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Abstract—This paper proposesa new approachto teach-
ing computer architecture by placing an explicit emphasis
on circuit and VLSI aspects.This approachhasthe poten-
tial to enhancethe teaching of both architecture and VLSI
classesto improve collaboration betweenCS and ECE de-
partments and to lead to a better understanding of the cur-
rent difficulties faced by microprocessordesignersin indus-

try.
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I. INTRODUCTION

Theteachingof computerarchitecturdypically focuses
on theinteractionof instructionsetarchitecturgISA), in-
structionsper clock cycle (IPC), andprocessoclock rate.
Yet the circuit-designexigenciesthat profoundly impact
theimplementatiorof architecture-leel conceptoftenre-
ceive little consideration.For example,the popularHen-
nessyandPattersontextbooks[1], [2] andothers,despite
their mary strengthshave very limited informationabout
logic and circuit issues. On the other hand, the VLSI
anddigital integratedcircuit textbooks[3], [4] rarely con-
siderthe implicationsof their methodsfor microproces-
sor designat the architecturdevel. This division is often
perpetuatedy traditional academicboundaries.In this
paper we make the casethat a new courseis needed
that crossegheseboundariesand teachescomputer ar-
chitecture with an explicit VLSI perspective and vice-
versa.

A. Whyteadhing computerarchitectue with a VLSI per
spective

Teachingcomputerarchitectureasary otherdiscipline,
is differentfrom schoolto school,but therehave beenat-
temptsto unify it, eitherin aninformal, grassrootsvay,
e.g., by theincreasegbopularityof sometextbooksthatare
widely adoptedcanddominatethefield; or in aformal way
by the different accreditationmechanismse.g., ABET,
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CSAB, andthe creationandpublicationby IEEE/ACM of
genericcurriculafor ComputerScienceand Engineering
degrees.! In sucha proposecturriculum,the main com-
puterarchitectureconceptsare coveredin a “core” class,
CS 220- ComputerArchitecture,with more detailedmi-
croarchitectureand circuit issuesbeing left to the non-
core, “advanced”classesCS 320 - AdvancedComputer
Architectue and CS 323 - VLSI development We agree
that not all studentscan, or should, learn all the details
normallypresentedh thesethreeclasseshut we alsothink
thatit isimportantto teachthemicroarchitecturandVLSI
aspectgogetherfor thosestudentshat electto learnthe
advancedconceptsand preparefor careersas micropro-
cessomarchitectsor circuit designersin brief, we propose
the creationof a combinedclass,CS320/323- Advanced
ComputerArchitectue: a VLSIPerspectiveseefigure 1.

Sucha classwould be usefulfrom mary pointsof view.
First, it breaksthe artificial boundarybetweenmicroar
chitectsand circuit designers. Both in industry and in
academia,such differencesclearly exist but are mostly
detrimental. When architectsdo not have a good under
standingof VLSI/circuit issuesthey maytake unwisede-
cisionsthat penalizeoverall costand performancewhen
circuit designerslon't understandhe overall architecture,
they cannotfully take advantageof the degreesof freedom
in designor exploit synegistic designchoicesacrosamul-
tiple levels of abstractionA courselike CS320/323- Ad-
vancedComputerArchitectue: a VLSIPerspectivewould
preparestudentsvith acomple view of botharchitecture
andcircuit aspects.

Second the classwould also help asa bridge for aca-
demic programsin ComputerScience,ComputerEngi-
neeringandElectricalEngineering A quick searchof dif-
ferentexisting classesand programsat differentuniversi-
ties revealsthat ComputerArchitectureclassesare mary
timestaughtin both CSandECE departmentsyith more
of themon the CS side, while VLSI classesare mostly
taughtin ECE and EE departmentswith few CS depart-
mentsofferingthem. Thisis exactlythecaseatthe Univer
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sity of Virginia, wheretherearetwo classesn Computer
Architecture,onein the CS, the otherin the ECE depart-
ment, but only one VLSI class,in the ECE department.
A courselike CS 320/323- AdvancedComputerArchi-
tectue: a VLSIPerspectivewould be equallyattractve to
both CSandECE studentsanddepartments.

The third and final point is that such a classwould
bring new ideasand excitementinto teachingboth Com-
puter Architectureand VLSI. While in industry the em-
phasison circuit designaspectss clearly requiredfor the
high-performancenicroprocessorsf todayandtomorrav
(assupportedby the mary publicationsat ISSCCandin
JSSC)thistrendis notyetfully reflectedin the computer
architectureclassedeingofferedin academiaThe situa-
tion with the VLSI classess evenmoreseriousasvery lit-
tle progresshasbeenmadein theteachingVLSI sincethe
seminalextbookby MeadandConnway. Eventhe nevest
VLSI textbooksstill usethe samebottom-upapproactof
first presentingdevice physics,followed by simplelogic
circuit design,combinationalaindsequentialfollowed by
layoutandfinally a few casestudieq[3], [4]. Suchanap-
proach,quite successfuin the past,hasbecomeslightly
datedasit clearlytamgets“hard-core”ElectricalandCom-
puter Engineeringstudentsandis not interestingto most
ComputerSciencestudents Eventhe VLSI textbooksfo-
cusingon ASIC designare not appropriatefor micropro-
cessodesignerswho needabalancedpproactthatcom-
bines both customand semicustondesignmethods. A
courselike CS 320/323- AdvancedComputerArchitec-
ture: a VLSI Perspectivewould make both ComputerAr-
chitecture andespeciallyWLSI design,moreattractve to
awider spectrunof studentsandgivethemgreatebreadth
of training.

Il. COMPUTER ARCHITECTURE WITH A VLSI
PERSPECTIVE: A BIRD’S EYE VIEW

The goal of the classis to give equalweight to both
computemicroarchitecturendcircuit designaspectsin
order to do this effectively the topics will be presented
in parallel,with architectureconceptsbeingusedto pro-
vide a“natural” way to introduceVLSI andcircuit design
concepts. Accommodatingboth architectureand VLSI
will necessarilgntailsacrificingsomematerialfrom tradi-
tionaladwanced-architecterandVLSI syllabi. Ourphilos-
ophyis thatwith asoundtrainingin fundamentalsthe de-
tails are easilylearnedindependently For example,once
thefundamental®f branchpredictionandcachingareun-
derstoodstudentsanasneededeachthemselesthevar-
ious advancedbranch-predictiomndcachingschemesas
well asvariationslike value predictionand prefetching.
As anotherexample,oncethefundamentalef [MIRCEA:

VLSI].

To minimize the needfor pre-requisitesthe classwill
assumenly asophomore-hel assembly-languagendin-
troductorycomputeforganizaton courseas pre-requisite.
CS320/323will startwith a quick overview of Architec-
ture(“ComputerArchitecturel01”) andVLSI (“VLSI De-
sign101”) to introducethemainideas.

A. Overviav: ProcessorlArchitectue

The overview of processoarchitecturagopicswill start
with a classic,single-issugscalar)processorWe planto
usea modernembeddegbrocessoexample like the Digi-
tal StrongArm,or its successoithe Intel XScale.Thiswill
includethe basicoperationsof instructionfetch, instruc-
tion decoderegisterfile accessintegerandfloating-point
execution,andresultwriteback. In a genericfashion,we
will alsointroducethe notionsof pipelining and pipeline
control, result forwarding, instruction and data caches,
control and datahazardsexceptions,etc. The quantita-
tive evaluationof performancehroughbenchmarkingnd
simulationwill alsobeintroducedhere.

B. Overviav: VLSIdesign

The overview of basicVLSI designconceptswill start
with abrief introductionof active device behaior andcir-
cuits, first at the switchlevel andonly laterwith morede-
tailed analysisandcircuit-level modelingandsimulation.
Next we will touchon combinationals. sequentialogic
andcircuits, staticvs. dynamiccircuit conceptsandbasic
ideasof possibledesignflows, includingcustom,semicus-
tom,andfully automatedWealsobriefly touchontheidea
of alayout,andthecorrespondingAD stepsof floorplan-
ning, placemenandrouting.

Following this quick introductionthe coursewill get
into more detaileddiscussiorof eachprocessomrchitec-
turetopic andits “associated’VLSI circuit concept.There
will beaclearattemptto presenbotharchitectureandcir-
cuitissuesn alogicalmannerin generaby following the
typical order of a processompipeline for the architecture
conceptsandassociatinghe mostimportantand natural
circuit issueto the architecturesuchthattherearefew or
no repetitionsandall theimportantaspectsarecovered.

I11. INSTRUCTION FETCH AND DECODE:

COMBINATIONAL LoOGIC DESIGN

The classicalprocessopipeline startswith instruction
fetchanddecodesoit is naturalto startour detailedtreat-
menthereaswell. Sincecachesareusedbothfor instruc-
tion and data,and sincememorystructuresare not natu-
rally bestsuitedasa first introductionto circuit concepts,
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Fig. 1. New classon ComputerArchitecturewith a VLSI perspectiewill combineelementdrom “classical’ ComputerArchitec-

tureclassesndfrom “classical’VLSI designclassesA. typical 5-

C.typical VLSI conceptsatthelogic andcircuit levels.

we postponethe actualdiscussionof VLSI conceptsfor
memoriedo alatersection.

A. Architectue: InstructionFetch and Decode

Herewe startwith a quick discussiorof instructionfor-
mats, the CISC vs. RISC debate,and how decodinga
RISC instructionsetis “easy” comparedto a CISC. We
will useMIPS asanexampleRISCarchitecturgwe would
have usedAlpha, but now it is a“defunct” processotine)
and x86 as an example of CISC, thus covering both ex-
tremes.

B. VLSI: BasicCombinational.ogic

We can use decodingas a typical example of combi-
national logic circuits, and useit to illustrate the most
importantcircuit designconcepts. We startwith simple
static circuit techniquesjncluding complementarystatic
CMOS, pass-transistaandpass-gatéogic, andshav how
they applyto simplelogic gateswith muxesanddecoders

stageprocessopipeline,B. typical simplifiedmicroarchitecture,

as a typical example. We then explain the adwantages
of complementargtaticCMOS (generalapplicability ro-
bustnessregeneratiorof logic levels) aswell asits disad-
vantagegsize, suboptimalperformance).We then shav
that other particularlogic stylescan outperformcomple-
mentaryCMOSin specialcasesandexemplify with pass-
transistorlogic and pseudo-NMOSfor muxes and de-
coders.We postponghe issueof dynamiccombinational
circuit designto a future section.

C. VLSI: Layout

Herewe introducelayouttechniquesandthe main fig-
uresof meritfor VLSI circuits: performancegpropagation
delay), area(cost), power dissipation,reliability, robust-
nessto noise,etc. We also introducethe notion of dig-
ital designas a trade-of amongthe possiblefigures of
merit. We shav simplebottom-up“polygon pushing”de-
signsteps.



V. PIPELINING: SEQUENTIAL LOGIC DESIGN

One of the most effective ways to increaseprocessor
performances to usepipelining of the variousoperations.
This providesthe perfectmotivationfor looking at the cir-
cuit designof sequentiatircuits.

A. Architectue: Pipelining

We first presentthe “classical” 4-stageand 5-stage
pipelines, demonstratethe increased throughput that
pipelining achieves,andexplore the tradeofs betweenra-
teng/ andthroughputfor a pipelinedprocessor We fol-
low up with moreadwancedconceptdik e superpipelining,
andshaw thetrade-ofs dueto anincreaséan thework per
pipelinestagevs. overheaddueto latchoverhead.

B. VLSI: Floorplanning

Thesimpleexistenceof a pipelinegivesalevel of regu-
larity to thedesignthatcanbeusedfor top-davn floorplan-
ning. Herewe explaintheimportanceof blockadjacencies
for reducedarea(lessrouting) andincreasegerformance
(shorterwires).

C. VLSI: SyntironousSequentialCircuits

A pipelineis basedon the overlap (in time) of the dif-
ferentfunctions;this overlap canbe achieved with either
synchronousr with asynchronousnethods.Virtually all
current processorsare synchronousso we start by ex-
plaining simple synchronouslesignconceptsuchasset-
up and hold timesand propagatiordelay edge-triggered
flip-flop vs. transparentatchvs. pulsedregister etc. We
presensimplestaticCMOSimplementation®f suchflip-
flops, registersandlatches thenintroducedynamiclogic,
followed by dynamicversionsof thesestateelementsor
higher performancebut also higher powver andlessnoise
immunity. We exemplify with a few of themostimportant
typesof flip-flops usedin seseralmicroprocessorsnclud-
ing TSPC,theEarlelatch,etc.

D. VLSI: Clocking

The issuesof clock generationclock distribution and
their influenceon clock skew are explained. We explain
the trade-ofs for clock-spinesclock-planes,H-tree and
X-tree clock distribution schemesaswell asthe notions
of centralizedand distributed clocking schemes. Here
we alsodiscussheissueof optimally driving large loads
throughthe placementindsizing of buffers.

E. VLSI: Low-PowerDesign

We explain the differencesbetweendynamicandstatic
power, power consumptionand power dissipation, etc.

More advancedconceptdik e time-borraving anddynamic
voltage/frequengc scalingarealsopresentedere,aswell
asclock-gatingandotherlow-power methods We alsoin-
troducethe enegy-delayproduct.

F. VLSI: Asyn@ironousDesign

In orderto provide a balancedview, we also present
asynchronougdesign conceptssuch as micro-pipelines,
wave pipelining, and“hybrid” methodssuchasglobally-
asynchronouslocally-synchronas approachesWe also
give the (few) exampleswhere suchmethodshave actu-
ally madeit into real commercialmicroprocessorge.g.,
wave-pipeliningfor addresslecoders).

V. EXECUTION UNITS: DATAPATH STRUCTURES

After instructionfetch and decode,the next stepin a
simple,scalay processois registerreadandexecution.We
postponaliscussingegisterfile issuego the next section
anddiscussexecutionunitshere.

A. Architectue: Integer Execution

Herewe discussoriefly differentissuesrelatedto inte-
gerdatapathsespeciallymicroarchitectureandlogic level
computerarithmeticalgorithms,including addition, sub-
traction, multiplication, division andtranscendentabper
ations.Two’s complemenhotationis introducedaspartof
thistopic. We alsobriefly explain MMX andothersignal-
processingenhancementechniquesfor general-purpose
processors.

B. Architectue: Floating-Roint Execution

We follow the integer datapathissueswith the more
compl issuegelatedo FParithmetic,includingdatafor-
matslike IEEE.

C. VLSI: Datapathand ComputerArithmetic

Herewe explorein moredepththe differencesetween
staticand dynamiccombinationalogic circuits, with the
higher performanceof dynamiclogic beingwidely used
for datapattcircuits. We thenpresentdifferentaddercir-
cuit styles (e.g. Kogge-Stone) multiplier circuit styles,
shifterstyles,etc.

D. VLSI: Placement

TheVLSI structurepresentedh previoussectionsvere
more or less“random” logic. For datapathcircuits there
is an obvious one-dimensionategularity (the numberof
“bits”) that can, and should, be exploited as bit-sliced
design. Bit-slices are an example of regular placement
of logic along one dimension. Here we also discuss



aboutcustomand semicustondesignmethodologiesand
give examplesof customdatapattdesignandsemicustom
standard-cell-baserandomlogic.

V1. CACHES AND REGISTER FILES: MEMORY DESIGN

Finally we presentcachesand data-arraystructures.
Cachesare usedfor instructionsand data,while dataar
raysareusedfor registerfiles, queuesetc.

A. Architectue: Cades

We startby presentindssuegelatedto cacheassociati-
ity, first the two extremes direct-mappeaacheandfully-
associatie cachefollowedby “in-between’casedik e set-
associatie cacheandCAM-RAM structuresWe consider
the issuesof write-throughvs. write-back,fills andwrite
buffers. TLBs andgenericbuffersareothertypesof mem-
ory structureghatarepresentedhere. As advancedtopics
we presentnon-blockingcachesand multi-level cachehi-
erarchies.

B. Architectue: RagisterFiles

For registerfileswe startby presentingrchitecturateg-
istersandtheirimplementation.\& considemulti-porting
aswell assplit-phaseegisteraccess.

C. VLSI: Memoriesand Data Arrays

In order to implementmemoriesand data arrayswe
presentthe main circuit building blocks. We start with
the row and column decodersfollowed by memory-cell
design. Static/6Tvs. dynamic/1Tor 4T aswell asword-
linesandbitlines, prechaging, for readandwrite arethen
discussedSenseampdesignandissuegelatedto leakage
andthresholdwrap-upthe designaspectsWe follow by a
brief discussiorof defectsyield, andredundang methods
(sparerows andcolumnswith reconfigurationjor increas-
ing yield for memorystructures.

D. VLSI: Routing

Physicaldesignissuesfor memoriesare extremelyim-
portant,in particularthe issueof pitch-matchingfor the
various subsections. This is an example of self-routing
by alutmentwhich shavs theimportanceof regularity for
VLSI design. Generalrouting for “random” logic is a
muchmoredifficult problem.

VII. PIPELINE CONTROL: STATE MACHINES

A. Architectue: PipelineContrmol

We first shav how forwarding works and how the PC
getsupdated. We thenintroducebranchpredictionand
shav how instructionsget “squashed”. As an adwanced

topic we introduce multiple (in-order) issue-superscalar
and the associatedscoreboardingand contrastthis with
VLIW techniques.

B. VLSI: StateMachines

Herewe discusdifficulties of longerpipelinesin terms
of forwardingcompleity and mispredictionpenalty We
introducePLAs asan alternatve for combinationalogic
implementation.

VIIl. VLSI: INTERCONNECT, BUSSES AND |/O

We presentmajor difficulties relatedto long intercon-
nect,RCandRLC delayissuesandrevisit buffer-insertion
to reducequadraticdelay We alsoshav 1/0 designand
system-interconnedssues,ncluding the needfor multi-
voltagedesign.

IX. WHEN THINGS GO WRONG: EXCEPTIONS,
VERIFICATION, TESTING

A. Architectue: Exceptions

An essentiapart of architecturas exceptionhandling.
We discussprecisevs. impreciseexceptions,explore the
challengeof exceptionhandlingfrom the ISA level, and
thenproceedo describeherequisitehardwarestructures.
We first preseninterrupt/traphardware, supervisomode,
exceptionsandtrap vectors. We thentracethe sequence
of stepsfor syscalltrap, I/O interrupt. For dealingwith
exceptionswhile alreadyhandlinganexceptionwe explain
the needfor interrupt masks,processoistatusword, etc.
As an adwancedtopic we presentthe BIOS and describe
the procesf bootstrappinghe computer

B. VLSI: Verification, Testing and Padkaging

We explain the issuesrelatedto verification and vali-
dation (making surethat the designis correct)aswell as
to testingandhbuilt-in self test(BIST—makingsurethata
correctdesignis correctlyfabricated).The notionsof de-
fects,faultsanderrorsis exploredin moredetail. A brief
overvien of manufcturing packagingbinningis alsopre-
sentedchere.

C. VLSI: Powerdistribution

With reducedvoltagesand increasingpower, the cur
rentsthat needto be distributed on chip areincreasingat
an alarmingrate. Here we discussissuesrelatedto IR-
drop,electromigrationandtheirinfluenceon performance
andreliability. We briefly mentionaluminumandcopper
interconnecandSOl.



X. OuT-OF-ORDER EXECUTION: VLSI
METHODOLOGY

A. Architectue: Out-of-Oder Execution, Register Re-
naming

Herewe explain the benefitsof out-of-orderexecution
(OOE)andthe needfor renaming.We briefly describeba-
sic OOE structureqregisterupdateunit vs. issuequeues,
etc.) aswell aswakeup and selectlogic and renaming
logic.

B. VLSI: QueuesandVLSIMethodolgy

The issuequeuehasbecomeone of the mostcomple
structuresn a modernout-of-ordersuperscalamicropro-
cessar We choosetheissuequeueto do anin-depthanal-
ysis and exemplify with multiple casestudiesof real de-
signs. We usethis asa motivation for a look at different
designmethodolog\alternatveswith theiradvantagesand
disadwantages.

X1. CONCLUSION

We have madethe casefor a classthatteachegproces-
sorarchitecturewith a VLSI perspectie. We believe that
sucha classwould have a strongimpactin academiaand
will also betterpreparestudentsfor jobs as either archi-
tectsor circuit designers.We expectthe classto be quite
popularwith a wide spectrumof studentsn CSandECE
departmentsSinceno currenttextbook useshis approach
we alsobelieve thattherearesignificantopportunitiesfor
filling this void with a“new andimproved” textbook that
could be used,eitherfor teachingComputerArchitecture
with a VLSI perspectie, or, alternatvely, for teaching
VLSI for ComputerSciencestudents.
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