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All computerscanbe built from NAND gates.



Basic Micropro cessor Instructions

MicropracessofCPU'scanonly executea limited number of func-
tions.

Load- loaddatafrom memoryinto the CPU
Store- storedatafromthe CPU into memory
Brand or Jump - alter orderof instructionexecution

Math and LogicalOperations- internal operationswithin or
betweendi erent words(shifts,adds,XOR, etc)

The speci ¢ operationsare often more complex,sud as \load
from memoryindirectly from a pointer in registerX to register
Y." Howeer, they all fall into thosesimplecategories.

4



Pro cessors

CPU have greatlyimprovedoverthe last15years.The changesn
CPU designedto mud highersystemperformanceAs outlined
by Dowd and Seerancethe basicphase®f this ewolution are:

Complexinstruction SetComputers
ReducednstructionSetComputers

Super-scalaland super-pipelinedprocessors
Post-RISCComputers

An excellenh reviewof optimizationand high performancecom-
puting is in \High Performancé&omputing"by Kevin Dowd and

CharlesSeerancdO'Rellly, 1998).Many of thesenotesarebased
on this book.



CISC - Complex Instruction Set Computers

The rst fewgenerationsf micropraessorall hadClISCdesigns.
The ideawassimple- lots of instructionsminimizedmemoryand
madethe CPU'seasieto use.

A rich setof instructionsmalesit easierto write complexalgo-
rithms. Complicateddeascouldbe conciselyexpressedCaoding
theseinstructionsinto the chips hardware madesensesincepro-
grammersouldmoreeasilywork within the systemconstraiis.

Most compilersdid not take full adwvarntage of the extra madine
Instructions,sothey didn't fully optimizethe performancef the
high-leel cades.Improving performancéiroughclever compiling
obfuscatedhe needfor specialinstructionsets.Only oneinstruc-
tion couldbe actedon at any giventime in thesesystemsaswell.

6



RISC - Reduced Instruction Sets

RISCmadineshavesmall,highlyoptimizednstructionsets.How-
e\er,the mainreasonsor the highperformancef RISCmaadines

IS morecomplicated.
The commomncharacteristice®f RISC madinesare:

Instructionpipelining
uniforminstructionlength
simpleaddressingnodes
load/storearditecture

delgyed branding

pipelining oating point numbers

7



Uniform Instruction Length

The simplestof theseis the uniforminstructionlength. In CISC
processorghe instructionlengthcouldvary from 1 byte to 4 (or

more)bytes. All RISCinstructionshave the samdength,making
it fasterto fetdh and procesghe instructions.



Instruction  Pip elining

Every instructiongcesthrougha similar set of stagesvhenit is
processedFor examplein a givenprocessorthe stagesnigit be:

fetdhing the instruction
decaling the instruction
loadingthe operands
processinghe instruction
saving the resultsto memory



Instruction  Pip elining

Fetch Decode Load Process Save
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Simultaneous Execution

Sincezat ofthesestepas moreor lesandependenfromthe other
steps,it Is possibleto executemultiple instructionsat the same
time.

Fetch |Decode| Load |Process Save

Fetch |Decode| Load |Process Save

Fetch |Decode| Load |Process Save

Fetch |Decode| Load |Process Save

Fetch | Decode Load Process Save

e

At ary intermediatetime slice,e ectively v e instructionsaresi-
multaneouslyexecuting.
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Pip eline E ciency

To make pipelineswork e ectively, threesimplemaodi cations are
addedto the internal ardnitecture.

Uniform instruction Length- all instructionsnave a uni-
form byte length. This meansloadinginstructionsis always
the sameanddecaling the instructionsis straighforward.

Simple Address Mo des - only simpleaddressnodesare
alloved. Complicatednemorycalculationsare not allovedin
any singleprogramstep.

Simple Load/Store Mo des - only simpleloadand store
commandsre alloved. Thereare no complicatednulti-cycle
load or storecommandsn the processor.
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Pip eline E ciency

All the madi cations are donefor the sale of e ciency. This
hasno reale ect onthe typesof programsallonvedin a highlewel

languagelt onlyimpactshow the compiletranslateshe program
Into madinecade.
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Problems with Pip elines

Unfortunately you don't always knowvn what the nextinstruction
IS Iin realprograms.If thereis a brant whid relieson the \cur-
rert" systemstate,you can't predictwhid path to follow.

Therearethreeapproabesto this problemin normalRISC pro-
Cessors:

treat the brant asa no-opandcortinuethe executior{assume
it will fail)

beginto procesghe instructionsafter following the brant
guesshe brant routebasednrecem behavior at this location
randomlypick a direction
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When Speculativ e Execution Falils

All of thesework moderatelywell. Howvever, all canfail in some
cases.If the guesss wrong,the processosimply dumpsthe in-
correctlyexecutednstructionsand starts lling is pipelineagain.
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Super-RISC Systems

First generatiorRISC madtineshave beenimproved uponin two
way's.
Super-scalar pro cessorsexecuteseweralinstructionsat the
SAMETIME. Thisonlyworks,of courseif theinstructionsare

Independen of eat other. Honvewer, the compilerscan gure
this out. This is essetmally a subsebf parallelcomputing.

Super-pip eline pro cessors have enlargedpipelines. In-
steadof v e stagesthey might have ten or more.

Super-scalaprocessorallon multiple \threads" to executeat the
sametime.
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Post-RISC

Modernprocessorsftenaresuper-scalarln orderto keepseeral
Instructionsexecutingat the sametime, they oftenhave to resort
to somestrangesoundingdricks.

Out of order execution makessensen somecaseskEvenif
Instructionsneedto be dumped,you win if you guessorrectly
someor mostof the time.

Speculativ e execution alsois usedin modern processors.
They literally do things they think you might wart to have
done.Again,guessings e ective if it isright someor mostof
the time.

Again,thesearewinningstrategiesf the guesseare helpedby a
smartcompiler.

17



ltanium - EPIC

The Intel Itaniium usesan \Explicitly Parallel Instruction Set",
or EPIC ardiitecture. The idealis to have an instructor register
that cansinultaneouslyexecutesewral di erent instructionsat
the samdime. Generallythe instructionbu er cortains 128bits,
with typically threeinstructionsbeingheldin the bu er.

The AMD 64bit madineshave setsof instructionsthat canoper-
ate on 128data structures put generallyhave supprt CISCand
RISCinstructions.

The curret memorybandwidthand bus sizesmalkeshaving in-
structionssmallerthan 64 bits generallyunnecessary64 bits is
onereadoperation.
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Floating Point Pip elines

Floatingpoirt pipelinesarealsoEXTREMELY importart in sci-
ertic computing.
The ideais the sameas normalinstruction pipelining. A set of

oating point instructionsis appliedthrough a pipeline. Filling

the oating point pipelinecan greatly increasdhe speedof the
Instruction.

Unpipelined oating point operationscanbe executedput usually
MUCH slonver than in fully pipelinedmadines.
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Memory

Memoryarditecturesn modernworkstationsarealsomorecom-
plexthan on oldermaadines.

Early Computers

CPU RAM Disk
Registrar

Modern Computers

L1 Cache

_l RAM Disk

L2 Cache

Registrar
L3 Cache
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Memory vs Cache

The useof very high speedcadiesand largeinternal registerdhas
signi cartly increaseadomputerspeeds.Modern computersalso
usevirtual memoryfor largejobs. This meanghat someof the
programsstorages actuallyon disk, ratherthan in RAM.
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Cache Principles

Memoryis cadiedto avoid the costof accessin®RAM througha
slov speedbus. Itemscahedsupprt memory locality.

Therearetwo typesof locality

spatial- regionsan main memorythat are physicallycloseto-
gether

temporally - regiongn mainmemorythat areaccessedoseo
eat otherin time
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Cache Managemen t

Whenyouneedo accesa blodk, aslotmustbefreedin the cathe.
The clearedblock is choserby sewralalgorithms:

LRU - LeastRecetly Used
FIFO - First In, First Out
LFU - LeastFrequetly Used
Random

Therearemary algorithmsusedto nd theseblocks e ciently.
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Internal Cache Structure

Cathe and memoryis organizedn 32 byte blocks.
Cahememoryis calledslots.

{ A\tag" to assaiatea memoryaddress
{ A\valid bit" marksa slot currerly beingexecuted.
{ A\dirty bit" marksblocks madi ed in the cate

Main memoryis organizedn blocks.
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DIRECT MAP CACHE

CACHE MAIN MEMORY

SLOT O — BLOCK O
BLOCK 1

SLOT 1

SLOT 2

BLOCK 2214

BLOCK 2214+1

SLOT 2414 .
BLOCK 2A27-1

13 BIT TAG
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ASSOCIATIVE MAPPING

CACHE

SLOT O

MAIN MEMORY

SLOT 1

SLOT 2

SLOT 2214

27 BIT TAGS
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BLOCK O

BLOCK 1

BLOCK 2

BLOCK 128

BLOCK 129

BLOCK 2/27-1
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SET ASSOCIATIVE MAPPED CACHE

CACHE

SLOT O

MAIN MEMORY

SLOT 1

SLOT 2

SLOT 2414

14 BIT TAG
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BLOCK O

BLOCK 1

BLOCK 2413

BLOCK 22413+1

BLOCK 2A27-1




Cache Mo dels

Direct Map Cading

{ Simpleto implemen
{ Array strideswill have cathe misses

Assaiative MappingCade

{ Very exible memorymanagemen
{ Dicult to searh for memoryin cate
{ Dicult toimplemen e ciently

SetAssaiative Mapped Cade

{ Conmbinescharacteristic®f both models
{ Usedin nearlyall moderncomputers
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Registers, Counters and Flags

All CPU'shaveinternalstoragdhat arelabeledregisterscouners
and ags.

registersareregionausedto hold poirters, couners, ags, and
otherdata neededor internal calculations

counersareregistergshat areupdatedbecaus®f programex-
ecution

ags arestatusholdersabout the processoandthe program
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Virtual Memory

Evenwith largesizesn mainmemory someprogramsnust goto
other largestoragedevicesud as hard drivesto sole complex

problems.
The way this generallyworksis by virtual memory
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VIRTUAL
MEMORY

PAGE 0

PHYSICAL
MEMORY

ﬁ

PAGE 1

PAGE FRAME 0

PAGE 2

PAGE FRAME 1

PAGE 3

PAGE FRAME 2

PAGE 4

PAGE FRAME 3

PAGE 5

PAGE 6

PAGE 7
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Fragmen tation and Segmentation

Multiple programsexecutewvithin main memory

Ead programis held in a segmein- a memoryblock of an
arbitrary size

Assomerogramsnd,spacasfreein the certer ofthe memory
space

Fragmelation occursbecauséheseblocks arenon-cofiguous
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Operating system Operating system
Program 1
Free area
Program 2
Free Area Free Area
Free Area
Program 3
Free Area

s oo v
IO space 10 space
AFTER 33 AFTER
INITIALIZATION FRAGMENTATION



Managing Virtual Memory

Most of the managemaerof virtual memorysegmets, andpaging
IS donewith the \T ranslationLookasideBu er" or TLB.

The TLB is usuallyon the CPU, and keepstrack of the virtual
and physicalmemory
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Net working

Networkingis a relatively modernideain computing. According
to

http://www.pbs.org/nerds/timeline/network.html

ARPANET wert on-linein 1969

UUCP and USENETwasestablishean 1974
TCP/IP createdn 1982

10,00hetwork nodesin 1987

Berners-Leereatesawebsenerin 1992andonemillion nodes
areonthe nework

WWW hasa 341,000%ronth in 1993
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TCP/IP

IP -resmpnsiblefor routing of a padket from nodeto node
TCP - respnsiblefor ensuringa padet's cortert is correct
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Layers

application- http, telnet, ssh,whois
presetation - datamodels/ notation
session SSH,RPC, BSD sakets
transport - TCP, UDP

network - IP

datalink - Ethernet,framerelay, ISDN

physical- radio, wire, optical
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Comm unications Overhead

Padketsin TCP/IP havethreeparts

Header- sender/recepr IP, protocol, padket number

Payload/body - data
Traller - endof padket marker/error correction

In an emailpadet, the breakdavn is

header 11bytes
data- 112bytes
trailer - 4 bytes
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Compilers

Modern compilersare essetnal to the high performanceCPU's.
Compilershave a number of stagegshey passthroughtranslating
programsanto madinecaode. Theyare:

prepro cessing - addingde nitions andinclude les

lexical analysis - nding keywords,variablesconstais, and
operators

parsing - movingthe cadeinto anintermediateepresetation
optimization - simplecade changego improve e ciency
code generation - creationof madinecade

39



Compiler Optimizations

Compilersare getting muah better, but the optimizationchanges
they normallymake arepretty simple.

rema/al of iInaccessibleade

remwal of cadethat producesunusedresults
simpli cation of constais
constah folding(UN-rede nedvariables)

commorsubexpressioelimination
mathematicabimpli cations
remaal of loop invariart cade
simpli cation of inductive loops
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Cluster Based Computing

The newdirectionfor parallelcomputingis in clusterbasedcom-
puting. The essetmal characteristicare:

multiple commerciab the shelf(COTS) madines(usually
Intel-based)

no specialoperatingsystemor compilerqusuallyLinux)

highspeedbut COTSnetworkingcardsandroutersconnecting
separatdoxes

standardmessagpassingibrary handingcomnunicationghrough
RSHor SSHThe commomamefor thesemadinesis Beavulf
clusters.
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Performance Characteristics of Beowulf Clusters

Theseare generalcharacteristiceof Beavulf clusters. Consider
themrulesof thumb ratherthan certairties.

Individual nodesare moderateend PC boxes
comnunicationsare usuallyroutedthrougha singlerouter

most comnunicationsare fairly slav with high to moderate
latency
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Message Passing Libraries

With the creationof MIMD madines,messag@assindibraries
hadto be createdto allov generakomnunicationbetweencom-
putationalnodes.

The originallibrariesusedwere proprietary and sold only with

parallelmadtines.Every compag warted to have \new and bet-

ter" featureghan ewery othercompan. This comyetition led to

completelymadinedependen programming.Every newparallel
maadiine requireda completerewrite of the messageassingsec-
tions. It is not very surprisingthat parallelcomputinghasbeena
commerciafailure...at leastuntil recenly.

43



SCS's Beowulf Cluster - Maps

maps.scs.gmeduis a fairly standardBeavulf cluster.

mapshas64 nodesanda rewall root node

eat node hasdual Pertium [Il1 600Mhz processomith 512
Mb of diskand 20 Gb hard drive

comnunicationgs donewith 100base/T cards
the cerral router canhandle2 Gbhits/s
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