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Abstract

In thispaper, wepresentthenew curriculumof thepro-
cessorlaboratory of theDepartmentof ComputerSci-
enceat the University of Tokyo. This laboratory is a
part of the computer architecture education curricu-
lum. In this laboratory, studentsdesignand imple-
ment their own processors using �eld-programmable
gatearrays(FPGAs),andwrite thenecessarysoftware.
In 2003, thecurriculumof thelaboratory waschanged,
themainchange beingthat theFPGAwaschangedto
a large oneto increasethe range of designtrade-offs.
As a result,studentshavebeenenabled to implement
thetechniquesusedin modern processorssuchasFPU,
cache, branchprediction,andsuperscalararchitecture.
In thispaper, wedetail thenew curriculumandnotethe
educational resultsof the year following the changes.
Especially, we focuson theeducational advantagesof
thelargeFPGAsize.

1 Intr oduction

In architectureeducation, understandingexistingarchi-
tecturesand acquiring skills to designnew architec-
turesareimportant goalsfor the students. Typical ar-
chitecture educationcurriculums include both lectures
andlaboratoriesto achieve the goals. Concerning the
lectures,architecture educationsbasedon quantitative
approachesare establishedusing popular text books
such as one written by Hennessyand Patterson[1].
However, students cannot acquire skills to designnew
architecturesfrom just lectures.Laboratoriesarenec-
essaryto train studentshow to designnew architec-
tures.

For thatreason,theprocessorlaboratory [2] wasin-
troducedin theDepartmentof ComputerScienceat the
University of Tokyo. Thelaboratory startedin 1992 as
a part of the computer architecture education curricu-
lum. In the laboratory, junior studentsdesignandim-
plement processorsystemsusingFPGAs. They build
entirecomputer systemsincluding processorarchitec-
tureandsoftware. The laboratory's maingoalsfor the

students are:

1. To precisely and concretely learn the internal
structure andbehavior of processors

2. To acquireasenseof trade-offs in processorarchi-
tecturedesign

3. To experiencethe trade-offs involved in anentire
systemincluding softwareandhardware

The �rst goal is important because being familiar
with basicprocessorstructureis important for a good
understandingof architecture techniques. The second
goalis important becauseselectinganoptimal architec-
tureunderagiven condition is themostimportanttopic
in designing computer architecture. The third goal is
important for understandinghow theperformanceof a
computersystemis affectedbyeachof its variousparts.

The �rst goal cannot be completely achieved from
just lecturesbecauseomitted structures of processors
areexplained in typical cases.Evenwhenall the sig-
nals in a processorare shown, it is hard to explain
changesof signalswheneachinstruction is executed.
Ontheotherhand,whenstudentsimplementtheir own
processorsin the laboratory, they can more precisely
andconcretelyunderstandthebehavior of all theinter-
nal signalsof processors.

In lectures, a limited part of the secondgoal is
achievedwhenthe targetsof trade-offs aredetailedby
the lectures.Furthermore, somepartsof the trade-off
conditions areoften ignored to simplify the problem.
However, when the students designtheir own archi-
tecturesin the laboratory, they canexperiencea wide
range of realtrade-offs.

Thethird goal is not achieved in lecturesbecauseit
is hard to preciselymodel the trade-offs of an entire
system.On theotherhand,whenstudents build whole
systemsof their own includingsoftwareandhardware,
they experiencereal trade-offs in respectto entiresys-
tems.Especially, they canlearnhow to dividefunctions
betweenhardwareandsoftware.

BecauseFPGAsareusedin the laboratory, students
canimmediatelyruntheprocessorsthey havedesigned.



Therefore,studentscantry many designalternativesto
experiencetrade-offs of thearchitecture andof theen-
tire system.

The curriculum of the processor laboratory was
changed in 2003, the main purposebeing to increase
therangeof architecture designtrade-offs studentscan
experience. Therefore,we changedtheFPGAusedin
thelaboratory to a largeone.

In the previous curriculum, 5K-gates FPGAswere
used. Therefore, though studentslearnt many archi-
tecturetechniques in lectures,mostof the techniques
couldnot beimplementedin thelaboratory becauseof
theFPGAsizelimitation. For example, it wasimpossi-
bleto implement techniquesusedin modernprocessors
suchasFPU,cache,branch prediction andsuperscalar
architecture. 1M-gatesFPGAs are usedin the new
curriculum; therefore, studentscanimplementmostof
the techniques learnt in lecturesas long as they have
enough development power. In this paper, we present
thedetailsof thenew processorlaboratory curriculum
andtheeducational resultsof yearfollowing theintro-
duction of the changes. Especially, we focus on the
educationaladvantagesof thelargeFPGAsize.

In Section2, we explain both the previous andthe
new curriculum in theprocessorlaboratory of our de-
partment. Section3 shows the educational resultsof
thepastyearin thelaboratory. In Section4, wepresent
relatedworks,andSection5 concludesthepaper.

2 The ProcessorLaboratory Cur-
riculu m

2.1 Previous Curriculum

Until 2002,Xilinx XC4005,a5K-gateFPGA,wasused
in theprocessorlaboratory. Students weredividedinto
groupsof � ve or six members. Thegoalof thelabora-
tory wasto run a ray traceron students'original pro-
cessorsystemsasfastaspossible.

Eachgroupbuilds a processorsystemboard, anex-
ampleis shown in Figure1. Wrapping wiresareused
for connecting the components. The processorwas
implemented on an XC4005 FPGA. Total of 256KB
SRAMs and 128KB ROMs were available to imple-
mentthe memory system.The processorboard could
communicatewith workstationsvia uPD71051 serial
I/F. This serial I/F wasusedfor scenedatainput and
imagedataoutput of theray tracerrunning on thepro-
cessorboard. The studentswere entirely responsible
for thedesignof thearchitectureof theirprocessor, the
memory system,andtheI/O systemon theboard.

The softwaretools werealsomadeby the students
themselves. Eachgroup developed a runtime library,
a crossassembler, a simulator, and a crosscompiler
for theprocessorsystem.Theruntimelibrary included
communication routines of the serial I/F and �oating
pointcalculationprimitives.

Figure 1: Example of a processorboardusedin the
previouscurriculum

The main advantagesof the previous curriculum
were(1) studentscouldbuild andunderstandtheentire
system,and(2) they couldlearnwhatfunctionsshould
beimplementedusinghardware whenhardware sizeis
limited. However, becauseof theFPGAsizelimitation,
students couldnot implement mostof thearchitecture
techniquesthey learntin lectures.

2.2 NewCurriculum

The curriculum of the processor laboratory was
changed in 2003; the main purpose being to enable
students to implement most of the architectures they
learntin the lectures,somethingthatwasnot achieved
in the previous curriculum. The main change was to
increasetheFPGAsize;thus,theXilinx XC2V1000, a
1M-gatesFPGAwasintroduced.

However, thechangeof theFPGAmeantthatbuild-
ing “a whole system”wasno longerpossible.This is
becausededicatedsystemboards areusedfor the lab-
oratory andstudents arenot required to wire compo-
nents. When the componentsare wired using wrap-
ping wires, the resulting circuit cannot operate at
enough clock speedfor the new FPGA. Furthermore,
pin pitchesof modernchipsaretoo �ne to bewired by
hand. Therefore,we gave up making thestudents wire
theboardsby themselves.

The new systemboard is shown in Figure 2. The
FPGAboardincludesanXC2V1000FPGA,total4MB
of synchronousSRAMs,128MB PC100SDRAM, and
USB I/F. An extensionboardis usedfor implementing
additional I/O circuits by hand. In the laboratory last
year, mostgroups implemented7-segmentLED arrays
on theextensionboards for debugging.

In a contestat the end of the semester, students
present the processorsthey have made in the labora-
tory, andtheperformancesof theprocessorsareevalu-



Figure2: Thenew curriculum processorboard

Figure 3: Outputimageof thenew ray tracer

atedusinga benchmark program.Thebenchmark pro-
gramis an extendedversionof the ray tracerusedin
thepreviouscurriculum. Theoutput imageof thenew
raytraceris shown in Figure3. Xilinx ISE6.1itoolsare
usedfor processordesign.Table1 shows comparisons
betweenthepreviousandnew curriculums.

previous new
FPGA XC4005 XC2V1000

(5K gates) (1M gates)
memory SRAM SSRAM

(256KB,100ns), (4MB, 100MHz),
ROM SDRAM
(128KB,100ns) (128MB,PC100)

I/O uPD71051 FTDI245(USB),
etc.

Table1: Comparisonsbetweenthe previous andnew
curriculums

3 Educational Results

3.1 DesignResult

In 2003 in theprocessorlaboratory, the�rst yearof the
new curriculum, 6 groupsdesignedprocessorsystems.
Table2 shows the resultsof eachgroup. The scoreis
theexecution timeof theraytracermeasuredin theend
of semestercontest.

As shown in Table2, all groupsimplemented�oat-
ing point units, and two groups implementedcaches,
important for the performanceof modern processors.
Implementingthesetechniqueswould have beenim-
possiblein thepreviouscurriculum. Figure 4 shows a
blockdiagramof theprocessordesignedby 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'sprocessor

In addition, 2 seniorstudentsvoluntarily designed
processorsduring the pastyear. One studentimple-
menteda processorwith dynamic instruction schedul-
ing usingTomasulo's algorithm. Theotherstudentde-
signeda 2-way chip multiprocessorarchitecture. Fur-
thermore,another two studentsarenow voluntarily de-
signing4-waysuperscalar, andSIMD architectures,re-
spectively, by extending processors they designedin
thelaboratory. Sincetheseprocessors require many re-
sources,they could not have beenimplemented using
theFPGAof thepreviouscurriculum.

3.2 Achievementof Educational Goals

Understanding Processor Structur e In both the
previousandthenew curriculums,mostof thestudents
succeededin implementing completeprocessors.This
resultshows that they gainedan understandingof the
structureof operational processors. Therefore, both
curriculumssuccessfullyachieved this goal.

Acquiring a Senseof Ar chitecture Trade-offs As
detailedin Table2, studentssuccessfullyimplemented
FPUsandcachesunder the new curriculum. Further,
the large FPGA enabledsomeeagerstudentsto im-
plement more challenging techniquessuchas Toma-
sulo's algorithm, chip multiprocessorarchitecture, su-
perscalararchitecture, and SIMD architecture. None

of thesetechniquescould have beenimplementedus-
ing theFPGAusedin thepreviouscurriculum. There-
fore, the new curriculum enabledstudentsto experi-
encewider rangesof trade-offs than in the regime of
thepreviouscurriculum.

Learning Trade-offsof Entir eSystem As described
in Section2, boardwiring is unnecessaryin the new
curriculum becausea dedicatedsystemboardis used.
Therefore,in thenew curriculum,someof thetrade-off
conditions of the processorsystemare�x ed; whereas
in the previous curriculum, the processorboardwas
fully designed andwired by students.In this respect,
thepreviouscurriculum wasbetterthanthenew one.

4 RelatedWorks

To the bestof our knowledge, the processorlabora-
tory of our department [2] hasinstitutedthe �rst cur-
riculum in which studentsdesignandimplement their
own processorsusingFPGAs.Thoughtherearemany
ideasusing FPGAsfor computer architecture educa-
tion, mostcurriculumsfully or partially specifythear-
chitecture that the studentslearn [4][5][6]. Our cur-
riculum, though, allows studentsthemselvesto decide
the architecture they will implement. Becauseall the
necessarysoftwareis alsomadeby thestudents them-
selves, instructionsetsand execution models are not
restricted.Therefore,studentscanexperiencea wider
range of designtrade-offs thanusuallypossible.

In an ideadescribedby Gray [7], students learnar-
chitecturetrade-offs through modifying agiven proces-
sorto improve theperformance.However, becausethe
baselinearchitectureis speci�ed in this situation,the
range of trade-offs is limited.

TheCITY-1 framework [8] is similar to our curricu-
lum in that students designtheir own processorarchi-
tecture.However, somereferenceimplementationsare
presentedto induce students' ones.On theotherhand,
our curriculum encouragesstudents to constructtheir
own architecture withoutany guiding model.

5 Concluding Remarks

In this paper, we presentedour department's newly in-
troducedprocessorlaboratory curriculum. The labo-
ratory is a part of students'computer architecture ed-
ucation; wherebyin the processorlaboratory they de-
signandimplement theirown processorsusingFPGAs.
Students alsowrite thesoftwarenecessaryfor thepro-
cessors.

The main purposeof the curriculum change wasto
enable studentsto implement mostof the architecture
techniquesthey learnedin lectures;thusthe increased
FPGA size. In the new curriculum, 1M-gatesFPGAs
arenow used,compared to the 5K-gatesFPGAsused



previously. The result is that studentscannow expe-
riencea wide range of trade-offs. In the laboratory,
studentsreally implementedmodern techniquessuch
as cachesand FPUswhich could not have beenim-
plemented under the previous curriculum. The large
FPGAsizeis certainlyusefulfor teachingarchitecture
designtrade-offs.

Themaindrawbackin thenew curriculumis thatstu-
dentscannot designthewholesystembecausethesys-
temboardhasbeenpre-wired. In this respect,thepre-
viouscurriculum wasbetter;thoughto improvethissit-
uation,from this year, we will have students construct
serialI/O circuits.
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