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ABSTRACT
The t écnh project, which provides an unusualalternative to the
standarddesignof thecomputingcurriculumfor thebachelor'sde-
greein computerscience,is now enteringfull-scale implementa-
tion at ClemsonUniversity. The approachrelies extensively on
problem-basedinstruction,computergraphics,and the notion of
cognitive apprenticeship.The novelty arisesfrom the magnitude
andorigin of theproblemsto beintegratedinto thecurriculumand
thebreadthof impactacrossthecurriculum.The�rst threecourses
in the new curriculumarenow beingtaught. The designof each
courseis described,andpreliminaryassessmentsfrom earliertrial
sessionsof the�rst two coursesareoffered.

Categoriesand SubjectDescriptors
K.3.2 [Computers and Education]: Computerand Information
ScienceEducation—Curriculum

GeneralTerms
Design,Experimentation,HumanFactors

Keywords
computergraphics,curriculumdesign,problem-basedinstruction,
ray-tracing,t écnh

1. INTRODUCTION
The keyword in the title, t écnh, is the Greekword for art. It

sharesits root with tecnol oǵia, the Greekword for technology.
Thegoalof the t écnh project[3] is a zero-basedre-designof the
undergraduatedegreein computerscience.A principalmotivation
for this re-designis to effect a reconnectionof theartisticandsci-
enti�c componentsof ourstudents'intellectualdevelopment,com-
ponentswhich are,unfortunately, separatedearlyanddecisively in
thecurrenteducationalsystemof theUnitedStates.

A foreshadowing of the potentialbene�ts of suchreconnection
hasbeenprovidedby theearlysuccessesof theDigital Production
Arts programat Clemson.The M.F.A. in Digital ProductionArts
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is a two-year, graduatedegreeprogramthat is aimedat producing
digital artistswhocarryasolid foundationin computerscienceand
thuscanexpectto �nd employmentin the rapidly expandingspe-
cial effects industry for video, �lm, and interactive gaming. All
studentsin theprogramarerequiredto completesigni�cant gradu-
atelevel work in boththeartsandcomputerscience.Graduatesof
theprogramhavebeentremendouslysuccessfulin �nding employ-
ment.Equallyimportantis the observed demographiceffect. The
DPA programhas consistentlymaintainedan enrollmentthat is
morethan30%womenandmorethan12%African American,both
well above the enrollmentlevels for thosegroupsfound in other
graduateprogramsin computing,includingthoseatClemson.

Motivatedby DPA, the t écnh curriculumdesignreliesheavily
on a carefulselectionof large-scaleproblemsfrom the visual do-
main.We takeaconstructivistview in thisdesign,but, asnotedby
Duffy andCunningham[2], this termhascometo encompasssuch
a wide spanof directionsin educationthat furtherspeci�cationis
essential.Our view is certainlyPiagetian,sometimestermedcog-
nitive constructivism, anddraws directly from Piaget[10], Dewey
[4], andRousseau[14] in thatfundamentaltenetsarethese:

� Learningisanactiveprocessof constructingindividualknowl-
edge.

� Learningoccurswhenobservationsdiffer from expectations,
andnew mentalmodelsmustbeconstructedto accommodate
thedifferences.

� Teachingis theprocessof invokingandsupportingthesecon-
structions.

It is not surprisingthenthatwe useproblem-basedinstructionasa
vehicle,but our designdiffers from othersin the depthandscope
of theproblemsaddressed.Fundamentaltenetsof ourapproachare
thata visualproblemdomainwill mostquickly capturetheatten-
tion andinterestof studentswhohave grown up in a societythatis
increasinglyvisually oriented,thata connectionbetweenscienti�c
andartisticcomponentswill stimulatebothdeductive thoughtand
creativity, andthat toy problemswould beof little valuein effect-
ing the principal desiredaccommodation,an ability to solve real
problems.Thustheproblemsarelarge-scale,with oneproblemper
semester, andthey areselectedfrom problemsthathavearisennat-
urally in theresearchinvestigationsof thegraphicsfaculty. These
problemsareCPUandstorageintensive,yetsimpleto describeand
address.A primarybene�t of theclassof problemsis thatnonehas
a strictly “right” or “wrong” answer, andthusstudentsmustbegin
to developnon-trivial methodsfor evaluationof their own work.

Becausethe problemsare large and often without bounds,we
do provide a conceptualframework within which thestudentsex-
ploreandbuild. Thusourmethodis probablybestcharacterizedas
constructivism with anobjectivist scaffolding [9], or, to thosewho



studyepistemology, a naive retracingof �rst stepsin thedirection
of Kant's transcendentallogic [7].

In thiscontext, with very largeproblems,wecanalsorely onthe
cognitiveapprenticeship, a conceptprobablydueto Resnick[13].
We contendthat thereis greatvaluein observation of a masterat
work in problemsolving. The processis the key. We thus en-
courageinstructorsto presentsolutionsto problemcomponentsin
amannerthatis ascloseaspossibleto theirown originalsolutions,
includingany andall missteps.Suchsolutionscarrya vitality that
is missingin solutionsthathavebeencleanedandpolishedfor pre-
sentationin moreformal settings. The accomplishedmathemati-
cianWilhelm Stoll wasonceaskedto explainhow mathematicians
translatetheir motivation into mathematicalproof. He repliedthat
a proof is motivationwritten backwards.We favor directpresenta-
tion of themotivation.

Of courseany zero-baseddesignmustbegin with an identi�ca-
tion of goals,in this case,fundamentalconceptsandabilitiesto be
developedin theundergraduatestudentof computerscience.In this
endeavor, we recognizethe rapidly changingnatureof the disci-
plineandfocuson thechallengesthestudentswill mostlikely face
in the yearsafter graduation.Ability andenthusiasmfor compu-
tationalproblem-solving,ratherthanexperiencewith popularsoft-
wareor hardwareplatforms,shouldthenbe of paramountimpor-
tance.To this end,we have enumeratedandcategorizedconcepts
in computersciencethatwedeemabsolutelyessentialto computa-
tionalproblem-solving.Wehavecollectedclosely-relatedconcepts
to form thestructuralgoalsof individualcoursesandthenidenti�ed
semester-longproblemsfrom thevisualdomainthatwill invokean
explorationof thesestructures.Thepurposeof this paperis to de-
scribethe �rst threecoursesin this new designandprovide some
preliminaryassessment.As of this writing (Fall, 2006),all three
coursesarebeingtaught.

2. PROBLEM/LANGU AGE SELECTION
Our initial focushasbeenon de�ning theintroductorysequence

in thenew curriculum. Hereafterwe will refer to thesecoursesas
CS1,CS2,andCS3.

Theprogramminglanguagesof instructionfor thecourseswere
chosencarefully. We hadto remainconsistentwith our construc-
tivist design,with its rootsin empiricism,but wealsoneededatight
integrationwith thesemester-long problemin eachcourse,sothat
the languageprovided a convenientvehiclefor solution. We also
soughtasmooth,naturaltransitionfrom eachlanguageto thenext.

In all of our coursedesign,we emphasize,evento a greaterex-
tent than doesResnick[13], the critical importanceof appropri-
ate mentalmodelsof complex systems. Early developmentof a
mentalmodelof computing,asdescribedby thevon Neumannar-
chitecture,is crucial to undergraduatestudentsuccess.Theatten-
dant �e xibility in responseto unexpectedsituationscannotawait
post-graduatetraining. In this case,theuseof a small, imperative
programminglanguagethat is closeto the machineitself is most
conducive to this development,andso we useC in both CS1and
the �rst part of CS2. We are aware of argumentsthat advocate
immersionof studentsin the object-orientedparadigmanduseof
an object-orientedlanguagefrom the outset,but we reject those
argumentson the sameempiricistbasisthat society, decadesago,
rejectedthe rationalists'“new math.” Learnersaresimply unable
to abstractdetailsthey haveneverseenandof which they arecom-
pletely unaware. Learningnaturallyproceedsby accommodation
from speci�c evidenceanddetailedobservationsto theoretical(op-
erational)models.

A strongargumentcanbemadethattheextreme�e xibility of C
canallow badprogramminghabitsto develop,andwe do not dis-

putethis, but theprincipalargumentagainsttheuseof C in a �rst
courseappearsto becenteredonits complexity of expression.Din-
gleandZander[5] point to theclassic,faststringcopy asevidence:

while(*s++ = *t++); // tricky for CS1 students

Yet, if anaccuratementalmodelof themachineis in place,is this
really tricky? It is somewhat ironic that, in his January, 2005,ad-
vicecolumnto computersciencestudents[15], JoelSpolsky refers
to thevery sameexample,with a very differenttake, “I don't care
how muchyou know aboutcontinuationsandclosuresandexcep-
tion handling:if youcan't explainwhy 'while(*s++=*t++);' copies
a string,or if that isn't themostnaturalthing in theworld to you,
well, you'reprogrammingbasedonsuperstition,asfarasI'm con-
cerned:amedicaldoctorwhodoesn't know basicanatomy, ...”

The principal semesterproblem for CS1 is transferringcolor
from one2D imageto another. It is avisualproblemwith asimple
descriptionthat is accessibleto a novice andyet inducesanexplo-
rationof the rolesof sequentialexecution,cacheeffects,dynamic
allocationandaccessof internal(mainmemory)andexternal(disk)
storage,informationrepresentation,bus contention,andthe costs
of resourceaccess.Studentslearnto programin this problemcon-
text, which placesparticularlystrongemphasison �le I/O, arrays
andinternalstorage,loopingconstructs,andfunctioncalls.

The principal semesterproblemfor CS2 is constructinga ray-
tracingsystemfor renderingsyntheticimages.It providesanatural
introductionto recursion,pointers,linkedlists,parsing,datastruc-
tures,and performanceissues. From a pedagogicalperspective,
the developmentof a ray-tracingsystemprovidesan ideal mech-
anismfor exposingthe studentto the object-orientedparadigmin
a way that decouplesthe paradigmfrom its implementationin a
particularprogramminglanguage.The systemimplementationis
initiated in an imperative style, but it quickly becomesapparent
that themostreasonableway to representthe interactionsof pho-
tonsor rayswith differenttypesof geometricobjectsis to associate
speci�c functionsfor calculatingray-objectintersectionpointsand
surfacenormalvectorswith eachtypeof object.Theoveralldesign
is drawn, in a very naturalway, into theobject-orientedparadigm.
The bene�ts of inheritanceandpolymorphismareclear from the
onsetof their introduction. Becausethe systemsnaturally grow
largeandcomplex veryquickly, techniquesfor partitioning,testing,
and large-scaledevelopmentarewell-received. Whenan object-
orientedlanguage(C++) is introducedin thelatterhalfof thecourse,
it canbe regardedasa welcometool for reducingworkloadand
complexity, rather than as a burdenof additionalmaterial to be
mastered.

Theprincipalsemesterproblemfor CS3is constructingsurfaces
that bestapproximateextremely large point cloudsin 3D space.
Thecourseis similar, in termsof topiccoverage,to aclassicalData
Structurescourse.File structures,searching,sorting,hashing,kd-
trees,modulardesign,andprincipalcomponentanalysisareall in-
tegral to the solution. Interestin performanceand its relation to
algorithmcomplexity aremotivatedearly: Thestudentsareasked
to readthelist of datapointsand,for eachpoint, �nd its threenear-
estneighbors.Thestudentsstartwith theobviousO(N2) algorithm.
But, the list cancontain10 million points! Whenstudentstire of
waiting for ananswer, they arenaturallydrawn to investigatealter-
natives.Thecourselanguageis C++. Java is introducedin CS4.

3. A CS1PROBLEM SOLUTION
An algorithmusedto solve theproblemof color transferis due

to Reinhard,Ashikhmin,Gooch,andShirley [12]. All image�les
aremaintainedin theportablepixmap(.ppm)format,which offers



easyparsingat somecostin representationef�ciency. In this for-
mat,eachpixel is representedasthreesuccessivebytesthatspecify
its red, green,andblue (RGB) levels. The principal dif�culty in
usingRGBcolorspacefor colormodi�cation is thatnaturalimages
(photographs)exhibit ahighdegreeof correlationamongthechan-
nels. If a pixel hasa largebluevalue,it is likely to have largered
andgreenvaluesaswell. For this reason,Reinhardet al work in
theso-calledlab colorspace,whichoffersacompactrepresentation
with little correlationamongchannels.The transformationfrom
RGB to lab (andback)relieson a simple3x3 matrix multiplica-
tion. Onceall thepixelsareconvertedto lab, thethreecomponents
canbe treatedindependently. Meansandstandarddeviations for
eachcomponentarecomputedfor boththeoriginal, sourceimage,
andthe target, color-transferimage. Sourcemeansaresubtracted
from eachsourcepixel, andtheneachis scaledby theratioof target
standarddeviation to sourcestandarddeviation. Finally, thetarget
meansareaddedto eachpixel, anda 3x3 multiplicationis applied
to returnto RGBspace.

An exampleis shown in Figure1, whereframesfrom the digi-
tal animation,Kneeknocker's Nose, shown in Figure2, areusedto
transfercolor to aphotographof theCampanileof Trinity College,
Dublin.

(a) (b) (c)

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

4. A CS2PROBLEM SOLUTION
The scaffolding for our ray-tracingsolutionhasbeenpresented

earlier [3]. Here we review only the principal features. Key to
successis a carefully de�ned structureto representthe “objects”
in the scene. A typical exampleis shown in Figure3. Note the
extensiveuseof functionpointers.

(a) (b)

Figure 2: Color Transfer: (a) color palette transfered to 1b, (b)
color palette transfered to 1c.

A color is speci�ed asa triple of RGB intensitiesin the range
[0;255]. Thefunctionsambientanddiffusereturncoef�cients rep-
resentingthedegreeto which thesurfaceof theobjectre�ects red,
green,andbluecomponentsof incidentlight. Thesefunctionstyp-
ically returnconstantvaluesbut thefunctionalrepresentationsup-

structobjectf
structcolor (*ambient)();
structcolor (*dif fuse)();
structcolormirror; /* weightonspecular*/
void (*get normal)();
int (*hits)();
unionf

structball ball;
struct�oor �oor;
g con�g;

structobject*next;
g;

Figure3: FundamentalObject Structur e

portsproceduraltexturessuchasacheckerboard�oor . An object's
hitsfunctionis responsiblefor determiningif andwhereagivenray
intersectsthisobject.Theget normalfunctionreturnsaunit vector
normalto thesurfaceatany point.

A call to tracea ray from a virtual eyepointthrougha pixel be-
ginswith aniterationover theobjectlist to �nd (via hits) theobject
whoseray-objectintersectionis closestto thevirtual eyepoint.The
color of that pixel is set to the weightedsumof ambient,diffuse
andspecularillumination components.Theambientcomponentis
a constantunlessa proceduraltexture is in use. Thediffusecom-
ponentis proportionalto the cosineof the anglebetweenthe sur-
facenormalat the intersectionpoint anda vectorpointing toward
the scenelight source. The specularcomponentis computedre-
cursively. The incident ray is re�ected aboutthe surfacenormal,
anda recursive call to ray-traceis madewith theintersectionpoint
asthe new virtual eye andthe re�ected ray asthe new ray direc-
tion. Thereturnedvaluefrom therecursionis thespecularcompo-
nent. Pseudo-codefor the ray-tracingalgorithmmay be found in
[3]. A sampleimage,createdusingonly conceptscoveredin CS2,
is shown in Figure4a.

5. A CS3PROBLEM SOLUTION
An algorithmusedto constructsurfacesfrom pointcloudsis due

to Hoppe,DeRose,Duchamp,McDonald,Stuetzle[6]. The �rst
stepin thisalgorithmis to constructasigneddistancefunctionthat
reportsanapproximatesigneddistancefrom any point in 3D space
to theyet-to-be-determinedsurface.For eachdatapoint we locate
asmallneighborhoodof nearbydatapointsandcomputetheircen-
troid (average).Usingprincipalcomponentanalysis(leastsquares
planar�t), we constructa surfacenormalat thatcentroid. In gen-
eral, consistentassignmentof normalsis a dif�cult problem,but
we avoid it by providing the locationof the scanningdevice that
producedthedataset.To �nd thedistanceto thesurfacefrom any
point in 3D space,we �nd theclosestcentroidandmeasuresigned
distancealongtheassociatednormal.

The secondstepin the algorithm is to usethe signeddistance
function to constructa triangulatedrepresentationof the surface.
Herewe usethemarching cubesalgorithm[8]. We scalethedata
pointsto �t insidea rectangular, �nite, 3D lattice, andthenmark
eachlattice point with its signed(scaled)distanceto the surface.
Thesignson theeightcornersof any cubein thelatticecompletely
determinethestructureof thesurfaceinsidethatcube. For exam-
ple,if all signsarepositiveor all negative,thesurfacedoesnotpass
throughthecube.Although256things“canhappen”,thereareonly
14 up to symmetry. A besttriangulatedapproximationto thesur-
face,basedon thesignsat thecorners,is selectedfrom among14,
andthenthatis scaledbasedon themagnitudesat thecorners.



Figure4: CS2/CS3targetimages(a) CS2raytracing (b) CS3surfacereconstruction

An examplesurfacereconstructionof therecentlysalvagedCon-
federatesubmarine,theH. L. Hunley, is shown in Figure4b. There
areapproximately10 million datapoints in the scanfrom which
thissurfacewasconstructed.Thisimage,createdby (former)Ph.D.
studentChakritWatcharopasaspartof hisdissertation,is consider-
ablymoresophisticatedthantheimagesof reconstructionsthatwill
be available to the CS3students.Although it is conceivable that
CS3studentscould usetheir CS2ray-tracingsystemsto achieve
sophisticatedrenderings,it hasbeenour experiencethat achiev-
ing aworkingsolutionto surfacereconstructionrequiresinteractive
ratesfor viewing resultsof algorithmupdates.Further, weareusing
computergraphicssolelyasa vehiclefor instruction. It is not the
objectof that instruction,andsowe want to avoid any discussion
of hardwarerenderingandgraphicslanguages,e.g. OpenGLand
DirectX. Thuswe provide the studentswith a (binary) interactive
viewerof surfacesspeci�edby �les written to asimpleformat.

6. ASSESSMENT
We have previously presentedaninformal assessment,basedon

written studentcomments,of the CS2courseasdescribedabove
[3]. The principal �nding therewasa heightenedenthusiasmfor
computingamongboth studentsandinstructors.Herewe present
a small, but moreformal assessmentof the relative meritsof our
approachto CS1comparedto a moreconventionalapproachthat
is topic-driven andusesJava asthe introductorylanguage.In the
Fall semesterof 2005,new studentswererandomlyassignedto one
of two sectionsof CS1. Onesectionwastaughtusingthe t écnh
approach,theotherusingtheconventional,topic-drivenapproach.
At theendof thecourse,in their laboratorysections,studentsan-
swereda seriesof questions,someof which comprisedanattitude
survey andothersof whichcomprisedaskills test.

In Figure5 we show resultsfor six questionsof interestto the
t écnh projectdesigners.Theattitudinalquestionswere:

� Do you feel theclassmadeyou morecreative or betterable
to expressyoucreativity?

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

� Wouldyou recommendCS1to a friendor colleague?

The skills testsinvolved readingcode,writing code,and under-
standinglogical operators. The codereadingquestionpresented
studentswith animplementationof insertionsortandaskedfor an
explanationof what the codewasdoing. The codewriting ques-
tion askedstudentsto providecodethatwouldsearchfor aspeci�c
valuein an array. The logical operatorsquestionhad� ve expres-
sionscomposedof booleanvariablesandlogicaloperatorsthereon.
Eachwasto be labeledtrue or false,basedon valuesassignedto
thebooleanvariables.

Thepopulationsizes(16 and20) werenot quitelargeenoughto
justify t-testsfor differencesin means,sowe useda MonteCarlo
version of Fisher's permutationtest [11]. We found signi�cant
(0.05 or better)differenceson all threeattitudinal questionsand
on thereadingskills test.Althoughthemeanvalueswerealsobet-
ter for thet écnh approachon thewriting andlogic skills tests,we
couldnotdeclareasigni�cant differenceoneitherof those.

Planningfor morecarefulassessmentis underway. Assessment
is, in themostgeneralconstructivist case,adif�cult issue,sincethe
validity of anindividualaccommodationis dif�cult to judgewith a
commonmeasure.Becauseproblem-solvingin new contexts is the
key development,weoftenseestatementssuchas,“if learningis in
theconnections,in theactivity itself, thenlearningis thetest,” [2]
which we �nd perilouslycloseto circular. Nevertheless,overlays
of scaffolding andcognitive apprenticeshipoffer ussomecleardi-
rectionsfor the assessmenttask. We plan to usetwo approaches.
Dynamicassessment[1] repeatedlypresents,during thecourseof
instruction,tasksthatarejustonestepbeyondexistingcompetence
and then provides individual assistanceas neededto reachinde-
pendentmastery. This is basedon Vygotsky's zonesof proximal
development[16]. A zoneis de�ned asthe distancebetweenthe
apprentice'sactualdevelopmentasmeasuredby independentprob-
lem solving and his or her potentialdevelopmentas determined
by problemsolvingundertheguidanceof a master. Themeasure
is thusthe amountof additionalscaffolding required,beyond that
suppliedasstartingfoundation,to achieve aneffective solutionto
a new problem.Consideranexamplefrom our CS2course,where
the semester-long problemis ray-tracing. Many instancesof ray-
object intersectionalgorithmsare requiredfor interestingscenes.
Theinstructormaypresenta ray-sphereintersectionalgorithmand
thenopeninvestigation into ray-boxintersection,which is signif-
icantly moredif�cult (to do well), or leave the objectto be deter-
mined,sothatits selectionis partof theproblem.

An interestingalternative to this direct assessmentis available
from the study of educationalenvironments. Walker and Fraser
[17] observe thatnumerousstudiesreporta strongcorrelationbe-
tweentraditionalstudentoutcomes(e.g. grades,testscores)and
perceptionsof classroomenvironments. The latter can be mea-
suredwith unobtrusiveandtime-saving survey instruments.Walker
andFraserusefactoranalysison �eld teststo developa survey in-
strumentof 34 ratingson six scales,instructorsupport,studentin-
teractionandcollaboration,personalrelevance,authenticlearning,
active learning,andstudentautonomy. Their instrumentwasos-
tensibly targetedat distanceeducation,but if we simply omit the
six itemsin the category of studentinteractionandcollaboration,
which is consistentwith our cognitive constructivist view, we ob-
tain a factorially valid instrumentto measureclassroomenviron-
mentsof any type.Thusweplantousetheresulting28-itemsurvey,
in conjunctionwith dynamicassessmentto measuretheeffective-
nessof eachof thethreecoursesnow underway.



Figure5: Comparativeassessment.

7. CONCLUSIONS
We have describedthe�rst threecoursesin thenew, t écnh cur-

riculum for the undergraduatedegree in computerscience. All
threecoursesare now being taughtat ClemsonUniversity. The
t écnh approachrelies extensively on problem-basedinstruction,
wheretheproblemsaresemester-lengthandselectedfrom thedo-
main of computergraphics. The approachis fundamentallycon-
structivist but relieson an objectivist scaffolding provided by the
instructor.

Wehaveprovidedresultsfrom asmall,formalassessmentof the
approachin a CS1course.Althoughwe �nd signi�cant improve-
mentsin studentattitudes,when comparedwith a conventional,
topic-driven, Java-basedcourse,signi�cant improvementsin stu-
dentabilitiesappearto be limited to readingcodefor understand-
ing. Plansare in placefor more careful assessmentof the three
coursesnow underway.
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