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ABSTRACT

We describeavisualizationtool to aid aircraftdesignerslur-

ing theconceptuatlesignstage. Theconceptuatiesignfor an

aircraftis definedby avectorof 10-30parametersThegoal

is to find a vectorthatminimizesanobjective functionwhile

meetinga seriesof constraintsVizCraft integratesthe sim-

ulationcodethatevaluateghe designwith visualizationsfor

analyzingthe designindividually or in contrastto otherde-
signs.VizCr aft allowsthe designeto easilyswitchbetween
the view of a designin the form of a parameteiset, anda
visualizationof the correspondingircraft. The usercaneas-
ily seewhich, if any, constraintsareviolated. VizCraft also
allows the userto view a databasef designsusingparallel
coordinates.

KEYWORDS: Scientificdatavisualization aircraftdesign,
multidisciplinary designoptimization, multidimensionalvi-
sualization.

INTRODUCTION

We describea visualizationtool to aid aircraftdesignerslur-
ing theconceptuatiesignstage.Typically, theaircraftdesign
processis comprisedof threedistinct phases:conceptual,
preliminary, and detaileddesign. In the conceptualdesign
stagemajordesignparameterfor thefinal configuratiorare
definedandset. The conceptuatlesignphasemodelsan air-
craftwith a setof valuesfor significantparametersielating
to theaircraftgeometryinternalstructure systemsandmis-
sion. Examplesof suchparametersnclude the wing span,
sweepandthicknessthe fuel andwing weights;the engine
thrust;andthe cruisealtitudeandclimb rate.

Individualdesignsanbe (andare)viewedaspointsin amul-
tidimensionadesignspace TheHigh-SpeedCivil Transport
(HSCT)[2] usesa designspacewith asmary as29 param-

eters. Two importantfeaturesmustbe determinedfor ary
proposeddesignpoint: (1) it is feasible if it satisfiesa se-
riesof constraintsand(2) it hasafigureof meritdetermined
by anobjective function. Thegoalis thento find thefeasible
pointwith thesmallesbbjectivefunctionvalue.In theHSCT
design,take-off grossweight (TOGW) is chosenasthe ob-
jective function becausat is a rough indicator of the cost
of the aircraft. Constraintsare organizedinto two groups:
geometricconstraintsrersusaerodynamic/performanan-
straints.Examplesof geometricconstraintsncludefuel vol-
umelimits andpreventionof tip strike atlandingwith 5° roll.
Examplesof aerodynamiconstraintsncluderangerequire-
ments,landingangleof attacklimits, andcriteriato prevent
wing andtail runway scrape.

In somerespectsthisis a classicoptimizationproblem.The
goalis to find thatpoint which minimizesan objectve func-
tion while meetinga seriesof constraintsHowever, this par
ticular problemis difficult to solve for severalreasonsFirst,
evaluatingan individual point to determineits value under
the objective functionandcheckif it satisfieghe constraints
iscomputationallyexpensve. A singleaerodynami@nalysis
usinga CFD codecantake from 1/2 hourto several hours,
dependingon the grid usedandflight conditionconsidered.
Secondthehigh dimensionalityof the problemmalesit im-
practicalfor mary approacheshatareoftenappliedto diffi-
cult optimizationproblems.The high dimensionalitymakes
visualizationof the designspacedifficult, sincemoststan-
dardvisualizationtechniquesdo not apply. See[6, 5] for a
moredetaileddescriptionof the designproblemandour ini-
tial effortsto gainsomeinsightinto thedesignspacehrough
visualization.

We next describeVizCraft, a pair of tools for visualizing
HSCTdesignsThefirsttool permitstheuserto quickly eval-
uatethe quality of a givendesignwith respecto its objec-
tive function, constraintviolations,andgraphicalview. The
secondool is animplementatiorof the parallelcoordinates
visualization[3]. Its goalis to allow the userto effectively
investigatea databasef designs.
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Figurel. Wing planformvariables.

DESIGN POINT VISUALIZATION

VizCraft providesa menu-drnvengraphicaluserinterfaceto
the HSCT designcode,which is a collectionof C and For-
tranroutinesthat calculatethe aircraft geometryin 3-D, the
designconstraintvalues,andthe TOGW value,amongother
things. Figure C1 shows VizCraft's main window with a
displayof the HSCT planform(atop view) for a samplede-
sign. Below the planformaredisplayedcross-sectionsf the
airfoil at the root, leadingedgebreak,andtip of the wing,
in thatorder We alsoaddeda VRML modelof the HSCT
planform,accessiblérom the menubar.

Clicking onthe“Wing Planform”buttonin the mainwindow
bringsup the window shavn in Figure 1. This window dis-
playsthe wing parameterandthe valuescurrentlyassigned
to them. The sliderson the right canbe usedto modify the
valuesof the correspondinglesignvariables.Eachtime the
value of a designvariableis modified, the HSCT planform
is immediatelyupdatedto reflectthe new geometry andso
is the valueof TOGW on the vertical panel. Constraintsor
the currentdesignpoint are not automaticallyevaluatedaf-
ter eachchangeto aninput parameterhowever. Sincecon-
straintevaluationis time-consumingavenfor thelow fidelity
modelwe are using (taking approximatelyl0 secondson a
dual-processoDEC Alpha 41005/400undertypical loads),
VizCraft evaluatesconstraintonly whenthe userexplicitly
requestd by clicking onthe“Evaluate”buttonshovnin Fig-
ureCl.

Onceconstraintsareevaluatedthe useris givenfeedbackn
variousways. Thecolor boxesshavn in FigureC1represent
informationaboutthe numberof constraintssiolated,nearly
violated,andsatisfiedbut inactive, in eachcategory of con-
straints.Thered boxesindicatethe numberof constraintof
thatcategory thatareviolated,the yellow boxesindicatethe
numberof constraintghatare“active; (i.e., closeto a con-
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straintboundary),andthe greenboxesindicatethe number
of constraintghatareinactive. Clicking on the “Geometric”
Constraintsbutton brings up the window shown in Figure
C2. Thiswindow lists the geometricconstraintgor the cur-
rentdesignpoint, anda color box next to eachoneindicates
if it is violated,active, or inactive.

PARALLEL COORDINATES

Thetool describedn the previous sectionprovidesa visual-
izationof theaircraftthatwould be derivedfrom a givende-
signvector, andalsoprovidesacornvenientview of constraint
violations.However, it doesnothelpdesignersvith themore
difficult taskof understandindnow a proposeddesigncom-
pareswith other designs. This taskis complicatedby the
high dimensionalityof the designproblem,andtheresulting
difficulty in visualizing or comprehendinghe multidimen-
sionaldesignspace Few visualizationtechniquegrovidean
adequateisualizationof high-dimensionaspaces.

Onemethodof visualizingmultiple dimensionds basedon
the conceptof parallel coordinates [3]. A parallel coordi-
natesvisualizationassignsone vertical axis to eachvisual-
ization variable,and evenly spacegheseaxes horizontally.
In our application,potentialvisualizationvariablesinclude
the designvariables,the objective function value (TOGW)
and other derived valuessuch as range,and the constraint
values.Eachvisualizationvariableis plottedon its own axis,
andthevaluesof thevariablesonadjacentixesareconnected
by straightlines,asshovnin Figure2. Thus,apointin ann-
dimensionakpacebecomes polygonalline laid out across
then parallelaxeswith n — 1 line sggmentsconnectinghe
n datavalues. Many suchdatapoints(in Euclideanspace)
will mapto mary of thesepolygonallinesin a parallelcoor
dinaterepresentationViewed asa whole, thesemary lines
hopefullywill exhibit coherenpatternsvhich couldbeasso-
ciatedwith inherentcorrelationof the datapointsinvolved.
In this way, the searchfor relationsamongthe designvari-
ablesis transformednto a 2-D patternrecognitionproblem,



andthe designpointsbecomeamenablédo visualization.

Oneimportantaspectof this visualizationschemes that it

provides opportunitiesfor humanpatternrecognition: By

using color to distinguishlines, and by supportingvarious
formsof interactiorwith the parallelcoordinatesystempat-
ternscan be picked up from the databasef designpoints.
Giventhe upperandlower limits on eachvariable,theloca-
tion of a polygonalline laid out acrossthe n vertical axes
givessomeideaasto wherethat designpoint lies in the de-
signspace Thenumberof dimensionghatcanbevisualized
usingthis schemas fairly large,limited only by the horizon-
tal resolutionof thescreen.

In Figure 2, 31 valuesare shavn mappedonto 31 vertical
axes. Thefirst axisrepresentshe TOGW, the secondrepre-
sentsthe HSCT range,andthe remaining29 axesrepresent
the 29 designvariables.Placingthe mousecursoron oneof
the circlesbelow the vertical lines will causethe “Name of
field” text field to displaya descriptionof the corresponding
visualizationvariable. Figure C3 shows the parallelcoordi-
natessystemfor 68 constraintscorrespondingo the design
point shavn in Figure 2. All valuesabove the yellow hor-
izontal line indicateinactive constraintsall valuesbetween
the yellow andred lines indicateactive constraintsand all
valuesbelow the red horizontalline indicate violated con-
straints. By breakingup the rangeof constraintvaluesinto
threeregions,it becomesasyto identify graphicallythein-
active andviolatedconstraintsandto whatdegreeeachcon-
strainthasbeenviolated.

Representingustonedesignpointin theparallelcoordinates
systemmay help the designerquickly view thelevel of con-
straintviolations, but this is little betterthanthe view pro-
vided by the single-pointVizCraft tool. The real purpose
of parallelcoordinatesn VizCraft is to allow the designer
to browsea databasef designpoints. We illustratethis pro-
cesawith adatabasef 1500designpointsselectediniformly
from the entiredesignspace Whenthis databasés rendered
usingparallelcoordinatesit appearsasshovnin FigureC4.
Fromthis massof data,onecanuseVizCraft’svisualization
controlsto extractpatterns.

Eachpolygonalline (representingone designpoint) is as-
signeda color basednthevalueof aparticularvisualization
parameter In Figure C4, the value usedto determinethe
coloris TOGW. Thus,aslines spanacrossthe vertical axes,
onecanidentify thosedesignpointsfor whichthe TOGW 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
designpointsis a linear interpolationbetweenyellow and
black. Sincethe designobjective is to minimizethe TOGW,
thedesignemightinitially beinterestedn linesrenderedn
yellow. However, it may prove equallyusefulto thedesigner
to discoverthatcertaindesignvariablerangesareassociated
with baddesignsasit is to discoverthatotherrangesareas-

sociatedwith gooddesigns.

Looking at Figure C4, one can alreadyseefrom the color
gradationthatthe sixth axisfrom theright is directly related
to thefirst axis. It so happenghat the sixth axis from the
right representsheweightof theflight fuel in Ibs, which af-
fectsthe TOGW directly. Onecanalsoobsenre thatthe sec-
ondaxisfrom theleft is alsomildly correlatedo the TOGW
andflight fuel. This axisrepresentshe rangeof the aircraft
in nauticalmiles,which mustbe directly proportionalto the
amountof fuel added Eventhoughtheseparticularrelation-
shipsare obvious (oncethe viewer hasan understandingf
the parametersnvolved), they give us a goodstartinto un-
derstandindnow to extractpatterndrom thedata.

VISUAL DATA MINING

A display of the full databasesuchasshown in Figure C4

is typically too overwhelmingto gain ary real understand-
ing of the data. The real strengthof the parallelcoordinates
toolin VizCraft is thecapabilityit providesfor exploringthe

databaseln this sectionwe explain how theusercaninteract
with thesystent'visual cues”[4] thatwill helpin visualizing

thedatasetin n-dimensionakpace.

Looking atFigureC4, noticethatthereis a circle abose each
verticalaxis, andthatonly thefirst oneontheleft is shaded.
The shadectircle indicatesthe visualizationvariablethatis
currently “driving” the gradationof color acrossthe paral-
lel coordinates.In Figure C4, TOGW is driving the color
gradation. The usercanselectary visualizationvariableto
drivethecoloringby clicking insidethecircle overthecorre-
spondingvariables axis. Clicking on thefifth circle we see
thatthatvariablehappengo sharea directrelationshipwith
the seventhvisualizationvariable (Figure C5). This shavs
thata clever selectiorof colordriverscanhelpusextractpat-
ternsfrom the dataset— patternswvhich areotherwisehidden
underneathhe volumeof data.

Theusersability to recognizepatternsn theparallelcoordi-
natesrepresentatiocanbe greatlyaffectedby the sequence
in whichtheaxesareplaced.For example,it is easierto per
ceiverelationshipbetweentwo adjacentixesthanif thetwo
axesareplacedfar apart. VizCraft allows the userto rear
rangethe axes. The usersimply clicks on the circle above
the axisto be moved anddragsit to the new position. This
rearrangemenmnustbe donewith the re-orderoption setto
“insert”. If there-orderoptionis setto “swap”, thenoneaxis
canbe swappedwith anotherby clicking anddraggingone
circle onto another See[1] for a discussioron automating
the procesf initially arrangingthe axesto maximizesimi-
larities of adjacentaxes.

While shaving alarge numberof designpointscanbe help-
ful in generatingpatternsthat may be of interestto the re-
searcheiat a holistic level, individual designpoints cannot
be distinguishedvhentoo mary aredisplayedat once. To
allow clearviews of individual designpoints, the usermay



wish to selectfrom this designspacea sub-rgjion of inter
est,or a sub-rgjion that meetscertaincriteria. For example,
the usermay wish to eliminateall designpointsfor which
TOGW: s greaterthan700,000bs, or eliminatethosepoints
for which the rangeof the aircraftis lessthan4,000miles.
The goalis to allow the userto gain someunderstandingf
spatialrelationshipsin n-spaceby selectingall datapoints
thatfall within a userdefinedset. This techniqueof graphi-
cally selectingor highlightingsubset®f thedatasetis called
“brushing”[7, 8].

VizCraft makesit particularlyeasyto extractregionsof in-
terestfrom the designspace For example,to selectaregion
for which TOGW lies within a certainrange theusercanse-
lectthecircle belon the TOGW axis,andthenentertherange
in the “zoom from” and“zoom to” text fields. This elimi-
natesall designpointsfor which the value of TOGW does
notlie within thisrange.Theaxisfor TOGW s re-calibrated
to this new scale while all otheraxesretaintheir calibration.
Alternatively, the usercanclick on ary axis,dragthe mouse
pointerup or down, andreleaset to zoominto aregion of in-
terest.FigureC6 shavstheresultof zoominginto aregion of
low TOGW. Thetext fields at the bottomindicatethatthere
areonly 4 designpointslying in the region of interest,and
thatthe remainingl,496 pointshave beendiscarded.Since
we areinterestedn designghatyield low valuesfor TOGW,
we cannow obseneotherdesignvariabledn thisdesignsub-
space Perhapshiswill allow thedesigneto gaininsightre-
gardingwhatvaluesof thesevariablespr whatcombinations
of valuesof thesevariables producedow valuesof TOGW.

FigureC7 shavs the setof constraintcorrespondingdo Fig-

ure C6. VizCraft providesapplication-specifiwisualization
optionsrelatedto constraintviolations. The “no color” op-

tion indicateshatthepolygonallinesrepresentingll thede-
signpointsarerenderedn thedefaultcolor. The“all” option
indicatesthat the polygonallines are coloredbasedon the
rule thatif any constraintis violatedfor a particulardesign
point, that designpoint mustbe renderedn red. If all con-
straintsaresatisfiedfor a particulardesignpoint, thatdesign
pointis renderedn green. In Figure C7 thereis no design
point thatsatisfiesall constraintsA third option, the“selec-
tive” coloring option assignsa color to eachpolygonalline

on therule that all pointsfor which the selectedconstraint
is violatedare coloredred, thosepointsfor which that con-
straintis active arecoloredyellow, andthosepointsfor which

thatconstraints satisfiedarecoloredgreen.

Finally, VizCraft givesthe useran opportunityto highlight
ary oneof thedesignpoints.To highlighta designpoint, the
usermustclick at a pointwherea polygonalline intersectsa
verticalaxis. Highlightingis doneby assigningabrightcolor
to thedesignpointof interest.The highlightedpointcanalso
beviewedin its iconicrepresentatiom themainwindow (as
in FigureC1) by clicking onthe“View" button.

CONCLUDING REMARKS

This paperpresented/izCraft, an applicationfor visualiz-
ing HSCT designsusingparallelcoordinates.VizCraft has
helpedstreamlinethe practiceof exploring the effect of de-
sign variable combinationson aircraft performancefor re-
gionsof the designspacethat have not previously beenin-

vestigated. Wherethe designeroriginally hadto manually
changedesignvariablesin afile, run the analysiscode,and
thenobsene theresultsin a separatelotting packageViz-

Craft is ableto performtheseoperationswith a few button
clicks. Thedatamining capabilitiesof VizCr aft have proved
beneficialwhenlarge databasesf HSCT performancedata
areavailable. By usingcoloreddriving variablesandbrush-
ing techniquesdesignersvereableto visually correlatedif-

ferentdesignvariablecombinationsand/or patternsthat re-
sultedin eithervery goodor very badaircraftperformance.
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