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Abstract—This paperdescribesthe use of a logic an-
alyzer for in-lecture demonstrationsof pipelining and
memoryhierarchyon representative hardware. The aim
is to enhanceunderstandingof fundamentalconcepts
without excessive technicaldetail. The hardware used
in demonstrationsis describedalongwith the examples
usedand their pedagogicalaims. Studentfeedbackon
thisapproachis alsopresented.

1 Introduction

TheseniorundergraduatecourseELEC470Computer
SystemArchitecture at Queen’s University is a lecture
coursethat emphasizesarchitecturalaspectsof pipelin-
ing andmemoryhierarchy. Similar coursesat other in-
stitutionsmay include a practicalcomponentbasedon
programmablelogic devices[2, 7]. At Queen’s Univer-
sity, studentsin ELEC470alreadyhave hardwareexpe-
riencewith programmablelogic in threeearliercourses,
andthey mustalsotakeafull-yearprojectdesignandim-
plementationcourse.

Nonetheless,it is valuableto relateconceptsto practi-
cal systems.To this end,a commercialevaluationboard
basedon a MIPS processorhasbeenusedwith a logic
analyzerfor in-lecturehardwaredemonstrations.Thisar-
rangement,complementedwith written documentation,
providesanexcellentmeansof observingandexplaining
thebehavior andtiming of anactualpipelinedprocessor
with cachesandexternalDRAM memory.

This paperoutlinesthe context for in-lecturedemon-
strationsin ELEC470,describesthehardwareandexam-
plesusedin demonstrations,providesfeedbackfrom stu-
dentson thisapproach,andconcludeswith futureplans.

2 Context

Thefollowing list outlinescoursesthatarespecificto
ComputerEngineeringat Queen’s University:

� Digital logic design(includingaseparatelaboratory
componentbasedonFPGAs),

� Basiccomputerarchitecture(processororganization
with a laboratorycomponenton assembly-language
programming),

� Microprocessorsystems(details of bus/memory
timing and hardware/software interfacing with I/O
ports;includesa laboratorycomponentwith a take-
homemicrocomputerkit andFPGAs),

� Digital systemsengineering(high-speedelectrical
considerations,arithmetic circuits, storage,testa-
bility, fault tolerance;with a major FPGA-based
project),

� Computer system architecture(performance,in-
structionsetdesign,pipelining,caches,memoryhi-
erarchy, I/O systems,multiprocessing).

TheELEC470coursethat is thesubjectof this paper
is thefinal coursein thesequencegivenabove. ELEC470
is basedon the undergraduatebook by Hennessyand
Patterson[3]. All chaptersarecoveredexceptfor arith-
metic (that topic is covered in an earlier course). The
coursematerialincludesdetailson SRAM/DRAM chips
andtheir timing, aswell astheIDT RC36100MIPS mi-
croprocessor[5], with permissionobtainedto reproduce
technicaldocumentationfor educationaland classroom
usage. Finally, the SimpleScalar[1] simulator is also
usedin quantitative andillustrative exercises.
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Figure1: IDT RC36100EvaluationBoard

Figure2: RC36100EvaluationBoardwith probes

SinceELEC470emphasizespipelining and memory
hierarchy, using hardware to demonstraterelevant con-
ceptshasstrongeducationalvalue. ContemporaryPC
or workstationcomputersare not suited for in-lecture
demonstrationswith a logic analyzerbecausegainingac-
cessto signalsis nontrivial, andtheir complexity is not
conducive for illustratingfundamentalconcepts.Thispa-
per outlinesthe useof simpler hardware and describes
examplesusedin demonstrations.

Figure3: TektronixTLA704 Analyzeroncart

3 Overview of Hardware

Microprocessor System An evaluationboard[4] based
on the IDT RC36100MIPS microprocessor[5] is used
becauseit is simpleyet representative of embeddedhard-
waredesigns.The IDT RC36100is a highly-integrated
productthatincludeson-chipinstructionanddatacaches,
timers, serial ports, parallel ports, and a DRAM con-
troller. TheRC36100evaluationboardconsistsof a mi-
croprocessor, EPROM chip, and two DRAM chips, as
shown in Figure1. A crystaloscillatorandRS-232level
converterarethe only othersupportchipson the board.
Figure 2 shows a photographof the actual 2.5in� 3in
boardwith probesconnectedfor logic analysis.

The RC36100is derived from the MIPS R3000that
useda write-throughcachepolicy. Hence,theRC36100
integratesa 4-deepwrite buffer to allow theprocessorto



modify thedatacacheandcontinuefetchingoneinstruc-
tion every cycle from the instructioncachewhile writes
to DRAM proceedfrom thewrite buffer atslowerspeeds.

TheEPROM chipontheboardcontainsamonitorpro-
gramthatacceptscommandsto downloadmachinecode
into DRAM memory, view/modify memorycontents,as-
semble/disassembleinstructions,and executecode. To
generatemachinecode, IDT provides a versionof the
GCCcompilerandrelatedtools. Thesetoolsarehosted
on a separatePC or workstation,and machinecodeis
downloadedto theboardthroughaserialdatalink.

Logic Analyzer TheTektronixTLA704 logic analyzer
combinesa PC platform running Microsoft Windows
with hardwarethatsamplesdigital signalsat 2 GHz and
graphicalsoftware that displaysthe acquiredsamples.
Figure3showsaTLA704mountedonacartthatprovides
mobility for in-lecturedemonstrations;the shelf carries
theRC36100evaluationboardanda power supply. The
TLA704 hasanintegratedLCD displayandalsoa VGA
port to connectto a projectorin a lecturehall. This pro-
jectioncapabilityhasbeenusedin a prerequisitecourse
ELEC371MicroprocessorSystemsthat is alsotaughtby
the author[6]. Studentsin ELEC470thereforehave fa-
miliarity with the outputdisplayformat of the logic an-
alyzer. The TLA704 alsoservesasthe terminalfor the
RC36100evaluationboardthrougha serial link. A ter-
minal programrunningon the TLA704 is usedto enter
commandsfor theEPROM-basedmonitor. TheWindows
softwareallows switchingbetweentheterminalprogram
andthelogic analyzersoftwareasneeded.

Probing for Logic Analysis TheRC36100chip is fab-
ricatedin a packagewith fine-pitchpin spacingthatpre-
ventsconnectionof individuallogicanalyzerprobes.For-
tunately, the pitch of the EPROM and DRAM pins on
theevaluationboardpermitstheconnectionof probesin
themannershown in Figure2 withoutrequiringaspecial
probemodule. Addressandcontrol lines, alongwith a
subsetof datalines,areprobedfor logic analysis.

The RC36100 includes an integrated DRAM con-
troller, hencetheexternaladdresslinescarrymultiplexed
row/columnaddresses.Theoriginal addressmustthere-
fore be reconstructedfrom observationson the address
bus. Addresspins A11..A2 carry both row andcolumn
information,andthesepinsrepresentthetruecolumnad-
dressduring fastpagemodeaccesses.For rapid identi-

ficationof the original address,the effectivecolumnad-
dressis formedfrom A11..A0. Theon-chipDRAM con-
troller setsA1..A0 to zerobecausethey arenot usedin
row/columnaddressingof theexternalDRAM chips.

4 Demonstrating Delay Slots

The ELEC470 coursematerial basedon the Hen-
nessy/Pattersontextbook[3] emphasizestheuseof load-
usestallsandflushingof instructionsfollowing a branch
or jump. The alternative approachof delayslots is pre-
sentedas an example of how earlier implementations
soughtto simplify hardwareby shifting the responsibil-
ity of codeschedulingto thecompiler.

An initial in-lecturedemonstrationusingtheRC36100
centerson delayslotsin pipelinedexecution. Thepeda-
gogicalaimsareto increaseunderstandingof delayslots
andto develop the ability to predictandexplain behav-
ior. The effect of delayslotsis illustratedby presenting
assembly-languagecodesegments,and then observing
their executionon the RC36100evaluationboard. The
annotatedcodebelow demonstratesto studentsan inter-
estingconsequenceof a jumpdelayslot.

<IDT>dis 0xa0010000
a0010000 lui a0,0xa002 # a0=0xa0020000
a0010004 li t0,0x0 # t0=0x00000000
a0010008 j 0xa001000c # to next instr
a001000c addi t0,t0,0x1 # t0 = t0 + 1
a0010010 sw t0,0x0(a0) # mem[a0+0]=t0
a0010014 lui v0,0xbfc0 # v0=0xbfc00000
a0010018 jr v0 # to monitor
a001001c nop # delay slot
<IDT>go 0xa0010000 # execute code
<IDT>dump 0xa0020000 # examine mem
a0020000: 00000002 # final t0 value

Theaddi thatis thejumptargetis alsoin thejumpdelay
slot. Thevaluewrittento0xa002000 fromt0 indicates
thattheregisterwasincrementedtwice.

Anotherexampleillustratestheloaddelayslot:

lui s0,0xa002 # s0=0xa0020000
lui t0,0x1234 # t0=0x12340000
ori t0,t0,0x5678 # t0=0x12345678
lw t0,0x0(s0) # t0=mem[s0]
sw t0,0x4(s0) # mem[s0+4]=old t0
lui v0,0xbfc0 # v0=0xbfc00000
jr v0 # return to monitor

<IDT>dump 0xa0020000
a0020000: ffffffff 12345678



Thevalueat0xa002004 is not from thelw, but is de-
terminedinsteadby theori. Suchexamplesreinforce
theconceptof propercodeschedulingwith delayslots.

5 Demonstrating Caches and DRAM

ELEC470 covers memory hierarchy from basic
cachingto DRAM timing details.TheRC36100provides
a simpleexternal interfaceto servicecachemissesand
writes from its write buffer. The low-level behavior can
beobservedwith thelogicanalyzerandrelateddirectlyto
assembly-languageandC code. Thepedagogicalaim is
to instill acompleteunderstandingof executionbehavior
in thepresenceof cachesanda write buffer.

Using the GCC compiler that is provided with the
RC36100evaluationboard,thefollowing C codeis used
aspartof ademonstrationof thememoryhierarchy.

#define DATA_PATTERN 0xa5a5a5a5
#define N 8

void TestFunction ()
{
int i;

/* used to trigger the analyzer */
write_marker = DATA_PATTERN;

for (i = 0; i < N; i++)
a[i] = b[i];

}

The correspondingassembly-languagecode is shown
in Figure 4. The effective column address for
write marker is printed to the terminal by the
main() program.With a pausefor a keypress,thetrig-
ger conditionfor the logic analyzercanbe setwith the
addressanddatapatternsin order to capturethe write-
throughDRAM accessfor write marker.

Oncea key is pressed,themain() programcalls the
testfunction twice in successionin orderto demonstrate
the effect of cachingon executiontime. The first time
thatthefunctionis called,therewill beinstructioncache
misses,anddatacachemissesfor arrayelementsin the
right-handsideof theassignmentstatement.Writesin the
left-handsideof the assignmentstatementdo not incur
cachemissesbecauseof thewrite-throughpolicy.

The logic analyzeroutput display after triggering is
shown in Figure5. The trigger marker (identifiedwith

‘T’) is positionedby theanalyzer. Theothermarkers(la-
belled‘1’ and‘2’) arepositionedmanuallyat theendof
thefirst call of thetestfunctionandat theendof thesec-
ondcall. For thefirst call, instructioncachemissesfetch
four-wordblocksfrom DRAM usingfastpagemode(left
sideof Figure5). The datacacheusesone-word cache
blocks,henceonly a singleword is readfrom DRAM on
datacachemisses.This differencein cacheblock sizeis
usefulin distinguishingbetweeninstructioncachemisses
anddatacachemisses(write-throughsareobvious from
theassertionof thewritesignal).Thebenefitof cachingis
clearlyevidentin thereducedexecutiontime for thesec-
ondcall. Onlywrite-throughsareneeded,andtheseoccur
in parallelwith continuedexecutionof otherinstructions.
Theexecutiontimebetweenthemarkerslabelled‘1’ and
‘2’ is reportedasthe“Delta Time” of 2.32 � sec,andthis
valuecanalsobeconfirmedby assumingoneinstruction
fetchedeverycycle for theloopcodein Figure4.

The behavior during cachemissesis then inspected
morecloselyby usingthe zoomfeatureof the logic an-
alyzer. Figure 6 shows the diagramsin documentation
thatis providedto studentsin orderto complementthein-
lecturedemonstration.A reducedversionof theoverview
from Figure5 is manuallyannotatedwith a box to indi-
catethe region of interestin the full-size imagein Fig-
ure6. During thein-lecturedemonstration,thedisplayis
scrolledleft/right andzoomedin/out while the behavior
is explained,but studentsareprovided with printoutsof
timing diagramswith explanationsin orderto preparefor
in-lecturedemonstrationandto review afterwards.

Thecorrespondencebetweenthecapturedwaveforms
and the codein Figure4 is exploredby examining the
fast pagemodeaccessin Figure 6. Four wordsbegin-
ning at address0x?????1B0 are accessed,and these
wordscorrespondto thefour instructionsbeginningwith
theaddiu instructionat 0x800201B0 in Figure4 (as
confirmedby comparingD31-D24 to the most signigi-
cantbyteof eachinstruction). Theeffective columnad-
dressmakesit easyto identify theoriginaladdress.Other
regionsin Figure5 areexaminedsimilarly in detail.

A useful featureof the RC36100evaluationboardis
theability to forceuncachedinstructionexecution,where
eachinstructionmustbe readfrom DRAM, even if it is
reusedin a loop. Figure7(a) shows anacquisitionfrom
uncachedexecution,with unlabelledmarkersmarkingthe
endof thefirst call of thetestfunctionandtheendof the
secondcall. For comparison,thecachedexecutionin Fig-



0000000080020194 <TestFunction>:
80020194: 3c02a5a5 lui $v0,0xa5a5 # build constant
80020198: 3442a5a5 ori $v0,$v0,0xa5a5 # for write_marker
8002019c: af828000 sw $v0,-32768($gp) # perform the write
800201a0: 00002821 move $a1,$zero # a1 = i (loop counter)
800201a4: 3c048002 lui $a0,0x8002 # build pointer to a
800201a8: 24841ba0 addiu $a0,$a0,7072 # 7072 = 0x1ba0
800201ac: 3c038002 lui $v1,0x8002 # build pointer to b
800201b0: 24631b80 addiu $v1,$v1,7040 # 7040 = 0x1b80
800201b4: 8c620000 lw $v0,0($v1) # loop: load b[i]
800201b8: 24630004 addiu $v1,$v1,4 # advance ptr to b
800201bc: 24a50001 addiu $a1,$a1,1 # i = i + 1
800201c0: ac820000 sw $v0,0($a0) # store to a[i]
800201c4: 28a20008 slti $v0,$a1,8 # check: i < 8 ?
800201c8: 1440fffa bnez $v0,800201b4 # if yes, goto loop
800201cc: 24840004 addiu $a0,$a0,4 # advance ptr to a
800201d0: 03e00008 jr $ra # return from subroutine
800201d4: 00000000 nop # <jump delay slot>

Figure4: Outputfrom gcc compilerfor testcodewith annotationsto aidunderstanding

ure7(b)hasmarkerspositionedfor cachedexecution(‘1’
and ‘2’) and uncachedexecution(unlabelledmarkers),
relative to the trigger point. The importanceof caches
is reinforcedby observingthemarkeddifferencein exe-
cutiontimesandbehavior with thelogic analyzer.

Two final aspectsof DRAM behavior can be also
demonstratedwith acquisitionsfrom the logic analyzer.
Thefirst is row accessoptimizationwherethe ����� sig-
nal is held assertedfor extendedperiodsof time in an-
ticipation of successive column addressesin the same
row. Figure 7(b) shows instancesof this optimization.
The secondaspectis that DRAM memorymust be re-
freshedperiodically. The �	��� -before-����� refreshpro-
tocol meansthat ����� mustbe deasserted.Figure7(b)
showstwo occurencesof thisdeassertionnearthetwo un-
labelledmarkers. Theanalyzerdisplaycanthenbeused
to closelyexaminethesignaltiming at thesepoints.The
interval betweenrefreshescanalsobemeasuredandre-
latedto theDRAM specifications.

Altogether, therearea variety of importantconcepts
thatcanbeeffectively demonstratedin lecturesusingthe
combinationof the evaluationboardandlogic analyzer.
With appropriateexamplesthat arekept simpleenough
to clearlyillustrateaspectsof pipeliningandthememory
hierarchy, studentunderstandingcanbeenhanced.

6 Student Feedback

As part of a broadereffort to collect studentfeed-
back,a survey wasconductedneartheendof thecourse.
Among otherthings,the survey soughtfeedbackon the
documentationfor the demonstrations,as well as the
valueof the demonstrationsthemselves. Out of 60 stu-
dents,29survey formswerereturned.Theresponsesrel-
evantto thispaperaregivenbelow:

� Wasthe documentationon memorytiming useful?
yes: 28% (8 /29) ********
somewhat: 55% (16 /29) ************* ** *
not really: 17% (5 /29) *****

� Were the RC36100 demonstrationseducational?
yes: 41% (12 /29) ************
somewhat: 45% (13 /29) *************
not really: 14% (4 /29) ****

Note that the feedbackfor the first questionis on the
instructor-supplied custom documentationfor the in-
lecturedemonstration,not on the vendor-suppliedcom-
mercial documentation.Overall, the feedbackmay be
viewed asbeing relatively positive. Although a minor-
ity of respondingstudentsdid not feel therewasabenefit
for them,themajority of studentsdid indicatethat there
wasvaluein usingin-lecturehardwaredemonstrations.



Figure5: Timing acquisitionfor cachedexecutionof samplecode

7 Conclusion and Future Plans

Theuseof in-lecturedemonstrationsfor theELEC470
courseusing a logic analyzerand representative hard-
ware to illustratepipelinebehavior andmemorytiming
hasvaluein aidingstudentunderstandingandincreasing
interestin the coursematerial. Hardware-basedexam-
plescancomplementthe simulator-basedexercisesthat
thestudentsalreadystudyin thecourse,andstudentfeed-
backis generallysupportive of demonstrations.

In consideringfuture plans for continueduseof in-
lecturedemonstrations,an appropriatebalancemustbe
maintainedbetweenexpositionof fundamentalconcepts
anddemonstrationof thoseconceptsin operation.Cur-
rently, lessthan10%of the36 lecturehoursin the term
arededicatedto in-lecturedemonstrationtime. Thereis,
however, the opportunity to increasethat figure some-
what. Possibilitiesincludecomparisonof the pipelined
performanceof unoptimizedandoptimizedcodefromthe
compiler, observations and predictionsof performance
for samplecodethat forcesthe write buffer to become
full andstall theprocessor, anddemonstrationof theim-
pactof cachemappingconflictswith suitableexamples
that show the sensitivity of performanceto array start-

ing addresses.Theseexamplescaneffectively utilize the
ability to observe cachemisseswith the logic analyzer
andtheability to rapidly identify full addressesfrom the
effective columnaddressin orderto relatethe observed
behavior to assemblyor C sourcecode.

Thereis alsoopportunityto extendthebenefitof view-
ing output from the logic analyzernot only in a static
formonpaperdocumentation,but alsoin amoredynamic
form outsideof lectures. Tektronix makes available a
softwarepackagefor stand-alonePCcomputersthathas
preciselythe sameviewing features(i.e., scrolling and
zooming)asthefull softwareon thelogic analyzerhard-
ware. Observationscapturedby the logic analyzercan
besavedto a datafile, andthis datafile maythenbeex-
aminedandmanipulatedon any othercomputerwith the
viewing software. With this ability, studentsmayreview
any aspectof thein-lecturedemonstrationattheir leisure.

Finally, the relatively low costof the RC36100eval-
uationboardallows theconsiderationof acquiringaddi-
tional boardsfor allowing studentsto experimenthands-
on with thehardware. TheDepartmentof Electricaland
ComputerEngineeringat Queen’s University hasmore
thanoneTLA704 analyzer, aswell asotherPC-basedan-



Figure6: Closerinspectionof first instructioncachemiss

alyzers.AlthoughELEC470is notofficially a laboratory
courseat this time, thereis an opportunityto introduce
a practicalcomponentto thecourseandfurtherreinforce
importantarchitecturalandimplementationconcepts.

Links from the author’s WWW site
(http://www.ece.queensu.ca/hpages/faculty/manjik ian)
provide furtherinformationon theELEC470course.
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