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Interconnection Network
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‘ Interconnection Network Performance Metrics

= Network cost
= number of switches

= number of links on a switch to connect to the network (plus one
link to connect to the processor)

= width in bits per link, length of link
= Network bandwidth (NB)
— represents the best case
= bandwidth of each link * number of links
= Bisection bandwidth (BB)/Nf 453>/ U Riig
— represents the worst case

= divide the machine in two parts,
each with half the nodes and
sum the bandwidth of the links that cross the dividing line

Adapted from Computer Organization and Design, Patterson & Hennessy, © 2005




Bus Network

e

network switch

Processor
node

= N processors, 1 switch (@), 1 link (the bus)
= Only 1 simultaneous transfer at a time

= NB (best case) = link (bus) bandwidth * 1

= BB (worst case) = link (bus) bandwidth * 1

Ring Network

= N processors, N switches, 2 links/switch, N links
= N simultaneous transfers

= NB (best case) = link bandwidth * N

= BB (worst case) = link bandwidth * 2

= If alink is as fast as a bus, the ring is only twice as fast
as a bus in the worst case, but is N times faster in the

best case
Adagleﬂ from Comﬁterﬁ:rgamzarmn ﬁndDeslin Pat[erson&Hennessz © 2005 7 Adagleﬂ from Comﬁterﬁ:rgamzarmn ﬁndDeslin Pat[erson&Hennessz © 2005 8
Crossbar (Xbar) Network Fully Connected Network
L aK 2K 2k &
] e eee
] elelele
= N processors, N switches, N-1 links/switch,
= N processors, N2 switches (unidirectional), (N*(N-1))/2 links
2 links/switch, N2 links = N simultaneous transfers
= N simultaneous transfers = NB (best case) = link bandwidth * (N*(N-1))/2
« NB = link bandwidth * N = BB (worst case) = link bandwidth * (N/2)?
= BB = link bandwidth * N/2
9 10
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Fat Tree

= Trees are good structures.
People in CS (Computer Science) use them all the time.
Suppose we wanted to make a tree network.

= Any time A wants to send to C, it ties up the upper links,
so that B can't send to D.
= The bisection bandwidth on a tree is horrible - 1 link, at all times

= The solution is to 'thicken' the upper links.

Adapted from Computer Organization and Design, Patterson & Hennessy, © 2005

Fat Tree

A, SR

= N processors, log(N-1)*logN switches,

2 up + 4 down = 6 links/switch, N*logN links
= N simultaneous transfers

= NB = link bandwidth * N log N

= BB = link bandwidth * 4

Adapted from Computer Organization and Design, Patterson & Hennessy, © 2005




2D and 3D Mesh/Torus Network

Interconnection Network Comparison

N N N = For a 64 processor system
C
Bus Ring | 2D Torus Fully
C connected
C Network 1 64 256 2016
bandwidth
C Bisection 1 2 16 1024
Mesh Torus bandwidth
] Total # of 1 o1 64 64
= N processors, N switches, 2, 3, 4 (2D torus) or 6 (3D switches
torus) links/switch, 4N/2 links or 6N/2 links i
- ) / , 4N/ / Lln}:shper 241 441 63+1
= N simultaneous transfers switd
NB = link bandwidth * 4N or link bandwidth * 6N Total #of | 1
= NB= links (bidi) 64+64 | 128+64 2016+64
= BB = link bandwidth * 2 N*/2 or link bandwidth * 2 N2/3
AdaEled from Comﬁ(e!ﬁ:rgﬁmzabm ﬁndDeslin Patterson & Hennessz © 2005 13 W 14
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Processor Chip Processor Chip
‘ Proc1 ‘ ’ Proc2 ‘ ’ Proc3 ‘ ’ Proc4 ‘ ‘ Proc1 ‘ ‘ Proc2 ‘ ‘ Proc3 ‘ ‘ Proc4 ‘
1 1 1 i i i i i
‘ Caches | ‘ Caches | ‘ Caches ‘ Caches ‘ Caches | ‘ Caches | ‘ Caches ‘ Caches
T 3 3 L3
i ! ! i f i i i
\ Single Bus I | \ Single Bus |
- )
Memory 1o ‘ Memory |
= Caches are used to reduce latency and to lower bus traffic = Caches are used to reduce latency and to lower bus traffic
. Must‘ provide hardware to ensure that caches and memory are = Must provide hardware to ensure that caches and memory are
consistent (cache coherency) consistent (cache coherency)
= Must proyide: a hardware mechanism to support process = Must provide a hardware mechanism to support process
synchronization synchronization
17 18




T IILFATFatwyH0H, Intel Sandy Bridge

Bus

= A bus (/1R) is a shared communication link

1bit data wire

1bit control wire

) W

AdaEled from Comﬁ[elﬁ:rgﬁmzabm ﬁndDesﬁn Patterson & Hennessz © 2005 19 20
Bus, I/0 System Interconnect Bus Characteristics
Control lines: Master initiates r
= Abus (/3X) is a shared communication link (a single set Bus ) } Bus
. ) Master Data lines: Data can go either way Slave
of wires used to connect multiple subsystems)
= Advant: .
vantages ] o ) ] = Control lines
= Low cost — a single set of wires is shared in multiple ways .
i K i = Signal requests and acknowledgments
» Versatile ($B#) — new devices can be added easiy and Indicate what type of information is on the data lines
can be moved between computer systems " A typ
that use the same bus standard = Data lines
» Disadvantages = Data, addresses, and complex commands
= Creates a communication bottleneck — bus bandwidth limits = Bus transaction consists of
the maximum I/0 throughput = Master issuing the command (and address) — request
= The maximum bus speed is largely limited by = Slave receiving (or sending) the data — action
= The length of the bus .
= The number of devices on the bus .
21 ) 22
- - = = H H HE=
The Need for Bus Arbitration (§8=) The Need for Bus Arbitration (%)
= Multiple core / devices may need to use the bus at the same time
1bit data wire . .
= Bus arbitration schemes usually try to balance:
= Bus priority — the highest priority device should be serviced first
Bus = Fairness — even the lowest priority device should never be completely locked

1bit control wire

CELEEEEET

Core / IO devices

23

out from the bus
= Bus arbitration schemes can be divided into four classes

24




Centralized Parallel Arbitration (2935 /A =) TR =B DIFIGEM/ VSRS, DEATY
Device 1 Device 2 o o o Device N Computer/Module
‘ Proc1 ’ Proc2 ‘ ’ Proc3 ‘ ’ Proc4 ‘
Ack1 Request1 Request2 RequestN I I I I
Ack2
Bus ‘ Caches | ‘ Caches | ‘ Caches ‘ Caches
Arbiter
AckN I I I I
Data/Addr | Memory | | Memory ‘ | Memory | ‘ Memory |
7 T ¥ ¥
] ] i i
= Advantages: flexible, can assure fairness ‘ iy ‘
= Disadvantages: more complicated arbiter hardware
= Used in essentially all processor-memory buses and in 1
high-speed I/0O buses
25 AdaEled from Comﬁ[e!ﬁ:rgﬁmzamn andDesﬁn Pat[ersor\&Henr\essx © 2005 26

IR —=H#EEDTILFATIOtYY, SEAEY Cell Broadband Engine & PS3

Processor Chip

‘ Proc1 ‘ ’ Proc2 ‘ ’ Proc3 ‘ ’ Proc4 ‘
‘ Caches | ‘ Caches | ‘ Caches ‘ Caches

| Memory | | Memory ‘ | Memory | ‘ Memory | | E PLAYSTATION 35k e RACERS — b3/ am20055 —a2) &)
4 4 4 +
] ] i ]

‘ Network ‘

I

o
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Centralized Parallel Arbitration (g£drifi 515 =)
Cell BE Element Interconnect Bus

m Device 1 Device 2 o o o Device N

— Ackd Request1 Request2 RequestN

ﬁ Ack2
Data network Data bus arbiter | Bus
& Arbiter
AckN

B L Lk

Data/Addr

BIF
10IF0

H
&y

= Advantages: flexible, can assure fairness

= Disadvantages: more complicated arbiter hardware
Figure 2, Elementintercon et e e eIl = Used in essentially all processor-memory buses and in
high-speed 1/0 buses

IEEE Micro, Cell Multiprocessor Communication Network: Built for Speed 2
Adaj from Computer anization and Design, Patterson & Hennessy, © 2005
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Inside the SCC

Dual-core SCOC Tile

24 Tiles
24 Routers
48 1A cores

il

ROUTER

+ 2D mesh network with 256
GBYs bisection bandwidth

+ 4 ntegrated DDR3 memory
controllers (64GB addressable)

Intel Single-Chip Cloud Computer (48 Core)

RSV o D%EE|

RS ME RE RERE |07 Q

RIvIDiE8|

S PO (35 KDEFFTOL(, [0 DI EOEIED TR LT 3150 Sk, O
TOWEII, 5 TEBH TS, DEY, CORRICHRE, 1FOE DS AL E2AS (LT
5, HHED — 1 A4S BRI,

COT AT B TR IR ERE AR TBE, A AT (HADTR D2ASIIV, Ko ORI E
YT DR ST HETELET B, £ AH, TORCHREAD S AL
VB, Urohia T, SHRE (S SR T S0 A TE AS T BERC0 745
! T, 45w POFBIC LY. CPUSTMALI- 570 0 D HREODIE AR S T ORI
Spvdis DTRCEITRENG,

) /7 )LHOMRL (Microprocessor Ressarch Labs) (35 7217 L 70— (Intel Fellow) EF5HTL»
P 7oL oK 522 (Fred Pollack) DELTZ.

ORI CE (LY. CPUBBHEARD ML U (HE MR <)L F PSR 5 55 (73 5 T= Ty
B

TS

DERE

Adapted from Computer Organization and Design, Patterson & Hennessy, © 2005 31 Adapted from Computer Organization and Design, Patterson & Hennessy, © 2005 32
8 N ) N w N
T DF—ERTTAEy Y DER TIILTFAT (2@~ E10ME) Mo A=—aTFT~
. BREIAUR: . Single-ISA H Multi-Core The Potential for Processor Power Reduction, MICRO-36
= e b MRERNT H/\vT7
ALUO
AT 4Y .
neTIyFa=yh VPR DEATD BHRO B ||| v ||| .
. ALU1 RISCTOEYY QYK
LIRA
T74IL Evil
BEFryda, 5 ALU2 sl e 2 | == || &=
ST RGE ArSas
Eve eve || eve || Eve
. .4
Instruction  Instruction Register —Dispatch 0004727 Fgure 1. Relative sizes of the cores used in
4 = e study
Fetch Decode  Renaming (T 508E)
HHTTYF, FA—K, V-4 19T
Aday from Computer anization and Design, Patterson & Hennessy, © 2005 33 MEE ted from Cvmﬂ{er %ﬂ/]ﬁ(}aﬂ and Desﬁn Patterson & Hennessx © 2005 34
TIILFAT (2{E~HI0E) Mo r=—aT ~ HRID<AoO0TO+1yH (1971)
197146 4004 ZAHOI0E Y
ooty LA
==
=l
Increasing HW
Threads
b Multi-core Era
. L
- parallel appiications
HT
o7 e | an | am
oy HEE  FSUUREH
4004 1971 2250
S p—p———————
Platform 2015: Intel® Processor and Platform  Evolution for the Next Decade MR T~ EHBATS EAT77 (Wikipedia),  [ntel3a—T74 %

Adapted from Computer Organization and Design, Patterson & Hennessy, © 2005

Adapted from Computer Organization and Design, Patterson & Hennessy, © 2005




Moore’s Law

Moore’s Law

Moore's Law states that the transistor density on integrated

circuits doubles about every two years. Moore's Law has been

amazingly accurate over time. In 1971, the Intel 4004 processor

held 2,300 transistors. In 2005, the Intel® Itanium® processor

held more than 1 billion transistors. Intel continues to drive

Moore’s Law, increasing functionality and performance, and
elping to bring growth to industries world
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8086 processor

8088 processor

286 processor
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Pentium® Pro processor
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The free lunch is over !

IBM Software Group

“The free lunch is over!” [Sutter, 2005]

= With multi-core processors, programs written in sequential model will no
longer surf on the wave of this generation of processors
Even though they get a lite bi faster, they worit enjoy the whole improvements

= To surfin the new wave, programs need to be well-written parallel
Remember: Not all problems can be paralielized (regular parallelism)

= “programming languages and systems will increasingly be forced to deal well
with concurrency”
Java has included support for concurrency since its beginning, but.
Java 5.0 includes as part of the release the java.concurrent api, a tentative to improve the
SuUpport 10 write concurrent programs
IS0 C++ does not have support to write mulithread systems
Although there are non-standard and non-portable altematives such as Pthreads and
OpeniP

« Fine-grained control constructs (e.g.: loops) are difficult to parallelize
Functional languages are naturally suited to concurrency due to its nature:
Immutable object instances, higher order functions, and parallelism exposed in the level of
procedure calls
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