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Wedescribeavisualizationtool to aidaircraftdesignersdur-
ing theconceptualdesignstage.Theconceptualdesignfor an
aircraftis definedby avectorof 10–30parameters.Thegoal
is to find avectorthatminimizesanobjectivefunctionwhile
meetinga seriesof constraints.VizCraft integratesthesim-
ulationcodethatevaluatesthedesignwith visualizationsfor
analyzingthe designindividually or in contrastto otherde-
signs.VizCraft allowsthedesignerto easilyswitchbetween
the view of a designin the form of a parameterset, anda
visualizationof thecorrespondingaircraft.Theusercaneas-
ily seewhich, if any, constraintsareviolated.VizCraft also
allows the userto view a databaseof designsusingparallel
coordinates.HJILKNMPO D3QNAER

Scientificdatavisualization,aircraftdesign,
multidisciplinarydesignoptimization,multidimensionalvi-
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Wedescribeavisualizationtool to aidaircraftdesignersdur-
ing theconceptualdesignstage.Typically, theaircraftdesign
processis comprisedof threedistinct phases:conceptual,
preliminary, anddetaileddesign. In the conceptualdesign
stage,majordesignparametersfor thefinal configurationare
definedandset.Theconceptualdesignphasemodelsanair-
craft with a setof valuesfor significantparameters,relating
to theaircraftgeometry, internalstructure,systems,andmis-
sion. Examplesof suchparametersincludethe wing span,
sweep,andthickness;thefuel andwing weights;theengine
thrust;andthecruisealtitudeandclimb rate.

Individualdesignscanbe(andare)viewedaspointsin amul-
tidimensionaldesignspace.TheHigh-SpeedCivil Transport
(HSCT) [2] usesa designspacewith asmany as29 param-

eters. Two importantfeaturesmust be determinedfor any
proposeddesignpoint: (1) it is feasible if it satisfiesa se-
riesof constraints;and(2) it hasafigureof meritdetermined
by anobjectivefunction.Thegoalis thento find thefeasible
pointwith thesmallestobjectivefunctionvalue.In theHSCT
design,take-off grossweight (TOGW) is chosenasthe ob-
jective function becauseit is a rough indicator of the cost
of the aircraft. Constraintsare organizedinto two groups:
geometricconstraintsversusaerodynamic/performancecon-
straints.Examplesof geometricconstraintsincludefuel vol-
umelimits andpreventionof tip strikeat landingwith 5W roll.
Examplesof aerodynamicconstraintsincluderangerequire-
ments,landingangleof attacklimits, andcriteria to prevent
wing andtail runwayscrape.

In somerespects,this is a classicoptimizationproblem.The
goal is to find thatpoint which minimizesanobjective func-
tion while meetingaseriesof constraints.However, thispar-
ticular problemis difficult to solve for severalreasons.First,
evaluatingan individual point to determineits valueunder
theobjective functionandcheckif it satisfiestheconstraints
is computationallyexpensive.A singleaerodynamicanalysis
usinga CFD codecantake from X�Y[Z hour to severalhours,
dependingon the grid usedandflight conditionconsidered.
Second,thehighdimensionalityof theproblemmakesit im-
practicalfor many approachesthatareoftenappliedto diffi-
cult optimizationproblems.Thehigh dimensionalitymakes
visualizationof the designspacedifficult, sincemoststan-
dardvisualizationtechniquesdo not apply. See[6, 5] for a
moredetaileddescriptionof thedesignproblemandour ini-
tial effortsto gainsomeinsightinto thedesignspacethrough
visualization.

We next describeVizCraft, a pair of tools for visualizing
HSCTdesigns.Thefirst tool permitstheuserto quickly eval-
uatethe quality of a given designwith respectto its objec-
tive function,constraintviolations,andgraphicalview. The
secondtool is an implementationof theparallelcoordinates
visualization[3]. Its goal is to allow the userto effectively
investigatea databaseof designs.



Figure1. Wing planformvariables.
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VizCraft providesa menu-drivengraphicaluserinterfaceto
the HSCT designcode,which is a collectionof C andFor-
tran routinesthatcalculatetheaircraft geometryin 3-D, the
designconstraintvalues,andtheTOGWvalue,amongother
things. Figure C1 shows VizCraft’s main window with a
displayof theHSCTplanform(a top view) for a samplede-
sign.Below theplanformaredisplayedcross-sectionsof the
airfoil at the root, leadingedgebreak,andtip of the wing,
in that order. We alsoaddeda VRML modelof the HSCT
planform,accessiblefrom themenubar.

Clicking onthe“Wing Planform”buttonin themainwindow
bringsup thewindow shown in Figure1. This window dis-
playsthewing parametersandthevaluescurrentlyassigned
to them. Thesliderson the right canbe usedto modify the
valuesof thecorrespondingdesignvariables.Eachtime the
valueof a designvariableis modified, the HSCT planform
is immediatelyupdatedto reflectthe new geometry, andso
is thevalueof TOGW on theverticalpanel.Constraintsfor
the currentdesignpoint arenot automaticallyevaluatedaf-
ter eachchangeto an input parameter, however. Sincecon-
straintevaluationis time-consumingevenfor thelow fidelity
modelwe areusing(taking approximately10 secondson a
dual-processorDEC Alpha 41005/400undertypical loads),
VizCraft evaluatesconstraintsonly whentheuserexplicitly
requestsit by clickingonthe“Evaluate”buttonshown in Fig-
ureC1.

Onceconstraintsareevaluated,theuseris givenfeedbackin
variousways.Thecolorboxesshown in FigureC1represent
informationaboutthenumberof constraintsviolated,nearly
violated,andsatisfiedbut inactive, in eachcategory of con-
straints.Theredboxesindicatethenumberof constraintsof
thatcategory thatareviolated,theyellow boxesindicatethe
numberof constraintsthatare“active,” (i.e., closeto a con-

Figure2. Parallelcoordinatesrepresentationof onedesign
point.

straintboundary),andthe greenboxesindicatethe number
of constraintsthatareinactive. Clicking on the“Geometric”
Constraintsbutton brings up the window shown in Figure
C2. This window lists thegeometricconstraintsfor thecur-
rentdesignpoint,anda color box next to eachoneindicates
if it is violated,active,or inactive._ >@Dd>@aLa I aeF O^O D3Q SUT >dB I A
Thetool describedin theprevioussectionprovidesa visual-
izationof theaircraftthatwouldbederivedfrom a givende-
signvector, andalsoprovidesaconvenientview of constraint
violations.However, it doesnothelpdesignerswith themore
difficult taskof understandinghow a proposeddesigncom-
pareswith other designs. This task is complicatedby the
high dimensionalityof thedesignproblem,andtheresulting
difficulty in visualizing or comprehendingthe multidimen-
sionaldesignspace.Few visualizationtechniquesprovidean
adequatevisualizationof high-dimensionalspaces.

Onemethodof visualizingmultiple dimensionsis basedon
the conceptof parallel coordinates [3]. A parallel coordi-
natesvisualizationassignsonevertical axis to eachvisual-
ization variable,andevenly spacestheseaxeshorizontally.
In our application,potentialvisualizationvariablesinclude
the designvariables,the objective function value (TOGW)
and other derived valuessuchas range,and the constraint
values.Eachvisualizationvariableis plottedon its own axis,
andthevaluesof thevariablesonadjacentaxesareconnected
by straightlines,asshown in Figure2. Thus,apoint in an f -
dimensionalspacebecomesa polygonalline laid out across
the f parallelaxeswith f�g+X line segmentsconnectingthef datavalues. Many suchdatapoints(in Euclideanspace)
will mapto many of thesepolygonallinesin a parallelcoor-
dinaterepresentation.Viewed asa whole, thesemany lines
hopefullywill exhibit coherentpatternswhichcouldbeasso-
ciatedwith inherentcorrelationof the datapoints involved.
In this way, the searchfor relationsamongthe designvari-
ablesis transformedinto a 2-D patternrecognitionproblem,



andthedesignpointsbecomeamenableto visualization.

Oneimportantaspectof this visualizationschemeis that it
provides opportunitiesfor humanpatternrecognition: By
using color to distinguishlines, andby supportingvarious
formsof interactionwith theparallelcoordinatessystem,pat-
ternscanbe picked up from the databaseof designpoints.
Giventheupperandlower limits on eachvariable,the loca-
tion of a polygonalline laid out acrossthe f vertical axes
givessomeideaasto wherethatdesignpoint lies in thede-
signspace.Thenumberof dimensionsthatcanbevisualized
usingthisschemeis fairly large,limited only by thehorizon-
tal resolutionof thescreen.

In Figure 2, 31 valuesare shown mappedonto 31 vertical
axes.Thefirst axisrepresentstheTOGW, thesecondrepre-
sentsthe HSCTrange,andthe remaining29 axesrepresent
the29 designvariables.Placingthemousecursoron oneof
the circlesbelow the vertical lines will causethe “Name of
field” text field to displaya descriptionof thecorresponding
visualizationvariable. FigureC3 shows theparallelcoordi-
natessystemfor 68 constraintscorrespondingto the design
point shown in Figure2. All valuesabove the yellow hor-
izontal line indicateinactive constraints,all valuesbetween
the yellow andred lines indicateactive constraints,andall
valuesbelow the red horizontal line indicateviolated con-
straints. By breakingup the rangeof constraintvaluesinto
threeregions,it becomeseasyto identify graphicallythein-
activeandviolatedconstraints,andto whatdegreeeachcon-
strainthasbeenviolated.

Representingjustonedesignpoint in theparallelcoordinates
systemmayhelpthedesignerquickly view thelevel of con-
straintviolations,but this is little betterthanthe view pro-
vided by the single-pointVizCraft tool. The real purpose
of parallelcoordinatesin VizCraft is to allow the designer
to browsea databaseof designpoints.We illustratethis pro-
cesswith adatabaseof 1500designpointsselecteduniformly
from theentiredesignspace.Whenthisdatabaseis rendered
usingparallelcoordinates,it appearsasshown in FigureC4.
Fromthismassof data,onecanuseVizCraft’svisualization
controlsto extractpatterns.

Eachpolygonal line (representingone designpoint) is as-
signedacolorbasedonthevalueof aparticularvisualization
parameter. In Figure C4, the value usedto determinethe
color is TOGW. Thus,aslinesspanacrosstheverticalaxes,
onecanidentify thosedesignpointsfor which theTOGW is
high or low. The designpoint with lowestvalueof TOGW
is assigneda yellow color, the one with the highestvalue
is assigneda black color, while the color for all the other
designpoints is a linear interpolationbetweenyellow and
black. Sincethedesignobjective is to minimizetheTOGW,
thedesignermight initially beinterestedin linesrenderedin
yellow. However, it mayproveequallyusefulto thedesigner
to discover thatcertaindesignvariablerangesareassociated
with baddesignsasit is to discover thatotherrangesareas-

sociatedwith gooddesigns.

Looking at Figure C4, one can alreadyseefrom the color
gradationthat thesixth axisfrom theright is directly related
to the first axis. It so happensthat the sixth axis from the
right representstheweightof theflight fuel in lbs,which af-
fectstheTOGW directly. Onecanalsoobserve thatthesec-
ondaxisfrom theleft is alsomildly correlatedto theTOGW
andflight fuel. This axisrepresentstherangeof theaircraft
in nauticalmiles,which mustbedirectly proportionalto the
amountof fuel added.Eventhoughtheseparticularrelation-
shipsareobvious (oncethe viewer hasan understandingof
the parametersinvolved), they give us a goodstart into un-
derstandinghow to extractpatternsfrom thedata.` S A�V
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A displayof the full databasesuchasshown in FigureC4
is typically too overwhelmingto gain any real understand-
ing of thedata.Therealstrengthof theparallelcoordinates
tool in VizCraft is thecapabilityit providesfor exploringthe
database.In thissectionweexplainhow theusercaninteract
with thesystem“visual cues”[4] thatwill helpin visualizing
thedatasetin f -dimensionalspace.

LookingatFigureC4,noticethatthereis acircleaboveeach
verticalaxis,andthatonly thefirst oneon theleft is shaded.
Theshadedcircle indicatesthevisualizationvariablethat is
currently “driving” the gradationof color acrossthe paral-
lel coordinates.In Figure C4, TOGW is driving the color
gradation.The usercanselectany visualizationvariableto
drivethecoloringby clicking insidethecircleoverthecorre-
spondingvariable’s axis. Clicking on thefifth circle we see
that thatvariablehappensto sharea direct relationshipwith
the seventhvisualizationvariable(FigureC5). This shows
thatacleverselectionof colordriverscanhelpusextractpat-
ternsfrom thedataset– patternswhichareotherwisehidden
underneaththevolumeof data.

Theuser’sability to recognizepatternsin theparallelcoordi-
natesrepresentationcanbegreatlyaffectedby thesequence
in which theaxesareplaced.For example,it is easierto per-
ceiverelationshipsbetweentwo adjacentaxesthanif thetwo
axesareplacedfar apart. VizCraft allows the userto rear-
rangethe axes. The usersimply clicks on the circle above
the axis to be movedanddragsit to the new position. This
rearrangementmustbe donewith the re-orderoption setto
“insert”. If there-orderoptionis setto “swap”, thenoneaxis
canbe swappedwith anotherby clicking anddraggingone
circle onto another. See[1] for a discussionon automating
theprocessof initially arrangingtheaxesto maximizesimi-
laritiesof adjacentaxes.

While showing a largenumberof designpointscanbehelp-
ful in generatingpatternsthat may be of interestto the re-
searcherat a holistic level, individual designpointscannot
be distinguishedwhentoo many aredisplayedat once. To
allow clearviews of individual designpoints, the usermay



wish to selectfrom this designspacea sub-region of inter-
est,or a sub-region thatmeetscertaincriteria. For example,
the usermay wish to eliminateall designpoints for which
TOGWis greaterthan700,000lbs,or eliminatethosepoints
for which the rangeof the aircraft is lessthan4,000miles.
Thegoal is to allow theuserto gainsomeunderstandingof
spatialrelationshipsin f -spaceby selectingall datapoints
that fall within a user-definedset. This techniqueof graphi-
cally selectingor highlightingsubsetsof thedatasetis called
“brushing” [7, 8].

VizCraft makesit particularlyeasyto extract regionsof in-
terestfrom thedesignspace.For example,to selecta region
for whichTOGWlieswithin acertainrange,theusercanse-
lectthecirclebelow theTOGWaxis,andthenentertherange
in the “zoom from” and“zoom to” text fields. This elimi-
natesall designpoints for which the valueof TOGW does
not lie within this range.Theaxisfor TOGWis re-calibrated
to thisnew scale,while all otheraxesretaintheircalibration.
Alternatively, theusercanclick on any axis,dragthemouse
pointerupor down,andreleaseit to zoominto aregionof in-
terest.FigureC6showstheresultof zoominginto aregionof
low TOGW. Thetext fieldsat thebottomindicatethat there
areonly 4 designpoints lying in the region of interest,and
that the remaining1,496pointshave beendiscarded.Since
weareinterestedin designsthatyield low valuesfor TOGW,
wecannow observeotherdesignvariablesin thisdesignsub-
space.Perhapsthiswill allow thedesignerto gaininsightre-
gardingwhatvaluesof thesevariables,or whatcombinations
of valuesof thesevariables,producedlow valuesof TOGW.

FigureC7shows thesetof constraintscorrespondingto Fig-
ureC6. VizCraft providesapplication-specificvisualization
optionsrelatedto constraintviolations. The “no color” op-
tion indicatesthatthepolygonallinesrepresentingall thede-
signpointsarerenderedin thedefaultcolor. The“all” option
indicatesthat the polygonallines are coloredbasedon the
rule that if any constraintis violatedfor a particulardesign
point, thatdesignpoint mustbe renderedin red. If all con-
straintsaresatisfiedfor a particulardesignpoint, thatdesign
point is renderedin green. In FigureC7 thereis no design
point thatsatisfiesall constraints.A third option,the“selec-
tive” coloring option assignsa color to eachpolygonalline
on the rule that all points for which the selectedconstraint
is violatedarecoloredred, thosepointsfor which that con-
straintisactivearecoloredyellow, andthosepointsfor which
thatconstraintis satisfiedarecoloredgreen.

Finally, VizCraft givestheuseran opportunityto highlight
any oneof thedesignpoints.To highlightadesignpoint, the
usermustclick at a pointwherea polygonalline intersectsa
verticalaxis.Highlightingis doneby assigningabrightcolor
to thedesignpointof interest.Thehighlightedpointcanalso
beviewedin its iconicrepresentationin themainwindow (as
in FigureC1)by clicking on the“View” button.
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This paperpresentedVizCraft, an applicationfor visualiz-
ing HSCTdesignsusingparallelcoordinates.VizCraft has
helpedstreamlinethe practiceof exploring theeffect of de-
sign variablecombinationson aircraft performancefor re-
gionsof the designspacethat have not previously beenin-
vestigated.Wherethe designeroriginally had to manually
changedesignvariablesin a file, run the analysiscode,and
thenobserve theresultsin a separateplotting package,Viz-
Craft is ableto performtheseoperationswith a few button
clicks. Thedataminingcapabilitiesof VizCraft haveproved
beneficialwhenlarge databasesof HSCT performancedata
areavailable. By usingcoloreddriving variablesandbrush-
ing techniques,designerswereableto visually correlatedif-
ferentdesignvariablecombinationsand/orpatternsthat re-
sultedin eitherverygoodor verybadaircraftperformance.D IdklI D I T F I A

1. M. Ankerst, S. Berchtold, and D. Keim, Similarity
Clusteringof Dimensionsfor an EnhancedVisualiza-
tion of MultidimensionalData, Proceedings of IEEE
Symposium on Information Visualization (InfoVis’98),
ResearchTrianglePark,NC, October1998,52–60.

2. S. Burgee,A.A. Giunta, V. Balabanov, B. Grossman,
W.H. Mason,R. Narducci,R.T. Haftka,andL.T. Wat-
son, A Coarse-GrainedParallel Variable-Complexi-
ty Multidisciplinary OptimizationParadigm,Interna-
tional Journal of Supercomputer Applications and High
Performance Computing, October1996,269–299.

3. A. Inselberg, ThePlanewith ParallelCoordinates,The
Visual Computer 1, 1985,69–91.

4. A. Inselberg,MultidimensionalDetective,Proceedings
of IEEE Symposium on Information Visualization (In-
foVis’97), Phoenix,AZ, October1997,100–107.

5. D.L. Knill, A.A. Giunta, C.A. Baker, B. Grossman,
W.H. Mason,R.T. Haftka,andL.T. Watson,Response
SurfaceModelsCombiningLinear andEuler Aerody-
namics for SupersonicTransportDesign, Journal of
Aircraft 36, 1, January-February1999,75–86.

6. C.A. Shaffer, D.L. Knill, andL.T. Watson,Visualiza-
tion for MultiparameterAircraft Designs,Proceedings
of IEEE Visualization’98, ResearchTrianglePark,NC,
October1998,491–494.

7. M. O. Ward,A.R. Martin, High DimensionalBrushing
for Interactive Explorationof MultivariateData, Pro-
ceedings of IEEE Visualization’95, Los Alamitos,CA,
October1995,271–278.

8. P.C. Wong andR.D. Bergeron,MultiresolutionMulti-
dimensionalWavelet Brushing, Proceedings of IEEE
Visualization’96, New York, NY, October1996,141–
148.



FigureC1. VizCraft designview window. To make
observationeasier, theverticaldimensionof thewing

cross-sectionshasbeenmagnified.

FigureC2. Geometricconstraintsfor onedesignpoint.

FigureC3. Parallelcoordinatesrepresentationof constraints
for onedesignpoint.

FigureC4. Parallelcoordinatesrepresentationof 1500
designpoints.

FigureC5. Cleverselectionof the“color driver” highlights
a relationshipbetweentwo visualizationvariables.

FigureC6. Resultof brushingout designpointslying
outsideacertainrangeof TOGW.

FigureC7. Constraintscorrespondingto FigureC6.


