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510y /- EVolutionioff Computing

(@2che Conerence Schemes
— DASE!

Fatit ContainmERL
— OS, supporit (FHIVE)
— HW' support

Discussion
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sRPBErRSpEctives on SUpercomputings Tharee
DECAGES Off CRandge

o Pall R Weodward
o ECE 291 lLecturerNotes

¢ John Lockwood
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1642: Blaise Pascal invents Mechanical Calculator
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1830: Charles Babbage 1880's: John H. Patterson: First
invents Steam Powered Application device - Mechanical
Analytical Engine Cash Register

Early 1800’5 [Lateri800/s
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o THe G

1940’s, 1950's:  UNIVAC, ENIAC

Vacuum Tubes & Mechanical Relays

30 tons, 80 bytes of memory 1960’s: Computers
begin to use transistors

1930’s: Claude
Shannon suggests 1948: Bardeen,

using binary system Brattain, Shockley file _
for Electronic Circuits patent on transistor 1965: Gordon Moore

Moore’s Law

1950 1960

1958: Jack Kilby

1940s: John Von _ L
Neumann introduces ‘integrated
circuit’

Reconfigurable
Computing by
storing programs
in Memory First Educational Computer
used to play Illini Fight Song

Late 1960's: IBM
Centralized CPU
with terminals
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1984: Macintosh GUI based
on work at Xerox Parc

1977: Radio Shack TRS-80

Apple II

Commodore-64 1985: NSF funds
supercomputing centers

1970's: DEC PDP-11

1974: Intel 8080
NCSA, CSRD

1970 1975 1980

1974: Bill Gates, :
Paul Allen - Write 1981: IBM PC

BASIC 16 bit, 4.8 MHz 8088 1984: IBM 80286

Based on 16 bit
1980: IBM Licences chip by Intel
BASIC/MSDOS from Gates
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1985: Supercomputing
speeds of 1 billions ops/sec

1985: Windows 1.0

1985

1985: Intel 80386
32 bit processor

1986: Cray XP 713 million flops

1989: Tim Berners-Lee
proposes World Wide Web
project

1988: Motorola 88000

32 bit RISC 1990: Windows 3.0

1989: First SPEC benchmark

1986 1990

1988: Steve Jobs’ Next 1990: HP & IBM
Computer RISC processors

1989: Intel’s 80486 1.2
million transistors
Math coprocessor (FPU)
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o : Apple Newton PDA
1990: Berners-Lee initial

WWW prototype (Includes 1994: Clark & Andreesen
URLs, HTML, and HTTP) Netscape browser
1991: IBM, Motorola, 1993: NCSA web

and Apple announce browser - Mosaic
PowerPC alliance

1991 1995

1991: Cray Y-MP C90 1993: Intel’s Pentium
with 16 processors 64 bit memory bus

1992: DEC Alpha
architecture 64-bit RISC
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1997: HAL is born

_ 1999: Pentium III (Katmai)
1996: Intel Pentium Pro

1995: JAVA programming 1997: SIMD 1999: Explicit Instruction
language instructions (MMX) Level Parallelism for FPU

(Merced IA-64)

1995 1997

1995: Windows 95 1997: Intel Pentium II

1996 Superscalar execution 1998: SIMD for FPU (AMD

Pentium Pro, AMD K5/K6, Cyrix K6-2 w/3DNow)
6X86
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sWARSLIFVey. off Cachie Conerence Schemes
TEAIMUItiPrECESSELS

o P Stenstrom

o [he Directony-Based Cache ConEEnce
Protocol for the DASH MUltiprocessor:

o Lenoski, Laudon, Gharacherieo, Glpia)
IHennessy.
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shlVlaintain Data COnSISIENCY.

srShigred-Memonry Multiprecessors

o Use Hardware, Seftware; o Both
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gollection off Processoers and Memory.

M M M
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shlVlenery Contention

= SEfalize MEMOKY requUests

o Communication Contention
— [nterconnect Network

o | .atency

— Long times for memoryAaceeSses
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spatialf Locality (Space)

M M
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PIOEESS Communication viar Shared Memoxry.

s Vllplereopies infMultiple Caches

o Copiesi Must Be KeptiEoherent:
— Shared read-write datarstiliCtURES
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= SNO0PY. CAChe! Protocels
—DIECONY SCHEMES
= (CaChe-Conerent nEtWork architecttres

o Software Based Protecols

— Limit caching to Saletimes

— Cacheability markingSeyAcompIler
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o [DEelects InconsIsteney,
sVAppliesialgorithn termake consistent:

o PolICIES (Consisteney Commands)

o \Write-invalidate
— Altered cachennvalidates allr othERr Cache CoPIES
o \Write-update
— Altered cache sendsiupeatesi o ether Cache copies
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sa@onRSsistency, Commands are Broadcast:

o Each Cache LListens ter Commandsi(Sneops)

o Broadcast InterconnectistINECESsary,
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Write-1¢

<

Read-Inv

P-Wriiy‘

Write-Inv/Read-Inv
P-Read

— Tnvalid => Inconsistent
Copy.

P-Write.y/Memory

'Read-Blk

> —\/alid -> Consistent: Copy.

= Reserved == 0nly
Consistent Copy.
WM EmOLY,

— = Dirty’=> Only Copy of

P-Write Modified Data

Read-IﬁV""'~
Reserved
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SRRECEPVISS
o Memory: prevides consistent copy.
o Dirty, CAChE Provides Copy.

J WgEe plie

o [LOCaIf COPY. IDECOMES @Iy,
o Broadcast Write=Inv:commanad

o \Write Miss

o Copy supplied by memoR//aity cache
e Broadcast Read-Inv comimane
o [.ocal copy Is dirty
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Valid- — Shiared -> Shared
Consistent Copy.

Exclusive P-Write
A

—\Valid Exclusive -> Only.

Read-Blk Consistent: Copy.
W/ MEmOory,

P-Write

— Dirty -> Only Copy: of
Moedified Da%la )

P-Wl‘i’te/v
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SpSNanedl Caches provide synchronized copy.
o Dirty Cachie; provides copy.
® Memory provides exclusive copy.

JWgEe gl

o [LOCcall COPY. DECOMES @ity
e Broadcast UpdateNiFshared copy,

o \Write Miss
o Copy supplied by memeR/Aasiaiity,
o Supplied by shared caché

— Broadcast update
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General

=Snoepy: Cache Vs. Uniprocessor Cache

— Cache contreller (FSM with CoONErence; protocol)
= Cache|directory (Store state offeach block)
—BUs controlier (Busisnoepingl to MenIto) ComMMands)

EXIENSIONS
— Whrite-Invalidate => Read Broadcast (Reduce Bus iraffic)
— Write-Update -> Do hot tpdateliniised copies

Number of Processors Limited vyrBus
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SN EosIstency Commands sentite Cached Copies
=N ItSAREtWOrK traliilc

o DIFECLONY
—Used to track WRICHFCaCHES aVeE COPIES

o Used for General Interconnection NEetWorks
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Directory

SRIDIIEEUOIRY” -> Bit Vector to specify which caches have copies

M M M

Directory Directory Directory
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Request to: memory.
— Memory sends reguest to dirty: cache
— (Cache writes back copy:
— Memory: (or Dirty: Cache) supplies copy. to cache

s EXPERsIVE fior Many: Processors

— [Larde; directory: bit Vectors

o REdUICe dIfectory/ size

— REstrict nUMBErR Off CaChE POIRLErS
— [linked List of cachesi(Chalned)

o [rade-ofii (NetworkSuaiiicVsMDIFECLOR/ SIZE)
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Cachne-co

sl Eliarchical Cache-Coherence; Protocol

=NHIErarchy’ off CaCRES/USES

= Eache contains a copy. off bIocks cachedibeneath it
=\erticalinvalidate propadation

— Grid Off DUSES
— PrOCEessor for eachrswiten
— Memory module foreach drid colunin
— Invalidations propagatertoraria oW tiEn drHa coltRin

— Data Diffiusion

— Hierarchy of buses with large precessercaches

— Higher order caches only containtstatennformation
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nalyze pregram at compile; time

— Mark variable; cacheable/nencacheable
— Findl data deEpeEndencies

S Breakeprogram inter Computational Units

= Invalidate;variable acress computational Units

—Withinrtunit can have different: policies
» \ariables = Cache all o none
» Selective Tnvalidation
» Use timestamps
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SGalawle Shared Memory: Multiprocessor

tributed Directory: Based Cache-Coherence
Protecol

— PoInt-te-peint nMessadges
— Noejsinglerserialization or' control point

Cache Cache

p P Directory

Remote Access
Cache

Directory

Remote Access
Cache
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Directo

s Highr bandwidtihar & Iow: Iatency,

SNVEMBRY
s Distrbuted amonglNedEs

o Nodes
o Cluster off Nigh PERBIMAECE PIOCESSONS/ Cache
o Common cache for emoLe aCeEess
o Directory controller (IntEFReHE CORSISIERCY)
e Bus based snoopy schemeYiRtfa-neeEe consistency)
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sHDIFECtoRy MEemonry.
® 01 NOGES Portion of shared MEmory.
® Stores alllremote nedes caching bIeeK
o Usesipeint-te-point commandsi(ING BroaeEcasts)

o Not Dependent on INtERCORNECLHBR
Technology
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sHlVIEmory consistency: model
— Strong consistency vs. Weak consistency.

sbeadiock
SNEIHer IHandling (Fault telerance)

o PErfofMance

o | atency

s Banawidth

— [imited by serializationr 6 messages (GUELIRG delay)
— Limited by traffic generated

o Distributed Control & Complexity,
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1 i-cache and 64k L1 d-cache fior eachi processor
=256k |2 d-cache (bus sneepingland cluster consistency)

=PIPElined synchrenous bus
»IUSEs| retries fior Iongl Iatency remete tiaNSachions

s Directoncontrollerboara
— [DIFector/ MEMOGLY
» Bitivector (I bit state) o each ClUSster
— Remoete message: contreller
— Network' interface

e Remote Access Cache

— Holds state of remote requests
— Buffers network replies
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slVellcEneN-Based Protocol

mory. Block State (in directory)
sAliicached-remote
SISHaEd-remote
s GIFtyremote

— [Home cluster' kept cohNerenti by, snoepy. pProioco)

— OWnIng cluster makesidirectony/ Chandes
e Home cluster
e Dirty remote cache
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) Hezgid Pactay

SPETGr locall read (L1, L2, Memory)
=REmote read

»Allocate RAC entry andiguery. home cluster
»OWRING cluster responds (INAKTfjust replied te another request)

s REU-EXCIUSIVE Reqliests
—Acquire selerownership
— [lecal thenrRemote request (as abeve)

— Egch cCaching clustertisisentinvalidation
» Acknowledge messages) sent to) requesuinglcachie
» I reply: from dirty: cache datansisent torhome Gllstes

o \Writeback Reguests

— | .ocal write to main memory.
— Remote message sent to update homelCluster
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sNOrder off MEmOoNY, aCCESSES! IS duananteed by

= Synchrenization| release
=Eence operations (Bleck/Barrier)

— D)ez]a)[0)e4

o Hardware aned pProtocel featiires

— |Vlessade deliverawitheut deadlocks
— Divide request Vs reply mMeEssa@es

— Error Handling
— ECC on main memory
— Parity on directory memory
— Length checking on network MESSaGES
— Inconsistent bus checking
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s@leue based lock primitives (Avoid het spots)
® Prefietch operations (Hide latency)

SRS GalaoNity

s Directony scheme (it Veector) — deesnt scale well

o \/alidation

— Software simulation o DASH

— Existing parallel programs
— Test scripts
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saive: Fault Containment fior Shared-
VEmorRy MUltiprOCEsSsers

o Chapin, Resenblum) Devine, Laniri, lieodesiu)
Glpta

o Hardware EaultContainmentin Scalanle
Shared-Memory: MUlGprecESSers

o [eodosiu, Baxter, GovilyChapinyRESERDIUM,
Horowitz
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seShiared Memory: Systems
SRkl iability

= Fault crashes entire;system

= Sealapiicy
— SMP’Operating) Systems donit scale well

o Internal Distrbuted System

— [Independent kernelsi(cells)

— Memory share among cells
— Contain faults within thesaulayacell
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o rlIVE Advarntzefss

— Pallzoiliny

Scontained faults onIY afifect processes with
eseUrces!| in that cel

=Scalability

— Few: kernel resources shared! across) cells
= [ncrease number oft kernell cells

o HIVEChallenges

— Fault containment
— Wildhwrites that Cofipt MEMOKY.

— Resoeurce sharing
— Share across cell boundares

— Single-system image
— Cell cooperation for standard @Sierapplications
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selVlitiple Nodes! in Mesh
INEtWork

J Nejele

® PrOCESSOL/CAChE
o VIEMONKY,

Coherence
Controller

e Coherence -
Controller -
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J rlarclyyelre
Fallure
o [Halts processor

siNede Memory: DECOMES INaCCessible
sViemery cached s ost

—Vemoery FaultiVoadel
o Unaifected precesses/meEmoR/ contnue

¢ Software
— Wild writes
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seIVided into Kernell Cells

=Eachl celll owns a riange Off NOUES
srlndependent Operatings System
o VaNadeS Processers, Memeory, 170 devices

o EFault Containment

e Resource Sharing
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ewall Hardware
=Pefend Memory: Pages adalnst Wild Wiites

srDiscardfFalied  CellWVritawle  Pages

— Prevent corrupt dataihombeinelreadiand
Usea

o Aggressive FailureDetection
— Use a distributed agreementproieeco)

9/2/99




—

=PIeViding Badl Data

si@arefiul reference protocol
=CHECKS o) possible error conditions

—(Causing Emoered Remote Writes

o Protect Iocalfmemer/ Paedes

o \Wild Writes

— Corrupt pages cannot beread
— Damaged pages are discakdes

— Failure detection
» Cells monitor each other (HintialErt)
» Consensus algorithm to rebootYailedrcell
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el precess (Wax)

— Complete up-to-date view: of system (Centralized)
— Can run multithreads on different cells (Distributed)

— [ff Cell running; Wax fails, Wax restarts and buildsa
new! view! of the state of the system

o Shigre Precessors/ IMemeory across: Cells

— [Legical-LLevel Sharing
— Globally’ shared filerbuifier cache

— Physical-l.evel Sharing

— Transfier control of pagetifame teranethercell
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o Feult corgElinlanlEgle
nternal distributed system
— Careful reference protocol
— Wildhwrite defense
= Failure Rints andl recevery.

sHIVEONRY. Sharing (Witheut-weakened fiault containment:)

—[Legicalfleveli(iilerdata 8 anonymousidata)
— Physical level

o \Wax - Not Implemeénted
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ardware messagde; supporit te coherence
controeller - reduce; intercell communication latency;

SESIMlIguens
o SIMOS (IMedelfeir FEASH RarcdWare)
o Qverhead fior Hive arehitectire istnegligible

o Architecture Advamntages

o Heterogenous resource management:
o Support for CC-NOW' (Networikei\Workstations)
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hared-Memory: Multiprocessors
Inerable te Faults

el Fauit Damage; tor Part o Machine

o Distriblited Recovery Algeritnm

— Allows nermalioperations te; FesUME IRFthE
FUNCtIoNING PaltsS Gl thEmachine

o \Work in Conjunctionswy/SEatiit:
Containment OS (Hive)
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IErarchicall Hypercube

J Nejele

o MIPSIRI0000

o Cache

o Memory

o Node Controller (MAGIE)
e Router (SPIDER)

MIPS
R10000

SPIDER Node ——

Router D Controller ma 1/0
(MAGIC)
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sRliErEEsEd Probability: off HW: Failure
Partial pewer supply.
— Cooling| system lesses

srNeaerEailures
o Alfection system

— NOdE reseUrces inacecessible
— Ouher processimay: stall
— Interconnect becomes: congested: (buiiersifill)

o Limit affiect via NoedeIMaps
— Availability of all nedes e e systenm
— Kept up-to-date by recoveR/mechanism

— Recovery algorithm must repregiamieltersfbordering a
failed node to avoid intercondect COREESLHON
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gect Failures

SVATECE O System

— [Loss off link/router reduces connectivity:
» Static reutes

= [0St or truncated! packets

o Limitalfect

—REpredram reuting tables auring recovery.
— (Cache conerence and OS deals with lest/trincated packets

o Shared Memoxry.

o Affect from failed neae

— Cache line (home) beCemES INECCESSIbIE

— Incoherent cache line
» Failed cached copy or PackeéwithrdataNost

— Deadlock
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silliiiiPafifect on shared memory
Recovery: algorithm breaks deadlock
— Refierences to inaccessible cache line caught and halted
— Processors cannoti use Incenerent lines

SN OpPERALRG System

o Alfiect on| system

— Cells crash
— |Lost trafific Can damage 1/ O OpErations
— [ncorrect speculation can' crashrmultiplercells

e Limit affect via Hive

— Hardware firewall
— Wild write protection
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SRREGOVETY Algorithm @

=NEallure types
siNode fallure
sk fiantre

Phase 1: Recovery Initiation

Phase 2: Information Dissemination

Phase 3: Interconnect Recovery

Additional Fault

= Pedicated

Phase 4: Coherence Protocol Recovery

Interconnect tines

Ior REcOVERY Tiahiic @

— Implementation
e Firmware @perating System Recov@
o Software
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— reliltre L
viemoery eperation timeout
— NAK counters
= MAGIC firmware
=SfUncated packet

= [RItIBtE FECOVENRY COdE

— DEtermINE Set OIRWOrRING NEIgnboers
— Regchiable nodesywithiiniene hep

— [Irigger recover on goed NeEES
— Speculative send to neighboers
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saiean Global State off System

S EURCHIGNING NOEES

o ROUNASIUSEMMtOrEXChaNGE Processer state
Knewledeg
— Breadth' First Search of tree

o Avoeid computationrserialization

— Stable nodes send hints
— Some nodes defer‘computation
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SRISEIEE the Failed Regions

o Prograim border routers to route;around fiailed
NOCES

o DraintStalied [nterconnect lialiic

o WO phase agreement Dy NeUES

— imoelt negetiation
— \/ote to proceed/restalt

e Reprogram RoutingNiables
— New nonlocal coherencestraific cantise’sent
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seREset Cache Coherence Protecoll State
o DIty remote data flushed (Sent terhome nede)

o EaCh node resets cache state

o Determine Inconerent Cache Lines
o Cached exclusiverlines arne Iost
e [ncoherent lines marked
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s aidware; Interrtpt
srlRiorms node OS that hardWare rECoVERY: IS

complete

o [HIVE

o Cells adjust kerne
o Affected user app
o Unaffected user a

datia StrUCLUFES
[Cations tErminated

DPIICALIORS FESUME
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o SieritllzEEo)
SIMOS & Elashlite
SRREGCOVENRY

sDoeminated by Phase 2 fiorlange systems
o ElexiplerReprogrammanlerNoce Contreller

o SUPpPOrt

e Noisingle point offfailine

o [Fail-fast behavior - Failed nedes stop working without
generating erroneous output

o Monotonic failures - Failed nedesthaltuntifrepaired
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OOre’s lLaw! continues what IS, the
aeVantade/need for parallellism?

ssShiarediMemeornry Vs Messade Passing

o SHEOP! ProtecelsiVs. Directory based

o Eault Tolerance Vsy Eault Containment
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