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ABSTRACT

The tecnh project, which provides an unusualalternatve to the
standardlesignof the computingcurriculumfor thebachelors de-
greein computerscience,is now enteringfull-scale implementa-
tion at ClemsonUniversity The approachrelies extensiely on
problem-basedhstruction, computergraphics,and the notion of
cognitive apprenticeship.The novelty arisesfrom the magnitude
andorigin of the problemsto beintegratedinto the curriculumand
thebreadthof impactacrosshecurriculum.The rst threecourses
in the new curriculumare now beingtaught. The designof each
courseis describedandpreliminaryassessmenfsom earliertrial
session®f the rst two coursesareoffered.
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1. INTRODUCTION

The keyword in the title, tecnh, is the Greekword for art. It
sharesits root with tecnol oda, the Greekword for technolagy.
The goal of thet écnh project[3] is a zero-basede-designof the
undegraduatedegreein computerscience A principal motivation
for this re-desigris to effect a reconnectiorof the artisticandsci-
enti c component®f our studentsintellectualdevelopmentcom-
ponentswvhich are,unfortunatelyseparate@arlyanddecisvely in
the currenteducationabystemof the United States.

A foreshadwing of the potentialbene ts of suchreconnection
hasbeenprovided by the early successesf the Digital Production
Arts programat Clemson.The M.F.A. in Digital ProductionArts
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is atwo-year graduatedegreeprogramthatis aimedat producing
digital artistswho carryasolid foundationin computeiscienceand
thuscanexpectto nd employmentin therapidly expandingspe-
cial effectsindustryfor video, Im, andinteractve gaming. All
studentsn the programarerequiredto completesigni cant gradu-
atelevel work in boththe artsandcomputerscience Graduate®f
theprogramhave beentremendouslyguccessfuin nding employ-
ment.Equallyimportantis the obsened demographieffect. The
DPA programhas consistentlymaintainedan enrollmentthat is
morethan30%womenandmorethan12%African American,both
well above the enrollmentlevels for thosegroupsfound in other
graduateorogramsin computing,includingthoseat Clemson.

Motivatedby DPA, thetécnh curriculumdesignrelies heavily
on a careful selectionof large-scaleproblemsfrom the visual do-
main. We take a constructivistview in this design but, asnotedby
Duffy andCunninghanj2], this termhascometo encompassuch
awide spanof directionsin educatiorthat further speci cationis
essential.Our view is certainly Piagetian sometimegermedcog-
nitive constructivismanddraws directly from Piaget[10], Dewey
[4], andRousseall4] in thatfundamentatenetsarethese:

Learningis anactive proces®f constructingndividual knowl-
edge.

Learningoccurswhenobsenationsdiffer from expectations,
andnew mentalmodelsmustbeconstructedo accommodate
thedifferences.

Teachingstheproces®f invokingandsupportinghesecon-
structions.

It is not surprisingthenthatwe useproblem-basethstructionasa
vehicle, but our designdiffers from othersin the depthandscope
of the problemsaddressed-undamentaienetsof ourapproactare
thata visual problemdomainwill mostquickly capturethe atten-
tion andinterestof studentavho have grown upin a societythatis
increasinglyvisually oriented thata connectiorbetweerscienti ¢
andartisticcomponentsvill stimulateboth deductve thoughtand
creatvity, andthattoy problemswould be of little valuein effect-
ing the principal desiredaccommodationan ability to solve real
problems.Thustheproblemsarelarge-scalewith oneproblemper
semesterandthey areselectedrom problemsthathave arisennat-
urally in the researchnvestigationsof the graphicsfaculty These
problemsareCPUandstoragentensie, yetsimpleto describeand
addressA primarybene t of the classof problemss thatnonehas
astrictly “right” or “wrong” answerandthusstudentanustbegin
to develop non-trivial methoddor evaluationof their own work.
Becausehe problemsare large and often without bounds,we
do provide a conceptuaframewvork within which the studentsex-
ploreandbuild. Thusour methodis probablybestcharacterizeds
constructvism with anobjectivist scafolding [9], or, to thosewho



studyepistemologya naive retracingof rst stepsin thedirection
of Kant's transcendentdbgic [7].

In this context, with very large problemswe canalsorely onthe
cognitive apprenticeship a conceptprobablydueto Resnick[13].
We contendthatthereis greatvaluein obsenration of a masterat
work in problemsolving. The processis the key. We thus en-
courageinstructorsto presentsolutionsto problemcomponentsn
amannetthatis ascloseaspossibleto their own original solutions,
including ary andall missteps.Suchsolutionscarry a vitality that
is missingin solutionsthathave beencleanedandpolishedfor pre-
sentationin more formal settings. The accomplishednathemati-
cianWilhelm Stoll wasonceasledto explain how mathematicians
translatetheir motivationinto mathematicaproof. He repliedthat
aproofis motivationwritten backwards.We favor directpresenta-
tion of the motivation.

Of courseary zero-basedlesignmustbegin with anidenti ca-
tion of goals,in this case fundamentatonceptsandabilitiesto be
developedn theundegraduatestudenbf computeiscienceln this
ende&or, we recognizethe rapidly changingnatureof the disci-
pline andfocuson the challengeshe studentawill mostlikely face
in the yearsafter graduation. Ability and enthusiasnfor compu-
tationalproblem-solvingratherthanexperiencewith popularsoft-
wareor hardware platforms,shouldthenbe of paramounimpor-
tance. To this end,we have enumeratednd cateyorizedconcepts
in computersciencethatwe deemabsolutelyessentiato computa-
tional problem-solving We have collectedclosely-relatedoncepts
to form thestructuralgoalsof individual coursesindthenidenti ed
semesteftong problemsrom thevisualdomainthatwill invoke an
explorationof thesestructures.The purposeof this paperis to de-
scribethe rst threecoursedn this new designand provide some
preliminary assessmentAs of this writing (Fall, 2006), all three
coursesarebeingtaught.

2. PROBLEM/LANGU AGE SELECTION

Ourinitial focushasbeenon de ning theintroductorysequence
in the new curriculum. Hereafterwe will referto thesecoursesas
CS1,CS2,andCSs3.

The programminganguage®f instructionfor the coursesvere
choserncarefully We hadto remainconsistentwvith our construc-
tivistdesignwith its rootsin empiricism but we alsoneededtight
integrationwith the semestetong problemin eachcourse sothat
the languageprovided a convenientvehiclefor solution. We also
soughta smooth naturaltransitionfrom eachlanguageo the next.

In all of our coursedesign,we emphasizegvento a greaterex-
tent than doesResnick[13], the critical importanceof appropri-
ate mentalmodelsof complex systems. Early developmentof a
mentalmodelof computing,asdescribedy the von Neumanrar
chitecture,is crucialto undegraduatestudentsuccessThe atten-
dant e xibility in responsedo unexpectedsituationscannotawait
post-graduatéraining. In this case the useof a small,imperatve
programminglanguagethatis closeto the machineitself is most
conducve to this development,andsowe useC in both CS1and
the rst part of CS2. We are aware of argumentsthat adwocate
immersionof studentsn the object-orientecparadigmand useof
an object-orientedanguagefrom the outset,but we rejectthose
amgumentson the sameempiricistbasisthat society decadesgo,
rejectedthe rationalists'“new math! Learnersaresimply unable
to abstractetailsthey have never seerandof which they arecom-
pletely unavare. Learningnaturally proceeddy accommodation
from speci ¢ evidenceanddetailedobsenationsto theoreticalop-
erational)models.

A strongargumentcanbe madethatthe extreme e xibility of C
canallow badprogramminghabitsto develop, andwe do not dis-

putethis, but the principal agumentagainstthe useof Cin a rst
courseappearso becenterednits complity of expressionDin-
gleandZander5] pointto theclassicfaststringcopy asevidence:

while(*s++ = *t++); /I tricky for CS1students

Yet, if anaccuratenentalmodelof the machineis in place,is this
really tricky? It is somevhatironic that,in his January2005,ad-
vice columnto computersciencestudentg15], JoelSpolsk refers
to the very sameexample,with avery differenttake, “I don't care
how muchyou know aboutcontinuationsand closuresandexcep-
tion handling:if youcant explainwhy ‘while(*s++=*t++);" copies
astring, or if thatisn't the mostnaturalthing in the world to you,
well, you're programmingoasedn superstitionasfarasl'm con-
cerned:amedicaldoctorwho doesnt know basicanatomy..”

The principal semesteproblemfor CS1is transferringcolor
from one2D imageto another It is avisual problemwith a simple
descriptionthatis accessibléo a novice andyetinducesan explo-
ration of the rolesof sequentiakxecution,cacheeffects,dynamic
allocationandacces®f internal(mainmemory)andexternal(disk)
storage informationrepresentationbus contention,andthe costs
of resourceaccessStudentdearnto programin this problemcon-
text, which placesparticularly strongemphasion le 1/O, arrays
andinternalstorageoopingconstructsandfunctioncalls.

The principal semesteproblemfor CS2is constructinga ray-
tracingsystentfor renderingsynthetidmages.It providesanatural
introductionto recursionpointers linkedlists, parsing,datastruc-
tures, and performancessues. From a pedagogicaperspectie,
the developmentof a ray-tracingsystemprovides an ideal mech-
anismfor exposingthe studentto the object-orientedgaradigmin
a way that decoupleghe paradigmfrom its implementationin a
particularprogramminglanguage. The systemimplementationis
initiated in an imperatie style, but it quickly becomesapparent
thatthe mostreasonablevay to representhe interactionsof pho-
tonsor rayswith differenttypesof geometrimbjectsis to associate
speci ¢ functionsfor calculatingray-objectintersectiorpointsand
surfacenormalvectorswith eachtypeof object. Theoveralldesign
is drawn, in a very naturalway, into the object-orientegaradigm.
The bene ts of inheritanceand polymorphismare clear from the
onsetof their introduction. Becausethe systemsnaturally grow
largeandcomple very quickly, techniquegor partitioning,testing,
and large-scaledevelopmentare well-receved. When an object-
orientedanguaggC++) isintroducedn thelatterhalf of thecourse,
it canbe regardedas a welcometool for reducingworkload and
compleity, ratherthan as a burden of additional materialto be
mastered.

Theprincipalsemesteproblemfor CS3is constructingsurfaces
that bestapproximateextremely large point cloudsin 3D space.
Thecoursds similar, in termsof topic coverageto aclassicaData
Structurecourse. File structuressearchingsorting, hashing kd-
trees,modulardesign,andprincipalcomponentanalysisareall in-
tegral to the solution. Interestin performanceandits relationto
algorithmcompleity aremotivatedearly: The studentsareasled
to readthelist of datapointsand,for eachpoint, nd its threenear
estneighbors Thestudentstartwith theobviousO(N2) algorithm.
But, the list cancontain10 million points! Whenstudentgire of
waiting for ananswerthey arenaturallydravn to investicatealter
natives. Thecoursdanguages C++. Javais introducedn CS4.

3. ACS1PROBLEM SOLUTION

An algorithmusedto solve the problemof color transferis due
to Reinhard Ashikhmin, Gooch,andShirley [12]. All image les
aremaintainedn the portablepixmap(.ppm)format,which offers



easyparsingat somecostin representatioef ciency. In this for-
mat,eachpixel is representedsthreesuccessie bytesthatspecify
its red, green,andblue (RGB) levels. The principal dif culty in
usingRGB colorspacéor color modi cation is thatnaturalimages
(photographsgxhibit a high degreeof correlationamongthechan-
nels. If a pixel hasalarge bluevalue,it is likely to have largered
andgreenvaluesaswell. For this reasonReinhardet al work in
theso-called ab colorspacewhichoffersacompactepresentation
with little correlationamongchannels. The transformationfrom
RGB to lab (andback)relieson a simple 3x3 matrix multiplica-
tion. Onceall thepixelsarecorvertedto lab, thethreecomponents
canbe treatedindependently Meansand standarddeviations for
eachcomponentarecomputedor boththeoriginal, sourceimage,
andthe target, color-transferimage. Sourcemeansare subtracted
from eachsourcepixel, andtheneachis scaledoy theratio of target
standarddeviation to sourcestandarddeviation. Finally, the target
meansareaddedto eachpixel, anda 3x3 multiplicationis applied
to returnto RGB space.

An exampleis shovn in Figure 1, whereframesfrom the digi-
tal animation,Kneeknoker's Nose shavn in Figure2, areusedto
transfercolorto a photograptof the Campanileof Trinity College,
Dublin.

@) (b) (©)

Figure 1: Color Transfer: (a) original photograph, (b) color
transfered from 2a, (c) color transfered from 2b.

4. A CS2PROBLEM SOLUTION

The scafolding for our ray-tracingsolutionhasbeenpresented
earlier [3]. Herewe review only the principal features. Key to
successs a carefully de ned structureto representhe “objects”
in the scene. A typical exampleis shavn in Figure 3. Note the
extensize useof functionpointers.

(a) (b)

Figure 2: Color Transfer: (a) color palette transferedto 1b, (b)
color palettetransferedto 1c.

A color is speci ed asa triple of RGB intensitiesin the range
[0;255. Thefunctionsambientanddiffusereturncoefcients rep-
resentinghe degreeto which the surfaceof the objectre ects red,
greenandbluecomponent®f incidentlight. Thesefunctionstyp-
ically returnconstantvaluesbut the functionalrepresentatiosup-

structobjectf
structcolor (*ambient)();
structcolor (*diffuse)();
structcolor mirror; /* weighton specular/
void (*get_normal)();
int (*hits)();
unionf
structball ball;
struct oor oor;
gcong;
structobject*next;
g;

Figure 3: Fundamental Object Structure

portsproceduratexturessuchasacheclerboardoor. An objects
hitsfunctionis responsibldor determiningf andwhereagivenray
intersectghis object. Theget normalfunctionreturnsa unit vector
normalto the surfaceat ary point.

A call to tracearay from a virtual eyepointthrougha pixel be-
ginswith aniterationovertheobjectlist to nd (via hits) theobject
whoseray-objectintersectioris closesto thevirtual eyepoint. The
color of that pixel is setto the weightedsum of ambient,diffuse
andspeculaillumination componentsThe ambientcomponents
a constantunlessa proceduratextureis in use. The diffusecom-
ponentis proportionalto the cosineof the anglebetweerthe sur
facenormalat the intersectionpoint anda vectorpointing toward
the scenelight source. The specularcomponents computedre-
cursively. Theincidentray is re ected aboutthe surfacenormal,
andarecursve call to ray-traceis madewith theintersectiorpoint
asthe new virtual eye andthe re ected ray asthe new ray direc-
tion. Thereturnedvaluefrom therecursionis the specularcompo-
nent. Pseudo-codéor the ray-tracingalgorithmmay be foundin
[3]. A sampleimage,createdusingonly conceptxoveredin CS2,
is shavn in Figure4a.

5. A CS3PROBLEM SOLUTION

An algorithmusedto construcsurfacesrom pointcloudsis due
to Hoppe,DeRose, Duchamp,McDonald, Stuetzle[6]. The rst
stepin this algorithmis to constructa signeddistanceunctionthat
reportsanapproximatesigneddistancefrom ary pointin 3D space
to the yet-to-be-determinedurface. For eachdatapoint we locate
asmallneighborhooaf nearbydatapointsandcomputetheir cen-
troid (average).Using principalcomponentinalysis(leastsquares
planar t), we constructa surfacenormalat thatcentroid. In gen-
eral, consistentassignmentf normalsis a dif cult problem,but
we avoid it by providing the location of the scanningdevice that
producedhedataset. To nd thedistanceto the surfacefrom ary
pointin 3D spacewe nd theclosesttentroidandmeasurssigned
distancealongthe associatediormal.

The secondstepin the algorithmis to usethe signeddistance
function to constructa triangulatedrepresentatiomf the surface.
Herewe usethe marching cubesalgorithm[8]. We scalethe data
pointsto t insidea rectangular nite, 3D lattice, andthenmark
eachlattice point with its signed(scaled)distanceto the surface.
Thesignsontheeightcornersof ary cubein thelatticecompletely
determinethe structureof the surfaceinsidethatcube. For exam-
ple,if all signsarepositive or all negative, thesurfacedoesnotpass
throughthecube.Although256things“canhappen”thereareonly
14 up to symmetry A besttriangulatedapproximatiorto the sur
face,basedon the signsat the cornersjs selectedrom amongl4,
andthenthatis scaledbasedn the magnitudestthe corners.



Figure 4: CS2/CS3argetimages(a) CS2raytracing (b) CS3surfacereconstruction

An examplesurfacereconstructiorf therecentlysahagedCon-
federatesubmarinetheH. L. Hunley, is shavn in Figure4b. There
are approximatelyl0 million datapointsin the scanfrom which
thissurfacewasconstructedThisimage createdy (former)Ph.D.
studeniChakritWatcharopaaspartof his dissertationis consider
ably moresophisticatethantheimagesof reconstructionghatwill
be available to the CS3students.Althoughit is concevable that
CS3studentscould usetheir CS2ray-tracingsystemsto achieve
sophisticatedenderings,t hasbeenour experiencethat achiev-
ing aworkingsolutionto surfacereconstructiomequiresinteractve
ratesfor viewing resultsof algorithmupdatesFurther weareusing
computergraphicssolely asa vehiclefor instruction. It is not the
objectof thatinstruction,andsowe wantto avoid ary discussion
of hardware renderingand graphicslanguagese.g. OpenGLand
DirectX. Thuswe provide the studentswith a (binary) interactve
viewer of surfacesspeci edby les writtento a simpleformat.

6. ASSESSMENT

We have previously presente@ninformal assessmenbasecbn
written studentcomments of the CS2 courseas describedabore
[3]. The principal nding therewasa heightenedenthusiasnfor
computingamongboth studentsandinstructors. Herewe present
a small, but more formal assessmertf the relatve merits of our
approachto CS1comparedo a more cornventionalapproachthat
is topic-driven andusesJava asthe introductorylanguage.In the
Fall semesteof 2005,new studentsvererandomlyassignedo one
of two sectionsof CS1. Onesectionwastaughtusingthet ecnh
approachthe otherusingthe corventional,topic-driven approach.
At the endof the course,in their laboratorysections studentsan-
swereda seriesof questionssomeof which comprisedan attitude
suney andothersof which comprisecda skills test.

In Figure5 we show resultsfor six questionsof interestto the
técnh projectdesignersTheattitudinalquestionsvere:

Do you feel the classmadeyou morecreatie or betterable
to expressyou creatvity?

How would rateyour knowledgeof the f CjJavag program-
ming language?

Would yourecommendCS1to afriend or colleague?

The skills testsinvolved readingcode, writing code, and under
standinglogical operators. The codereadingquestionpresented
studentswith animplementatiorof insertionsortandaskedfor an
explanationof what the codewas doing. The codewriting ques-
tion asled studentgo provide codethatwould searchor aspeci ¢
valuein anarray Thelogical operatorgjuestionhad ve expres-
sionscomposedf boolearvariablesandlogical operatorghereon.
Eachwasto be labeledtrue or false,basedon valuesassignedo
theboolearvariables.

The populationsizes(16 and20) werenot quitelarge enoughto
justify t-testsfor differencesn meanssowe useda Monte Carlo
version of Fishers permutationtest [11]. We found signi cant
(0.05 or better)differenceson all threeattitudinal questionsand
onthereadingskills test. Althoughthe meanvalueswerealsobet-
ter for thet écnh approacton thewriting andlogic skills tests,we
couldnotdeclarea signi cant differenceon eitherof those.

Planningfor morecarefulassessmeri$ undervay. Assessment
is, in themostgenerakonstrucwist caseadif cult issue sincethe
validity of anindividualaccommodations dif cult to judgewith a
commonmeasureBecausgroblem-solvingn new contetsis the
key developmentwe oftenseestatementsuchas,if learningisin
the connectionsin the actiity itself, thenlearningis thetest; [2]
whichwe nd perilouslycloseto circular Neverthelesspverlays
of scafolding andcognitive apprenticeshipffer us somecleardi-
rectionsfor the assessmernask. We planto usetwo approaches.
Dynamicassessmerjl] repeatedlypresentsduring the courseof
instruction tasksthatarejust onestepbeyondexisting competence
and then provides individual assistances neededto reachinde-
pendentmastery This is basedon Vygotsky's zonesof proximal
development[16]. A zoneis de ned asthe distancebetweenthe
apprentices actualdevelopmentasmeasuredby independenprob-
lem solving and his or her potential developmentas determined
by problemsolving underthe guidanceof a master The measure
is thusthe amountof additionalscafolding required,beyond that
suppliedasstartingfoundation,to achiese an effective solutionto
anew problem.Consideran examplefrom our CS2coursewhere
the semestetong problemis ray-tracing. Many instancef ray-
objectintersectionalgorithmsare requiredfor interestingscenes.
Theinstructormay presentray-spheréntersectioralgorithmand
thenopeninvestigation into ray-boxintersectionwhich is signif-
icantly moredif cult (to do well), or leave the objectto be deter
mined,sothatits selectionis partof the problem.

An interestingalternatve to this direct assessmerns available
from the study of educationalervironments. Walker and Fraser
[17] obsere that numerousstudiesreporta strongcorrelationbe-
tweentraditional studentoutcomes(e.g. gradestestscores)and
perceptionsof classroomenvironments. The latter can be mea-
suredwith unobtrusie andtime-saing surwey instrumentsWalker
andFraserusefactoranalysison eld teststo developasuney in-
strumentof 34 ratingson six scalesjnstructorsupport,studentn-
teractionandcollaboration personatelevance authentidearning,
active learning,and studentautonomy Their instrumentwas os-
tensiblytargetedat distanceeducation but if we simply omit the
six itemsin the category of studentinteractionand collaboration,
which is consistenwith our cognitive construcwist view, we ob-
tain a factorially valid instrumentto measureclassroomerviron-
mentsof ary type. Thuswe planto usetheresulting28-itemsuney,
in conjunctionwith dynamicassessmernb measurehe effective-
nessof eachof thethreecoursesiow undervay.



Figure 5: Comparatie assessment.

7. CONCLUSIONS

We have describedhe rst threecoursesn thenew, t écnh cur
riculum for the undegraduatedegreein computerscience. All
three coursesare now beingtaughtat ClemsonUniversity The
técnh approachrelies extensively on problem-basednstruction,
wherethe problemsare semestetengthandselectedrom the do-
main of computergraphics. The approachs fundamentallycon-
structiist but relieson an objectvist scafolding provided by the
instructor

We have providedresultsfrom a small,formal assessmermf the
approachn a CS1course.Althoughwe nd signi cant improve-
mentsin studentattitudes,when comparedwith a corventional,
topic-driven, Java-basedcourse,signi cant improvementsin stu-
dentabilities appearto be limited to readingcodefor understand-
ing. Plansarein placefor more carefulassessmertf the three
coursesion undervay.
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