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Abstract

A deluggercontaininga setof virtual assembleranda
virtual machineareusedasteachingoolsin orderto teach
studentdifferencesand similarities betweenarchitectural
stylesof computemprocessorsProgramswritten by thestu-
dentsin the virtual assemblersire compiledand executed
in this environmentsothatthe studentcanfollow the exe-
cutionof the programsstepby stepor atfull speed.

1 Intr oduction

The coursein ComputerArchitectureis oneof the most
popularcoursesn ComputingScienceat UmeaUniversity
It is a graduatdevel course mandatoryfor studentsf the
MSC/E programandoptionalfor studentf theMSC and
BSC/Eprograms.The main text of the courseis the very
populartextbook by PattersorandHennessy4].

1.1 Problem

The coursehasgronn over the yearsandhadtwo years
agoan enrollmentof over 100 studentswhich meantthat
theassignmenthadto bechangedecausef resourcdim-
itations. Thefirst assignmenhasbeento build aninstruc-
tion tracerthat executedother programswhile collecting
vital statisticsaboultit (i.e., sizeof datausedin the opera-
tions, registerusage Jengthof basicblocksandcalls, bits
usedin instructions,etc.). This assignmentunfortunately
requiredthat all studentshadto have accesgo machines
with MIPS processorsThis assignmenhadto be scrapped
sincethereareonly a total of 28 SGIworkstationsandtwo
SGlsenersavailableandtestrunsof theassignmenied to
anunacceptablhighloadlevel onthemachinesunningit.

Sincethe authorwantedto highlight the issueof differ-
entarchitecturaktylesa new assignmentvasplanned. A
virtual maching[5] runningon all Unix platformsavailable
(SGlIrix, SunSolarisandIBM AIX) wascreatedogether
with virtualassemblerthatcornvertedassemblecodeof the
different architecturalstylesto the virtual target machine

assembler

Unfortunately someof the studentomplainedhatthe
terminalbasednterfacewasoutdatecandwanteda graph-
ical userinterfaceinstead. Sincewe hadalreadyplanned
to usethe sametype of assignmentast fall (with an en-
rolimentof over 120), we felt a needto supplyone. The
choicesavailableat thetime wereto eithersetup a “wrap-
per” aroundthe older programs or createa new program
from scratch.

1.2 Goals
Therewerethreegoalsfor the new assignment:

1. It shouldstill provide a deepemunderstandingf howv
differentcomputerarchitecturebehae,

2. it hadto beeasyto understanénduse,and

3. it hadto be portableto all platformsavailable at the
departmentincludingWindows-basedCs).

All of the goalsweredeemedmperatve for the actualim-
plementatiorto be successful.

2 Solution

New hardware is expensve both to acquireand main-
tain, especiallyif it makesthemachingparkheterogeneous.
Moreover, very few machineswith unorthodoxsystemar
chitecturesarecurrentlyin production;especiallyaccumu-
latorandstackmachine$ave becomeveryrarelately. This
indicatedthatanotheroutehadto befollowed: The Virtual
Machine.

Thebasisof virtual machinenyis theactualhardwarethat
is supposedo build up a machine. This is constructedn
suchawaythatit “executes'thegivenprogramin thesame
way asanactualmachinevoulddo, butin software. Virtual
machineshave beenusedfor a multitude of reasons.One
useof virtual machineshasbeento testhardvare systems
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prior to their actualconstruction(often in VHDL or Ver
ilog). Anotheruseis to give systemdevelopersthe avail-
ability of their own machinewithoutblockingit for all oth-
ers(providing theuserwith thesameinterfaceastheunder
lying hardvare)[5].

3 The Different Typesof Virtual Machines

Therearefour basictypesof architecture¢[4, 1]): Accu-
mulator Stack,Memory-MemoryandLoad-Storeln addi-
tion to thesefour we addeda fifth, an Index Machine. In-
steadof developinga virtual machine(with userinterface)
for eachstyle we optedfor a detuggercontainingall five
virtual assemblerasautonomousystems.

The virtual assemblersvere createdwith smallinstruc-
tion sets(betweer20 and 35 for eachmachine)o empha-
sizethe main principlesasclearly aspossible. The differ-
entassembletanguage$iad somepartsthat were similar
(e.g.,nameof the normal operationsland somethat were
not (i.e., branching/jumpinghow to createvariables,and
architecture-specifimstructions). Schematicgor the vir-
tualmachinesarefoundin AppendixA.

3.1 Accumulator

The accumulatomachineis one of the mostbasicpro-
cessomrchitecturegreated.This type of machinehasone
register (called the accumulatorthatis implicitly usedas
oneof theoperandsn all instructionsandis thedestination
of all calculationslt is thetargetof all loadsandthesource
for all stores.

3.2

This is basicallyan accumulatormachinewith the ad-
dition of two index registersthat can be usedas tempo-
rary storageand/oroffsetregisterin load andstoreinstruc-
tions. Theseextra operationsnake the machinemoresuit-
able for implementationof high-level languagesind data
constructse.g. vectoroperations.

We have modeledheseoperationsfterthe 6502proces-
sor, sincethat processousedto be quite popularandhasa
userfriendly instructionset.

Index

3.3 Stack

A strictstackmachinedoesnothave ary generapurpose
registersat all. All datais handledin a last-in, first-out
stack.Operationgake theiroperand$rom thestackandthe
resultis pushedbackontothe stack,exceptfor operations
thatmove datafrom memoryto stackor vice versa.

3.4 Memory-Memory

A strict memory-memorymachinedoesnot have ary
generapurposeegisters.Themaindifferencewith respect
to stackmachineds thatoperationsn a memory-memory
machineusethevaluesn memorycellsasoperandsndthe
resultis storedin amemorycell.

3.5 Load-Store

The load-storemachinehasa fixed numberof registers
(in our case32) thatareusedasoperandsaindthe destina-
tion of theresultfor operationsexceptfor operationghat
transferdatabetweerregistersandmemoryor vice versa.

4 Implementation
In orderto gettherequiredportability evenin thegraphi-
cal userinterface(therebyruling out C andX11) Java? was
choserastheimplementatiodanguage Anotherbenefitof
this choicewasthat someof the codewritten in C could
be usedwith few changes.The basicstructureof boththe
virtual machineand mostof the virtual assemblergould
beretainedtherebyincreasinghe probabilitythatthe nen
systemwould work in muchthe sameway astheold.

The programusesthe suffix of the input files to decide
which virtual assembleto usewhen parsingthe file (i.e.
ac, ix , st , mmandls , respectiely).

4.1 Implementation-SpecificBug

Thevirtual assemblefor the memory-memorynachine
usedto beimplementegartly usingyacc,andjava_cup(by
ScottHudson,FrankFlanneryand C. ScottAnanian)was
usedasa substitutefor yacc. The two programpackages
areunfortunatelynot plug-and-playreplacementfor each
other sothereis a differencein behaior in the endprod-
uct. The maindifferenceis that reductionsare performed
eagerly(assoonasa projectionis fulfilled) [2, 3] in yacc,
but requireyet anothertokenin java_cup. This meantthat
if a codecontainedan “end fct” (indicatingthatfct is the
label to startexecutionat) at the end, executionwould in
thejava_cupversionstartat the first valid operationin the
file evenif fct wasfurtherdown in thesourcefile.

5 Assignments

We have now usedthis assignmenfor two yearsrun-
ning, with somesmallerchanges.During the first course
we let the studentglecidefor themseleswhich mathemat-
ical functionto implementin the four virtual assemblers,
disalloving factorialfunctionsin themark-upassignments.
During the secondcoursethe studentshadto choosetwo
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functionsto implementin all five available virtual assem-
blers,of which onehadto be afifth degreepolynomial(to
shaw the strengthof the stackmachine).

6 SampleScreenshot

ThescreenshotFigure6) in AppendixB shaws the vir-
tual machine/deloggerin operation It is currentlyprocess-
ing a stackmachineprogramthatcalculateghefactorialof
10, andis justaboutto multiply thetop two numberonthe
stack.

7 Availability

The virtual machine is together with some exam-
ple assemblerfiles available for download through
http://www.cs.u mus e/ "ol a/ Dark /.  Current
documentatiolis unfortunatelyin Swedishput a full tech-
nical reportin Englishwill be availablethis autumn.

8 Conclusions

The studentshave found it much easierto understand
how different architecturalstyles affect code (generality
parameterpassing,layout, execution, porting, etc.) after
thisassignmenvasaddedo thecurriculum.Sincethiswas
oneof themaingoalsfor theassignmenit canberegarded
asasuccessofar.

The systemappeardo be easyto use,therebyfulfilling
the secondgoal. So far, only a few bugs turnedout to
exist andthosewill be correctedbeforenext course. The
graphicaluserinterface was seenas a boostby most of
the studentsut someusedthe older scriptsinstead.Some
studentsmaderequestgor minor changesmainly in error
presentatiomnddefault behaior of certaincharactecom-
binations.

The third major goal of this assignmenivas that ary
workstationor sener could be usedasa platform for pro-
gramming and delugging of the students’assignments,
therebyreducingheburdenof theSGImachinesThisgoal
was clearly achieved sincethe programcould be installed
onary machinethatsupportslaza 1.1 or higher

9 Future Updatesand Additions

The known bugswill be eliminated. The majorthing to
changewill beto rewrite thememory-memorgssemblein
arecursve-descenparserin Java, thuscorrectingthe dif-
ferencein behaior betweenyaccandjava_cupdescribed
in section4.1.

Thevirtual assemblepartof the previousversionof this
assignmenyill beusedasafront-endin alaterassignment.
Thestudentwill implementheir own virtual machinethat

will berequiredto matchthevirtual assembletherebyex-
ecutingthe codethatthey wrotein the assignmentvith the
virtual machine.
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Appendix A: Schematicsof the Virtual Machines

Figuresl to 4 shavstheprogrammersview of thevirtual
machinesschematicswhile Figure 5 is the layout of the
basicvirtual machineactuallyexecutingthe code.
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Figurel: Schematicef theaccumulatomachine.
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Figure2: Schematicef the stackmachine.
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Figure3: Schematicef thememory-memorynachine.

Appendix B: The User Interface

The different partsof the userinterface are (ascanbe

seenin Figure6):

Menu bar: This givesaccesgo the“File” pop-upmenu
anda helpwindow. The commandswvailableare“Load
file”, “Reloadfile”, “Print to file” and“Quit”;

Top: Currentinformationanddeluggingcommandsi.e.
nameof currentlyloadedfile, numberof assemblelines
andinternalstepsexecuteda“step” button(executeone
assemblecommand),anda “go” button (executecode
at full speeduntil a "stop"-instructionis executedor an
invalid memorylocationis reached);

Left column: Sourceview of the currentlyloadedfile,
with theline thatis justaboutto beexecutechighlighted;
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Figure4: Schematic®f theload-storemachine.
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Figure5: Schematicef thevirtual machine.

e Upper right: The variablewindow. It shavs the cur
rentvalueof all variablesdefinedin theprogram.Double
clicking onavariablebringsupadialogueto setthevalue
of thatvariable;

e Lower right: Themiscellaneousvindow. It will always
shav non-zeromemory locationsin the lower part of
memory but also informationthat dependson the type
of sourcecodethatis currentlyloaded:

— Accumulator: For accumulatorandindex machine
code;

— Index registers: For index machinecode;
— Stack: For stackandload-storeanachinecode;
— Non-zer registers: For load-storemachinecode.
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Figure6: Screenshoof theuserinterface.



