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Abstiact—This paperdescribesthe use of a logic an-

alyzer for in-lecture demonstrationf pipelining and

memoryhierarchyon representate hardware. The aim

is to enhanceunderstandingof fundamentalconcepts
without excessie technicaldetail. The hardware used
in demonstrationgs describedalongwith the examples
usedandtheir pedagogicahims. Studentfeedbackon

this approachs alsopresented.

1 Introduction

The seniorundegraduatecourseELEC470Computer
SystemArchitectue at Queens University is a lecture
coursethat emphasizesrchitecturalaspectof pipelin-
ing and memoryhierarchy Similar coursesat otherin-
stitutionsmay include a practical componentbasedon
programmabldogic devices[2, 7]. At Queens Univer
sity, studentdn ELEC470alreadyhave hardware expe-
riencewith programmabldogic in threeearliercourses,
andthey mustalsotake afull-year projectdesignandim-
plementatiorcourse.

Nonethelesdt is valuableto relateconceptgo practi-
cal systems.To this end,a commercialevaluationboard
basedon a MIPS processohasbeenusedwith a logic
analyzeffor in-lecturehardwaredemonstrationsThis ar
rangementcomplementedvith written documentation,
providesanexcellentmeansof observingandexplaining
thebehaior andtiming of anactualpipelinedprocessor
with cachesandexternalDRAM memory

This paperoutlinesthe contet for in-lecturedemon-
strationan ELEC470,describeshe hardwareandexam-
plesusedin demonstrationgrovidesfeedbackrom stu-
dentson this approachandconcludeswith futureplans.

2 Context

Thefollowing list outlinescoursedhatarespecificto
ComputetEngineeringat Queens University:

o Digital logic design(includinga separatéaboratory
componenbasedn FPGAS),

¢ Basiccomputerrchitecturgprocessoorganization
with alaboratorycomponenbn assembly-language
programming),

e Microprocessorsystems (details of bus/memory
timing and hardvare/softvare interfacing with 1/0
ports;includesa laboratorycomponentvith atake-
homemicrocomputekit andFPGAS),

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

e Computer system architecture (performance, in-
structionsetdesign pipelining,cachesmemaoryhi-
erarchyl/O systemsmultiprocessing).

The ELEC470coursethatis the subjectof this paper
is thefinal coursdan thesequencgivenabore. ELEC470
is basedon the undegraduatebook by Hennessyand
Patterson3]. All chaptersarecoveredexceptfor arith-
metic (that topic is coveredin an earlier course). The
coursematerialincludesdetailson SRAM/DRAM chips
andtheir timing, aswell asthe IDT RC36100MIPS mi-
croprocessofs], with permissionobtainedto reproduce
technicaldocumentatiorfor educationaland classroom
usage. Finally, the SimpleScalafl] simulatoris also
usedin quantitatve andillustrative exercises.
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Figurel: IDT RC36100EvaluationBoard

Figure2: RC36100EvaluationBoardwith probes

Since ELEC470emphasizepipelining and memory
hierarchy using hardware to demonstrateelevant con-
ceptshasstrong educationalvalue. ContemporaryPC
or workstationcomputersare not suited for in-lecture
demonstrationwith alogic analyzetbecaus@ainingac-
cessto signalsis nontrivial, andtheir compleity is not
conducve for illustratingfundamentatonceptsThis pa-
per outlinesthe use of simpler hardware and describes
examplesusedin demonstrations.

Figure3: Tektronix TLA704 Analyzeron cart

3 Overview of Hardware

Microprocessor System  An evaluationboard[4] based
on the IDT RC36100MIPS microprocessof5] is used
becausdt is simpleyetrepresentate of embeddedhard-
waredesigns.The IDT RC36100is a highly-integrated
productthatincludeson-chipinstructionanddatacaches,
timers, serial ports, parallel ports, and a DRAM con-
troller. The RC36100evaluationboardconsistsof a mi-
croprocessQrEPROM chip, andtwo DRAM chips, as
shavn in Figurel. A crystaloscillatorandRS-232level
converterarethe only othersupportchipson the board.
Figure 2 shavs a photographof the actual 2.5inx 3in
boardwith probesconnectedor logic analysis.

The RC36100is derived from the MIPS R3000that
useda write-throughcachepolicy. Hence the RC36100
integratesa 4-deepwrite buffer to allow the processoto



modify thedatacacheandcontinuefetchingoneinstruc-
tion every cycle from the instructioncachewhile writes
to DRAM proceedrom thewrite buffer atslower speeds.
TheEPROM chipontheboardcontainsa monitorpro-
gramthatacceptommandgo dovnloadmachinecode
into DRAM memory view/modify memorycontentsas-
semble/disassemblastructions,and executecode. To
generatemachinecode, IDT provides a version of the
GCC compilerandrelatedtools. Thesetools are hosted
on a separatePC or workstation,and machinecodeis
downloadedo the boardthrougha serialdatalink.

Logic Analyzer TheTektronixTLA704 logic analyzer
combinesa PC platform running Microsoft Windows

with hardwarethat sampledigital signalsat 2 GHz and
graphical software that displaysthe acquiredsamples.
Figure3shavsaTLA704 mountednacartthatprovides
mobility for in-lecturedemonstrationsthe shelf carries
the RC36100evaluationboardanda power supply The

TLA704 hasanintegratedLCD displayandalsoa VGA

portto connecto a projectorin alecturehall. This pro-

jection capabilityhasbeenusedin a prerequisitecourse
ELEC371MicroprocessorSystemshatis alsotaughtby

the author[6]. Studentdn ELEC470thereforehave fa-

miliarity with the outputdisplayformat of the logic an-

alyzer The TLA704 alsosenes asthe terminalfor the

RC36100evaluationboardthrougha seriallink. A ter

minal programrunningon the TLA704 is usedto enter
commandsor theEPROM-basednonitor TheWindows

softwareallows switchingbetweertheterminalprogram
andthelogic analyzersoftwareasneeded.

Probing for Logic Analysis TheRC36100chipis fab-
ricatedin a packagawith fine-pitchpin spacingthat pre-
ventsconnectiorof individuallogic analyzeiprobes For-
tunately the pitch of the EPROM and DRAM pins on
the evaluationboardpermitsthe connectiorof probesin
themannershavn in Figure2 withoutrequiringa special
probemodule. Addressand control lines, alongwith a
subsebf datalines,areprobedfor logic analysis.

The RC36100includes an integrated DRAM con-
troller, hencethe externaladdresdinescarrymultiplexed
row/columnaddressesThe original addressnustthere-
fore be reconstructedrom obserationson the address
bus. Addresspins A11..A2 carry bothrow andcolumn
information,andthesepinsrepresenthetrue columnad-
dressduring fastpagemodeaccessesFor rapid identi-

fication of the original addressthe effectivecolumnad-
dressis formedfrom A11..A0. Theon-chipDRAM con-
troller setsAl..A0 to zerobecausédhey arenot usedin
row/columnaddressingf theexternalDRAM chips.

4 Demonstrating Delay Slots

The ELECA470 course material basedon the Hen-
nessy/RBttersortextbook[3] emphasizethe useof load-
usestallsandflushingof instructionsfollowing a branch
or jump. The alternatve approachof delayslotsis pre-
sentedas an example of how earlier implementations
soughtto simplify hardware by shifting the responsibil-
ity of codeschedulingo thecompiler

An initial in-lecturedemonstratiomnisingtheRC36100
centerson delayslotsin pipelinedexecution. The peda-
gogicalaimsareto increasaunderstandingf delayslots
andto develop the ability to predictand explain beha-
ior. The effect of delayslotsis illustratedby presenting
assembly-languageode sggments,and then observing
their executionon the RC36100evaluationboard. The
annotateccodebelov demonstrateto studentsaninter
estingconsequencef ajump delayslot.

<| DT>di s 0xa0010000

a0010000 lui a0, 0xa002 # a0=0xa0020000
a0010004 | i t 0, 0x0 # t0=0x00000000
a0010008 |j 0xa001000c # to next instr
a001000c addi t0,t0,0x1 # t0 =1t0 + 1
a0010010 sw tO0,0x0(a0) # nmen{al0+0]=tO0
a0010014 lui vO,OxbfcO # v0=0xbfc00000
a0010018 jr vO0 # to nmonitor
a001001c nop # del ay sl ot

<I DT>go 0xa0010000 # execute code
<I DT>dunp 0xa0020000 # exam ne nem
a0020000: 00000002 # final tO val ue

Theaddi thatisthejumptametis alsoin thejumpdelay
slot. Thevaluewrittento 0xa002000 fromt O indicates

thattheregisterwasincrementedwice
Anotherexampleillustratestheloaddelayslot:

s0=0xa0020000
t 0=0x12340000
t 0=0x12345678

| ui
| ui
ori

s0, 0xa002 #
t0, 0x1234 #
t0,t0, Ox5678 #

Ilw t0, 0x0(s0) # t 0=neni sO]

sw t0,0x4(s0) # men|{ sO+4] =old tO
[ ui vO0, Oxbf cO # v0=0xbf c00000

jr vo # return to nonitor

<I DT>dunp 0xa0020000
a0020000: ffffffff 12345678



Thevalueat0xa002004 is notfrom thel w, but is de-
terminedinsteadby the or i . Suchexamplesreinforce
theconcepbf propercodeschedulingvith delayslots.

5 Demonstrating Cachesand DRAM

ELEC470 covers memory hierarchy from basic
cachingto DRAM timing details. TheRC3610Qprovides
a simple externalinterfaceto servicecachemissesand
writes from its write buffer. The low-level behaior can
beobseredwith thelogic analyzeandrelateddirectlyto
assembly-languagendC code. The pedagogicahim is
to instill acompleteunderstandingf executionbehaior

in the presencef cachesanda write buffer.

Using the GCC compiler that is provided with the
RC36100evaluationboard,thefollowing C codeis used
aspartof ademonstratiomf the memoryhierarchy

#defi ne DATA PATTERN Oxa5a5a5a5
#define N 8

voi d Test Function ()

{

int i;

/* used to trigger the analyzer */
wite nmarker = DATA PATTERN

0; i
b[i];

for (i

ali]
}

The correspondingassembly-languageode is shavn
in Figure 4. The effective column address for
write_marker is printed to the terminal by the
mai n() program.With a pausefor a keypressthetrig-
ger conditionfor the logic analyzercan be setwith the
addressand datapatternsin orderto capturethe write-
throughDRAM accesdor w i t e_mar ker .

Onceakey is pressedthemai n() programcallsthe
testfunctiontwicein successiolin orderto demonstrate
the effect of cachingon executiontime. The first time
thatthefunctionis called,therewill beinstructioncache
misses.anddatacachemissesfor array elementsn the
right-handsideof theassignmergtatementWritesin the
left-handside of the assignmenstatemento not incur
cachemissedecaus®f thewrite-throughpolicy.

The logic analyzeroutput display after triggering is
shawvn in Figure5. The trigger marker (identified with

< N, i++)

‘T") is positionedby theanalyzer The othermarkers(la-

belled'l’ and‘2’) arepositionedmanuallyatthe endof

thefirst call of thetestfunctionandat the endof the sec-
ondcall. For thefirst call, instructioncachemissedetch

four-word blocksfrom DRAM usingfastpagemode(left

side of Figure5). The datacacheusesone-word cache
blocks,henceonly a singleword is readfrom DRAM on

datacachemisses.This differencein cacheblock sizeis

usefulin distinguishingbetweerinstructioncachemisses
anddatacachemissegwrite-throughsare obvious from

theassertiorof thewrite signal). Thebenefitof cachings

clearlyevidentin thereducedexecutiontime for the sec-
ondcall. Only write-throughsareneededandtheseoccur
in parallelwith continuedexecutionof otherinstructions.
The executiontime betweerthe markerslabelled'l’ and
‘2’ isreportedasthe“Delta Time” of 2.32 usec,andthis

valuecanalsobe confirmedby assumingoneinstruction
fetchedevery cycle for theloop codein Figure4.

The behaior during cachemissesis then inspected
more closely by usingthe zoomfeatureof the logic an-
alyzer Figure 6 shavs the diagramsin documentation
thatis providedto students$n orderto complementhein-
lecturedemonstrationA reducedsersionof theovervien
from Figure5 is manuallyannotatedvith a box to indi-
catethe region of interestin the full-size imagein Fig-
ure6. During thein-lecturedemonstrationthe displayis
scrolledleft/right and zoomedin/out while the behaior
is explained,but studentsare provided with printoutsof
timing diagramswith explanationsn orderto preparefor
in-lecturedemonstratiomndto review afterwards.

The correspondencketweerthe capturedvaveforms
andthe codein Figure 4 is explored by examiningthe
fastpagemodeaccessn Figure 6. Four words begin-

wordscorrespondo thefour instructionsbeginningwith
theaddi u instructionat 0x800201B0 in Figure4 (as
confirmedby comparingD31-D24 to the most signigi-
cantbyte of eachinstruction). The effective columnad-
dresamalesit easyto identify theoriginaladdressOther
regionsin Figure5 areexaminedsimilarly in detail.

A usefulfeatureof the RC36100evaluationboardis
theability to forceuncachednstructionexecution,where
eachinstructionmustbe readfrom DRAM, evenif it is
reusedn aloop. Figure7(a)shavs anacquisitionfrom
uncachedxecutionwith unlabellednarkersmarkingthe
endof thefirst call of thetestfunctionandtheendof the
secondtall. For comparisonthecachedxecutionin Fig-



0000000080020194 <Test Functi on>:

80020194: 3c02a5a5 [ ui $v0, Oxabab # build constant
80020198: 3442a5a5 ori $v0, $v0, Oxabab5 # for wite_marker
8002019c: af 828000 sSw $v0, - 32768($gp) # performthe wite
800201a0: 00002821 nove $al, $zero # al =i (loop counter)
800201a4: 3c048002 [ ui $a0, 0x8002 # build pointer to a
800201a8: 24841ba0 addi u $a0, $a0, 7072 # 7072 = Ox1lbaO
800201ac: 3¢c038002 [ ui $v1, 0x8002 # build pointer to b
800201b0: 24631b80 addi u $v1, $v1, 7040 # 7040 = 0x1b80
800201b4: 8c620000 I w $v0, O($v1) # loop: load b[i]
800201b8: 24630004 addiu $vi, $vi, 4 # advance ptr to b
800201bc: 24a50001 addi u $al, $al, 1 # i =i +1
800201cO: ac820000 S $v0, 0( $a0) # store to a[i]
800201c4: 28a20008 slti  $vO0, $al, 8 # check: i <872
800201c8: 1440fffa bnez $v0, 800201b4 # if yes, goto |oop
800201cc: 24840004 addi u $ao0, $ao0, 4 # advance ptr to a
800201d0: 03e00008 ir $ra # return from subroutine
800201d4: 00000000 nop # <junp del ay slot>

Figure4: Outputfrom gcc compilerfor testcodewith annotationgo aid understanding

ure7(b) hasmarkerspositionedor cachedexecution(‘1’
and ‘2’) and uncachedexecution (unlabelledmarlers),
relative to the trigger point. The importanceof caches
is reinforcedby observingthe marked differencein exe-
cutiontimesandbehaior with thelogic analyzer

Two final aspectsof DRAM behaior can be also
demonstrateavith acquisitionsfrom the logic analyzer
Thefirst is row acces®ptimizationwherethe RAS sig-
nal is held assertedor extendedperiodsof time in an-
ticipation of successie column addressedn the same
row. Figure 7(b) shavs instancesof this optimization.
The secondaspectis that DRAM memorymustbe re-
freshedperiodically The CAS-beforeRAS refreshpro-
tocol meansthat RAS mustbe deassertedFigure 7(b)
shavstwo occurencesf thisdeassertionearthetwo un-
labelledmarlers. The analyzerdisplaycanthenbe used
to closelyexaminethe signaltiming at thesepoints. The
intenal betweerrefreshesanalsobe measuredndre-
latedto the DRAM specifications.

Altogether thereare a variety of importantconcepts
thatcanbe effectively demonstrateth lecturesusingthe
combinationof the evaluationboardandlogic analyzer
With appropriateexamplesthat are kept simple enough
to clearlyillustrateaspect®f pipeliningandthe memory
hierarchy studentunderstandinganbe enhanced.

6 Student Feedback

As part of a broadereffort to collect studentfeed-
back,a suney wasconductecheartheendof the course.
Among otherthings, the suney soughtfeedbackon the
documentationfor the demonstrationsas well as the
value of the demonstrationshemseles. Out of 60 stu-
dents,29 surney formswerereturned.Theresponsesel-
evantto this paperaregivenbelow:

e Wasthe documentatioron memorytiming useful?

yes: 28% (8 /29) Fokkkkxkk
somavhat: 55% (16/29) *kkkFhkhxFh*K *k %
notreally: 17% (5/29)  ****

e Were the RC36100 demonstrationseducational?
yes: 41% (12 /29) FRRKKKIEFHK
somevhat: 45% (13 /29) KRKKKKKKKKKKK
notreally: 14% (4/29)  ****

Note that the feedbackfor the first questionis on the
instructorsuppliel custom documentationfor the in-
lecturedemonstrationnot on the vendorsuppliedcom-
mercial documentation. Overall, the feedbackmay be
viewed as beingrelatively positive. Althougha minor
ity of respondingstudentslid notfeeltherewasa benefit
for them,the majority of studentdlid indicatethatthere
wasvaluein usingin-lecturehardwaredemonstrations.
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Figure5: Timing acquisitionfor cachedexecutionof samplecode

7 Conclusion and Future Plans

Theuseof in-lecturedemonstrationfor theELEC470
courseusing a logic analyzerand representate hard-
wareto illustrate pipeline behaior and memorytiming
hasvaluein aiding studentunderstandingndincreasing
interestin the coursematerial. Hardware-basedxam-
ples can complementhe simulatorbasedexercisesthat
thestudentsalreadystudyin thecourseandstudenteed-
backis generallysupportve of demonstrations.

In consideringfuture plansfor continueduse of in-
lecturedemonstrationsan appropriateébalancemust be
maintainedbetweenexpositionof fundamentatoncepts
and demonstratiorof thoseconceptsn operation. Cur
rently; lessthan10% of the 36 lecturehoursin theterm
arededicatedo in-lecturedemonstratiortime. Thereis,
however, the opportunityto increasethat figure some-
what. Possibilitiesinclude comparisorof the pipelined
performanc®f unoptimizedandoptimizedcodefromthe
compiler obserations and predictionsof performance
for samplecodethat forcesthe write buffer to become
full andstall the processqranddemonstratiorof theim-
pactof cachemappingconflictswith suitableexamples
that shav the sensitvity of performanceo array start-

ing addressesTheseexamplescaneffectively utilize the
ability to obsere cachemisseswith the logic analyzer
andtheability to rapidly identify full addressefom the
effective columnaddressn orderto relatethe obsered
behaior to assemblyor C sourcecode.

Thereis alsoopportunityto extendthe benefitof view-
ing output from the logic analyzernot only in a static
form on paperdocumentatiorhut alsoin amoredynamic
form outsideof lectures. Tektronix makes available a
software packagefor stand-alond®C computerghathas
preciselythe sameviewing features(i.e., scrolling and
zooming)asthefull softwareonthelogic analyzehard-
ware. Obserationscapturedby the logic analyzercan
be savedto a datafile, andthis datafile maythenbe ex-
aminedandmanipulatedn ary othercomputemwith the
viewing software. With this ability, studentsmay review
ary aspecbf thein-lecturedemonstratiomttheirleisure.

Finally, the relatively low costof the RC36100eval-
uationboardallows the consideratiorof acquiringaddi-
tional boardsfor allowing studentgo experimenthands-
on with the hardware. The Departmenbf Electricaland
ComputerEngineeringat Queens University hasmore
thanoneTLA704 analyzeraswell asotherPC-basea@n-
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Figure6: Closerinspectionof first instructioncachemiss

alyzers.AlthoughELECA470is not officially alaboratory on Computer Architecture, July 1999. Available at

courseat this time, thereis an opportunityto introduce
apracticalcomponento the courseandfurtherreinforce
importantarchitecturahndimplementatiorconcepts.
Links from the authors WWW  site
(http://wwwece.queensu.cakpes/faallty/marjikian)
provide furtherinformationonthe ELEC470course.
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