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tWe present the �rst steps in our hierar
hi
al visualizationand steering resear
h targeted at large time-dependent spe
-tral/hp element methods. This resear
h is built aroundseveral observations 
on
erning the stru
ture of spe
tral/hpdata whi
h lead to the development of several hierar
hi
al vi-sualization te
hniques. These te
hniques provide an attra
-tive vehi
le for building a 
omplete end-to-end hierar
hi
alvisualization and steering system. This paper dis
usses ourte
hniques in 
onjun
tion with the Pilot system, a �rst im-plementation of these ideas in the form of an immersive hi-erar
hi
al visualization and steering system for spe
tral/hpelement simulations. Pilot allows the user to 
ontrol the levelof extra
ted and visualized detail on a lo
al basis throughoutthe simulation's domain and provides the user with an im-mersive 
omputational steering interfa
e to intera
t dire
tlywith the simulation. This 
ombination of te
hniques allowsus to use Pilot to visualize the results of large 
on
urrently-running spe
tral/hp element CFD simulations.1 Introdu
tionSimulation s
ientists are often interested in visualizing theresults of large simulations. But many s
ienti�
ally inter-esting simulations involve more data than 
an be presentedto the investigator using naive te
hniques and traditionaltools. Further, we would like to enable a user to intera
tdire
tly with a simulation 
ode and steer the 
omputationas it progresses.Our approa
h is to take advantage of the spe
ial stru
tureof spe
tral/hp element simulations and data sets to build asystem that is 
apable of handling larger problems [9℄. Wepresent several spe
i�
 te
hniques aimed at enabling inter-a
tion with large spe
tral/hp element simulations. The Pi-lot system was developed as a �rst implementation of thesete
hniques; Pilot embodies the pro
ess of taking the �rststeps towards building an end-to-end hierar
hi
al visualiza-tion and steering system spe
i�
ally for spe
tral/hp elementsimulations.1.1 Why Spe
tral/hp Element Methods?We 
hose to work with spe
tral/hp element methods be
ausethere are three 
hara
teristi
s of these methods that proveuseful for the development of a hierar
hi
al visualization sys-tem. Spe
tral/hp element methods are built around tradi-tional mesh-based spatial subdivision, providing a natural

Figure 1: Standing in an immersive virtual environment auser examines 
ow through a nozzle in a 10 million degreeof freedom simulation.framework for partitioning the 
omputational domain intoa set of subdomains. This 
hara
teristi
 allows for sele
tivevisualization on an element-by-element basis.The internal data representation of spe
tral/hp elementmethods also holds promise for large-s
ale visualization. In-stead of generating value-at-vertex data like traditional �-nite element methods, spe
tral/hp element methods 
om-pute ve
tors of polynomial 
oeÆ
ients, ea
h of whi
h de-s
ribes the values of an individual data �eld over the spa
e ofone element. The stru
ture of these ve
tors is hierar
hi
al:by 
onsidering more 
oeÆ
ients one gets a more a

uraterepresentation. Trun
ated 
oeÆ
ient ve
tors still provide auseful data representation, although they ex
hange spa
e fora

ura
y. This tradeo� is very similar at a high level to 
om-mon lossy image 
ompression te
hniques. This 
hara
teristi
allows 
ontrol over the balan
e between a

ura
y and datasize.These polynomial 
oeÆ
ient ve
tors have one more prop-erty that is of interest when designing a large s
ale datavisualization system. Be
ause the 
omputational methodsprodu
e 
oeÆ
ient ve
tors des
ribing data �elds in a 
on-tinuous fashion, the visualization system has a free hand insele
ting the points that will be sampled to produ
e visual-izations. We 
an use the polynomial 
oeÆ
ient ve
tors togenerate exa
t values at any lo
ation in the domain; we arenot 
onstrained to the verti
es of the elements or to any



other subset of points within the simulation's domain. Thisgives the visualization implementor the ability to 
onstru
ta spatial hierar
hy of points at whi
h to evaluate the 
oeÆ-
ient ve
tors - thereby introdu
ing a me
hanism to 
ontrolthe balan
e between visualization a

ura
y and geometrysize.It is these observations that motivated the design of thePilot system for the immersive hierar
hi
al visualization andsteering of spe
tral/hp element simulations. Pilot imple-ments our three hierar
hi
al te
hniques - elemental, spe
traland spatial - within a larger visualization and steering sys-tem. Pilot fo
uses on 
omputational 
uid dynami
s (CFD)simulations and provides an immersive visualization frontend in a Cave [3℄.1.2 Paper OrganizationThe remainder of this paper is organized in the followingmanner. First we explain how our work relates to exist-ing hierar
hi
al and multiresolution visualization te
hniques.Then we des
ribe our hierar
hi
al te
hniques in detail.The se
ond half of the paper is devoted to detailing the Pi-lot system's ar
hite
ture and presenting the immersive userinterfa
e we developed for intera
ting with simulations. Af-ter presenting the hierar
hi
al methods and system design,we move on to detailing how Pilot has been applied to spe-
i�
 CFD problems and the results we have observed thusfar. Finally we dis
uss areas for future work.2 Related WorkThere have been a number of approa
hes for building hier-ar
hi
al and multiresolution data representations. A taxon-omy for these methods is provided in [2, 12℄. Within thisframework, our three presented hierar
hies are 
lassi�ed asfollows: the elemental and spatial resolution hierar
hies arespa
e-based, while our spe
tral hierar
hy is value-based. Butthe design of ea
h of our presented hierar
hi
al te
hniqueswas motivated by the stru
ture of spe
tral/hp element sim-ulation data.Many hierar
hi
al systems do not take data values intoa

ount at all [8, 10, 15, 19℄. These hierar
hies are purelygeometri
 in nature be
ause they were designed for renderingeÆ
ien
y, not s
ienti�
 data visualization. Te
hniques basedprimarily on geometri
 stru
ture have been proposed for s
i-enti�
 visualization [4℄. These methods work by adjustingthe number of exa
t-valued points that are extra
ted fromsimulation data. In 
ontrast, our spatial hierar
hy sele
tsthe number of exa
t-valued points to generate given the ex-tra
ted data. We leverage the 
hara
teristi
s of spe
tral/hpelement data to develop a value-based extra
tion hierar
hythat supports spa
e-based hierar
hi
al rendering te
hniques.Value-based approa
hes built around wavelets have beensu

essful in the 
onstru
tion of hierar
hi
al visualizationte
hniques. Trott [18℄ applies a wavelet transform to CFDdata to 
onstru
t this type of visualization. The spe
tral/hpelement data representation provides similarly transformeddata as its initial output; 
onsequently, our approa
h doesnot require this additional step. Other wavelet-based ap-proa
hes exhibit similar behavior [17, 24℄. Finally, Grosso[5℄ presents an automated hierar
hi
al re�nement te
hniquefor �nite element CFD simulation data. However, this te
h-nique is not intera
tive and we want the user to have in-tera
tive 
ontrol over the hierar
hies to enable exploratoryvisualization.

Figure 2: Four elements displayed with di�erent tessellationorders. Moving 
lo
kwise from the upper left, the elementshave tessellation order 1,2,3 and 4.3 Hierar
hi
al Data Te
hniquesPilot provides the user with three hierar
hi
al te
hniques to
ontrol the tradeo� between a

ura
y and size for simula-tion and visualization data. Our �rst level hierar
hy and
ontrol me
hanism works at the element level. The user hasthe ability to sele
tively visualize and extra
t data from thesimulation on a per-element basis.The se
ond and third hierar
hi
al te
hniques are depen-dent on the �rst. We 
onsider them to operate independentlyover the set of a
tive elements.1 These hierar
hi
al me
h-anisms provide 
ontrol over data extra
tion and renderinga

ura
y. In both 
ases the user 
an adjust the balan
e be-tween data size and a

ura
y.3.1 Element Level Hierar
hyAny element-based method lends itself to a simple one levelhierar
hi
al representation: sele
tively enabling or disablingthe visualization of di�erent elements. While this is not aparti
ularly 
omplex hierar
hi
al visualization te
hnique, itis an important one. When we talk of large data sets it isoften the 
ase that simply displaying the 
omplete spatialdis
retization of the domain involves more geometry thanwe 
an intera
tively render.This work targets data sets larger than 1 million degreesof freedom. For these 
ases simply displaying the 
omplete
omputational mesh 
an involve in ex
ess of 1 million tri-angles. Larger data sets 
an lead to orders of magnitudemore geometry - enough to swamp many hardware render-ing systems. In these 
ases a �rst-level elemental hierar
hyprovides a way to visualize data sets whose 
oarsest rep-resentation 
ould otherwise overwhelm even the fastest ofvisualization systems.3.2 Spe
tral Data Hierar
hyBeyond the simple notion of sele
ting whi
h elements are ofinterest, our hierar
hi
al representation takes advantage ofthe stru
ture of spe
tral/hp element data to build a deeperdata hierar
hy around the simulation's internal polynomial1We refer to the set of 
urrently extra
ted and visualized ele-ments as the \a
tive elements".




oeÆ
ient representation. This representation 
onsists ofone 
oeÆ
ient ve
tor for ea
h data �eld for ea
h element. Itis these ve
tors that lend themselves to a hierar
hi
al inter-pretation.The basi
 operation available to the user is the sele
tionof the number of 
oeÆ
ients to extra
t from the simulation
ode. While the simulation 
omputes a 
oeÆ
ient ve
torof �xed size, one 
an use fewer than all of the 
oeÆ
ientsto generate a less a

urate representation for the data overan element. In ex
hange for this loss of a

ura
y, leavingout 
oeÆ
ients saves spa
e. We maintain the number of
oeÆ
ients to use on a per-element basis throughout the
omputational domain. The user 
an then use this hierar
hyto extra
t more 
oeÆ
ients only for se
tions of the domainthat require a more a

urate representation. This in
reasedlo
al a

ura
y does not for
e the system to deal with largequantities of data for elements where a 
oarse representationprovides suÆ
ient information.Our data extra
tion te
hnique 
onsiders information inunits of \order". In a one-dimensional system, the additionof one more 
oeÆ
ient in
reases the order of the polynomialexpansion by one degree. In multi-dimensional systems in-
reasing the modal order one degree requires more than oneadditional 
oeÆ
ient; all 
oeÆ
ients 
orresponding to poly-nomial terms of the same degree are required. For example,in two dimensions, if we presently have 
onstant and �rst-order information as 
oeÆ
ients of (1,x,y) and we desire toin
rease the order by one degree, we require 
oeÆ
ients tobe extra
ted for the three additional terms (x2, y2, and xy).Extra
ting only one more 
oeÆ
ient would lead to a poly-nomial expansion whi
h was not 
omplete for a parti
ularpolynomial order.Providing this freedom to the user has 
onsequen
es. Auser may be visualizing two adja
ent elements where one isbeing extra
ted at 10th order and the other at 5th order.When these imbalan
es are present the data displayed onthe boundary between elements may be dis
ontinuous.This is not the only potential sour
e of visualization dis-
ontinuity here. The simulation that we employ uses thedis
ontinuous Galerkin formulation whi
h does not require
ontinuity - only L2 boundedness - a
ross element interfa
es.The users of this sort of system will likely understand themathemati
al formulation of the simulation being visualized,so they are unlikely to be 
onfused by the dis
ontinuity. Thevisualization issues asso
iated with dis
ontinuity are beyondthe s
ope of this paper.3.3 Spatial Hierar
hyWe 
onsider data on an element-by-element basis and dis-play it using elemental boundary surfa
es. These surfa
esare polyhedral subsets of the simulation's domain and arevisualized as polygon meshes. We would like to provide theuser with hierar
hi
al 
ontrol over these meshes so they 
anintera
tively adjust the balan
e between geometry size andvisualization quality.Our initial set of polygons is just the set of polygonsbounding the element under 
onsideration. This providesa fun
tional but 
oarse spatial dis
retization on whi
h todisplay the data values. The extra
ted polynomial 
oef-�
ients are used to 
ompute exa
t values for ea
h vertex,these values are 
olor mapped, and the polygons are fed tothe rendering system.From the simulation's perspe
tive, there is nothing spe-
ial about the points where we 
hoose to evaluate the 
o-eÆ
ients. Spe
tral/hp element methods provide 
ontinuous
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Figure 3: A graph view of the Pilot network ar
hite
ture.A single visualization pro
essor is atta
hed to an arbitrarilylarge number of 
ompute pro
essors through the intermedi-ate layer of steering pro
essors. In turn, ea
h steering pro
es-sor handles data extra
tion and the 
omputational steeringoperations for at least one 
ompute pro
essor.representations for data �elds so we have free reign withinan element to pi
k points.For our initial 
ondition - using only the verti
es of anelement's bounding polygons - the rendering system will ap-ply an interpolation pro
edure between adja
ent verti
es toprodu
e an image. To produ
e more a

urate images we tes-sellate the bounding polygons to a user spe
i�ed degree andevaluate the polynomial 
oeÆ
ients at ea
h resulting vertex.This 
an greatly in
rease the number of points at whi
h wehave exa
t values, although naive interpolation is still usedbetween the exa
tly-valued verti
es.Our tessellation pro
edure simply re
ursively subdividesea
h fa
e of ea
h 
urrently displayed element with re
ursivedepth spe
i�ed by the users \tessellation order" setting forthe element under 
onsideration. In
reased tessellation or-der produ
es more a

urate visualizations at the expense ofin
reased geometry size. We give the user 
ontrol over thisbalan
e and enable them to de
ide how to trade renderingperforman
e for visualization a

ura
y.4 Pilot Ar
hite
tureThe steering 
ontribution of this resear
h is not a novel ap-proa
h to 
omputational steering per se, but rather the steer-ing that is enabled by our hierar
hi
al data visualizationte
hniques. The problem of intera
tive data visualizationis a ne
essary prerequisite to 
omputational steering [21℄.Our hierar
hi
al visualization work applies to non-steeringappli
ations as well; we felt that building a steering sys-tem was the most e�e
tive way to demonstrate the utilityof our visualization te
hniques. Pilot employs steering te
h-niques similar to other 
omputational steering ar
hite
tures[6, 7, 11, 13, 20℄.The overall layout of Pilot is that of a three layer tree,as depi
ted in �gure 3. We 
onsider the simulation itself



to be the �rst layer, 
onsisting of an arbitrary number ofpro
essors. The third layer is the visualization front end.Ea
h of these layers in
ludes network 
ommuni
ation hooksthat allows them to be atta
hed to Pilot.In between these two layers the steering layer exists as aparallel program running on any number of pro
essors be-tween 1 and the number of 
ompute pro
essors. Data extra
-tion takes pla
e between the steering and simulation layers.This pro
ess involves 
ommuni
ation only between a steeringpro
essor and ea
h 
omputation pro
essor it steers. A
rosssteering pro
essors this pro
edure is parallel. The steeringpro
essors only 
ommuni
ate with ea
h other to syn
hronizetheir extra
tion in between simulation time steps.The visualization layer then reads renderable data out ofthe steering pro
essors and presents it to the user. Intera
-tion with the user is a

omplished through the visualizationlayer, whi
h passes messages ba
k through the steering layer,eventually to modify the simulation's state.4.1 Compute LayerThe primary fun
tion of the 
ompute layer is to generatethe data to be visualized and steered. The 
ow solver 
or-responds to a parti
ular version N"�T �r, a general pur-pose parallel spe
tral/hp element CFD 
ode for simulatingin
ompressible, 
ompressible and plasma 
ows in unsteadythree-dimensional geometries. The major algorithmi
 devel-opments are des
ribed in [9℄ and [22℄. The 
ode uses meshessimilar to standard �nite element and �nite volume meshes,
onsisting of stru
tured or unstru
tured grids or a 
ombina-tion of both. The formulation is also similar to those meth-ods, 
orresponding to Galerkin and dis
ontinuous Galerkinproje
tions for the in
ompressible and 
ompressible Navier-Stokes equations, respe
tively. For this work we use the 
om-pressible solver be
ause 
hara
teristi
s of its implementationmade the modi�
ations we needed easier to implement.Pilot's data extra
tion system was designed with the 
om-putational needs of large simulations in mind. To this endthe extra
tion me
hanism was designed to be minimally in-trusive on the simulation. It does little more than 
opy outarrays of data and make the ne
essary fun
tion 
alls into thesimulation to implement steering. Data is extra
ted in thespe
tral/hp element representation internal to the simula-tion. These 
olle
tions of data are the hierar
hi
al extra
tsthat form the 
ore data 
ow of the Pilot system.This layer 
onne
ts to the steering layer for two reasons.It exposes simulation data for extra
tion, and provides aninterfa
e for implementing simulation steering. The 
omputelayer maintains minimal state - instead of remembering the
urrent visualization state it answers requests for data fromthe steering layer.4.2 Visualization LayerData is displayed and user input is 
olle
ted by the visual-ization layer. While there are bene�ts to maintaining thespe
tral/hp element data representation during data extra
-tion, the visualization system 
annot easily handle these 
o-eÆ
ients as input. The Pilot visualization system takes rawrenderable data as input over the network: 
olle
tions oftriangles with values spe
i�ed for ea
h vertex.Pilot's visualization front end only re
eives geometry 
or-responding to the pie
es of the domain the user has re-quested, and then only at the user spe
i�ed resolutions. Asthe user inputs 
ommands to 
hange the subset of data to

Figure 4: Here we see a 
ross-se
tional 
ut of 
ow througha nozzle visualized at di�erent levels of spe
tral order. Thetop image uses only a se
ond order representation while thebottom image was generated with a 3rd order representation.At this higher level of detail the boundary layer between jetand near-wall downstream 
ow is resolved.be displayed, the visualization system forwards these 
om-mands on to the steering pro
essors. That layer remembersthe 
urrent state and replies with the requested data so it
an be displayed.The visualization system is built around Sense8's WorldToolkit (WTK) [23℄ , and 
ommuni
ates via standard WTK
allba
k me
hanisms.4.3 Steering LayerIn between the 
ompute and visualization layers is the steer-ing software, performing those fun
tions that are ne
essaryto 
onvert between rendering and simulation representa-tions. The steering pro
essors in Pilot use a double bu�eredsystem to insure that only 
omplete extra
tions of data areever exposed to the visualization side. A similar approa
h isemployed to insure that the steering 
ommands entered fora parti
ular time step of the simulation are passed ba
k tothe simulation as a single blo
k.For visualization, the steering pro
essors have two respon-sibilities: remembering the 
urrent extra
tion state - whi
helements should be displayed and and what resolutions - and
onverting the simulation's internal representation into the(vertex,value) tuples that the visualization system takes asinput. By intera
tively adjusting the extra
ted resolution ofdata, the user is 
ontrolling the a

ura
y of the 
onversionbetween representations that runs on the steering pro
es-sors. And as we would expe
t, a more a

urate 
onversionrequires both more spa
e and time.The role the steering pro
essors play for 
omputationalsteering operations is similar: they simply 
onvert steering
ommands from the representation used by the visualization



system to one the simulation 
an handle and forward thatdata to the 
ompute layer.It is important to state that both of these 
onversions - forvisualization and 
omputational steering - are run in paral-lel on the steering pro
essors with no 
ommuni
ation amongthem. Sin
e the steering pro
essors are nearly autonomouswe expe
t to see good s
alability for highly parallel simula-tions - those using 100s of pro
essors or more.5 User Interfa
e5.1 EnvironmentPilot's user interfa
e is implemented in the Cave fa
ility atBrown University's Te
hnology Center for Advan
ed S
ien-ti�
 Visualization and Computation. This approa
h is sim-ilar to that taken by [14℄. We 
hose to use an immersivedisplay for three reasons. First, there is ex
ellent 
onne
tiv-ity between the large 
ompute servers we planned to use forrunning the CFD simulations and the graphi
s systems driv-ing the Cave. Se
ond, as already stated, the ability to easilysele
t lo
ations in spa
e makes the implementation of manyof Pilot's features easier. And lastly, we subs
ribe to thehypothesis that users will be better able to understand largedata sets in immersive environments than on the desktop[16℄.5.2 User Intera
tion ToolsAll user intera
tion in Pilot is a

omplished through three di-mensional widgets in a virtual environment. Hand-followingtools are used for the three basi
 visualization-
hanging op-erations:� sele
ting whi
h elements to display� adjusting the extra
ted order of an element� adjusting the tessellation order of an elementIn ea
h 
ase, the user sele
ts a tool, presses one of two but-tons (on/o� or in
rease/de
rease) on a wand, and drags thedevi
e around the virtual spa
e. The operation sele
ted bythe user is applied to every element the user drags the toolthrough while the button is depressed.Steering is implemented using a single tool, a virtual laserpointer, and a 
olle
tion of 
hangeable three dimensionaltext �elds. Pilot in
ludes support for intera
tively steer-ing three s
alar values in the 
oupled simulation: Reynoldsnumber, time step and wall temperature. These values aredisplayed on the right wall of the Cave in 3D text and main-tain a 
onstant position relative to the user (i.e. they arealways lo
ated on the right wall independent of the user'snavigation around the virtual spa
e).This interfa
e is also used to 
ontrol visualization param-eters in some 
ases. The user 
an 
hange the 
urrently dis-played s
alar �eld using this same laser pointer on anotherpie
e of 3D text where the in
rease and de
rease 
ontrols
y
le through the list of available �elds.The various user interfa
e 
omponents are all imple-mented entirely within the virtual spa
e. We feel this 
hara
-teristi
 is essential; if users 
an explore data in an immersivesetting they should not be for
ed to go ba
k to the keyboardwhen it 
omes time to 
hange parameters.

5.2.1 Color Mapping Te
hniqueIt is un
lear how to handle maintaining a value to 
olor mapfor 
on
urrently generated time-dependent data. Ea
h newtime step provides a new range of values, possibly whollyoutside the value range for the previously displayed timestep. Pilot allows the user to 
hange whi
h elements arebeing displayed from time step to time step. There is noguarantee that value ranges will even be similar as the usersele
ts di�erent sets of elements.We experimented with an adaptive 
olor mapping te
h-nique that automati
ally expanded its range of value as newdata arrived. This approa
h had the unexpe
ted side e�e
tthat with new maxima and minima in the data, 
oloring
ould 
hange signi�
antly even in regions where the datavalues remained 
onstant. This behavior 
an present theillusion of features due only to a 
hanging 
olor map.To 
ounter this problem we adopted a user-
ontrolledremapping pro
edure. A new user interfa
e tool was addedto the visualization system that performs only one operation:resetting the 
olor map to handle the range of 
urrently dis-play data with a 
onstant padding slight variations. Thisapproa
h allows the user to turn on the elements of inter-est and, at any time in the visualization pro
ess, 
hoose toadjust the 
olor map to �t the 
urrently sele
ted data.This approa
h has the advantage that automati
 
olormap 
hanges do not o

ur and the problem of illusory
hanges disappears. On the other hand it means that ifnew data 
omes in with a new time step that lies outsidethe 
urrent mapping range, it will not be mapped properly.Our system assigns the nearest value to values outside theextrema of the map: the 
olor assigned to the maximum orminimummapped value. Data outside the 
urrent range willappear entirely in one 
olor.This solution worked well, but we believe additional re-sear
h is required to develop a more robust solution.5.3 A Networked UIAll of our non-steering user intera
tion tools require 
om-puting whi
h element 
ontains an arbitrary lo
ation in spa
esele
ted by the user. But the visualization system in Pilotdoes not have any information about the grid stru
ture ofthe 
omputation - it only has lists of graphi
al obje
ts todisplay. We do not want to transmit the entire 
omputa-tional mesh to the visualization software as it is unne
essaryand potentially large. We would prefer to run this 
omputa-tion on a pro
essor that needs the information anyway, andideally in a parallel setting to a

elerate the sear
h.Pilot a
hieves all of these goals by implementing inter-a
tive widgets in two pie
es and a
ross two di�erent Pilotnetwork layers. The user interfa
e simply reports a list oflo
ations and a
tions to all of the pilot pro
essors. Thosepro
essors are responsible for sear
hing their lo
al subdo-main - thereby sear
hing the entire domain in parallel - tomap lo
ations to elements.With this information Pilot 
an forward a list of elementsand a
tions to the relevant 
ompute pro
essors. This te
h-nique allows us to retain the desired intera
tive behavior ofthe widgets by not burdening the visualization system with
ostly sear
hes and still allows the user to intera
t with verylarge 
omputations.The 
ost of this te
hnique is laten
y. After the visual-ization software reports the lists of lo
ations and a
tions toPilot, it does not get new graphi
s immediately. The re-quested 
hanges are not in
luded in the visualization untilthe next time step of data runs through the system. Pilot



makes a 
ons
ious 
hoi
e to trade this sort of laten
y for theability to intera
t with larger simulations.6 ResultsAfter designing and implementing these visualization te
h-niques, we used our system for the visualization and steeringof 
urrent resear
h CFD simulations. Sin
e this work targetslarge simulations, we 
hose to test Pilot at four points alongthe path to large data. In ea
h 
ase we assessed the ability ofPilot to handle the given simulation and visualization usingan SGI Onyx2 In�niteReality for visualization and at most64 pro
essors of an IBM SP2 for simulation.6.1 Du
t Flow: Small SimulationOur small simulation is 
ow through a du
t. This simula-tion has roughly ten thousand degrees of freedom and the
uid dynami
s are well understood. Our hierar
hi
al te
h-niques were not needed at this level sin
e the data set issmall enough to enable full resolution visualization.However, the 
uid behavior for this example is simpleenough to explore our steering fun
tionality. The user hasthe ability to intera
tively 
hange the Reynolds number, walltemperature and simulation time step size through Pilot.We were able to see the e�e
ts of these steering operations
learly with our visualization system. This determinationwas 
arried out by the developers of N"�T �r.6.2 Aerofoil: Mid-Size SimulationOur next step up was an aerofoil simulation with roughly onemillion degrees of freedom. In this 
ase the wing geometry it-self 
onsisted of nearly ten thousand triangles. Displaying allof the data would require between one and ten million trian-gles, overwhelming the 
apabilities of our rendering systemfor intera
tive purposes.This 
ase presents the �rst instan
e where our hierar
hi
almethods truly enabled intera
tive visualization; spe
i�
ally,the spatial and elemental hierar
hi
al representations provedvaluable. We 
ould handle transporting all of the data overthe network among the various Pilot 
omponents sin
e thedata set size was still only 8 MB per time step. 2 The ef-fe
t of extra
ting a lower order representation was negligiblehere; redu
ing the quantity of geometry was the primaryissue.For this sized simulation we found that our steering oper-ations produ
ed no visibly apparent results. This is due toa 
on
uen
e two fa
tors: the time s
ale on whi
h the phe-nomenon 
hanges and the amount of resour
es available tous for running the simulation.6.3 Nozzle: Large SimulationTo test the utility of the spe
tral data hierar
hy we movedup one order of magnitude to a 10 million degree of free-dom simulation. This simulation generates 80 MB per timestep. While transporting this sized data set is not a prob-lem for a user willing to wait a few se
onds, we would preferto not introdu
e that additional lag between the simulationgenerating results and the user viewing the 
orrespondingvisualization.2Data points inN"�T �r are stored as double pre
ision 
oat-ing point values.

As predi
ted, de
reasing the a

ura
y of the extra
tedrepresentation did improve performan
e. The simulation it-self required several se
onds to 
ompute ea
h new time step,and our hierar
hi
al te
hniques allowed us to extra
t thedata within this window. The spe
tral hierar
hy provided amodest improvement for this sized data set.The elemental and spatial hierar
hies proved essential. Anindividual feature in this simulation - a jet of 
uid for exam-ple - 
an o

upy several hundred elements. Displaying thismany elements with a dense spatial dis
retization 
an easilygenerate several hundred thousand triangles, overwhelmingthe rendering system's ability to generate graphi
s qui
klyenough to maintain the immersion.6.4 F-15: Very Large SimulationOur largest test simulation was an F-15 airplane. This isan over 100 million degree of freedom simulation - nearly 1GB of data per time step - with roughly 250,000 elements.Now, in addition to swamping the rendering system withtriangles, we 
an swamp our 
ommuni
ations system withdata. When we tried to extra
t data at full resolution fromthis simulation it took longer than the 
omputation itself.The spatial hierar
hy 
annot help this problem be
auseit only e�e
ts the amount of generated geometry, not thesize of the extra
ted data. While our elemental extra
tion
ontrol helps here, even small subsets of the data approa
h100 MB. Our spe
tral data hierar
hy proved useful in this
ase by the user to see a 
oarse visualization with severalupdates per se
ond.For this size simulation we were still able to use our steer-ing tools, but we were not able to qui
kly observe 
hangesin the 
uid's behavior. This is not at all surprising givenour available 
omputational resour
es and we only under-took this experiment to demonstrate the s
alability of oursteering system.7 Future WorkSeveral points in the 
urrent implementation of Pilot deservefurther thought and work. Our set of hierar
hies has proveduseful for 
ontrolling both data and geometry size, but itseems likely that one 
ould do a better job on both fronts bydeveloping adaptive tessellation algorithms to generate ge-ometry in a way that requires fewer verti
es and 
oeÆ
ientsto a
hieve the same error between data and visualization.With an intelligent tessellation algorithm it would be pos-sible to develop hierar
hi
al versions of other 
ommon visu-alization widgets like 
ut planes. In the 
urrent system ofregular tessellation, 
ut planes would be rendered with linearinterpolation a
ross element boundaries - a 
lear sour
e ofsubstantial error. Proper hierar
hi
al tools would tessellateadaptively around element boundaries to minimize the errorin the visualization.It is also likely that isosurfa
e and streamline algorithms
an be developed that exploit the stru
ture of spe
tral data.For streamlines, there is potential in the hierar
hi
al datarepresentation for developing time-
riti
al streamline algo-rithms that 
an trade o� the a

ura
y of the sampled datapoints for faster update rates [1℄. One 
an also imagine de-veloping time-
riti
al isosurfa
e algorithms along the samelines - or moving in the opposite dire
tion to develop high-order a

urate isosurfa
es that will undoubtedly take moretime to 
ompute.All of these ideas will generate more geometry for thevisualization system to render. And as we have already



stated, the dynami
 nature of the geometry in Pilot makesit diÆ
ult to apply render-a

elerating te
hniques. If the ge-ometry transmitted to the visualization system already in-
luded stru
tures like triangle strips, rendering 
ould be sig-ni�
antly faster. Su
h a pro
edure would have the ni
e prop-erty that geometry optimization is done in parallel a
ross thesteering pro
essors. Of 
ourse it would also involve in
lud-ing visualization-spe
i�
 te
hniques in parts of Pilot otherthan the visualization front end. This in
reases 
omplexityand potentially de
reases the extent to whi
h Pilot 
an beatta
hed to other front end systems.The 
urrent user interfa
e is far from being ready topresent to s
ientists as a tool for doing CFD resear
h. Wesee that signi�
ant user interfa
e resear
h is needed to helpbuild a better Pilot in two areas. The laten
y introdu
edby spreading the user interfa
e a
ross two layers of the net-work introdu
es some \dead time" between a user's visual-ization modifying a
tion and the 
hange a
tually appearingin the visualization. This time 
an probably be used produ
-tively in some way; at the least we should develop a methodfor providing the user with status updates indi
ating whi
h
ommands are still being pro
essed and how mu
h more pro-
essing time they will require.Our se
ond area of user interfa
e work 
on
erns the sys-tem in a broader sense. From the use of one Cave wall forsteering through the spatial point-and-
li
k approa
h we useto sele
t lo
ations in spa
e, our 
urrent user interfa
e wasdeveloped to explore the possible utility of our hierar
hi
alvisualization te
hniques. Now that we have a

omplishedthis �rst goal, the user interfa
e should be revisited with theusability requirements of our target end users - simulations
ientists - in mind.Lastly, we would like to extend our spe
tral hierar
hy tosteer the simulation itself. Giving the user intera
tive 
ontrolover the 
omputed order on a per-element basis would pro-vide even greater 
ontrol over the simulation. Along theselines, we would also like to allow the user to intera
tivelymodify the 
omputational mesh by 
hanging the geometryof the domain. Both of these 
hanges involve making sub-stantial modi�
ations to the simulation and are the subje
tsof longer-term simulation resear
h.8 A
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