
Basic Computer Arc hitectures

� How doesa CPU work?

� CPU designcharacteristics- CISC,RISC,EPIC

� Memoryconsiderations

{ Cache
{ Main memoryandpaging

� Compilers

� Networkingandcommunication

� Beowulf Clusters
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Arc hitecture References

http://www.amd.com/us-en/Processors/TechnicalResources/0,,30_182_73 9_7044,00.html

http://www.intel.com/products/processor/pentium_D/

http://www-03.ibm.com/chips/power/powerpc/
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The NAND Gate

All computerscanbe built from NAND gates.
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Basic Micropro cessor Instructions

MicroprocessorCPU'scanonlyexecutea limited number of func-
tions.

� Load- loaddata from memoryinto the CPU

� Store- storedata from the CPU into memory

� Branch or Jump- alter orderof instructionexecution

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

The speci�c operationsare often more complex,such as \load
from memoryindirectly from a pointer in registerX to register
Y." However, they all fall into thosesimplecategories.
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Pro cessors

CPUhavegreatlyimprovedover the last15years.Thechangesin
CPU designled to much highersystemperformance.As outlined
by Dowd andSeverance,the basicphasesof this evolution are:

� ComplexInstructionSetComputers

� ReducedInstructionSetComputers

� Super-scalarandsuper-pipelinedprocessors

� Post-RISCComputers

An excellent reviewof optimizationand high performancecom-
puting is in \High PerformanceComputing"by Kevin Dowd and
CharlesSeverance(O'Reilly, 1998).Many of thesenotesarebased
on this book.
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CISC - Complex Instruction Set Computers

The �rst fewgenerationsof microprocessorsall hadCISCdesigns.
The ideawassimple- lots of instructionsminimizedmemoryand
madethe CPU'seasierto use.

A rich set of instructionsmakesit easierto write complexalgo-
rithms. Complicatedideascouldbe conciselyexpressed.Coding
theseinstructionsinto the chipshardwaremadesense,sincepro-
grammerscouldmoreeasilywork within the systemconstraints.

Most compilersdid not take full advantageof the extra machine
instructions,sothey didn't fully optimizethe performanceof the
high-levelcodes.Improvingperformancethroughclevercompiling
obfuscatedthe needfor specialinstructionsets.Only oneinstruc-
tion couldbe actedon at any giventime in thesesystemsaswell.
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RISC - Reduced Instruction Sets

RISCmachineshavesmall,highlyoptimizedinstructionsets.How-
ever, themainreasonsfor thehighperformanceof RISCmachines
is morecomplicated.

The commoncharacteristicsof RISCmachinesare:

� instructionpipelining

� uniforminstructionlength

� simpleaddressingmodes

� load/storearchitecture

� delayedbranching

� pipelining
oating point numbers
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Uniform Instruction Length

The simplestof theseis the uniforminstructionlength. In CISC
processors,the instructionlengthcouldvary from 1 byte to 4 (or
more)bytes. All RISCinstructionshave the samelength,making
it fasterto fetch andprocessthe instructions.
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Instruction Pip elining

Every instructiongoesthrougha similar set of stageswhenit is
processed.For example,in a givenprocessor,the stagesmight be:

� fetching the instruction

� decoding the instruction

� loadingthe operands

� processingthe instruction

� saving the resultsto memory
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Instruction Pip elining

Fetch Decode Load Process Save
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Simultaneous Execution

Sinceeach of thesestepsismoreor lessindependent fromtheother
steps,it is possibleto executemultiple instructionsat the same
time.
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At any intermediatetime slice,e�ectively �v e instructionsaresi-
multaneouslyexecuting.
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Pip eline E�ciency

To make pipelineswork e�ectively, threesimplemodi�cations are
addedto the internalarchitecture.

� Uniform instruction Length- all instructionshavea uni-
form byte length. This meansloadinginstructionsis always
the same,anddecoding the instructionsis straightforward.

� Simple Address Mo des - only simpleaddressmodesare
allowed. Complicatedmemorycalculationsarenot allowed in
any singleprogramstep.

� Simple Load/Store Mo des - only simpleloadandstore
commandsareallowed. Thereareno complicatedmulti-cycle
loador storecommandsin the processor.
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Pip eline E�ciency

All the modi�cations are donefor the sake of e�ciency. This
hasno reale�ect on the typesof programsallowedin a high level
language.It onlyimpactshow thecompilertranslatestheprogram
into machinecode.
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Problems with Pip elines

Unfortunately, youdon't alwaysknown what the next instruction
is in realprograms.If thereis a branch which relieson the \cur-
rent" systemstate,you can't predictwhich path to follow.

Therearethreeapproachesto this problemin normalRISCpro-
cessors:

� treat thebranch asa no-opandcontinuetheexecution(assume
it will fail)

� beginto processthe instructionsafter following the branch

� guessthebranch routebasedonrecent behavior at this location

� randomlypick a direction
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When Speculativ e Execution Fails

All of thesework moderatelywell. However, all canfail in some
cases.If the guessis wrong,the processorsimplydumpsthe in-
correctlyexecutedinstructionsandstarts�lling is pipelineagain.
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Super-RISC Systems

First generationRISCmachineshave beenimprovedupon in two
ways.

� Super-scalar pro cessors executeseveralinstructionsat the
SAMETIME. Thisonlyworks,ofcourse,if the instructionsare
independent of each other. However, the compilerscan�gure
this out. This is essentially a subsetof parallelcomputing.

� Super-pip eline pro cessors have enlargedpipelines. In-
steadof �v e stages,they might have ten or more.

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

Modernprocessorsoftenaresuper-scalar.In orderto keepseveral
instructionsexecutingat the sametime, they oftenhave to resort
to somestrangesoundingtricks.

� Out of order execution makessensein somecases.Evenif
instructionsneedto bedumped,youwin if youguesscorrectly
someor mostof the time.

� Speculativ e execution alsois usedin modern processors.
They literally do things they think you might want to have
done.Again,guessingis e�ective if it is right someor mostof
the time.

Again,thesearewinningstrategiesif the guessesarehelpedby a
smartcompiler.
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Itanium - EPIC

The Intel Itaniium usesan \Explicitly Parallel Instruction Set",
or EPIC architecture. The ideais to have an instructor register
that can simultaneouslyexecuteseveral di�erent instructionsat
the sametime. Generally, the instructionbu�er contains128bits,
with typically threeinstructionsbeingheldin the bu�er.

TheAMD 64bit machineshavesetsof instructionsthat canoper-
ateon 128data structures,but generallyhave support CISCand
RISCinstructions.

The current memorybandwidthand bussizesmakeshaving in-
structionssmallerthan 64 bits generallyunnecessary. 64 bits is
onereadoperation.
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Floating Poin t Pip elines

Floatingpoint pipelinesarealsoEXTREMELY important in sci-
enti�c computing.

The ideais the sameasnormal instructionpipelining. A set of

oating point instructionsis appliedthrough a pipeline. Filling
the 
oating point pipelinecan greatly increasethe speedof the
instruction.

Unpipelined
oating point operationscanbeexecuted,but usually
MUCH slower than in fully pipelinedmachines.
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Memory

Memoryarchitecturesin modernworkstationsarealsomorecom-
plex than on oldermachines.

Registrar

Registrar

CPU Disk

CPU

Early Computers

Modern Computers

RAM

Disk

L3 Cache

L1 Cache 

L2 Cache
RAM
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Memory vs Cache

The useof very highspeedcachesandlargeinternal registershas
signi�cantly increasedcomputerspeeds.Moderncomputersalso
usevirtual memoryfor largejobs. This meansthat someof the
programsstorageis actuallyon disk,rather than in RAM.
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Cache Principles

Memoryis cachedto avoid the costof accessingRAM througha
slow speedbus. Itemscachedsupport memory locality.

Therearetwo typesof locality

� spatial- regionsin main memorythat arephysicallycloseto-
gether

� temporally - regionsin mainmemorythat areaccessedcloseto
each other in time
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Cache Managemen t

Whenyouneedto accessablock, aslotmustbefreedin thecache.
The clearedblock is chosenby severalalgorithms:

� LRU - LeastRecently Used

� FIFO - First In, First Out

� LFU - LeastFrequently Used

� Random

Therearemany algorithmsusedto �nd theseblocks e�ciently.
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In ternal Cache Structure

� Cacheandmemoryis organizedin 32byte blocks.

� Cachememoryis calledslots.

{ A \tag" to associatea memoryaddress
{ A \valid bit" marksa slot currently beingexecuted.
{ A \dirt y bit" marksblocks modi�ed in the cache

� Main memoryis organizedin blocks.
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Cache Mo dels

� Direct Map Caching

{ Simpleto implement
{ Array strideswill have cachemisses

� Associative MappingCache

{ Very 
exible memorymanagement
{ Di�cult to search for memoryin cache
{ Di�cult to implement e�ciently

� SetAssociative MappedCache

{ Combinescharacteristicsof both models
{ Usedin nearlyall moderncomputers
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Registers, Coun ters and Flags

All CPU'shaveinternalstoragethat arelabeledregisters,counters
and
ags.

� registersareregionsusedto hold pointers,counters,
ags, and
otherdataneededfor internal calculations

� countersareregistersthat areupdatedbecauseof programex-
ecution

� 
ags arestatusholdersabout the processorandthe program
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Virtual Memory

Evenwith largesizesin mainmemory, someprogramsmust goto
other largestoragedevicessuch ashard drivesto solve complex
problems.

The way this generallyworksis by virtual memory.
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Fragmen tation and Segmentation

� Multiple programsexecutewithin mainmemory

� Each programis held in a segment - a memoryblock of an
arbitrary size

� Assomeprogramsend,spaceisfreein thecenter of thememory
space

� Fragmentation occursbecausetheseblocksarenon-contiguous
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Managing Virtual Memory

Mostof themanagement of virtual memory, segments, andpaging
is donewith the \T ranslationLookasideBu�er" or TLB.

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

Networking is a relatively modern ideain computing.According
to

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

� ARPANET went on-linein 1969

� UUCP andUSENETwasestablishedin 1974

� TCP/IP createdin 1982

� 10,000network nodesin 1987

� Berners-Leecreatesa webserver in 1992andonemillion nodes
areon the network

� WWW hasa 341,000%growth in 1993
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TCP/IP

� IP -responsiblefor routingof a packet from nodeto node

� TCP - responsiblefor ensuringa packet's content is correct
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Layers

� application- http, telnet,ssh,whois

� presentation - datamodels/ notation

� session- SSH,RPC,BSDsockets

� transport - TCP, UDP

� network - IP

� data link - Ethernet,framerelay, ISDN

� physical- radio,wire,optical
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Comm unications Overhead

Packetsin TCP/IP have threeparts

� Header- sender/receiver IP, protocol,packet number

� Payload/body - data

� Trailer - endof packet marker/error correction

In an emailpacket, the breakdown is

� header- 11bytes

� data - 112bytes

� trailer - 4 bytes
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Compilers

Modern compilersare essential to the high performanceCPU's.
Compilershave a number of stagesthey passthroughtranslating
programsinto machinecode. They are:

� prepro cessing - addingde�nitions andinclude�les

� lexical analysis - �nding keywords,variables,constants, and
operators

� parsing - movingthecodeinto anintermediaterepresentation

� optimization - simplecodechangesto improve e�ciency

� code generation - creationof machinecode
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Compiler Optimizations

Compilersaregettingmuch better, but the optimizationchanges
they normallymake arepretty simple.

� removal of inaccessiblecode

� removal of codethat producesunusedresults

� simpli�cation of constants

� constant folding(UN-rede�nedvariables)

� commonsubexpressionelimination

� mathematicalsimpli�cations

� removal of loop invariant code

� simpli�cation of inductive loops
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Cluster Based Computing

The newdirectionfor parallelcomputingis in clusterbasedcom-
puting. The essential characteristicsare:

� multiple commercialo� the shelf (COTS) machines(usually
Intel-based)

� no specialoperatingsystemor compilers(usuallyLinux)

� highspeedbut COTSnetworkingcardsandroutersconnecting
separateboxes

� standardmessagepassinglibraryhandingcommunicationsthrough
RSHor SSHThe commonnamefor thesemachinesis Beowulf
clusters.
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Performance Characteristics of Beowulf Clusters

Theseare generalcharacteristicsof Beowulf clusters. Consider
themrulesof thumb rather than certainties.

� individualnodesaremoderateendPC boxes

� communicationsareusuallyroutedthrougha singlerouter

� most communicationsare fairly slow with high to moderate
latency
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Message Passing Libraries

With the creationof MIMD machines,messagepassinglibraries
had to be createdto allow generalcommunicationbetweencom-
putationalnodes.

The original librariesusedwereproprietary, and soldonly with
parallelmachines.Every company wanted to have \new andbet-
ter" featuresthan every othercompany. This competition led to
completelymachinedependent programming.Every newparallel
machine requireda completerewrite of the messagepassingsec-
tions. It is not verysurprisingthat parallelcomputinghasbeena
commercialfailure...at leastuntil recently.
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SCS's Beowulf Cluster - Maps

maps.scs.gmu.eduis a fairly standardBeowulf cluster.

� mapshas64nodesanda �rewall root node

� each node hasdual Pentium III 600Mhz processorwith 512
Mb of diskand20Gb harddrive

� communicationsis donewith 100base/Tcards

� the central routercanhandle2 Gbits/s
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