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Abstract

Teaching computersystems,including computerar-
chitecture, assemblylanguageprogrammingandoperat-
ing systemsimplementation,is a challengingoccupation.
At theUniversityof Waikatowerequireall computersci-
enceand informationsystemsstudentsstudythis mate-
rial at secondyear. Thechallengesof teaching dif�cult
material to a wide range of studentshavedriven us to
�nd waysof makingthe material more accessible. The
corner-stoneof our strategy for deliveringthis material
is thedesignand implementationof a customCPU that
meetsthe needsof teaching. In addition to the custom
CPU we havedevelopedseveral simulators that allow
speci�c topicsto bestudiedin detail.

This paperdescribesour motivationfor devloping a
customCPU andsupportingtools. We presentour CPU
andtheteachingboard anddescribetheimplementation
of the CPU in an FPGA.Thesimulators that that have
beendevelopedto supporttheteachingof thecourseare
thendescribed.

Thepaperconcludeswith a descriptionof thecurrent
statusof theproject.

1 Intr oduction

Teachingcomputersystemsis a challengingbut vi-
tal part of the computersciencecurriculum. In 1997
the Departmentof ComputerScienceat the University
of Waikatodecidedthatcomputersystemswasimportant
to all computerscienceandinformationsciencestudents
and madeits computersystemscoursecompulsoryfor
all secondyear students. Like most computersystems
coursesWaikato'susesassemblylanguageprogramming
asa vehicleto understandingthe inter-relationshipsand
interactionsbetweenthedifferentcomponentsof a com-
puter system. The brief of the courseis quite differ-

entto anintroductorycomputerarchitecturecourse,even
thoughit containsmany of the samecomponents.The
differencelies in the audienceand motivation. Our
courseis intendedto be useful to all computerprofes-
sionals,not just thosewho specialisein computerarchi-
tecture. Our useof assemblylanguageprogrammingis
anexampleof theimpactof this difference.Very few of
the studentswill continueto programin assemblylan-
guageafterthecourse,however, we believe thatit is im-
portantthat they have anunderstandingof computerop-
erationat this level of abstraction. While we want to
teacha coherentand realistic architecturewe have no
fundamentalinterestin detailssuchas delay slots, ad-
dressingmodesandword alignments.Theseareimpor-
tant topics for a specialist,but do not signi�cantly add
to theunderstandingof theoperationof a computersys-
temasa whole,which is thegoalof our course.Assem-
bly languageis essentialto this goal but many students
�nd assemblylanguageprogrammingdif�cult and this
detractsfrom themainthrustof thecourse,which is not
to teachassemblylanguagepersay.

We wish to focuson the role of themachineandthe
interactionsbetweenthehardwareandsoftwarecompo-
nents including compilers, libraries and the operating
system,ratherthanspendinga lot of time describinga
partticularmanufacturesperformanceorientedfeatures.
This hasled usto developour own instructionsetarchi-
tecturecalledWRAMP. As describedlaterthecoursehas
a practicalcomponent;practicalexercisesreinforcethe
contentof the lecturematerial. To supportthe practi-
cal componentof thecourseusingtheWRAMP instruc-
tion set hasrequiredthe developmentof a platform to
allow studentsto assembleand executeWRAMP pro-
grams. The two choicesconsideredwere the develop-
ment a WRAMP simulatoror a customhardwareplat-
form.

Using a simulatoris easierandcheaperhowever we
believethatthelackof realhardwaredistortsthelearning



environmentby addinganextra,unnecessary, abstraction
whenmany studentsarestrugglingto cometo gripswith
theessentialcontentof thecourse.A simulatorit is itself
aprogramrunningonacomputer. Thismakesit dif�cult
for studentsto readilyidentify thetargetsystemandthey
tend to confusethe role of componentsof the system.
Whenthishappensthereis a risk thatstudentswill focus
onthemostobviousdifferencebetweenpracticalwork in
this areaandothers:theprogramminglanguage.When
realhardwareis used,thereal focusis morelikely to be
on thetargetsystem.

For this reason,we believe that studentsshouldhave
thebene�t of real hardwarewhenthey �rst learningas-
semblylanguageprogramming.Until recentlythiswould
haveexcludedacustomCPUdesign,howeverit hasbeen
madepossibleby advancesin recon�gurablelogic. We
have usedFPGA technologyto develop a single board
computer(called REX) with with our own customde-
signedCPUandIO devices.

Once the studentshave developed a clear mental
modelof the componentsof a computersystem,simu-
lation canbeusedto enhancetheir understandingof the
morecomplex topicsin thecourse.To this endwe have
developedsimulatorsfor usein thecourse,two of which
arepresentedhere.The�rst of these,calledRTLsim, is
usedto simulatea simple non-pipelinedMIPS proces-
sorto demonstratehow instructionscanbefetchedfrom
memoryandexecuted.The secondof the simulatorsis
a multi-taskingsimulatorthat introducesstudentsto the
ideasbehindtaskswappingin amultitaskingkernel.

Thenext sectiongivesanoutlineof ourcomputersys-
temscourse.Section3 thendescribes,in moredetail,the
motivationfor developinga processorandboardto sup-
port the teachingthis course.Sections4 and5 describe
thedesignof theCPUandboard.Section6 thendescribe
the simulatorsthat that areusedin the coursefollowed
by Section7 whichbrie�y describestheexercisescarried
outby studentson thecourse.

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

2 CourseOutline

When the Departmentdecidedto make the second
year computersystemscoursecompulsory, its curricu-
lum committeeestablishedasetof key topicsthatshould
be coveredby the course. Theseincluded: datarepre-
sentation,machinearchitecture(includingassemblylan-
guageprogramming),memoryandIO, operatingsystems
anddatacommunications.

Figure1 shows the orderof 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 servestwo purposes.
First, it demonstratessomeof themajorissueswhichde-
terminetheperformanceof a computersystem.Second,
it shows the likely consequencesof writing a particular
constructin a high level programminglanguagein terms
of speedandsizeof thecodegenerated.

The aim of the secondpart of the courseis to pro-
duceanunderstandingof operatingsystemprinciplesand
components,their role in supportingtheuser, andin the
executionof programswritten in high level languages
suchasC (thestartingpoint of thecourse).Thefocusis
onachieving anunderstandingwith theoperatingsystem
andthe implicationsof hardwareandsoftwarechoices,
ratherthananability to write a new one.

Thereis a strongthemeof interactionsandrelation-
shipsbetweenthecomponentsof a computersystem.To
supportthis we basethe whole coursearounda single
processorarchitectureso that the studentscould more
easilyseetheway theindividualcomponentsof thesys-
temcontributeto thecompletecomputersystem.

3 Background

Becausethe goal of the courseis to explain the role
andinteractionof thecomponentsof acomputersystem,
not to teachassemblylanguageprogrammingfor its own
sake, therearetwo mainrequirementsfor a architecture:

1. a simple,easyto learninstructionset

2. anarchitecturethatcaneasilydemonstratetherela-
tionshipbetweenhigh andlow level languages,and
userandkernelspace.

Thesegoalsareat oddswith most modernCPU ar-
chitectureswhich have beenoptimisedto maximiseper-
formanceandnotsimplicity. To helpachievehighperfor-
mancemodernCPUscontainmany performanceoriented
techniquesincluding the use of reorderbuffers, regis-
ter renamingandreservationstations[6]. Becauseof the
complexity of thesearchitecturesit wouldnotbepossible
to fully describethestructureandfunctionalityof oneof
themin anintroductorycourse.

While most architecturesare optimised for perfor-
mancesome(suchasthe8-bit processors-e.g. theMo-
torolaHC11)aredesignedto bevery cheapandsimple.
However, thisverysimplicity oftenraisesthecomplexity
requiredto programthe CPU.For example,performing
16-bit indexedaddressaccesson an8-bit processorthat
only hasan8-bit ALU requiresaseriesof instructionsto
supportthe16 bit additionratherthanthesingleinstruc-
tion availableon largerword sizedmachine.Becauseof
theway CPUsdevelopedthroughthelate'80s andearly
'90s, processorswith a largeenoughword sizeto make
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Figure 1. Topics Covered in the Cour se

thoseaspectsof programmingeasyhave othercomplex-
ities, suchasmany addressingmodes,thatarenot avail-
ableacrossall instructionsor complex interruptprocess-
ing. Althoughmany modernCPUsaresimpler, because
of thein�uence of theRISCphilosophy, they have other
disadvantages,including branchand load delaysasde-
scribedbelow.

In thepast,wehaveusedtheMIPSR3000family asa
compromisebetweentheneedsof our courseandavail-
ableCPUdesigns[4]. TheMIPS CPUshavea relatively
simpleprogrammer's abstraction.The teachingprocess
is alsosupportedby anumberof verypopulartext books
including thosewritten by Hennessey andPatterson[3]
[2] and Goodmanand Millar [1]. For this reasonour
computersystemscoursehasbeenbasedaroundthispro-
cessorfor the last six years. While we have found this
processorreasonablywell suitedto our needs,we have
identi�ed a numberof aspectsof the architecturethat
many students�nd dif�cult to understandandwhich are
not centralto our teachinggoals.Theseinclude:

� thepresenceof loaddelayslotswhichmeanthatthe
instructiondirectly after a load instructioncannot
usetheresultof theloadasit isn't availableyet.

� thepresenceof branch delayslotswhich meanthat
the instructiondirectly aftera branchinstructionis
alwaysexecutedregardlessof whetherthebranchis
takenor not.

� the useof an intelligent assemblerwhich is capa-
bleof reorderinginstructionsandbreakingsomeas-
semblerinstructionsin two so that they canall be
encodedusingasingle32-bitword.

� the requirementthat all memoryaccessesto word
valuesareword aligned.

� theparameterpassingconventionsthataredesigned

to minimisethenumberof stackmanipulationsin a
MIPS program.

While we do not believe that the complexities de-
scribedabove areinsurmountable,they do detractfrom
the goal of the course,that is to give a completecover-
ageof thecomputersystemsareaatanintroductorylevel
without beingdistractedby the complexities associated
with describinga particularmanufacturersquirks. This
is in keepingwith theintroductorylevel andbroadaudi-
encethatthiscourseis intendedfor. Othercoursesat the
Universityareintendedfor studentswho will specialise
in computerarchitecture,andthesedocovercommercial
architectures,includingexposureto many of theseissues.

We have beenunableto �nd a suitablecommercial
CPUarchitectureto supporttheteachingof ourcomputer
systemscoursesowe developedour own.

Beforediscussingthearchitectureof theCPUwehave
designedwe considerthe questionof whetherto usea
real CPU or a simulator. Most coursesthat teachcom-
puter architectureor assemblylanguageteachingmake
useof CPUsimulators.Usinga simulatedsystemoffers
two main advantages.Firstly, it is possibleto develop
a simulatorfor any CPU.This allows a CPU that is tai-
loredto thegoalsof thecourseto beusedratherthanbe-
ing limited to thosethatareavailablecommercially. The
secondadvantageof usinga simulatoris thatsimulators
normally offer betterdebuggingfacilities andvisualisa-
tionsof a program.Thesecanbeusedto help reinforce
importantconcepts.

As notedin Section1, using a simulatoralso intro-
ducesdif�culties for students.It is morelikely thatstu-
dentswill confusethe boundriesbetweenthe hostsys-
temandthesimulatedsystem.Our experiencesuggests
thereis a tendency for studentsto focuson theprogram-
minglanguagewhenacourseintroducesanew language,
ratherthanconceptualmaterialin thecourse.Theuseof
real hardwaremakesthe distinctionsbetweenthe target



systemand the developmenttools concrete. The work
presentedin thispaperlargelyremovesthedisadvantages
of usinga realCPUandenablesbotha simplerworking
modelandaCPUdesignedto meettheneedsof teaching.
Thisincludesgooddebuggingfacilitessuchastheability
to singlestepandobserveregisterandmemoryvaluesas
thesystemexecutes.

4 ProcessorDesign

In designingthe processora greatdeal of carehas
beentaken to keepthe designassimpleandregular as
possiblewhile still beingablesupportthecompleterange
of practicalexperienceswe wish the studentsto be ex-
posedto. Theseexperiencesstart with the writing of
simpleassemblylanguageprogramsandbuild up to the
developmentof a verysimplemulti-taskingkernel.

The resultingCPU designusesa 32 bit word, andis
basedarounda register-register load-storearchitecture,
very similar to theMIPS andDLX [5] processors.Most
computationalinstructionshave a threeoperandformat,
wherethetargetand�rst sourcearegeneralpurposereg-
isters,andthesecondsourceis eithera registeror anim-
mediatevalue.Regularityof theinstructionsetwasakey
factorin maintainingthesimplicity. Immediate�a vours
of all computationalinstructionsareprovided,aswell as
unsignedversionsof all arithmeticinstructions.

Carewas taken to keepthe correspondencebetween
assemblylanguageinstructionsand actualmachinein-
structionsasaone-to-onerelationship.To this endama-
jor featureof this CPU is the reductionof the address
width to 20 bits, andthenumberof registersto 16. This
allowsanaddress,alongwith two registeridenti�ers and
anopcodeto �t into a singleinstructionword, removing
theneedfor assemblertranslationwhena programlabel
is referenced.

The othermain differencesfrom MIPS andDLX are
the removal of the branchandload delayslots,andthe
fact that theCPU is 32 bit word addressableratherthan
byteaddressable.Making themachineword addressable
only, greatlysimpli�es theoperationof theCPU,andal-
lowsusto presentstudentswith aneasilyunderstandable
model of it. Anotheradvantageof a word addressable
machineis thatit removesthepossibilityof word access
alignmentproblemswhich new studentsfrequentlyen-
counterona byteaddressablemachine.

The CPU only supportsthreeinstructionformatsas
shown in Figure2. It canalsobe seenfrom this �gure
thattheinstructionshavebeenencodedto allow for easy
manualdisassemblyfrom a hexadecimalnumber, with
all �elds alignedon4 bit boundaries.

While the CPU hasbeenmadeassimpleaspossible
for thetaskswerequireit doesincludeexternalandsoft-
wareinterruptsandhassupervisorandusermodeswith
protection. Thesemechanismsare accessedthrougha

I-Type instruction

OPcode Rd Rs Func Immediate

R-Type instruction
OPcode Rd Rs Func 000000000000 Rt

J-Type instruction
OPcode Rd Rs Address

OPCode 4 bit operationcode
Rd 4 bit destinationregisterspeci�er
Rs 4 bit sourceregisterspeci�er
Rt 4 bit sourceregisterspeci�er
Func 4 bit functionspeci�er
Immediate 16bit immediate�eld
Address 20bit address�eld

Figure 2. Instruction encoding formats
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Figure 3. Processor Bloc k Diagram

specialregister�le, similar to theMIPS' coprocessor0.
Thismeansthattheseconceptsneednotbediscussedfor
studentsto begin programmingin assembler, andwhen
desired,they canbeintroducedby describingthespecial
register�le, andthetwo instructionsneededto accessits
contents.

Thedata-pathof theprocessoris basedaroundathree-
busstructure(asshown in Figure3) andinstructionstake
multiple clock cycles to execute. As canbe seenfrom
Figure 3 the CPU's data-pathis very simple making it
possibleto completelyexplain theoperationof thedata-
pathto secondyearstudents.In particularit is possible
to explain in detailhow machinecodeinstructionsstored
in memorycanbefetched,decoded,andexecutedon the
data-path.

TheCPUhasbeenrepresentedin VHDL sothatit can
be targetedto a recon�gurablelogic device. The CPU
designwhensynthesisedconsumesa large portion of a
200thousandgateXilinx SpartanII FPGAdevice.



Figure 4. The Teaching Kit

5 Board Design

Figure4 showstheREX boarddesignedto supportthe
CPU describedin the previous section. As canbe seen
from thepicturewehavebeencarefulto layouttheboard
so that the main componentsthat make up a computer
systemcanbeclearlyidenti�ed. Themaindata-pathsthat
connectthesecomponentsarealsovisibleon theboard.

Recon�gurablelogic is usedwhereverpossibleonthe
boardto allow it to be as �e xible aspossible. In addi-
tion to making the designof our own CPU andIO de-
vicespossible,this allows thearchitectureof thesecom-
ponentsthatstudentsarepresentedwith to be�ne tuned
asthecoursedevelops.As explainedlater, it alsoallows
theboardto beusedfor multiple teachingfunctions,in-
cludingFPGAandCPUdesign.

While it would have beenpossibleto placemost or
all of the recon�gurabledesignsinto a single chip the
decisionwasmadeto usea separatechip for eachIO de-
vice andtheCPU,makingit possiblefor thestudentsto
physically identify eachof thesedevices on the board.
Thechoiceto usemultipleRAM andROM chipsto pro-
vide the 32 bits of dataratherthanemploying multiple
accessesto a singlechip wasalsomadewith the inten-
tion of clarifying the operationfor the students.Effort
wasmade,however to keepthenumberof non-essential
supportcomponentsto a minimum.

The boardsare intendedto be connectedto a work-
stationwherestudentscanwrite andassembleprograms,

which canthenbeloadedandrun on theboard.Because
we wantedto build a laboratoryfor a large classit was
importantto make recon�gurationeasy. In particularwe
designedtheboardto supportremoterecon�gurationof
all programmabledevicesandthe storedbootstrappro-
gramcode.Scriptshavebeendevelopedthatenableall of
theREX boardsin a laboratoryenvironmentto becom-
pletely recon�guredfrom a singlecommand.Costhas
alsobeenkeptto a reasonablelevel.

Although therearea numberof featuresthat support
teaching,onethathada large impacton both the board
andCPUdesignis supportfor cycle-by-cyclesteppingof
the processorwith an LCD displayto indicatebus con-
tents,andLEDsto show deviceselectionandexceptions.
We believe this featurewill bea majorassetfor students
strugglingwith themany new abstractionsandconcepts
presentedby thecourse.

6 Simulators

In the coursewe usea numberof simulatorsto re-
inforce someof the morecomplex conceptualmaterial.
The�rst simulator(RTLsim) hasbeendevelopedto rein-
forcetheideasassociatedwith theexecutionof machine
codeinstructionsonadata-path.Thesecondsimulatoris
a multi-taskingsimulatorthat introducesstudentsto the
ideasbehindtaskswappingin amultitaskingkernel.



Figure 5. Screendump sho wing RTLsim in operation

6.1 RTLsim

In the�rst partof thecoursethestudentslearnthere-
lationshipsbetweenaprogramwrittenin ahighlevel lan-
guagesuchas“C” andits representationin assemblerand
machinecode.Following on from this we show thestu-
dentshow a machinecodeinstructionscanbe executed
onasimpleprocessordata-path.In previousyearsasim-
ulatorcalledRTLsim which simulatesthedata-pathof a
simplenon-pipelinedMIPS likeprocessorhasbeenused
to supporttheteachingof this componentof thecourse.
Currentlywearein theprocessof developingaWRAMP
versionof thesimulator. Therestof thissectiondescribes
theMIPSversionof RTLsim.

RTLsim is written in C for a UNIX systemrunning
X-windows.Whenthesimulatoris run thestudent(user)
actsasthecontrolunit for thedatapathby selectingthe
controlsignalsthatwill beactive in eachcontrolstep.

Figure 5 shows the main window for the simulator
that comprisesof two maincomponents,a visual repre-
sentationof thedata-pathanda control signalswindow.
The data-pathis madeup of a 32-register register �le,
ALU, Memoryinterfaceanda numberof otherregisters
to storevaluessuchastheprogramcounterandthecur-
rent instructionbeingexecuted.Threeinternalbusesare
usedto connectto connectthesecomponentstogether.
This combinationof componentsandbusesis suf�cient
to fetchandexecutemostof theinstructionsin theMIPS
R3000instructionset. The control signalssectionof at
theleft handendthemainwindow is usedby thestudent
to setthevaluesof controlsignalsthataregoingto beac-

tive in thecurrentcontrolstep.For exampleconsiderthe
executionof the MIPS instructionadd $3, $4, $5
thataddsthecontentsof register4 to register5 andstore
the result into register3. Assumingthe instructionhas
beenfetchedinto the instructionregister during earlier
controlstepsthenthesettingsshown in thecontrolssig-
nalswindow of 5 would causethe necessaryactionsto
occurto executethis instruction.As thestudentsetsthe
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 registerand the B
Bus would changeto show that thePCregisteris going
to outputa valueonto the Bbus. If two componentstry
to outputto thesamebusat thesametime thebuswould
turn redto indicateanillegaloperation.

From the main window, other windows may be
openedthatshow thecontentsof memoryandtheregis-
ter �le. In thecaseof thememorywindow it is possibly
to preloadmemoryimagefrom an�le in s-recordformat
beforestartinga simulation.This is thesame�le format
usedto uploadprogramsto theMIPSboard.Thisenables
thestudentsto uploadandexecutethesameprogramon
bothaMIPSboardandRTLsim, allowing theexecutions
to becompared.

Thesimulatorcanalsorecordatraceof theoperations
thatareperformedin eachcontrolstep.This tracecanbe
usedby thestudentto playbacktheoperationsin thesim-
ulatoror usedasinput to anautomatedmarkingsystem.

BeforeRTLsim wasintroducedto thecoursethestu-
dentswheregivenapaper-basedexercisewherethey had



Figure 6. Multi­tasking sim ulator

to de�ne the sequenceof control stepsnecessaryto ex-
ecutea setof MIPS instructionsthey weregiven. If the
studentshad not graspedthe main conceptsthey com-
pletedtheentireexerciseincorrectlyandwerenot given
any feedbackuntil theassignmentsweremarkedandre-
turnedto them several weekslater. However with the
introductionof RTLsim the studentsaregiven immedi-
atefeedbackat several levels. Firstly asthestudentsset
thecontrolsignalsthey aregivenvisual feedbackon the
data-path.Oncethey believethey havethenecessarysig-
nals to executethe control stepthey can try it andob-
serve the outcomein the registersand memory. If the
outcomeis incorrectthesimulatorprovidesundoopera-
tionssothey cantry again.Lastly, anautomatedmarking
systemis used.If theexerciseis not completedcorrectly
themarkingsystemgeneratesasetof commentsthattells
thestudentswherethey wentwrongsothey cantry again.

6.2 The Multi­tasking Simulator

Oneof theassignmentsundertakenby studentsin the
secondyearcourseusingtheboardsis thedevelopment
of a very simplemulti-taskingkernel. The kerneldoes
not includememorymanagement,taskcreationor termi-
nationbut it doessharetheCPUbetweenthreetasks,in-
cludingthesaving andrestoringof stateandchangingof
stacksbetweentasks.Thetasksaredesignedto usedif-
ferentpartsof thehardware.Onereadstheswitchesand
writes the valuereadto the seven segmentdisplay, an-
other readscharactersfrom the secondaryterminaland
writes the uppercasevaluesto the terminal. The third
taskdisplaysthetimeontheprimaryserialport. Students
have alreadywritten thesetasksin a singletaskenviron-
ment,in earlierassignments.

Although the multi-tasking kernel doesnot require

verymany linesof code,thereareconceptualandcoding
barriersto its implementation.We addresstheseissues
in classesbut havefoundit usefulto re-enforcetheideas
usinga multi-taskingsimulator, beforestudentsattempt
their own implementation.Thesimulatoris written in C
for X-windowsandcreatesanumberof windows.An ex-
ampleof thewindowsis shown in �gure 6. Eachtaskhas
two windowsassociatedwith it, the�rst is thestackand
the secondis the saved stateof the task(its processde-
scriptor). An examplefor onetaskis shown in theright
most two windows in �gure 6. When the studentsuse
thesimulatortherearethreetasks;two have beenomit-
tedhereto save space.Thelink �eld is usedto form a
linked list of taskswaiting for the CPU or waiting on a
semaphorefor anevent.

Moving to the left in �gure 6 the middle window
shows the CPU registers. The simulatedmachinehas
only two generalpurposeregisters,a stack pointer, a
programcounter, a statusregisteranda saved program
counterwhich shows the valueof the programcounter
as it wasat the last interrupt. The statusregister is di-
vided into the interruptstatus(masked or enabled),the
interruptstatusbeforethe last interrupt (softwareinter-
ruptsare taken even if interruptsaremasked), the type
of interrupt(e.g. timer interrupt)andwhetherthereis an
interruptpending(wheninterruptsaredisabled).

The window secondto the left shows the valuesof
somesharedmemoryvariables.Theseincludethehead
of the CPU wait queue,the numberof interruptsleft in
this time slice, the job currentlyusingtheCPU theout-
put of two of the tasks(answer and two sum), and
semaphoresthat hold task 3 until thesetwo tasksare
completed.

The left handwindow, which givesa traceof the in-



structionsthat have beenexecuted. The simulatorexe-
cutespseudo-codewhich hasbeendesignedto be close
enoughto WRAMPassemblycodethatit iseasyto imag-
ine the assemblycodethat matchesa pseudo-codein-
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/numbercodenext
to thesequencenumberis theaddressof theinstruction.
The letter in theaddressindicateswhatpartof thecode
(A = taskA, F = �rst level interrupthandler, W = wait, S
= signal,etc.) theinstructionbelongsto.

As eachstepof thesimulationis executedthevalues
that changearehilighted in red in the appropriatewin-
dow. Studentsareableto changethevaluesat any time
to alterthecourseof thesimulation.Theassignmenten-
couragesthemto dothis,includingalteringthetime-slice
length.

Readersinterestedin obtainingthe simulatorshould
contacttheauthorat tonym@cs.waikato.ac.nz .

7 Assignments

The assignmentsthat make up the practicalcompo-
nentof the courseareshown in Table7. Of particular
note is the implementationof a multitaskingkernel by
thestudents.Giventhatmoststudentsarenot computer
technologystudentsandthatmostsuccessfullycomplete
this exercisewe belief this is a major indicationof the
successof thecourse.

No. Name
1 Introductionto Unix
2 DataRepresentation
3 Introductionto REX
4 C andWRAMP assembly
5 RTL DesignExercise
6 ParallelandSerialIO
7 Interrupts
8 MultitaskingKernelSimulator
9 MultitaskingKernelCoding

10 ErrorDetection

Table 1. Assignments

8 Useof the Board by 3rd and4th yearStu-
dents

Wearecurrentlyteachingstudentsin athirdyearcom-
puterarchitecturecourseaboutdesignusingVHDL. By
the end of the coursethe studentswill be able to de-
sign the main components(ALU, registers,�nite state
machines,etc) that make up a CPU. In future yearswe
plan to usethe REX boardsto supportthe teachingof
thiscourse.

In our fourth yearcomputerarchitecturecourse,stu-
dentsdesignand implementtheir own CPU. Last year
thestudentsuseda prototypeversionof theREX board
to implementtheir CPUs. With the introductionof the
new boardandtheexperiencegainedusingtheboardin
thesecondandthird yearcourses,we hopeto extendthe
complexity of theprojectundertakenin this course.

9 Conclusions

This paperdescribedtherangeof hardwareandsoft-
waretoolsthathavebeendevelopedto supporttheteach-
ing of the introductoryComputerSystemscourseat the
Universityof Waikato.

Thereis muchmerit in thedesignof customCPUand
IO devicesfor teachingpurposes.Currentrecon�gurable
hardwaredeviceshave madeit possibleto build a single
boardcomputer, with a customCPU andIO devices,to
supportthe teachingof computersystemscourses.Us-
ing this approachwe have removed someof the `sharp
edges'of assemblylanguageprogramming,like branch
delay slots and complex CPU statuscontrol, that add
complexity to introductoryteachingbut do not addsig-
ni�cant value.

An additionaladvantageis thattheboardwill provide
a consistentteachingplatformacrossa rangeof courses.
We expect that this will considerablyenhancethe stu-
dentslearningexperience.

We have just installed25 REX boardsin oneof the
DepartmentsComputerLabs. Supportingtools suchas
a monitor programfor the board,a C compiler, an as-
semblerandlinker arenow largely complete. Over the
pastcoupleof weeksstudentshave beenusingtheREX
boardsto completetheir assignments.All of the feed-
backwehavehadfrom thestudentstodatehasbeenvery
positiveandencouraging.
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