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Per�lhyh

Ta pl�gmata metagwg�c me pollapl� st�dia kai eswteriko�c entamieut�c e�nai h pio apodotik� m�jo-

doc gia thn klim�kwsh twn metagwg�wn pak�twn se pol� m�galo arijm� ap� p�rtec. To d�ktuo Benes

e�nai to qamhl�terou k�stouc pl�gma metagwg�c pou epitr�pei leitourg�a qwr�c eswterik� frag� (inter-

nal blocking). H anadrastik� p�esh (backpressure) eswterik� sto pl�gma metagwg�c mpore� na perior�sei

thn qr�sh akrib�n off-chip entamieut�n mn�mhc m�no stic eikonik�c our�c ex�dou (VOQ) mprost� ap� to

st�dio eis�dou. H paro�sa ergas�a epekte�nei tic gnwst�c arqitektonik�c backpressure sto d�ktuo Benes.

Gia na epiteuqje� aut�, �prepe na sundu�soume epituq�c to backpressure an�-ro�, th dromol�ghsh m�sw

pollapl�n monopati�n (ant�strofh poluplex�a), kai thn epanadi�taxh keli�n (cells). Ep�shc, parousi�-

zoume �na sq�ma sugq�neushc ro�n to opo�o qrei�zetai gia th me�wsh tou k�stoc tou backpressure se

O(N) an� stoiqe�o metagwg�c. Apodeikn�oume anuparx�a adiex�dwn gia mia meg�lh kl�ssh ap� algor�j-

mouc dromol�ghshc m�sw pollapl�n monopati�n. Me th qr�sh prosomoi�sewn me akr�beia cell time,

axiolog�same di�forec mej�douc gia thn katanom� kai epanadi�taxh twn cells, br�kame �ti h kajust�-

rhsh gia ekrhktik� k�nhsh e�nai m�no 25 e�c 50 toic ekat� uyhl�terh ap� to idanik� s�sthma me our�c

stic ex�douc, kai de�xame �ti h kajust�rhsh twn mh-sumforhm�nwn rown param�nei anephr�asth ap� thn

parous�a sumforhm�nhc k�nhshc proc orism�nec p�rtec ex�dou. Me th qr�sh aplopoihm�nwn mont�lwn gia

to pl�gma Benes, de�qnoume �ti h katanom� twn cells den dhmiourge� periorismo�c sthn diaperat�thta, kai

entop�zoume ta shme�a tou pl�gmatoc �pou epil�ontai oi sugkro�seic metax� twn cells.
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Kef�laio 1

Eisagwg�

Oi metagwge�c, kai oi dromologht�c pou touc qrhsimopoio�n, e�nai ta basik� domik� stoiqe�a gia thn kata-

skeu� dikt�wn uyhl�c taq�thtac pou qrhsimopoio�n sund�smouc ap�-shme�o-se-shme�o (point-to-point).

Kaj�c oi apait�seic gia th diaperat�thta tou dikt�ou megal�noun, qreiaz�maste metagwge�c me peris-

s�terec kai taq�terec p�rtec. Aut� h ergas�a afor� thn klim�kwsh tou metagwg�a, �tan aux�nei o

arijm�c ap� p�rtec. Gia mikr� kai m�trio arijm� ap� p�rtec –e�c 64 per�pou– to crossbar e�nai h topo-

log�a metagwg�c pou epil�goume, l�gw thc apl�thtac tou kai thc ikan�thtac tou gia leitourg�a qwr�c

frag� (non-blocking). Wst�so, to k�stoc tou aux�nei me to N2, �pou N e�nai o arijm�c ap� p�rtec,

pou to k�nei pol� akrib� gia meg�la N . Epipl�on, o qronoprogrammatism�c tou crossbar e�nai d�skolo

pr�blhma, kai g�netai duskol�tero �so megal�nei to N .

Gia metagwge�c me ekatont�dec � qili�dec ap� p�rtec, qrei�zontai arqitektonik�c basism�nec se pl�g-

mata metagwg�c me pollapl� st�dia, to k�stoc twn opo�wn megal�nei me rujm� mikr�tero ap� tetra-

gwnik�. Oi ereunht�c �qoun melet�sei t�toiec klimak�simec topolog�ec �dh ap� tic m�rec thc hlektromh-

qanik�c thlefwn�ac [1]. To d�ktuo banyan [2] qarakthr�zetai ap� qamhl� k�stoc, N · logN kai meg�lo

arijm� ap� monop�tia. An kai mpore� na uposthr�xei pl�rh apasq�lhsh twn sund�smwn ex�dou gia k�-

nhsh me omoi�morfh katanom� proorism�n, op�c kai gia orism�na �lla sugkekrim�na mont�la k�nhshc,

upof�rei ap� eswterik� frag�: den e�nai dunat� na dromologhjo�n m�sw tou dikt�ou banyan �la ta s�-

nola efikt�n rujm�n λi,j . To N × N d�ktuo me to qamhl�tero k�stoc pou den upof�rei ap� eswterik�

frag� e�nai to d�ktuo Benes [3], to k�stoc tou opo�ou e�nai N · 2logN . To d�ktuo Benes e�nai qwr�c esw-

terik� frag� all� met� ap� anadieujet�seic (rearrangeably non-blocking), dhlad�, �tan k�je s�ndesh

dromologe�tai m�sw en�c kai m�no monopatio�, h egkat�stash n�wn sund�sewn mpore� na apait�sei thn

epana-dromol�ghsh �dh uparq�ntwn sund�sewn. Wst�so, me th qr�sh dromol�ghshc m�sw pollapl�n

monopati�n, aut� to meion�kthma mpore� na exaleifje�: bl�pe en�thta 2.1.1. Aut� h ergas�a afor� to

d�ktuo Benes.

An �na pl�gma metagwg�c me pollapl� stadia den peri�qei entamieut�c gia apoj�keush, pr�pei na up�r-

qei �nac mhqanism�c pou na qeir�zetai tic sugkro�seic pou parousi�zontai metax� twn cells (a) sta eswte-

rik� monop�tia l�gw tou algor�jmou dromol�ghshc, (b) exait�ac twn sugkro�sewn stic ex�douc. Oi pr�-
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tec sugkro�seic mporo�n na antimetwpisto�n me katanemhm�no tr�po (“pl�gmata me auto-dromol�ghsh”)

me th qr�sh dikt�wn taxin�mhshc Batcher [4]. Oi de�terec sugkro�seic –cells pou proor�zontai gia thn

�dia �xodo thn �dia qronik� stigm�– pr�pei na exaleifjo�n stic eis�douc � na antimetwpisto�n m�sa sto

pl�gma. H ex�leiyh stic eis�douc e�nai isod�namh me ton qronoprogrammatism� tou crossbar kai apaite�

kajolik� sunergas�a, epom�nwc e�nai anedafik� gia meg�la pl�gmata. Gia thn antimet�pish twn sugkro�-

sewn stic ex�douc m�sa sto pl�gma, oi sqediast�c �qoun qrhsimopoi�sei epana-kuklofor�a twn cells [5] �

pollapl� monop�tia proc k�je �nan ap� touc entamieut�c ex�dou [6].�Oloi auto� oi mhqanismo� kost�zoun

pol� �son afor� twn arijm� twn stad�wn kai ta monop�tia an� st�dio sto pl�gma metagwg�c: to k�stoc

tou pl�gmatoc e�nai O(N · log2N), kai h stajer� mprost� ap� to pragmatik� k�stoc e�nai shmantik�.

Sthn ous�a, aut�c oi teqnik�c xode�oun (akribo�c) epikoinwniako�c p�rouc gia na k�noun oikonom�a se

(fjhno�c) apojhkeutiko�c p�rouc, to opo�o e�nai to l�joc tradeoff sthn s�gqronh teqnolog�a VLSI.

E�nai protim�tero gia to pl�gma metagwg�c na peri�qei eswteriko�c entamieut�c prokeim�nou na apojh-

ke�ei ta proswrin� sugkrou�mena cells ewc �tou apaleifje� h s�gkroush. Aut�c o apojhkeutik�c q�roc

mpore� na e�nai “mikr�c” �ste na qwr�ei sta chips twn stoiqe�wn metagwg�c, � mpore� na e�nai arket�

“meg�loc” prokeim�nou na antikajist� �lo ton apojhkeutik� q�ro pou sun�jwc up�rqei stic k�rtec eis�-

dou, –sun�jwc ekatont�dec MBytes– me apot�lesma na apaite�tai off-chip DRAM. Sthn pr�th per�ptwsh,

qrhsimopoie�tai backpressure gia na apotr�yei thn uperqe�lish twn mikr�n entamieut�n, me apot�lesma h

pleioyhf�a twn apojhkeum�nwn cells na apwjo�ntai stic k�rtec eis�dou, se virtual-output queues (VOQ).

Dedom�nou �ti oi k�rtec eis�dou e�nai pol� lig�terec ap� tou sund�smouc m�sa sto pl�gma, aut� h ar-

qitektonik� �qei wc apot�lesma th shmantik� me�wsh tou k�stouc se s�gkrish me thn arqitektonik� pou

qrhsimopoie� off-chip DRAM gia touc entamieut�c m�sa sto pl�gma, �pwc �deixe kai h axiol�ghsh tou

metagwg�a ATLAS I [7]. H ergas�a aut� afor� thn efarmog� aut�c thc epwfelo�c arqitektonik�c me

eswterik� backpressure sto d�ktuo Benes –to qamhl�terou k�stouc, klimak�simo pl�gma metagwg�c.

Sthn ergas�a aut� epekte�noume tic arqitektonik�c backpressure ap� pl�gmata me �na monop�ti an�

e�sodo-�xodo (�pwc ta d�ktua banyan) se topolog�ec me pollapl� monop�tia an� e�sodo-�xodo, kai eidik�

sto d�ktuo Benes. H ep�ktash aut� den e�nai tetrim�nh. Prokeim�nou na mhn up�rqei eswterik� frag�

sto pl�gma Benes, ta cells k�je ro�c pr�pei na dromologhjo�n m�sw pollapl�n monopati�n, kai met� na

epanadiataqjo�n kat�llhla, �pwc exhge�tai sthn en�thta 2.1.1. Prokeim�nou na mhn up�rqoun probl�mata

head-of-line-blocking sthn leitourg�a tou backpressure, pr�pei to backpressure na mpore� na qeir�zetai

k�je ro� qwrist�, �pwc exhge�tai sthn en�thta 2.1.2. An aut�c oi d�o apait�seic – dromol�ghsh m�sw

pollapl�n monopati�n kai dunat�thta tou backpressure na qeir�zetai k�je ro� qwrist� – sundu�zontan

me aplo	k� tr�po, ja e�qame wc apot�lesma poluplok�thta thc t�xhc O(N2) gia ta stoiqe�a metagwg�c

sto mesa�o st�dio tou pl�gmatoc Benes. De�qnoume p�c na meiwje� aut� h poluplok�thta se O(N), me th

qr�sh kat�llhlwn teqnik�n sugq�neushc twn ro�n me el�qisth ep�ptwsh sthn ap�dosh tou sust�matoc:

bl�pe en�thta 2.2.1. H poluplok�thta O(N) pou prok�ptei e�nai realistik� gia th shmerin� teqnolog�a

VLSI afo� pl�gmata me m�gejoc N thc t�xhc twn merik�n qili�dwn apaito�n on-chip apojhkeutik� q�ro

thc t�xhc twn merik�n qili�dwn cells (merik� Mbits), to opo�o e�nai efikt�.
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H katanom� twn cells se pollapl� monop�tia allhlepidr� me th sugq�neush twn ro�n, kai ta d�o aut�

allhlepidro�n me thn org�nwsh kai thn topoj�thsh twn entamieut�n, de�qnoume poia org�nwsh e�nai pro-

timht�a, kai apodeikn�oume thn anuparx�a adiex�dwn gia aut� (en�thta 3.3). H en�thta 4 parousi�zei ta

apotel�smata twn prosomoi�sewn, de�qnontac �ti (a) epitugq�netai leitourg�a qwr�c eswterik� frag�

me pl�rh apasq�lhsh twn ex�dwn, (b) ta graf�mata thc kajhst�rhshc sunart�sei tou f�rtou gia aut�

to pl�gma metagwg�c kai gia ekriktik� k�nhsh e�nai sugkr�sima me �nan par�gonta 1.5 me eke�na gia to

idanik� s�sthma me our�c stic ex�douc, (g) h kajust�rhsh se proorismo�c qwr�c sumf�rhsh ephrre�zetai

el�qista ap� thn parous�a sumf�rhshc se �lla shme�a tou dikt�ou, kai (d) �poia m�jodo katanom�c twn

cells se pollapl� monop�tia kai an epil�xoume m�sa ap� thn kl�ssh twn mej�dwn pou jewro�me den ephr-

re�zei pol� thn kajust�rhsh twn cells. T�loc, me th qr�sh aplopoihm�nwn mont�lwn gia to pl�gma Benes,

de�qnoume �ti h katanom� twn cells den perior�zei thn diaperat�thta tou sust�matoc, kai entop�zoume ta

shme�a tou pl�gmatoc �pou epil�ontai oi sugkro�seic.

Ap� �so gnwr�zoume, aut� e�nai h pr�th fora pou melet�tai h efarmog� backpressure an�-ro� sto

pl�gma metagwg�c Benes. Epipl�on, den gnwr�zoume �llec mel�tec tou backpressure se sunduasm� me

dromol�ghsh cells m�sw pollapl�n monopati�n. H dromol�ghsh cells m�sw pollapl�n monopati�n �qei

melethje� kai allo�, p.q. [8] [9] [10], all� �qi se sunduasm� me backpressure.
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Kef�laio 2

Genik� Arqitektonik�

2.1 To Pl�gma Benes

H en�thta aut� e�nai mia anask�phsh twn d�o basik�n ide�n thc sqed�ashc, pou e�nai to pl�gma Benes,

kai to eswterik� backpressure se metagwge�c.

2.1.1 Leitourg�a qwr�c Eswterik� Frag�

To d�ktuo Benes [3] mpore� na kataskeuaste� anadromik�, me th qr�sh ant�strofhc poluplex�ac, �pwc

fa�netai sto sq�ma 2.1. To N × N d�ktuo Benes apotele�tai ap� d�o N
2 × N

2 upod�ktua Benes, N
2 meta-

gwge�c meg�jouc 2 × 2 pou sund�ontai stic eis�douc twn d�o upodikt�wn, kai ta onom�zoume metagwge�c

eis�dou, kai N
2 metagwge�c meg�jouc 2 × 2 pou sund�ontai stic ex�douc twn d�o upodikt�wn, kai ta ono-

m�zoume metagwge�c ex�dou.

.

.

.

.

.

.

2

2
N

2
N

N
2

N

N
2

0 0
  0
  1

N−2
N−1

−1 N
2 −1
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Output
Switches
Input

λ/2

λ/2

Switches

λ
Even
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Sq�ma 2.1: Anadromik� kataskeu� en�c dikt�ou Benes meg�jouc N × N .

�Estw λi,j h k�nhsh pou eis�rqetai sto d�ktuo ap� thn e�sodo i kai proor�zetai gia thn �xodo j. Pro-

keim�nou to N × N d�ktuo na mhn �qei eswterik� frag� o 2 × 2 metagwg�ac pou sund�etai sthn e�sodo i

pr�pei na katan�mei to λi,j ex�sou stic d�o ex�douc tou. O metagwg�ac ex�dou pou trofodote� thn �xodo

j lamb�nei 1
2λi,j se k�je m�a ap� tic eis�douc tou, anakataskeu�zei to λi,j kai to dromologe� sthn ka-

5



t�llhlh �xodo. H anuparx�a eswterik�c frag�c prok�ptei wc ex�c. Gia opoiod�pote s�nolo ap� efi-

kto�c rujmo�c λi,j pou eis�rqontai sto N × N d�ktuo (dhl.
∑N−1

j=0 λi,j ≤ 1, ∀i) kai ex�rqontai ap�

to N × N d�ktuo (dhl.
∑N−1

i=0 λi,j ≤ 1, ∀j), oi rujmo� pou eis�rqontai se kai ex�rqontai ap� k�je

N
2 × N

2 upod�ktuo ja e�nai ep�shc efikto�. Sugkekrim�na, h e�sodoc k e�te tou en�c e�te tou �llou upodi-

kt�ou ja d�qetai
∑N−1

j=0
1
2λ2k,j +

∑N−1
j=0

1
2λ2k+1,j to opo�o e�nai ≤ 1

2 + 1
2 = 1 l�gw tou �ti h sunolik�

k�nhsh e�nai efikt�. Summetrik�, o f�rtoc sthn �xodo m e�te tou en�c e�te tou �llou upodikt�ou ja e�nai
∑N−1

i=0
1
2λi,2m +

∑N−1
i=0

1
2λi,2m+1 ≤ 1

2 + 1
2 = 1. Upoj�tontac t�ra �ti k�je upod�ktuo den �qei eswterik�

frag�, dhl. mpore� na dromolog�sei opoiod�pote efikt� k�nhsh, anadromik� prok�ptei �ti to sunolik�

N × N d�ktuo ep�shc den �qei eswterik� frag�.

Xedipl�nontac thn anadrom� sto sq�ma 2.1, kai gia N = 8, prok�ptei h topolog�a pou fa�netai sto

sq�ma 2.2. H k�nhsh λi,j pern�ei ap� log N st�dia katanom�c kai log N ant�stoiqa st�dia anakataskeu�c.

To sq�ma ep�shc de�qnei �ti to N × N d�ktuo Benes mpore� na kataskeuaste� topojet�ntac d�o d�ktua

banyan to �na d�pla sto �llo. Ta d�ktua banyan onom�zontai kai d�ktua katanom�c kai dromol�ghshc,

ant�stoiqa [11], afo� to pr�to d�ktuo katan�mei thn eiserq�menh k�nhsh stouc N sund�smouc sth kardi�

tou dikt�ou Benes – oi N s�ndesmoi e�nai �nac “fard�c” eikonik�c s�ndesmoc me diaperat�thta N – kai

to de�tero d�ktuo dromologe� ta cells sto kat�llhlo s�ndesmo ex�dou.

6
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1
00

1
2
3
4
5
6
7

Distribution Routing

8−wide
4−wide2−wide

7

Sq�ma 2.2: D�ktuo Benes meg�jouc 8 × 8 pou de�qnei thn katanom� kai anakataskeu� thc k�nhshc λ2,5.

H anuparx�a eswterik�c frag�c prol�ptei ap� (epanalamban�menh) ant�strofh poluplex�a � kata-

nom� fort�ou me isomer� tr�po. M�a aplo	k� m�jodoc gia thn katanom� fort�ou e�nai h apostol� �lwn

twn pak�twn pou an�koun se “mis�c” ap� tic mikroro�c m�sw en�c monopatio�, kai �lwn twn pak�twn

pou an�koun stic �llec mis�c ro�c m�sw tou �llou monopatio�, p.q. qrhsimopoi�ntac mia yeudotuqa�a

sun�rthsh pou, gia na apofas�sei to monop�ti miac mikroro�c, k�nei hashing me b�sh tic dieuj�nseic IP

phg�c kai proorismo�. Aut� h m�jodoc eggu�tai �ti �la ta pak�ta miac dedom�nhc mikroro�c akolou-

jo�n thn �dia diadrom� kai epom�nwc ft�noun sth seir�. To meion�kthma aut�c thc mej�dou e�nai �ti h

katanom� fort�ou mpore� na mhn e�nai isomer�c makropr�jesma, kai ak�ma qeir�tera se braqupr�jesmh

b�sh, eidik� �tan o arijm�c twn mikroro�n e�nai periorism�noc. Anisomer�c katanom� fort�ou prokale�

eswterik� frag� sto pl�gma Benes kai epom�nwc den qrhsimopoio�me thn m�jodo aut�. Sthn �llh �krh

twn dunat�n m�jodwn e�nai m�a m�jodoc gia epakrib� katanom� fort�ou pou moi�zei me touc bit-sliced epe-

xergast�c thc dekaet�ac tou 70. K�je cell diaire�tai se d�o mon�dec, k�je m�a me m�gejoc to mis� tou
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arqiko� cell, kai k�je mon�da st�lnetai se m�a ap� tic d�o kateuj�nseic. H m�jodoc aut� qrhsimopoie�tai

se arket� emporik� chip sets, all� m�no me diair�seic m�qri kai se 8 m�rh kai me prosektik� sqediasm�

twn monopati�n �ste na �qoun �sec kajuster�seic [12]. H m�jodoc aut� den e�nai klimak�simh, l�gw

thc p�giac epib�runshc gia thn epexergas�a twn epikefal�dwn tou cell kai thc k�je mon�dac stic opo�ec

diaire�tai to cell, kai epom�nwc den th qrhsimopoio�me.

Gia thn ep�teuxh isomero�c katanom�c fort�ou makropr�jesma –�swc, �mwc, qwr�c thn ep�teuxh thc

braqupr�jesma– kai leitourg�a tou sust�matoc se ep�pedo cells, �qoun protaje� di�forec m�jodoi: tuqai-

okratik�c (randomized) [13], me prosarmostik�thta (adaptive) [8], ana-ro�, ek-peritrop�c katanom� twn

cells (per-flow round-robin cell distribution) [14]. Se �lec tic parap�nw mej�douc, ta cells miac dedom�-

nhc mikroro�c dromologo�ntai m�sw e�te tou en�c e�te tou �llou monopatio�, kai epom�nwc mporo�n na

ft�soun sthn �xodo ekt�c seir�c. Prokeim�nou to pl�gma metagwg�c na diathre� th seir� twn cells pou

an�koun �la sthn �dia mikroro�, pr�pei na g�netai epanadi�taxh (resequencing) twn cells sta shme�a pou

xanasugkl�noun ta monop�tia [15] [9]. H epanadi�taxh e�nai �na shmantik� j�ma gia to s�sthma mac, me

to opo�o asqolo�maste stic en�thtec 2.2.1 kai 3.3.

2.1.2 Prwt�kolla gia Eswterik� Backpressure

Oi metagwge�c me entamieut�c se pollapl� st�dia wc epi to ple�ston qrhsimopoio�n anadrastik� �legqo

metax� twn stad�wn basism�no se backpressure, (a) gia na apof�goun uperqe�lish twn entamieut�n sta

kat�nth stadia, kai (b) gia ton �legqo tou rujmo� k�je m�ac ro�c qwrist� �tan poll�c ro�c antagwn�-

zontai gia p�rouc pou �qoun g�nei oversubscribed, kai me aut� ton tr�po par�qoun eggu�seic poi�thtac

uphres�ac (QoS).

To aplo�stero prwt�kollo backpressure e�nai to stop-and-go: to an�nth stadio diathre� �na bit kat�-

stashc (sunolik� � ana-ro�), pou kajor�zei e�n epitr�petai � �qi h met�dosh cells proc to kat�nth st�dio.

�Ena pio exezhthm�no prwt�kollo, pou �qei mikr�terec (lig�terec ap� tic mis�c) apait�seic se apojhkeu-

tik� q�ro, e�nai aut� pou qrhsimopoie� credits: to an�nth st�dio diathre� �nan metrht� gia ta credits

(sunolik� � ana-ro�), pou kajor�zei p�sa cells epitr�petai na metadwjo�ne sthn kat�nth kateujunsh prin

ft�soun kaino�rgia credits m�sw anadrastik�n shm�twn backpressure. O apaito�menoc q�roc gia enta-

mieut�c e�nai λ × RTT (sunolik� � ana-ro�), �pou λ e�nai o m�gistoc rujm�c kai RTT e�nai o qr�noc

met’epistrof�. H ergas�a aut� qrhsimopoie� credit-based backpressure.

Ta s�mata backpressure mpore� na anaf�rontai se k�je m�a (mikro)ro� qwrist� � se sunen�seic ro�n,

� adi�krita se �lh th k�nhsh pou pern�ei ap� �nan s�ndesmo. H efarmog� backpressure adi�krita �qei

wc apot�lesma pol� kak� QoS, giat� m�a kai m�no sumforhm�nh ro� mpore� na diak�yei thn exuphr�thsh

�lwn twn ro�n me tic opo�ec diamoir�zetai �nan s�ndesmo � �nan entamieut� (aut� e�nai an�logo me to pr�-

blhma head-of-line (HOL) blocking). Epom�nwc, qrei�zetai backpressure ana-ro� � me eikonik� kan�lia

(virtual-channel) � me pollapl�c lwr�dec (multilane). O orism�c kai o arijm�c twn “ro�n” e�nai mia kr�-

simh par�metroc kai ephrre�zei to k�stoc –to sunolik� m�gejoc thc kat�stashc kai to antike�meno sto

opo�o anaf�retai (granularity) h plhrofor�a an�drashc– kai to QoS –bajm�c apom�nwshc metax� anta-
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gwniz�menwn ro�n.�Otan e�nai akrib� to granularity tou backpressure na e�nai h k�je ro�, mporo�me na

qrhsimopoi�soume mia “sumbibastik�” l�sh � kat�llhlh sugq�neush ro�n. Ta sumbibastik� prwt�kolla

backpressure petuqa�noun kal� ap�dosh sth sun�jh per�ptwsh all� pol� kak� ep�dosh stic qe�ristec pe-

ript�seic, t�toia prwt�kolla e�nai ta parak�tw: to wormhole virtual channels [16], mia pr�tash ap� thn

DEC [17], to Quantum Flow Control [18], kai to multilane backpressure tou ATLAS I [19].

Aut� h ergas�a asqole�tai me backpressure ana-ro�, to opo�o eggu�tai �ti ak�mh kai an �lec oi p�r-

tec ex�dou ekt�c ap� mia e�nai oversubscribed, h k�nhsh pou kateuj�netai sth m�a mh-sumforhm�nh �xodo

ja uf�statai kajuster�seic sugkr�simec me aut�c se �na idanik� s�sthma me our�c stic ex�douc. Petu-

qa�noume isqur�c eggu�seic QoS me k�stoc �qi megal�tero ap� O(N) an� stoiqe�o metagwg�c, to opo�o

k�stoc e�nai realistik� sth s�gqronh teqnolog�a VLSI.

Ta basik� ergale�a aut�c thc prosp�jeiac e�nai h sugq�neush ro�n me koin� proorism� kai to ie-

rarqik� backpressure.�Otan poll�c ro�c pou an�koun sto �dio ep�pedo proterai�thtac akoloujo�n to �dio

monop�ti proc �na koin� proorism�, t�te mporo�me na tic jewr�soume san m�a ro� �son afor� thn d�-

smeush twn entamieut�n kai to granularity tou backpressure met� ap� sugq�neush kat� m�koc tou koino�

monopatio�. O l�goc e�nai �ti ta cells miac ro�c den ja qreiaste� pot� na prosper�soun ta cells miac �l-

lhc meta to shme�o thc sugq�neushc.�Ena (mikr�) meion�kthma thc sugq�neushc auto� tou e�douc e�nai h

metabatik� sumperifor� tou sust�matoc �tan m�a ap� tic ro�c metaba�nei ap� thn anenerg� sthn energ�

kat�stash: h “pipeline” mprost� ap� to shme�o sugq�neushc �qei �dh gem�sei me cells �llwn ro�n. Gia

sust�mata qronoprogrammatismo� t�pou weighted round robin (WRR) up�rqei o k�ndunoc aut� h pipeline

na adei�zei me rujm� pou antistoiqe� sta b�rh twn pali�n ro�n, en� h ro� pou m�lic �qei energopo�hjei

�qei pol� megal�tero b�roc.

2.1.3 Ierarqik� Backpressure

To ierarqik� backpressure [20, en�thta III-D], pou apeikon�zetai kai sto sq�ma 2.3, mpore� na qrhsimo-

poihje� �tan poll�c ro�c (pou an�koun sto �dio ep�pedo proterai�thtac kat� prot�mhsh) moir�zontai �na

koin� tm�ma ap� ta monop�tia touc. Aut� h per�ptwsh diaf�rei ap� thn prohgo�menh: t�ra epitr�petai

stic ro�c na apokl�noun met� to koin� touc monop�ti. Mporo�me na jewr�soume tic ro�c san m�a, met�

ap� sugq�neush, kat� m�koc tou koino� monopatio�, up� thn proup�jesh �ti up�rqei �na uyhl�tero ep�-

pedo el�gqou ro�c ap� to shme�o thc ap�klishc (sto t�loc tou koino� monopatio�) proc to shme�o thc

sugq�neushc. T�te to koin� monop�ti sumperif�retai san �nac enia�oc, “eikonik�c” s�ndesmoc, kai to

de�tero ep�pedo el�gqou ro�c afor� thn pr�sbash ston eikonik� s�ndesmo.

Sto sq�ma 2.3, oi ro�c A kai B �qoun �na koin� monop�ti, pou ekte�netai ap� to metagwg�a (� st�-

dio) S1 sto S2, diam�sou twn metagwg�wn (� stad�wn) Sa kai Sb. Kat� m�koc tou koino� monopatio�

(s�ndesmoi la, lb, kai l2) mporo�me na jewr�soume tic ro�c san m�a ro� ‘AB” met� ap� sugq�neush. Sto

shme�o sugq�neushc, �nac qronoprogrammatist�c “Sch” apofas�zei ap� poia ro� ja pro�ljei to ep�meno

cell t�pou AB, o opo�oc bas�zei tic apof�seic tou se anadrastik� plhrofor�a el�gqou ro�c epip�dou 2

(L2) thn opo�a lamb�nei ap� to shme�o ap�klishc, S2. To granularity tou backpressure epip�dou 1 (L1)
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Sq�ma 2.3: Ierarqik�c �legqoc ro�c.

e�nai h ro� met� ap� sugq�neush AB. To backpressure t�pou L1 metad�detai ap� to Sb sto Sa m�sw tou

lb, kai ap� to Sa sto S1 m�sw tou la. E�nai shmantik� na parathr�soume �ti den qrei�zetai �legqoc ro�c

t�pou L1 gia ton s�ndesmo l2: h ro� proc touc entamieut�c A kai B tou metagwg�a S2 dieujete�tai m�sw

el�gqou ro�c t�pou L2, kai �qi t�pou L1.

M�a shmantik� efarmog� tou ierarqiko� el�gqou ro�c, �pwc fa�netai sto sq�ma 2.3, e�nai se meg�louc

metagwge�c pou apotelo�ntai ap� pl�gmata metagwg�c me pollapl� stadia kai k�rtec sund�m�nec stouc

sund�smouc eis�dou pou peri�qoun entamieut�c me eikonik�c our�c ex�dou (VOQ). Sto sq�ma 2.3, jewre�-

ste �ti S1 e�nai h k�rta eis�dou en�c (meg�lou) metagwg�a S1, kai S2 e�nai h k�rta eis�dou tou ep�menou

kat�nth (meg�lou) metagwg�a S2; Sa kai Sb e�nai ta st�dia tou pl�gmatoc metagwg�c S1. Oi s�nde-

smoi la kai lb e�nai eswteriko� sto pl�gma metagwg�c, en� o s�ndesmoc l2 e�nai s�ndesmoc tou dikt�ou

(en�c WAN). Parathre�ste �ti sto parap�nw sen�rio to backpressure t�pou L1 e�nai amig�c eswterik�

sto pl�gma metagwg�c, en� o �legqoc ro�c t�pou L2 e�nai sto ep�pedo tou dikt�ou (opoioud�pote t�pou

�legqoc ro�c: hop-by-hop � end-to-end, credit- � rate-based). Den up�rqei backpressure t�pou L1 sto

s�ndesmo l2 tou dikt�ou.

Aut� e�nai to mont�lo pou upoj�toume sthn paro�sa ergas�a: asqolo�maste apokleistik� me ton

�legqo ro�c t�pou “L1” eswterik� sto pl�gma Benes. Upoj�toume �ti aut�c e�nai t�pou credit-based

backpressure, anex�rthta ap� ton t�po tou el�gqou ro�c pou efarm�zetai sto sunolik� d�ktuo. Pro-

s�xte sto sq�ma 2.3 �ti to backpressure L1 leitourge� p�nw se sunnen�seic ro�n pou apotelo�ntai ap�

�lec tic mikroro�c tou dikt�ou pou moir�zontai to �dio monop�ti (kai to �dio ep�pedo proterai�thtac) m�sa

sto pl�gma metagwg�c. Epom�nwc, sto up�loipo aut�c thc ergas�ac, kai gia �na N × N pl�gma me pl

ep�peda proterai�thtac, jewro�me m�no tic N2 × (pl) ro�c pou or�zontai h k�je m�a ap� m�a sugkekri-

m�nh p�rta eis�dou, i, m�a sugkekrim�nh p�rta ex�dou, j, kai �na sugkekrim�no ep�pedo proterai�thtac. H

sugq�neush poll�n exwterik�n ro�n se m�a ap� tic parap�nw eswterik�c ro�c pragmatopoie�tai ap� to

qronoprogrammatist� “Sch” tou sq�matoc 2.3 sthn k�rta eis�dou tou meg�lou metagwg�a, pr�n ap� thn

e�sodo sto pl�gma metagwg�c Benes, kai den apotele� antike�meno mel�thc thc paro�sac ergas�ac.

9



2.2 Org�nwsh twn Stoiqe�wn Metagwg�c

Sthn en�thta aut�, parousi�zoume sq�mata sugq�neushc ro�n ta opo�a mei�noun to k�stoc tou back-

pressure (an� stoiqe�o metagwg�c) ap� O(N2) se O(N). Akolo�jwc, perigr�foume tic our�c kai thn

leitourgik�thta eswterik� sta stoiqe�a metagwg�c twn dikt�wn banyan katanom�c kai dromol�ghshc.

2.2.1 Om�dec Ro�n

�Opwc epishm�name stic en�thtec 2.1.2 kai 2.1.3, to granularity tou backpressure pr�pei na e�nai oi N2 ro�c

(an� ep�pedo proterai�thtac) pou or�zontai ap� �la ta ze�gh eis�dou-ex�dou. Sta pl�gmata banyan, an

kai o sunolik�c arijm�c twn ro�n e�nai N2, m�no N ro�c di�rqontai ap� k�je s�ndesmo tou pl�gmatoc.

Sto pl�gma Benes, wst�so, h k�nhsh k�je ro�c katan�metai kai sta d�o, “zug�” kai “peritt�”, upod�ktua

tou sq�matoc 2.1, sunep�c, ap� �la ta upod�ktua, anex�rthta tou p�so mikr� e�nai, m�qri kai ap� ta

stoiqe�a metagwg�c ston pur�na tou pl�gmatoc, di�rqontai N2 ro�c (an� ep�pedo proterai�thtac). O

arijm�c aut�c pr�pei na meiwje�, me th qr�sh teqnik�n sugq�neushc ro�n oi opo�ec parousi�zontai stic

en�thtec 2.1.2 kai 2.1.3.

Pr�ta exet�zoume th sugq�neush ana-�xodo twn ro�n pou kateuj�nontai sthn �dia p�rta ex�dou tou

plegm�toc. Sto sq�ma 2.4 fa�nontai oi om�dec ro�n p�nw stic opo�ec doule�ei to backpressure, to “01 →
0” upodhl�nei th sugq�neush twn ro�n 0 → 0 kai 1 → 0, kai to ‘0123 → 0” th sugq�neush twn om�dwn

ro�n 01 → 0 kai 23 → 0. To sugkekrim�no par�deigma qrhsimopoie� stoiqe�a metagwg�c meg�jouc 2× 2.

K�je stoiqe�o metagwg�c tou dikt�ou katanom�c (to arister� mis� tou pl�gmatoc Benes) sugqwne�ei,

m�a-proc-m�a, tic N om�dec ro�n pou eis�rqontai ap� mia ap� tic eis�douc tou me tic N om�dec ro�n pou

eis�rqontai ap� thn �llh, kai par�gei N om�dec ro�n met� th sugq�neush, o par�gontac sugq�neush

e�nai d�o-proc-�na. Aut� ta stoiqe�a metagwg�c epipl�on katan�moun ta cells kai stic d�o ex�douc, op�te

oi N om�dec ro�n met� th sugq�neush emfan�zontai se k�je m�a ap� tic ex�douc, to sq�ma 2.4 de�qnei

m�a ap� tic ex�douc leptomer�c, kai qrhsimopoie� �na �deio kout� gia thn �llh. Epom�nwc, ap� �louc touc

sund�smouc di�rqontai akrib�c N om�dec ro�n. (Ta d�o kentrik� st�dia tou pl�gmatoc fa�notai qwrist�

m�no gia ennoiologiko�c l�gouc, sthn pragmatik�thta, ulopoio�ntai san �na st�dio.)

Sto d�ktuo dromol�ghshc (to dexi� mis� tou pl�gmatoc Benes), ta cells pou �qoun katanemhje� sto

zug� kai sto peritt� upod�ktuo pr�pei na epanadiataqjo�n. H epanadi�taxh, stouc metagwge�c ex�dou,

pr�pei na g�nei qwrist� gia k�je ro� pou an�kei se m�a sugqwneum�nh om�da ro�n. O l�goc e�nai �ti oi

sugqwneum�nec om�dec ro�n peri�qoun cells pou �qoun katanemhje� se diafor�tiko�c metagwge�c eis�dou,

anex�rthta to �na ap� to �llo, kai pr�n to shme�o sugq�neushc. Epom�nwc, oi sugqwneum�nec om�dec

ro�n ap� diaforetik�c eis�douc sthn �dia �xodo pr�pei na diaqwristo�n prokeim�nou h epanadi�taxh na

doul�yei swst�.

O diaqwrism�c twn om�dwn ro�n kai h epanadi�taxh twn cells mporo�n pragmatopoihjo�n bajmia�a,

ana-st�dio, � susswreutik�, sto teleuta�o st�dio tou pl�gmatoc. Sth de�terh per�ptwsh, den qrei�zetai

na diaqwr�soume tic ro�c sto banyan dromol�ghshc, op�te, ja up�rqan N
2 , . . . , 2, 1 ro�c oi opo�ec di�rqo-
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Sq�ma 2.4: �Ena pl�gma meg�jouc 4 × 4 kai oi om�dec ro�n stic eis�douc kai stic ex�douc twn stoiqe�wn

metagwg�c gia thn per�ptwsh pou k�noume sugq�neush ro�n ana-�xodo.

ntai ap� ta stoiqe�a metagwg�c sta log2 N st�dia tou banyan dromol�ghshc, antisto�qwc. Wst�so, k�je

suskeu� epanadi�taxhc stic p�rtec ex�dou tou pl�gmatoc se aut� th per�ptwsh apaite� N entamieut�c gia

thn epanadi�taxh, �nan gia k�je m�a ap� tic N (ana-e�sodo) ro�c pou odhgo�ne sth sugkekrim�nh �xodo,

kai k�je entamieut�c pr�pei na �qei m�gejoc O(N). Den up�rqei l�goc na susswre�soume t�sh poluplo-

k�thta sto teleuta�o st�dio tou pl�gmatoc, epom�nwc protim�me thn pr�th l�sh –bajmia�oc diaqwrism�c

twn om�dwn ro�n kai epanadi�taxh twn cells.

M�a enallaktik� m�jodoc gia th me�wsh tou arijmo� twn ro�n sto k�ntro tou pl�gmatoc e�nai h ierar-

qik� sugq�neush ro�n, h opo�a akolouje� thn anadromik� kataskeu� tou dikt�ou Benes. Sugkekrim�na,

ta stoiqe�a metagwg�c sthn perif�reia en�c K×K upodikt�ou Benes (bl�pe sq�ma 2.1) diathro�n plhro-

for�a kat�stashc gia tic K ro�c pou kateuj�nontai se k�je m�a ap� tic ex�douc � pro�rqontai ap� k�je

m�a ap� tic eis�douc tou sugkekrim�nou upodikt�ou. Aut� h m�jodoc mei�nei ton arijm� twn ro�n ak�mh

periss�tero ap� thn sugq�neush an�-�xodo, m�qri kai se N/2k sto st�dio k. Wst�so, sugqwne�ontai

ro�c pou kateuj�nontai se diaforetiko�c teliko�c proorismo�c, op�te qrei�zetai ierarqik� backpressure

(en�thta 2.1.3), to opo�o e�nai pio pol�ploko na ulopoihje� ap� to apl� backpressure. Aut� to sq�ma

qrei�zetai sunolik� log N ep�peda backpressure. An kai den qrei�zetai pl�on backpressure ap�-k�mbo-se-

k�mbo (hop-by-hop) sto d�ktuo dromol�ghshc, h kajust�rhsh thc an�drashc gia ton �legqo ro�c e�nai

m�qri kai 2 logN gia to uyhl�tero ep�pedo el�gqou ro�c, epom�nwc entamieut�c meg�jouc m�qri kai 2 log N

qrei�zontai gia pl�rh aposq�lhsh twn ex�dwn, to opo�o e�nai anepij�mhto.

En katakle�dei, h sugq�neush ro�n ana-�xodo me epanadi�taxh ana-st�dio e�nai pol� aplo�stera sthn

ulopo�hsh kai �qoun omoi�morfo k�stoc ulopo�hshc O(N) an� stoiqe�o metagwg�c, epom�nwc qrhsimo-
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poio�me aut� thn arqitektonik� sto up�loipo thc ergas�ac.

2.2.2 Logik� Org�nwsh twn Entamieut�n

Sto sq�ma 2.5 fa�netai h logik� org�nwsh twn entamieut�n pou �qei epilege� gia ta stoiqe�a metagw-

g�c twn dikt�wn katanom�c kai dromol�ghshc, kaj�c kai ta apaito�mena energ� sustatik� m�rh. Sto

sq�ma akolouje�tai h arqitektonik� sugq�neushc ro�n kai epanadi�taxhc twn cells pou epil�xame para-

p�nw. Ep�shc fa�nontai oi ro�c ap� tic eis�douc 0 kai 1 se t�sserec diaforetik�c ex�douc tou pl�gmatoc

sto arister� (katanom�c) stoiqe�o metagwg�c, kaj�c kai oi ro�c proc tic ex�douc 0 kai 1 ap� t�sserec

diaforetik�c eis�douc tou pl�gmatoc sto dex� (dromol�ghshc) stoiqe�o metagwg�c. Oi our�c FIFO pou

fa�nontai e�nai logik�c our�c, pou peri�qoun anafor�c se cells, ta pragmatik� cells den metakino�ntai

m�sa sto stoiqe�o metagwg�c.
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Sq�ma 2.5: Logik� org�nwsh twn entamieut�n en�c stoiqe�ou metagwg�c sto d�ktuo katanom�c kai en�c ant�-

stoiqou stoiqe�ou metagwg�c sto d�ktuo dromol�ghshc.

Ta stoiqe�a metagwg�c sto d�ktuo katanom�c pr�pei na k�noun sugq�neush ro�n kai katanom� twn

cells, mporo�n na k�noun aut�c tic ergas�ec me opoiad�pote seir�. Ta stoiqe�a metagwg�c sto d�ktuo dro-

mol�ghshc pr�pei na k�noun epanadi�taxh twn cells kai diaqwrism� twn ro�n sth swst�, ant�stoiqh seir�.

H katanom� twn cells mpore� na pragmatopoihje� me di�forouc tr�pouc, �pwc exhgo�me sthn en�thta 3.3,

oi apof�seic thc sthr�zontai se kat�stash pou diathre�tai ana-ro� kai skope�ei sthn beltistopoi�sh

b�sei krithr�wn pou t�jentai ep�shc ana-ro�. H sugq�neush twn ro�n pr�n ap� thn katanom� twn cells

mei�nei twn arijm� twn ro�n pou ekt�jentai sthn katanom� twn cells. �Oso mikr�teroc e�nai o arijm�c

twn ro�n, t�so eukol�tero e�nai o sunton�sm�c twn (topik�n) ana-ro� apof�sewn �tsi �ste na belti-

stopoio�ne kai b�sei kajolik�n krithr�wn. Ep�shc, mei�netai o apaito�menoc q�roc gia entami�utec, �pwc

exhgo�me parak�tw se aut� thn en�thta. Epom�nwc, epil�goume aut� th diarr�jmish, �pwc fa�netai kai

sto sq�ma 2.5.
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Stic eis�douc twn stoiqe�wn metagwg�c, qrei�zontai entamieut�c an� p�rta eis�dou kai an� om�da

ro�n, di�ti pr�pei na stalo�n ston an�nth ge�tona credits gia touc sugkekrim�nouc entamieut�c kai sto

sugkekrim�no granularity. Ekt�c ap� auto�c touc entamieut�c stic eis�douc, e�nai epwfel�c � apara�thto

na �qoume kai entamieut�c stic ex�douc, �pwc fa�netai sto sq�ma 2.5. H epileqje�sa diarr�jmish apai-

te� 2 × P × N our�c FIFO an� stoiqe�o metagwg�c tou dikt�ou katanom�c. An ta stoiqe�a metagwg�c

pragmatopoio�san katanom� twn cells prin ap� thn sugq�neush twn ro�n, t�te, k�je �na ap� aut� ja

qreiaz�tan P 2 × N our�c FIFO.

Sta stoiqe�a metagwg�c tou dikt�ou katanom�c (to arister� mis� tou dikt�ou), e�nai epwfel�c na

�qoume entamieut�c stic ex�douc (a) prokeim�nou oi qronoprogrammatist�c stic ex�douc na leitourgo�n

anex�rthta o �nac ap� ton �llo, kai (b) gia apodotik�thta se orism�nec peript�seic pou emfan�zontai

kat� thn katanom�, �pwc ex�ge�tai parak�tw. Upoj�ste �ti den up�rqoun entamieut�c stic ex�douc.�Estw,

katarq�c, �ti o entamieut�c eis�dou 0 → 0 peri�qei �na cell en� o entamieut�c eis�dou 1 → 0 e�nai �deioc

(�pwc sto sq�ma 2.5), kai �ti o alg�rijmoc katanom�c twn cells epitr�pei sto cell na anaqwr�sei proc

opoiad�pote kate�jnsh. T�te, m�qri �nac all� �qi kai oi d�o qronoprogrammatist�c tou sugkekrim�nou

stoiqe�ou metagwg�c ja �tan epitrept� na dial�xei thn om�da ro�n 01 → 0 proc exuphr�thsh, epom�nwc

oi d�o qronoprogrammatist�c den ja mporo�san na leitourg�soun par�llhla.�Estw, t�ra, �ti kai oi d�o

entamieut�c eis�dou 0 → 0 kai 1 → 0 peri�qoun cells, kai upoj�ste �ti o alg�rijmoc katanom�c twn cells

upagore�ei �ti to ep�meno sth seir� cell thc om�dac ro�n 01 → 0 pr�pei na anaqwr�sei m�sw tou ep�nw

qronoprogrammatist� tou stoiqe�ou metagwg�c, M�qri o ep�nw qronoprogrammatist�c exuphret�sei thn

om�da ro�n 01 → 0, e�nai d�skolo gia ton k�tw qronoprogrammatist� na exuphret�sei thn om�da ro�n

01 → 0, an kai up�rqoun d�o cells pou an�koun sth sugkekrim�nh om�da ro�n, epeid� den gnwr�zoume

epakrib�c poio e�nai to de�tero sth seir� cell aut�c thc om�dac ro�n.

Sta stoiqe�a metagwg�c tou dikt�ou dromol�ghshc (to dex� mis� tou dikt�ou), qrei�zontai entamieut�c

stic eis�douc gia ton �dio l�go �pwc kai sta stoiqe�a metagwg�c tou dikt�ou katanom�c, ekt�c kai an

gnwr�zoume ap� pou na perim�noume to ep�meno cell sthn opo�a per�ptwsh qreiaz�maste m�no m�a j�sh

entamieut� kai to credit gia aut� th j�sh st�lnetai ston an�nth k�mbo ap� ton opo�o perim�noume na

ft�sei to ep�meno cell. K�je entamieut�c ex�dou, maz� me ton om�logo tou sthn e�sodo tou geitoniko�

kat�nth metagwg�a, apotelo�n �nan eikonik� entamieut� dipl�siou b�jouc o opo�oc qrei�zetai gia thn

anuparx�a adiex�dwn sthn epanadi�taxh twn cells kai gia tic protimht�ec mej�douc katanom�c twn cells,

�pwc ja de�xoume sthn en�thta 3.3. Wst�so, oi entamieut�c stic ex�douc den e�nai apara�thtoi, mporo�n

na paraleifjo�n aux�nontac par�llhla to b�joc twn entamieut�n stic eis�douc.
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Kef�laio 3

Katanom� kai Epanadi�taxh twn Cells

3.1 Eisagwg�

Sto pl�gma Benes up�rqoun N eswterik� monop�tia gia k�je ze�goc eis�dou-ex�dou, �na monop�ti m�sa

ap� k�je �na ap� touc N mesa�ouc sund�smouc. H m�jodoc katanom�c twn cells e�nai upe�junh gia thn

epilog� en�c kat�llhlou monopatio� diam�sou tou pl�gmatoc gia k�je eiserq�meno cell – dhl. h katanom�

twn cells e�nai mia per�ptwsh tou probl�matoc dunamik�c dromol�ghshc sto Benes. Endeiafer�maste gia

klimak�simec, kat�llhlec gia hardware mej�douc. Op�te, meleto�me mej�douc thc parak�tw morf�c:

k�je metagwg�ac eis�dou (bl�pe sq�ma 2.1) exet�zei ta eiserq�mena cells kai an�loga me th ro� pou

an�koun (dhl. phg� kai proorism�c), kai plhrofor�a pou diathre�tai topik�, kajor�zei to upod�ktuo Benes

m�sw tou opo�ou prowje�tai to cell.

Sto up�loipo auto� tou kefala�ou, parousi�zoume katarq�c thn kl�ssh twn mej�dwn katanom�c twn

cells pou jewro�me, to skeptik� p�sw ap� aut� th kl�ssh, kai thn ana-ro� ek-peritrop�c (per-flow, round-

robin) m�jodo katanom�c twn cells pou an�kei se aut� th kl�ssh, met� apodeikn�oume anuparx�a adiex�dwn

gia thn parap�nw kl�ssh mej�dwn katanom�c.

3.2 Katanom� twn Cells me M�gisth Anisom�reia ana Ro�

�sh me 1

O antikeimenik�c skop�c thc mej�dou katanom�c twn cells e�nai h exisorr�phsh tou f�rtou thc k�nhshc

pou odhge�tai sta d�o upod�ktua Benes. H m�jodoc pou prote�netai sto Wide Links [21] e�nai h pro�jhsh

twn cells k�je ro�c enallass�mena sta d�o upod�ktua Benes. H parap�nw m�jodoc mpore� na ulopoihje�

me katanemhm�no tr�po kai e�nai arket� apl� gia ulopo�hsh se hardware kai se uyhl� taq�thta. Up�

thn apous�a apwlei�n twn cells, h epanadi�taxh twn cells an�getai sthn paralab� twn cells k�je ro�c

enallass�mena ap� ta d�o upod�ktua Benes. Gia thn par�dosh twn cells en seir�, arke� na arq�soume na

parad�doume ta cells miac ro�c ap� to �dio upod�ktuo m�sw tou opo�ou to stoiqe�o metagwg�c tou dikt�ou
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katanom�c e�qe arq�sei na prowje� ta cells thc sugkekrim�nhc ro�c. H parap�nw m�jodoc �qei ep�shc

protaje� sta pla�sia thc arqitektonik�c parallel packet switch (PPS) [14] prokeim�nou na apalhfje� h

apa�thsh gia eswterik� speedup.

Jewre�ste th mikroro� i → j, to stoiqe�o metagwg�c tou dikt�ou katanom�c pou sund�etai sthn

e�sodo i kai to stoiqe�o metagwg�c tou dikt�ou dromol�ghshc pou sund�etai sthn �xodo j.�Estw Ce
ij to

s�nolo twn cells thc mikroro�c i → j ta opo�a br�skontai se �na monop�ti tou pl�gmatoc pou arq�zei

ap� to stoiqe�o metagwg�c tou dikt�ou katanom�c, akrib�c met� to shme�o katanom�c twn cells kai proc

to zug� upod�ktuo Benes (p.q. to shme�o “D” tou sq�matoc 2.5) kai telei�nei sto stoiqe�o metagwg�c

tou dikt�ou dromol�ghshc akrib�c prin ap� to shme�o epanadi�taxhc twn cells kai ap� to zug� upod�ktuo

Benes (p.q. to shme�o “R” tou sq�matoc 2.5). �Estw Co
ij to om�logo tou Ce

ij gia to peritt� upod�ktuo

Benes. Shmei�ste �ti ta s�nola Ce
ij kai Co

ij den �qoun koin� stoiqe�a afo� ta ant�stoiqa monop�tia den

�qoun koin� m�rh.

Je�rhma 1 Gia thn ana-ro� ek-peritrop�c katanom� twn cells isq�ei:

| |Ce
ij | − |Co

ij | | ≤ 1, ∀ (i, j) (3.1)

Ap�deixh: Bl�pe [22, en�thta 3.2] �

H ex�swsh 3.1 shma�nei �ti h ana-ro� ek-peritrop�c katanom� twn cells isokatan�mei epakrib�c thn

k�nhsh ana-ro� metax� twn d�o upodikt�wn Benes. Wst�so, h ex�swsh 3.1 ep�shc sunep�getai �ti:

|
∑

j

|Ce
ij | −

∑

j

|Co
ij | | ≤ N, ∀ input i (3.2)

|
∑

i

|Ce
ij | −

∑

i

|Co
ij | | ≤ N, ∀ output j (3.3)

Oi exis�seic 3.2 kai 3.3 shma�noun �ti h ana-ro� ek-peritrop�c katanom� twn cells den isokatan�mei epakri-

b�c sta d�o upod�ktua to sunolik� �gko thc k�nhshc pou mpa�nei ap� k�je e�sodo � kateuj�netai se k�je

�xodo tou dikt�ou Benes. H ap�dosh thc ana-ro� ek-peritrop�c katanom�c twn cells melet�tai analutik�

sto kef�laio 5.

H ana-ro� ek-peritrop�c katanom� twn cells den e�nai h monadik� m�jodoc pou melet�me sthn ergas�a

aut�. Exet�zoume thn kl�ssh twn mej�dwn katanom�c twn cells me m�gisth anisom�reia ana ro� �sh me

1: k�je stigm�, oi sunoliko� arijmo� twn cells mia sugkekrim�nhc ro�c pou �qoun prowjhje� m�sw d�o

opoiond�pote monopati�n pou e�nai diaj�sima gia th sugkekrim�nh ro� diaf�roun to pol� kat� 1. Sto

�llo �kro twn d�o monopati�n, l�gw thc epanadi�taxhc ta cells “katanal�nontai” sth seir�, h suskeu�

epanadi�taxhc sthn ous�a akolouje� pist� th suskeu� katanom�c me k�poia kajust�rhsh. Prok�ptei �ti,

gia aut�c tic mej�douc katanom�c, o arijm�c twn cells pou e�nai apojhkeum�na proswrin� kat� m�koc d�o

monopati�n diaf�roun to pol� kat� 2. Bl�poume dhl. �ti oi parap�nw m�jodoi katanom�c te�noun na exi-

sorropo�n to f�rto se d�o opoiad�pote monop�tia.�Opwc apode�qjhke parap�nw, h ana-ro� ek-peritrop�c

katanom� twn cells e�nai mia t�toia m�jodoc �pou o arijm�c twn cells se d�o opoiad�pote monop�tia mpore�

na diaf�rei to pol� kat� 1.
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3.3 Anuparx�a Adiex�dwn

To pl�gma Benes me peperasm�nouc entamieut�c, eswterik� backpressure, sugq�neush ro�n ana-�xodo, ka-

tanom� kai epanadi�taxh twn cells e�nai �na katanemhm�no s�sthma me peperasm�nouc p�rouc kai diamoira-

sm� p�rwn. Se �na t�toio s�sthma, pr�pei na sigoureuto�me �ti katast�seic adiex�dwn e�te de sumba�noun

kaj�lou, e�te an sumba�noun, to s�sthma tic aniqne�ei kai tic epil�ei. Sthn en�thta aut�, de�qnoume �ti

gia thn kl�ssh twn mej�dwn katanom�c me m�gisth anisom�reia ana ro� �sh me 1, katast�seic adiex�dwn

den mporo�n na sumbo�n.
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Sq�ma 3.1: H kat�stash adiex�dou �tan h sugq�neush twn ro�n prohge�tai thc katanom�c twn cells. Ta

stoiqe�a metagwg�c pou summet�qoun fa�nontai me siakekom�nec gramm�c kai oi ro�c pou summet�qoun upodh-

l�nontai wc A, B kai AB. Oi arijmo� d�pla stouc entamieut�c FIFO dhl�noun touc a�xontec arijmo�c twn cells

sthn kefal� twn entamieut�n.
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Sq�ma 3.2: Aplopoihm�nh all� isod�namh �yh thc kat�stashc adiex�dou pou fa�netai sto sq�ma 3.1.

Sto sq�ma 3.1 fa�netai o tr�poc pou mpore� na emfaniste� adi�xodo sta stoiqe�a metagwg�c tou su-

st�matoc mac. To sq�ma 3.2 de�qnei mia aplopoihm�nh all� isod�namh �yh tou adiex�dou: oi suneq�menoi

entamieut�c FIFO pou e�nai afierom�noi sthn �dia ro� �qoun sugqwneute� se �nan entamieut� FIFO me

b�joc �so me to �jroisma twn baj�n twn xeqwrist�n entamieut�n FIFO.�Estw cs
f to cell thc ro�c “f” me

a�xwn arijm� “s”, Bs
f h j�sh entam�eushc �pou br�sketai to cell cs

f , kai Rf h suskeu� epanadi�taxhc gia

th ro� “f”. H kat�stash adiex�dou e�nai h parak�tw (bl�pe sq�ma 3.3 gia to gr�fo d�smeushc p�rwn):

(a) h suskeu� epanadi�taxhc gia th ro� A perim�nei to cell ck−1
A , (b) to cell ck−1

A br�sketai m�sa sto
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Sq�ma 3.3: O gr�foc d�smeushc p�rwn gia thn kat�stash adiex�dou. Oi k�kloi anaparisto�n cells, en� ta

tetr�gwna anaparisto�n p�rouc pou mpore� na e�nai e�te j�seic entamieut�n e�te suskeu�c epanadi�tax�c.

pl�gma k�pou p�sw ap� to cell cy
B kai qrei�zetai k�poion entamieut� (By

B) � suskeu� epanadi�taxhc pou

e�nai desmeum�nh ap� to cell cy
B prokeim�nou na proqwr�sei – parathre�ste �ti to cell ck−1

A den e�nai dunat�

na br�sketai sto �dio monop�ti me to cell ck
A afo� an�koun sthn �dia ro�, op�te, to pl�gma Benes den ja

�llaze th seir� an�mesa sta d�o cells, (g) to cell cy
B qrei�zetai �nan entamieut� pou e�nai desmeum�noc

ap� to cell cx
B gia na proqwr�sei, (d) to cell cx

B perim�nei gia epanadi�taxh ap� to RB, k.o.k. m�qri pou

o k�kloc kle�nei sto RA.

Ta cells di�rqontai ap� to banyan katanom�c antimetwp�zoun m�no kajuster�seic l�gw antagwnismo�.

Sthn per�ptwsh pou qrhsimopoio�same anadi�taxh stic telik�c ex�douc, ta cells ja di�rqontan ap� to

banyan dromol�ghshc antimetwp�zontac m�no kajuster�seic l�gw antagwnismo� stic ex�douc, all� den

ja antimet�pizan kajuster�seic l�gw anadi�taxhc m�sa sto pl�gma – se aut� thn per�ptwsh ja �prepe

na bro�me ikan�c sunj�kec gia thn anuparx�a adiex�dwn stic suskeu�c anadi�taxhc stic telik�c ex�douc.

Sthn per�ptwsh pou qrhsimopoio�me anadi�taxh an� st�dio, ta cells antimetwp�zoun tic kajuster�seic

l�gw anadi�taxhc m�sa sto pl�gma – parak�tw sthn ous�a br�skoume ikan�c sunj�kec gia thn anuparx�a

adiex�dwn stis suskeu�c anadi�taxhc tou k�je stad�ou.

�Estw bD to m�gejoc twn entamieut�n FIFO sto d�ktuo katanom�c, kai bR to m�gejoc twn entamieut�n

FIFO sto d�ktuo dromol�ghshc �pwc auto� fa�nontai sto sq�ma 3.2.

Je�rhma 2 Up� tic proupoj�seic �ti den q�nontai cells, bD = 1, bR = 2 kai �ti h pro�jhsh twn

cells g�netai b�sei el�gqou ro�c hop-by-hop credit-based, den emfan�zontai adi�xoda gia opoiad�pote

m�jodoc katanom�c twn cells me m�gisth anisom�reia ana ro� �sh me 1.

Ap�deixh: Bl�pe [22, en�thta 3.3.1] �

Na shmei�soume �ti h parap�nw ap�deixh den upoj�tei k�poiec idi�thtec gia th m�jodo qronoprogram-

matismo� sto shme�o sugq�neushc twn ro�n. Wst�so, upoj�tei �ti den q�nontai cells l�gw hlektriko�

jor�bou m�sa sto pl�gma. Aut� profan�c e�nai mia mh realistik� up�jesh kai �na pragmatik� s�sthma
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pr�pei na qrhsimopoie� prwt�kolla anektik� se l�jh �pwc e�nai aut� pou perigr�fontai sto [9]. H ap�deixh

epekte�netai e�kola kai gia thn per�ptwsh �pou summet�qoun periss�terec ap� d�o ro�c.�Oson afor� thn

ana-ro� ek-peritrop�c katanom� twn cells, den emfan�zontai adi�xoda ak�ma kai gia bR = 1. H ap�deixh

suneq�zei na isq�ei kai gia tic genik�c peript�seic �pou (a) oi entamieut�c FIFO sto d�ktuo katanom�c,

�qoun m�gejoc bD, �pou bD > 1 kai (b) ta stoiqe�a metagwg�c e�nai meg�jouc P × P , �pou P > 2. Gia

thn ex�ghsh bl�pe [22, en�thta 3.3.2].

Gia na sunoy�soume, gia dedom�nh m�jodo katanom�c twn cells kai dedom�no m�gejoc bD twn entami-

eut�n to d�ktuo katanom�c, mporo�me na epil�xoume to bR �tsi �ste na mhn emfan�zonta adi�xoda sto

pl�gma Benes. Sthn eidik� per�ptwsh �pou h m�gisth anisom�reia ana ro� e�nai 1 kai bD = 2, to apaito�-

meno bR e�nai 3.�Oson afor� thn ana-ro� ek-peritrop�c katanom� twn cells, to apaito�meno bR e�nai �so

me t� bD gia opoiad�pote tim� tou bD.
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Kef�laio 4

Apotel�smata Prosomoi�sewn

4.1 Eisagwg�

Anapt�xame �na mont�lo gia prosomo�wsh pou leitourge� me akr�beia en�c cell time prokeim�nou na epa-

lhje�soume thn orj�thta thc sqed�ashc kai na apotim�soume thn ap�dosh tou k�tw ap� di�fora sen�ria

gia thn k�nhsh kai to m�gejoc tou metagwg�a, kai prokeim�nou na sugkr�noume di�forec mej�douc gia thn

katanom� kai epanadi�taxh twn cells. Sto mont�lo gia prosomo�wsh, o qr�noc met’epistrof� gia �na cell

kai to ant�stoiqo credit e�nai 1 cell time, kai k�je entamieut�c pou fa�netai sto sq�ma 2.5 �qei m�gejoc

1 cell, ekt�c ap� touc entamieut�c stic eis�douc twn stoiqe�wn metagwg�c tou dikt�ou dromol�ghshc pou

�qoun m�gejoc 2 gia mia sugkekrim�nh m�jodo katanom�c twn cells.

Prosomoi�same ton metagwg�a me omal� k�nhsh, ekrhktik� k�nhsh kai k�nhsh hotspot. H omal� k�-

nhsh e�nai af�xeic Bernoulli me omoi�morfa katanemhm�nouc proorismo�c. Sthn ekrhktik� k�nhsh k�je

phg� enalass�mena par�gei �na burst ap� cells (�la me ton �dio proorism�) pou akolouje�tai ap� mia ane-

nerg� per�odo, ta bursts kai oi anenerg�c per�odoi peri�qoun arijmo�c ap� cells oi opo�oi akoloujo�n thn

gewmetrik� katanom�. Ta apotel�smata pou parasi�zoume e�nai gia k�nhsh bursty/12, to opo�o shma�nei

�ti to m�so m�gejoc tou burst e�nai 12 cells, to opo�o antistoiqe� se �na ap� ta dhmofil� meg�jh thc ka-

tanom�c thc k�nhshc IP (jewr�ntac �ti to payload twn cells e�nai 48 bytes). Sthn k�nhsh hotspot, k�je

proorism�c pou an�kei se �na proepilegm�no s�nolo ap� “hot spots” lamb�nei k�nhsh (omal� � ekrhktik�)

h opo�a sugkentrwtik� �qei f�rto 100%, kai �lec oi phg�c summet�qoun ex�sou, oi up�loipoi proorismo�

lamb�noun e�te omal� e�te ekrhktik� k�nhsh �pwc �qei oriste� parap�nw. Ta apotel�smata pou parasi�-

zoume e�nai gia k�nhsh hotspot/4, dhl. up�rqoun 4 hot spots, sugkekrim�na oi p�rtec 0, 1, 2, and 3.

H kajhst�rhsh pou fa�netai sta graf�mata e�nai h m�sh kajust�rhsh gia �la ta cells ap� th stigm�

pou genio�ntai m�qri th stigm� pou ft�noun sthn �xodo ap� �pou �qei afaireje� to m�koc tou pl�gmatoc

(arijm�c twn stad�wn). Gia par�deigma, ta periss�tera ap� ta apotel�smata pou parasi�zoume e�nai gia

pl�gma meg�jouc 64× 64 kataskeuasm�no ap� stoiqe�a metagwg�c meg�jouc 4× 4, op�te to pl�gma �qei

2 · log4 64 = 2 · 3 = 6 st�dia, kai o arijm�c pou �qei afaireje� e�nai 6 cell times. Sto mont�lo mac gia

tic prosomoi�seic, �na cell qrei�zetai 1 cell time gia na diasq�sei 1 st�dio tou pl�gmatoc, se �na s�-
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sthma pou kat� ta �lla e�nai �deio. Epom�nwc, afair�ntac to m�koc tou pl�gmatoc ap� thn pragmatik�

kajust�rhsh, anaf�roume to �jroisma twn kajuster�sewn stic our�c. Se �la ta apotel�smata pou ana-

f�roume, h di�rkeia twn prosomoi�sewn e�nai 200,000 cell times kai h sullog� statistik�n metr�sewn

xekin�ei met� ta pr�ta 40,000 cell times.

Wc m�a �ndeixh �son afor� th leitourg�a qwr�c eswterik� frag�, prosomoi�same �na pl�gma meg�jouc

64×64 me e�sodo th parak�tw teqnht� k�nhsh. Se �la kai se kaj�na cell time, m�a pl�rh antimet�jesh pou

e�qe epilege� tuqa�a emfaniz�tan sthn e�sodo tou metagwg�a, dhl. o f�rtoc stic eis�douc suneq�c �tan

100%, en� h sunolik� k�nhsh sto pl�gma �tan efikt�, me thn �nnoia pou �qoume ap� thn en�thta 2.1.1,

kat� th di�rkeia �lwn kai kajen�c cell time. Met� ap� �na ekatomm�rio cell times, kat’ous�an den up�rqan

cells stic our�c stic eis�douc: h pleioyhf�a twn VOQ’s �tan �deiec, en� ligost�c perie�qan 1 � 2 cells h

k�je m�a.

4.2 M�jodoi Katanom�c twn Cells kai S�gkrish me OQ kai iSLIP

Peiramatist�kame me d�o mej�douc katanom�c twn cells, pou onom�zoume PerFlowRR kai PerFlowIC, se

�na pl�gma Benes meg�jouc 64 × 64 kataskeuasm�no ap� stoiqe�a metagwg�c meg�jouc 4 × 4. To Per-

FlowRR e�nai h ana-ro� ek-peritrop�c katanom� twn cells, �pou oi de�ktec pou de�qnoun se poio upod�ktuo

pr�pei na ste�loume �na cell arqikopoio�ntai me tuqa�o tr�po. To PerFlowIC (ap� to per-flow imbalance

count) dial�gei thn p�rta gia thn pro�jhsh en�c cell �pwc exhge�tai parak�tw: m�sa ap� to s�nolo ap�

p�rtec pou �qoun l�bei ta lig�tera cells tic prokeim�nhc ro�c m�qri t�ra, dial�gei thn p�rta pou �qei ton

mikr�tero arijm� ap� �toima cells.�Etoima cells e�nai ta cells (ap� opoiad�pote om�da ro�n) pou perim�-

noun se k�poia our� thc sugkekrim�nhc p�rtac kai �qoun diaj�simo credit ap� ton kat�nth k�mbo. Kai oi

d�o m�jodoi �qoun m�gisth anisom�reia ana ro� �sh me 1, kai, makropr�jesma, st�lnoun ton �dio arijm�

ap� cells se k�je diaj�simo monop�ti. H m�jodoc PerFlowIC, wst�so, e�nai pio eu�likth k�je for� pou o

metrht�c anisom�reiac g�netai 0. Ep�shc k�name prosomoi�seic me megal�terou meg�jouc entamieut�c, m�-

qri kai 4, kai br�kame �ti h ap�dosh den e�nai eua�sjhth �son afor� aut� th par�metro. Ta apotel�smata

fa�nontai sto sq�ma 4.1, gia k�nhsh me omoi�morfa katanemhm�nouc proorismo�c, kai sto sq�ma 4.2, gia

k�nhsh me parous�a hot spots.

Gia omal� (Bernoulli) k�nhsh, h sugkekrim�nh m�jodoc katanom�c twn cells �qei shmas�a: h m�jodoc

PerFlowIC par�gei kajuster�seic oi opo�ec e�nai ap� 30% wc 60% qamhl�terec se s�gkrish me th m�jodo

PerFlowRR. H diafor� e�nai periss�tero emfan�c gia m�trio f�rto, kai lig�tero emfan�c gia qamhl� kai

uyhl� f�rto. H parous�a � h apo�s�a k�nhshc hot-spot den ephre�zei aut� thn pleur� twn apotelesm�-

twn. Gia ekrhktik� k�nhsh, wst�so, h sugkekrim�nh m�jodoc katanom�c twn cells ep� thc ous�ac den

k�nei diafor�. Aut� pr�pei na ofe�letai sto �ti up�rqei meg�loc arijm�c ap� cells thc �diac ro�c pou

kataft�noun suneq�mena: se aut� th per�ptwsh, h m�jodoc PerFlowIC g�netai par�moia me th m�jodo

PerFlowRR ekt�c ap� makropr�jesma kai braqupr�jesma.

Sugkr�nontac tic kajuster�seic ap� to sq�ma 4.2 me eke�nec tou sq�matoc 4.1, parathro�me �ti e�nai
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Sq�ma 4.1: Kajust�rhsh sunart�sei tou f�rtou gia omoi�morfouc proorismo�c. Pl�gma meg�jouc 64 × 64

kataskeuasm�no ap� stoiqe�a metagwg�c meg�jouc 4 × 4, p�nw kamp�lec: k�nhsh bursty/12, k�tw kamp�lec:

k�nhsh Bernoulli. Fa�netai ep�shc to idanik� s�sthma me our�c stic ex�douc (OQ) gia l�gouc s�gkrishc.

sqed�n panomoi�tupec, to opo�o de�qnei �ti h k�nhsh non-hotspot ep� thc ous�ac param�nei anephr�asth

ap� thn parous�a hot spots sto d�ktuo, kai apodeikn�ei tic �ristec idi�thtec QoS tou metagwg�a. Sta

graf�mata den fa�netai h diaperat�thta (apasq�lhsh) twn proorism�n hotspot (na jum�soume �ti o f�r-

toc se auto�c e�nai 100%). Gia omal� k�nhsh h apasq�lhsh aut�n twn ex�dwn �tan se �lec tic peript�seic

p�nw ap� 99%, gia ekrhktik� k�nhsh, h apasq�lhsh kumain�tan ap� 92% e�c 98%.

Ta sq�mata 4.2 kai 4.1 ep�shc de�qnoun, gia l�gouc s�gkrishc, thn kajust�rhsh ston idanik� metagw-

g�a me our�c stic ex�douc (OQ) kai me k�je �na ap� ta mont�la k�nhshc, se k�je tri�da ap� kamp�lec, to

OQ e�nai h qamhl�terh ap� tic tre�c. Bl�poume �ti, gia ekrhktik� k�nhsh, to pl�gma Benes �qei qeir�terh

kajust�rhsh m�no kat� 25% e�c 50% se s�gkrish me to OQ. Gia omal� k�nhsh, h kajust�rhsh gia to

pl�gma metagwg�c e�nai megal�terh kat� �nan par�gonta ap� 1.6 e�c 4, h diafor� e�nai lig�tero emfan�c

gia qamhl� f�rto kai periss�tero emfan�c gia f�rto g�rw sto 80%.

T�loc, sugkr�noume tic epid�seic tou pl�gmatoc Benes me eke�nec en�c sust�matoc me crossbar, VOQ’s

kai to alg�rijmo qronoprogrammatismo� crossbar 2-SLIP [23] 1. Parathro�me �ti, gia f�rto k�tw ap�

70%, h kajust�rhsh gia ton 2-SLIP e�nai mikr�, sugkr�simh me eke�nh gia to pl�gma Benes. Se per�ptwsh

omal�c k�nhsh, h kajust�rhsh g�netai mikr�terh kai ap� 1, aut� wfe�letai sto �ti to crossbar den �qei

eswteriko�c entamieut�c, op�te ta cells den qrei�zetai na perim�noun gia 1 cell time m�sa sto crossbar.

�Oso o f�rtoc megal�nei, g�rw sto 80%, h kajust�rhsh gia ton 2-SLIP aux�netai shmantik�, kai gia

ekrhktik� k�nhsh g�netai 14 e�c 18 for�c qeir�terh ap� thn kajust�rhsh gia to pl�gma Benes.

1Gia tic prosomoi�seic tou algor�jmou 2-SLIP, qrhsimopoi�same ton prosomoiwt� SIM ap� to panepist�mio Stanford.

To mont�lo gia thn ekrhktik� k�nhsh den uposthr�zei f�rto megal�tero ap� b
b+1

, �pou b e�nai to m�so m�gejoc burst, op�te,

parousi�zoume apotel�smata gia f�rto m�qri 0.923%.
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Sq�ma 4.2: Kajust�rhsh gia touc proorism�uc non-hotspot parous�a k�nhshc hotspot/4. O oriz�ntioc �xonac

e�nai o f�rtoc proc tic ex�douc non-hotspot, oi up�loipec par�metroi e�nai �pwc sto sq�ma 4.1.
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Sq�ma 4.3: Ap�dosh gia di�fora meg�jh tou pl�gmatoc, ap� 16 × 16 e�c 256 × 256: m�sh kai m�gisth ka-

just�rhsh sunart�sei tou f�rtou, gia ekrhktik� k�nhsh parous�a hot spots. Ta apotel�smata e�nai gia th

m�jodo katanom�c cells PerFlowRR.

4.3 Ex�rthsh thc Ap�doshc ap� to M�gejoc tou Pl�gmatoc

�Ena ap� ta pleonekt�ma thc protein�menhc arqitektonik�c e�nai h dunat�thta thc gia klim�kwsh se pol�

meg�la meg�jh. E�nai loip�n shmantik� na mhn upobajm�zetai h ap�dosh tou pl�gmatoc �so aux�nei to

m�gejoc tou. Peiramatist�kame me pl�gmata meg�jouc e�c kai 256 p�rtec. Wc k�nhsh stic eis�douc qrhsi-

mopoi�same to pio “endeiaf�ron” ap� ta parap�nw mont�la, af�xeic bursty/12 me proorismo�c hotspot/4.

Ta apotel�smata fa�nontai sto sq�ma 4.3, kai de�qnoun �ti h m�gisth kajust�rhsh genik� aux�nei �so

aux�nei to m�gejoc tou pl�gmatoc, kata pros�ggish ap� 25% e�c 75% �tan to m�gejoc tou pl�gmatoc

tetraplasi�zetai. Wst�so, h m�sh kajust�rhsh ep� thc ous�ac param�nei anephr�asth ap� to m�gejoc

tou pl�gmatoc.

Ep�shc, parousi�zoume apotel�smata gia metagwge�c pou qrhsimopoio�n ton alg�rijmo qronoprogram-

matismo� crossbar 2-SLIP. Bl�poume �ti sthn per�ptwsh aut�, gia f�rto k�tw ap� 70%, h kajust�rhsh

param�nei anephr�asth �so megal�nei to m�gejoc tou pl�gmatoc, all� gia uyhl�tero f�rto g�netai per�-

pou 4 for�c qeir�terh �so megal�nei to m�gejoc tou pl�gmatoc.

4.4 Enalaktik�c M�jodoi Epanadi�taxhc twn Cells

�Opwc anaf�rjhke sthn en�thta 2.2.1, h epanadi�taxh twn cells mpore� na g�nei bajmia�a, “PerStage”, �

susswreutik�, sto teleuta�o st�dio tou pl�gmatoc, “FinalOut”. Ap� thn optik� gwn�a thc ulopo�hshc,

h ana-st�dio epanadi�taxh e�nai aplo�sterh kai fthn�terh ap� thn epanadi�taxh sto teleuta�o st�dio,

all� h er�thsh �son afor� thn ap�dosh par�mene: fa�netai �ti h m�jodoc FinalOut epitr�pei sta cells

na proqwr�soun taq�tera m�sa sto d�ktuo dromol�ghshc, kai epom�nwc mpore� na odhge� se qamhl�terec

kajuster�seic. Sthn pragmatik�thta, ta pr�gmata e�nai ant�trofa!
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Sq�ma 4.4: M�sh kajust�rhsh gia di�forec mej�douc epanadi�tax�c, ekrhktik� k�nhsh parous�a hot spots.

Ta apotel�smata e�nai gia th m�jodo katanom�c cells PerFlowIC.

Sto sq�ma 4.4 fa�netai h m�sh kajust�rhsh gia tic d�o mej�douc epanadi�taxhc, h k�nhsh stic ei-

s�douc e�nai bursty/12 kai hotspot/4, �pwc kai sthn en�thta 4.3. Gia th m�jodo “FinalOut”, de�qnoume

xeqwrist� thn kajust�rhsh twn cells na per�soun m�sa ap� to pl�gma, qwr�c na �qoun ak�mh epanadiata-

qje� (“FinalOut Fabric”), kai qwrist� th sunolik� touc kajust�rhsh, h opo�a peri�qei kai th diadikas�a

epanadi�taxhc sto teleuta�o st�dio tou pl�gmatoc (“FinalOut Total”). Ta apotel�smata �qoun pol�

endeiaf�ron: an kai ta cells perno�n m�sa ap� to pl�gma l�go taq�tera, se s�gkrish me thn per�ptwsh

�pou uf�stantai kajuster�seic sto d�ktuo dromol�ghshc l�gw thc epanadi�taxhc ana-st�dio, h sunolik�

kajust�rhsh gia th m�jodo FinalOut e�nai qeir�terh.

Bl�poume �ti to na af�noume orism�na cells na per�soun gr�gora m�sa ap� to pl�gma, pio mprost�

ap� th seir� touc, qwr�c epanadi�taxh ana-st�dio, fa�netai na katanal�nei t�toiouc p�rouc tou pl�gma-

toc pou, sunolik�, bl�ptei ta up�loipa cells periss�tero ap� �ti wfele� ta cells pou ex�rqontai nwr�c.

Sumpera�noume �ti h h epanadi�taxh ana-st�dio e�nai gnhs�wc kal�terh ap� thn susswreutik� epana-

di�taxh sto teleuta�o st�dio tou pl�gmatoc, kai ap� thn optik� gwn�a tou k�stouc ulopo�hshc kai thc

poluplok�thtac �pwc ep�shc kai ap� thn optik� gwn�a thc ap�doshc.
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Kef�laio 5

Analutik� Mel�th thc Ap�doshc

5.1 Eisagwg�

Oi sun�peiec thc anisom�reiac pou perigr�fetai ap� tic exis�seic 3.2 kai 3.3 e�nai eswterik�c kajuster�-

seic oi opo�ec den ja parousi�zontan sto mont�lo k�nhshc me reust� � se mia pio per�plokh m�jodo kata-

nom�c twn cells. Sugkekrim�na, anep�rkeiec thc mej�dou katanom�c twn cells se �na st�dio tou banyan

katanom�c �qoun wc sun�peia kajuster�seic sthn pr�sbash (a) stouc sud�smouc ex�dou twn stoiqe�wn

metagwg�c pou an�koun sto sugkekrim�no st�dio tou dikt�ou katanom�c, (b) stouc sud�smouc eis�dou

twn stoiqe�wn metagwg�c pou an�koun sto ant�stoiqo st�dio tou dikt�ou dromol�ghshc. Wst�so, �pwc

parathre�tai sto [24], oi parap�nw kaujster�seic e�nai ad�nato na exaleifjo�n �tan ta stoiqe�a metagw-

g�c tou dikt�ou katanom�c doule�oun anex�rthta, �pwc sumba�nei se �na katanemhm�no alg�rijmo.
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Sq�ma 5.1: To pl�gma Benes meg�jouc 4 × 4 kai �lec oi ro�c pou to diasq�zoun. Oi mple k�kloi sto banyan

katanom�c upodhl�noun th leitourgik�thta gia sugq�neush twn ro�n kai katanom� twn cells, en� oi mple

k�kloi sto banyan dromol�ghshc upodhl�noun th leitourgik�thta gia epanadi�taxh twn cells kai diaqwrism�

twn ro�n. Oi mple k�kloi pou �qoun omadopoihje� an�koun se �na kai m�no stoiqe�o metagwg�c.

Sthn en�thta aut� de�qnoume me analutik�c mej�douc �ti aut�c oi eswterik�c kajuster�seic de sunep�-
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gontai periorismo�c sthn diaperat�thta tou sust�matoc. Wst�so, gia na katal�xoume sto apot�lesma

aut�, jewro�me �na aplopoihm�no mont�lo tou pl�gmatoc Benes me (a) sugq�neush ro�n ana-ro�, (b)

ana-ro� ek-peritrop�c katanom� twn cells (g) entamieut�c me �peiro meg�joc sto mesa�o st�dio tou pl�g-

matoc, kai (d) kaj�lou backpressure.

Katarq�n, parathre�ste �ti sto mont�lo me reust� kai entamieut�c me �peiro meg�joc, kaj�lou an�-

drash, kai m�a m�jodo katanom�c twn cells h opo�a katan�mei epakrib�c thn ana-ro� k�nhsh stic ex�douc

k�je stoiqe�ou metagwg�c tou dikt�ou katanom�c, opoiosd�pote sunduasm�c k�nhshc stic eis�douc per-

n�ei m�sa ap� to banyan katanom�c sto mesa�o st�dio tou pl�gmatoc qwr�c kajuster�seic stic our�c.

Se �na s�sthma pak�twn, wst�so, ta eiserq�mena cells uf�stantai kajuster�seic stic our�c m�sa sto

d�ktuo katanom�c oi opo�ec e�nai peperasm�nec. Ep�shc, parathre�ste �ti �na mont�lo me reust� �pwc

to parap�nw �tan qrhsimopoie� kai sugq�neush ro�n ana-�xodo den �qei th dunat�thta na epib�llei thn

epijumht� analog�a an�mesa stouc rujmo�c exuphr�thshc twn ro�n pou kateuj�nontai sthn �dia �xodo.

O l�goc e�nai �ti h eiserq�menh k�nhsh fj�nei qwr�c kajuster�seic sto mesa�o st�dio tou pl�gmatoc,

kai �tan fj�sei eke� �qei �dh sqhmatiste� m�a kai monadik� om�da ro�n ana �xodo. Wst�so, to parap�nw

s�sthma �qei th dunat�thta na apomon�sei metax� touc om�dec ro�n pou kateuj�nontai se diaforetik�c

ex�douc: arke� oi qronoprogrammatist�c pou trofodoto�n touc sund�smouc sthn kardi� tou pl�gmatoc na

katan�moun thn qwrhtik�thta touc statik� kai ex�sou metax� twn N om�dwn ro�n pou exuphreto�n. Se

mia t�toia per�ptwsh, h k�nhsh an� telik� �xodo pou eis�rqetai sto banyan dromol�ghshc e�nai to pol�

�sh me 1 cell an� cell time se opoiad�pote mon�da tou qr�nou kai an metrhje�, kai h k�nhsh pern�ei m�sa

ap� to banyan dromol�ghshc qwr�c sugkro�seic.

Gia touc parap�nw l�gouc, sthn an�lush h opo�a melet�ei epipt�seic ap� thn katananom� twn cells,

qarakthr�zoume thn ap�dosh tou pl�gmatoc Benes meg�jouc N ×N se sq�sh me thn ap�dosh tou idaniko�

metagwg�a meg�joucN×N me our�c FIFO stic ex�douc. H pros�ggish pou qrhsimopoio�me kai oi teqnik�c

pou efarm�zoume kat� thn an�lush e�nai ephreasm�nec ap� aut�c pou paraousi�zontai sto [25] kai oi

opo�ec e�nai mia efaormog� thc jewr�ac thc �lgebrac dikt�wn (network calculus).

A(t) Susswreutik�c arijm�c cells pou �qoun ft�sei sto di�sthma [0, t)

B(t) Susswreutik�c arijm�c cells pou �qoun anaqwr�sei sto di�sthma [0, t)

C(t) Susswreutik�c arijm�c cells episk�yewn tou qronoprogrammatist� sthn our� [0, t)

q(t) Backlog thc our�c th qronik� stigm� t

P�nakac 5.1: Shmeiolog�a gia tic metablht�c pou perigr�foun thn kat�stash m�ac our�c FIFO.

Parak�tw exhgo�me th basik� ex�swsh thc �lgebrac dikt�wn. Jewre�ste mia our� FIFO pou exuphre-

te�tai ap� �nan qronoprogrammatist� t�pou work-conserving me qwrhtik�thta pou mpore� na metab�lletai

me to qr�no. H kat�stash tou parap�nw sust�matoc mpore� na perigrafe� ap� �na s�nolo metablht�n

pou fa�nontai ston p�naka 5.1. Gia m�a our� FIFO auto� tou e�douc isq�ei:

q(t) = max
0≤s≤t

[A(t) − A(s) − (C(t) − C(s))]
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B(t) = min
0≤s≤t

[A(s) + C(t) − C(s)]

�Otan o qronoprogrammatist�c exuphrete� thn our� FIFO me stajer� rujm� r, e�nai C(t) = r · t, opote:

q(t) = max
0≤s≤t

[A(t) − A(s) − r · (t − s)]

B(t) = min
0≤s≤t

[A(s) + r · (t − s)]

H grafik� anapar�stash twn exis�sewn gia thn per�ptwsh me stajer� rujm� fa�nontai sto sq�ma 5.2.

s t

A(s)

A(t)
delay

B(t)

q(t)

r

r (t−s)

Sq�ma 5.2: Gragik� anapar�stash tou backlog q(t) m�ac our�c FIFO pou exuphrete�tai me stajer� rujm� r.

5.2 Banyan Katanom�c

Katarq�n exet�zoume tic kajuster�seic stouc metagwge�c eis�dou. To apot�lesma ap� aut� thn en�thta

e�nai par�moio me to apot�lesma ap� to [14, Lemma 3]. Wst�so, to epanalamb�noume ed� sta pla�sia

tou pl�gmatoc Benes prokeim�noume h anafor� na e�nai autotel�c. Qrhsimopoio�me thn seimiograf�a pou

fa�netai ston p�naka 5.2.

Ai,j Arijm�c af�xewn sthn e�sodo i tou pl�gmatoc pou proor�zontai gia thn �xodo j tou pl�gmatoc

Aj

∑N−1
i=0 Ai,j

Jewre�ste to stoiqe�o metagwg�c me de�kth ik sto st�dio k − 1 tou banyan katanom�c.

A
D(k)
ik,pk,j Arijm�c twn af�xewn sthn our� gia thn telik� �xodo j

sthn p�rta ex�dou pk tou parap�nw stoiqe�ou metagwg�c.

A
D(k)
ik,pk

∑N−1
j=0 A

D(k)
ik,pk,j

dD(k) M�gisth kajust�rhsh en�c cell ston entamieut� ex�dou

en�c stoiqe�ou metagwg�c sto st�dio k − 1 tou banyan katanom�c.

P�nakac 5.2: Shmeiolog�a gia tic metablht�c pou perigr�foun tic af�xeic stic our�c ex�dou twn stoiqe�wn

metagwg�c tou dikt�ou katanom�c. H shmeiolog�a gia tic up�loipec metablht�c (B, C, b) e�nai an�logh.
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Qrhsimopoio�me jitter control � exomo�wsh kajuster�sewn paromo�wc me to [25]. Dhl., ta cells kra-

tio�ntai stic our�c eis�dou twn stoiqe�wn metagwg�c tou dikt�ou katanom�c prin prowhjho�ne stic our�c

ex�dou, �tsi �ste �la ta cells na uf�stantai thn �dia kajust�rhsh dD(k) ap� th stigm� pou eis�rqontai

sthn our� ex�dou tou stad�ou k−1 m�qri th stigm� pou eis�rqontai sthn our� ex�dou tou ep�menou stad�ou

tou banyan katanom�c. Ep� thc ous�ac, to jitter control apotr�pei ta cells pou ft�noun sto pl�gma se

�na dedom�no cell time kai kateuj�nontai se m�a dedom�nh �xodo tou pl�gmatoc na prosper�soun cells pou

kateuj�nontai sthn �dia �xodo tou pl�gmatoc all� �ftasan se prohgo�mena cell times. Dhl., to jitter

control apotr�pei thn allag� seir�c metax� twn cells pou kateuj�nontai sthn �dia �xodo.

Je�rhma 3�Estw �ti oi qronoprogrammatist�c stic ex�douc twn stoiqe�wn metagwg�c tou dikt�ou

katanom�c (dhl. ta SchDistr) qrhsimopoio�n th m�jodo exuphr�thshc FIFO. T�te, gia (1 ≤ k ≤ L =

logP N) isq�ei:

q
D(k)
ik,pk

(t) < k · N (5.1)

B
D(k)
ik,pk

(t + k · N) ≥ A
D(k)
ik ,pk

(t) (5.2)

dD(k) < k · N (5.3)

Ap�deixh: Bl�pe [22, par�rthma A.1] �

To je�rhma 3 par�qei �na �nw �rio gia th kajust�rhsh qeir�terhc per�ptwshc m�sa sto banyan ka-

tanom�c kai gia m�gisto apaito�meno q�ro gia entamieut�c stic ex�douc twn stoiqe�wn metagwg�c tou

dikt�ou katanom�c. Epipl�on, mac l�ei �ti to �rio aut� aux�nei grammik�, kai �qi ekjetik�, me ton arijm�

k tou stad�ou.

�Estw L = logP N , t�te to �nw �rio gia th kajust�rhsh qeir�terhc per�ptwshc m�sa sto banyan kata-

nom�c e�nai thc t�xhc tou N ·L2 gia thn per�ptwsh me jitter control. To �nw �rio qwr�c jitter control e�nai

thc t�xhc tou N ·L, all�, �pwc exhge�tai sto [26], h egkat�leiyh tou jitter control mpore� na prokal�sei

kajuster�seic sto pl�gma Benes pou e�nai megal�terec ap� to pr�tupo metagwg�a FIFO.

5.3 Mesa�o St�dio

To mesa�o st�dio anaf�retai sto teleuta�o st�dio tou banyan katanom�c to opo�o trofodote� touc N

sund�smouc sth kardi� tou pl�gmatoc, bl�pe sq�ma 5.1.�Ola ta stoiqe�a katanom�c tou dikt�ou katano-

m�c pou apotelo�ne to mesa�o st�dio diathro�n to �dio s�nolo ap� our�c ex�dou: m�a our� gia k�je �na

ap� tic N telik�c ex�douc tou pl�gmatoc.

�Estw:

qj(t) = max
0≤s≤t

[Aj(t) − Aj(s) − 1 · (t − s)]

T�te, to qj(t) e�nai to backlog th qronik� stigm� t sthn �xodo j tou metagwg�a meg�jouc N ×N me our�c

FIFO stic ex�douc kai ston opo�o h k�nhsh pou eis�rqetai e�nai panomoi�tuph me aut�n pou eis�rqetai

sto pl�gma Benes.
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Je�rhma 4�Estw �ti oi qronoprogrammatist�c pou trofodoto�ne touc sund�smouc sthn kardi� tou

pl�gmatoc katan�moun thn qwrhtik�thta touc statik� kai ex�sou metax� twn N our�n pou exuphre-

to�n. Ep�shc, �stw L = logP N , dD =
∑L−1

k=1 dD(k) kai dM = (L + 2) · N . T�te, isq�ei:

q
D(L)
iL,pL,j(t) <

qj(t − dD)
N

+ L + 1 (5.4)

B
D(L)
iL,pL,j(t + qj(t − dD) + dM ) ≥ A

D(L)
iL,pL,j(t) (5.5)

Ap�deixh: Bl�pe [22, par�rthma A.2] �

Sundu�zontac tic exis�seic 5.2 kai 5.5, pa�rnoume ton p�naka 5.3. Ap� ton p�naka 5.3 prok�ptei

E�sodoc tou pl�gmatoc t0

Entamieut�c sto mesa�o st�dio t0 + dD

S�ndesmoc sto mesa�o st�dio (t0 + dD) + qj((t0 + dD) − dD) + dM

= t0 + qj(t0) + dD + dM

P�nakac 5.3: Kajuster�seic pou uf�statai �na cell ap� thn e�sodo tou pl�gmatoc m�qri pou ft�nei se �na

mesa�o s�ndesmo.

�ti �na cell pou ft�nei sthn e�sodo tou pl�gmatoc th qronik� stigm� t0 ja ft�sei se k�poion entamieut�

tou mesa�ou stad�ou akrib�c th qronik� stigm� t0 + dD – aut� h qronik� stigm� e�nai akrib�c l�gw tou

jitter control –, kai ja per�sei ap� k�poion s�ndesmo tou mesa�ou stad�ou �qi arg�tera ap� thn qronik�

stigm� t0 + qj(t0) + dD + dM . Parathre�ste �ti h kajust�rhsh tou �diou cell ap� thn e�sodo sthn �xodo

tou pr�tupou metagwg�a FIFO e�nai metax� t0 + qj(t0) − (N − 1) kai t0 + qj(t0) ex’orismo� thc mej�dou

ronoprogrammatismo� FIFO. Op�te, h kajust�rhsh k�je cell ap� thn e�sodo tou pl�gmatoc se k�poio

s�ndesmo tou mesa�ou stad�ou e�nai megal�terh ap� thn kajust�rhsh tou �diou cell m�sa ap� ton pr�tupo

metagwg�a me our�c FIFO stic ex�douc kat� �nan �ro to pol� �so me dD + dM + N = O(N · L2). Na

shmei�soume �ti o ant�stoiqoc thc kajust�rhshc sto [25] e�nai thc t�xhc tou O(N2). O l�goc gia th

meiwm�nh epib�runsh sthn kajust�rhsh e�nai �ti to pl�gma Benes epitr�pei pio eu�likta qronodiagr�mmata

gia ta cells. T�toia qronodiagr�mmata e�nai efikt� l�gw twn entamieut�n pou up�rqoun eswterik� sta

stoiqe�a metagwg�c kai upolog�zontai ep�shc me katanemhm�no tr�po.

5.4 Banyan Dromol�ghshc

Sthn en�thta aut�, anal�oume thn kajust�rhsh pou uf�stantai ta cells sta logP N st�dia tou banyan

dromol�ghshc. Qrhsimopoio�me th shmeiolog�a pou fa�netai ston p�naka 5.4.

�Estw ∗ → j to s�nolo ap� ro�c pou apotele�tai ap� �lec tic ro�c pou kateuj�nontai sthn telik�

�xodo j kai pern�ne m�sa ap� �na sugkekrim�no stoiqe�o metagwghc. Sthn an�lush, upoj�toume �ti oi

qronoprogrammatist�c stic ex�douc twn stoiqe�wn metagwg�c tou dikt�ou dromol�ghshc katan�moun thn

qwrhtik�thta touc statik� kai ex�sou metax� twn sun�lwn ap� ro�c pou parist�nontai wc ∗ → j.
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Jewre�ste to stoiqe�o metagwg�c me de�kth ik sto st�dio k − 1 tou banyan dromol�ghshc.

A
R(k),rsq
ik,qk,j Arijm�c twn af�xewn sthn our� epanadi�taxhc gia thn telik� �xodo j

sthn p�rta eis�dou qk tou parap�nw stoiqe�ou metagwg�c.

A
R(k)
ik,pk,j Arijm�c twn af�xewn gia thn telik� �xodo j

sthn p�rta ex�dou pk tou parap�nw stoiqe�ou metagwg�c.

dR(k) M�gisth kajust�rhsh en�c cell ston entamieut� ex�dou

en�c stoiqe�ou metagwg�c sto st�dio k − 1 tou banyan dromol�ghshc.

P�nakac 5.4: Shmeiolog�a gia tic metablht�c pou perigr�foun tic af�xeic stic our�c twn stoiqe�wn metagwg�c

tou dikt�ou dromol�ghshc. H shmeiolog�a gia tic up�loipec metablht�c (B, C, b) e�nai an�logh.

Shmei�ste �ti oi e�sodoi twn stoiqe�wn metagwg�c tou dikt�ou dromol�ghshc pr�pei na qeir�zontai tic

diaj�simec ro�c k�je m�a qwrist� prokeim�nou na epanadiat�soun ta cells.

Je�rhma 5�Estw dmid = dD+dM+N .�Estw �ti oi qronoprogrammatist�c stic ex�douc twn stoiqe�wn

metagwg�c tou dikt�ou dromol�ghshc (i.e. SchRout) katan�moun thn qwrhtik�thta touc statik� kai

ex�sou metax� twn sun�lwn ap� ro�c ∗ → j. T�te, gia (L = logP N ≥ k ≥ 1) isq�ei:

⋃

iL,qL

B
R(L),rsq
iL,qL,j (t′ + dmid) ⊇ Bj(t′) (5.6)

dR(k) = 2 · k · N + P k (5.7)

⋃

ik,pk

B
R(k)
ik,pk,j(t

′ + dmid +
k∑

s=L

dR(s)) ⊇ Bj(t′) (5.8)

Sthn parap�nw ex�swsh, to iL, qL diatr�qei �lec tic p�rtec eis�dou sto st�dio L − 1 tou banyan

dromol�ghshc, en� to ik, pk diatr�qei �lec tic p�rtec ex�dou sto st�dio L − 1 tou banyan dromol�-

ghshc.

Ap�deixh: Bl�pe [22, par�rthma A.3] �

Ap� to je�rhma 5 prok�ptei �ti �na cell di�rqetai m�sa ap� touc entamieut�c gia epanad�ataxh sto

st�dio L − 1 tou banyan dromol�ghshc me epipl�on kajust�rhsh to pol� �sh me dmid se sq�sh me thn

kajust�rhsh m�sa ap� ton pr�tupo metagwg�a FIFO, kai di�rqetai m�sa ap� to banyan dromol�ghshc

me epipl�on kajust�rhsh to pol� �sh me dR, �pou

dR =
1∑

s=L

dR(s) =
1∑

s=L

(2 · s · N + P s) = 2 · N ·
1∑

s=L

s +
1∑

s=L

P s = O(N · log2
P N) + O(N)

Op�te, h epipl�on kajust�rhsh k�je cell diam�sou tou pl�gmatoc Benes se sq�sh me thn kajust�rhsh

diam�sou tou pr�tupou metagwg�a FIFO e�nai:

dD + dM + dR + N <
3
2
· N · L2 +

3
2
· N · L + 5 · N
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Kef�laio 6

Sumper�smata kai Mellontik�

Ergas�a

De�xame �nan apodotik� tr�po gia thn klim�kwsh twn metagwg�wn pak�twn se pol� meg�lo arijm� ap�

p�rtec, diathr�ntac par�llhlo th leitourg�a qwr�c eswterik� frag� kai thn uyhl� poi�thta uphres�ac.

Aut� mpore� na epiteuqje� qrhsimopoi�ntac to d�ktuo Benes, thn qamhl�terou k�stouc topolog�a pou

den �qei eswterik� frag�. Mn�mec me touc meg�louc entamieut�c qrei�zontai m�no stic eis�douc tou su-

st�matoc, gia thn ulopo�hsh eikonik�n our�n ex�dou (VOQ), o arijm�c touc klimak�netai grammik� su-

nart�sei tou meg�jouc tou sust�matoc, o arijm�c twn our�n pou pr�pei na diathro�ntai se k�je mn�mh

ep�shc klimak�netai grammik�, en� h diaperat�thta k�je mn�mhc param�nei stajer�. Sto pl�gma Benes

qrhsimopoie�tai eswterik� backpressure, prokeim�nou na �qoume: (a) qamhlo� k�stouc stoiqe�a metagw-

g�c, afo� qrei�zontai m�no on-chip mn�mh gia entamieut�c, (b) mhdenik� ap�leia cells m�sa sto pl�gma

metagwg�c, an kai oi mn�mec gia entamieut�c e�nai mikr�c, (g) qamhlo� k�stouc s�sthma, afo� to pl�gma

den qrei�zetai eswterik� speedup, (d) qamhlo� k�stouc s�sthma, afo� to pl�gma den qrei�zetai per�s-

seia monop�tia prokeim�nou na qeiriste� sugkro�seic metax� twn cells me th m�jodo tou deflection routing,

(e) qamhlo� k�stouc s�sthma, afo� den qrei�zetai kentrikopoihm�noc qronoprogrammatist�c, kai �loc o

qronoprogrammatism�c kai o suntonism�c g�netai me katanemhm�no tr�po, kai (st) uyhl� ap�dosh tou

sust�matoc kai uyhl� poi�thta uphres�ac, ak�ma kai me qamhl� k�stoc gia to s�sthma �pwc exhge�tai

leptomer�c parap�nw.

Gia thn ep�teuxh �lwn twn parap�nw, �prepe na epekte�noume thn gnwst� arqitektonik� me backpres-

sure ana-ro� �tsi �ste na mpore� na efarmoste� dromol�ghsh m�sw pollapl�n monopati�n (ant�strofh

poluplex�a) kai epanadi�taxh twn cells, diathr�ntac par�llhla to k�stoc tou sust�matoc se apodekt�

ep�peda. Aut� to pet�qame qrhsimopoi�ntac �na kat�llhlo sq�ma sugq�neushc ro�n pou diathre� to

k�stoc tou backpressure �sa me O(N) an� stoiqe�o metagwg�c. Apode�xame anuparx�a adiex�dwn gia m�a

eure�a kl�ssh ap� mej�douc gia thn katanom� twn cells se pollapl� monop�tia. T�loc, qrhsimopoi�ntac

prosomoi�seic me akr�beia cell time, (a) de�xame �ti h epanadi�taxh ana-st�dio e�nai protim�terhm (b)
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br�kame �ti h katanom� twn cells b�sei metrht�n anisom�reiac petuqa�nei mikr�terhc kajuster�seic ap�

thn ek-peritrop�c katanom�, all� gia ekrhktik� k�nhsh h diafor� g�netai amelht�a, (g) parathr�same �ti

h kajust�rhsh gia ekrhktik� k�nhsh e�nai m�no 25 me 50 % uyhl�terh se sq�sh me to idanik� s�sthma me

our�c stic ex�douc, kai (d) de�xame �ti h kajust�rhsh twn mh-sumforhm�nwn ro�n param�nei anephr�asth

ap� thn parous�a sumforhm�nhc k�nhshc se p�rtec ex�dou pou e�nai oversubscribed, to opo�o apodeikn�ei

tic �ristec idi�thtec poi�thtac uphres�ac tou sust�matoc.

H paro�sa ergas�a perigr�fei thn arqitektonik� tou sust�matoc, to skeptik� thc kai ton basik�

tr�po leitourg�ac thc. Skope�oume na epekte�noume aut� th doulei� se d�o perioq�c: j�mata pou aforo�n

praktik�c ulopoi�seic kai montelopo�hsh kai mel�th me analutik�c mej�douc.�Oson afor� ta praktik� j�-

mata, skpe�oume na asqolhjo�me me (a) beltistopoi�seic gia pl�gmata 3 stad�wn, kai (b) aplopo�hsh thc

logik�c org�nwshc twn entamieut�n sta stoiqe�a metagwg�c. Par�lo pou �qoume k�nei doulei� ston qa-

rakthrism� me analutik�c mej�douc thc ep�drashc pou �qei h katanom� twn cells, aut� h doulei� pr�pei na

epektaje�, op�te skope�oume: (a) na pragmatopoi�soume m�a an�lush b�sei mej�dwn ap� th jewr�a net-

work calculus pou lamb�noun up�yh touc to �legqo ro�c [27], kai (b) na melet�soume mej�douc katanom�c

twn cells pou pro�rqontai ap� jewrhtik� apotel�smata [28] [29]. T�loc, shmantik� j�mata mellontik�c

ergas�ac apotelo�n h arqitektinik� qronoprogrammatismo� kai h upost�rixh gia multicasting.
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