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Abstract

Teading computersystemsjncluding computerar-
chitecture, assemblyanguage programmingand operat-
ing systemémplementationis a challengingoccupation.
AttheUniversity of Waikatowerequire all computersci-
enceand information systemsstudentsstudythis mate-
rial at secondyear Thechallengesof teading dif cult
material to a wide range of studentshavedriven us to

nd waysof makingthe material more accessible The

cornerstoneof our strategy for deliveringthis material
is the designand implementatiorof a customCPU that
meetsthe needsof teadhing. In addition to the custom
CPU we have developedsereral simulatos that allow
speci ctopicsto bestudiedin detail.

This paperdescribesour motivationfor devioping a
customCPU and supportingtools. We presentour CPU
andtheteading board and describetheimplementation
of the CPU in an FPGA. The simulatoss that that have
beendevelopedo supportthe teacing of the courseare
thendescribed.

Thepaperconcludeswith a descriptionof the current
statusof the project.

1 Intr oduction

Teachingcomputersystemsis a challengingbut vi-
tal part of the computersciencecurriculum. In 1997
the Departmentof ComputerScienceat the University
of Waikatodecidedhatcomputersystemavasimportant
to all computerscienceandinformationsciencestudents
and madeits computersystemscoursecompulsoryfor
all secondyear students. Like most computersystems
coursedMaikato's usesassemblyfanguaggrogramming
asa vehicleto understandinghe inter-relationshipsand
interactionsbetweerthe differentcomponent®f acom-
puter system. The brief of the courseis quite differ-

entto anintroductorycomputerarchitectureourse gven
thoughit containsmary of the samecomponents.The
differencelies in the audienceand motivation. Our
courseis intendedto be usefulto all computerprofes-
sionals,not just thosewho specialiseén computerarchi-
tecture. Our useof assemblylanguageprogrammings
anexampleof theimpactof this difference.Very few of
the studentswill continueto programin assemblylan-
guageafterthe course however, we believe thatit is im-
portantthatthey have anunderstanding@f computerop-
eration at this level of abstraction. While we want to
teacha coherentand realistic architecturewe have no
fundamentalinterestin detailssuchas delay slots, ad-
dressingnodesandword alignments.Theseareimpor-
tant topicsfor a specialist,but do not signi cantly add
to the understandingf the operationof a computersys-
temasawhole,whichis the goal of our course.Assem-
bly languages essentiato this goal but mary students
nd assemblylanguageprogrammingdif cult and this
detractdrom the mainthrustof the coursewhichis not
to teachassemblyanguagepersay

We wish to focuson therole of the machineandthe
interactionsbetweenhe hardware and software compo-
nentsincluding compilers, libraries and the operating
system,ratherthan spendinga lot of time describinga
partticularmanufcturesperformanceorientedfeatures.
This hasled usto developour own instructionsetarchi-
tecturecalledWRAMP. As describedaterthecoursehas
a practicalcomponent;practicalexercisesreinforcethe
contentof the lecture material. To supportthe practi-
cal componenbf the courseusingthe WRAMP instruc-
tion sethasrequiredthe developmentof a platformto
allow studentsto assembleand executeWRAMP pro-
grams. The two choicesconsideredwvere the develop-
menta WRAMP simulatoror a customhardware plat-
form.

Using a simulatoris easierand cheapethowever we
believethatthelack of realhardwaredistortsthelearning



ervironmentby addinganextra, unnecessarabstraction
whenmary studentsarestrugglingto cometo gripswith
theessentiatontentof thecourse A simulatorit is itself
aprogramrunningon acomputer This makesit dif cult
for studentgo readilyidentify thetargetsystemandthey
tendto confusethe role of componentf the system.
Whenthis happenghereis arisk thatstudentawill focus
onthemostohviousdifferencebetweerpracticalworkin
this areaand others:the programminganguage.When
realhardwareis used,the realfocusis morelikely to be
onthetargetsystem.

For this reasonwe believe that studentshouldhave
the bene t of real hardwarewhenthey rst learningas-
semblylanguaggrogrammingUntil recentlythiswould
have excludedacustomCPUdesignhoweverit hasbeen
madepossibleby advancesn recon gurablelogic. We
have usedFPGA technologyto develop a single board
computer(called REX) with with our own customde-
signedCPUandIO devices.

Once the studentshave developeda clear mental
model of the componentof a computersystem,simu-
lation canbe usedto enhanceheir understandin@f the
morecomplex topicsin the course.To this endwe have
developedsimulatorsfor usein the course two of which
arepresentedhere. The rst of thesecalledRTLsim, is
usedto simulatea simple non-pipelinedMIPS proces-
sorto demonstratéow instructionscanbe fetchedfrom
memoryand executed. The secondof the simulatorsis
a multi-taskingsimulatorthat introducesstudentgo the
ideasbehindtaskswappingin a multitaskingkernel.

Thenext sectiongivesanoutlineof ourcomputersys-
temscourse . Section3 thendescribesin moredetail,the
motivationfor developinga processoendboardto sup-
port the teachingthis course.Sections4 and5 describe
thedesignof the CPUandboard.Section6 thendescribe
the simulatorsthat that are usedin the coursefollowed
by Section7 whichbrie y describesheexercisecarried
outby studentnthecourse.

A brief descriptionis thengivenof how we intendto
usetheboardin thethird andfourth yearcomputerarchi-
tecturecourses.

2 CourseOutline

When the Departmentdecidedto make the second
year computersystemscoursecompulsory its curricu-
lum committeeestablishe@ setof key topicsthatshould
be coveredby the course. Theseincluded: datarepre-
sentationmachinearchitecturgincludingassemblyan-
guageprogramming)memoryandlO, operatingsystems
anddatacommunications.

Figure 1 shaws the order of the topicsthat make up
the courseandthe relative levels of abstractionusedto
describethem. The main contentof the coursecan be

brokeninto two parts.The rst partillustrateswhathap-
pensto ahigh level programwhenit is compiledandex-
ecutedon a computersystem.This senestwo purposes.
First,it demonstratesomeof themajorissueswvhich de-
terminethe performancenf a computersystem.Second,
it shaws the likely consequencesf writing a particular
constructin a high level programmindanguagen terms
of speedandsizeof the codegenerated.

The aim of the secondpart of the courseis to pro-
duceanunderstandingf operatingsystenprinciplesand
componentstheir role in supportingthe user andin the
execution of programswritten in high level languages
suchasC (the startingpoint of the course).Thefocusis
onachieving anunderstandingvith theoperatingsystem
andthe implicationsof hardware and software choices,
ratherthananability to write anew one.

Thereis a strongthemeof interactionsandrelation-
shipsbetweerthe component®f acomputersystem.To
supportthis we basethe whole coursearounda single
processorarchitectureso that the studentscould more
easilyseethe way the individual component®f the sys-
tem contributeto the completecomputersystem.

3 Background

Becausehe goal of the courseis to explain the role
andinteractionof thecomponent®f a computersystem,
notto teachassemblyanguaggrogrammingor its own
sale, therearetwo mainrequirementgor a architecture:

1. asimple,easyto learninstructionset

2. anarchitecturghatcaneasilydemonstrat¢herela-
tionshipbetweerhigh andlow level languagesand
userandkernelspace.

Thesegoalsare at oddswith most modernCPU ar-
chitecturesvhich have beenoptimisedto maximiseper
formanceandnotsimplicity. To helpachieve highperfor
mancemodernCPUscontainmary performanc®riented
techniquesincluding the use of reorderhbuffers, regis-
ter renamingandresenationstations[¢. Becausef the
compleity of thesearchitecturest wouldnotbepossible
to fully describehe structureandfunctionality of oneof
themin anintroductorycourse.

While most architecturesare optimisedfor perfor
mancesome(suchasthe 8-bit processorse.g. the Mo-
torolaHC11) aredesignedo be very cheapandsimple.
However, this very simplicity oftenraiseshe complexity
requiredto programthe CPU. For example,performing
16-bitindexed addressaccesn an 8-bit processothat
only hasan8-bit ALU requiresa seriesof instructionsto
supportthe 16 bit additionratherthanthe singleinstruc-
tion availableon largerword sizedmachine.Becausef
theway CPUsdevelopedthroughthe late '80s andearly
'90s, processorsvith a large enoughword sizeto make
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Figure 1. Topics Covered in the Course

thoseaspect®of programmingeasyhave othercomplex-
ities, suchasmary addressingnodes thatarenot avail-
ableacrossall instructionsor complex interruptprocess-
ing. Although mary modernCPUsaresimpler because
of thein uence of the RISC philosophythey have other
disadantagesincluding branchandload delaysas de-
scribedbelow.

In the past,we have usedthe MIPS R3000family asa
compromisebetweenthe needsof our courseandavail-
ableCPUdesignd4]. TheMIPS CPUshave arelatively
simple programmers abstraction.The teachingprocess
is alsosupportedy a numberof very populartext books
including thosewritten by Hennessg and Patterson[3]
[2] and Goodmanand Millar [1]. For this reasonour
computerisystemgoursehasbeenbasedaroundthis pro-
cessoffor the last six years. While we have found this
processoreasonablywell suitedto our needswe have
identi ed a numberof aspectsof the architecturethat
mary studentsnd dif cult to understané@ndwhich are
not centralto ourteachinggoals.Theseinclude:

thepresencef load delayslotswhich meanthatthe
instructiondirectly after a load instruction cannot
usetheresultof theloadasit isn't availableyet.

the presencef branc delayslotswhich meanthat
theinstructiondirectly after a branchinstructionis
alwaysexecutedregardlesof whetherthe branchis
takenor not.

the useof anintelligent assemblemhich is capa-
ble of reorderingnstructionsandbreakingsomeas-
semblerinstructionsin two so thatthey canall be
encodedisingasingle 32-bitword.

the requirementhat all memoryaccesseso word
valuesare word aligned

theparametempassingconventionghataredesigned

to minimisethe numberof stackmanipulationsn a
MIPS program.

While we do not believe that the compleities de-
scribedabore areinsurmountablethey do detractfrom
the goal of the course thatis to give a completecover-
ageof thecomputersystemsareaatanintroductorylevel
without being distractedby the complexities associated
with describinga particularmanufcturersquirks. This
is in keepingwith theintroductorylevel andbroadaudi-
encethatthis courseis intendedfor. Othercoursesatthe
University areintendedfor studentsvho will specialise
in computerarchitectureandthesedo cover commercial
architecturesincludingexposureio mary of theseassues.

We have beenunableto nd a suitablecommercial
CPUarchitectureo supportheteachingof ourcomputer
systemgoursesowe developedour own.

Beforediscussinghearchitecturef theCPUwe have
designedwe considerthe questionof whetherto usea
real CPU or a simulator Most courseghatteachcom-
puter architectureor assemblylanguageteachingmalke
useof CPU simulators.Using a simulatedsystemoffers
two main advantages.Firstly, it is possibleto develop
a simulatorfor any CPU. This allows a CPU thatis tai-
loredto the goalsof the courseto be usedratherthanbe-
ing limited to thosethatareavailablecommercially The
secondadwantageof usinga simulatoris that simulators
normally offer betterdehuggingfacilities andvisualisa-
tions of a program. Thesecanbe usedto helpreinforce
importantconcepts.

As notedin Sectionl, using a simulatoralso intro-
ducesdif culties for students.lt is morelikely that stu-
dentswill confusethe boundriesbetweenthe hostsys-
tem andthe simulatedsystem.Our experiencesuggests
thereis atendenyg for studentgo focuson the program-
minglanguagevhenacoursantroducesanew language,
ratherthanconceptuamaterialin the course.The useof
real hardware malkesthe distinctionsbetweenthe target



systemand the developmenttools concrete. The work
presentedh this papefargelyremovesthedisadwantages
of usingareal CPUandenablesoth a simplerworking
modelanda CPUdesignedo meettheneedsf teaching.
Thisincludesgooddehuggingfacilitessuchastheability
to singlestepandobsene registerandmemoryvaluesas
thesystemexecutes.

4 Processomesign

In designingthe processora greatdeal of carehas
beentaken to keepthe designas simple andregular as
possiblewhile still beingablesupporthecompleterange
of practicalexperiencesve wish the studentso be ex-
posedto. Theseexperiencesstart with the writing of
simpleassemblylanguageprogramsandbuild up to the
developmenbf avery simplemulti-taskingkernel.

The resultingCPU designusesa 32 bit word, andis
basedarounda registerregister load-storearchitecture,
very similarto the MIPS andDLX [5] processorsMost
computationalnstructionshave a threeoperandformat,
wherethetargetand rst sourcearegenerapurposeeg-
isters,andthe secondsourceis eitheraregisteror anim-
mediatevalue.Regularity of theinstructionsetwasakey
factorin maintainingthe simplicity. Immediate a vours
of all computationalnstructionsareprovided,aswell as
unsignedversionsof all arithmeticinstructions.

Carewastaken to keepthe correspondencbetween
assemblylanguageinstructionsand actual machinein-
structionsasa one-to-oneelationship.To this endama-
jor featureof this CPU is the reductionof the address
width to 20 bits, andthe numberof registersto 16. This
allows anaddressalongwith two registeridenti ers and
anopcodeto t into asingleinstructionword, removing
the needfor assembletranslationwhena programlabel
is referenced.

The othermain differencefrom MIPS andDLX are
the removal of the branchandload delayslots, andthe
factthatthe CPU s 32 bit word addressableatherthan
byteaddressablevlaking the machineword addressable
only, greatlysimpli es the operationof the CPU,andal-
lows usto presenstudentsvith aneasilyunderstandable
model of it. Anotheradwantageof a word addressable
machineis thatit removesthe possibility of word access
alignmentproblemswhich new studentsfrequentlyen-
counteronabyteaddressablenachine.

The CPU only supportsthreeinstructionformatsas
shavn in Figure2. It canalsobe seenfrom this gure
thattheinstructionshave beenencodedo allow for easy
manualdisassemblyrom a hexadecimalnumber with
all elds alignedon 4 bit boundaries.

While the CPU hasbeenmadeas simpleas possible
for thetaskswe requireit doesincludeexternalandsoft-
wareinterruptsandhassupervisorand usermodeswith
protection. Thesemechanismsre accessedhrougha

I-Type instruction

| OPcode | Ry | Rs | Func | Immediate

R-Typeinstruction
| OPcode | Ry | Rs | Func | oooooooooooo | R |

J-Type instruction
| OPcode | Ry | Rs |

Address |

OPCode 4 hit operationcode

Rg 4 bit destinatiorregisterspeci er
Rg 4 hit sourceregisterspeci er

Rt 4 bit sourceregisterspeci er
Func 4 bit functionspeci er
Immediate 16 bit immediate eld

Address 20 bit addresseld

Figure 2. Instruction encoding formats
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Figure 3. Processor Block Diagram

specialregister le, similarto the MIPS' coprocessao®.
This meanghattheseconceptsieednotbediscussedor
studentgto begin programmingin assemblerand when
desiredthey canbeintroducedby describingthe special
register le, andthetwo instructionsneededo accessts
contents.

Thedata-patiof theprocessois basedaroundathree-
busstructurg(asshavnin Figure3) andinstructionsake
multiple clock cyclesto execute. As canbe seenfrom
Figure 3 the CPU's data-pathis very simple makingit
possibleto completelyexplain the operationof the data-
pathto secondyearstudents.In particularit is possible
to explainin detailhow machinecodeinstructionsstored
in memorycanbefetched decodedandexecutedon the
data-path.

TheCPUhasbeenrepresentedh VHDL sothatit can
be targetedto a recon gurablelogic device. The CPU
designwhen synthesisedonsumes large portion of a
200thousandyateXilinx Spartarll FPGAdevice.
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Figure 4. The Teaching Kit

5 Board Design

Figure4 shavstheREX boarddesignedo supporthe
CPU describedn the previous section. As canbe seen
from thepicturewe have beencarefulto layouttheboard
so that the main componentghat make up a computer
systencanbeclearlyidenti ed. Themaindata-pathshat
connecthesecomponentsirealsovisible on theboard.

Recon gurablelogic is usedwherever possibleonthe
boardto allow it to be as e xible aspossible. In addi-
tion to making the designof our own CPU and IO de-
vicespossible this allows the architectureof thesecom-
ponentghatstudentsare presentedvith to be ne tuned
asthe coursedevelops.As explainedlater, it alsoallows
theboardto be usedfor multiple teachingfunctions,in-
cludingFPGAandCPUdesign.

While it would have beenpossibleto placemostor
all of the recon gurabledesignsinto a single chip the
decisionwasmadeto usea separatehip for eachlO de-
vice andthe CPU, makingit possiblefor the studentdo
physically identify eachof thesedevices on the board.
The choiceto usemultiple RAM andROM chipsto pro-
vide the 32 bits of dataratherthanemploying multiple
accessefo a singlechip wasalso madewith the inten-
tion of clarifying the operationfor the students. Effort
wasmade,however to keepthe numberof non-essential
supportcomponent$o a minimum.

The boardsare intendedto be connectedo a work-
stationwherestudentanwrite andassemblgrograms,

which canthenbeloadedandrun ontheboard.Because
we wantedto build a laboratoryfor a large classit was
importantto make recon gurationeasy In particularwe
designedhe boardto supportremoterecon gurationof
all programmabledevices andthe storedbootstrappro-
gramcode.Scriptshave beendevelopedhatenableall of
the REX boardsin alaboratoryervironmentto be com-
pletely recon guredfrom a single command. Costhas
alsobeenkeptto areasonabléevel.

Althoughtherearea numberof featuresthat support
teaching,onethathada large impacton both the board
andCPUdesignis supportfor cycle-by-g/cle steppingof
the processomwith an LCD displayto indicatebus con-
tents,andLEDsto show device selectiorandexceptions.
We believe this featurewill be a majorassefor students
strugglingwith the mary new abstractionsndconcepts
presentedby thecourse.

6 Simulators

In the coursewe usea numberof simulatorsto re-
inforce someof the more complex conceptualmaterial.
The rst simulator(RTLsim) hasbeendevelopedto rein-
forcetheideasassociatedavith the executionof machine
codeinstructionson a data-pathThesecondsimulatoris
a multi-taskingsimulatorthat introducesstudentgo the
ideasbehindtaskswappingin a multitaskingkernel.
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Figure 5. Screendump showing RTLsim in operation
6.1 RTLsim tive in the currentcontrolstep.For exampleconsidelthe

In the rst partof thecoursethestudentdearnthere-
lationshipshetweera programwrittenin ahighlevel lan-
guagesuchas“C” anditsrepresentatiom assembleand
machinecode. Following on from this we show the stu-
dentshow a machinecodeinstructionscan be executed
onasimpleprocessodata-pathln previousyearsasim-
ulator calledRTLsim which simulateghe data-pathof a
simplenon-pipelinedVIPS like processohasbheenused
to supportthe teachingof this componenbf the course.
Currentlywe arein the proces®f developinga WRAMP
versionof thesimulator Therestof thissectiondescribes
the MIPS versionof RTLsim.

RTLsim is written in C for a UNIX systemrunning
X-windows. Whenthe simulatoris runthe studenfuser)
actsasthe controlunit for the datapathby selectingthe
controlsignalsthatwill beactivein eachcontrolstep.

Figure 5 shows the main window for the simulator
that comprisesf two main componentsa visual repre-
sentationof the data-pathanda control signalswindow.
The data-pathis madeup of a 32-registerregister le,
ALU, Memoryinterfaceanda numberof otherregisters
to storevaluessuchasthe programcounterandthe cur-
rentinstructionbeingexecuted.Threeinternalbusesare
usedto connectto connectthesecomponentdogether
This combinationof componentsand busesis sufcient
to fetchandexecutemostof theinstructionsn the MIPS
R3000instructionset. The control signalssectionof at
theleft handendthe mainwindow is usedby the student
to setthevaluesof controlsignalsthataregoingto beac-

executionof the MIPS instructionadd $3, $4, $5

thataddsthe contentof register4 to register5 andstore
the resultinto register3. Assumingthe instructionhas
beenfetchedinto the instructionregister during earlier
control stepsthenthe settingsshavn in the controlssig-
nalswindow of 5 would causethe necessaractionsto
occurto executethis instruction. As the studentsetsthe
control signalsfor a control stepthey are given visual
feedbackon the data-pathof what will occurwhenthe
control stepis executed. For exampleif the PCoutsig-
nal is selectedthe coloursof the PC registerandthe B
Buswould changeto shaw thatthe PCregisteris going
to outputa value onto the Bbus. If two componentgry

to outputto the samebusat the sametime the buswould
turnredto indicateanillegal operation.

From the main window, other windows may be
openedhatshow the contentsof memoryandthe regis-
ter le. In thecaseof the memorywindow it is possibly
to preloadmemoryimagefrom an le in s-recordformat
beforestartinga simulation. Thisis thesamele format
usedto uploadprogramdo theMIPSboard.Thisenables
the studentdo uploadandexecutethe sameprogramon
botha MIPS boardandRTLsim, allowing theexecutions
to becompared.

Thesimulatorcanalsorecordatraceof theoperations
thatareperformedn eachcontrolstep.Thistracecanbe
usedby thestudento playbacktheoperationsn thesim-
ulatoror usedasinputto anautomateanarkingsystem.

Before RTLsim wasintroducedto the coursethe stu-
dentswheregivenapaperbasedxercisewherethey had



Figure 6. Multi-tasking simulator

to de ne the sequencef control stepsnecessaryo ex-

ecutea setof MIPS instructionsthey weregiven. If the
studentshad not graspedthe main conceptsthey com-
pletedthe entireexerciseincorrectlyandwerenot given
ary feedbackuntil theassignmentsveremarkedandre-

turnedto them several weekslater However with the
introductionof RTLsim the studentsare given immedi-
atefeedbaclat severallevels. Firstly asthe studentsset
the control signalsthey aregivenvisualfeedbackon the
data-pathOncethey believe they havethenecessargig-
nalsto executethe control stepthey cantry it and ob-
sene the outcomein the registersand memory If the
outcomeis incorrectthe simulatorprovidesundoopera-
tionssothey cantry again.Lastly, anautomateanarking
systemis used.If the exerciseis notcompletedcorrectly
themarkingsystengeneratea setof commentghattells
thestudentsvherethey wentwrongsothey cantry again.

6.2 The Multi-tasking Simulator

Oneof theassignmentsindertalen by studentsn the
secondyearcourseusingthe boardsis the development
of a very simple multi-taskingkernel. The kerneldoes
notincludememorymanagementaskcreationor termi-
nationbut it doessharethe CPUbetweerthreetasks,in-
cludingthe saving andrestoringof stateandchangingof
stackshbetweerntasks. The tasksaredesignedo usedif-
ferentpartsof the hardware. Onereadsthe switchesand
writes the value readto the seven segmentdisplay an-
otherreadscharacterdrom the secondanterminal and
writes the uppercaseraluesto the terminal. The third
taskdisplaysthetime ontheprimaryserialport. Students
have alreadywritten thesetasksin a singletaskernviron-
ment,in earlierassignments.

Although the multi-tasking kernel does not require

very mary linesof code thereareconceptuaandcoding
barriersto its implementation.We addresgheseissues
in classedut have foundit usefulto re-enforceheideas
usinga multi-taskingsimulator beforestudentsattempt
their own implementation.The simulatoris writtenin C

for X-windowsandcreatesa numberof windows. An ex-

ampleof thewindowsis shavnin gure 6. Eachtaskhas
two windows associatedvith it, the rst is the stackand
the seconds the saved stateof the task(its procesde-
scriptor). An examplefor onetaskis shawvn in the right

mosttwo windows in gure 6. Whenthe studentsuse
the simulatortherearethreetasks;two have beenomit-

ted hereto save space.Thelink  eld is usedto form a
linked list of taskswaiting for the CPU or waiting on a
semaphoréor anevent.

Moving to the left in gure 6 the middle window
shaws the CPU registers. The simulatedmachinehas
only two generalpurposeregisters, a stack pointer, a
programcounter a statusregisterand a saved program
counterwhich shows the value of the programcounter
asit wasat the lastinterrupt. The statusregisteris di-
vided into the interrupt status(masled or enabled)the
interrupt statusbeforethe last interrupt(software inter-
ruptsaretaken evenif interruptsare masled), the type
of interrupt(e.g.timerinterrupt)andwhetherthereis an
interruptpending(wheninterruptsaredisabled).

The window secondto the left shavs the valuesof
somesharedmemoryvariables.Theseincludethe head
of the CPU wait queue the numberof interruptsleft in
this time slice, the job currentlyusingthe CPU the out-
put of two of the tasks(answer andtwo _sum), and
semaphoreshat hold task 3 until thesetwo tasksare
completed.

The left handwindow, which givesa traceof thein-



structionsthat have beenexecuted. The simulatorexe-
cutespseudo-codevhich hasbeendesignedo be close
enoughto WRAMP assemblyodethatit is easytoimag-
ine the assemblycode that matchesa pseudo-codén-

struction, but without someof the confusingdetail of

assemblycode. The numberat the left of the log win-

dow indicatesthe sequencenumberof the instructions
that have beenexecuted. The letter/numbercode next

to the sequenceumberis the addresof theinstruction.
The letterin the addressndicateswhat part of the code
(A =taskA, F= rst levelinterrupthandlerW = wait, S

= signal,etc.) theinstructionbelonggo.

As eachstepof the simulationis executedthe values
that changeare hilighted in red in the appropriatewin-
dow. Studentsareableto changethe valuesat ary time
to alterthe courseof the simulation. The assignmenén-
courageshemto dothis,includingalteringthetime-slice
length.

Readersnterestedn obtainingthe simulatorshould
contacttheauthorattonym@cs.waikato.ac.nz

7 Assignments

The assignmentshat make up the practicalcompo-
nentof the courseare shavn in Table7. Of particular
note is the implementationof a multitaskingkernel by
the students.Giventhat moststudentsare not computer
technologystudentsandthatmostsuccessfullicomplete
this exercisewe belief this is a major indication of the
succes®f thecourse.

Z
o
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Name

Introductionto Unix
DataRepresentation
Introductionto REX

C andWRAMP assembly
RTL DesignExercise
ParallelandSeriallO
Interrupts
MultitaskingKernelSimulator
MultitaskingKernelCoding
Error Detection

[

Table 1. Assignments

8 Useofthe Board by 3rd and 4th year Stu-
dents

We arecurrentlyteachingstudentsn athird yearcom-
puterarchitecturecourseaboutdesignusingVHDL. By
the end of the coursethe studentswill be able to de-
sign the main componentALU, registers, nite state
machinesgtc) that make up a CPU. In future yearswe
planto usethe REX boardsto supportthe teachingof
thiscourse.

In our fourth yearcomputerarchitecturecourse,stu-
dentsdesignand implementtheir own CPU. Last year
the studentsuseda prototypeversionof the REX board
to implementtheir CPUs. With the introductionof the
new boardandthe experiencegainedusingthe boardin
thesecondandthird yearcourseswe hopeto extendthe
compleity of the projectundertalenin this course.

9 Conclusions

This paperdescribedhe rangeof hardwareandsoft-
waretoolsthathave beendevelopedto supportheteach-
ing of the introductoryComputerSystemscourseat the
University of Waikato.

Thereis muchmeritin the designof customCPUand
IO devicesfor teachingpurposesCurrentrecon gurable
hardwaredeviceshave madeit possibleto build a single
boardcomputeywith a customCPU andIO devices,to
supportthe teachingof computersystemscourses.Us-
ing this approachwe have removed someof the “sharp
edges'of assemblylanguageprogramminglike branch
delay slots and complex CPU statuscontrol, that add
compleity to introductoryteachingbut do not add sig-
ni cant value.

An additionaladvantagds thatthe boardwill provide
a consistenteachingplatformacrossarangeof courses.
We expectthat this will considerablyenhancehe stu-
dentslearningexperience.

We have just installed25 REX boardsin one of the
DepartmentsComputerLabs. Supportingtools suchas
a monitor programfor the board,a C compiler, an as-
semblerandlinker are now largely complete. Over the
pastcoupleof weeksstudentshave beenusingthe REX
boardsto completetheir assignmentsAll of the feed-
backwe have hadfrom the studentdodatehasbeenvery
positive andencouraging.
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