte[] addressByteArray) {
int retval = 0;
for (int 1 = 0; 1 < 4; ++1) {
retval |= (addressByteArray[i] & Oxff) << 8*(3-1i);
}

return retval;

public static byte[] intToBytes (int address) {
byte[] bytes = new byte[4];
for (int 1 = 0; 1 < 4; ++1) {
bytes[i] = (byte) (address >>> (8*(3-1)));
}
return bytes;

}

public static String fromIPv4AddressCollection(Collection<Integer> ipAddresses)
if (ipAddresses == null)
return "null";
StringBuffer sb = new StringBuffer();
sb.append ("[") ;
for (Integer ip : ipAddresses) {
sb.append (fromIPv4Address (ip)) ;
sb.append (",") ;
}
sb.replace(sb.length()-1, sb.length(), "1");
return sb.toString();

public static byte[] toIPv4AddressBytes (String ipAddress) {
String[] octets = ipAddress.split ("\\.");
if (octets.length != 4)
throw new IllegalArgumentException ("Specified IPv4 address must" +
"contain 4 sets of numerical digits separated by periods");

byte[] result = new byte[4];
for (int 1 = 0; i < 4; ++1) {
result[i] = Integer.valueOf (octets[i]) .byteValue();
}
return result;

}

public boolean payloadIsICMP () {
return this.protocol == PROTOCOL ICMP;
}

public boolean payloadIsUDP() {
return this.protocol == PROTOCOL UDP;
}

@Override

public int hashCode () {
final int prime = 2521;
int result = super.hashCode();
result = prime * result + checksum;

result = prime * result + destinationAddress;
result = prime * result + diffServ;

result = prime * result + flags;

result = prime * result + fragmentOffset;
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result = prime * result + headerLength;
result = prime * result + identification;
result = prime * result + Arrays.hashCode(options);
result = prime * result + protocol;
result = prime * result + sourceAddress;
result = prime * result + totalLength;
result = prime * result + ttl;
result = prime * result + version;
return result;
}
@Override
public boolean equals (Object obj) {
if (this == obj)
return true;
if (!super.equals (obj))
return false;
if (! (obj instanceof IPv4))
return false;
IPv4 other = (IPv4) obj;
if (checksum != other.checksum)
return false;
if (destinationAddress != other.destinationAddress)
return false;
if (diffServ != other.diffServ)
return false;
if (flags != other.flags)
return false;
if (fragmentOffset != other.fragmentOffset)
return false;
if (headerLength != other.headerLength)
return false;
if (identification != other.identification)

return false;
if (!Arrays.equals(options, other.options))
return false;

if (protocol != other.protocol)
return false;

if (sourceAddress != other.sourceAddress)
return false;

if (totallength != other.totallLength)
return false;

if (ttl != other.ttl)
return false;

if (version != other.version)

return false;
return true;

e OFEchoReply.java

package org.openflow.protocol;

public class OFEchoReply extends OFEchoRequest {
public static int MINIMUM LENGTH = 8;

public OFEchoReply () {
super () ;

this.type = OFType.ECHO REPLY;
this.length = Ul6.t(MINIMUM LENGTH) ;

e OFEchoRequest.java

package org.openflow.protocol;

public class OFEchoRequest extends OFMessage {
public static int MINIMUM LENGTH = 8;
byte[] payload;

public OFEchoRequest () {
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super () ;
this.type = OFType.ECHO REQUEST;

}

@Override
public void readFrom(ByteBuffer bb) {
super.readFrom (bb) ;
int datalen = this.getLengthU() - MINIMUM LENGTH;
if (datalen > 0) {
this.payload = new byte[datalen];
bb.get (payload) ;

}

public byte[] getPayload() {
return payload;

}

public OFEchoRequest setPayload(byte[] payload) {
this.payload = payload;
return this;

}

@Override
public void writeTo (ByteBuffer bb) ({
super.writeTo (bb) ;
if (payload !'= null)
bb.put (payload) ;
}

@Override
public void computelength() {
this.length = Ul6.t(MINIMUM LENGTH + ((payload != null) ? payload.length

0)):
}
}

e OFError.java

package org.openflow.protocol;

public class OFError extends OFMessage implements OFMessageFactoryAware {
public static int MINIMUM LENGTH = 12;

public enum OFErrorType {
OFPET HELLO FAILED, OFPET BAD REQUEST, OFPET BAD ACTION,
OFPET FLOW_MOD FAILED, OFPET PORT MOD FAILED, OFPET QUEUE OP FAILED

}

public enum OFHelloFailedCode {
OFPHFC INCOMPATIBLE, OFPHFC EPERM

}

public enum OFBadRequestCode {
OFPBRC _BAD VERSION, OFPBRC BAD TYPE, OFPBRC BAD STAT, OFPBRC BAD VENDOR,
OFPBRC _BAD SUBTYPE, OFPBRC _EPERM, OFPBRC BAD LEN, OFPBRC BUFFER EMPTY,
OFPBRC BUFFER UNKNOWN

}

public enum OFBadActionCode {
OFPBAC BAD TYPE, OFPBAC BAD LEN, OFPBAC BAD VENDOR, OFPBAC BAD VENDOR TYPE,
OFPBAC BAD OUT PORT, OFPBAC BAD ARGUMENT, OFPBAC EPERM, OFPBAC TOO MANY,
OFPBAC _BAD QUEUE
}

public enum OFFlowModFailedCode {
OFPFMFC _ALL TABLES FULL, OFPFMFC OVERLAP, OFPFMFC EPERM,
OFPFMFC BAD EMERG TIMEOUT, OFPFMFC BAD COMMAND, OFPFMEFC UNSUPPORTED

}

public enum OFPortModFailedCode {
OFPPMFC_BAD PORT, OFPPMFC BAD HW _ADDR

}

public enum OFQueueOpFailedCode {
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OFPQOFC BAD PORT, OFPQOFC BAD QUEUE, OFPQOFC EPERM
}

protected short errorType;
protected short errorCode;
protected OFMessageFactory factory;
protected byte[] error;

protected boolean errorIsAscii;

public OFError () {
super () ;
this.type = OFType.ERROR;
this.length = Ul6.t (MINIMUM LENGTH) ;
}

public short getErrorType () {
return errorType;

}

public OFError setErrorType (short errorType) {
this.errorType = errorType;
return this;

}

public OFError setErrorType (OFErrorType type) {
this.errorType = (short) type.ordinal();
return this;

}

public short getErrorCode () {
return errorCode;

}

public OFError setErrorCode (OFHelloFailedCode code) {
this.errorCode = (short) code.ordinal ();
return this;

}

public OFError setErrorCode (short errorCode) {
this.errorCode = errorCode;
return this;

}

public OFError setErrorCode (OFBadRequestCode code) {
this.errorCode = (short) code.ordinal () ;
return this;

}

public OFError setErrorCode (OFBadActionCode code) {
this.errorCode = (short) code.ordinal () ;
return this;

}

public OFError setErrorCode (OFFlowModFailedCode code) {
this.errorCode = (short) code.ordinal () ;
return this;

}

public OFError setErrorCode (OFPortModFailedCode code) {
this.errorCode = (short) code.ordinal () ;
return this;

}

public OFError setErrorCode (OFQueueOpFailedCode code) {
this.errorCode = (short) code.ordinal () ;
return this;

}

public OFMessage getOffendingMsg() {
if (this.error == null)
return null;
ByteBuffer errorMsg = ByteBuffer.wrap(this.error);

if (factory == null)
throw new RuntimeException ("MessageFactory not set");
List<OFMessage> messages = this.factory.parseMessages (errorMsg,
error.length);
if (messages.size() > 0)
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return messages.get (0);
else
return null;

}

public OFError setOffendingMsg (OFMessage offendingMsg) {
if (offendingMsg == null) ({
super.setLengthU (MINIMUM LENGTH) ;
} else {
this.error = new byte[offendingMsg.getLengthU()];
ByteBuffer data = ByteBuffer.wrap(this.error);
offendingMsg.writeTo (data) ;
super.setLengthU (MINIMUM LENGTH + offendingMsg.getLengthU());
}
return this;

}

public OFMessageFactory getFactory () {
return factory;
}

@Override

public void setMessageFactory (OFMessageFactory factory) {
this.factory = factory;

}

public byte[] getError() {
return error;

}

public OFError setError (byte[] error) {
this.error = error;
return this;

}

public boolean isErrorIsAscii() {
return errorIsAscii;

}

public OFError setErrorIsAscii(boolean errorIsAscii) {
this.errorIsAscii = errorIsAscii;
return this;

}

@Override
public void readFrom(ByteBuffer data) {
super.readFrom(data) ;
this.errorType = data.getShort();
this.errorCode = data.getShort();
int datalength = this.getLengthU() - MINIMUM LENGTH;
if (dataLength > 0) {
this.error = new byte[datalLength];
data.get (this.error);
if (this.errorType == OFErrorType.OFPET HELLO FAILED.ordinal ()
this.errorIsAscii = true;

}

@Override
public void writeTo (ByteBuffer data) {
super.writeTo (data) ;
data.putShort (errorType) ;
data.putShort (errorCode) ;
if (error != null)
data.put (error);

}

@Override
public int hashCode () {
final int prime = 31;
int result = super.hashCode();
result = prime * result + Arrays.hashCode (error) ;
result = prime * result + errorCode;
result = prime * result + (errorIsAscii ? 1231 : 1237);
result = prime * result + errorType;
return result;
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@Override
public boolean equals (Object obj) {
if (this == obj)
return true;
if (!super.equals (obj))
return false;

if (getClass() != obj.getClass())
return false;
OFError other = (OFError) obj;

if (!Arrays.equals(error, other.error))
return false;

if (errorCode != other.errorCode)
return false;

if (errorIsAscii != other.errorIsAscii)
return false;

if (errorType != other.errorType)

return false;
return true;

}

@Override
public void computelength() {
this.length = Ul6.t(MINIMUM LENGTH + ((error != null) ? error.length

}
}

e OFFeaturesReply.java

package org.openflow.protocol;

public class OFFeaturesReply extends OFMessage {
public static int MINIMUM LENGTH = 32;

public enum OFCapabilities {

OFPC_FLOW_STATS (1 << 0),
OFPC_TABLE STATS (1 << 1),
OFPC_PORT_STATS (1 << 2),
OFPC_STP (1 << 3),
OFPC_RESERVED (1 << 4),
OFPC_TP REASM (1 << 5),
OFPC_QUEUE_STATS (1 << 6),
OFPC_ARP MATCH IP (1 << 7);

protected int value;

private OFCapabilities (int value) {
this.value = value;

}

public int getValue () {
return value;
}
}

protected long datapathId;

protected int buffers;

protected byte tables;

protected int capabilities;
protected int actions;

protected List<OFPhysicalPort> ports;

public OFFeaturesReply () {
super () ;
this.type = OFType.FEATURES REPLY;
this.length = Ul6.t(MINIMUM LENGTH) ;
}

public long getDatapathId() {
return datapathId;

}

public OFFeaturesReply setDatapathId(long datapathId) {
this.datapathId = datapathId;
return this;
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}

public int getBuffers() {
return buffers;

}

public OFFeaturesReply setBuffers(int buffers) {
this.buffers = buffers;
return this;

}

public byte getTables () {
return tables;

}

public OFFeaturesReply setTables (byte tables) {
this.tables = tables;
return this;

}

public int getCapabilities() {
return capabilities;

}

public OFFeaturesReply setCapabilities (int capabilities) {
this.capabilities = capabilities;
return this;

}

public int getActions () {
return actions;

}

public OFFeaturesReply setActions (int actions) {
this.actions = actions;
return this;

public List<OFPhysicalPort> getPorts() {
return ports;

}

public Map<Short, OFPhysicalPort> getPortMap () {
Map<Short, OFPhysicalPort> map = new HashMap<Short, OFPhysicalPort>();
if (this.ports != null) {
for (OFPhysicalPort port : this.ports) {
map.put (port.getPortNumber (), port);
}
}
return map;

}

public OFFeaturesReply setPorts (List<OFPhysicalPort> ports) {
this.ports = ports;

if (ports == null) ({
this.setLengthU(MINIMUM_LENGTH);
} else {

this.setLengthU (MINIMUM LENGTH + ports.size ()
* OFPhysicalPort.MINIMUM LENGTH) ;
}
return this;

}

@Override

public void readFrom (ByteBuffer data) {
super.readFrom(data) ;
this.datapathId = data.getLong() ;
this.buffers = data.getInt();
this.tables = data.get();
data.position(data.position() + 3); // pad
this.capabilities = data.getInt();
this.actions = data.getInt();

if (this.ports == null) {
this.ports = new ArrayList<OFPhysicalPort>();
} else {

this.ports.clear();
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}

}
int portCount = (super.getLengthU() - 32)
/ OFPhysicalPort.MINIMUM LENGTH;

OFPhysicalPort port;

for (int i = 0; i < portCount; ++i) {
port = new OFPhysicalPort();
port.readFrom(data) ;
this.ports.add(port);

@Override
public void writeTo (ByteBuffer data) {

}

super.writeTo (data);
data.putLong (this.datapathId) ;
data.putInt (this.buffers);
data.put (this.tables) ;
data.putShort ( (short) 0); // pad
data.put ( (byte) 0); // pad
data.putInt (this.capabilities);
data.putlInt (this.actions);
if (this.ports != null)
for (OFPhysicalPort port : this.ports)
port.writeTo (data);

}

@Override
public int hashCode () {

}

final int prime = 139;

int result = super.hashCode();

result = prime * result + actions;
result = prime result buffers;
result = prime result capabilities;

result
result

((ports == null)
tables;

result = prime
result = prime
return result;

* +
* +
result = prime * result + (int) (datapathId *
* +
* +

@Override
public boolean equals (Object obj) {

if (this == obj) {
return true;
}
if (!super.equals(obj)) {
return false;
}
if (! (obj instanceof OFFeaturesReply)) {
return false;
}
OFFeaturesReply other = (OFFeaturesReply)
if (actions != other.actions) {
return false;

if (buffers != other.buffers) {
return false;

if (capabilities != other.capabilities) {
return false;

if (datapathId != other.datapathId) {
return false;

if (ports == null) {
if (other.ports != null) {
return false;
}
} else if (!ports.equals (other.ports)) {
return false;
}
if (tables != other.tables) {
return false;
}

return true;
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@Override
public void computelLength() {
this.length = Ul6.t(MINIMUM LENGTH + ((ports != null) ? (ports.size() *
OFPhysicalPort.MINIMUM LENGTH) : 0));
}
}

e OFGetConfigReply.java

package org.openflow.protocol;

public class OFGetConfigReply extends OFSwitchConfig {
public OFGetConfigReply () {
super () ;
this.type = OFType.GET CONFIG REPLY;

e OFMatch.java

package org.openflow.protocol;
public class OFMatch implements Cloneable, Serializable {

private static final long serialVersionUID = 1L;
public static int MINIMUM LENGTH = 40;

final public static int OFPFW ALL = ((1 << 22) - 1);

final public static int OFPFW IN PORT = 1 << 0;
final public static int OFPFW DL VLAN = 1 << 1;
final public static int OFPFW DL SRC = 1 << 2;
final public static int OFPFW DL DST = 1 << 3;

final public static int OFPFW DL TYPE = 1 << 4;
final public static int OFPFW NW PROTO = 1 << 5;
final public static int OFPFW TP SRC = 1 << 6;
final public static int OFPFW TP DST = 1 << 7;

final public static int OFPFW NW SRC SHIFT = 8;

final public static int OFPFW NW SRC BITS = 6;

final public static int OFPFW NW _SRC MASK = ((1 << OFPFW _NW_SRC BITS) - 1) <<
OFPFW_NW_SRC_SHIFT;

final public static int OFPFW NW SRC ALL = 32 << OFPFW_NW_SRC SHIFT;

final public static int OFPFW NW DST SHIFT = 14;

final public static int OFPFW NW DST BITS = 6;

final public static int OFPFW NW DST MASK = ((1 << OFPFW _NW_DST BITS) - 1) <<
OFPFW NW DST SHIFT;

final public static int OFPFW NW DST ALL = 32 << OFPFW NW DST SHIFT;

final public static int OFPFW DL VLAN PCP = 1 << 20;
final public static int OFPFW NW TOS = 1 << 21;

public static final short OFP VLAN NONE = (short) Oxffff;
final public static String STR IN PORT = "in port";
final public static String STR DL DST = "dl dst";

final public static String STR DL SRC = "dl src";

final public static String STR DL TYPE = "dl type";
final public static String STR DL VLAN = "dl vlan";
final public static String STR DL VLAN PCP = "dl vpcp";
final public static String STR NW DST = "nw_dst";

final public static String STR NW SRC = "nw_src";

final public static String STR NW _PROTO = "nw_proto";
final public static String STR NW _TOS = "nw_tos";

final public static String STR TP DST = "tp_dst";

final public static String STR TP SRC = "tp_src";

protected int wildcards;

protected short inputPort;

protected byte[] datalayerSource;

protected byte[] datalayerDestination;

protected short datalayerVirtualLan;

protected byte datalayerVirtuallLanPriorityCodePoint;
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protected short datalayerType;
protected byte networkTypeOfService;
protected byte networkProtocol;
protected int networkSource;
protected int networkDestination;
protected short transportSource;
protected short transportDestination;

public OFMatch () {
this.wildcards = OFPFW _ALL;
this.datalayerDestination = new byte[6];
this.datalayerSource = new byte[6];

}

public byte[] getDatalayerDestination() {
return this.datalayerDestination;

}

public OFMatch setDatalayerDestination (byte[] datalayerDestination)
this.datalayerDestination = datalayerDestination;
return this;

}

public OFMatch setDatalayerDestination (String mac) {
byte bytes[] = HexString.fromHexString(mac) ;
if (bytes.length != 6)
throw new IllegalArgumentException (

"expected string with 6 octets, got '"™ + mac + "'");

this.datalayerDestination = bytes;
return this;

}

public byte[] getDatalayerSource () {
return this.datalayerSource;

}

public OFMatch setDatalayerSource (byte[] datalayerSource) {
this.datalayerSource = datalayerSource;
return this;

}

public OFMatch setDatalayerSource (String mac) {
byte bytes[] = HexString.fromHexString(mac) ;
if (bytes.length != 6)
throw new IllegalArgumentException (

"expected string with 6 octets, got '" + mac + "'");

this.datalayerSource = bytes;
return this;

}

public short getDatalayerType () {
return this.datalayerType;

}

public OFMatch setDatalayerType (short datalayerType) {
this.datalayerType = datalayerType;
return this;

}

public short getDatalayerVirtualLan() {
return this.datalayerVirtuallLan;

}

public OFMatch setDatalayerVirtuallan (short datalayerVirtualLan) {
this.datalayerVirtuallLan = datalayerVirtualLan;
return this;

}

public byte getDatalayerVirtuallanPriorityCodePoint () {
return this.datalayerVirtuallLanPriorityCodePoint;

}
public OFMatch setDatalayerVirtuallLanPriorityCodePoint (byte pcp) {

this.datalayerVirtuallLanPriorityCodePoint = pcp;
return this;
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public short getInputPort() {
return this.inputPort;
}

public OFMatch setInputPort (short inputPort) {
this.inputPort = inputPort;
return this;

}

public int getNetworkDestination () ({
return this.networkDestination;

}

public OFMatch setNetworkDestination (int networkDestination) {
this.networkDestination = networkDestination;
return this;

}

public int getNetworkDestinationMaskLen () {
return Math
.max (32 - ((wildcards & OFPFW NW DST MASK) >> OFPFW NW DST SHIFT),
0);
}

public int getNetworkSourceMaskLen () {
return Math
.max (32 - ((wildcards & OFPFW NW SRC MASK) >> OFPFW NW SRC SHIFT),
0);
}

public byte getNetworkProtocol () {
return this.networkProtocol;

}

public OFMatch setNetworkProtocol (byte networkProtocol) {
this.networkProtocol = networkProtocol;
return this;

}

public int getNetworkSource () {
return this.networkSource;

}

public OFMatch setNetworkSource (int networkSource) {
this.networkSource = networkSource;
return this;

}

public byte getNetworkTypeOfService () {
return this.networkTypeOfService;

}

public OFMatch setNetworkTypeOfService (byte networkTypeOfService) {
this.networkTypeOfService = networkTypeOfService;
return this;

}

public short getTransportDestination() {
return this.transportDestination;

}

public OFMatch setTransportDestination (short transportDestination) {
this.transportDestination = transportDestination;
return this;

}

public short getTransportSource() {
return this.transportSource;

}

public OFMatch setTransportSource (short transportSource) ({
this.transportSource = transportSource;
return this;

}

public int getWildcards() {
return this.wildcards;
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}

public OFMatch setWildcards (int wildcards) {
this.wildcards = wildcards;
return this;

}

public static OFMatch load(byte[] packetData, short inputPort) {
OFMatch ofm = new OFMatch () ;
return ofm.loadFromPacket (packetData, inputPort);

}

public OFMatch loadFromPacket (byte[] packetData, short inputPort) {
short scratch;
int transportOffset = 34;
ByteBuffer packetDataBB = ByteBuffer.wrap(packetData) ;
int limit = packetDataBB.limit () ;

this.wildcards = 0; // all fields have explicit entries
this.inputPort = inputPort;

if (inputPort == OFPort.OFPP ALL.getValue())
this.wildcards |= OFPFW _IN PORT;

assert (limit >= 14);
this.datalayerDestination = new byte[6];
packetDataBB.get (this.datalayerDestination);
this.datalayerSource = new byte[6];
packetDataBB.get (this.datalLayerSource) ;
this.datalayerType = packetDataBB.getShort();

if (getDatalayerType () != (short) 0x8100) {
setDatalayerVirtuallan ( (short) Oxffff);
setDatalayerVirtuallanPriorityCodePoint ( (byte) 0);
} else {

scratch = packetDataBB.getShort () ;

setDatalayerVirtuallan ( (short) (Oxfff & scratch));

setDatalayerVirtuallLanPriorityCodePoint ( (byte) ((0xe000 & scratch) >>
13));

this.datalayerType = packetDataBB.getShort () ;

}

switch (getDatalayerType()) {
case 0x0800:

scratch = packetDataBB.get () ;

scratch = (short) (0xf & scratch);

transportOffset = (packetDataBB.position() - 1) + (scratch * 4);
scratch = packetDataBB.get () ;

setNetworkTypeOfService ( (byte) ((0Oxfc & scratch) >> 2));

packetDataBB.position (packetDataBB.position () + 7);
this.networkProtocol = packetDataBB.get();
packetDataBB.position (packetDataBB.position () + 2);
this.networkSource = packetDataBB.getInt () ;
this.networkDestination = packetDataBB.getInt();
packetDataBB.position (transportOffset) ;
break;

case 0x0806:

int arpPos = packetDataBB.position();
scratch = packetDataBB.getShort (arpPos + 6);
setNetworkProtocol ( (byte) (0xff & scratch));

scratch = packetDataBB.getShort (arpPos + 2);

if (scratch == 0x800 && packetDataBB.get (arpPos + 5) == 4) {
this.networkSource = packetDataBB.getInt (arpPos + 14);
this.networkDestination = packetDataBB.getInt (arpPos + 24);

} else {
setNetworkSource (0) ;
setNetworkDestination (0) ;

}

break;

default:
setNetworkTypeOfService ( (byte) 0);
setNetworkProtocol ( (byte) O0);
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setNetworkSource (0) ;
setNetworkDestination (0) ;
break;

}

switch (getNetworkProtocol()) {

case 0x01:
this.transportSource = U8. f(packetDataBB.get());
this.transportDestination = U8. f(packetDataBB.get ()):;
break;

case 0x06:
this.transportSource = packetDataBB.getShort () ;
this.transportDestination = packetDataBB.getShort () ;
break;

case 0x11:
this.transportSource = packetDataBB.getShort () ;
this.transportDestination = packetDataBB.getShort () ;
break;

default:
setTransportDestination ( (short) O0);
setTransportSource ( (short) 0);
break;

}

return this;

}

public void readFrom(ByteBuffer data) {
this.wildcards = data.getInt();
this.inputPort = data.getShort();
this.datalayerSource = new byte[6];
data.get (this.datalLayerSource) ;
this.datalayerDestination = new byte[6];
data.get (this.datalayerDestination);
this.datalayerVirtuallan = data.getShort();
this.datalayerVirtuallLanPriorityCodePoint =
data.get(); // pad
this.datalayerType = data.getShort();
this.networkTypeOfService = data.get();
this.networkProtocol = data.get();

data.get () ;

data.get(); // pad
data.get(); // pad
this.networkSource = data.getInt();

this.networkDestination = data.getInt();

this.transportSource = data.getShort();

this.transportDestination = data.getShort();
}

public void writeTo (ByteBuffer data) {
data.putlInt (wildcards) ;
data.putShort (inputPort) ;
data.put (this.datalayerSource) ;
data.put (this.datalayerDestination);
data.putShort (datalayerVirtualLan) ;
data.put (datalayerVirtuallanPriorityCodePoint) ;
data.put ( (byte) 0x0); // pad
data.putShort (datalayerType) ;
data.put (networkTypeOfService) ;
data.put (networkProtocol) ;
data.put ( (byte) 0x0); // pad
data.put ( (byte) 0x0); // pad
data.putInt (networkSource) ;
data.putlInt (networkDestination) ;
data.putShort (transportSource) ;
data.putShort (transportDestination) ;

}

@Override

public int hashCode () {
final int prime = 131;
int result = 1;

result = prime * result + Arrays.hashCode(datalayerDestination);
result = prime * result + Arrays.hashCode (datalayerSource) ;
result = prime * result + datalayerType;

result = prime * result + datalayerVirtuallan;

result = prime * result + datalayerVirtualLanPriorityCodePoint;
result = prime * result + inputPort;

result = prime * result + networkDestination;
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result = prime * result + networkProtocol;
result = prime * result + networkSource;
result = prime * result + networkTypeOfService;
result = prime * result + transportDestination;
result = prime * result + transportSource;
result = prime * result + canonicalizeWildcards (wildcards);
return result;
}
@Override
public boolean equals (Object obj) {
if (this == obj) {
return true;
}
if (obj == null) {
return false;
}
if (! (obj instanceof OFMatch)) {
return false;
}
OFMatch other = (OFMatch) obj;
if (!Arrays.equals(datalayerDestination, other.datalayerDestination)) {

return false;

}

if (!Arrays.equals(datalayerSource, other.datalayerSource)) {
return false;

}

if (datalayerType != other.datalLayerType) {
return false;

}
if (datalayerVirtuallan != other.datalayerVirtuallan) {

return false;

}

if (datalayerVirtuallanPriorityCodePoint !=

other.datalayerVirtuallanPriorityCodePoint) {

return false;

}

if (inputPort != other.inputPort) {
return false;

if (networkDestination != other.networkDestination) {
return false;

if (networkProtocol != other.networkProtocol) {
return false;

if (networkSource != other.networkSource) {
return false;

if (networkTypeOfService != other.networkTypeOfService) {
return false;

if (transportDestination != other.transportDestination) {
return false;

if (transportSource != other.transportSource) {
return false;

if (canonicalizeWildcards((wildcards & OFMatch.OFPFW ALL)) !=
canonicalizeWildcards ( (other.wildcards & OFPFW ALL))) { // only
return false;

}

return true;

}

@Override
public OFMatch clone() {
try {
OFMatch ret = (OFMatch) super.clone();

ret.datalayerDestination = this.datalayerDestination.clone();
ret.datalayerSource = this.datalayerSource.clone();
return ret;
} catch (CloneNotSupportedException e) {
throw new RuntimeException (e);
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@Override
public String toString() {
String str = "";

if ((wildcards & OFPFW_IN PORT) == 0)
str += "," + STR IN PORT + "=" + Ul6.f(this.inputPort);

if ((wildcards & OFPFW DL DST) == 0)
str += "," + STR DL DST + "="
+ HexString. toHexString(this.datalayerDestination);
if ((wildcards & OFPFW DL SRC) == 0)
str += "," + STR DL SRC + "="
+ HexString. toHexString(this.datalayerSource) ;
if ((wildcards & OFPFW DL TYPE) == 0)
str += "," + STR DL TYPE + "=0x"
+ Integer.toHexString(Ul6. f(this.datalLayerType));
if ((wildcards & OFPFW DL VLAN) == 0)
str += "," + STR DL VLAN + "=0x"
+ Integer.toHexString(Ul6. f(this.datalayerVirtuallLan));
if ((wildcards & OFPFW DL VLAN PCP) == 0)
str += ","
+ STR DL VLAN PCP
L omen
+ Integer.toHexString (U8
.f(this.datalayerVirtualLanPriorityCodePoint)) ;

if (getNetworkDestinationMaskLen () > 0)
str += ", "
+ STR_NW_DST
+ =
+ cidrToString (networkDestination,
getNetworkDestinationMaskLen()) ;
if (getNetworkSourceMaskLen() > 0)
str += "," + STR NW_SRC + "="
+ cidrToString (networkSource, getNetworkSourceMaskLen());
if ((wildcards & OFPFW _NW PROTO) == 0)

str += "," + STR NW PROTO + "=" + U8.f(this.networkProtocol);
if ((wildcards & OFPFW _NW_TOS) == 0)

str += "," + STR NW TOS + "=" + U8.f(this.networkTypeOfService);
if ((wildcards & OFPFW_TP DST) == 0)

str += "," + STR TP DST + "=" + Ul6.f(this.transportDestination);
if ((wildcards & OFPFW TP SRC) == 0)

str += "," + STR TP SRC + "=" + Ul6.f(this.transportSource);
if ((str.length() > 0) && (str.charAt(0) == ',"))

str = str.substring(l);

return "OFMatch[" + str + "]";

}

private String cidrToString(int ip, int prefix) {
String str;
if (prefix >= 32) {
str = ipToString(ip);
} else {
int mask = ~((1 << (32 - prefix)) - 1);
str = ipToString(ip & mask) + "/" + prefix;
}

return str;

public void fromString(String match) throws IllegalArgumentException {

if (match.equals("") || match.equalsIgnoreCase ("any")
|| match.equalsIgnoreCase("all") || match.equals("[]"))
match = "OFMatch[]";

String[] tokens = match.split ("[\\[,\\]11");
String[] values;
int initArg = 0;
if (tokens[0].equals ("OFMatch"))
initArg = 1;
this.wildcards = OFPFW _ALL;

int i;

for (i = initArg; i < tokens.length; i++) {
values = tokens[i].split("=");
if (values.length != 2)

throw new IllegalArgumentException ("Token " + tokens[i]
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+ " does not have form 'key=value' parsing " + match);
values[0] = values[0].toLowerCase(); // try to make this case insens
if (values[0].equals(STR IN PORT) || values[0].equals("input port")) {

this.inputPort = Ul6.t(Integer.valueOf (values[1l]));
this.wildcards &= ~OFPFW_IN_ PORT;
} else if (values[0].equals(STR DL DST)
|| values[0].equals("eth dst")) {
this.datalayerDestination = HexString.fromHexString(values[1l]);
this.wildcards &= ~OFPFW DL DST;
} else if (values[0].equals(STR DL SRC)
|| values[0].equals("eth src")) {
this.datalayerSource = HexString.fromHexString(values([1l]);
this.wildcards &= ~OFPFW DL SRC;
} else if (values[0].equals(STR DL TYPE)
|| values[0].equals("eth type")) {
if (values[l].startsWith("0x"))
this.datalayerType = Ul6.t(Integer.valueOf (
values[l].replaceFirst ("0x", ""), 16));
else
this.datalayerType = Ul6.t(Integer.valueOf (values[1l]));
this.wildcards &= ~OFPFW DL TYPE;
} else if (values[0].equals(STR DL VLAN)) {

if (values[1l].contains ("0x")) {
this.datalayerVirtualLan = Ul6. t (Integer.valueOf (
values[1l].replaceFirst ("0x", ""), 16));
} else {

this.datalayerVirtuallLan = Ul6.t(Integer.valueOf(values[1l]));
}
this.wildcards &= ~OFPFW DL VLAN;
} else if (values[0].equals(STR DL VLAN PCP)) {
this.datalayerVirtuallLanPriorityCodePoint = U8.t (Short
.valueOf (values|[1]));
this.wildcards &= ~OFPFW DL VLAN PCP;
} else if (values[0].equals(STR NW DST)
|| values[0].equals("ip dst"))
setFromCIDR (values[1], STR NW DST);

else if (values[0].equals(STR NW SRC) || values[0].equals("ip src"))
setFromCIDR (values[1], STR NW SRC);

else if (values[0].equals(STR NW PROTO)) {
this.networkProtocol = U8.t(Short.valueOf(values|[1l]));
this.wildcards &= ~OFPFW NW_PROTO;

} else if (values[0].equals(STR NW TOS)) {
this.networkTypeOfService = U8.t(Short.valueOf(values[l]));
this.wildcards &= ~OFPFW_NW_TOS;

} else if (values[0].equals(STR TP DST)) {
this.transportDestination = Ul6.t(Integer.valueOf (values[1l]));
this.wildcards &= ~OFPFW TP DST;

} else if (values[0].equals(STR TP SRC)) {
this.transportSource = Ul6.t(Integer.valueOf(values[1l]));
this.wildcards &= ~OFPFW_TP SRC;

} else
throw new IllegalArgumentException ("unknown token " + tokens[i]

+ " parsing " + match);

private void setFromCIDR(String cidr, String which)
throws IllegalArgumentException {

String values[] = cidr.split("/");
String[] ip str = values[0].split ("\\.");
int ip = 0;

ip += Integer.valueOf(ip_str[0]) << 24;
ip += Integer.valueOf(ip_str[l]) << 16;
ip += Integer.valueOf(ip str([2]) << 8;

ip += Integer.valueOf(ip str([3]);

int prefix = 32;

if (values.length >= 2)
prefix = Integer.valueOf(values[l]);

int mask = 32 - prefix;

if (which.equals(STR NW DST)) {
this.networkDestination = ip;
this.wildcards = (wildcards & ~OFPFW_NW_DST MASK)

| (mask << OFPFW_NW _DST SHIFT);

} else if (which.equals(STR NW SRC)) {

this.networkSource = ip;
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this.wildcards = (wildcards & ~OFPFW NW SRC MASK)
| (mask << OFPFW NW SRC SHIFT);

}

public static String ipToString(int ip) {
return Integer.toString(U8.f((byte) ((ip & Oxff000000) >> 24))) + "."
+ Integer.toString((ip & 0x00££0000) >> 16) + "."
+ Integer.toString((ip & 0x0000££00) >> 8) + "."
+ Integer.toString(ip & 0x000000ff);
}

/~k~k
public OFMatch reverse (short inputPort, boolean wildcardInputPort) {
OFMatch ret = this.clone();

// Set the input port
if (wildcardInputPort) {
ret.inputPort = 0;

ret.wildcards |= OFPFW IN PORT;
} else { o
ret.inputPort = inputPort;
ret.wildcards &= ~OFPFW _IN PORT;
}
ret.datalayerDestination = this.datalayerSource.clone();
ret.datalayerSource = this.datalayerDestination.clone();

ret.networkDestination = this.networkSource;
ret.networkSource = this.networkDestination;

ret.transportDestination = this.transportSource;
ret.transportSource = this.transportDestination;

ret.wildcards &= ~(OFPFW DL DST | OFPFW DL SRC |
OFPFW _NW DST MASK | OFPFW NW SRC MASK |
OFPFW TP DST | OFPFW TP SRC);

ret.wildcards_l: ((this.wildcards & OFPFW DL DST) != 0 ) ? OFPFW DL SRC : 0;

ret.wildcards |= ((this.wildcards & OFPFW DL SRC) != 0 ) ? OFPFW DL DST : 0;

ret.wildcards |= (((this.wildcards & OFPFW NW DST MASK) >> OFPFW NW DST SHIFT)
<< OFPFW_NW_SRC_SHIFT) ;

ret.wildcards |= (((this.wildcards & OFPFW NW SRC MASK) >> OFPFW NW SRC SHIFT)
<< OFPFW NW DST SHIFT);

ret.wildcards |= ((this.wildcards & OFPFW TP _DST) != 0 ) ? OFPFW TP SRC : 0;

ret.wildcards |= ((this.wildcards & OFPFW TP SRC) != 0 ) ? OFPFW TP DST : 0;

return ret;

}

public boolean subsumes (OFMatch match) {
if ((wildcards & OFPFW _IN PORT) == 0) {
if (inputPort != match.inputPort) {
return false;

if ((wildcards & OFPFW DL DST) == 0) {
if (!Arrays.equals(datalayerDestination, match.datalayerDestination)) {
return false;

}

if ((wildcards & OFPFW DL SRC) == 0) {
if (!Arrays.equals(datalayerSource, match.datalayerSource)) {
return false;

}

if ((wildcards & OFPFW DL TYPE) == 0) {
if (datalayerType != match.datalayerType) {
return false;

}
if ((wildcards & OFPFW DL VLAN) == 0) {
if (datalayerVirtuallan!= match.datalayerVirtualLan) {

return false;

}

if ((wildcards & OFPFW DI VLAN PCP) == 0) {
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if (datalayerVirtuallLanPriorityCodePoint !=
match.datalayerVirtualLanPriorityCodePoint) {
return false;
}
}

int maskLen = getNetworkDestinationMaskLen () ;
if (maskLen > match.getNetworkDestinationMaskLen()) {
return false;
}
int mask = (maskLen == 0) ? 0 : (Oxffffffff << (32 - maskLen));
if ((networkDestination & mask) != (match.networkDestination & mask)) {
return false;
}
maskLen = getNetworkSourceMaskLen () ;
if (maskLen > match.getNetworkSourceMaskLen ()) {
return false;
}
mask = (maskLen == 0) ? 0 : (Oxffffffff << (32 - maskLen));
if ((networkSource & mask) != (match.networkSource & mask)) {
return false;
}
if ((wildcards & OFPFW NW PROTO) == 0) {
if (networkProtocol != match.networkProtocol) {
return false;

}

if ((wildcards & OFPFW _NW _TOS) == 0) {
if (networkTypeOfService != match.networkTypeOfService) {
return false;

}

if ((wildcards & OFPFW TP DST) == 0) {
if (transportDestination != match.transportDestination) {
return false;

}

if ((wildcards & OFPFW TP SRC) == 0) {
if (transportSource != match.transportSource) {
return false;
}
}

return true;

}

protected int canonicalizeWildcards (int wc) {

if ((wc & OFPFW NW SRC ALL) != 0)

wec = (wc & ~OFPFW _NW_SRC MASK) | OFPFW _NW_SRC ALL;
if ((wc & OFPFW NW _DST ALL) != 0)

wec = (wc & ~OFPFW NW DST MASK) | OFPFW NW DST ALL;

return wc;

e OFPort.java

package org.openflow.protocol;

public enum OFPort ({

OFPP MAX ((short) 0x£f£f00),
OFPP_IN PORT ((short) 0xfff8),
OFPP_TABLE ((short) 0xfff9),
OFPP NORMAL ((short) Oxfffa),
OFPP _FLOOD ( (short) Oxfffb),
OFPP ALL ((short) Oxfffc),
OFPP _CONTROLLER ((short) Oxfffd),
OFPP LOCAL ( (short) Oxfffe),
OFPP NONE ((short) Oxffff);

protected short value;
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private OFPort (short value) {
this.value = value;

}

public short getValue() {
return value;

}

e OFSetConfig.java

package org.openflow.protocol;

public class OFSetConfig extends OFSwitchConfig {
public OFSetConfig() {
super () ;
this.type = OFType.SET CONFIG;

e  OFStatisticsReply.java

package org.openflow.protocol;
import java.util.List;

import org.openflow.protocol.statistics.OFStatistics;
import org.openflow.util.Ul6;

public class OFStatisticsReply extends OFStatisticsMessageBase {
public enum OFStatisticsReplyFlags {
REPLY MORE (1 << 0);

protected short type;

OFStatisticsReplyFlags (int type) {
this.type = (short) type;
}

public short getTypeValue() {
return type;
}
}

public List<OFStatistics> getStatistics() {
return statistics;

}

public OFStatisticsMessageBase setStatistics (List<OFStatistics> statistics) {
this.statistics = statistics;
return this;

}

public OFStatisticsReply () {
super () ;
this.type = OFType.STATS REPLY;
this.length = Ul6.t(OFStatisticsMessageBase.MINIMUM LENGTH) ;

e (OFStatisticsRequest.java

package org.openflow.protocol;

public class OFStatisticsRequest extends OFStatisticsMessageBase {
public OFStatisticsRequest () {
super () ;
this.type = OFType.STATS REQUEST;
this.length = Ul6.t(OFStatisticsMessageBase.MINIMUM LENGTH) ;
}

public OFStatistics getStatistics() {
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if (statistics == null)
return null;
else if (statistics.size() == 0)
return null;
else
return statistics.get (0);
}

public OFStatisticsRequest setStatistics (OFStatistics statistics) {
this.statistics = Collections.singletonList(statistics);
return this;

e OFType.java

package org.openflow.protocol;

public enum OFType {
HELLO (0, OFHello.class, new Instantiable<OFMessage>() {
@Override
public OFMessage instantiate() {
return new OFHello();
PH) .
ERROR (1, OFError.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFError();
PH) .
ECHO REQUEST (2, OFEchoRequest.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFEchoRequest () ;
PH)
ECHO REPLY (3, OFEchoReply.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFEchoReply () ;
PH)
VENDOR (4, OFVendor.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFVendor () ;
PH) .
FEATURES REQUEST (5, OFFeaturesRequest.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFFeaturesRequest();
PH) .
FEATURES REPLY (6, OFFeaturesReply.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFFeaturesReply();
PH) .
GET CONFIG REQUEST (7, OFGetConfigRequest.class, new Instantiable<OFMessage>() {
@Override
public OFMessage instantiate() {
return new OFGetConfigRequest () ;
PH)
GET CONFIG REPLY (8, OFGetConfigReply.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFGetConfigReply();
PH)
SET CONFIG (9, OFSetConfig.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFSetConfig();
Ph)
PACKET IN (10, OFPacketIn.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFPacketIn();
PH) .
FLOW_REMOVED (11, OFFlowRemoved.class, new Instantiable<OFMessage> () {
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@Override
public OFMessage instantiate() {
return new OFFlowRemoved () ;
Py
PORT STATUS (12, OFPortStatus.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFPortStatus();
P
PACKET OUT (13, OFPacketOut.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFPacketOut () ;
P
FLOW MOD (14, OFFlowMod.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFFlowMod () ;
P1)
PORT MOD (15, OFPortMod.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFPortMod();
Pr)
STATS REQUEST (16, OFStatisticsRequest.class, new Instantiable<OFMessage> ()

@Override
public OFMessage instantiate() {
return new OFStatisticsRequest () ;
PH)
STATS REPLY (17, OFStatisticsReply.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFStatisticsReply();
PH)
BARRIER REQUEST (18, OFBarrierRequest.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFBarrierRequest();
PH) .
BARRIER REPLY (19, OFBarrierReply.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFBarrierReply();
PE) .
QUEUE CONFIG REQUEST (20, OFMessage.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFQueueConfigRequest () ;
PH) .
QUEUE CONFIG REPLY (21, OFMessage.class, new Instantiable<OFMessage>() {
@Override
public OFMessage instantiate() {
return new OFQueueConfigReply();
PH)
UNKNOWN (Oxff, OFUnknownMessage.class, new Instantiable<OFMessage> () {
@Override
public OFMessage instantiate() {
return new OFUnknownMessage () ;

PH) g
protected static Logger log = LoggerFactory.getLogger (OFType.class) ;
static OFTypel] mapping;

protected Class<? extends OFMessage> clazz;

protected Constructor<? extends OFMessage> constructor;
protected Instantiable<OFMessage> instantiable;
protected byte type;

OFType (int type, Class<? extends OFMessage> clazz, Instantiable<OFMessage>
instantiator) {
this.type = (byte) type;

this.clazz = clazz;
this.instantiable = instantiator;
try {

this.constructor = clazz.getConstructor (new Class[]{});
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} catch (Exception e) {
throw new RuntimeException (
"Failure getting constructor for class: " + clazz, e);
}
OFType.addMapping (this.type, this);
}

static public void addMapping (byte i, OFType t) {
if (mapping == null)
mapping = new OFType[32];
if (1 >= 0 && 1 < 32)
OFType.mappingl[i] = t;
}

static public void removeMapping (byte i) {
if (1 >= 0 && i < 32)
OFType.mappingl[i] = null;
}

static public OFType valueOf (Byte 1) {
try {
return OFType.mapping[i];
} catch (ArrayIndexOutOfBoundsException e) {
log.warn ("Unknown message type requested: {}", U8.f(1i));
return UNKNOWN;

}

public byte getTypeValue() {
return this.type;

}

public Class<? extends OFMessage> toClass() {
return clazz;

}

public Constructor<? extends OFMessage> getConstructor () {
return constructor;

}

public OFMessage newlInstance () {
return instantiable.instantiate();

}

public Instantiable<OFMessage> getInstantiable() {
return instantiable;

}

public void setInstantiable (Instantiable<OFMessage> instantiable) {
this.instantiable = instantiable;

}

Device.java

package net.beaconcontroller.devicemanager;

public class Device {
protected byte[] datalayerAddress;
protected long lastSeen;
protected Set<Integer> networkAddresses;
protected IOFSwitch sw;
protected Short swPort;

public Device () {
this.networkAddresses = new ConcurrentSkipListSet<Integer>();

}

public byte[] getDataLayerAddress() {
return datalayerAddress;

}

public void setDatalayerAddress (byte[] datalayerAddress) {
this.datalayerAddress = datalayerAddress;
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}

public Short getSwPort() {
return swPort;

}

public void setSwPort (Short swPort) {
this.swPort = swPort;

}

public IOFSwitch getSw() {
return sw;

}

public void setSw (IOFSwitch sw) {
this.sw = sw;

}

public Set<Integer> getNetworkAddresses() {
return networkAddresses;

}

public void setNetworkAddresses (Set<Integer> networkAddresses) {
this.networkAddresses = networkAddresses;

}

@Override
public int hashCode () {
final int prime = 2633;
int result = 1;
result = prime * result + Arrays.hashCode(datalayerAddress);
result = prime

* result

+ ((networkAddresses == null) ? 0 : networkAddresses.hashCode()):;
result = prime * result + ((sw == null) ? 0 : sw.hashCode());
result = prime * result + ((swPort == null) ? 0 : swPort.hashCode());

return result;

}

@Override
public boolean equals (Object obj) {
if (this == obj)
return true;
if (obj == null)
return false;
if (! (obj instanceof Device))
return false;
Device other = (Device) obj;

if (!Arrays.equals(datalayerAddress, other.dataLayerAddress))
return false;
if (networkAddresses == null) {
if (other.networkAddresses != null)
return false;
} else if (!networkAddresses.equals (other.networkAddresses))
return false;
if (sw == null) {
if (other.sw != null)
return false;
} else if (!sw.equals(other.sw))
return false;
if (swPort == null) {
if (other.swPort != null)
return false;
} else if (!swPort.equals (other.swPort))
return false;
return true;

}

@Override
public String toString() {
return "Device [datalayerAddress=" +
((datalayerAddress == null) ? "null"
HexString. toHexString(datalayerAddress)) +
", swId=" + ((sw == null) ? "null"
HexString. toHexString(sw.getId())) +
", swPort=" + ((swPort == null) ? "null" : (Oxffff & swPort)) +

, networkAddresses="

135




+ IPv4.fromIPv4AddressCollection(networkAddresses) +
", lastSeen=" + lastSeen +
ll] ll;

}

public long getLastSeen() {
return lastSeen;
}

public synchronized void setLastSeen(long lastSeen) {
this.lastSeen = lastSeen;
}

e DeviceManagerimpl.java

package net.beaconcontroller.devicemanager.internal;

public class DeviceManagerImpl implements IDeviceManager, IOFMessagelistener,
IOFSwitchListener, ITopologyAware {
protected static Logger log = LoggerFactory.getLogger (DeviceManagerImpl.class);

protected IBeaconProvider beaconProvider;

protected Map<Long, Device> datalayerAddressDeviceMap;
protected Set<IDeviceManagerAware> deviceManagerAware;
protected ReentrantReadWriteLock lock;

protected Map<Integer, Device> networkLayerAddressDeviceMap;
protected volatile boolean shuttingDown = false;

protected Map<IOFSwitch, Set<Device>> switchDeviceMap;
protected Map<SwitchPortTuple, Set<Device>> switchPortDeviceMap;
protected ITopology topology;

protected BlockingQueue<Update> updates;

protected Thread updatesThread;

protected enum UpdateType {
ADDED, REMOVED, MOVED, NW_ADDED, NW_REMOVED

}

protected class Update {
public Device device;
public Integer networkAddress;
public Set<Integer> networkAddresses;
public Set<Integer> oldNetworkAddresses;
public IOFSwitch oldSw;
public Short oldSwPort;
public IOFSwitch sw;
public Short swPort;
public UpdateType updateType;

public Update (UpdateType type) {
this.updateType = type;
}
}

public DeviceManagerImpl () {
this.datalayerAddressDeviceMap = new ConcurrentHashMap<Long, Device>();
this.lock = new ReentrantReadWriteLock();
this.networkLayerAddressDeviceMap = new ConcurrentHashMap<Integer, Device>();
this.switchDeviceMap = new ConcurrentHashMap<IOFSwitch, Set<Device>>();
this.switchPortDeviceMap = new ConcurrentHashMap<SwitchPortTuple,

Set<Device>> () ;

this.updates = new LinkedBlockingQueue<Update> () ;

}

public void startUp() {
beaconProvider.addOFMessageListener (OFType.PACKET IN, this);
beaconProvider.addOFMessageListener (OFType.PORT STATUS, this);
beaconProvider.addOFSwitchListener (this) ;

updatesThread = new Thread(new Runnable () {
@Override
public void run() {
while (true) {
try {
Update update = updates.take();
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if (deviceManagerAware != null) {
for (IDeviceManagerAware dma : deviceManagerAware) {

try {
switch (update.updateType) {
case ADDED:
dma.deviceAdded (update.device) ;
break;

case REMOVED:
dma.deviceRemoved (update.device) ;
break;
case MOVED:
dma .deviceMoved (update.device,
update.oldSw,
update.oldSwPort,
update.sw, update.swPort);
break;
case NW_ADDED:
dma.deviceNetworkAddressAdded (
update.device,
update.networkAddresses,
update.networkAddress) ;
break;
case NW REMOVED:
dma.deviceNetworkAddressRemoved (
update.device,
update.networkAddresses,
update.networkAddress) ;
break;
}
} catch (Exception e) {
log.error ("Exception in callback", e);
}
}
}
} catch (InterruptedException e) {
log.warn ("DeviceManager Updates thread interupted", e);
if (shuttingDown)
return;
}
}
}}, "DeviceManager Updates");
updatesThread.start () ;
}

public void shutDown () {
shuttingDown = true;
beaconProvider.removeOFMessageListener (OFType.PACKET IN, this);
beaconProvider.removeOFMessageListener (OFType. PORT STATUS, this);
beaconProvider.removeOFSwitchListener (this) ;
updatesThread.interrupt () ;

}

@Override
public String getName () {
return "devicemanager";

}

public Command handlePortStatus (IOFSwitch sw, OFPortStatus ps) {

if ((byte)OFPortReason.OFPPR DELETE.ordinal () == ps.getReason() ||
( (byte) OFPortReason.OFPPR MODIFY.ordinal () == ps.getReason() &&
(((OFPortConfig.OFPPC PORT DOWN.getValue() &
ps.getDesc () .getConfig()) > 0) ||

((OFPortState.OFPPS LINK DOWN.getValue () &

ps.getDesc () .getState()) > 0)))) {
SwitchPortTuple id = new SwitchPortTuple (sw,
ps.getDesc () .getPortNumber()) ;
lock.writeLock() .lock();
try {
if (switchPortDeviceMap.containsKey (id)) {

Set<Device> switchPortDevices = switchPortDeviceMap.remove (id) ;
for (Device device : switchPortDevices) {

switchDeviceMap.get (id.getSw()) .remove (device) ;
delDevice (device) ;
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} finally {
lock.writeLock () .unlock () ;
}
}
return Command.CONTINUE;
}

protected void delDevice (Device device) {

datalayerAddressDeviceMap.remove (Ethernet. toLong(device.getDatalayerAddress())) ;
if (!device.getNetworkAddresses () .isEmpty()) {
for (Integer nwAddress : device.getNetworkAddresses()) {
networkLayerAddressDeviceMap.remove (nwAddress) ;
}
}

updateStatus (device, false);

if (log.isDebugEnabled()) {
log.debug ("Removed device {}", device);
}
}
@Override

public Command receive (IOFSwitch sw, OFMessage msg) throws IOException {
if (msg instanceof OFPortStatus) {
return handlePortStatus(sw, (OFPortStatus) msg);
}
OFPacketIn pi = (OFPacketIn) msg;
OFMatch match = new OFMatch () ;
match.loadFromPacket (pi.getPacketData (), pi.getInPort());

if ((match.getDatalayerSource () [0] & 0x1) != 0)
return Command.CONTINUE;

Long dlAddr = Ethernet.toLong(match.getDatalLayerSource()) ;
Integer nwSrc = match.getNetworkSource () ;
Device device = null;
Device nwDevice = null;
lock.readLock () .lock() ;
try {
device = datalayerAddressDeviceMap.get (d1Addr) ;
nwDevice = networkLayerAddressDeviceMap.get (nwSrc) ;
} finally {
lock.readLock () .unlock () ;
}
SwitchPortTuple ipt = new SwitchPortTuple (sw, pi.getInPort());
if (!topology.isInternal (ipt)) {
if (device != null) {
device.setlLastSeen (System.currentTimeMillis()) ;

boolean updateNeeded = false;
boolean movedLocation = false;
boolean addedNW = false;
boolean nwChanged = false;

if ((!sw.equals(device.getSw()))
|l (pi.getInPort() != device.getSwPort () .shortValue())) {
movedLocation = true;

}

if (nwDevice == null && nwSrc != 0) {
addedNW = true;
} else if (nwDevice != null && !device.equals (nwDevice)) {

nwChanged = true;

}

if (movedLocation || addedNW || nwChanged) {
updateNeeded = true;
}

if (updateNeeded) {
lock.writeLock () .lock () ;
try {
if (movedLocation) {
IOFSwitch o0ldSw = device.getSw();
Short oldPort = device.getSwPort();
delSwitchDeviceMapping (device.getSw (), device);
delSwitchPortDeviceMapping (
new SwitchPortTuple (device.getSw(),
device.getSwPort()), device);
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device.setSw(sw) ;
device.setSwPort (pi.getInPort());
addSwitchDeviceMapping (device.getSw(), device);
addSwitchPortDeviceMapping (
new SwitchPortTuple (device.getSw(),
device.getSwPort()), device);
updateMoved (device, o0ldSw, oldPort, sw,
device.getSwPort());
if (log.isDebugEnabled()) {
log.debug ("Device {} moved from switch: {} port: {} to
switch: {} port: {}",
new Object[] {
device,
HexString. toHexString(oldSw.getId()),
Oxffff & oldPort.shortValue(),
HexString. toHexString(sw.getId()),
Oxffff & pi.getInPort()});
}
}
if (addedNw) {
device.getNetworkAddresses () .add (nwSrc) ;
this.networkLayerAddressDeviceMap.put (nwSrc, device);
updateNetwork (device, device.getNetworkAddresses (), nwSrc,
true);
if (log.isDebugEnabled()) {
log.debug ("Added IP {} to MAC {}",
IPvé4. fromIPv4Address (nwSrc),

HexString. toHexString(device.getDatalayerAddress()));
}

} else if (nwChanged) {
nwDevice.getNetworkAddresses () .remove (nwSrc) ;
updateNetwork (nwDevice, nwDevice.getNetworkAddresses(),

nwSrc, false);

device.getNetworkAddresses () .add (nwSrc) ;
this.networkLayerAddressDeviceMap.put (nwSrc, device);
updateNetwork (device, device.getNetworkAddresses (), nwSrc,
true) ;
if (log.isWarnEnabled()) {
log.warn (
"IP Address {} changed from MAC {} to {}",
new Object[] {
IPv4. fromIPv4Address (nwSrc),
HexString. toHexString(nwDevice
.getDatalayerAddress () ),
HexString. toHexString (device
.getDatalLayerAddress()) 1});
}
}
} finally {
lock.writeLock () .unlock () ;
}
}
} else {
device = new Device();
device.setDatalLayerAddress (match.getDatalayerSource());
device.setSw(sw) ;
device.setSwPort (pi.getInPort());
device.setlLastSeen (System.currentTimeMillis()) ;
lock.writeLock () .lock () ;
try {
this.datalayerAddressDeviceMap.put (dl1Addr, device);
if (nwSrc != 0) {
device.getNetworkAddresses () .add (nwSrc) ;
this.networkLayerAddressDeviceMap.put (nwSrc, device);
}
addSwitchDeviceMapping (device.getSw(), device);
addSwitchPortDeviceMapping (new SwitchPortTuple (
sw, device.getSwPort()), device);
if (nwDevice != null) {
nwDevice.getNetworkAddresses () .remove (nwSrc) ;
updateNetwork (nwDevice, nwDevice.getNetworkAddresses (), nwSrc,
false) ;
if (log.isWarnEnabled()) {
log.warn (

"IP Address {} changed from MAC {} to {}",
new Object[] {
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IPv4. fromIPv4Address (nwSrc),
HexString. toHexString (nwDevice

.getDatalLayerAddress () ),
HexString. toHexString(device
.getDatalayerAddress())
}
}
updateStatus (device, true);
log.debug ("New Device: {}", device);

} finally {
lock.writeLock () .unlock();

}
}

return Command.CONTINUE;
}

protected void addSwitchDeviceMapping (IOFSwitch sw, Device device) {
if (switchDeviceMap.get (sw) == null) {
switchDeviceMap.put (sw, new HashSet<Device>());
}
switchDeviceMap.get (sw) .add (device) ;

}

protected void delSwitchDeviceMapping (IOFSwitch sw, Device device) {
switchDeviceMap.get (sw) .remove (device) ;
if (switchDeviceMap.get (sw) .isEmpty()) {
switchDeviceMap.remove (sw) ;
}
}

protected void addSwitchPortDeviceMapping (SwitchPortTuple id, Device device) {
if (switchPortDeviceMap.get (id) == null) {
switchPortDeviceMap.put (id, new HashSet<Device>());
}
switchPortDeviceMap.get (id) .add (device) ;
}

protected void delSwitchPortDeviceMapping (SwitchPortTuple id, Device device) {
switchPortDeviceMap.get (id) . remove (device) ;
if (switchPortDeviceMap.get (id) .isEmpty()) {
switchPortDeviceMap.remove (id) ;

}

@Override
public Device getDeviceByNetworkLayerAddress (Integer address) {
lock.readLock () .lock () ;
try {
return this.networkLayerAddressDeviceMap.get (address) ;
} finally {
lock.readLock () .unlock () ;
}

public void setBeaconProvider (IBeaconProvider beaconProvider) {
this.beaconProvider = beaconProvider;

}

public void setTopology (ITopology topology) {
this.topology = topology;
}

@Override
public Device getDeviceByDatalayerAddress (byte[] address) {
lock.readLock () .lock () ;
try {
return this.datalayerAddressDeviceMap.get (Ethernet. toLong(address)) ;
} finally {
lock.readLock () .unlock () ;
}
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@Override
public List<Device> getDevices () {
lock.readLock () .lock();
try {
return new ArrayList<Device>(this.datalayerAddressDeviceMap.values());
} finally {
lock.readLock () .unlock () ;
}
}

@Override
public void addedSwitch (IOFSwitch sw) {

}

@Override
public void removedSwitch (IOFSwitch sw) {
lock.writeLock () .lock () ;
try {
if (switchDeviceMap.get (sw) != null) {
for (Iterator<Map.Entry<SwitchPortTuple, Set<Device>>> it =
switchPortDeviceMap
.entrySet () .iterator(); it.hasNext();) {
Map.Entry<SwitchPortTuple, Set<Device>> entry = it.next();
if (entry.getKey () .getSw() .equals(sw)) {
it.remove () ;

}

Set<Device> devices = switchDeviceMap.remove (sw) ;
for (Device device : devices) {
delDevice (device) ;
}
}
} finally {
lock.writeLock () .unlock () ;
}
}

@Override
public void linkUpdate (IOFSwitch src, short srcPort, IOFSwitch dst,
short dstPort, boolean added) {
if (added) {
SwitchPortTuple id = new SwitchPortTuple (dst, dstPort);
lock.writeLock () .lock();

try {
if (switchPortDeviceMap.containsKey (id)) {
Set<Device> devices = switchPortDeviceMap.remove (id) ;
for (Device device : devices) {
switchDeviceMap.get (id.getSw()) .remove (device) ;

delDevice (device) ;

}

}
} finally {
lock.writeLock () .unlock () ;

}

public void setDeviceManagerAware (Set<IDeviceManagerAware> deviceManagerAware) {
this.deviceManagerAware = deviceManagerAware;

}

protected void updateStatus(Device device, boolean added) {
Update update;
if (added) {
update = new Update (UpdateType.ADDED) ;
} else {
update = new Update (UpdateType.REMOVED) ;
}
update.device = device;
this.updates.add (update) ;
}

protected void updateMoved (Device device, IOFSwitch o0ldSw, Short oldPort,
IOFSwitch sw, Short port) {
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Update update = new Update (UpdateType.MOVED) ;
update.device = device;
update.oldSw = oldSw;
update.oldSwPort = oldPort;
update.sw = sw;
update.swPort = port;
this.updates.add (update) ;
}

protected void updateNetwork (Device device, Set<Integer> networkAddresses,
Integer networkAddress, boolean added) ({
Update update;
if (added) {
update = new Update (UpdateType.NW ADDED) ;
} else ({
update = new Update (UpdateType.NW REMOVED) ;
}
update.device = device;
update.networkAddress = networkAddress;
update.networkAddresses = Collections
.unmodifiableSet (new HashSet<Integer> (networkAddresses)) ;
this.updates.add (update) ;

e SwitchPortTuple.java

package net.beaconcontroller.topology;

public class SwitchPortTuple {
protected IOFSwitch sw;
protected Short port;

public SwitchPortTuple (IOFSwitch sw, Short port) {
super () ;
this.sw = sw;
this.port = port;

}

public SwitchPortTuple (IOFSwitch sw, Integer port) {
super () ;
this.sw S
this.port = port.shortValue();

}

public IOFSwitch getSw() {
return sw;

}

public Short getPort() {
return port;

}

@Override
public int hashCode () {
final int prime = 5557;

int result = 1;
result = prime * result + ((sw == null) ? 0 : sw.hashCode());
result = prime * result + ((port == null) ? 0 : port.hashCode()):;

return result;

}

@Override
public boolean equals (Object obj) {
if (this == obj)
return true;

if (obj == null)
return false;
if (! (obj instanceof SwitchPortTuple))
return false;
SwitchPortTuple other = (SwitchPortTuple) ob7j;
if (sw == null) {
if (other.sw != null)

return false;
} else if (!sw.equals (other.sw))
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return false;
if (port == null)

{

if (other.port
return false;
} else if (!port.equals(other.port))

return false;
return true;

}

@Override

public String toString() {

return "SwitchPortTuple
null)
+ ", port=" +

+ ((sw ==

e OFPhysicalPort.java

package org.openflow.protocol;

public class OFPhysicalPort {

public static int MINIMUM LENGTH =
public static int OFP ETH ALEN = 6;

public enum OFPortConfig {

OFPPC_PORT_DOWN
OFPPC_NO STP
OFPPC_NO RECV
OFPPC_NO RECV_STP
OFPPC_NO_FLOOD
OFPPC_NO_FWD

OFPPC_NO PACKET IN
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protected int value;
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private OFPortConfig(int
this.value = value;

}

public int getValue ()

return value;
}
}

public enum OFPortState {
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OFPPS_LINK_DOWN
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OFPPS STP LEARN
OFPPS _STP FORWARD
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value)

private OFPortState(int value) {
this.value = value;

}

public int getValue ()

return value;

}
}

public enum OFPortFeatures

OFPPF _10MB_HD
OFPPF 10MB_FD
OFPPF 100MB HD
OFPPF_100MB_FD
OFPPF_1GB_HD
OFPPF 1GB FD
OFPPF _10GB FD
OFPPF_COPPER
OFPPF_FIBER
OFPPF_AUTONEG
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HexString. toHexString(sw.getId()))

48;
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OFPPF PAUSE (1 << 10),
OFPPF_PAUSE ASYM (1 << 11);

protected int value;

private OFPortFeatures (int value) {
this.value = value;

}

public int getValue () {
return value;
}
}

protected short portNumber;
protected byte[] hardwareAddress;
protected String name;

protected int config;

protected int state;

protected int currentFeatures;
protected int advertisedFeatures;
protected int supportedFeatures;
protected int peerFeatures;

public short getPortNumber () {
return portNumber;

}

public OFPhysicalPort setPortNumber (short portNumber) {
this.portNumber = portNumber;
return this;

}

public byte[] getHardwareAddress () {
return hardwareAddress;

}

public OFPhysicalPort setHardwareAddress (byte[] hardwareAddress) {
if (hardwareAddress.length != OFP ETH ALEN)
throw new RuntimeException ("Hardware address must have length "
+ OFP ETH ALEN) ;
this.hardwareAddress = hardwareAddress;
return this;

}

public String getName () {
return name;

}

public OFPhysicalPort setName (String name) {
this.name = name;
return this;

}

public int getConfig() {
return config;

}

public OFPhysicalPort setConfig(int config) {
this.config = config;
return this;

}

public int getState() {
return state;

}

public OFPhysicalPort setState(int state) {
this.state = state;
return this;

}

public int getCurrentFeatures() {
return currentFeatures;

}
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public OFPhysicalPort setCurrentFeatures (int currentFeatures) {
this.currentFeatures = currentFeatures;
return this;

}

public int getAdvertisedFeatures () {
return advertisedFeatures;

}

public OFPhysicalPort setAdvertisedFeatures (int advertisedFeatures)
this.advertisedFeatures = advertisedFeatures;
return this;

}

public int getSupportedFeatures () {
return supportedFeatures;

}

public OFPhysicalPort setSupportedFeatures (int supportedFeatures) {
this.supportedFeatures = supportedFeatures;
return this;

}

public int getPeerFeatures() {
return peerFeatures;

}

public OFPhysicalPort setPeerFeatures (int peerFeatures) {
this.peerFeatures = peerFeatures;
return this;

}

public void readFrom(ByteBuffer data) {
this.portNumber = data.getShort();
if (this.hardwareAddress == null)
this.hardwareAddress = new byte[OFP ETH ALEN];
data.get (this.hardwareAddress) ;
byte[] name = new byte[1l6];
data.get (name) ;
int index = 0;
for (byte b : name) {

if (0 == Db)
break;
++index;

}

this.name = new String(Arrays.copyOf (name, index),
Charset. forName ("ascii"));

this.config = data.getInt();

this.state = data.getInt();

this.currentFeatures = data.getInt();

this.advertisedFeatures = data.getInt();

this.supportedFeatures = data.getInt();

this.peerFeatures = data.getInt();

}

public void writeTo (ByteBuffer data) {
data.putShort (this.portNumber) ;
data.put (hardwareAddress) ;
try {
byte[] name = this.name.getBytes ("ASCII");
if (name.length < 16) {
data.put (name) ;
for (int i = name.length; i < 16; ++i) {
data.put ( (byte) 0);
}
} else {
data.put (name, 0, 15);
data.put ( (byte) 0);
}
} catch (UnsupportedEncodingException e) {
throw new RuntimeException (e);
}
data.putInt (this.config);
data.putlInt (this.state);
data.putlInt (this.currentFeatures);
data.putInt (this.advertisedFeatures) ;
data.putInt (this.supportedFeatures);
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data.putlInt (this.peerFeatures);
}

@Override
public int hashCode () {
final int prime = 307;
int result = 1;
result = prime * result + portNumber;
return result;

}

@Override
public boolean equals (Object obj) {
if (this == obj) {

return true;

}

if (obj == null) {
return false;

}

if (! (obj instanceof OFPhysicalPort)) {
return false;

}

OFPhysicalPort other = (OFPhysicalPort) obj;

if (portNumber != other.portNumber) {
return false;

}

return true;

e TopologyWebManageable.java

@Controller

@RequestMapping ("/topology")

public class TopologyWebManageable implements IWebManageable {
protected static Logger log =

LoggerFactory.getLogger (TopologyWebManageable.class) ;
protected List<Tab> tabs;
protected ITopology topology;

public TopologyWebManageable () {
tabs = new ArrayList<Tab>();
tabs.add (new Tab ("Overview", "/wm/topology/overview.do"));

}

@Override
public String getName () {
return "Topology";

}

@Override
public String getDescription() {
return "View the discovered topology.";

}

@0Override
public List<Tab> getTabs () {
return tabs;

}

public int findBandwidth (IOFSwitch sw, Short port) {
Map<Short, OFPhysicalPort> ports = sw.getFeaturesReply () .getPortMap() ;
return ports.get (port) .getCurrentFeatures();

}

@RequestMapping ("/overview")

public String overview (Map<String, Object> model) {
Layout layout = new TwoColumnLayout () ;
model.put ("layout", layout);

// Listener List Table

List<String> columnNames = new ArrayList<String>();
List<List<String>> cells = new ArrayList<List<String>>();
columnNames = new ArrayList<String>();
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columnNames.add ("Src Id");
columnNames.add ("Src Port");
columnNames.add ("Dst Id");
columnNames.add ("Dst Port");

cells = new ArrayList<List<String>>();

for (LinkTuple 1t
List<String> row new ArrayList<String>();
row.add (HexString.toHexString(lt.getSrc (
row.add (lt.getSrc () .getPort () .toString()
row.add (HexString.toHexString (lt.getDst (
row.add (lt.getDst () .getPort () .toString()

cells.add(row) ;

)

)
) .
)

}

topology.getLinks () .keySet ())

{

.getSw() .getId())):;

getSw () .getId()));

BufferedWriter writer = null;
try {
writer = new BufferedWriter (new FileWriter ("topolgy.txt"));

List<String> columnName

columnName = new ArrayList<String>();
columnName.add ("Src Id");
columnName.add ("Src Port");
columnName.add ("Dst Id"):;
columnName.add ("Dst Port");
columnName.add ("Capacity");
columnName.add ("Cost") ;

int n = columnName.size () ;

for(int 1 = 0; 1 < n ; 1i++){

writer.write (columnName.get( 1 ) );
writer.write (" ")
}
writer.newLine () ;
for (LinkTuple 1t
List<String> row
row.add (HexString.toHexString (lt.getSrc(
row.add (lt.getSrc () .getPort () .toString()
row.add (HexString.toHexString (1lt.getDst (
row.add (1lt.getDst () .getPort () .toString()

)
)
)
)
)

new ArrayList<String>();

topology.getLinks () .keySet ()) {
new ArrayList<String>();

.getSw () .getId()));

’

.getSw() .getId()))

+

row.add (findBandwidth (1t.getSrc () .getSw() , lt.getSrc().getPort() )
"Mbps") ;
row.add ("10") ;
for(int 1 = 0; 1 < n ; i++){
writer.write( row.get( i ) );
writer.write (" ")
}
writer.newLine () ;
}
} catch (Exception e) {
e.printStackTrace () ;
} finally {
try {
// Close the writer regardless of what happens...
writer.close () ;
} catch (Exception e) {
}
}
Map<String, String> tableOptions = new HashMap<String, String>();
tableOptions.put ("\"bFilter\"", "true");
TableSection tableSection = new TableSection ("Discovered Links", columnNames,
cells, "table-links", tableOptions);
layout.addSection (tableSection, TwoColumnLayout.COLUMNI1) ;
return BeaconViewResolver.SIMPLE VIEW;
}
/**
* @param topology the topology to set
*/
@Autowired

public void setTopology (ITopology topology) {
this.topology topology;

}
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« CoreWebManagable.java
@Controller
@RequestMapping ("/core")
public class CoreWebManageable implements BundleContextAware, IWebManageable {

protected interface OFSRCallback {

OFStatisticsRequest getRequest () ;
}

protected static Logger log = LoggerFactory.getLogger (CoreWebManageable.class) ;

protected IBeaconProvider beaconProvider;
protected BundleContext bundleContext;
protected PackageAdmin packageAdmin;
protected List<Tab> tabs;

public CoreWebManageable () {
tabs = new ArrayList<Tab>();

tabs.add (new Tab ("Overview", "/wm/core/overview.do"));
tabs.add (new Tab ("0SGi", "/wm/core/osgi.do"));

}

@Autowired

@Override

public void setBundleContext (BundleContext bundleContext) {
this.bundleContext = bundleContext;
}

@Autowired
public void setBeaconProvider (IBeaconProvider beaconProvider) {
this.beaconProvider = beaconProvider;

}

@Override
public String getName () {
return "Core";

}

@Override
public String getDescription() {
return "Controls the core components of Beacon.";

}

@Override
public List<Tab> getTabs() {
return tabs;

}

@RequestMapping ("/overview")

public String overview (Map<String, Object> model) {
Layout layout = new TwoColumnLayout () ;
model.put ("layout", layout);

layout.addSection (
new StringSection ("Welcome",

"Thanks for using Beacon! Beacon is listening for connections

at " +
(beaconProvider.getListeningIPAddress () .isAnyLocalAddress () ?

beaconProvider.getListeningIPAddress () .getHostAddress())

port + beaconProvider.getListeningPort() + "."),
TwoColumnLayout .COLUMN1) ;

model.put ("title", "Switches");

model.put ("switches", beaconProvider.getSwitches () .values()):;

layout.addSection (new JspSection ("switches.jsp", model),
TwoColumnLayout .COLUMN2) ;

List<String> columnNames = new ArrayList<String>();
List<List<String>> cells = new ArrayList<List<String>>();
columnNames = new ArrayList<String>();
columnNames.add ("OpenFlow Packet Type");
columnNames.add ("Listeners") ;
cells = new ArraylList<List<String>>();
for (Entry<OFType, List<IOFMessagelistener>> entry
beaconProvider.getlListeners () .entrySet()) {
List<String> row = new ArraylList<String>();
row.add (entry.getKey () .toString());
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StringBuffer sb = new StringBuffer();

for (IOFMessagelListener listener : entry.getValue()) {
sb.append(listener.getName () + " ");

}

row.add (sb.toString());

cells.add(row) ;

}
layout.addSection (new TableSection ("OpenFlow Packet Listeners", columnNames,

cells, "table-listeners"), TwoColumnLayout.COLUMN1) ;

return BeaconViewResolver.SIMPLE VIEW;
}

@RequestMapping ("/osgi")

public String osgi (Map<String, Object> model) {
Layout layout = new OneColumnLayout () ;
model.put ("layout", layout);

model.put ("title", "Add Bundle");
layout.addSection (new JspSection ("addBundle.jsp", new HashMap<String,
Object> (model)), TwoColumnLayout.COLUMNL) ;

model.put ("bundles", Arrays.asList (this.bundleContext.getBundles())):;

model.put ("title", "OSGi Bundles");

layout.addSection (new JspSection ("bundles.jsp", model),
TwoColumnLayout .COLUMN1) ;

return BeaconViewResolver.SIMPLE VIEW;
}

@RequestMapping ("/bundle/ {bundleId}/{action}")
@ResponseBody
public String osgiAction (CPathVariable Long bundleld, @PathVariable String action)

final Bundle bundle = this.bundleContext.getBundle (bundleld) ;
if (action != null) {
try {
if (BundleAction.START.toString () .equals (action)) {
bundle.start () ;
} else if (BundleAction.STOP.toString().equals(action)) {
bundle.stop() ;
} else if (BundleAction.UNINSTALL.toString() .equals(action)) {
bundle.uninstall () ;
} else if (BundleAction.REFRESH.toString() .equals(action)) {
packageAdmin.refreshPackages (new Bundle[] {bundle});
}
} catch (BundleException e) {
log.error ("Failure performing action " + action + " on bundle " +
bundle.getSymbolicName (), e);
}
}

return "";

}

@RequestMapping (value = "/bundle/add", method = RequestMethod.POST)
public View osgiBundleAdd (C@RequestParam("file") MultipartFile file, Map<String,
Object> model) throws Exception {
BeaconJsonView view = new BeaconJsonView () ;

File tempFile = null;

Bundle newBundle = null;

try {
tempFile = File.createTempFile ("beacon", ".Jjar");
file.transferTo (tempFile);
tempFile.deleteOnExit () ;
newBundle =

bundleContext.installBundle ("file:"+tempFile.getCanonicalPath());

model.put (BeaconJsonView.ROOT OBJECT KEY,

"Successfully installed: " + newBundle.getSymbolicName ()
+ " " + newBundle.getVersion());
} catch (IOException e) {
log.error ("Failure to create temporary file", e);

model.put (BeaconJsonView.ROOT OBJECT KEY, "Failed to install bundle.");
} catch (BundleException e) {

log.error ("Failure installing bundle", e);

model.put (BeaconJsonView.ROOT OBJECT KEY, "Failed to install bundle.");
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view.setContentType ("text/javascript");
return view;

}

@RequestMapping ("/refreshiWeb")

@ResponseBody
public String refreshWebBundle () {
for (Bundle bundle : this.bundleContext.getBundles()) {
if (bundle.getSymbolicName () .equalsIgnoreCase ("net.beaconcontroller.web"))
{
packageAdmin.refreshPackages (new Bundle[] {bundle});
try {
Thread.sleep (1000) ;
while (bundle.getState() != Bundle.ACTIVE) {

Thread.sleep (100) ;
}
} catch (InterruptedException e) {
log.error ("Interupted waiting for refresh", e);
}
}
}
return "";

}

protected List<OFStatistics> getSwitchStats (OFSRCallback f, String switchId,
String statsType) {
IOFSwitch sw = beaconProvider.getSwitches () .get (HexString.tolong (switchId)) ;
Future<List<OFStatistics>> future;
List<OFStatistics> values = null;
if (sw != null) {
try {
future = sw.getStatistics (f.getRequest());
values = future.get (10, TimeUnit.SECONDS) ;
} catch (Exception e) {
log.error ("Failure retrieving " + statsType, e);
}
}
return values;

}

protected class makeFlowStatsRequest implements OFSRCallback {
public OFStatisticsRequest getRequest () {
OFStatisticsRequest req = new OFStatisticsRequest();
OFFlowStatisticsRequest fsr = new OFFlowStatisticsRequest();
OFMatch match = new OFMatch();
match.setWildcards (Oxffffffff);
fsr.setMatch (match) ;
fsr.setOutPort (OFPort.OFPP_NONE.getValue());
fsr.setTableId((byte) 0xff);
reqg.setStatisticType (OFStatisticsType.FLOW) ;
req.setStatistics (fsr);
req.setLengthU(req.getLengthU() + fsr.getLength());
return req;
}i
}

public String addStatsSection (String statsType, @PathVariable String switchId,
Map<String,Object> model, List<OFStatistics> stats) {
OneColumnLayout layout = new OneColumnLayout () ;
model.put ("title", statsType + " for switch: " + switchId);
model.put ("layout", layout);
model.put (statsType, stats);
layout.addSection (new JspSection(statsType + ".jsp", model), null);
return BeaconViewResolver.SIMPLE VIEW;

}

protected List<OFStatistics> getSwitchFlows (String switchId) {
return getSwitchStats (new makeFlowStatsRequest (), switchId, "flows");

}

@RequestMapping ("/switch/{switchId}/flows/json")
public View getSwitchFlowsJson (€PathVariable String switchId, Map<String,Object>
model) {
BeaconJsonView view = new BeaconJsonView () ;
model.put (BeacondsonView.ROOT OBJECT KEY, getSwitchFlows (switchId));
return view; N N
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@SuppressWarnings ("unchecked")
@RequestMapping ("/switch/{switchId}/flows/dataTable")
public View getSwitchFlowsDataTable (@PathVariable String switchId,
Map<String,Object> model) throws IOException {
List<OFFlowStatisticsReply> data = new ArrayList<OFFlowStatisticsReply>();
List<OFStatistics> stats = getSwitchFlows (switchId) ;
if (stats != null) {
data.addAll ((Collection<? extends OFFlowStatisticsReply>) stats);
}
DataTableJsonView<OFFlowStatisticsReply> view = new
DataTableJsonView<OFFlowStatisticsReply> (
data, new OFFlowStatisticsReplyDataTableFormatCallback (switchId));

System.out.println ("---->switchId="+switchId);
String sw_id =switchId.replace(":", " ");
System.out.println("---->switchId="+sw_id);

FileWriter writer = new FileWriter (sw_id+".txt");

BufferedWriter bufferWritter = new BufferedWriter (writer);

for (int i1=0; i<data.size(); i++) {
bufferWritter.write (Ul6.f (data.get (i) .getMatch () .getInputPort ())+" ");

bufferWritter.write (HexString.toHexString(data.get (i) .getMatch() .getDatalayerSource())
oy

bufferWritter.write (IPv4.fromIPv4Address (data.get (i) .getMatch () .getNetworkSource ())+"
")

bufferWritter.write (IPv4.fromIPv4Address (data.get (i) .getMatch () .getNetworkDestination (
)+ ")
StringBuffer outPorts = new StringBuffer();
for (OFAction action : data.get (i) .getActions()) {
if (action instanceof OFActionOutput) {
OFActionOutput ao = (OFActionOutput)action;
if (outPorts.length() > 0)
outPorts.append (" ");
outPorts.append(Ul6.f (ao.getPort()));

}

bufferWritter.write (HexString.toHexString(data.get (i) .getMatch() .getDatalayerDestinati
on())+" ");

bufferWritter.write (outPorts.toString()+" ");

bufferWritter.write (U64.f (data.get (i) .getByteCount())+" ");

bufferWritter.write (U64.f (data.get (i) .getPacketCount ())+" ");

double duration = (double)U32.f (data.get (i) .getDurationSeconds () )+ ((double)
data.get (i) .getDurationNanoseconds ()) / 1000000000d;

bufferWritter.write (Double.toString(duration));

bufferWritter.newLine () ;

}

bufferWritter.close();

return view;

}

@RequestMapping ("/switch/{switchId}/flows")
public String getSwitchFlows (@PathVariable String switchId, Map<String,Object>
model) |
OneColumnLayout layout = new OneColumnLayout () ;
model.put ("title", "Flows for switch: " + switchId);
model.put ("layout", layout);
model.put ("switchId", switchId);
model.put ("switchIdEsc", switchId.replaceAll (":", ""));
layout.addSection (new JspSection("flows.jsp", model), null);
return BeaconViewResolver.SIMPLE VIEW;

}

@RequestMapping ("/switch/{switchId}/flow/{flowId}/del")
public String delFlow(C@PathVariable String switchId,
@PathVariable String flowId, Map<String, Object> model) {
OFMatch match = new OFMatch () ;
match.fromString (flowId) ;
OFFlowMod mod = new OFFlowMod () ;
mod.setCommand (OFFlowMod.OFPFC_DELETE)
.setMatch (match)
.setOutPort (OFPort.OFPP_NONE) ;
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IOFSwitch sw = beaconProvider.getSwitches () .get (
HexString.toLong (switchId));
try {
sw.getOutputStream() .write (mod) ;
} catch (IOException e) {
log.error ("Failure writing delete flowmod", e);

}

return BeaconViewResolver.SIMPLE VIEW;
}

protected List<OFStatistics> getSwitchTables (String switchId) {
return getSwitchStats (new OFSRCallback() {
@Override
public OFStatisticsRequest getRequest () {
OFStatisticsRequest req = new OFStatisticsRequest();
reqg.setStatisticType (OFStatisticsType.TABLE) ;
req.setLengthU (req.getLengthU()) ;
return req;
}
}, switchId, "tables");

@RequestMapping ("/switch/{switchId}/tables/json")
public View getSwitchTablesJson (€PathVariable String switchId, Map<String,Object>
model) {
BeaconJsonView view = new BeaconJsonView() ;
model.put (BeaconJsonView.ROOT OBJECT KEY, getSwitchTables (switchId)):;
return view;

}

@RequestMapping ("/switch/{switchId}/tables")
public String getSwitchTables (€PathVariable String switchId, Map<String,Object>
model) {
List<OFStatistics> ports = getSwitchTables (switchId) ;
return addStatsSection("tables", switchId, model, ports);

}

protected List<OFStatistics> getSwitchPorts (String switchId) {
return getSwitchStats (new OFSRCallback() {
@Override
public OFStatisticsRequest getRequest () {
OFStatisticsRequest req = new OFStatisticsRequest();
OFPortStatisticsRequest psr = new OFPortStatisticsRequest () ;
psr.setPortNumber (OFPort.OFPP_NONE.getValue());
req.setStatisticType (OFStatisticsType.PORT) ;
reqg.setStatistics (psr);
req.setLengthU (reg.getLengthU() + psr.getLength());
return req;
}
}, switchId, "ports");
}

@RequestMapping ("/switch/{switchId}/ports/json")
public View getSwitchPortsJson (lPathVariable String switchId, Map<String,Object>
model) |
BeaconJsonView view = new BeaconJsonView () ;
model.put (BeaconJsonView.ROOT OBJECT KEY, getSwitchPorts(switchId));
return view;

}

@RequestMapping ("/switch/{switchId}/ports™)
public String getSwitchPorts (@PathVariable String switchId, Map<String,Object>
model) |
List<OFStatistics> ports = getSwitchPorts (switchId);
return addStatsSection ("ports", switchId, model, ports);

}

@Autowired

public void setPackageAdmin (PackageAdmin packageAdmin) {
this.packageAdmin = packageAdmin;

}
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e OFPortChangeState.java

package net.beaconcontroller.core.io.internal;
public class OFPortChangeState {
protected IOFSwitch sw;

public void run ()
{

try {
while (true) {

File f = null;

File d = null;

boolean bool = false;
boolean booll = false;
String[] str ;

int OFPPC_ PORT UP CONFIG
int OFPPC_PORT UP MASK =

=0;
1;

f = new File("c://Users/Pano/Desktop/shut links.txt");
d = new File("topolgy.txt");

bool = f.exists();

booll= d.exists();

if (bool == true && booll == true)
{
BufferedReader readerl = null;
BufferedReader reader?2 = null;

try {
readerl = new BufferedReader (new FileReader ("shut links.txt"));
reader?2 = new BufferedReader (new FileReader ("topolgy.txt"));

}
catch (FileNotFoundException e) {
e.printStackTrace () ;

}

try {
readerl.readLine () ;
reader2.readLine ()

’

}
catch (IOException e) {
e.printStackTrace();
}
String linel ;
String line2 ;
String strl = null;
String str2 = null;
String str3 = null;
String str4 = null;
String str5 = null;
String str6 = null;
String str7 = null;
String str8 = null;
String str9 = null;
String strlO= null;

try {
while ((linel = readerl.readLine()) != null) {
str = linel.split(" ");
strl = str[0];
str2 = str[l];
str3 = str[2];
strd = str([3];
str5 = str[4];
str6 = str[5];
str7 = str[6];
str8 = str([7];
str9 = str([8];
strl0 = str[9];
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}
}
catch (IOException e) {
// TODO Auto-generated catch block
e.printStackTrace () ;
}
int iter = 0 ;
try {
while ((line2 = reader2.readLine()) != null) {
String[] parts = line2.split (" ") ;
String partl = parts[0];
String part2 = parts[l];
String part3 = parts[2]
String partd4 = parts[3];
short sl = Short.parseShort (part2);
short s2 = Short.parseShort (part4);

’

switch (iter) {

case 0:
if (strl == "0"){

OFPortMod pml = new OFPortMod() ;
pml.setPortNumber ( (short)sl);
pml.setHardwareAddress (new byte[]

{0x00,0x00, 0x00,0x00,0x00,0x01}) ;
pml.setConfig (OFPortConfig.OFPPC PORT DOWN.getValue());
pml.setMask (OFPortConfig.OFPPC PORT DOWN.getValue());
sw.getOutputStream() .write (pml) ;

OFPortMod pm2 = new OFPortMod() ;
pm2.setPortNumber ( (short) s2) ;
pm2.setHardwareAddress (new byte[]

{0x00,0x00, 0x00,0x00,0x00,0x03}) ;
pm2.setConfig (OFPortConfig.OFPPC PORT DOWN.getValue());
pm2.setMask (OFPortConfig.OFPPC PORT DOWN.getValue());
sw.getOutputStream() .write (pm2) ;

}
else if (strl=="1"){

OFPortMod pml = new OFPortMod() ;

pml.setPortNumber ( (short)sl);

pml.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x01}) ;

pml.setConfig (OFPPC_PORT UP CONFIG) ;

pml.setMask (OFPPC_PORT_UP_ MASK) ;

sw.getOutputStream() .write (pml) ;

OFPortMod pm2 = new OFPortMod() ;

pm2.setPortNumber ( (short) s2) ;

pm2.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x03}) ;

pm2.setConfig (OFPPC_PORT UP CONFIG) ;

pm2.setMask (OFPPC_PORT UP_MASK) ;

sw.getOutputStream() .write (pm2) ;

}

break;

case 2:
if (stxr3 == "0"){

OFPortMod pml = new OFPortMod() ;

pml.setPortNumber ( (short)sl) ;

pml.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x01}) ;

pml.setConfig (OFPortConfig.OFPPC PORT DOWN.getValue());

pml.setMask (OFPortConfig.OFPPC PORT DOWN.getValue());

sw.getOutputStream() .write (pml) ;

OFPortMod pm2 = new OFPortMod() ;

pm2.setPortNumber ( (short) s2) ;

pm2.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x03}) ;
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pm2.setConfig (OFPortConfig.OFPPC PORT DOWN.getValue());
pm2.setMask (OFPortConfig.OFPPC PORT DOWN.getValue()) ;
sw.getOutputStream() .write (pm2) ;

}
else if (str3=="1"){

OFPortMod pml = new OFPortMod() ;

pml.setPortNumber ( (short)sl);

pml.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x01}) ;

pml.setConfig (OFPPC_PORT UP_CONFIG) ;

pml.setMask (OFPPC_PORT UP MASK) ;

sw.getOutputStream() .write (pml) ;

OFPortMod pm2 = new OFPortMod() ;

pm2.setPortNumber ( (short) s2) ;

pm2.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x03});

pm2.setConfig (OFPPC_PORT UP_CONFIG) ;

pm2.setMask (OFPPC_PORT_UP_MASK) ;

sw.getOutputStream() .write (pm2) ;

}
break;
case 4:
if(strl == "0"){

OFPortMod pml = new OFPortMod() ;

pml.setPortNumber ( (short)sl) ;

pml.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x01});

pml.setConfig (OFPortConfig.OFPPC PORT DOWN.getValue());

pml.setMask (OFPortConfig.OFPPC PORT DOWN.getValue());

sw.getOutputStream() .write (pml) ;

OFPortMod pm2 = new OFPortMod() ;

pm2.setPortNumber ( (short) s2) ;

pm2.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x03}) ;

pm2.setConfig (OFPortConfig.OFPPC PORT DOWN.getValue());

pm2.setMask (OFPortConfig.OFPPC PORT DOWN.getValue()) ;

sw.getOutputStream() .write (pm2) ;

}
else if (strl=="1"){

OFPortMod pml = new OFPortMod() ;

pml.setPortNumber ( (short)sl) ;

pml.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x01});

pml.setConfig (OFPPC_PORT UP CONFIG) ;

pml.setMask (OFPPC_PORT UP_ MASK) ;

sw.getOutputStream() .write (pml) ;

OFPortMod pm2 = new OFPortMod() ;

pm2.setPortNumber ( (short) s2) ;

pm2.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x03}) ;

pm2.setConfig (OFPPC_PORT UP CONFIG) ;

pm2.setMask (OFPPC_PORT_ UP_MASK) ;

sw.getOutputStream() .write (pm2) ;

}

break;

case 6:
if (strl == "0"){

OFPortMod pml = new OFPortMod() ;

pml.setPortNumber ( (short)sl);

pml.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x01}) ;
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pml.setConfig (OFPortConfig.OFPPC PORT DOWN.getValue());
pml.setMask (OFPortConfig.OFPPC PORT DOWN.getValue()) ;
sw.getOutputStream() .write (pml) ;

OFPortMod pm2 = new OFPortMod() ;

pm2.setPortNumber ( (short) s2) ;

pm2.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x03}) ;

pm2.setConfig (OFPortConfig.OFPPC PORT DOWN.getValue());

pm2.setMask (OFPortConfig.OFPPC PORT DOWN.getValue()) ;

sw.getOutputStream() .write (pm2) ;

}
else if (strl=="1"){

OFPortMod pml = new OFPortMod() ;

pml.setPortNumber ( (short)sl);

pml.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x01});

pml.setConfig (OFPPC_PORT UP_CONFIG) ;

pml.setMask (OFPPC_PORT_UP_MASK) ;

sw.getOutputStream() .write (pml) ;

OFPortMod pm2 = new OFPortMod() ;

pm2.setPortNumber ( (short) s2) ;

pm2.setHardwareAddress (new byte][]
{0x00,0x00,0x00,0x00,0x00,0x03}) ;

pm2.setConfig (OFPPC_PORT UP CONFIG) ;

pm2.setMask (OFPPC_PORT_UP_MASK) ;

sw.getOutputStream() .write (pm2) ;

}
break;
case 8:
if (strl == "0"){

OFPortMod pml = new OFPortMod() ;

pml.setPortNumber ( (short)sl);

pml.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x01}) ;

pml.setConfig (OFPortConfig.OFPPC PORT DOWN.getValue());

pml.setMask (OFPortConfig.OFPPC PORT DOWN.getValue());

sw.getOutputStream() .write (pml) ;

OFPortMod pm2 = new OFPortMod() ;

pm2.setPortNumber ( (short) s2) ;

pm2.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x03}) ;

pm2.setConfig (OFPortConfig.OFPPC PORT DOWN.getValue());

pm2.setMask (OFPortConfig.OFPPC PORT DOWN.getValue());

sw.getOutputStream() .write (pm2) ;

}
else if (strl=="1") {

OFPortMod pml = new OFPortMod() ;

pml.setPortNumber ( (short)sl) ;

pml.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x01}) ;

pml.setConfig (OFPPC_PORT UP CONFIG) ;

pml.setMask (OFPPC_PORT_ UP_MASK) ;

sw.getOutputStream() .write (pml) ;

OFPortMod pm2 = new OFPortMod() ;

pm2.setPortNumber ( (short) s2) ;

pm2.setHardwareAddress (new byte[]
{0x00,0x00,0x00,0x00,0x00,0x03}) ;

pm2.setConfig (OFPPC_PORT UP CONFIG) ;

pm2.setMask (OFPPC_PORT_ UP_MASK) ;

sw.getOutputStream() .write (pm2) ;

break;
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default:
break;

iter ++ ;
}
}

catch (NumberFormatException e) {
// TODO Auto-generated catch block
e.printStackTrace () ;

}

catch (IOException e) {
// TODO Auto-generated catch block
e.printStackTrace () ;

}

try {
String command = "cmd /c start cmd.exe";
Process child = Runtime.getRuntime () .exec (command) ;

OutputStream out = child.getOutputStream() ;
out.write("cd ../../ILOG/OPL63/oplide /r/n".getBytes()):;

out.flush();
out.write ("oplrun \\ILOG\\OPL63\\diplomatiki\\pc.mod
\\ILOG\\PL63\\iplomatiki\\reen stoixeia.dat /r/On".getBytes());

out.close();

}

catch (IOException e) {

}

Thread.sleep (300 * 1000);

}
} catch (InterruptedException e) {

e.printStackTrace();

}
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