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Abstract

In this paper, wepresenthenew curriculumof thepro-
cessoraboratory of the Departmenbf ComputerSci-
enceat the University of Tokyo. This laboratory is a
part of the compuer architecture edwation curricu-
lum. In this laboratory, studentsdesignand imple-
menttheir own processos using eld- programmdole
gatearrays(FPGAs),andwrite thenecessargoftwae.
In 2003 thecurriculumof thelaboratory waschamged,
the main charge beingthatthe FPGAwaschangedto
a large oneto increasethe range of designtrade-dfs.
As a result, studentshavebeenenalled to implement
thetechniquesusedn moden processos sud asFPU,
cache brandh prediction, andsupescalararchitectue.
In this paper wedetailthenew curriculumandnotethe
educdional resultsof the year following the charges.
Especially we focuson the educdional advartagesof
thelarge FPGAsize

1 Intr oduction

In architectue educationundestandingexistingarchi-
tecturesand acquiing skills to designnew architec-
turesareimportant goalsfor the studens. Typical ar
chitectue edua@tion curricdumsinclude bothlectures
andlaboratoriesto achiese the goals. Conceriing the
lectures,architectue edicationsbasedon quantitatve
apprachesare establishedusing popuar text bodks
such as one written by Henressyand Patterson[1].
However, studers canna acquie skills to designnew
architectuesfrom just lectures.Labordoriesare nec-
essaryto train studentshow to designnew architec-
tures.

For thatreasonthe processotlaborataey [2] wasin-
troducedin the Depatmentof ComputelScienceatthe
University of Tokyo. Thelaboratay startedin 199 as
a part of the computer architectue educatia curricu-
lum. In the laboratay, junior studentdesignandim-
plemen processosystemausing FPGAs. They build
entirecompuer systemsncluding processoarchitec-
ture andsoftware. The labormtory's maingoalsfor the

studerts are:

1. To precisely and concretdy learn the internd
structue andbehavior of processors

2. Toacquie asensef trade-dfs in processoarchi-
tecturedesign

3. To experiencethe trade-dfs involvedin anentire
systemincluding softwareandhardvare

The rst god is important becase being familiar
with basicprocessosstructureis important for a good
understandingof architectue technigqies. The second
goalisimportart becausaselectinganoptimal architec-
tureunderagiven condtion is themostimportanttopic
in designig compuer architecture. The third god is
importantfor undestandinghow the perfamanceof a
computersystenis affectedby eachof its variousparts.

The rst goal cannad be comgetely achieved from
just lecturesbecauseomitted structues of processors
areexplainedin typical cases.Evenwhenall the sig-
nalsin a processorare shavn, it is hard to explain
chamgesof signalswhen eachinstructio is execued.
Ontheotherhand ,whenstudentsmplementtheir own
processordn the labomatory, they can more precisely
andconcretelyundestandthe behaior of all theinter
nal signalsof processa.

In lectures, a limited part of the secondgoal is
achievedwhenthe targetsof tradeeoffs aredetailedby
the lectures. Furthernore, somepartsof the trade-df
condtions are often ignoral to simplify the prodem.
However, when the studeits designtheir own archi-
tecturesin the laboratay, they canexpeiencea wide
rance of realtradeoffs.

Thethird goalis notachievedin lecturesbhecauset
is hardto preciselymocel the trade-dfs of an entire
system.On the otherhand,whenstudes build whole
systemaf their own including softwareandhardvare,
they experiencerealtrade-dfs in respecto entiresys-
tems.Especiallythey canlearnhow to divide functions
betweerhardwareandsoftware.

Becausd-PGAsareusedin the laboratay, students
canimmediatelyruntheprocessorshey have desigred.



Therebre, studentantry mary designalternatvesto
expeliencetrade-dfs of the architectue andof theen-
tire system.

The curriculum of the processorlaboratoy was
changd in 2008, the main purposebeingto increase
therangeof architectue designtradeoffs studentcan
expetlience. Therebre, we chargedthe FPGA usedin
thelaboratoy to alargeone.

In the previous curriculum, 5K-gates FPGAswere
used. Therebre, though studentslearnt mary archi-
tecturetechnigesin lectures,mostof the techniqies
couldnotbeimplemenedin thelaboratoy becawse of
theFPGAsizelimitation. For exanple, it wasimpossi-
bleto implement technigesusedn modernprocessors
suchasFPU,cache prant predction andsuperscalar
architectue. 1M-gatesFPGAsare usedin the new
curricdum; therefae, studentsanimplement mostof
the technigqeslearntin lecturesaslong asthey have
enowh developmert power. In this paper we present
the detailsof the new processofaboratay curriculum
andthe educatimal resultsof yearfollowing theintro-
duction of the changes. Especially we focus on the
educatimal advantagsof thelarge FPGAsize.

In Section2, we explain both the previous andthe
new curricdum in the processotaboratey of our de-
partmen. Section3 shaws the educatioal resultsof
thepastyearin thelabomtory. In Sectiond, we present
relatedworks, andSection5 concludesthe paper

2 The ProcessorLaboratory Cur-
riculum

2.1 Previous Curriculum

Until 20@2, Xilinx XC400@b, a5K-gateFPGA,wasused
in the processotaboraory. Studeis weredividedinto
groypsof veor six membes. Thegoalof thelabora-
tory wasto run a ray traceron students'origind pro-
cessolystemsasfastaspossible.

Eachgroupbuilds a processorsystemboard an ex-
ampleis shawvn in Figure1l. Wrappirg wires areused
for conrecting the compments. The processorwas
implemerted on an XC4005 FPGA. Total of 256KB
SRAMs and 128KB ROMs were available to imple-
mentthe memay system. The processoboad could
communicate with workstationsvia uPD71®%1 serial
I/F. This serial I/F was usedfor scenedatainput and
imagedataoutput of theray tracerrunring on the pro-
cessorboad. The studentswere entirely respoisible
for thedesignof thearchitectue of their processarthe
memoy systemandthel/O systemontheboard

The softwaretools were also madeby the students
themseles. Eachgroup deveoped a runtime library,
a crossassemblera simulator and a crosscomgler
for the processosystem.Theruntimelibrary included
communication routines of the serial I/F and oating
point calculationprimitives.

XC4005

FPGA

Figure 1: Exampe of a processotoardusedin the
previouscurricdum

The main adwartagesof the previous curricdum
were(1) studentsould build andunderstandhe entire
systemand(2) they couldlearnwhatfunctionsshould
beimplemenedusinghardware whenhardware sizeis
limited. However, becausef theFPGAsizelimitation,
studets could notimplemen mostof the archite¢ure
techniquesthey learntin lectures.

2.2 New Curriculum

The curricdum of the processorlabomtory was
charged in 2003 the main purpose beirg to enable
studens to implement most of the architectues they
learntin the lectures,somethinghatwasnot achieed
in the previous curriculum. The main chang wasto
increasethe FPGAsize;thus,the Xilinx XC2V100, a
1M-gatesFPGAwasintroduced.

However, the charge of the FPGA meantthatbuild-
ing “a whole system”wasno longerpossible. This is
becawse dedicatedsystemboard are usedfor the lab-
oratay and studerts are not requited to wire compo-
nents. When the compmentsare wired using wrap-
ping wires, the resulting circuit cannot opeaate at
enowgh clock speedfor the new FPGA. Furthemore,
pin pitchesof modernchipsaretoo ne to bewired by
hand Therfore,we gave up makirng the studerts wire
theboadsby themseles.

The new systemboad is shovn in Figure2. The
FPGADboardincludesanXC2V1000FPGA,total 4AMB
of synchronows SRAMs,128MB PC100SDRAM, and
USBI/F. An extersionboardis usedfor implemering
additional I/O circuits by hand. In the laborataoy last
year mostgroups implemented7-se@gmentLED arrays
ontheextersionboard for dehugging.

In a contestat the end of the semesterstudents
preseh the processorghey have mack in the labora-
tory, andthe perfamancesf the processorareevalu-



Figure2: Thenew curriculum processotboad

Figure 3: Outputimageof the new ray tracer

atedusinga benchnark program. The benchnark pro-
gramis an exterded versionof the ray tracerusedin
the previous curricdum. The outpu imageof the new
raytraceris shavn in Figure3. Xilinx ISE6.1itoolsare
usedfor processomesign.Table1l shavs comparsons
betweerthe previousandnew curriculums.

previous new
FPGA | XC4005 XC2Vv1000
(5K gates) (1M gates)
memory | SRAM SSRAM
(256KB,100ns) | (4MB, 100MHz),
ROM SDRAM
(128KB,100ns) | (128MB,PC100)
I/O uPD7D51 FTDI245(USB),
etc.

Table1: Compaisonsbetweenthe previous and nev
curriculums

3 Educational Results

3.1 DesignResult

In 20@ in theprocessolaboratay, the rst yearof the
new curricdum, 6 groyps designedorocessoisystems.
Table 2 shows the resultsof eachgroup. The scoreis
theexecttion time of theraytracermeasuredh theend
of semestecontest.

As shown in Table2, all groupsimplemented oat-
ing point units, andtwo groups implementedcaches,
important for the perfamanceof moden processa.
Implementingthesetechniqueswould have beenim-
possiblein the previous curticulum. Figure 4 showvs a
block diagramof theprocessodesigredby group 1[3]
in Table2.



group | Clock | score | features
No. | (MHz) | (sec.)

1 50 35 FPU,pipeline
I-cache D-cache

2 50 45 FPU,pipeline
I-cache D-cache

3 40 178 | FPU

4 12.5 548 | FPU

5 50 641 | FPU

6 50 N/A | FPU,pipeline

Table2: Contestresultsof eachgroup
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Figure 4: Block diagramof group 1's processor

In addition 2 seniorstudentsvoluntaily designe
processorsduting the pastyear One studentimple-
menteda processowith dynamicinstructian schedi+
ing usingTomasulos algorithm The otherstudentde-
signeda 2-way chip multiprocessorarchite¢ure. Fur-
thermae, anotrer two studentsarenow voluntarily de-
signing4-way superscalaandSIMD architectues,re-
spectvely, by exterding processa they designedin
thelaboratay. Sincetheseprocessa@require mary re-
sourcesthey could not have beenimplemened using
the FPGA of the previous curriculum.

3.2 Achievementof Educational Goals

Understanding Processor Structure In both the

previousandthe new curricdums, mostof thestudents
succeedeth implemerting comgete processorsThis

resultshaws that they gainedan undestandingof the

structureof opeational processors. Therefore, both

curricdumssuccessfullyachieved this goal.

Acquiring a Senseof Architecture Trade-offs As
detailedin Table2, studentsuccessfullymplemened
FPUsand cachesunde the new curricdum. Further
the large FPGA enabledsome eagerstudentsto im-
plemen more challerging techrigues suchas Toma-
sulo's algorithm chip multiprocessorarchitectue, su-
perscalararchitectue, and SIMD architectue. None

of thesetechniquiescould have beenimplemented us-
ing the FPGA usedin the previous curticulum. There-
fore, the new curiiculum enabledstudentsto experi-
encewider rangesof tradeoffs thanin the regime of
thepreviouscurriculum.

Learning Trade-offs of Entir e System Asdescribed
in Section2, boardwiring is unnecessaryin the new

curriculum because dedicatedsystemboardis used.
Therefore,in thenew curriculum, someof thetrade-df

condtions of the processosystemare x ed whereas
in the previous curricdum, the processomoard was
fully designé andwired by students.In this respect,
thepreviouscurriculum wasbetterthanthe new one.

4 RelatedWorks

To the bestof our knowledge, the processorlabora-
tory of our departnent[2] hasinstitutedthe rst cur-

riculum in which studentdesignandimplement their
own processorasingFPGAs. Thoughtherearemary

ideasusing FPGAsfor compuer architectwe educa-
tion, mostcurriculumsfully or partially specifythear

chitectue that the studentsearn[4][5][6]. Our cur

riculum, though, allows studentghemselesto decide
the architectue they will implement. Becauseall the
necessargoftwareis alsomadeby the studets them-
seles, instruction setsand exeaution mocels are not
restricted. Therefore, studentscanexpeliencea wider
rance of designtrade-dfs thanusuallypossible.

In anideadescribedoy Gray[7], studets learnar
chitectue trade-dfs throuch modifying agiven proces-
sorto improve the perfamance . However, becausehe
baselinearctitectureis speci ed in this situation,the
range of tradeoffs is limited.

The CITY-1 framework [8] is similarto our curricu-
lum in that studers designtheir own proaessorarchi-
tecture.However, somerefererce implementationsare
presetedto induce studeis' ones.Ontheotherhand,
our curriculum encauragesstudetts to constructtheir
own architectue without any guiding model.

5 Concluding Remarks

In this pape, we preseted our degartments newly in-
troduced processorlaboratey curricdum. The labo-
ratoly is a part of students'‘compuer architectue ed-
ucation wherebyin the processofaboratoy they de-
signandimplemern theirown processorsisingFPGAs.
Studetts alsowrite the softwarenecessaryor the pro-
cessors.

The main puiposeof the curriculum chang wasto
enalbe studentgo implement mostof the archite¢ure
technquesthey learnedin lectures;thusthe increased
FPGAsize. In the new curriculum, 1M-gatesFPGAs
arenow used,compaed to the 5K-gaes FPGAsused



previously. The resultis that studentscannow expe-
rience a wide range of tradeoffs. In the laboratay,
studentsreally implementedmodern techniqies such
as cachesand FPUswhich could not have beenim-
plemened uncer the previous curiiculum. The large
FPGAsizeis certainlyusefulfor teachingarchitectue
designtradeoffs.

Themaindrawvbackin thenew curriculumis thatstu-
dentscanna designthewhole systembecasethe sys-
temboardhasbeenpre-wired. In this respectthe pre-
viouscurricdum wasbetter;thoughto improvethissit-
uation,from this year, we will have studets corstruct
seriall/O circuits.
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