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* Ave€aptntol eTteSEpYAOTEG, 0 KABEVAG LE TNV IOLWTIKI TOU
pvrpn (kopBog=CPU + pvrpn)

IKeVTPIKN 10EX

AIKTYO AIAZYNAEXHZ
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e |[nitial Research Projects
= Caltech Cosmic Cube (early 1980s) using custom Mosaic processors
e Commercial Microprocessors including MPP Support
= Transputer (1985)
= NCube-1(1986) /nCube-2 (1990)
e Standard Microprocessors + Network Interfaces
: = Intel Paragon (i860)
Massively Parallel = TMC CM-5 (SPARC) Interconnect Network
[’rocessors (MIPP’s) « Meiko CS-2 (SPARC) 1 1 1 I 1 t t 1
= IBM SP-2 (RS/6000)

* MPP Vector Supers 1 t I I 1 t I I

s Fujitsu VPP series

Designs scale to 100s or 1 t t I 1 t t 1

1000s of nodes Fﬂem‘ ‘Mem‘ hem‘ *\nem ‘Mem‘ ‘Mem‘ *\nem *ﬂem
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YuAoyn atto dlaouvoedeEVOUG «KOUPouc»
- ®1nvoi/ eupéwg dlabeaipol emeepyaontég (tr.x. Clusters ato PCs)
— O UOVOg TPOTIOG VA (PTIASOUE «OIKOVOULKOUG» uTtep-uTtoAoyLoTeG (Teraflops)
— MoAU Alyol £wg Ttdpa TtoAAoi kKo fot

LUMI Finland (top500, #8)
- 4,096 nodes (2x64-core AMD CPUs in1536 nodes /
1x64-core AMD CPU + 4 x AMD GPUs in 2560 nodes)
- Interconnect: Slingshot11 (HPE/Cray)
— Total # cores: 2,220,288
— Kootog: ~ $145.000.000

Oak Ridge National Laboratory FRONTIER (top500, #2)
- 9,472 nodes (1 x 64-core AMD CPU + 4 x AMD GPUs)
- Interconnect: Slingshot 11 (HPE/Cray)
— Total # cores: 8,730,112
— Kootog: ~ $600.000.000

Oak Ridge National Laboratory EL CAPITAL (top500, #1)
- 11,136 nodes (1 x 24-core AMD CPU + 4 x AMD MI300A GPUs)
- Interconnect: Slingshot 11 (HPE/Cray)
- Total # cores: 9,988,224
- Kootog: ~ $600.000.000

Clusters: Ttovtou!

PARALLEL
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* Y10 TUAMA Hag:

— [evikotepo diktuo otabuwv epyaciag (100Mbps-1CGbps ethernet, apyo
LLE TTOAU Kivnon)

v

— Autovopo cluster [TtaAlo]

= 16 KO Pot, kabe kopPog 2 CPUS,
kaBe CPU durtupnvn (64 cores)

= gigabit Ethernet
2 TO THNHX — Autovopo cluster [veo]

= 12 KOpPot, kabe kopPog1 (amo 2) CPUS,
kaBe CPU 8ttupnvn (96 cores)

= gigabit Ethernet

— http://gatepc73.cse.uoi.gr:8880/ganglia/

PARALLEL
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http://gatepc73.cs.uoi.gr:8880/ganglia/

* [Tdpa TtoAAoi Ttupnveg

— M.x. Intel TeraScale | (80-cores),
TeraScale Il (SCC, 48-cores / 24 tiles—see below)

= Mesh network (NoC)

P54C | | 25exs Tile
ge || o
Lo, &
P54CFSB MIU —> To
Manycore Kol = Router
NoCs

e

A

il By g

— Intel Xeon Phi1st gen I -- :

(up to 61 cores) I - - -l_)'
G T

= Bidirectional Ring network

HE

nh
nh
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To OiKtuo olcxouvoeoncg




* Avecdaptntol ete€epyaoteg, o Kabevag pe Tnv IOIWTLKH ToU
pvApn (koppog=CPU + pvrpn)

Mvrun Mvriun

[TOAUETTECEPYIOTEG
KOTOVELNEVNG
pvr,] ” r] g AIAZYNAEZH ENEZEPTAZTQON-MNHMQON
* Aiktuo dlaoUvdeong etteCepyaoctwy (interconnection
network)
’ (0,0) 0,1 (0,2) (0,3)

— dlauhog N~

— OLKTUO OLAKOTITWV

— point-to-point, 0TaTIKO, AUETO OIKTUO

/ /

—
—
NJ
—
—
—_
Ll
—_—
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* ETtikowvwvia emte€epyaotwv HEOW avtaAlayng Lnvupdtwy,
£TTAVW aTIO TO OiKTUO OlaoUvdeanG

* O dtadpountng (router) cuvoeel Tov KOO pe To SiKTUO

— Kavahia attd Ttpog yeitoveg / TOTikA VN

Baoik opyavwaon

ROUTER
AwaSpopntiig

AIKTYO AIAZYNAEZHZ

PARALLEL
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Tutukn dopun

oloopountH

PARALLEL
PROCESSING
GROUP

ROUTE &
CONTROL

Ano

yeltovec

yyvy

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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[ TOAUUTTOAOVYIOTEG

PARALLEL
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* NOyw Tou OTL KaBe KOpPog eival ouolaotika Evag (oxedov)
OAOKANPWHEVOC KAl AUTOVOHOG UTTOAOVLOTAG, ot [TKM gival
yvwaoTol Kat wg moAulimodoyiotéc (multicomputers)

* H opydvwaon potadel pe 6iKTuo UTIOAOYIOTWVY

— Alaopég:
= Taxutnta
= TOTTOAOYia

= AEITOUPYIKO ouoTNUa

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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‘Eva diKtuo
Ol OUVOEONG

XopoKTnpietal
OTTO:

PARALLEL
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* Tnv tomoloyia Tou
— Moiog kO Pog ouvdEetal pe Trolov — Xwptkr diatasn

* Tn diabpopnon tou (routing)
— MNoto amd 0Aa ta duvatd povottatia Ba emiAexOei
= [TOAAEG ETUAOYEG TIOAITIKWV

* Tov £Aeyxo pong tou (flow control)

— Mwg dtavépovtal ol Ttopol Tou diktuou (kavaAla, buffers kATr), Ti oupBaivel
OE TIEPITITWON OUYKPOUTEWV
= ApPYXITEKTOVIKH TOU dtadpopntn

* Tn petaywyn tou (switching)
— MNwg peTaPEpeTal E0WTEPLIKA 0€ Evav dladpopntn To HAvupa amo pia
gloodo o€ pia €000 Tou
= KukAwpatog (circuit switching)
= [Makétou / unvupatog/SAF (Store-and-Forward)
= Virtual Cut-Through (VCT)
= Wormhole, ...

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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BiAIoypo@Ic
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* Interconnection networks: an engineering approach,
Duato, Yalamanchili, Ni

* Principles and practices of interconnection networks,
W. Dally, Towles

* Topological structure and analysis of interconnection networks,
). Xu

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)



H ToTtoAoyic Tou OIKTUOU
OIOUVOEONG




ToTtoAovyicx

PARALLEL
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* Aldtaén twv KOPPwV o0ToV XWPo Kal guvoeapoAoyia petasu
TOUG

* [pAgol wg PUOLKN avaTiapdoTacn Tou OLKTUOU
— KO BoL=KopuEg

— OUVOEDEIG = AKUEG

* Avadpopn otnv opoAoyia Kal TiG IOIOTNTES TWV YpAPwV

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)



OpoAoyia Kol

1010TNTEG TWV
VPAPWV

PARALLEL
PROCESSING
GROUP

* YUvoAo Kopupwv Kat ouvolo akpwv: G = (V,E)
— un kateuBuvopevol

* Ave=vu € E, t0te o1 v, u gival yertovikeg (neighbors, adjacent)

* H akun eivat mpoakeipevn (incident) oTig KOPUPEG
* Av n v éxel B(v) yeitoveg, 10te €XEL fabud f(v)
* Av OAEG 0L KOPUYEG €XoUV ToV (010 fabuo B, tote f-regular (taktikoc)

* A(G), 6(C): peytotog, eAaylotog fabuog

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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OpoAoyia Kol

1010TNTEG TWV
VPAPWV

PARALLEL
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Vy V3

* Mepimatog (walk)
— akoAouBia yeIToviKwV Kopu@wvV (TT.X. attd V1 gTn V4: V1, V2, V3, V2, V1, V4)

* fxvog (trail)
— TEpITIAToq Xwpic eTavarapBavopeves akpég
(Tt.x. v1,v2,V3, V1, Vv4)
* povorrdti (path)
— [Xvog Xwpic eTtavalapfavopeveg KOpUWEG (TT.X. V1, V2, V3, V4)

* YuvoedepEvol ypdpol
* KukAog, Hamiltonicity

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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ATIOOTAOEIG
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* M Kog povoTtatiou
— 0 aplOUOG KWV TTOU TIEPLEXEL

* Amootaon dist(v,u)
— TO LKPOTEPO UNKOG ATIO OAA TA LOVOTIATLA V-U.

* Kopupn u ekkevtpiki wg Ttpog tnv v: dist(v,u) = max,{v, w}
— OTIOTE ekKevTpIkOTNTa (V) = dist(v,u)

* Aidpetpoc = n peyaiutepn ekkevrpikotnta, D(G) (diameter)

* Aktiva = n pikpotepn ekkevrpikotnta, R(G) (radius)

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)



* Aévipa (trees) * KateuBuvopevol ypagpol

— OLakpEg €xouv katelBuvan kat dpa
vu £uv

— OxL KUKAOL

— povadikd povortdtia .
— out-degree (d+), in-degree (d-),

— ouvoedepEva, n KOpPOL, N—1 AKHES balanced

— Td AAAa OTIWG 0TOUG N
KateuBuvouevoug

— aoBevwg / 1loxupd ouvdedepévol

PARALLEL
PROCESSING A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
GROUP
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AN

XOPOIKTNPIOTIKX
TWV YPAPWV

PARALLEL
PROCESSING
GROUP

* vertex-disjoint paths (SEva w¢ TTPOG TIG KOPUPEC)
* edge-disjoint paths (§Eva wg TIPOG TIG AKUEG)
* vertex connectivity, K(G) (OUVOETUIKOTNTA KOPUPWV)

* edge connectivity, A(G) (cuvOETULKOTNTA AKHUWV)

K(G) <A(G) <6(G)

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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T1 B€Aoupe aTto

EVOV OIKTUO
Ol ouvoEeongG ...

PARALLEL
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* To diktuo 61a00v680ng Oa TtpéTtsl Va LETAPEPEL 600 TO OUVATOV TTEPITOOTEPA
Hnvu pata, 000 TO OUVATOV ypnyoporspa LLE AdYI0TO KOOTOC KAl HEYIOTH akloTTiaTia.
Autd ivat aAAnAOCUYKpPOUOLEVA, OHWG.

ToTtoAoyia:
— Mikpn SIAUETPOG, UIKPH LEDT ATIO0TACH
uikpn kaBuatépnan o€ packet-switching, uikph contention ae wormhole switching
— Mikpog kat otaBepdg fabpuog

atrAol kai oikovopiKoi routers, HIKPOTEPH Kal 0Tabepn KaAwdiway, xaunAdtepn connectivity,
UEYAAUTEPEC ATTOOTATEIG

— YWnAS connectivity
— YUMMETpia
— EUKOAN EVOWHATwon AAAwV YpApwV Kal 6 AAAOUS YpAPOoUG

* Aot av éva SikTuo A epTiepléxeTal o€ €va dAo B, 1ote 1o deutepo Ba €xel, EKTOG Twv AAwV, Kal TIG
(1810TNTEG TOU TIPWTOU

* ALOTL TIOAMEG OpEG EXoupe oxedldael Evav alyoplBpo yia éva diktuo A (Tr.x. uTtdpyouv e§atpeTikoi
aAyopiBpot ToAamAactacpou Tivakwy yia tori) aAAd n tapdAAnAn pnxavr pag dtabétel
dlaouvdeTiko biktuo B (11.X. 0 helios.cc.uoi.gr eivat uttepkufog).

A8 — LYLTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software) 21



Baaoikoi yp&pol:

['1ANpPNG ypopog
(complete graph)

PARALLEL
PROCESSING
GROUP

P nges

* 'OAeg Ol KOPUPEG oUVOEOVTAL LE OAEG

* O Ky €xet N kopupeg

* N(N-1)/2 akpég

* (N-1)-regular

* D(Ky) =1

* K(Ky) = N-1

* Epmtepiéxel GAoUG TOUG ypa@oug Le < N KOpuPES

* Mpaktikog Lovo yia pikpo N

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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Baaoikoi yp&pol:
[ POUHIKOG

vpa@ocg (linear
array)

PARALLEL
PROCESSING
GROUP

* ATTIAG povoTtdrtt

* O Py €xet N kopupeg

* N-1 akpEg

* Mn taktikog (Babuoi1 kat 2)
* D(P,) =N-1

* K(Py) =1

* Mn TtpakTikog — LOVO yid EEIOIKEUEVEG APXITEKTOVIKEG (TT.X.
OUOTOALKEG S1aTAEELQ)

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)

N-1
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Baaoikoi yp&pol:

AOIKTUAIOG (ring)

PARALLEL
PROCESSING
GROUP

-1

AaktuAiog

* ATTAGG KUKAOG 1
* O Ry €xeL N Kopupeg
* N akpég

* 2-regular, CGUPUETPLKOG e L
* D(Ry) =floor(N/2)

*K(Ry) =2

* Meyahn dtdpetpog, TToAU Bactkog ypa@og yia KATaoKEU AAAwWY
TOTIOAOYLWV

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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2 XEOIOOMOG ME

faon KpItNpIx

PARALLEL
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* YuvnBwg Beloupe va Bpoupe katolo 6iktuo Ttou TIANPol
KATIOLA KPITAPLA, TL.X. VA EXEL CUYKEKPLHEVO fabuo n
OUVKEKPLUEVN OLIAUETPO LE CUYKEKPLUEVO # KOUPwV [/ AKHwWV

* @€Aoupe €va peBodLKO TPOTIO va TTapdyou e TETold OikTua
(Tt.X. EeKIvvTag ato Ttio atAd diktua)

* MepIKEG BATIKES TEXVIKEG
— Tpd@ol akpwv
— Kapteaiavo yivouevo

— H uebodoc Cayley

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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» line graphs




(A1) p&POC AKPWV

(line (di)graph)

PARALLEL
PROCESSING
GROUP

* Zekvwvtag amo evav ypdago G, o ypd@og akpwv tou, L(G), Ttapayetal wg eENG:

— KaBe kopupn tou L(G) avtiotoixei o€ pia akpn tou G

— Auo kopu@éeg tou L(G) yertvialouv av ot avtiotolxeg akpeg atov G
TIPOCTIITITOUV OTNV i0la Kopu®n

1 2
3 4
G 4 L(G)
5
3 5

, , 1 2
* Na kateuBuvopevoug, avtiotolya: ./\. =3

* NMapdadeypa:

01
O1 00 11
00
11
10
10

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)

1
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otov L(G)
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BooikX

XOPOIKTNPIOTIKX
TwvV line graphs
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* Eotw L=L(C)

* VL] =|E@)|
* AKUEG :
C und _ 2 _
tpigog [EDI== > (dw)?-IEG)
ueVv(Q)
- (dwypagog) |E(L)| = 2 djp (Wdout(w)
ueVv(Q)

* Ave=vu € E(Q),
- d(e) =dg(v)+dg(w)-2 (ypagog)
- d. (e)=d, (v) katd,,(e) =d () (6lypdpog)

* Connectivity
- K(G) <AG) <k(D) <AL

* Aldpetpog
- D(G) <D(L) <D(C)+1 (ypagog)
— D(L) =D(G)+1, ektog av G givat kUkAog ottote D(L) =D(G)  (dtypaog)

[Mepioadtepec Kopupee, peyalutepoc Babudg, mapdpoia didUeTpoc, KATT.

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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ETtavaASp3avo-

Hevol line digraphs

PARALLEL
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* L°(Q) =G, '(Q) =L(Q) kat
L"©) =L(L"(©)) = L(L(-L©GD)

n

* 1010TNTEG (YIa LoYUPA CUVOEDEUEVOUG):
- Avo G eival k-regular, o L"(G) eivat k-regular pe k"|V(G) | kopupég
- D(L"(G) ) =n+ D(G), av o G dev eival KUKAOG

— Mepimou idlo connectivity

— KdBe kopupn tou L"(G) avtimtpoowTtieVel Evav KateuBuvopevo
Tiepimtato otov G, pikoug n. Mag fonBdet va oxedldooupe
aAyoptBpoug dtadpounong.

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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[lapaOsiypoTo
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* ‘Eotw K*, (d > 2) o TTARpng kateuBuvopevog ypagog 0Ttou o€
KaBe kopupn €xoupe Balet kat €va loop.

* O diypawoc de Bruijn opiletal wg n (n-1)-o0tr eTtavainyn tou
YPA®OU akpwv tou K* ;:

B(d,n) = L™ (K" ).

001 011
o1
: ) 301 : : 00 11 010
00 1 -
10 @ o
101
10
100 110

B(2,1) =K*, B(2,2) =L(B(2,1)) B(2,3) =L(B(2,2))

A8 — LYLTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software) 30



[KapTeTIOVO YIVOUEVO




IKapteaiavo

VIVOUEVO 2
VPAPWV

PARALLEL
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* OplopOG:
G=(V,E)=G, xG,
- 0, (G,) ovopdletar1n (2") didotacn (dimension)
V= {(vl,vz)}
* OL KOPUPEG €lval TO KAPTETLAVO YIVOLLEVO TWV KOPUPWV TWV
znllpépoug YPAPWV Kal dpa €Xouv we eTikéTa/dleubuvan éva
gUy0gG.

— To TtpwTo 1° (2°) otolyeio Tou {eUyoug ovopddletal 11 (2") oUVTETAYUEVR
(coordinate)

E={v,v,)u,u,)|v,=u, and v,u, €E, OR v, =u, and v,u, €E,}

* AUo Kopueg atov G yeltoveUouv HOVo av €xouv otn pia didotaon
£XOUV (010 OCUVTETAYUEVN EVW OTNV AAAN EXOUV VEITOVIKEG
OUVTETAYUEVEG.

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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[lapaOsiypoTo
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E={v,,v,)u,,u,)|v,=u, and v,u, €E, OR v, =u, and v,u, €E,}

b16\ (a;,by) (?

@@ 50 (ab) O

bsQ/ (a,,b) %

A B G=AxB

I

00O,

(a,,b,)

(a,,b))

(aznb3)

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)

33



[evikeuon og R

OI0OTAOEIG
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Gi - (Vi,Ei), [ = 1,2,...,k
G = (V,E) - 61XG2 X”'XGk - (G'lXGZ X'”XGk_l)XGk - GIXGk

V = Vl X VZ X eee X Vk = {(’Ul, Uy, ...,vk)lvi € Vl}

u;}

E = {(vl,vz, oy Vi) (Ug, Uy, -, Uk )|Tf vju; € Ej and Vi # jiv;

* AUO KOPUWEG €lval YEITOVIKEG AV Kal HOVO AV EXOUV TIG
QVTIOTOLXEG CUVTETAYUEVEG TOUG (OEG, EKTOC ATIO Yia KAl OTN
OUYKEKPLUEVN SLACTACT Ol CUVTETAYUEVEG TOUG Eival
VEITOVIKEG (viu; € E(G)))

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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G, xG, =G, XG,
V] =[x |Vv,]
v=(v,,V,)

IB(V)ZIB(V1)+IB(V2)

dist(v,u)=dist,(v,,u,)+dist,(v,,u,)

MEepPIKEG 1010TNTEG

e(v)=e,(v,)+e,(v,)

D(G) = D(Gl) + D(Gz)

PARALLEL

GROUP

AR
v=(v,,V,,...,V,)

AI=20)

d/stvu Zdlst (v,,u))
e(v) = Ze(v)
D(G)=_ZD(G,-)

PROCESSING A8 — LYLTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software) 35



[ VWOTA OIKTUO WG
KOPTECIAVA

VIVOLEVAQ:
[TAEYyHOTO

PARALLEL
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:
#A

* [MA&ypata: yivopeva Ypa UKWV YpAapwy

) (0,7)
O
)

e

(0,0 (0,Mm-1)

(1,Mm=1) %

(M=1,Mm=1)

2D nAéyua M x M

(1,0

2

* Ye TETpAYWVIKO TIAEYHa 2D, N=M x M:
— Babuog: 2 (ywvieg), 3 (aKUEG), 4 (OAotL ot dANoL kOpBot)
— Atapetpog: 2(M—1) = 2(N)"/2

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)

3D nAéyuadx3x2
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[ VWOTA OIKTUO WG

KOPTECIAVA
VIVOUeva: Tori

PARALLEL
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* Tori: yivopeva dakTtuAiwy

5

(0,m=1)

(0,0)
0

|

L]

D

Aaktiiog

D

2D torus M x M

o ool
0= 00|

D

* AUOo KOUBOL (X, X,, -.., Xg) KAL(Y,, Y,, -, Yg) CUVOEOVTAL HOVO EPOTOV

d

2

i=1
6TIoU N agaipeon eivat mod |V|.
* YeTeETpAYWVIKO torus 2D, N=Mx M:
— TaKTIKOG, CULHETPLKOG Ypaog, Babuog: 4
— Adpetpog: 2 x floor(M/2) = N'/2

=1

X —Y;

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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[ VWOTA OIKTUO WG
KOPTECIAVA

VIVOLEVAQ:
YTtepKuf30l
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* Kapteotavo yIvOUEVO aTto Ypagoug 2 KO Bwv

-K,=L,=R,=whatever, O—O

“o/b

uovodidotaro¢ Kufoc - Q1 dibtaotaroc kuBoc - C;'2

2/01

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)

1/001 5/101
0/000 4/100
3/011 7/111
0 6/110

pibtdotatos kUBog-Q,
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YTtepKUB0G: KI

GAAOI opioHoOI
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* Kapteowavo ywopevoarmoP,, R, K, .. ©—O

* Emtiong, eival tepapxikd avadpopikog (KapTeolavo YIVOUEVO aTto
HIKPOTEPOUG KUPBoUG)

Q1=Kz2, Qg=Qq_1*Q=QxQq_

* lgoduvapog oplopog, eviote BoOALKOTEPOG:
— N =27k6puBot pe etikéteg d-WhRgploug Suadikouc apldpouc.
— AuUo kopBor yertvidlouv av Kai Jovo av o1 ETIKETEC TOUC O1d@EPOUVY 0e 1 bit.

1/01 1/001 5/101
9 (@
0/00 0/000 4/100
5/ .
3/11 3/011 N 7/111/,
2/10 2/010 \/stmokj/k)
(@ (s

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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* AuUo (dla avtiypaga Tou apEows HiKpoTEPOU KUBou
* YUVOEW TIG KOPUWEG LLE i0la ETIKETA
* Y1ov TTpwTo BAlw TO O UTTpooTd aTod KABE eTikETA, 0T0 OeUTEPO PAldw TO 1.

1/01 (o) o1 T (1) o1

Adidotatog kuBos (Q,)

B
[KoTooKeun He o
faon tov d
TE)\E UTG I,O O p I O-” é Kataokeun amd duo dididotatoug kUPoug

tetpadidotarog kUPog—-Q,

PARALLEL
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* Taktikog, Babpou d (=log, N)

* Atdpetpog D(Q,) =d

* Hamiltonian, vertex symmetric, edge symmetric

* BEAtiotn ouvdeopikotnta (d) (tooa tapaAAnAa povotdria)
* Mevikwg, BEATIOTEG ival TtAdpa TTOAAEG ATTO TIG IOLOTNTEG TOU,

BEATioTa cupTtepipEpovtal Ttdpa TtoAoi alyopiBpot.
— 'V auto kat nTav ato ta SnUo@IAEoTEPA / TTIO HEAETNHEVA SIKTUA

MEepPIKEG 1010TNTEG

*  YnUavTtlKOTEPA PEIOVEKTHUATA:
—  KaAn, aAAd oxt kat TéAeta StapeTpog, aAAd Kupiwg:
—  MeydAog, un otabepog Babudg

— T auto kal (og cuvouaopo pe aAAeg e€eAIEelg) uTtEpOKEAIOTNKE ATIO
dA\a biktua xapnAou kat otabepou fabuou (Tr.y. TAEypata).

PARALLEL
PROCESSING A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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YTtepKU(30¢6
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* AIKTUO TTIOU HOVOTIWAOUOE TO evdlagEpov TtaAalotepa. Twpa
10 evOlagEpPoV potpddetal Kat o€ AAAa OlKTua PE EPpAcn oToV
XapnAo Babpuo.

* Mepika cube-like diktua (yia peiwon dtapeTpou n/Kal peiwaon
Babuou):
— Folded cubes
— Crossed cubes
— Reduced cubes
— Hierarchical cubes
— Twisted cubes

— Dual cubes

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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2 UYKPITIKOG

TUVOIKOG
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Kopfot Babpog Atépretpog Mapadeiypato ov-
GTNULATOY
[TAn0mg Yoagog N N-1 1
lpopp. yoapog N 1,2 N-1
Aoxtirtoc N 2 IN /2] Sequent Symmetry,
Intel Xeon Phi
MAéypa 2D N=MxM 2,3,4 2M — 2 = 2/N tnel Paragon
— 4 — P
e T Adapt. Epiphany
Miéypo 3D | N=M x M x M | 2.3.....6 | 3M —3~3yn | W7 Machine,
Sandia Red Storm
Torus 2D N=MxM 4 2|M /2| =~ VN | Cray XiE
Cray XT3/4/5/6
T 3D | N=MxMxM 6 3|IM /2] =~ VN
orus S [M/2] = VN Cray XE6
Intel irsc-1/2.
Yrepxdfog N =24 d=log, N d=log, N NCUBE-1/2/3.

sct Origin

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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Metaywyn (switching)




Metaywyn
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* Eved 0 EAeyxog por ¢ puatkoU PHECOU PeTAPEpPEL bits petalu duo
dtadpopntwv, N petaywyn (switching) evwvel ecwTepiKd o€ Evav
01a0pOUNTH TO KAVdAl E10000U UE To ETIAEYUEVO KavdAl e£000U Kal UETAPEPEI
dcdoUEVa.

— KaBopilel o mw¢ kat to mote Ba yivel n ouvdeon auth
— Mmopei va yivel oTiyplaia, yia Pikpo 1 yia peydlo Xpoviko dtaotnpa

— MTtopei va yivel agou amogaolotei To kavaitl eE6dou, dnAadn agpou
oAokAnpwBei n Aettoupyia tng dtadpopnaong atov router, Katd tn OlApKeLd
NG N akopa katepty (1)

— lNevikd €ival o pnXaviopog Tou ecwtePLKA atov dladpopunth Tpowbei ta
bits amo pia eicodo oe pia tpokabopiopévn €€0do (n etidoyn tng e€6dou
dev elval appodiotnta tng HeTaywyns aAld tng Asttoupyiag tng
dtadpopnaong).

— YWYnAEG eTIOOTELG: XpOVIKd, av YiveTal, va UTTdpXel ETIKAAUWN UE TIC UTTOAOITTEC
Aertoupyiec Tou d1adbpounth.

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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Control/Arbitration Routing Injection / Ejection

Tunua mou amopaaidel Tt Turpa rou amo@acidel To Kavahl KavdaAia Ttou petagépouy punvupata
Ba oupPei otV TtepiTtTON €€0dou 010 oTroio Ba ouvdebei éva atd / Ttpog Tov ToTiko KOUPo (dnAadn
OUYKpOUTewV (T.X. dUo KavdaAl eloodou yia va tpowOndei €l0dyouv kivnon oto / agatpouv
TIAKETA €100O0U TIPETIEL VA KArtolo pAvupa (UAoTtotei Tov Kivnon aro 1o 8iktuo).

:;c,)v;oi;o (blo kavak aAydptBo d1adpSunang) zé} ApxITeKTOVIKEG 1-port, k-port, all-port

Buffers (Av uttapyouv!)

ROUTE &

CONTROL , ,
____________ XpNnGoLUeUOUV yid TNV TIPOCWPLVA
----------------- amoBnKeUON TWV TIAKETWVY, TIPLV
TIPOXWPFHTOUV GTOV ETIOUEVO

Stadpopntr. Mmopeiva unv

uttapyouv kaBoAou (BUFFERLESS),

> HE‘UC va uTtdpyouv povo otig e§66oug

VEITOVEG (OUTPUT BUFFERED/QUEUED),
Hovo otig elcddoug (INPUT
BUFFERED/QUEUED) 1 kat atig dUo
LEPLEG, OTIWG €6, AAAA pUTTOPEL KAl
va uttdpyouv kotvoxpnatot buffers
(SHARED BUFFERS).

Tutukn dopun

oloopountH -

A

Channel

AtmtoteAeital amod 1o PEao (TL.X. Switch
KaAwdio), buffers kat eTiimtAgov
KukAwpata eAéyyou (link
controllers)

Yuvdéel Ta kavaAla el0odou e Ta kavaAla
€€0dou. TuvnBwg eivat dtakottng crossbar
€Ooov Ta kavaila dev eival Ttapa ToAAd.
Mrttopei 6pwg va atmoteAeital amod cUVoAo
dlakoTtwy, 0TIwe TL.X. multistage diktuo N
akopa kat point-to-point diktuo ato SlakoTITeg.

PARALLEL

PROCESSING A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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Metaywyn

PARALLEL
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GROUP

* Mwg petagepovtal pnvipata ato €va KavaAl el.00dou o€ eva
KavaAl e060ou atov id1o Koppo.

* MEPIKEG TEXVIKEG HETAYWYNG:
— KukAwpatog (circuit switching)
— Makétou / pnvupatog / SAF (Store-and-Forward)
— Virtual Cut-Through (VCT)
-~ Wormbhole
— Virtual channels

— Pipelined circuit switching

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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Metaywyn

IKUKAWHOTOG

PARALLEL
PROCESSING
GROUP

* Tpelg pAoelg:
— OXNUATIOUOG (Kat OETHEUDT)) TOU LOVOTIATIOU ATIO TO probe
— HETAPOPA TOU UNVUHATOG

— aTtoOECEUC TOU LOVOTIATIOU

MnAvupa

ACK

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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Metaywyn SAF
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* Makétou / pnvupatog / SAF (Store-and-Forward)
— To upvupa xwpidetal o€ taketa otabepou pAKoUg
— KdBe makéto mpowbeital avedptnta.

— OutkopBot
= (a) To AapPdvouv kal to amtoBnkevouv og buffer kat

= () To tpowBouv otov eTTOUEVO KOUBO

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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* Yavto SAF alA\a:

— Av 1o KavaAt e€odou eival ehelBepo, kabwg Aapfavovtal ta bits tng
eTikepaAidag, ammopaaoidetal To kavaAl eE0660u Kat OA0 To pUnvupa
dloxetevetal kateubeiav ekei (Apa eAayiotn kabuotépnaon).

METO‘V‘-’UV” VCT — Av o0x1, buffering 6ttwg oto SAF.

— Taxutnta av dev uttdpel euTIOd10

—‘Opwg, dev eCaleipetal n avaykn yia buffers tou €xet kat to SAF.

PARALLEL
PROCESSING A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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Metaywyn

wormhole

PARALLEL
PROCESSING
GROUP

* Avdaueoa oe VCT kal circuit switching. To unvupa xwpiletat oe MOAY pikpa
TtakeTa, ta flits (1-4 bytes). To Ttpwto amoteAsi TNV eTtikepaiida

* H emikepalida poxwpd pe VCT aAld ta uttoAotta flits akoAouBouv (kat
deaeUOUV) TOUG TIpoNyoUEVOUG KOUBOUG, Xwpig kevd, oav o€ pipeline.

* Avn emikepalida pmAokdpel katou, ta flits ammobnkevovtal exei mou Bpiokoviai
(Apa TtoAU pikpoi buffers amattouvrat), epmodidovtag pe tn oelpd Toug aAAa flits
va TtEPACOUV.

._
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oTl ...
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* KaBe takéto amoteAeital atto 1 flit emikealidag kat M flits
OedopEVWV

— YUuvoAo: M+1 flits yia to TTApeg TTakETO

* To uAvupa mtpemel va dtavuoel povotdtt pikoug D yia va
(PTACEL OTOV TIPOOPLTHO TOU

* Aev ouvavtdel Kavéva eutioolo (0nAadn avapovn Adyw KateIAnuuevwy
Kavaliwv) atov Opopo Tou

* KavaAla pe ouyxvotnta B Hz
* To kavaAl €xel mAdtog 1 phit (= #bits Ttou peTaPEpEL
TAUTOXPOVA OE 1 KUKAO)
— YTtoB€toupe 1 phit=1flit
— AnAadn xwpntikotnta / pubuog petagopdg: B flits / sec.
— Xpovog petagopdg, yia va dtaoyioel eva flit to kavdAi: t,=1/B sec.

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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ROUTE &
CONTROL
LT

SWITCH LT

HH

{1111
{111
(1T}
(1M1
(BUF)

(BUF) (BUF) (BUF)

Mabpopnon (&)

l Metagopa (£,,) | | Mdoxian ()

* Nava amogaaciotei to kavail e§6dou (Route & control) og evdidpeoo
KopBo, atmatteital xpovog t,
— Xpovog d1adpoyunonc
* Nava petagepBeiamo tnv eicodo otnv €§000 o€ €va evOlAPETO KOUBO
Xpetadetal xpovog t,,

— MepthapPavet 0Aeg tig kabuaotepnoeig (buffering, mépaopa amo switch kAT)
yla va Ttepdoel atmo KavaAl e1.00dou o€ kavaAl e§odou

— Xpovog didayionc

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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Probe Acknowledgment Data

Link i iIr+fm . F"_
- .

XpOVOG LE

HETOYWYN
IKUKAWHOTOG

PARALLEL
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GROUP

v

Y

Y ¥

D(t, +t +t, ) D(t, +t.)

Mt

T =D(t, +2(t, +t,))+Mt,

circuit switching —

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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XpOVOG LE

Hetaywyn Sak
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Message Header

vt
Message Data

Link |

— |
I packet :
' -

Time Busy
\ )
¥
(t, +t )M+1)
Tpacket switching = D(tr + (tw + tm )(M + 1))
=D(t, +t, +t_)+DM(t +t )
A8 — LYLTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software) 55



Xpovog pe VCT

(TtTavT, Xwpic
OVOIOVEG)
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Packet Header

. 1y Message Packet Cuts

™ Through the Router

Lok ui—

Time Busy

T =D(t, +t +t )+Mt,

\ / \ Ta aMa flit akoAouBouv amoé Ttiow kat
Y KatagBdvouv To £va PETA To dAo.

Oxpovog yia va @rdoet to header flit Av o xpdvog va d1acx100¢i évag diadpopntic (t,,) €ivai

peyaAitepog amd tov xpdvo petddoang ato kavdli (t,),
TOTE 0 dpog TpETel va eival M.

Av o d1adpopntig nTav povo input-buffered?

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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XpOVOG LE

Welaalalel[=
switching
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Header Flit

[N

Link . . oo Single Flit
: r +t
m : r y - L N

i I

i Lwormhole i

- -

-
Time Busy
Twormhole routing = D(tr + tm + tw )+ Mtw
(16106 pe 1o VCT xwpic avapoveg.)
A8 — LYLTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software) 57
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’ Tcircuit switching - D(tw+2(tr+tm)) + Mtw

* Topp=D(t, +t+t ) + DM(t, +t,)

* Tyer = Twr = D(t,+t+t,) + Mt

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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2. UyKpIon
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. Ynepcm}\ouoteuovmg agumoBeooupe oL t, =t =t =1xpoviKn
povaoa Ot ek@pdoelg pag atAoTolouval oog s&ng

- T =Tycr=Tywr=0O(D+M)

circuit switching —

Tsar=©(DM)

* Av ta pnvupata dev eivat tapa moAU pikpd, (M =0(D)), tote

n TC|rcu|t switching = TVCT - TWR =0(M)

— ETTopéVwg oL HeETaywYEG KUKA® patog, VCT katworm hole eSaptavral
oxebOV ATIOKAELOTIKA aTio To M Kal dpa eival aveédpTyTeg THE ATTOOTAGTHG
(distance insensitive).

* ‘O\a autd, BEPBala, pe tnv tpoltdbeon OtL dev UTTApYOUV
OUYKPOUGELG / avapovES OTO LOVOTIATL TOU UNVUHATOG.
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Wormbhole

switching
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* Towormhole switching €xel eTtiikpatnoet 10T
— Taxutnta akopa kat o€ diktua peydAng Stapétpou
— EAaxtoto buffering

— Omote yivetat duvatn n vAomoinan routers ae aveédpthnto chip Kai 0x1 €ow

THG UVHUNG Tou KOUBou
= High-speed (low latency) routers and networks

* YeuPnAn kivnon eivat 1dlaitepa emippeteg o€ deadlocks agpou
deopeUlel TToAAOUG TtOpoUG (KavaAla) oTnv TtopEia Tou.

1/001 5/101
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Texvikn: virtual

channels (g1KOVIK&
KOVAAIX)
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* YuvnBwc ot buffers ota kavdAia eivat oupég FIFO

— ETtopévwg, av to header flit prtAokdpel, 6Aa ta tponyoupeva kavdaia

dsapevovtal (oav to circuit switching)
— Kavéva dAdo pynvupa dev ptropei va mpoxwpnoel
* Texvikn yia BeAtiwon tng katdotaong: virtual channels

— KdaBe puotikd kavaAl «uttodlalpeitar o€ TToAAd E1KOVIKA («AOYLIKA»)

KavaAld.

— Ta eikovika kavaAia moAumAgkovTal ato QUOIKO KavdAl XpoviKd

— KaBe eikoviko kavaht opiletat ouolaotika atto {euyog buffers og duo

YE lTOVlKOL'JQ routers

2 EIKOVIKA KavdAla otnv
uia kateuBuvaon

| 2 elkovikd kavdAla oty

Virtual Channel
— i:i:{_:i: .
1 I
e
A\

Virtual Channel Buffer Physical Channel

AaAAn kateuBuvon

A8 — ZYZTHMATA KAI AOTIZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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* AV TTOAUTIAEKOVTAL XPOVLIKA K EIKOVIKA KavAAld TIAVw O€ 1
(PUOIKO KavaAl B bits/sec, eival oav va £xw K O1agpopeTIKa
(PUOIKA KavdAla, to kabéva (B/k) bits/sec, dnAaodn Ttio TtoAAa
aAAd TTlO apyd kavaAla.

: * Apxlkda xpnotpototifnkav yia to tpofAnpua tou deadlock
Virtual channels

*'Opwg, pTtopouv va BeATIOOUV KAL TIG ETIIOOCELG LLAG KAl
TIAEOV TO (PUOLKO KavaAl dev deapevetal £§ oAokAfpou aTto
KATIOLO UTTAOKAPLIOUEVO HvULA

* MmtopoUv €tol va Ttpoxwpouv padi Ttapatdave ato va
LNVUHATA OTO KAVAAL

PARALLEL
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L

B

* Ebw, av 1o A eixe pmtAokdpel otov R2, Ba Tiepipeve avaykaoTikd Kal

Virtual channels 10 B (apa 2 pnvupata og avapovn, EVe Twpa Kaveva)

* Emtiong, av to A fjtav tepactio, To B Ba Ttepipeve yia TtoAU wpa evw
Twpa OxL.

* ‘OpwG olyoupa XAVOoUHE o€ TayxUTNTA Kal €TTioNg au§avel Kat n
TTOAUTIAOKOTNTA TOoU dladpopntn

* Emopévwg KaAo eivat va pnv eivat toAAd ta virtual channels
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