PANEPISTHMIO KRHTHS SQOLH JETIKWN EPISTHMWN TMHMA EPISTHMHS UPOLOGISTWN

’Enac PurŠnac ASIC gia DiaqeŢrish OurŤn ProteraiŞthtac me th QrŠsh thc TeqnikŠc thc OmoqeirŢac (Pipelining), gia UpostŠrixh QronodromolŞghshc se DŢktua UyhlŤn TaqutŠtwn

A’ ggeloc D. IwŘnnou

MetaptuqiakŠ ErgasŢa

HrŘkleio KrŠthc, OktŤbrioc 2000

’Enac PurŠnac ASIC gia DiaqeŢrish OurŤn ProteraiŞthtac me th QrŠsh thc TeqnikŠc thc OmoqeirŢac (Pipelining), gia UpostŠrixh QronodromolŞghshc se DŢktua UyhlŤn TaqutŠtwn

MetaptuqiakŠ ErgasŢa pou upoblŠjhke sthn epitropŠ metaptuqiakŤn spoudŤn tou TmŠmatoc EpistŠmhc UpologistŤn thc SqolŠc JetikŤn EpisthmŤn tou PanepisthmŢou KrŠthc wc merikŠ ekplŠrwsh twn apaitŠsewn gia thn apŞkthsh tou DIPLWMATOS METAPTUQIAKHS EIDIKEUSHS

SuggrafŚac:

A’ggeloc D. IwŘnnou, TmŠma EpistŠmhc UpologistŤn

EishghtikŠ EpitropŠ:

ManŞlhc KatebaŢnhc, EpŞpthc (KajhghtŠc)

EuŘggeloc MarkŘtoc, MŚloc (EpŢkouroc KajhghtŠc)

ApŞstoloc TraganŢthc, MŚloc (AnaplhrwtŠc KajhghtŠc)

DektŠ:

PŘnoc KwnstantŞpouloc, PrŞedroc EpitropŠc MetaptuqiakŤn SpoudŤn (KajhghtŠc)

HrŘkleio KrŠthc, OktŤbrioc 2000

’Enac PurŠnac ASIC gia DiaqeŢrish OurŤn ProteraiŞthtac me th QrŠsh thc TeqnikŠc thc OmoqeirŢac (Pipelining), gia UpostŠrixh QronodromolŞghshc se DŢktua UyhlŤn TaqutŠtwn

A’ ggeloc D. IwŘnnou MetaptuqiakŠ ErgasŢa

TmŠma EpistŠmhc UpologistŤn PanepistŠmio KrŠthc

PERILHYH

EgguŠseic gia poiŞthta exuphrŚthshc (QoS) se dŢktua ja prosfŚrontai sŰntoma me th qrŠsh ourŤn kai prohgmŚnhc qronodromolŞghshc (scheduling). Oi perissŞteroi prohgmŚnoi algŞrijmoi qronodromolŞghshc sthrŢzontai se Śna koinŞ upologistikŞ mŚroc: tic ourŚc proteraiŞthtac. MegŘlec ourŚc proteraiŞthtac ftiŘqnontai me domŚc dedomŚnwn Şpwc oi swroŢ (heaps). Gia na uposthrŢxoume prohgmŚnh qronodromolŞghsh se rujmoŰc OC-192 (10 Gbps) kai pŘnw, qrŠsh thc teqnikŠc thc omoqeirŢac (pipelining) apaiteŢtai gia th diaqeŢrish thc ourŘc proteraiŞthtac. ParousiŘzoume Śna diaqeiristŠ swroŰ (heap) pou kŘnei qrŠsh thc teqnikŠc omoqeirŢac, ton opoŢo Śqome sqediŘsei san Śna purŠna (core) topojetŢsimo (integradable) kuklŤmata ASIC, kai ton opoŢo Śqome perigrŘyei se morfŠ sunjŚsimhc (synthesizable) Verilog. SuzhtoŰme pŤc mporeŢ na qrhsimopoihjeŢ se switches kai routers, ta pleonektŠmatŘ tou se sqŚsh me tic ourŚc hmerologŢou (Calendar Queues), kai analŰoume enallaktikŚc lŰseic gia kŞstoc-apŞdosh. QrhsimopoiŤntac dŢportec kai tetraploŰ plŘtouc mnŠmec (SRAM) kai oikoumenikŘ prosperŘsmata (global bypasses), oi entolŚc-leitourgŢec mporoŰn na xekinoŰn me rujmŞ mŢac anŘ kŰklo rologioŰ.’Otan meiŤnetai to kŞstoc, o rujmŞc apodoqŠc entolŤn ellatŤnetai se mŢa anŘ kŘpoio mikrŞ arijmŞ kŰklwn. To sŰsthma mporeŢ na tropopoieŢtai gia opoiodŠpote mŚgejoc swroŰ kai uposthrŢzei Śnarxh miac entolŠc anŘ kŰklo rologioŰ, ektŞc an Śqome suneqŞmenec entolŚc diagrafŠc (delete), Şpou qreiŘzetai Śnac kenŞc (idle) kŰkloc rologioŰ gia na tic diaqwrŢzei.’Eqome epalhjeŰsei (verified) to sŰsthmŘ mac, sunprosomoiŤnontŘc to me trŢa montŚla swrŤn diaforetikŠc poluplokŞthtac kai afaŢreshc. ’Eqome epŢshc ektelŚsei synthesis kai parousiŘzome plhroforŢec gia thn anŘlush kŞstouc.

An ASIC Core for Pipelined Heap Management to Support Scheduling in High Speed Networks

Aggelos D. Ioannou Master of Science Thesis

Department of Computer Science University of Crete

ABSTRACT

Quality-of-Service (QoS) guarantees in networks will soon be provided using per-flow queueing and sophisticated schedulers. Most advanced scheduling algorithms rely on a common computational primitive: priority queues. Large priority queues are built using calendar queue or heap data structures. To support advanced scheduling at OC-192 (10 Gbps) rates and above, pipelined management of the priority queue is needed. We present a pipelined heap manager that we have designed as a core integratable into ASIC’s, in synthesizable Verilog form. We discuss how to use it in switches and routers, its advantages over calendar queues, and we analyze the cost-performance tradeoffs: using 2-port, 4-wide SRAM’s and global bypasses, heap operations can be initiated at the rate of one per clock cycle; when reducing these costs, issue rates drop to one every few cycles. Our design can be configured to any heap size, and supports initiating operations on every clock cycle, except that one idle (bubble) cycle is needed between two successive delete operations. We have verified our design by co-simulating it with three heap models of varying abstraction. We have also performed synthesis, and are presenting cost analysis information.

EuqaristŢec

Ja Šjela na euqaristŠsw Şlouc autoŰc pou me boŠjhsan katŘ th diŘrkeia thc ergasŢac mou. PrŤta apŞ Şlouc ja Šjela na euqaristŠsw ton kajhghtŠ k. ManŞlh KatebaŢnh pou Śdwse thn idŚa gia thn Şlh ergasŢa. AkŞmh ja Šjela na ton euqaristŠsw tŞso gia tic anektŢmhtec protŘseic kai idŚec katŘ th diŘrkeia thc ergasŢac, Şso kai gia thn prospŘjeiŘ tou na mou apokalŰyei kai na mou metafŚrei ton trŞpo me ton opoŢo prŚpei kŘpoioc na skeftetai Ştan sqediŘzei, kai genikŞtera Ştan apasqoleŢtai me episthmonikŠ Śreuna.

Ja Šjela na euqaristŠsw idiaŢtera ton GeŤrgio KornŘro pou me boŠjhse me ta ergaleŢa sqediasmoŰ hardware thc CADENCE, tŞso me thn enasqŞlhsŠ tou gia th sŰnjesh tou heap-manager, Şso kai gia thn ekmŘjhsh twn ergaleŢwn autŤn se emŚna.

EpŢshc ton kajhghtŠ DionŰsio PneumatikŘto gia tic bohjhtikŚc tou parathrŠseic gia thn suggrafŠ synthesizable – kai mŘlista apodotikŘ synthesizable – kŤdika verilog, kai touc kajhghtŚc E. MarkŘto kai A. TraganŢth pou summeteŢqan gia thn axiolŞghsh autŠc thc ergasŢac.

Ja Šjela na euqaristŠsw th Europractice kai to PanepistŠmio KrŠthc gia thn paroqŠ pollŤn apŞ ta ergaleŢa CAD pou qrhsimopoiŠjhkan, kai to InstitoŰto PlhroforikŠc tou IdrŰmatoc TeqnologŢac kai’Ereunac kajŤc kai thn GenikŠ GrammateŢa’Ereunac kai TeqnologŢac EllŘdoc gia thn oikonomikŠ upostŠrixh autŠc thc ergasŢac.

TŚloc ja Šjela na euqaristŠsw thn oikogŚneiŘ mou gia thn boŠjeia kai thn upostŠrixh katŘ th diŘrkeia twn spoudŤn mou.

PerieqŞmena

1 EisagwgŠ 1

2 ProhgmŚno Scheduling me th QrŠsh OurŤn ProteraiŞthtac 3 2.1 H oikogŚneia twn Weighted Round Robin . . . . . . . . . . . . . . . . . 3 2.2 UlopoiŠseic OurŤn ProteraiŞthtac . . . . . . . . . . . . . . . . . . . . 5

3 H DomŠ mac, H AnaloŢwth SunjŠkh thc kai Ta StoiqeŢa thc 6

4 Oi LeitourgŢec-EntolŚc pou EkteloŰntai se mŢa DendrikŠ DomŠ kai MerikŘ ProblŠmata pou SunantŠjhkan 7 4.1 MŢa GenikŠ PerigrafŠ thc KŘje LeitourgŢac . . . . . . . . . . . . . . . 8 4.1.1 H DiaqeŢrhsh twn EntolŤn Insert apŞ thn KorufŠ Proc ta KŘtw (Top-to-Bottom) . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 4.1.2 DiagrafŚc & EnallagŚc . . . . . . . . . . . . . . . . . . . . . . . 9 4.2 EisŘgwntac to Pipelining . . . . . . . . . . . . . . . . . . . . . . . . . . 10 4.3 AlgŞrijmoi SwroŰ gia Pipelining . . . . . . . . . . . . . . . . . . . . . . 10

5 H ExŚlixh twn IdeŤn mac MŚsa apŞ mia SeirŘ BhmŘtwn kai KŘpoiec IdŚec pou AporŢfjhsan 12 5.1 QrhsimopoiŤntac’Olouc touc DunatoŰc MhqanismoŰc gia UyhlŠ ApŞdosh 13 5.2 Pwc o RujmŞc EisagwgŠc MporeŢ na GŢnei AkŞmh Pio UyhlŞc . . . . . 16

6 H UlopoŢhsh se UlikŞ (Hardware) tou PrwtotŰpou tou DiaqeiristŠ SwroŰ 17 6.1 H DiepifŘneia tou DiaqeiristŠ SwroŰ . . . . . . . . . . . . . . . . . . . 17 6.2 H ParousŢash twn Datapaths . . . . . . . . . . . . . . . . . . . . . . . . 18 6.2.1 To MŚroc tou Datapath gia tic EntolŚc Insert . . . . . . . . . . 19 6.2.2 To MŚroc tou Datapath gia tic EntolŚc Delete . . . . . . . . . . 21 6.3 EpalŠjeush thc OrjŠc LeitourgŢac . . . . . . . . . . . . . . . . . . . . . 23 6.4 Ta ApotelŚsmata se KŞstoc kai ApŞdosh . . . . . . . . . . . . . . . . 24

A QarakthristikŘ MnhmŤn 27

B PlhroforŢec SqetikŘ me ton KŤdika 28

KatŘlogoc SqhmŘtwn

1 Weighted round robin scheduling . . . . . . . . . . . . . . . . . . . . . . 4 2 Priority queues: (a) heap; (b) calendar queue . . . . . . . . . . . . . . . 5 3 Mia sqhmatikŠ perigrafŠ thc entolŠc Insert . . . . . . . . . . . . . . . . 8 4 H entolŠ delete afŠnontac mia ’trŰpa’ . . . . . . . . . . . . . . . . . . . 9 5 H entolŠ delete apofeŰgontac th dhmiourgŢa miac ’trŰpac’ . . . . . . . . 9 6 AplopoihmŚno diŘgramma thc pipeline . . . . . . . . . . . . . . . . . . . . 11 7 O qronismŞc gia thn akoloujŢa DEL-DEL . . . . . . . . . . . . . . . . . 13 8 O qronismŞc gia thn akoloujŢa DEL-INS . . . . . . . . . . . . . . . . . 14 9 O qronismŞc gia thn akoloujŢa INS-DEL . . . . . . . . . . . . . . . . . 15 10 O qronismŞc gia thn akoloujŢa INS-INS . . . . . . . . . . . . . . . . . . 15 11 To perŢgramma tou diaqeiristŠ swroŰ . . . . . . . . . . . . . . . . . . . 18 12 To mŚroc tou datapath gia tic entolŚc insert . . . . . . . . . . . . . . . 19 13 The datapath portion for the delete operation . . . . . . . . . . . . . . . 21

KatŘlogoc PinŘkwn

1 DiŘforec mnŠmec kai ta qarakthristikŘ touc. . . . . . . . . . . . . . . . 27

1 EisagwgŠ

H taqŰthta twn diktŰwn auxŘnetai me dramatikoŰc rujmoŰc. SumantikŚc prŞodoi gŢnontai akŞmh sthn arqitektonikŠ twn diktŰwn, kai eidikŘ sthn paroqŠ eggŰhsewn poiŞthtac uphresiŤn (Quality of Service). MetagwgeŢc (Switches) kai dromologhtŚc (routers) basŢzontai Şlo kai pio polŰ se eidikŞ ulikŞ (hardware) gia thn paroqŠ tou apaitoŰmenou uyhloŰ throughput kai prohgmŚnou QoS. TŚtoio hardware upostŠrixhc gŢnetai efiktŞ kai oikonomikŞ me tic proŞdouc sthn teqnologŢa hmiagwgŤn. Gia na mporoŰn na parŚqoun uyhloŰ epipŚdou egguŠseic QoS, ta switches kai oi routers enŞc diktŰou qreiŘzontai ourŚc anŘ roŠ (per-flow queueing) kai prohgmŚnh qronodromolŞghsh (advanced scheduling) [Kumar98]. To jŚma autŠc thc ergasŢac eŢnai h upostŠrixh me hardware gia prohgmŚnh qronodromolŞghsh.

To per-flow queueing anafŚretai sthn arqitektonikŠ Şpou ta pakŚta pou antagwnŢzontai kai perimŚnoun thn apostolŠ se Śna sugkekrimŚno link exŞdou, topojetoŰntai se pollaplŚc ourŚc. Sta enallaktikŘ –single-queue systems– o trŞpoc exuphrŚthshc eŢnai anagkastikŘ first-come-first-served (FCFS), o opoŢoc stereŢtai dikaiŞthtac kai apomŞnwshc metaxŰ twn swstŘ kai twn lŘjoc sumperiferŞmenwn flows. Mia merikŠ lŰsh eŢnai h qrŠsh FCFS, allŘ na basistoŰme se Ślegqo thc kukloforŢac stic phgŚc, basismŚno se sumbŞlaia exuphrŚthshc (admission control) Š se protŞkola gia end-to-end flow control (Şpwc to TCP). EnŤ autŘ mporoŰn na epitŰqoun dŢkaih katanomŠ tou throughput se megŘlo qronikŞ diŘsthma, upofŚroun apŞ mh-apodotikŞthta se sŰntoma qronikŘ diastŠmata: Ştan Śna kainoŰrgio flow zhtŘei merŢdio tou throughput, tŞte upŘrqei kajustŚrhsh sto na epibradunjoŰn ta paliŘ flows, kai antŢstrofa, Ştan Śna nŚo flow zhtŘei th qrŠsh mh qrhsimopoioŰmenwn (idle) stoiqeŢwn, upŘrqei kajustŚrhsh eŤc Ştou kŘti tŚtoio epitrapeŢ. Se montŚrna dŢktua uyhloŰ throughput, autŚc oi kuklikŚc (round-trip) kajusterŠseic –uparktŚc se kŘje sŰsthma elŚgqou– antistoiqoŰn se suneqŤc auxanŞmeno arijmŞ pakŚtwn.

Gia thn paroqŠ pragmatikŠc apomŞnwshc metaxŰ twn flows, ta pakŚta tou kajŚna ja prŚpei na perimŚnoun se xeqwristŚc ourŚc, kai Śnac scheduler prŚpei na exuphretŠsei tic ourŚc me mia seirŘ pou na dŢnei dŢkaia to diajŚsimo throughput sta energŘ flows. ShmeiŤste pwc dikaiŞthta den shmaŢnei kat’anŘgkh isŞthta –diaforopoŢhsh thc exuphrŚthshc, me elegqŞmeno trŞpo, eŢnai mia apaŢthsh gia ton scheduler. EmporikŘ switches kai routers Šdh qrhsimopoioŰn pollaplŚc ourŚc anŘ Śxodo, allŘ o arijmŞc twn ourŤn autŤn eŢnai mikrŞc (merikŚc dekŘdec Š mikrŞteroc), kai o scheduler pou tic diaqeirŢzetai eŢnai sqetikŘ aplŞc (p.q. aplŚc proteraiŞthtec). To mŚllon ja fŚrei pio leptomerŠ diaqwrismŞ, kai tŞte pollŚc qiliŘdec ourŤn ja apaitoŰntai. H diatŠrhsh pollŤn ourŤn kai h diaqeŢrisŠ touc se uyhlŠ taqŰthta pro˛pojŚtei Śna Şqi amelhtŚo kŞstoc, allŘ eŢnai efiktŠ me th montŚrna teqnologŢa hmiagwgŤn [Korn97].

H paroŰsa ergasŢa asqoleŢtai me to exŠc prŞblhma: thn ulopoŢhsh prohgmŚnwn algŞrijmwn scheduling se uyhlŠ taqŰthta, Ştan upŘrqoun pollŚc qiliŘdec apŞ antagwnizŞmena flows. H enŞthta 2 parousiŘzei mia sŰnoyh twn diŘforwn algŞrijmwn scheduling. ’Oloi basŢzontai se Śna koinŞ upologistikŞ mŚroc gia thn pio qronobŞra diadikasŢa touc: h eŰresh tou mŚgistou (Š tou elŘqistou) anŘmesa apŞ Śna megŘlo plŠjoc timŤn. ProhgoŰmenh douleiŘ sthn ulopoŢhsh autoŰ tou mŚrouc dŢnetai sto [Ioan00, section 2]. Gia megŘlo arijmŞ eurŚwc diesparmŚnwn timŤn, oi ourŚc proteraiŞthtac se morfŠ thc domŠc dedomŚnwn tou swroŰ (heap data structure) eŢnai h pio apodotikŠ anaparŘstash, parŚqontac entolŚc eisagwgŠc (insert) kai diagrafŠc elaqŢstou (delete) se logarijmikŞ qrŞno. Gia heap arketŤn ekatontŘdwn stoiqeŢwn, autŞ metafrŘzetai se merikŚc dekŘdec prospelŘseic se mia RAM gia kŘje entolŠ sto heap, to opoŢo dŢnei Śna rujmŞ entolŤn metaxŰ 5 kai 10 qiliŘdwn entolŤn to deuterŞlepto (Mops) Š kai ligŞtero [Mavro98]. ’Omwc, gia rujmoŰc OC-192 (10 Gbps) kai parapŘnw, kai gia pakŚta se mŚgejoc perŢpou 50 bytes, perissŞtera apŞ 50 Mops apaitoŰntai. Gia na petŰqoume tŚtoiouc rujmoŰc, oi entolŚc tou heap prŚpei na gŢnontai pipelined. TŞte apaitoŰntai metatropŚc stouc aploŰc (software) algŞrijmouc enŞc heap, Şpwc eŢqe protajeŢ to 1997 [Kate97] (deŢte epŢshc to Technical Report [Mavro98]). Sthn paroŰsa ergasŢa asqoloŰmaste me Śnan pipelined heap manager pou sqediŘsame sth morfŠ enŞc core, topojetŢsimo se ASICs.

H enŞthta 3 parousiŘzei mia sunolikŠ eikŞna tou trŞpou leitourgŢac thc domŠc me thn opoŢa asqoloŰmaste, afoŰ dŞsei mia perigrafŠ twn domikŤn thc lŢjwn. H perigrafŠ autŠ Śqei skopŞ na bohjŠsei sthn suzŠthsh pou akoloujeŢ. Sthn enŞthta 4 parousiŘzontai oi entolŚc pou ja mac apasqolŠsoun, Śtsi Ťste o manager na parŚqei thn anagkaŢa leitourgikŞthta. Sthn enŞthta 5 parousiŘzontai oi algŞrijmoi gia grŠgorh eŢsodo twn entolŤn.

TelikŘ h enŞthta 6 parousiŘzei thn sqedŢasŠ mac, h opoŢa eŢnai se morfŠ synthesizable Verilog. O purŠnac ASIC pou sqediŘsame mporeŢ na metatrapeŢ se opoiodŠpote mŚgejoc ourŘc proteraiŞthtac. Ta datapaths parousiŘzontai, enŤ kŘpoia problŠmata gia thn upopoŢhsh twn algorŢjmwn se hardware kai oi lŰseic touc parousiŘzontai sta antŢstoiqa parartŠmata (Appendices). H apalŠjeush (verification) parousiŘzetai sth sunŚqeia, kajŤc kai to kŞstoc kai h apŞdosh tou heap manager.

2 ProhgmŚno Scheduling me th QrŠsh OurŤn ProteraiŞthtac

Sthn enŞthta 1 exhgŠsame thn anŘgkh gia per-flow queueing gia thn paroqŠ prohgmŚnou QoS se dŢktua uyhlŤn epidŞsewn tou mŚllontoc. Gia na eŢnai apodotikŞ, to per-flow queueing qreiŘzetai Śna kalŞ scheduler. PolloŢ prohgmŚnoi algŞrijmoi scheduling Śqoun protajeŢ. KalŚc anaforŚc apoteloŰn ta [Zhang95] kai [Keshav97, chapter 9]. Oi proteraiŞthtec eŢnai Śnac prŤtoc, shmantikŞc mhqanismŞc. SunŠjwc lŢga epŢpeda proteraiŞthtac arkoŰn, opŞte autŞc o mhqanismŞc ulopoieŢtai eŰkola. To aggregation (ierarqikŞ scheduling) eŢnai Śnac deŰteroc mhqanismŞc: prŤta dialŚgoume metaxŰ enŞc arijmoŰ apŞ sŰnola flows, metŘ dialŚgoume Śna flow apŞ to sugkekrimŚno sŰnolo [Bennett97]. MerikŘ epŢpeda thc ierarqeŢac periŚqoun lŢga sŰnola, enŤ Řlla mporeŢ na periŚqoun qiliŘdec flows. H paroŰsa ergasŢa aforŘ ta teleutaŢa epŢpeda. Oi duskolŞteroi algŞrijmoi scheduling eŢnai autoŢ pou anŠkoun sthn oikogŚneia weighted round robin. AsqoloŰmaste me autoŰc sth sunŚqeia.

2.1 H oikogŚneia twn Weighted Round Robin

To Sq. 1 parousiŘzei to weighted round robin scheduling. BlŚpoume eftŘ flows, apŞ to A ewc to G. TŚssera apŞ autŘ, A, C, D, F eŢnai proc to parŞn energŘ (mh-Řdeiec ourŚc). O scheduler prŚpei na exuphretŠsei ta energŘ flows me seirŘ tŚtoia Ťste h exuphrŚthsh pou ja deqteŢ to kŘje energŞ flow se megŘlo qronikŞ diŘsthma na eŢnai anŘlogo tou suntelestŠ bŘrouc tou (weight factor). Den eŢnai apodektŞ na episkeptŞmaste ta flows me seirŘ plain round robin, exuphretŤntac to kajŚna analogikŘ me to bŘroc tou, giatŢ oi qrŞnoi exuphrŚthshc gia ta flows me megŘlo bŘroc ja sugkentrwnŞtan mazŢ, odhgŤntac se burstiness kai se megŘlo jitter gia to qrŞno exuphrŚthshc.

XekinoŰme me ta energŘ flows na eŢnai qronodromologhmŚna (scheduled) na exuphrethjoŰn se kŘpoio sugkekrimŚno mellontikŞ ’qrŞno’ to kajŚna: To flow A eŢnai na exuphrethjeŢ sto qrŞno t=32, to C sto t=30, to D sto t=37, kai to F sto t=55. To flow pou ja exuphrethjeŢ epŞmeno eŢnai autŞ pou Śqei to nwrŢtero, dhl. to mikrŞtero, scheduled qrŞno exuphrŚthshc. Sto parŘdeigmŘ mac autŞ eŢnai to flow C. H ourŘ tou Śqei mŞno Śna pakŚto, opŞte metŘ thn exuphrŚthsŠ tou gŢnetai anenergŞ kai digrŘfetai apŞ to schedule. MetŘ, o ’qrŞnoc’ proqwrŘei sto 32 kai exuphreteŢtai to flow A. To flow A paramŚnei energŞ metŘ th metŘdosh tou prwtopŞrou pakŚtou, kai prŚpei na xanadromologhjeŢ (rescheduled). To rescheduling basŢzetai sta antŢstrofa twn suntelestŤn

SqŠma 1: Weighted round robin scheduling

bŘrouc, oi opoŢoi antistoiqoŰn sta sqetikŘ diastŠmata exuphrŚthshc. To diŘsthma exuphrŚthshc tou A eŢnai 20, opŞte to A gŢnetai rescheduled gia na exuphrethjeŢ sto ’qrŞno’ 32+20=52. (’Otan to mŚgejoc pakŚtou diafŚrei, autŞ to mŚgejoc summetŚqei epŢshc ston upologismŞ tou epŞmenou qrŞnou exuphrŚthshc). H seirŘ exuphrŚthshc pou prokŰptei faŢnetai sto Sq. 1 . ’Opwc blŚpoume, o scheduler leitourgeŢ me to na elŚgqei thn timŠ tou ”epŞmenou qrŞnou exuphrŚthshc” gia kŘje energŞ flow. Se kŘje bŠma prŚpei na broŰme thn elŘqisth autŤn twn timŤn, kai metŘ na thn enhmerŤsoume (auxŠsoume) an to flow paramŘnei energŞ, Š na th diagrŘyoume an to flow gŢnetai anenergŞ. ’Otan Śna nŚo pakŚto enŞc anenergoŰ flow Śrqetai, autŞ to flow ja prŚpei na epaneisaqjeŢ sto schedule.

PolloŢ algŞrijmoi scheduling anŠkoun se autŠ thn oikogŚneia. ’Otan Śqoume workconserving arqŚc (disciplines) pŘnta o ”twrinŞc qrŞnoc” prowjeŢtai sto qrŞno exuphrŚthshc tou epŞmenou energoŰ flow, anexŘrthta me to pŞso makriŘ sto mŚllon eŢnai autŞc. Me autŞ ton trŞpo, ta energŘ flows aporrofoŰn Şlh th qwrhtikŞthta tou diktŰou. Ta non-work-conserving disciplines qrhsimopoioŰn Śna rolŞi pragmatikoŰ qrŞnou.’Ena flow exuphreteŢtai mŞno Ştan to rolŞi pragmatikoŰ qrŞnou ftŘsei Š xeperŘsei ton scheduled qrŞno exuphrŚthshc. ’Otan den upŘrqei tŚtoio flow, o metadŞthc mŚnei anenergŞc. TŚtoioi schedulers leitourgoŰn san ’elegktŚc’ (regulators), anagkŘzontac to kŘje flow na upakoŰei sto sumbŞlaio exuphrŚthsŠc tou. A’ lla shmantikŘ stoiqeŢa enŞc algŞrijmou scheduling eŢnai o trŞpoc pou enhmerŤnei to qrŞno exuphrŚthshc gia to flow pou exuphretŠjhke (p.q. basismŚno sto diŘsthma exuphrŚthshc tou flow, Š se kŘpoio deadline anŘ pakŚto), kai o trŞpoc pou apofasŢzetai o qrŞnoc exuphrŚthshc gia neo-energopoihmŚna flows. AutŘ ta zhtŠmata odhgoŰn stic diaforŚc metaxŰ twn algorŢjmwn weighted fair queueing kai twn paraplŠsiwn, Şpwc o algŞrijmoc virtual clock kai ta earliest-due-date kai rate-controlled disciplines [Keshav97, ch.9].

2.2 UlopoiŠseic OurŤn ProteraiŞthtac

’Oloi oi parapŘnw algŞrijmoi scheduling basŢzontai se Śna koinŞ upologistikŞ mŚroc gia thn pio qronobŞra diergasŢa touc: mia ourŘ proteraiŞthtac, dhl. thn eŰresh tou mŚgistou (Š tou elŘqistou) apŞ Śna sŰnolo arijmŤn. O ourŚc proteraiŞthtac me mŞno merikŚc dekŘdec stoiqeŢa Š me arijmoŰc proteraiŞthtac epilegmŚnouc apŞ Śna mikrŞ sŰnolo timŤn eŢnai eŰkolo na ulopoihjoŰn, p.q. qrhsimopoiŤntac sundiastikŘ kuklŤmata kwdikopoŢhshc proteraiotŠtwn (priority encoder circuits). ’Omwc, gia ourŚc proteraiŞthtac me pollŚc qiliŘdec stoiqeŢa kai me timŚc epilegmŚnec apŞ Śna megŘlo sŰnolo apitreptŤn arijmŤn, oi domŚc dedomŚnwn tŰpou heap Š calendar queue prŚpei na qrhsimopoihjoŰn. A’ llec domŚc tŰpou heap [Jones86] eŢnai endiafŚrousec se software allŘ den eŢnai prosarmŞsimec se ulopoiŠseic hardware uyhlŠc taqŰthtac.

SqŠma 2: Priority queues: (a) heap; (b) calendar queue

To Sq. 2 (a) paristŘnei Śna heap. EŢnai Śna duadikŞ dŚntro (pŘnw), fusikŘ apojhkeumŚno se Śna seiriakŞ pŢnaka (kŘtw). Ta mh-Řdeia stoiqeŢa eŢnai Şla mazemŚna pŘnw kai aristerŘ. To stoiqeŢo se kŘje kŞmbo eŢnai mikrŞtero Š Ţso apŞ ta stoiqeŢa twn dŰo jugatrikŤn tou kŞmbwn (h idiŞthta tou heap). Oi eisagwgŚc (insertions) gŢnontai sthn aristerŞterh Řdeia jŚsh, kai metŘ pijanŤc enallŘssontai me touc progŞnouc twn gia na epanisqŰsei h idiŞthta tou heap. To elŘqisto stoiqeŢo brŢsketai pŘnta sth rŢza. Gia na to diagrŘyoume (delete), metakinoŰme to teleutaŢo gemŘto stoiqeŢo sth rŢza, kai metŘ pijanŤc to enallŘssoume me touc apogŞnouc tou pou eŢnai mikrŞteroŢ tou. Sth qeirŞterh twn periptŤsewn, ja qreiastoŰn tŞsec anakatatŘxeic Şso kai to Űyoc tou dŚntrou.

To Sq. 2 (b) paristŘnei Śna calendar queue [Brown88]. EŢnai Śnac pŢnakac me alusŢdec. Ta stoiqeŢa topojetoŰntai sthn alusŢda pou upodiknŰetai apŞ mia sunŘrthsh diasporŘc (hash function). To epŞmeno elŘqisto stoiqeŢo brŢsketai me to na yŘxoume sthn twrinŠ alusŢda kai metŘ na yŘxoume thn epŞmenh mh-Řdeia alusŢda. Ta calendar queues Śqoun kalŠ mŚsh apŞdosh Ştan to mŚso Şro upologŢzetai se mia megŘlh seirŘ entolŤn. ’Omwc, braquprŞjesma, merikŚc entolŚc mporeŢ na eŢnai polŰ akribŚc. Sto [Brown88], to calendar allŘzei mŚgejoc Ştan h ourŘ gŢnetai polŰ megŘlh Š polŰ mikrŠ. AutŠ h allagŠ emperiŚqei thn antigrafŠ Şlhc thc ourŘc. QwrŢc allagŠ tou megŚjouc, eŢte oi sundedemŚnec lŢstec ja gŢnoun polŰ makriŚc, kajusterŤntac tic eisagwgŚc (an oi lŢstec eŢnai taxinomhmŚnec) Š to yŘximo (an oi lŢstec den eŢnai taxinomhmŚnec), Š oi seirŚc Řdeiwn stoiqeŢwn ston pŢnaka mporeŢ na gŢnoun polŰ megŘlec, kai ja qreiŘzontai eidikŠ upostŠrixh gia na yŘqnoume to epŞmeno mh-Řdeio stoiqeŢo. Sto [Ioan00, section 2] upŘrqoun anaforŚc se prohgoŰmenh douleiŘ pŘnw se ulopoiŠseic ourŤn proteraiŞthtac.

3 H DomŠ mac, H AnaloŢwth SunjŠkh thc kai Ta StoiqeŢa thc

Ac xekinŠsoume exetŘzontac ti ja jŚlame na prosfŚretai apŞ mia arqŠ qronodromolŞghshc (scheduling). PrŤta ap’Şla, Şpwc anafŚrjhke prin, ja jŚlame na Śqoume mia domŠ pou apojhkeŰei ta stoiqeŢa me tŚtoio trŞpo, Ťste plhroforŢa sqetikŘ me Śnan arijmŞ diŘtaxhc na mporeŢ na exaqjeŢ. Gia na eŢmaste pio akribeŢc, ja jŚlame na mporoŰme na pŘroume to stoiqeŢo me th mikrŞterh proteraiŞthta sto mikrŞtero dunatŞ qrŞno, dhladŠ O(1), epomŚnwc anexŘrthto apŞ ton arijmŞ twn stoiqeŢwn (N) pou eŢnai apojhkeumŚna sth domŠ. EpomŚnwc den apaiteŢtai sunolikŠ diŘtaxh twn stoiqeŢwn. ’Omwc Řllec leitourgŢec gia na kratoŰn th domŠ enhmerwmŚnh ja prŚpei na gŢnontai, Şpwc eisagwgŚc kai diagrafŚc. AutŠ h diaqeŢtish thc domŠc ja prŚpei epiplŚon na gŢnetai apodotikŘ, Śtsi Ťste na petuqaŢnoume uyhlŠ sunolikŠ apŞdosh. Gia na to petŰqoume autŞ, mia merikŠ diŘtaxh twn stoiqeŢwn mporeŢ na eŢnai polŰ bohjhtikŠ. SunoyŢzontac Şla autŘ, ja jŚlame mia domŠ pou na apojhkeŰei stoiqeŢa sundedemŚna me mia arijmhtikŠ timŠ, pou na mporeŢ na dŤsei to stoiqeŢo me th mikrŞterh timŠ se qrŞno tŘxhc O(1), kai me Şlec tic aparaŢthtec entolŚc gia enhmŚrwsh pou diaqeirŢzontai th domŠ na apodŢdoun parŞmoia, toulŘqiston sto epŢpedo thc diepifŘneiac (interface level).

H domŠ pou diaqeirizŞmaste eŢnai Śna duadikŞ dŚntro pou kratŘei ta stoiqeŢa tou me tŚtoio trŞpo Ťste na ulopoieŢ mia ourŘ proteraiŞthtac. ’Ena dŚntro pou ulopoieŢ mia ourŘ proteraiŞthtac eŢnai Śna dŚntro me kŘje tou kŞmbo na eŢnai mikrŞteroc Š Ţsoc apŞ touc jugatrikoŰc tou kŞmbouc (Şpwc anafŚrjhke Šdh sthn enŞthta 2.2 ). Me autŞ ton trŞpo h rŢza eŢnai to mikrŞtero stoiqeŢo apŞ Şla tou dŚntrou. To dŚntro den akoloujeŢ plŠrh diŘtaxh, Śna periorismŞc Şmwc pou Şpwc anafŚrjhke den eŢnai anagkaŢoc. ’Otan epiplŚon asqolhjoŰme me thn apodotikŞthta sth diaqeŢrhsh miac tŚtoiac domŠc, jŚloume na Śqei mŢa akŞmh idiŞthta: na eŢnai isorrophmŚno kai akŞmh perissŞtero plŠrwc isorrophmŚno, dhladŠ na Śqei Şla ta epŢpeda tou dŚntrou plŠrwc kathleimŚna, me mŞnh pijanŠ exaŢresh to qamŠlŞtero epŢpedo, pou mporeŢ na Śqei ta aristerŞtera fŰlla tou kathleimŚna kai ta dexiŞtera (an upŘrqoun) na eŢnai eleŰjera. Me autŞ ton trŞpo h apŞstash twn fŰllwn apŞ th rŢza mporeŢ na diafŚrei to polŰ katŘ Śna, kai kajŞlou ’trŰpec’ den emfanŢzontai sto dŚntro. EpomŚnwc, sthn akŞloujh suzŠthsh, Ştan anaferŞmaste sthn analoŢwth sunjŠkh tou dŚntrou, ennooŰme thn idiŞthta tou wc Śna plŠrwc isorrophmŚno, fŢltro epilogŠc elaqŢstou, duadikŞ dŚntro. EpiplŚon, h merikŠ diŘtaxh twn stoiqeŢwn pou parŚqei Śna heap bohjŘ sthn apodotikŞthta ektŚleshc twn enhmerŤsewn.

TŤra ac doŰme ti ja prŚpei na eŢnai to kŘje stoiqeŢo. Apo thn wc tŤra suzŠthsh, xŚroume Şti Śna stoiqeŢo ja prŚpei na apoteleŢtai apŞ dŰo arijmoŰc: mŢa tautŞthta (id) kai thn susqetismŚnh proteraiŞthta (priority). To id mporei na qrhsimopoihjeŢ me polloŰc trŞpouc, p.q. san arijmŞc enŞc VC se Śna dŢktuo ATM. To priority eŢnai h timŠ pou kajorŢzei th sqetikŠ jŚsh tou stoiqeŢou sto dŚntro. EŢnai loipŞn to mŚtro thc diŘtaxhc kai thc sŰgkrishc metaxŰ twn stoiqeŢwn tou dŚntrou. Sto prohgoŰmeno parŘdeigma mporeŢ na anaparistŘnei thn proteraiŞthta tou antŢstoiqou VC. EdŤ ja jŚlame na anafŚroume Şti sth suzŠthsh pou akoloujeŢ kai stic perigrafŚc, Ştan anaferŞmaste se Śna stoiqeŢo san megalŰtero Š mikrŞtero se sqŚsh me kŘpoio Řllo, anaferŞmaste sth sŰgkrish thc antŢstoiqhc timŠc proteraiŞthtac. To Ţdio isqŰei kai se kŘje arijmhtikŠ anaforŘ se stoiqeŢa, ektŞc an shmeiŤnetai diaforetikŘ.

4 Oi LeitourgŢec-EntolŚc pou EkteloŰntai se mŢa DendrikŠ DomŠ kai MerikŘ ProblŠmata pou SunantŠjhkan

EdŤ ja parousiŘsoume tic leitourgŢec pou ja mporoŰsan na uposthrŢzontai apŞ Śna diaqeiristŠ swroŰ (heap manager). Mia basikŠ parousŢash autŤn leitourgiŤn kai o lŞgoc ŰparxŠc touc dŢnetai sto [Ioan00, section 4]. EdŤ dŢnoume mia genikŠ perigrafŠ tou pwc autŚc diaqeirŢzontai th dendrikŠ domŠ. Sth sunŚqeia asqoloŰmaste me jŚmata apŞdoshc kai eisŘgoume to pipelining.’Ena eidikŞ prŞblhma me to pipelining gia tic entolŚc delete paroousiŘzetai, mazŢ me th lŰsh tou.

4.1 MŢa GenikŠ PerigrafŠ thc KŘje LeitourgŢac

SqŠma 3: Mia sqhmatikŠ perigrafŠ thc entolŠc Insert

EdŤ ja doŰme pwc h kŘje leitourgŢa (entolŠ) lambŘnei qŤra sth dendrikŠ domŠ, me Şlec tic anagkaŢec anatopojetŠseic pou apaitoŰntai.

4.1.1 H DiaqeŢrhsh twn EntolŤn Insert apŞ thn KorufŠ Proc ta KŘtw (Topto-Bottom)

Ac xekinŠsoume th suzŠthsŠ mac me thn entolŠ insert. H entolŠ insert paŢrnei san parŘmetro Śna nŚo stoiqeŢo kai prŚpei na to eisŘgei sto dŚntro. H insert diaisjhtikŘ ekteleŢ thn eisagwgŠ sto aristerŞtero Řdeio fŰllo tou katŤterou epipŚdou tou dŚntrou, kai metŘ anadiatŘsei ta stoiqeŢa pou brŢskontai apŞ pŘnw, Śtsi Ťste na diathrŠsei thn idiŞthta thc ourŘc proteraiŞthtac se isqŰ. ’Omwc, gia na uposthrŢxoume pipelining sth diaqeŢrish tou heap, ja jŚlame Şlec oi entolŚc na leitourgoŰn top-to-bottom, kai epomŚnwc xekinoŰme mia insert apŞ th rŢza tou dŚntrou. Sthn pragmatikŞthta h insert den ekteleŢ thn eisagwgŠ amŚswc. To neoeisagŤmeno stoiqeŢo ja prŚpei na brei th swstŠ jŚsh tou sto dŚntro. SwstŠ me thn Śnnoia tou na diathreŢ h dendrikŠ domŠ mac Řjikth thn analoŢwth sunjŠkh. EpomŚnwc Śna nŚo stoiqeŢo ja prŚpei stadiakŘ na topojethjeŢ sto aristerŞtero Řdeio fŰllo tou dŚntrou (Şqi anagkastikŘ periŚqontac to neoeisaqjŚn stoiqeŢo), kratŤntac Śtsi to dŚntro isorrophmŚno, kai me kŘje kŞmbo tou na pramŚnei mikrŞteroc apŞ touc jugatrikoŰc tou kŞmbouc. Gi’autŞ mia insert sugkrŢnei to neoeisagŤmeno stoiqeŢo me to stoiqeŢo sth rŢza, kai topojeteŢ to mikrŞtero ek twn dŰo san th nŚa rŢza (pijanŞn to Ţdio stoiqeŢo na suneqŢsei na eŢnai sth rŢza). AutŞ suneqŢzei na gŢnetai anadromikŘ, kajŤc diatrŚqoume to dŚntro apŞ thn korufŠ proc ta kŘtw. To monopŘti pou ja akoloujŠsoume eŢnai gnwstŞ, mia kai to aristerŞtero Řdeio fŰllo mporeŢ na entopisteŢ lŞgw thc suneqŠc mac gnŤshc tou sunolikoŰ arijmoŰ twn stoiqeŢwn. H eŰresh loipŞn thc diadromŠc eŢnai plŚon eŰkolh, allŘ h ulopoŢhsh eŢnai kŘpwc perŢplokh kai parousiŘzetai argŞtera.

4.1.2 DiagrafŚc & EnallagŚc

Ac asqolhjoŰme tŤra me thn entolŠ diagrafŠc (delete). H entolŠ delete prŚpei na diagrŘyei to rizikŞ stoiqeŢo (epistrŚfontac to perieqŞmenŞ tou san apotŚlesma). KajŤc

SqŠma 4: H entolŠ delete afŠnontac mia ’trŰpa’

SqŠma 5: H entolŠ delete apofeŰgontac th dhmiourgŢa miac ’trŰpac’

tŤra h rŢza gŢnetai Řdeia, Śna Řllo stoiqeŢo tou dŚntrou prŚpei na topojethjeŢ san mia nŚa rŢza. An epilŚxoume Śnan apŞ touc jugatrikoŰc kŞmbouc (to mikrŞtero), tŞte mŢa ’trŰpa’ ja metakinoŰntan proc ta fŰlla tou dŚntrou, dialŚgontac to monopŘti thc ’tuqaŢa’ kajŤc diatrŚqei ta epŢpeda tou dŚntrou. EdŤ to tuqaŢa den ja prŚpei na metafrasteŢ kuriolektikŘ. AutŞ pou ennooŰme eŢnai Şti h kŘje kainoŰrgia ’strofŠ’ epilŚgetai me to mŚtro thc katŘtaxhc kai to monopŘti pou apaiteŢtai gia na diathrhjeŢ to dŚntro isorrophmŚno den akoloujeŢtai. EpomŚnwc autŠ h mŚjodoc den eŢnai h katŘllhlh. AutŞ pou ja jŚlame eŢnai na Śqoume kŘje nŚa ’trŰpa’ na ’topojeteŢtai’ sto dexiŞtero kathlleimŚno fŰllo. AutŞ mporeŢ na epiteuqjeŢ me to na diagrŘyoume to teleutaŢo kai na to metafŚroume sth rŢza, h opoŢa mŞlic Śgine Řdeia. MetŘ h neoeisaqjeŢsa rŢza sugkrŢnetai me ta paidiŘ thc kai to mikrŞtero apŞ ta trŢa stoiqeŢa enallŘsetai me th rŢza. AutŞ gŢnetai anadromikŘ gia to teleutaŢo ennalaqjŚn stoiqeŢo, ewc Ştou den qreiŘzontai Řllec anatopojetŠseic. Se autŠ th stigmŠ h leitourgŢa thc delete jewreŢtai wc telesjeŢsa kai to dŚntro paramŚnei plŠrwc isorrophmŚno kai me thn idiŞthta thc ourŘc proteraiŞthtac se isqŰ.

TelikŘ suzhtoŰme thn entolŠ ennallagŠc (replace). ’Opwc anafŚretai sto [Ioan00, section 4], autŠ h entolŠ den ulopoiŠjhke sto sqŚdiŞ mac, allŘ mporeŢ na prostejeŢ polŰ eŰkola, kajŤc h ulopoŢhsŠ thc moiŘzei polŰ me ton trŞpo pou ulopoiŠsame thn entolŠ delete. H entolŠ replace qreiŘzetai mia timŠ san parŘmetro (jetikŠ Š arnhtikŠ) kai prosjŚtei autŠ thn timŠ sto rizikŞ stoiqeŢo (dhl. auxŘnei th rŢza katŘ thn timŠ). ApŞ ekeŢ kai pŚra autŠ h entolŠ drŘ Şpwc h delete, afŞtou h teleutaŢa Śqei metakinŠsei to teleutaŢo fŰllo sth rŢza.’Ena nŚo stoiqeŢo tpojeteŢtai san nŚa rŢza kai kŘpoia stoiqeŢa tou dŚntrou ja prŚpei na anatopojethjoŰn me th boŠjeia anadromikŠc sŰgkrishc tou mhtrikoŰ kŞmbou me ta paidiŘ tou, Ťste na diathrhjeŢ se isqŰ h idiŞthta thc ourŘc proteraiŞthtac.

4.2 EisŘgwntac to Pipelining

Gia na epitŰqoume uyhlŞ throughput entolŤn gia th domŠ mac kai to akŞloujo sqŚdio/ulopoŢhsh, ja prŚpei na epitrŚpoume nŚec entolŚc na eisŚrqontai kai na xekinoŰn na leitourgoŰn (dhl. na anatopojetoŰn ta stoiqeŢa tou dŚntrou) prin h prohgoŰmenh na Śqei teleiŤsei. Me autŞ ton trŞpo, pollŚc entolŚc mporoŰn na eŢnai se exŚlixh, leitourgŤntac sta stoiqeŢa tou dŚntrou. Gia na epitŰqoume tŚtoio parallhlismŞ, kŘje entolŠ pou Śqei eisaqjeŢ ja prŚpei na diaqeirŢzetai Śna xeqwristŞ sŰnolo stoiqeŢwn. O kalŰteroc trŞpoc na gŢnei autŞ eŢnai na Śqoume Şlec tic entolŚc na diasqŢzoun to dŚntro apŞ thn korufŠ proc ta kŘtw me thn pŘrodo tou qrŞnou, kai me thn kŘje mŢa na akoloujeŢ thn prohgoŰmenŠ thc me pipelined trŞpo. AutŞc eŢnai kai o lŞgoc pou prospajŠsame stic prohgoŰmenec suzhtŠseic mac na Śqoume Şlec tic entolŚc na exelŢsontai apŞ thn korufŠ proc ta kŘtw.’Omwc, parŞlo pou o trŞpoc autŞc moiŘzei polŰ apodotikŞc, polŰ prŞsjeth prospŘjeia qreiŘzetai gia to sqediasmŞ kajŤc exartŠseic dedomŚnwn (data hazards) parousiŘzontai, kai monopŘtia proŤjhshc (forwarding paths) kai logikŠ elŚgqou prŚpei na prostejoŰn. EpiplŚon to na eisŘgoume kŘje nŚa entolŠ amŚswc metŘ thn prohgoŰmenŠ thc (dhl. ston epŞmeno kŰklo rologioŰ) eŢnai polŰ dŰskolo (apaiteŢ polŰ prŞsjeto ulikŞ) kai to Ţdio isqŰei gia thn epŢlush kŘpoiwn antŢstoiqwn exartŠsewn dedomŚnwn. AutŘ suzhtŤntai analutikŘ se epŞmenec enŞthtec.

4.3 AlgŞrijmoi SwroŰ gia Pipelining

To Sq. 6 parousiŘzei tic basikŚc idŚec thc diaqeŢrishc heap me pipelining. KŘje epŢpedo tou heap apojhkeŰetai se xeqwristŠ fusikŠ mnŠmh, kai diaqeirŢzetai apŞ Śna afosiwmŚno epŢpedo elŚqgou. O exwterikŞc kŞsmoc Śrqetai se Řmesh epafŠ mŞno me to epŢpedo 1. Oi entolŚc pou parŚqontai eŢnai: (i) insert: Śna nŚo stoiqeŢo sto heap (sthn Řfixh enŞc pakŚtou, Ştan to flow paŰei na eŢnai anenergŞ), (ii) deleteMin: diŘbasma kai diagrafŠ tou elŘqistou stoiqeŢou dhl. thc rŢzac (sthn anaqŤrhsh pakŚtou, Ştan to flow gŢnetai anenergŞ), kai (iii) replaceMin^1: antikatŚsthse to elŘqisto me Śna nŚo stoiqeŢo pou Śqei megalŰterh timŠ (sthn anaqŤrhsh pakŚtou, Ştan to flow paramŚnei energŞ).

SqŠma 6: AplopoihmŚno diŘgramma thc pipeline

’Otan zhteŢtai apŞ Śna epŢpedo na ektelŚsei mia entolŠ, ekteleŢ thn entolŠ ston katŘllhlo kŞmbo tou sugkekrimŚnou epipŚdou, kai metŘ mporeŢ na zhtŠsei apŞ to pio kŘtw epŢpedo na ektelŚsei mia gennhmŚnh entolŠ pou mporeŢ na apaiteŢtai Ťste na diathrhjeŢ h idiŞthta tou heap. Gia ta epŢpeda 2 kai pio kŘtw, ektŞc apŞ to na kajorŢsoume thn entolŠ kai Śna dedomŚno, h arŢjmhsh tou kŞmbou, i, ja prŚpei epŢshc na kajoristeŢ.’Otan oi entolŚc tou heap gŢnotai me autŞ ton trŞpo, kŘje tmŠma (mazŢ kai to tmŠma 1 gia I/O) eŢnai Śtoimo na exuphretŠsei mia nŚa entolŠ, apŞ th stigmŠ pou h prohgoŰmenh entolŠ Śqei oloklhrŤsei th leitourgŢa thc sto dikŞ thc epŢpedo mŞno.

H entolŠ replace eŢnai h eukolŞterh gia katanŞhsh. Sthn Sq. 6 , to arg1 (parŘmetroc 1) pou dŢnetai, prŚpei na antikatastŠsei th rŢza sto epŢpedo 1. To mŚroc 1 (stage 1) diabŘzei ta dŰo paidiŘ tou apŞ to L2, gia na apofasŢsei poiŘ apŞ tic treic timŚc eŢnai to nŚo elŘqisto, gia na grafteŢ sto L1. An Śna ek twn dŰo paidiŤn Štan to elŘqisto, to dosmŚno arg1 ja prŚpei na antikatastŠsei autŞ to paidŢ, ekinŤntac Śtsi mia nŚa entolŠ replace gia to mŚroc 2, k.o.k.

1milŤntac edŤ jewrhtikŘ, afou oi entolŚc replace den ulopoiŠjhkan sto telikŞ sqŚdio

H entolŠ delete eŢnai parŞmoia me th replace. Gia na diathrŠsoume to heap isorrophmŚno, h rŢza diagrŘfetai antikajistŤntac th me to dexiŞtero mh-Řdeio stoiqeŢo sto katŤtero mh-Řdeio epŢpedo. H arthrŢa (bus) lastEntry qrhsimopoieŢtai gia na diabŘsoume autŞ to stoiqeŢo, kai to antŢstoiqo epŢpedo enhmerŤnetai pwc prŚpei na to diagrŘyei. ’Otan pollŚc entolŚc eŢnai se exŚlixh se diaforetikŘ mŚrh thc pipeline, to pragmatikŞ ’teleutaŢo’ stoiqeŢo mporeŢ na mhn eŢnai to teleutaŢo stoiqeŢo tou teleutaŢou epipŚdou: h ’aiwroŰmenh’ timŠ tou neŞterou-se-exŚlixh insert ja prŚpei na qrhsimopoihjeŢ (perissŞterh anŘlush dŢnetai sto [Ioan00, section 4]). Se autŠ thn perŢptwsh h arthrŢa las-

tEntry leitourgeŢ wc Śna monopŘti prosperŘsmatoc (bypass path), kai to pio prŞsfato

insert akurŤnetai.

O paradosiakŞc algŞrijmoc gia thn insert ja prŚpei na tropopoihjeŢ, Şpwc anafŚretai sthn enŞthta 4.1.1 . Se Śna mh-pipelined heap, ta nŚa stoiqeŢa eisŘgontai ston ’pŘto’ (bottom), metŘ to teleutaŢo mh-Řdeio stoiqeŢo. An to nŚo stoiqeŢo eŢnai mikrŞtero apŞ ton gonŚa tou, tŞte enallŘssetai me autŞn, k.o.k. TŚtoiec entolŚc ja exelŢsontan sth lŘjoc kateŰjunsh, sth pipeline tou Sq. 6 . Ston tropopoihmŚno algŞrijmo, ta nŚa stoiqeŢa eisŘgontai sth rŢza. To nŚo stoiqeŢo kai h rŢza sugkrŢnontai. To mikrŞtero apŞ ta dŰo paramŚnei wc h nŚa rŢza, kai to Řllo anadromikŘ eisŘgetai sto katŘllhlo apo ta dŰo upŞ-heaps. Me to na strŢboume swstŘ –sto aristerŞ Š dexiŞ upŞ-heap– autŠ thn alusŢda twn insert sto kŘje epŢpedo, mporoŰme na eŢmaste bŚbaioi Şti to teleutaŢo insert ja kajodhghjeŢ na gŢnei akribŤc ston kŞmbo tou heap dŢpla apŞ to prohgoŰmenateleutaŢo stoiqeŢo. ShmeiŤste pwc oi paradosiakŚc insert proqwroŰn mŞno gia Şsa epŢpeda qreiŘzetai, enŤ o tropopoihmŚnoc algŞrijmŞc mac diatrŚqei Şla ta epŢpeda. AutŞ pŘntwc den ephreŘzei to throughput twn entolŤn. Sto [Ioan00, section 4] mporeŢte na deŢte analutikŘ kŘpoia apŞ ta jŚmata pou aforoŰn thn arqitektonikŠ.

5 H ExŚlixh twn IdeŤn mac MŚsa apŞ mia SeirŘ BhmŘtwn kai KŘpoiec IdŚec pou AporŢfjhsan

KŘje entolŠ pou ekteleŢtai sto dŚntro kai xekinŘei apŞ th rŢza tou, ’pŚftei’ proc ta fŰlla me taqŰthta enŞc epipŚdou anŘ Śnan arijmŞ kŰklwn. To kŰrio jŚma gia suzŠthsh eŢnai h taqŰthta thc ’ptŤshc’ kai epŢshc o rujmŞc eisagwgŠc entolŤn, dhladŠ to qronikŞ diŘsthma metŘ to opoŢo mŢa entolŠ mporeŢ na akoloujŠsei thn prohgoŰmenŠ thc. AutŚc oi parŘmetroi kajorŢzoun to throughput twn entolŤn pou mporeŢ na epiteuqjeŢ. Oi arqikŚc idŚec dŢnontai sto [Ioan00, section 5]. Edw blŚpoume apeujeŢac tic telikŚc lŰseic.

5.1 QrhsimopoiŤntac’Olouc touc DunatoŰc MhqanismoŰc gia UyhlŠ ApŞdosh

Se autŠ thn enŞthta parousiŘzoume thn telikŠ mac apŞfash gia th diaqeŢrish thc domŠc, qrhsimopoiŤntac Şlouc touc mhqanismoŰc ([Ioan00, section 5]), kai epiplŚon prosjŚtontac pio ’epijetikŠ’ proŤjhsh, katalŠgontac se Śna polŰ apodotikŞ sqŚdio. Ta diagrŘmmata qronismoŰ fŘinontai sta Sq. 7 , Sq. 8 , Sq. 9 kai Sq. 10 .

SqŠma 7: O qronismŞc gia thn akoloujŢa DEL-DEL

Ja xekinŠsoume me thn entolŠ insert pou apeikonŢzetai sto Sq. 10 , mia kai faŢnetai pio aplŠ. Se autŞ to diŘgramma blŚpoume th deŰterh insert na eisŘgetai amŚswc metŘ thn prŤth ston kŰklo 2. Se autŠ th stigmŠ h INS2 diabŘzei thn timŠ pou jŚlei prin akŞmh autŠ h timŠ apofasisteŢ apŞ thn sŰgkrish ston kŰklo 2.’Omwc an eŢmaste prosektikoŢ, autŞ mporeŢ na doulŚyei swstŘ, qwrŢc na Śqoume kajusterŠseic. AutŞ eŢnai alŠjeia, mia kai h INS2 qreiŘzetai thn timŠ pou diabŘzei, gia thn sŰgkrish ston kŰklo 3. Se autŠ thn stigmŠ h timŠ eŢnai gnwstŠ, mia kai h sŰgkrish thc INS1 Śqei gŢnei ston kŰklo 1 kai mporeŢ na prowjhjeŢ.’Omwc h anŘgnwsh apŞ th mnŠmh eŢnai qrŠsimh, giatŢ kajŤc diatrŚqoume to dŚntro proc ta kŘtw, dŰo suneqŞmenec entolŚc insert mporeŢ na pŘroun diaforetikŠ strofŠ. ApŞ ekeŢ kai pŚra h timŠ pou ja grafteŢ apŞ thn prŤth eŢnai anexŘrthth apŞ th deŰterh, kai epomŚnwc h deŰterh insert mporeŢ kai prŚpei na diabŘsei to stoiqeŢo pou jŚlei, mŞnh thc. H amfibolŢa tou katŘ pŞso h entolŠ anŘgnwshc eŢnai qrŠsimh Š Şqi, faŢnerai sto diŘgramma me Śna latinikŞ erwthmatikŞ pŘnw apŞ to bŚloc thc anŘgnwshc. MŢa parŞmoia katŘstash faŢnetai sto diŘgramma tou Sq. 8 , Şpou mia insert pou akoloujeŢ mia delete eisŘgetai kai pŘli ston kŰklo 2, me thn timŠ gia th sŰgkrish ston kŰklo 3 na prowjeŢtai apŞ th sŰgkrish ston kŰklo 2.

SqŠma 8: O qronismŞc gia thn akoloujŢa DEL-INS

Sto Sq. 7 mporoŰme na doŰme to qronismŞ gia thn entolŠ delete. H deŰterh delete eisŘgetai ston kŰklo 3. EpomŚnwc h entolŠ anŘgnwshc ekteleŢtai kai pŘli polŰ nwrŢc. ’Omwc h sŰgkrish ston kŰklo 4 mporeŢ kai pŘli na Śqei tic eisŞdouc thc Śgkurec. H rŢza Šdh grŘfetai ston kŰklo 3.’Ena apŞ ta paidiŘ pijanŤc grŘfetai ston kŰklo 4 (an qreiazŞtan na enallaqjeŢ me th rŢza), allŘ mporeŢ na prowjhjeŢ metŘ th sŰgkrish ston kŰklo 3. To trŢto stoiqeŢo (to deŰtero paidŢ) eŢqe swstŘ diabasteŢ ston kŰklo 3 apŞ thn entolŠ anŘgnwshc. An, metŘ thn kŘjodŞ mac gia merikŘ epŢpeda, ta dŰo suneqŞmena delete Śqoun pŘrei diaforetikŠ strofŠ, tŞte kai ta dŰo paidiŘ ja parjoŰn apŞ thn antŢstoiqh entolŠ anŘgnwshc. ’Omwc gia dŰo suneqŞmenec delete, mia diaforetikŠ strofŠ den tic kŘnei anexŘrthtec amŚswc, Şpwc ginŞtan gia tic insert. Mia kai kŘje delete diaqeirŢzetai tautŞqrona dŰo epŢpeda tou dŚntrou, mŢa akŞmh ’ptŤsh’ (dhladŠ Śnac kŰkloc) ja qreiasteŢ gia na gŢnoun oi dŰo anexŘrthtec. Sto Sq. 9 blŚpoume thn perŢptwsh Şpou mia delete akoloujeŢ mia insert. H delete eisŘgetai kai pŘli ston kŰklo 3, kai h anŘlush orjŞthtac mporeŢ na gŢnei me ton Ţdio trŞpo.

MetŘ apŞ autŚc tic beltiŤseic Śqoume thn kŘje insert na akoloujeŢ thn prohgoŰmenh entolŠ ston amŚswc epŞmeno kŰklo, enŤ h delete eisŘgetai me Śna mŞno kŰklo kenŞ (idle). AutŞ dŢnei Śna aplopoihmŚno mŚso Şro gia throughput entolŤn, miac ana 1,5 kŰklwn, me mŞno 0,5 kŰklouc na mŚnoun idle.

SqŠma 9: O qronismŞc gia thn akoloujŢa INS-DEL

SqŠma 10: O qronismŞc gia thn akoloujŢa INS-INS

5.2 Pwc o RujmŞc EisagwgŠc MporeŢ na GŢnei AkŞmh Pio Uyh- lŞc ’Eqoume loipŞn petŰqei thn apŞdosh thc enŞthtac 5.1, Şpou eŢpame pwc Ştan mia delete eisŘgetai, ja prŚpei na prohgeŢtai Śnac kenŞc kŰkloc. EpomŚnwc Ştan jŚloume na eisŘgoume mia akoloujŢa entolŤn Şpwc INS-INS-DEL, ja prŚpei na eisaqjeŢ san INS-INS-idle-DEL.’Omwc, gia touc lŞgouc pou faŢnontai sto [Ioan00, section 4], h neŞterh insert ja prŚpei na akurwjeŢ Ştan eisaqjeŢ h delete. MetŘ apŞ autŞ h akoloujŢa gŢnetai INSidle-idle-DEL. Oi dŰo kenoŢ kŰkloi faŢnontai tŤra polloŢ, mia kai Śnac mŞno kenŞc kŰkloc ja arkoŰse gia na mh prokalŚsei problŠmata sthn pipeline. AutŞ mac dŢnei thn idŚa na epitrŚyoume mia DEL na akoloujŠsei amŚswc mia INS (me Śna kenŞ kŰklo na apaiteŢtai mŞno gia tic akoloujŢec DEL-DEL, kŘnontac autŚc DEL-idle-DEL), mia kai eŢmaste sŢgouroi pwc h INS pou prohgeŢtai ja akurwjeŢ, prokalŤntac thn anagkaŢa fusalŢda (bubble) pou ja diatrŚxei thn pipeline, mprostŘ apŞ thn DEL. EpomŚnwc me autŠ th beltŢwsh, Śqoume mia DEL na apaiteŢ Śna kenŞ kŰklo mŞno gia na diaqwristeŢ emŚswc metŘ apŞ mia Řllh DEL. O upologismŞc thc prokŰptousac sunolikŠc apŞdoshc eŢnai kŘpwc parŘxenoc, mia kai Śnac qronodromologhtŠc pou Śqei gnŤsh tou mhqanismoŰ, ja mporeŢ pijanŤc pŘnta na qronodromologŠsei mia endiŘmesh INS gia na diaqwrŢsei mia akoloujŢa DEL-DEL, metatrŚpontŘc thn se DEL-INS-DEL. H teleutaŢa mporeŢ na eisaqjeŢ qwrŢc prŞsjetouc kŰklouc, katalŠgontac Śtsi se rujmŞ eisŞdou mŢac nŚac entolŠc anŘ kŰklo rologioŰ.’Omwc, an upojŚsoume Śnan qronodromologhtŠ pou den eŢnai gnŤsthc, kai me aplopoihmŚna posostŘ entolŤn, mporoŰme na upojŚsoume pwc mia DEL ja akoloujeŢ (se plŠrh leitourgŢa, dhladŠ Ştan Śqoume se kŘje kŰklo mia nŚa entolŠ) eŢte mia DEL Š mia INS, me Ţsh pijanŞthta. EpomŚnwc h pijanŞthta na Śqoume thn akoloujŢa DEL-DEL dŢnetai apŞ ton tŰpo P (DEL ∩ DEL) = P (DEL) × P (DEL) = 0.5 × 0.5 = 0.25. EpomŚnwc Śnac kenŞc kŰkloc ja prostŢjetai kŘje 4 entolŚc (metŘ apŞ kŘje deŰterh DEL) katŚ mŚso Şro, dŢnontac taqŰthta 4 entolŤn anŘ 5 kŰklouc.

ParŞlo pou autŞ faŢnetai arketŘ aplŞ, Śna prŞblhma prokŰptei, to opoŢo eutuqŤc, an gŢnei antilhptŞ, mporeŢ na xeperasteŢ.’Otan mia DEL akoloujeŢ amŚswc mia INS, eŢpame pwc h INS ja akurwjeŢ, odhgŤntac sth dhmiourgŢa miac fusalŢdac. ’Omwc, Şpwc kajorŢzetai apŞ th seiriakŠ eŢsodo twn entolŤn, h DEL ja prŚpei na Śqei ta Ţdia apotelŚsmata, Şpwc an h INS eŢqe afejeŢ prŤta na teleiŤsei. AutŞ shmaŢnei Şti h domŠ thc pipeline den ja prŚpei na ephreŘzei ta apotelŚsmata. EpomŚnwc mia DEL, asqŚtwc tou kŰklou pou eisŘqjhke, an akoloujeŢ tic Ţdiec entolŚc ja prŚpei na Śqei ta Ţdia apotelŚsmata, krŰbontac Śtsi tic leptomŚreiec thc ulopoŢhshc apŞ ton Śxw kŞsmo.’Omwc, Şpwc ja faneŢ kai sthn enŞthta 6 , Ştan h INS miac akoloujŢac INS-DEL akurŤnetai, den Śqei akŞmh prolŘbei na grŘyei th nŚa rŢza (an qreiazŞtan se perŢptwsh pou to nŚo stoiqeŢo eŢnai to mikrŞtero Şlwn). EpomŚnwc h DEL ja dŤsei mia (pijanŤc) paliŘ rŢza proc ta Śxw, qrhsimopoiŤntac to (pijanŤc mikrŞtero) akurwmŚno stoiqeŢo thc INS san antikatastŘth thc rŢzac. AutŞ to mikrŞtero stoiqeŢo ja exaqjeŢ apŞ thn epŞmenh DEL, odhgŤntac sthn enallagŠ duo suneqŞmenwn timŤn (se sŰgkrish me th swstŠ aloloujŢa exŞdou) sthn akoloujŢa exŞdou pou prokŰptei apŞ ton diaqeiristŠ tou heap. Mia kai autŞ sumbaŢnei Ştan h INS miac akoloujŢac INS-DEL prospajeŢ na eisŘgei Śna nŚo elŘqisto stoiqeŢo, mporoŰme na xeperŘsoume autŞ to prŞblhma me to na Śqoume thn DEL na leitourgeŢ elafrŤc diaforopoihmŚna. Den ja prŚpei amŚswc na exŘgei th rŢza, allŘ to mikrŞtero thc rŢzac kai thc akurwmŚnhc timŠc. ’Etsi pŘnta ja exŘgei to elŘqisto stoiqeŢo, afŠnontac to mh epilegmŚno gia antikatastŘth thc rŢzac (pijanŤc thn Ţdia thn paliŘ rŢza, allŘ autŞ den prokaleŢ kanŚna epiplŚon prŞblhma, afoŰ de diafŚrei apŞ th genikŠ perŢptwsh).

’Enac enallaktikŞc grafikŞc trŞpoc parousŢashc kai exŠghshc tou qronismoŰ dŢnetai sto [Ioan00, section 5]. Oi duskolŢec gia thn eisagwgŠ miac entolŠc anŘ kŰklo rologioŰ dŢnontai epŢshc sto [Ioan00, section 5] kai h melŚth perissotŚrwn enallaktikŤn kŞstouc kai apŞdoshc sto [Ioan00, section 6].

6 H UlopoŢhsh se UlikŞ (Hardware) tou PrwtotŰpou tou DiaqeiristŠ SwroŰ

’Opwc eŢpame nwrŢtera, suneqŢsame thn ergasŢa mac, proc thn ulopoŢhsh enŞc protŞtupou ASIC tou wc tŤra diaqeiristŠ swroŰ pou perigrŘyame. Ja perigrŘyoume ton Şlo sqediasmŞ me megŘlh leptomŚreia, xekinŤntac me mia genikŠ exwterikŠ perigrafŠ pou dŢqnei to epŢpedo diepifŘneiac. MetŘ suneqŢzoume parousiŘzontac ta sqetikŘ datapaths me thn prosjŠkh epiplŚon anŘlushc gia to pwc leitourgoŰn kŘpoia sugkekrimŚna tmŠmata.

6.1 H DiepifŘneia tou DiaqeiristŠ SwroŰ

To perŢgramma (outline) tou diaqeiristŠ swroŰ faŢnetai sto Sq. 11 . Ac xekinŠsoume exhgŤntac ta sŠmata eisŞdou kai exŞdou. XekinŤntac me to sŠma cmd, eŢnai h entolŠ pou dŢnetai sto diaqeiristŠ. Proc to parŞn, h insert kai h delete eŢnai oi dŰo dunatŚc entolŚc. H eŢsodoc valid kajorŢzei thn egkurŞthta thc entolŠc pou dŢnetai se kŘje kŰklo. H Şlh diepifŘneia eŢnai sugqronismŚnh me thn eŢsodo rologioŰ clk in kai Śtsi Şla ta sŠmata deigmatolhptoŰntai mŢa forŘ se kŘje perŢodo rologioŰ. To data in eŢnai ta dedomŚna

SqŠma 11: To perŢgramma tou diaqeiristŠ swroŰ

pou dŢnontai san eŢsodo, an autŘ qreiŘzontai. AutŞ odhgeŢtai ston Ţdio kŰklo mazŢ me thn antŢstoiqh entolŠ. H ’tautŞthta’ (id) kai mia antŢstoiqh arijmhtikŠ timŠ (p.q. proteraiŞthta) qreiŘzontai na dwjoŰn se mia entolŠ insert. H delete de qreiŘzetai Řllec paramŚtrouc eisŞdou. Sthn ulopoŢhsŠ mac to id eŢnai plŘtouc 14 bits kai dŢnetai sta perissŞtero shmantikŘ bits tou data in, enŤ h antŢstoiqh arijmhtikŠ timŠ (Š aplŘ arijmŞc gia aplŞthta) eŢnai plŘtouc 18 bits kai dŢnetai sta ligŞtero shmantikŘ bits tou data in. To reset qreiŘzetai gia kŘpoiec aparaŢthtec arqikopoiŠseic sth Śnarxh thc leitourgŢac. ’Oson aforŘ tic exŞdouc, to reset ack shmatodoteŢ pŞte h arqikopoŢhsh oloklhrŤjhke, opŞte h kanonikŠ leitourgŢa mporeŢ na lŘbei qŤra. To clk out eŢnai to sŠma rologioŰ pou sugqronŢzei ta sŠmata exŞdou. TŚloc, to data out dŢnei ta dedomŚna pou epistrŚfontai apŞ ton diaqeiristŠ. Mia insert den perimŚnei dedomŚna exŞdou, enŤ h delete dŚqetai to elŘqisto stoiqeŢo mŚsw tou data out. To id kai o arijmŞc periŚqontai sta 32 bits tou data out me ton Ţdio trŞpo pou perigrŘyame gia to data in. ’Ena teleutaŢo stoiqeŢo pou ja jŚlame na anafŚroume eŢnai pwc oi entolŚc insert mporoŰn na eisaqjoŰn se kŘje kŰklo, enŤ gia mia delete jŚloume Śna kenŞ kŰklo na th diaqwrŢsei apŞ mia amŚswc prohgoŰmenh delete. AutŞ eŢnai to apotŚlesma autoŰ pou Śqei Šdh exhghjeŢ stic enŞthtec pou perigrŘyame thn ektŚlesh me trŞpo pipelined kai tic sqetikŚc mejŞdouc gia na epitŰqoume uyhlŞ throughput entolŤn.

6.2 H ParousŢash twn Datapaths

To datapath tou sqedŢou mac mporeŢ na diaqwristeŢ se dŰo shmantikŘ mŚrh. To prŤto perilambŘnei thn anagkaŢa leitourgikŞthta gia tic entolŚc insert, kai to deŰtero thn antŢstoiqh leitourgikŞthta gia tic entolŚc delete. Wc sunŠjwc ta perissŞtera sŠmata elŚgqou den faŢnontai. H mnŠmh faŢnetai kai sta dŰo datapaths, Şmwc upŘrqei mŞno Śna antŢtupo pou qrhsimopoieŢtai kai apŞ ta dŰo (me polŰplexh twn eisŞdwn kai twn exŞdwn). Mia kai oi dŰo entolŚc den moirŘzontai sqedŞn kajŞlou apŞ th leitourgŢa touc, o diaqwrismŞc twn datapths tairiŘzei Şmorfa kai eŢnai bohjhtikŞc tŞso gia thn katanŞhsh, allŘ kai gia thn ulopoŢhsh tou sqedŢou. ParŞla taŰta, ta dŰo katŘ ta Řlla xeqwristŘ datapaths epikoinwnoŰn metaxŰ touc mŚsw shmŘtwn prospŚrashc kai antŢstoiqwn dedomŚnwn, ta opoŢa apaitoŰntai gia na uposthriqjeŢ to prŘgmati Śntono pipelining.

6.2.1 To MŚroc tou Datapath gia tic EntolŚc Insert

SqŠma 12: To mŚroc tou datapath gia tic entolŚc insert

To datapath gia thn entolŠ insert faŢnetai sto Sq. 12 . Me mia prŤth matiŘ parathroŰme pwc eŢnai polŰ kanonikŞ (epanalambanŞmeno).’Ena tmŠma (stage) thc pipeline kajistŘ to basikŞ tmŠma, to opoŢo epanalambŘnetai omoiŞmorfa. Me autŞ ton trŞpo o diaqeiristŠc tou heap gŢnetai eŰkola anaprosarmozŞmenou megŚjouc, apaitŤntac ton katŘllhlo arijmŞ epanalŠyewn twn tmhmŘtwn Ťste na Śqoume ton diaqeiristŠ tou katŘllhlou megŚjouc. MŞno ta prŤta dŰo kai to teleutaŢo tmŠma diafŚroun apŞ to basikŞ. ParŞla autŘ, apoteloŰn aplŞterec metatropŚc tou basikoŰ tmŠmatoc. To prŤto tmŠma periŚqei epiplŚon leitourgikŞthta pou aforŘ th diepifŘneia proc ton Śxw kŞsmo, arqikoŰc upologismoŰc kai kŘpoia epiplŚon apojŠkeush gia dedomŚna. XekinŤntac thn perigrafŠ mac apŞ autŞ to tmŠma, blŚpoume Śnan metrhtŠ pou kratŘ ton arijmŞ twn stoiqeŢwn pou eŢnai anŘ pŘsa stigmŠ apojhkeumŚna sth domŠ. KŘje forŘ pou mia insert (Š mia delete) eisŘgetai, o metrhtŠc auxŘnetai (Š meiŤnetai). Mia perigrafŠ se megalŰtero bŘjoc gia ton metrhtŠ kai to mhqanismŞ enhmŚrwsŠc tou dŢnetai sto [Ioan00, section 7], mia kai kŘpoiec epiplŚon teqnikŚc pou apaitoŰn perissŞterh anŘlush qrhsimopoioŰntai se autŞ to mŚroc. Sto tmŠma 1 h timŠ thc rŢzac dŢnetai sto epŞmeno tmŠma. H rŢza krateŢtai se Śna kataqwrhtŠ pou antistoiqeŢ sto epŢpedo mnŠmhc 1. To stoiqeŢo pou ja eisaqjeŢ dŢnetai epŢshc sto tmŠma 2, afoŰ lŠfjhke mŚsw thc diepifŘneiac.’Ena teleutaŢo prŘgma pou gŢnetai se autŞ to tmŠma eŢnai o upologismŞc thc dieŰjunshc anŘgnwshc gia to epŞmeno epŢpedo. AutŠ h dieŰjunsh upologŢzetai me bŘsh thn timŠ tou metrhtŠ kai thn paroŰsa dieŰjunsh (dhl. th dieŰjunsh pou qrhsimopoiŠjhke gia thn anŘgnwsh apŞ th mnŠmh tou antŢstoiqou tmŠmatoc). H teleutaŢa eŢnai 1, mia kai autŠ h dieŰjunsh antistoiqeŢ sth rŢza. ’Oso gia ta sŠmata elŚgqou pou de faŢnontai, prŚpei na anafŚroume pwc Śna bit egkurŞthtac prŚpei na sqhmatisteŢ gia na dŢqnei Şti mia entolŠ insert Śqei eisaqjeŢ. AutŞ ja dŢnetai kai sta epŞmena tmŠmata kai ja summetŘsqei ston upologismŞ twn shmŘtwn oe, we kai cs.

Sth sunŚqeia perigrŘfoume to basikŞ tmŠma, to opoŢo, qrhsimopoioŰmeno ton katŘllhlo arijmŞ forŤn, dhmiourgeŢ Śnan diaqeiristŠ tou apaitoŰmenou megŚjouc. De ja exhgŠsoume xeqwristŘ to deŰtero kai to teleutaŢo tmŠma, ta opoŢa anafŚrame pwc diafŚroun apŞ to basikŞ, mia kai apoteloŰn aploŰsterec diaforopoiŠseic tou teleutaŢou, eŰkola katanohtŚc. KajŤc dŢnoume thn perigrafŠ, o anagnŤsthc mporeŢ na parapŚmpetai sto tmŠma 3 (stage 3) tou Sq. 12 . PrŤta ap’Şla blepoume sta aristerŘ Śna sugkritŠ (cmp) me dŰo eisŞdouc. H prŤth (pŘnw) eŢnai to stoiqeŢo pou ’aiwreŢtai’ proc ton pŘto tou dŚntrou, enŤ to deŰtero eŢnai to stoiqeŢo pou eŢnai proc to parŞn apojhkeumŚno sto prohgoŰmeno epŢpedo tou dŚntrou. To monopŘti pou akoloujeŢtai kajorŢzetai apŞ to monopŘti pou prŚpei na akoloujŠsoume gia na ftŘsoume sthn kenŠ jŚsh tou dŚntrou pou ja filoxenŠsei to nŚo stoiqeŢo. ’Omwc, kajŤc Řllec entolŚc mporeŢ na diasqŢzoun to dŚntro, autŞ to stoiqeŢo, pou diaisjhtikŘ katalambŘnei th jŚsh sto dŚntro, Ţswc den eŢnai efiktŞ na dwjeŢ apŞ th mnŠmh tou epipŚdou 2, mia kai autŠ mporeŢ na periŚqei paliŘ dedomŚna. ’Ena monopŘti prospŚrashc prŚpei na energopoihjeŢ gia na prosfŚrei ta dedomŚna pou autŠ th stigmŠ prospajoŰn na eggrafoŰn sth mnŠmh (Şlec oi prosperŘseic analŰontai sto [Ioan00, section 7]). DŰo poluplŚktec, Śnac sta aristerŘ tou tmŠmatoc 3 kai Śnac sta dexiŘ tou tmŠmatoc 2, epilŚgoun thn katŘllhlh eŢsodo. AnaferŞmenoi stic eisŞdouc apŞ ton prŤto (tmŠma 2) poluplŚkth sto deŰtero, kai paŢrnontac tic eisŞdouc tou kŘje poluplŚkth apŞ pŘnw proc ta kŘtw, Śqoume tic exŠc periptŤseic: (a) PaŢrnoume ta dedomŚna apeujeŢac apŞ th mnŠmh. AutŞ sumbaŢnei Ştan kamŢa prohgoumŚnwc eishgmŚnh entolŠ pou enŚqei eggrafŠ sto epŢpedo 2 den ekteleŢtai autŠ th stigmŠ. (b) Mia insert eŢqe prohgoumŚnwc eisaqjeŢ me Śnan endiŘmeso kenŞ kŰklo. (g) Mia delete eŢqe prohgoumŚnwc eisaqjeŢ me Śnan endiŘmeso kenŞ kŰklo. (d) AutŠ eŢnai h eŢsodoc pou lambŘnetai apŞ ton prŤto poluplŚkth. (e) Mia insert eŢqe eisaqjeŢ ston prohgoŰmeno kŰklo. (st) Mia delete eŢqe eisaqjeŢ ston prohgoŰmeno kŰklo. AfŞtou Śqoume kajorŢsei kai ta dŰo stoiqeŢa, o sugkritŠc brŢskei autŞ me th mikrŞterh timŠ proteraiŞthtac. AutŞ epilŚgetai apŞ ton prŤto poluplŚkth gia na grafteŢ sth mnŠmh L2, sth dieŰjunsh apŞ thn opoŢa prospajŠsame prohgoumŚnwc na diabŘsoume. To Řllo stoiqeŢo dŢnetai mŚsw tou Řllou poluplŚkth sto epŞmeno tmŠma kai kajistŘ to epwnomazŞmeno ’aiwroŰmeno’ antikeŢmeno. H nŚa dieŰjunsh gia anŘgnwsh upologŢzetai epŢshc. AutŞ pou faŢnetai san Śnac pollaplasiastŠc (*2) kai Śnac ajroistŠc, ulopoioŰntai me aplŠ diaqeŢrish twn bits.

6.2.2 To MŚroc tou Datapath gia tic EntolŚc Delete

SqŠma 13: The datapath portion for the delete operation

To datapath gia tic entolŚc delete faŢnetai sto Sq. 13 . Kai auto to datapath eŢnai polŰ kanonikŞ, an kai autŞ den mporeŢ na faneŢ kalŘ sto sqŠma. AutŞ sumbaŢnei giatŢ to basikŞ tmŠma qrhsimopoieŢtai apŞ to tmŠma 4 kai pŚra. EpomŚnwc Śqoume ta prŤta 3 na apoteloŰn aplŞterec metatropŚc tou basikoŰ tmŠmatoc. EpanalambŘnontac to teleutaŢo mporoŰme na Śqoume ton diaqeiristŠ tou katŘllhlou megŚjouc. To teleutaŢo tmŠma apoteleŢ kai pŘli aploŰsteush tou basikoŰ. To prŤto tmŠma eŢnai h aploŰsterh Şlwn twn metatropŤn, allŘ perilambŘnei epiplŚon leitourgikŞthta gia touc lŞgouc pou anafŚrjhkan kai sto prŤto epŢpedo thc insert. DiabŘzei th rŢza kai exŘgei to elŘqisto stoiqeŢo, kai h rŢza sth sunŚqeia ja antikatastajeŢ. To nŚo stoiqeŢo pou (diaisjhtikŘ) ja topojethjeŢ proswrinŘ sth rŢza, Şpwc perigrŘfthke sthn 4.1, ja dwjeŢ eŢte apŞ mia akurwmŚnh insert, Š apeujeŢac apŞ th jŚsh thc mnŠmhc pou brŢsketai. AutŞ faŢnetai aplŘ me Śna bŚloc sto sqŠma. H dieŰjunsh anŘgnwshc gia th mnŠmh L3 epŢshc upologŢzetai.

Ac perigrŘyoume tŤra th logikŠ gia to tmŠma 4 tou Sq. 13 . AutŞ eŢnai Śna antŢgrafo tou basikoŰ tmŠmatoc gia th delete, kai mŚsw autoŰ mporoŰme na katalŘboume pwc leitourgoŰn kai ta Řlla tmŠmata pou anafŚrjhkan san aploŰsterec metatropŚc. TŚssera stoiqeŢa dŢnontai apŞ to prohgoŰmeno tmŠma, ta opoŢa shmeiŤnontai san 1, 2, 1’ kai 2’. AutŘ eŢnai ta tŚssera paidiŘ pou qreiŘzetai na diabastoŰn apŞ to prohgoŰmeno tmŠma gia touc lŞgouc apodotikŞthtac pou anafŚrjhkan Ştan suzhtoŰsame pwc ekteloŰntai oi entolŚc delete (deŢte epŢshc to [Ioan00, section 5]).’Omwc thn Ťra pou ftŘnoume to tmŠma 4, xŚroume poiŘ dŰo paidiŘ eŢnai ta qrŠsima. EpiplŚon, monopŘtia prosperŘsmatoc eŢnai upoyŠfia na dŤsoun tic pragmatikŚc timŚc twn paidiŤn, mia kai h mnŠmh mporeŢ na periŚqei paliŘ dedomŚna. ’Eqoume treic periptŤseic pou qreiŘzontai Śna monopŘti prosperŘsmatoc na energopoihjeŢ, oi opoŢec antistoiqoŰn se sugkekrimŚnec akoloujŢec entolŤn. (a) Mia DEL eŢqe eisaqjeŢ mŚsw thc akoloujŢac INS-INS-idle-DEL. H deŰterh insert ja Śqei akurwjeŢ gia logariasmŞ thc DEL, Şmwc h prŤth ja eŢnai akŞmh energŠ kai prospajeŢ na grŘyei to epŢpedo thc mnŠmhc apŞ to opoŢo prospajoŰme na diabŘsoume. (b) Mia DEL akoloujeŢ thn paroŰsa DEL me duo endiŘmesouc kenoŰc kŰklouc. (g) Mia DEL akoloujeŢ thn paroŰsa DEL me Śna mŞno endiŘmeso kŰklo. Oi antŢstoiqoi poluplŚktec pou apofasŢzoun poio monopŘti ja energopoihjeŢ eŢnai o 2-se-1 poluplŚkthc sto dexŢ pŘnw Řkro tou tmŠmatoc 3 kai o 4-se-1 poluplŚkthc sta aristerŘ tou tmŠmatoc 4. Oi periptŤseic prosperŘsmatoc pou anafŚrjhkan pio pŘnw akoloujoŰn th seirŘ eisŞdwn twn poluplektŤn apŞ ton aristerŞ (tmŠma 3) ston dexiŞ kai apŞ pŘnw proc ta kŘtw. ’Eqontac apofasŢsei ta dŰo paidiŘ pou ja qrhsimopoihjoŰn, autŘ sugkrŢnontai metaxŰ touc kai me to gonŚa touc gia na kajoristeŢ to mikrŞtero apŞ ta trŢa. O prŤtoc poluplŚkthc (matŘ touc sugkritŚc) dialŚgei to apotŚlesma thc sŰgkrishc anŘmesa sto gonŚa kai to mikrŞtero paidŢ. To mikrŞtero paidŢ prowjeŢtai mŚsw tou epŞmenou poluplŚkth kai o trŢtoc poluplŚkthc epilŚgei to mikrŞtero metaxŰ tou gonŚa kai tou mikrŞterou paidioŰ. To stoiqeŢo pou epilŚgetai ja grafteŢ sthn katŘllhlh jŚsh thc mnŠmhc. MporoŰme na upologŢsoume thn dieŰjunsh autŠ mia kai xŚroume th dieŰjunsh pou qrhsimopoiŠjhke gia na diabŘsoume ta 4 paidiŘ kai epiplŚon xŚroume ta apotelŚsmata twn sugkrŢsewn apŞ ta prohgoŰmena tmŠmata. O poluplŚkthc sto sqŠma pou epilŚgei metaxŰ twn 0, 1, 2 Š 3 kai o ajroistŠc ulopoioŰntai me aplŠ diaqeŢrish twn bits. TŚloc blŚpoume kŘtw ton upologismŞ thc nŚac dieŰjunshc anŘgnwshc. Ki autŠ epŢshc apaiteŢ aplŠ diaqeŢrish twn bits.

DiŘfora jŚmata pou epŚferan duskolŢec sthn arqitektonikŠ dŢnontai sto [Ioan00, section 7] mazŢ me tic lŰseic touc.

6.3 EpalŠjeush thc OrjŠc LeitourgŢac

Gia na epalhjeŰsoume to sqŚdiŞ mac, suggrŘyame trŢa montŚla enŞc heap, me diaforetikŞ epŢpedo afaŢreshc, kai ta prosomoiŤsame parŘllhla me to sqŚdio se Verilog, Śtsi Ťste kŘje uyhlŞterou epipŚdou montŚlo na elŚgqei thn orjŞthta tou epŞmenou (pio kŘtw) epipŚdou, wc to telikŞ epŢpedo-sqŚdio. To uyhlŞterou epipŚdou montŚlo, grammŚno se Perl, eŢnai mia ourŘ proteraiŞthtac pou aplŘ epalhjeŰei oti to stoiqeŢo pou epistrŚfetai apŞ tic delete eŢnai kŘje forŘ to elŘqisto Şswn Śqoun eisaqjeŢ kai den Śqoun diagrafeŢ. To epŞmeno pio analutikŞ montŚlo, grammŚno se C, eŢnai Śna aplŞ heap. Ta perieqŞmena thc mnŠmhc tou prŚpei na tairiŘzoun me autŘ thc Verilog gia sqŠmata elŚgqou pou den energopoioŰn to mhqanismŞ akŰrwshc twn insert ([Ioan00, section 4]).’Omwc, Ştan autŞc o mhqanismŞc energopoieŢtai, h sunolikŠ topojŚthsh twn stoiqeŢwn sto pipelined heap mporeŢ na diafŚrei apŞ autŠ tou aploŰ heap, giatŢ merikŚc insert akurŤnontai prŢn ftŘsoun to teleiwtikŞ touc stŘdio, kai epomŚnwc h timŠ pou ja antikatastŠsei th rŢza sthn epŞmenh delete mporeŢ na mhn eŢnai h mŚgisth tou monopatioŰ thc insert (Şpwc sunŚbaine sto aplŞ heap), allŘ mia Řllh timŠ tou monopatioŰ, Şpwc kajorŢzetai apŞ to sqetikŞ qronismŞ twn entolŤn. To pio analutikŞ montŚlo C analutikŘ perigrŘfei-prosomoiŤnei autŠ th sumperifora.’Eqoume epalhjeŰsei to sqŚdio me pollŚc diaforetikŚc akoloujŢec entolŤn, energopoiŤntac Şla ta pijanŘ monopŘtia prosperŘsmatoc. SqŠmata elŚgqou (test patterns) dekŘdwn qiliŘdwn entolŤn qrhsimopoiŠjhkan, Ťste na elegqjoŰn Şla ta epŢpeda tou heap, ftŘnontac kai se sunjŠkec koresmoŰ. DiŘforec parŘmetroi mporoŰn na dwjoŰn, Şpwc o mŚgistoc arijmŞc plhrŞthtac pou ja epŚljei, ta Šdh twn akoloujiŤn entolŤn (Şpwc p.q. tuqaŢa, Š suneqŞmenec insert akoloujoŰmenec apŞ suneqŞmenec delete gia th suneqŠ energopoŢhsh tou mhqanismoŰ thc akŰrwshc twn insert klp.), Š o elŘqistoc arijmŞc stoiqeŢwn pou mporeŢ na parameŢnei sto dŚntro (kratŤntac to Śtsi arketŘ bajŰ Ştan jŚloume, Ťste na energopoioŰntai polŰplokoi mhqanismoŢ, Š na epitrŚpetai sto heap na adeiŘzei, Ťste na elegqjeŢ h sumperiforŘ tou se mia tŚtoia perŢptwsh). O arijmŞc id (p.q. VC) gia kŘje stoiqeŢo pou eisŘgetai, dŢnetai apŞ Śna sŰnolo VCs. AutŞ to sŰnolo enhmerŤnetai me kŘje entolŠ pou eisŘgetai. Gia na xŚroume poio id ja eleujerwjeŢ apŞ mia delete, h gennŠtria twn akoloujiŤn Śqei gnŤsh tou trŞpou pou leitourgeŢ to heap (me th boŠjeia tou aploŰ montŚlou Perl). EpŢshc, oi proteraiŞthtec dŢnontai me trŞpo pou na ikanopoieŢ tic anŘgkec tou mhqanismoŰ sŰgkrishc pou dŢnetai sto [Ioan00, section 7], opŞte h gennŠtria Śqei gnŤsh tou mhqanismoŰ epanatŰlixhc (wrap-around). TŚloc scripts se Perl qrhsimopoioŰntai gia na epalhjeŰsoun thn orjŠ leitourgŢa tou sqedŢou se Verilog, sugkrinŞmeno me ta montŚla epalŠjeushc.

6.4 Ta ApotelŚsmata se KŞstoc kai ApŞdosh

’Opwc Śqoume anafŚrei prin, h ulopoŢhsŠ mac apoteleŢtai apŞ stoiqeŢa pou Śqoun mŚgejoc 32 bits, kai to megalŰtero kommŘti SRAM eŢnai 2Kx32, me kŰklo rologioŰ perŢpou sta 10ns. MilŤntac me orologŢa Verilog, to datapath tou basikoŰ tmŠmatoc thc pipeline Śqei poluplokŞthta perŢpou 400 bits kataqwrhtŤn, 160 bits poluplektŤn dŰo eisŞdwn, 220 bits poluplektŤn tessŘrwn eisŞdwn, kai 100 bits arijmhtikŠc sŰgkrishc. To tmŠma elŚgqou (perilambanomŚnou kai tou elŚgqou tou prosperŘsmatoc) Śqei poluplokŞthta perŢpou 50 grammŤn se kŤdika Verilog.

EpexergastŠkame to sqŚdio mŚsw tou Synopsys kai katalŠxame sta parakŘtw apotelŚsmata. XekinŤntac me th diŘstash tou sqedŢou, h mh sundiastikŠ logikŠ katalambŘnei qŤro 2.72mm^2 kai h sundiastikŠ 67mm^2. ApŞ ta teleutaŢa 67mm^2, Şpwc faŢnetai sto [Ioan00, section 7], ta 55mm^2 katalambŘnontai apŞ th mnŠmh pou apojhkeŰei ta stoiqeŢa tou dŚntrou. Ta upŞloipa aforoŰn kataqwrhtŚc tic pipeline kai Řllouc kataqwrhtŚc tou datapath. H sunolikŠ epifŘneia eŢnai loipŞn 69.72mm^2, qwrŢc thn epifŘneia thc diasŰndeshc. AutŠ h epifŘneia prosjŚtei perŢpou 15%, kŘnontac to telikŞ sqŚdio sunolikŠc epifŘneiac 80mm^2.

O kŰkloc rologioŰ eŢnai 17 ns gia sunjŠkec worst case. To monopŘti pou dŢnei th magalŰterh kajustŚrhsh eŢnai autŞ pou brŢskei to telutaŢo stoiqeŢo tou heap, Ştan autŞ brŢsketai sthn teleutaŢa mnŠmh (L14), mia kai autŠ eŢnai h megalŰterh kai h argŞterh. AutŞc o kŰkloc odhgeŢ se Śna rolŞi perŢpou 60 MHz, dŢnontac rujmŞ entolŤn 60 Mops.

SumperŘsmata

’Eqoume parousiŘsei mia sŰnoyh prohgmŚnwn algŞrijmwn qronodromolŞghshc.’Opwc eŢdame, h eŰresh tou elŘqistou apŞ Śna megŘlo sŰnolo timŤn eŢnai h koinŠ upologistikŠ anŘgkh. H domŠ dedomŚnwn tou swroŰ (heap) parousiŘsthke sth sunŚqeia san mia elpidofŞra bŘsh gia thn epŢlush autoŰ tou problŠmatoc. Oi tropopoiŠseic pou qreiŘzontai stouc paradosiakoŰc algŞrijmouc gia heap parousiŘsthkan sth sunŚqeia. SuneqŢzontac thn ergasŢa mac, ulopoiŠsame Śnan diaqeiristŠ swroŰ (heap manager) pou qrhsimopoieŢ pipelining, dŢqnontac Śtsi thn efiktŞthta megŘlwn ourŤn proteraiŞthtac, me rujmoŰc thc tŘxhc twn 100 ek. entolŤn to deut. me rujmoŰc rologioŰ thc tŘxhc lŢgwn ekatontŘdwn rologioŰ, me montŚrna teqnologŢa. To kŞstoc tŚtoiwn heap managers eŢnai h (anapŞfeukth) mnŠmh pou kratŘei tic timŚc proteraiŞthtac kai tic tautŞthtec twn roŤn, kai epŢshc mia ntouzŢna Š perŢpou tŞsa tmŠmata thc pipeline Şqi idiaŢterhc poluplokŞthtac.

AutŞ sugkrŢnetai arketŘ euno˘kŘ me ta calendar queues – thn ennallaktikŠ ulopoŢhsh gia ulopoiŠseic ourŤn – me thn auxhmŚnh touc anŘgkh se mnŠmh kai thn poluplokŞthta na diaqeirŢzontai sugkroŰseic.’Eqoume parousiŘsei se megŘlh leptomŚreia ton trŞpo pou o heap manager leitourgeŢ, dŢnontac lŰseic se pollŘ problŠmata pou prokŰptoun Ştan eisŘgoume to pipelining. EpiplŚon parousiŘsame Śna sŰnolo enallaktikŤn lŰsewn pou antallŘsoun apŞdosh kai kŞstoc. AutŘ upodiknŰoun kai to lŞgo pou h sugkekrimŚnh ulopoŢhsh akoloujŠjhke. MporeŢ epŢshc na apotelŚsei th bŘsh gia lŰseic qamhlŞterou kŞstouc, an kŘpoioc endiafŚretai gia mia tŚtoia ulopoŢhsh. TŚloc pollŚc apŞ tic lŰseic pou dŞjhkan se problŠmata mporoŰn na qrhsimopoihjoŰn xeqwristŘ, an anŘloga problŠmata emfanistoŰn, se pijanŤc mh sqetikŚc ulopoiŠseic.

H efiktŞthta ourŤn proteraiŞthtac me pollŚc qiliŘdec stoiqeŢa sto eŰroc twn 100 Mops aforŘ polŰ ta dŢktua uyhlŤn taqutŠtwn kai to mellontikŞ diadŢktuo. Oi perissŞteroi apŞ touc prohgmŚnouc algŞrijmouc gia thn paroqŠ egguŠsewn exuphrŚthshc uyhloŰ epipŚdou, basŢzontai se ourŚc anŘ roŠ kai se qronodromologhtŚc basismŚnouc se ourŚc proteraiŞthtac. EpomŚnwc, epidiknŰoume Şti tŚtoioi algŞrijmoi eŢnai efiktoŢ, se qamhlŞ kŞstoc kai gia rujmoŰc OC-192 (10 Gbps) kai uyhlŞterouc.

26

ParartŠmata

A QarakthristikŘ MnhmŤn

AREA mm^2 ACCESS TIME(ns)

DATA SETUP(ns)

ADDR SETUP(ns)

CYCLE TIME(ns) mux

32 x 16 0.385 3.38 2.58 1.92 6.76 4 64 x 32 0.754 3.53 2.67 1.98 7.03 4 128 x 32 0.895 3.44 2.86 2.09 6.86 4 256 x 32 1.162 3.54 2.84 2.14 7.14 4 512 x 32 1.712 3.62 2.92 2.30 7.53 4 1024 x 32 2.818 3.84 2.94 2.55 8.49 4 2048 x 32 5.052 4.51 3.54 2.51 9.86 8 Table 1: DiŘforec mnŠmec kai ta qarakthristikŘ touc.

B PlhroforŢec SqetikŘ me ton KŤdika

KŤdikac Verilog 3200 grammŚc AutomatopoihmŚnoc KŤdikac Verilog 3100 grammŚc SunolikŞc KŤdikac (qwrŢc mnŠmec) 6300 grammŚc KŤdikac Perl 450 grammŚc KŤdikac C 550 grammŚc MegŚjh ElŚgqou wc kai 100K entolŚc Scripts gia to Synopsys 250 grammŚc

BibliografŢa

[Rexford96] J.L. Rexford, A.G. Greenberg and F.G. Bonomi, ”Hardware-Efficient Fair Queueing Architectures for High Speed Networks”, INFOCOM ’96, pp 638-646

[Tarjan83] Robert Endre Tarjan, ”Data Structures and Network Algorithms”, (CBMS- NSF Regional Conference Series in Applied Mathematics), 1983, ISBN 0-89871-187-8.

[Bennett97] J. Bennett, H. Zhang: ”Hierarchical Packet Fair Queueing Algorithms”, IEEE/ACM Trans. on Networking, vol. 5, no. 5, Oct. 1997, pp. 675-689.

[Brown88] R. Brown: ”Calendar Queues: a Fast O(1) Priority Queue Implementation for the Simulation Event Set Problem”, Commun. of the ACM, vol. 31, no. 10, Oct. 1988, pp. 1220-1227.

[Chao91] H. J. Chao: ”A Novel Architecture for Queue Management in the ATM Network”, IEEE Journal on Sel. Areas in Commun. (JSAC), vol. 9, no. 7, Sep. 1991, pp. 1110-1118.

[Chao97] H. J. Chao, H. Cheng, Y. Jeng, D. Jeong: ”Design of a Generalized Priority Queue Manager for ATM Switches”, IEEE Journal on Sel. Areas in Commun. (JSAC), vol. 15, no. 5, June 1997, pp. 867-880.

[Chao99] H. J. Chao, Y. Jeng, X. Guo, C. Lam: ”Design of Packet-Fair Queueing Schedulers using a RAM-based Searching Engine”, IEEE Journal on Sel. Areas in Commun. (JSAC), vol. 17, no. 6, June 1999, pp. 1105-1126.

[Jones86] D. Jones: ”An Empirical Comparison of Priority-Queue and Event-Set Implementations”, Commun. of the ACM, vol. 29, no. 4, Apr. 1986, pp. 300-311.

[Kate87] M. Katevenis: ”Fast Switching and Fair Control of Congested Flow in Broad- Band Networks”, IEEE Journal on Sel. Areas in Commun. (JSAC), vol. 5, no. 8, Oct. 1987, pp. 1315-1326.

[Kate97] M. Katevenis, lectures on heap management, Fall 1997.

[KaSC91] M. Katevenis, S. Sidiropoulos, C. Courcoubetis: ”Weighted Round-Robin Cell Multiplexing in a General-Purpose ATM Switch Chip”, IEEE Journal on Sel. Areas in Commun. (JSAC), vol. 9, no. 8, Oct. 1991, pp. 1265-1279.

[KaSM97] M. Katevenis, D. Serpanos, E. Markatos: “Multi-Queue Management and Scheduling for Improved QoS in Communication Networks”, Proceedings of EMMSEC’97 (European Multimedia Microprocessor Systems and Electronic Commerce Conference), Florence, Italy, Nov. 1997, pp. 906-913; http://archvlsi.ics.forth.gr/html papers/EMMSEC97/paper.html

[Keshav97] S. Keshav: ”An Engineering Approach to Computer Networking”, Addison Wesley, 1997, ISBN 0-201-63442-2.

[Korn97] G. Kornaros, C. Kozyrakis, P. Vatsolaki, M. Katevenis: “Pipelined Multi- Queue Management in a VLSI ATM Switch Chip with Credit-Based Flow Control”, Proc. 17th Conf. on Advanced Research in VLSI (ARVLSI’97), Univ. of Michigan at Ann Arbor, MI USA, Sep. 1997, pp. 127-144; http://archvlsi.ics.forth.gr/ atlasI/ atlasI arvlsi97.ps.gz

[Kumar98] V. Kumar, T. Lakshman, D. Stiliadis: ”Beyond Best Effort: Router Architectures for the Differentiated Services of Tomorrow’s Internet”, IEEE Communications Magazine, May 1998, pp. 152-164.

[Mavro98] I. Mavroidis: ”Heap Management in Hardware”, Technical Report FORTH-ICS/TR-222, Institute of Computer Science, FORTH, Crete, GR; http://archvlsi.ics.forth.gr/muqpro/heapMgt.html

[Stephens99] D. Stephens, J. Bennett, H. Zhang: ”Implementing Scheduling Algorithms in High-Speed Networks”, IEEE Journal on Sel. Areas in Commun. (JSAC), vol. 17, no. 6, June 1999, pp. 1145-1158. ."http://www.cs.cmu.edu/People/hzhang/publications.html

[Zhang95] H. Zhang: ”Service Disciplines for Guaranteed Performance in Packet Switching Networks”, Proceedings of the IEEE, vol. 83, no. 10, Oct. 1995, pp. 1374-1396.

[Ioan00] A. Ioannou: ”An ASIC Core for Pipelined Heap Management to Support Scheduling in High Speed Networks”, Technical Report FORTH-ICS/TR-278, Institute of Computer Science, FORTH, Crete, GR; http://archvlsi.ics.forth.gr