Preface

Mor ganKaufmann is pleasedto presentmaterial from a preliminary draft of Readingsin Computer Ar chitecture;
the material is (c) Copyright 1999Mor gan Kaufmann Publishers.This material may not be usedor distrib uted for
any commerial purpose without the expess written consent of Mogan Kaufmann Publishers. Please note that
this material is a draft of forthcoming publication, and as such neither Mogan Kaufmann nor the authors can be
held liable for changes or alterations in the final edition.

In theory theory and peictice ae the same
In practice they're different.

--Attribution unknown

We are pleasedo presentyou with this collection of readingsin computerarchitecture Com-
puter architecturecan be consideredhe scienceandart of selectingandinterconnectinghard-
ware componentsto createa computerthat meetsfunctional, performance,and cost goals.
Computerarchitecturenasarich history of practicewhosemasteryaidsthoseinterestedn mov-
ing the field forvard.

Computerarchitecturecontinuego flourishin a dynamicervironment.Onecanthink of it asan
interfacewith hardwareimplementatiortechnologiedelon andapplicationandsystemsoftware
above. Frombelow exponentialsemiconductoadvancescontinueto provide agreatemumberof
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fastertransistorswhile at the sametime alteringtrade-ofs both on andbetweerchips(e.g.,on-
chipwirescanexceedgatedelays) Architectsusetheadditionaltransistorsn new waysto make
the compoundgrowth of a computersystems capacityexceedthe rate at which transistorsare
getting fister

From above the applicationsthat use architectureschange.Classicapplicationshave evolved,

while new applicationdomainsemepge asadvancesmake computingcost-efective to new areas.
Applicationareasncludescientificcomputing(e.g.,quantumdynamicsto vehiclecrashsimula-

tion), businesslataprocessinde.g.,accountingo datamining), personaproductvity tools(e.g.,

word processingandspreadsheetsyjobal connecwity (e.g.,electronicmail to telecommuting),
and emaying applications (e.g., personal digital assistants to virtual reality).

It is to the studentsresearchersndpractitionersof this dynamicfield of computerarchitecture
thatwe offer this new collectionof readingsTherestof this prefacediscussesvhy arewe intro-
ducing this reader mg how we select and introduce papers, ang boe might use this reader

Why have a computer achitecture reader now?

Why a reademow whenthe lastwidely successfuteadersaredecade®ld, therearegoodtext-
booksin thefield, andthe webis expandingasa sourcefor technicalinformation?In our view,
the last widely-successfutollection of readingsin computerarchitecturewas from Bell and
Newell in 1971[2] updatedby Siewiorekin 1982[6]. Thesereadersvereexcellent,but muchhas
happened since thevere published and there currently out of print.

Anotherreaderthancomplementshis oneis therecently-publishedollectionof selectecpbapers
from thefirst 25 yearsof the International Symposiunon ComputerArchitecture (ISCA) edited
by Sohiin 1998[8]. Our readerdiffers from the ISCA readerin two importantways. First, we

have dravn paperdrom mary sourcesnot just ISCA. Secondwe have contritutedintroductory
materialthat putsmultiple papersn contet. In contrastthe ISCA readethasanintroductionby

eachof the original authorsetsthatdescribediow their papercameabout,and,sometimestheir

view onits futureimpact.We find thesensightsvaluableandrecommendhelSCA readetto you

as well.

Why have a readerwhentherearegoodtextbooksin the field? The answerto this questionhas
deeprootsin thehistoryof scienceA primary sourceis awork written by the peoplewho did the
work (discovery, invention,etc.)whenthey did it. A secondarnsourceis awork written afterthe
primary sourceandusuallyby differentauthors Textbooksarethe vehicleusuallyusedto intro-
ducepeopleto scientificor engineeringdisciplines.Textbooksare secondarysourcesdesigned
for teaching.They summarize synthesizeand interpretwork in the intellectualmodel (para-
digm) thatprevails whenthey arewritten. They areindispensabléor giving peopleareasonably-
recentsnapshobdf the stateof the art. Noteworthy textbooksin computerarchitectureinclude
AlmasiandGottlieb[1], CullerandSinghwith Gupta[3], HennessyndPattersor{4], andStone

[9].

Studentsandprofessionalsvhowish to contrituteto advancingafield, however, musteventually
move beyondtextbooksto primary sourcesNew primary sourcesprovide the mostrecentthink-
ing thatwill notappeain textbooksfor oneor moreyears.In computerarchitecturethe pressure
on“bleedingedge”primarysourcess sogreatthatconferencgpapershave moreimpactonintel-
lectual progressthan do journal papers(which have a longer delay betweensubmissionand
appearance).
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Thisreadercontainsmary old primary sourcesWe seethreereasongeopleshouldreadbothold
andnew primarysourcesFirst, experiencereadingold primarysourcedrainspeopleto readnew
ones.Secondjt makesthemawareof the procesf discorering. Primarysourcesover time give
a “motion picture” ratherthana “snapshot; enablingpeopleto seehow the movie movesfor-
ward, and how they might continuemoving the movie forward. Third, it allows peopleto see
ideasin the context of multiple paradigmsinsteadof just within the currentparadigm.Students
in the early 19805, for example,could take whole courseson computerarchitecturewith no
mentionof out-of-orderexecution,which waspreviously inventedbut out of vogue.We encour-
agereaderdnterestedn how scienceadvancedo readthe landmarkprimary sourceby Thomas
Kuhn [5].

Why have areademwhenpeoplecanjustusetheweb?The primaryvalueof this readeiis our edi-
torial judgementfor selectingpapers(discussedn the following section)and backgroundwe
provide in introducingthemand placingthemin context. This valueis not diminishedby the
existence of the \Wld Wide Weh

A secondaryalueof areadeiis the coalescingnto onehardcopy the hardcopie®f mary papers
thataretime-consumingo obtain. This valueremainspresentfor the mary pre-webpaperswve

have selectedandis enhancedspost-webresearcheraremorereluctantto do the leg work to

obtainhardcopieghe traditionalway). This valueis significantlydiminished however, for post-
web papers.

Our approaclis to turn thewebinto anadwantageThis hardcopy readelis supplementesvith a
web componentat URL htt p: // www. nkp. com ar chi t ect ur e- r eadi ngs. This web
pageis modeledafterthis hardcojy readerIts tensectiongollow thetenchaptersof this reader
Eachcontainpointersto recentpapersandsometext to introducethemandput themin context.
In particular the papersrepresenthe bestof the stateof the art (e.g.,a new microprocessor
paper) Furthermorepur webcomponentill beupdatedatleast,annuallyto make this readera
living documenthat respondsmore rapidly thanis possiblewith hardcopy editions.Thus,the
web allows us to dynamically extend the value our editorial judgementin a way not practical
before the web

What's in this reader and wly?

This readeffocuseson whatwe believe areandwill continueto bethecritical issuefacingcom-
puterarchitects.Theseincludeissuesin technolagy, evaluationmethodsjnstructionsetdesign,
instruction level parallelism, dataflow/multitheading memorysystemsjnput/outputsystems,
single-instructionmultiple data parallelism, and multiple-instructionmultiple data parallelism
The downside of our focus, however, is that mary importantareasof inquiry are not covered
(e.g., computer aided design and computer arithmetic).

After limiting our focus,we werestill left with the challengingaskof selectings0-oddpapergo
fill a singleboundvolumefrom thousand®f computerarchitecturepapersthat have beenpub-
lished.(For thisreasonwe hopethatyou do not judgeustoo harshlyif we left our afew of your
favorite papers)We have usedseveralguidelinesfor selectingpapersWe lookedfor paperghat:

* were primary sources,

* had lasting impact,

* are readable,
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e are an illustratie case stugwand
e contritute insight to the modern reader

We did not apply theseguidelinesrigidly, in part, becausehey cancontradicteachother(e.g.,
someprimary sourcesareinscrutableto the modernreader).Oneconsequencef our emphasis
on primary sourcesis that we exclude most surney papers,including influential ones (e.g.,
Smith’s cache suey [7]).

Furthermorethe papersselectedandour original material)Junderwentwo roundsof thoughtful
review and discussionwith a dozenresearcherérom academisand industry They—seethe
acknavledgementsit the endof this preface—helpedo refinethe selectechaperso evenbetter
reflectwhat the communityconsideramportantaswell aswhat studentsshouldknow. We, the
editors, resoled conflicts in the advice we got and accept all responsibility for the &rgibn.

We have organizedthis readerinto ten chapters Each chapteris introducedby someoriginal
materialthat placesthe paperdn contet, introducingeach,and,in mary casesproviding addi-
tional content pertinent to the chapter topit bbeyond the scope of the included papers.

Chapterl, Technolagy, Implementationand Economics:ClassicMachines examinesthe foun-
dationof computerarchitectureThis chapterbegins a discussiorof classicmachinedrom the
ENIAC to Cray’s machineswith an emphasion how implementationtechnologiednfluenced
architecturelt thendiscusse$sordonMoore’s amazingtechnologypredictionsfrom the 1960s
(e.g.,Moore’s Law) andhow they leadto microprocessebasedcomputersincludedpaperdis-
cuss IBM 360, CDC 6600, Cray 1, Momgiredictions, and early Intel microprocessors.

Chapter2, Methods is not aboutcomputerarchitectureper se, but aboutsomeof the methods
usedto evaluateandrefinearchitecturesWithout thesemethodsthe progressve have cometo

expectwould not be possible.This chapterdiscusseshe scientific methodandthe threemajor
classe®f methodghatcomputerarchitectause:analyticmodeling,simulation,andsystemmon-

itoring. Techniquesreillustratedwith casestudiesfrom memaoryhierarcly evaluation.Included
paperspresentAmdahl’s Law, a systemmonitoring study of the VAX-11/780, andtrace-drven

simulation algorithms ofvaluating alternatie caches.

Chapter3, InstructionSets discussesheinterfacebetweersoftwareandhardwarethatis socrit-
ical in thatit enablesoftwareto run on multiple generation®f hardware.This chapterexamines
how changesn implementatiortechnologyand compiler technologyhave changednstruction
settrade-ofs, including putting the Comple InstructionSet Computer(CISC) versusReduced
InstructionSet Computer(RISC) debateof the 1980sinto perspectie. Includedpapersdiscuss
instruction setsas compiler targets, RISC, CISC, the most widely-usedinstruction set (Intel
80386), and ideas on predication pertinent to gimgrinstruction sets such as 1A-64.

Chapterd, InstructionLevel Parallelism (ILP), examinesissuescritical to acceleratingprocessor
executionratesbeyondtheincreaseprovided by fastertransistorsandbit-level parallelism.This
chapterexaminesissuedfor executingmultiple instructionsin parallelthatincludehazardspre-
cise exceptions,speculatre execution, branchprediction,and explicitly parallel architectures
suchasVery Long InstructionWord (VLIW). IncludedpaperdiscusgheBM 360/91,1BM RS/
6000,MIPS R10000 branchprediction,preciseexceptions put-of-orderexecution,anda surey
of instruction le@el parallelism issues.
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Chapters, Dataflowand Multithreading discusseshesetwo approache$o increasingparallel-
ism andtoleratinglateng. Dataflov hashadconsiderabléntellectualimpact,while multithread-
ing appeargoisedto significantlyimpactpractice.This chapterexplainshow classicdataflow
pushedimits by eliminatingthe programcounteywhile multithreadingmorecorventionally(and
morepractically)usesmultiple programcountersincludedpaperdiscussoundationadataflav
work, the tagged-tokn dataflav approachan early multithreadedcomputer(HEP), andrecent
simultaneous multithreading ideas.

Chapter6, Memory Systemsexaminescachesand virtual memory two critical aspectf the
memoryhierarcly that canlargely determinesustaineccomputerperformanceSincetextbooks
cover both conceptsin detail, both discussionsbegin with early conceptsand then examine
selectednore-recentonceptghatareillustratedin thepapersincludedcachepaperdiscusghe
first data cacheproposals(Wilkes), the first commercialcache(IBM 380/85), non-blocking
cachessnoopingcachecoherenceandvictim caches/strearhuffers. Includedvirtual memory
paperspresentthe first virtual memory system(Atlas), a 1980svirtual memory systemfrom
VAX-11/780, and a case study of some of the interactions between caches and virtual memory

Chapter7, I/O: Storage SystemsNetworks,and Graphics examinessystemsneededto make
computersnteractwith the outsideworld. In particulay this chaptediscussesnput/Output(l/O)
economicspresents casestudyof PersonaComputer(PC)1/O systemsptions,andintroduces
included papers.Included papersdiscusshistorical I/O systems,disk modeling, Redundant
Arraysof Inexpensve Disks (RAID), Ethernetocal areanetwork, routingin interconnectiomet-
works, and a case study of graphics support.

Chapter8, Single-InstructiorMultiple Data (SIMD) Parallelism discussesanapproacho paral-
lel computingwherea singlethreadof control directsthe manipulationof multiple dataopera-
tions. SIMD’s perceved utility haswaxed andwanedseveraltimesover the pastdecadesEven
thoughinterestin SIMD hascurrentlywanedreadershouldbefamiliarwith SIMD becausdt is
likely to wax again in the future. This chapterintroducesbasic SIMD conceptsand included
papers.Included papersdiscussthe original SIMD/MIMD taxonomy a SIMD machinethat
issued dependent operations (BSP), and m&agsocessing in memary

Chapter9, Multiprocessaos and Multicomputes, discussesomputingsystemsn which multiple
processorganoperateindependentlyThis is called multiple-instructionmultiple data (MIMD)
parallelism Suchsystemshave long beenthe “future” of computing,but now they have finally
earnedsubstantiacommercialsuccessThis chapterdiscusseparallelsoftware,sharedmemory
multiprocessorgprocessorgoined via the memorysystem) multicomputergprocessorgoined
via the I/O system),andselecteduture trends.Includedsharedmemorymultiprocessopapers
discussan early prototypemachine(CMU C.mmp),memoryconsisteng models,cachecoher-
ence, a recent scalableexample (Stanford DASH), and a cache-onlymemory architecture
(COMA). Multicomputer papersdiscussan early multicomputer(Caltech Cosmic Cube) and
shared memory on multicomputers.

Finally, Chapterl0, Recentmplementationgsind Future Prospectsrevisits for modernmachines
someof theissuesChapterl raisedfor classicmachinesincludedpapersiscusdntel Pentium,
Intel Pentium Pro, and future microprocessor trends.

How to use this book
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We have preparedhis book with the hopethatit will be valuableto both professionalsnd stu-
dents.Both groupscanreadtheseprimary sourcesand our original commentaryto learnmore
about the rich history of computer architecture and to better setohunove the field forvard.

For instructorswe seethreebeneficialwaysto useour readerFirst, it canbe usedasa supple-
mentto a primarytextbook. At Wisconsin for example,we have a primary graduatearchitecture
coursethatfocuseson uniprocessoraMost recentinstructorshave usedHennessyand Patterson
[4] anda customreaderof papersWe anticipatesomeinstructorswill usethis readerandsome
very recentpapersrom the web (at this readers web site andelsevhere)to replacetheir current
customreader Wisconsinalsohasa secondangraduatearchitecturecoursethatfocuseson par-
allel processinglt hasrecentlyusedCuller and Singhwith Gupta[3] anda customreader As
above, one could replace the custom reader with this reader and supplementary web papers.

A secondapproacHits schoolsthat have a first coursethat usesa textbook anda secondcourse
whoseorientationtoward projectsor casestudiesfavors a customreader Onceagain this reader
and web papers could replace the custom reader

A third modelis a graduatecourseor coursesthat escha textbooksand just usereaders(as
occursfor someofferingsof Wisconsins courses)This approachrequiresconsiderableskill and
effort from facultyto tie disjointideastogetherUsingthis readerandselectedtherpaperspos-
sibly web only, will easethe instructors burdensincewe male considerable=ffort to tie our
included papers together
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