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Bringing Computational Steering to the User

Jarke J. van Wijk', Robert van Liere, Jurriaan D. Mulder
CcWwi
P.O. Box 94079, 1090 GB Amsterdam, The Netherlands

ABSTRACT

Computational steering is a technique that combines simulation and visualization. The user is continuously
provided with visual feedback about the state of the simulation, and can change parameters on the fly. Designers
can vary parameters to optimize their product, users can detect errors in the input early, researchers can do
qualitative sensitivity analyses easily.

The implementation of computational steering is very tedious. It requires knowledge of the simulation, visu-
alization, user interfacing, and data communication. In this paper we discuss an environment that enables users
to implement and use computational steering effectively without much support from user interface experts. We
show how the environment is applied to various applications.

1991 Computing Reviews Classification System: 1.3.2,1.3.4,1.6.6, 1.6.7

Keywords and Phrases: computational steering, scientific visualization, high performance computing
Note: Presented at Dagstuhl Seminar on Scientific Visualization 9-13 June, 1997.

Work carried out under CWI project SEN-1.3, Interactive Visualization Environments.

1. INTRODUCTION

Visual supercomputing has become a hot topic. Both simulation and visualization have boosted in recent years.
Many methods, techniques and tools are available nowadays for the simulation and visualization of complex
phenomena. Current computing hardware enables researchers and engineers to perform complex simulations
withinseconds. Theresultsare visualized with high end graphicsworkstations, which generate col orful pictures
in real-time.

Computational steering islocated at the cross-point of these developments. With computational steering the
user is continuously provided with visual feedback about the state of his simulation, and can change parameters
on the fly. Designers can vary parameters to optimize their product, users can detect errorsin the input early,
researchers can do qualitative sensitivity analyses easily. Of course, standard methods can aso be used: Just
perform simulationsand display the results afterwards. But we and others[2] believe that computational steer-
ing accelerates the process of gaining insight in complex simulations with orders of magnitude, and thereby
introduces a new paradigm.

If computational steering issuch agreat idea, why isn’t it routinely used yet? Why are new valuesfor param-
etersstill entered viatext filesin obscureformats or even by changing thecodeitself? Why are simulationsdone
until 99.99 % accuracy is achieved, only to observe after the results are converted and displayed with a visual -
ization package that a crucial parameter has a wrong value? The answer is simply that the implementation of
computational steeringishard. It requiresknowledge of the simulation, visualization, user interfacing, and data
communication. An expert inafield such as CFD, molecular dynamics, or mechanical engineeringtypicaly will
have to cooperate with experts on user interfacing and visualization —which in many cases will be prohibitively
expensive. Even if thisispossible, it will typically take some months to design and implement an interactive
graphics interface. Chances are high that the researcher will have shifted hisinterest in the meantime. If not,
the use of the new interface will admost certainly give rise to new questions as a result of the insight that the
researcher obtains. Different parameters need to be controlled, other results must be displayed, so an extended
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period of close cooperation is required. Consequently, computationa steering is currently mainly applied for
stable, routinely used applications, where the large effort needed for itsimplementation is justified.

Thisisregrettable. Computational steering isespecially useful inearly devel opment stages of the simulation:
when uncertaintiesexist if the problemis model ed detail ed enough; when it isnot yet known if theright numer-
ica methods were chosen; when nasty bugs still may be hidden in the code that ruin the results; when many
parameters have till to be tuned.

State of the art toolkitsfor visuaization (such as VTK [3]) and user interface devel opment (such as Tcl/Tk)
simplify the implementation of computational steering. The developer can assemble components instead of
writing everything from scratch. Also, modern visualization packages, i.e. application builders such as AVS
and IRIS-Explorer, provide a partial answer. Here the user can define a visualization application via the data-
flow paradigm: an applicationisbuilt up from a collection of moduleswhich inputsand outputs are connected.
The simulation can be integrated as a module. This approach has been used for instance by Marshall [2] and
in the CUMULVSS software infrastructure [4]. They are very positive about the gain in insight and efficiency
achieved by computational steering. These approaches offer much flexibility, but their application still seems
to require considerabl e expertise from the devel oper.

2. THE COMPUTATIONAL STEERING ENVIRONMENT

Our research aims at the devel opment of general purpose methods, tools, and techniquesthat enable researchers
to implement and use computational steering easily and effectively. In other words, we want to bring computa-
tiona steeringto theuser. Wetarget at several audiences. The researcher that defines themodel must be enabled
to gain insight in the behavior of hismodel and the numerical methods used. The developer of the smulation
code must be enabled to implement computationa steering easily. The end-user must be enabled to vary pa-
rameters easily and observetheresultsimmediately. In many cases thesethreeroles: researcher, devel oper, and
end-user will be played by the same person. In the remainder of the paper we will refer to him simply as the
researcher: an expert in some field, who develops models and code for a class of problems, and who uses this
code to study particular problems.

Our research haslead to the Computationa Steering Environment (CSE). Basically, the CSE providesalayer
between the researcher and a simulation (figure 1). The researcher enters new values viathe keyboard or the
mouse and views animations of the results. The simulation receives new parameter vaues and sends updates
of calculated results. The main task of the CSE isto communicate and trand ate the data into comprehensible
images, and, vice versa, graphicsinput into data.

Researcher
raphical direct . L
‘[,} P ) . visualization
input manipulation

( Computational Steering Environment )

state
parameters ) results
variables

Simulation

Figure 1: The CSE: alayer between researcher and ssimulation

We first describe the architecture of the CSE. Flexibility, ease of use, and modularity were the guiding con-
cepts here. Second, the connection of simulations with the CSE is discussed. A simple interface was defined,
suchthat viaafew calls datacan be exchanged between asimulation and the CSE. Third, wedescribe how graph-
ical interfacesto simulationscan be defined. The concept of Parametrized Graphics Objects enabl es researchers
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to easily define both input widgets as well as visudlizations. Finally, we present a number of applications. We
show that computational steering is an attractive concept, applicable to many different types of applications.

3. ARCHITECTURE

Data plays a centra role in computational steering. Data is entered, visualized, and exchanged between pro-
cesses. At least two processes are active: a simulation and a graphical interface. However, more processes
could be involved as well: the simulation can consist of multiple processes itself, and additional general pur-
pose tools for data manipulation would come in handy. We have therefore chosen for an architecture with a
central Data Manager acting as a blackboard, surrounded by satellitesthat produce, process and visualize data
(figure 2).

The DataManager maintains a database of variables. For each variableit storesaname, atype (red, integer,
double, string) and value. Variables can be scalar or arrays, inwhich case the number and size of the dimensions
isalso stored. Array sizes can change dynamically during thelifetimeof thevariable. Satellitescan create, open,
and close variables, and read and writetheir values. Furthermore, the DataManager actsas an event notification
manager. Satellites can subscribe to events that represent state changes in the Data Manager. Whenever such a
state change occurs, the satellite will receive an event from the Data Manager. This mechanism can be used for
instance by satellites that monitor changes in the values of variables.

| Researcher

ltext ' drag l pick |visualizalian selection expression
§ Selection Calculator

PGO editor . .
Satellite Satellite

f data J data J data data

( Data Manager )7

data

| Simulation |

Figure 2: Architecture CSE

Thisarchitectureimpliesthat the satellites do not need to know about each othersexistence. Their only com-
munication with each other is viathe variables in the Data Manager. However, connections between satellites
can easily be defined by using the same names for variables. Pipelines of satellites (with or without loops) as
well as many other configurations can be defined via this mechanism. The number and kind of satellites used
during the devel opment or even during arun can be changed dynamically.

Thisarchitecture does not providecentralized control: Each satellitedecides onitsownwhento read, process,
and writedata. However, synchronization can berealized if each satellite hasinput and output trigger variables.
When the value of the input trigger changes, a satellite reads input, performs a cal culation, and writes output.
Finally, the output trigger iswritten to trigger other satellites[8].

A large collection of general purpose satellites has been developed for standard data processing tasks. For
example, datacan belogged, diced, transformed, and calculated. With the constraint satellite constraints can be
defined on the values of variables[7]. These satellites produce new derived variables, which can be monitored
to gain additional insight. These satellites have a uniform interface, based on a tray of cards, such that their
occasional useis straightforward.

The most important satelliteis the PGO editor: ageneral purpose graphicstool for input and visualization of
data, which isdescribed later. First we discuss how to connect simulationsto the Data Manager.
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4. INTEGRATION OF SIMULATIONS
Communication of asatellitewith the DataManager isdoneviaasmall application programmersinterface. The
abstractions used are similar to standard Unix input and output, with variables instead of files. Satellites open
variablesviaaname, and use thereturned handleto read, sample, write, and inspect variables. The functional -
ity of thislow level interface is compact, terse, and complete, but not simple to use. Therefore, on top of this
interface aData l/O library was defined, which istuned to the needs of researchers that want to use the CSE.
What are the requirements ? By far the most important is that the required changes to the simulation code
are absolutely minimal. The researcher will not accept to rewrite his (FORTRAN) application according to an
Object Oriented approach or to change the control structure from straightforward iteration into an event-driven
structure. Additional bookkeeping should not be necessary. In other words, the researcher must be provided
with only afew simple routines, just to declare and communicate variables. We present our solution, the Data
I/O library, with an example:

si mul ati on(voi d)

{
float s; /* Control paraneter */
float t; /* Sinmulation time */
float x[64]; /* Results */
int n; /* # Results */
int i; /* Count er */
int go_on; /* Ready or not ? */

/* Initialize data */

a = 0.5;

t = 0.0;

go_on = TRUE;

n = 64,

for (i =0; i <n; i =i+l
x[i] = 0.0;

/* Qpen Data Manager, declare variables */

di oOpen("machine.inst.cntry");
di oConnect Fl oat ("s", &s, READ);
di oConnect | nt ("go_on", &go_on, READ);
di oConnect Fl oat Array("x", X,

1, &, UPDATE);
di oConnect Fl oat ("t", &, WRITE);

/* Main simulation |oop */

whil e (go_on)

{
t =t + 1.0;
cal cul ate_val ues(t, s, n, Xx);
di oUpdat e() ;

}

di oC ose();

The structure of this example istypica for a continuous simulation. First, variables are initiaized, next a
main loop isentered where timeisincremented and new values are calculated. Therequired changesare limited
to opening and closing a connection with the Data Manager, connection of the variables, and a single cal to
exchange data. The placewhereto put these callsiseasy tolocate: Typically at the outer level of thesimulation
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program.

Thefirst parameters of thedi oConnect  routinesare the name of the variable and its address. For the con-
nection of arrays the number of dimensions and their sizes must also be specified. The last parameter describes
the direction of the data flow. Thisinformationis used by the di oUpdat e() routine to decide what must be
done. Indi oUpdat e() first the event stream from the Data Manager is checked if variables to be read or up-
dated have changed. If so, these variables are sampled. Next for dl variables to be written and all unchanged
variablesto be updated the new vaues are written to the Data Manager. With these few callsthe user is enabled
to steer parameters (s) of the simulation, to stop thesimulation (go_on), to monitoritsprogress(t , x) or even
to change state variables (x). Other satellites can usethet astheinput trigger: the variable last connected is
the variable last written.

Thistype of simulation continues asfast as possible, without waiting for externa events. At each iterationall
dataisread or written. To dea with more subtle situations variables can be grouped into sets. In the main loop
the application can read and write specific sets, and wait until a particular or any set changes. Hence, a more
efficient use of resources can be redlized with a small additional effort.

5. PARAMETRIZED GRAPHICS OBJECTS

We now know how to exchange data between simulation and the Data Manager. How about the graphica user
interface ? Many tools for defining user interfaces, offering widgets such as text fields, diders, buttons, etc.
exist. Also, many visualization packages, offering graphs, slices, iso-surfaces are avail able on the market today.
One solution is to connect such tools to the Data Manager. As an example, we have developed a satellite to
connect IRIS-Explorer to the Data Manager.

However, tight integration of input and output is critical in computational steering. The end-user must be
offered a single display, which contains controls for input as well as visualizations of output. For this no off-
the-shelf solutionsare available, especialy if we want to tailor the interface according to concepts used in the
application.

X =0.659 I:l:l

a b c d

r <o @

Figure 3: Nine views on two scalar variables

As an example, even two scalar parameters can be visuaized in many different ways (figure 3). They can
be presented via standard user interface widgets such as text fields and dliders, or in a business graphics style.
If the parameters denote a position, an interval, angles, or have some other meaning, customized presentations
improve the ease of use and insight achieved. And finally, the researcher himself must be enabled to define all
thiseasily.

How to meet these hard demands ? First, the greatest common divisor of user interface widgets and visu-
alization methods is simply graphics. Buttons, dliders, graphs all boil down to collections of graphics objects.
Second, input and output of data can be realized by parametrizing the properties of these graphics objects to
data. Hence, our general purpose user interface tool is based on Parametrized Graphics Objects (PGOs).

The PGO editor is an interactive graphics, MacDraw-like, editing tool for the creation and use of computa-
tional steering interfaces. With the PGO editor the user creates a visua specification of hisinterface, just by
drawing it. Asan example, figure 4 shows how the interface of figure 3 is defined. Both a 3D version [5] and
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Figure 4: Two scalar variables, edit mode

a 2D version have been developed. For tutoria purposeswe explain its use viathe 2D version. The PGO edi-
tor has two modes: specification and application, or shorter, edit and run. In edit mode, the researcher crestes
and edits graphics objects, and relates their propertiesto variables (fig. 5). Graphics objects, such as polylines,
rectangles, and circles are defined via points. To these points Degrees of Freedom (DOFS) can be attached.
Cartesian as well as polar DOFs are provided. Each DOF defines arange of allowed positionsfor a point, and
has an associated variable. The linear mapping of these geometric ranges to arange of the val ues of the vari-
ableis specified separately. Non-geometric attributes, such as the hue and linewidth, can a so be parametrized.
Numerical values of variables can be specified in text objects.

Value

Graphics
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Graphics object aphics object f f
’ ! Braphics object 7 L Graphics object [ics object
z
y
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X X
L |
Point Attributes I
Fo—=x| o el = |
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Figure5: Parametrized Graphics Objects

In run-mode, a two-way communication is established between the researcher and his simulation. Datais
retrieved from the Data Manager and visualized. Points are moved a ong the DOFS according to the values of
the associated variables, and thereby control the shape, position, size, color and other properties of the graphics
objects. Graphics objects can be dragged and text can be entered, which istrandated into changes of the values
of variablesin the Data Manager. Note that direct manipulation of objects is supported automatically, which
is usually tedious to implement. Graphics objects can be moved by the ssmulation, but this can be overruled
by dragging the object. Picking of graphics objects, for instance needed for the definition of buttons, is also
supported. For each object the researcher can specify that avariablehasto be given a certain value when picked.

The major part of the scientific data to be visualized will be stored in (multi-dimensional) arrays. Manual
specification of alarge number of similar PGOs, with DOFs parametrized to indexed elements of the arrays
is highly inefficient. Instead, arrays are supported by considering each PGO as atemplate. If one or more of
its DOFs is parametrized to an array variable, multiple instances of the objects are generated, where each is
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bound to asingle entry in the array. As an example: a histogram can be specified by defining a single rectan-
gle, which horizontal position is parametrized to an array with constantly increasing values and which height is
parametrized to the variableto be displayed. Polylines, polygonsand rectangles can be expanded in two differ-
ent ways: as separate objects or the pointscan be expanded inlinewithin a single object. For instance, a graph
can be defined by defining an inlineexpanded polylineconsisting of asingle point which horizontal and vertica
positionis parametrized to two arrays of the same length. Inline expanded rectangles denote meshes. The type
of mesh generated (equidistant, rectangular or curvilinear) depends on the dimensions of the variablesto which
the geometry and attributes are parametrized.

6. APPLICATIONS
We have used the CSE for a number of applications. Here we present a representative sample, other examples
can be found elsewhere [5, 6]. These applications vary strongly. The application domains range from pure
mathematics to engineering; the amount of interaction varies from monitoring resultsto full control over many
parameters simultaneoudly; the visua presentation variesfrom simplegraphsto highly customized displays; the
main purpose ranged from the estimation of parameters to the demonstration of the model.

In al cases, steering was implemented within a few days, and the results led to much more insight in the
simulation. In other words, these examples show that computational steering is a powerful concept, and that
our tools provide an environment such that it can be realized easily and effectively.

6.1 Fekete problem

Fekete Problem

time = 100.000
_____,/W step = 162
V =35875 Vmax = 35.875 mu = 0.500
E = 58.853 Emin = 58.853 spheres = 13

Figure 6: Fekete problem

Numerical mathematicians at CWI study new methods for the solution of stiff sets of differentia-algebraic
equations. As an example the Fekete problem is considered. Loosely, the problemisto put a number of points
on a sphere such that the distances between these points are maximal. The result can be used for instance as
atriangulation of the sphere. More formally, the problem is: Position aset of pointsp; = [pis, piy, Piz], ¢ =
1,..., N, subject totheconstraint || p; ||= 1, such that
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Vip):=]]llpi—p;l
i#]
ismaximal. Thisisaglobal optimization problem for which no closed solutionisknown[9].

The Fekete problem can be modeled as a set of tiff differentia-al gebraic equations. Each point is assigned
apotential. The differential motion of the pointsis defined such that the total potential energy P is reduced.
An additional adhesion force parameter r isadded. It defines how much the pointsare moved per time step and
can be used to make a trade off between fast, but possibly inaccurate results, and slow, precise results. It can
be shown that a stable configuration corresponds to a maximum of V' (p). The number of points N defines the
complexity of the problem; a configuration with N pointsresultsin aset of 7V coupled differential-algebraic
equations. The solution method is based on an implicit Runge-Kuttamethod.

The steering interface displays alog of the values of 1/ and the potential energy P. One can clearly see that
the local minimaof P coincide with the maxima of V. Two configurations of the points are shown in the 3D
image: the current configuration and the best result achieved so far (figure 6). Here the final result is shown,
wheretheseimages coincide. Pointsare depicted as small spheres, and aconvex hull isdisplayedto giveabetter
insight into the three-dimensiond structure.

The user can select new valuesfor V and » and watch the progress of the optimization. The animations give
the user not only insight into the performance and final results of the solution method for different parameter
settings, but especially into the development of the solution. In addition, any point can be dragged to a new
position. Small perturbations of points giveinsight inthe stability of configurations.

The number and duration of iteration stepsdepend strongly on N: for N = 6 105 iterationsare needed, which
are computed within 7 seconds, N = 32 requires 188 iterationswhich are computed in 90 seconds, resultsgiven
for an implementation on a SGI Indigo2 workstation with High Impact graphicssystem. A higher N will require
more powerful parallel architectures to solve the governing equationswithin interactively acceptable time.

6.2 Nuclear parameter estimation

Theinterna structure of the nucleus of atomsis studied intensively. Besides fundamental interests, reliable
nuclear data modelsare essentia asinput to Monte Carlo codes that are used for theanalysis of nuclear applica-
tions. The so-called optical model isnow widely used as atool to analyse basic nuclear reactions and the ECIS
package [10] (devel oped by J. Raynal at CEA, Bruyeres-le-Chatel, France) is considered as the eval uation stan-
dard. The optical mode predictsthe probability that a particle (usualy aneutron or proton) that entersanucleus
with a certain incident energy will leave the nucleus at a certain angle and outgoing energy. Unfortunately, the
optical model has many free parameters that must be determined per type of nucleus. Thisisatedioustask, re-
quiring many tria-and-error runs to match experimental and model results. The use of automatic optimization
is not possible, because alarge number of constraintsthat are hard to formalize have to be satisfied simultane-
oudy. Sound scientific judgement in the parameter estimation loop is essentia to reach accurate and reliable
results.

The standard way to work with ECIS is to prepare an input-file, do a run, show the results with a plotting
package, view theresults, prepare amodified input file, etc.. Thetypicd total cycletimeissevera minutes. We
have developed an interactive interface around ECIS to speed up the parameter estimation process (figure 7).
The graphsat theleft show the cal culated results, circles denote measured results. Each graph correspondsto an
incident energy. The horizontal axis denotes the angle, the vertical axis the probability (nuclear cross section)
on alogarithmic scale. The table at the right shows all parameters. Rows denote various aspects (potentials,
radii, etc.), columns denote their dependency on the energy level. The user can change them viathe keyboard
or viadiders. Two parameters can be changed simultaneoudly via the widget in the lower right corner. New
results are cal culated within half a second, hence the user can explore the parameter space interactively. This
enables him to gain insight into the sensitivity of the model to certain parameters and to find optimal settings
much faster than with standard methods.

6.3 Wind turbine model
Theinterest in wind turbinesfor the durabl e production of energy is steadily growing. At the department Re-
newable Energy of the Netherlands Energy Research Foundation ECN investigationsare done on wind turbines
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Figure 7: Parameter estimation for optical model

by performing structural and aerodynamictestsand by devel opment of designtools. Thelatter hasresultedinthe
PHATAS computer programme, ageneral and flexible simulation package for the evaluation of the mechanical
properties of wind turbines[11]. A large number of parameters can be set to define the geometry and materia
properties of the blades, the drive train and the tower. Wind loading and generator control can be defined in
many ways. PHATAS is used for the analysis of problemswith existing turbines, and for the development and
design of new turbinesthat optimize economical and safety aspects.

The standard mode of operation of PHATAS is the preparation of an input file and the plotting of results af-
terwards. However, because the phenomena studied are complex and because many parameters are involved
simultaneously, the need arose for a graphical user interface. The result is shown in figure 8. The properties of
the wind loading can be set in the box in the upper left corner. Here a deterministic wind model is applied, a
sinusoidal variation around an ambient wind-speed, but &l so a stochastic wind field can be applied. The rough-
ness of the terrain is depicted and can be set viathe height of a tree, the direction of the wind by dragging an
arrow. Theimagesin the upper right corner show the cal culated position and (sca ed) deformation of the blades
and thetower. Also the current wind field is shown. For the upper images a camera fixed to the world is used,
for the lower images a camera fixed to the rotor is used to visualize the deformations better.

Two graph boxes are used in which the user can display a variety of output quantities. Here the eectrical
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Figure 8: Wind turbine model

power and the flap moment of blade number 1 are shown. Besides the time-series a so the Fourier transformed
signals are shown (red graphs). These are produced by a separate standard satellite. Furthermore, integral mul-
tiples of the rotationa frequencies are displayed as green vertical lines, as well as the natural frequency of the
tower. These aid the researcher in the correlation of variationsin the signa and properties of the turbine.

Furthermore, a schematic sketch of theturbineis shown. The parameters that can be set (mechanica proper-
ties, dimensions, etc.) are shown at the left of thissketch.

A simulation is started with an initia set of parameters and continues to run until stopped. Meanwhile the
user can change dl parameters. to optimize a design; to study sensitivity; to determine critical frequencies; and
to study transient effects. On a Alphaworkstation aframe rate of 10 frames per second is reached, simulation
time and wall clock time are dmost equal.

6.4 Multi-grid solver for the Euler equations of gas dynamics

A classica computational fluid dynamics problem is the analysis of the flow field around an airfoil under
variousfar-field conditions. Given a number of assumptions, this problem can be mathematically modeled by
the so-called Euler equations of gas dynamics. There exist anumber of numerica methodsto solve discretized
forms of the Euler equations. One class of such methods uses adaptive multi-grid techniques. The efficiency



6. APPLICATIONS 11

Flow around NACAO0012-airfoil

Pressure
p——

Flow Conditions

Pan / Zoom Computational Grid .
Inflow angle \\\ ““ﬁ%ﬁﬁ;%,’,’lll
. — \\ [l ,I
] \\\ ‘\“:,‘:.“l‘l'............'.','.ﬁi”:"""//
1.2 degrees \‘ \‘\}‘\‘\t\‘\l\ﬁ ,:',',,,"'" ' ,’
= MY
e Colormap ‘ .."'{!"f"‘é
0.95  Pressure 1.03
0.800
-0.48  Density -0.42

Refinement Conditions

tolerance = 0.030 Residuals
relaxations = 5 max = 1.130e-02
display level = 3 avg = 4.936e-05

Figure 9: Multi-grid solution of Euler equations

of adaptive multi-grid methods for the solution of systems of partia differentia equationsis superior to that of
other solution methods.

At CWI multi-gridmethods are studiedintensively, especially for the solution of the compressible Euler equa
tions[12]. Figure9 showsan interfaceto themulti-gridflow solver. The problem studied hereistheflow around
the well-known NACAQ0012-airfoil. The user can change the angle of attack and the Mach number, the solver
calculates the corresponding pressure, density and velocity fields. New parameter values define a completely
new problem, so the solver is reinitialized each time a parameter is changed. Intermediate results of the solver
are displayed to show the convergence of the process. Furthermore, the adaptive grid refinement isshownin the
lower right panel. Various parameters that control the adaptive grid refinement scheme, such as the refinement
tolerance and the maximum depth of the refinement process, can be changed on the fly. Hence, the user can
make atrade off between fast, but possibly inaccurate results, and slow, precise results.

The total simulation timeis about 2 seconds for asimulation on agrid of size 32 x 128 for the lowest level
and 128 x 512 for the highest level. Intermediate results are displayed instantaneously. The simulation runs
on afour CPU SGI Challenge and the visudization is performed on an SGI Indigo2 High Impact workstation.
The systems are connected throughan ATM network. Thetime needed to devel op thisinterface was about three
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afternoons. Alternativevisua interfacesto the simulation can now be defined interactively during analysis ses-
sions.

6.5 Light scattering of \lenus
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Figure 10: Light scattering of Venus

The Pioneer Venus Orbiter has encircled Venus for more than a decade, and gathered huge amounts of light
scattering data: intensities and degree of polarization for four different wavelengths. Knowledge of the theory
of multiplelight scattering has allowed for the devel opment of compute intensive programs which cal culate the
af ore mentioned experimental parameters for model atmospheres. These models take into account one or two
speciesof spherical particleswith sizes characterized by their effectiveradiusr and their effective standard devi-
ation o. A human-in-the-loop approach to gaininsight and to determine val uesfor these parametersisnecessary
here, because physical constraints and a priori knowledge of the researcher are hard to formulate explicitly, yet
must be satisfied to guarantee realistic results.

A user interface was devel oped for researchers of the Vrije Universiteit, Amsterdam, which study light scat-
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tering intensively [13]. An more extensive description can be found el sewhere [14]. Straightforward computa-
tional steering was not applicable here, since asingle simulation takes aready considerabl e time on super com-
puters (30 s on a Cray C98/4256). Therefore, a separate satellite was devel oped which maintains a database
of al results calculated so far. The user selects a particular day and two wavelengths, upon which all results
for different combinations of » and o are looked up and summarized in atable and in diagrams (Figure 10).
Furthermore, the user can select new vaues for » and o, upon which a new simulation is started. The spatial
distribution of experimental and simulation results are presented, for two different wavelengths, as well asthe
difference between them. The user can aso select older resultsfor fast comparison. Thisinterface enables re-
searchers to navigate through the parameter space easily and effectively. The reuse of previously computed
results, their simultaneous visualization in different ways, and options for easy browsing were important keys
to redlize this.

7. DISCUSSION

With these applications we have shown that our solution enables researchers to implement and use computa-
tional steering easily and effectively without much support from user interface experts. An architecture with a
central Data Manager givesflexibility and modularity. A minimal subroutineinterface is presented to commu-
nicate data between Data Manager and simulation. With parametrized graphics objects custom user interfaces,
both for input and output, can be defined by the researchers themselves. The CSE thus enables researchers to
develop interfaces iteratively, together with the development of their model, simulation, or input. When new
parameters have to be controlled or other results must be visualized: it is easy to connect new parameters and
to define their visualization.

The development of CSE and itsapplication to avariety of cases has |earned us much about the applicability
and useful ness of computational steering. And, the morewe apply computational steering, the more positivewe
become. Our experienceisthat researchers are most often eager and willingto useit, especialy if afirst feasibil-
ity study can be set up within afew hours. Some state initially that computational steering is not applicablefor
their particular application, because their program takes 10 minutes or more before final results are produced.
However, usually an internal 1oop can be detected in which results are refined, and visualization of these in-
termediate results often gives insight within a few seconds. Also, the use of control parameters for accuracy
improves interactivity: low values give faster update rates.

Computational steering is useful in several areas. The standard application of computational steering is pa-
rameter variation such that the researcher achieves insight. We have shown such applications, but others are
maybe even more important. In one case the use of CSE was crucial to debug a complex numerical code. Pre-
sentationisanother area. Technical discussionswith colleaguesprogressmuch faster if "What if 7" questionscan
be answered immediately. The development and use of mathematical modelsisfor outsiders (i.e. the manage-
ment) often an obscure activity. Attractive graphical interfaces enable researchers to communicate their models
and results on aleve that is much closer to that of the audience. Computational steering can provide atrans-
parent window on thereal world, in al its complexity.

In our futurework we aim at further improvement and expansion of the CSE. First, the resource management
can be improved. All data sets are now routed via pipes to the Data Manager. For small data sets this works
wdll, for very large data sets more efficient techniques are required. The conceptual model has proved to be
simple and effective for users, hence these optimizations must be hidden for the users. Second, the current CSE
provides only support for direct steering. We want to develop additional toolsthat support the user in his navi-
gation in parameter space. The GRASPARC environment [15] isagood example in thisrespect. Third, we will
explore presentation techniques further, especialy for 3D simulations. PGOs provide an excellent means for
fast implementation of icons and composite 3D interactors.

8. ACKNOWLEDGEMENTS

Wewouldliketo thank Jacques de Swart (CWI), Koert Lindenburg (ECN), Barry Koren and Eric van der Maarel
(CWI), Arjan Koning (ECN), and Hans Spoelder and Willem-Jan Knibbe (VU) for their pleasant cooperation.
This work is partially supported by the ICES-HPCN programme, and by the Netherlands Computer Science
Research Foundation (SION), with financial support of the Netherlands Organization for Scientific Research



REFERENCES 14

(NWO). More information on CSE can be found in http://www.cwi.nl/projects/cse/cse.html.

REFERENCES

1. McCormick, B., T. Defanti, and M. Brown, Visudization in Scientific Computing. Computer Graphics,
22(6): p.103-111, 1987.

2. Marshdl, R.E., JL. Kempf, D. Scott Dyer, and C-C Yen, Visualization Methodsand Simulation Steering for
a 3D Turbulence Modd of Lake Erie. 1990 Symposium on Interactive 3D Graphics, Computer Graphics,
24(2): p.89-97, 1987.

3. Schroeder, W., K. Martin, and B. Lorenson, The Misualization Toolkit An Object-Oriented Approach to 3D
Graphics, Prentice Hall, 1996.

4. Kohl, JA., PM. Papadopoulos, A Library for Visualization and Steering of Distributed Simulationsusing
PVM and AVS. Presented at the AVS User Conference, 1995.

5. Mulder, JD.and J.J. van Wijk, 3D Computational Steeringwith Parametrized Geometric Objects. In: Niel-
son, G.M. and D. Silver (eds.), Proceedings |IEEE Visualization' 95, CS Press, pp. 304-311, October 1995.

6. Liere, R. van, J.D. Mulder, and J.J. van Wijk Computational Steering. In: Liddel, H., A. Colbrook, B.
Hertzberger, and P. Sloot (eds.), High-Performance Computing and Networking, L ecture Notesin Computer
Science, Springer-Verlag, vol. 1067, pp. 696—702.

7. Wijk, J.J. van, A Mode for Strategy in Constraint Solving. Submitted for publication.

8. Liere, R.van, and JJ. van Wijk, CSE: A Modular Architecture for Computational Steering. In: P. Savik,
and J.J. van Wijk (eds.), Proceedings of the 7th Eurographics Workshop on Misualizationin Scientific Com-
puting, Prague, April 1996.

9. Pardalos, PM., An Open Globa Optimization Problem on the Unit Sphere. Journal of Global Optimiza-
tion, 6, 1995, p. 213.

10. Raynd, J., Noteson ECIS95. CEA Saclay report, 1995.

11. Lindenburg, C. and H. Snel, PHATAS-II: Program for Horizontal Axiswind Turbine Analysis and Simu-
lationversionIl. In: SM. Hock (ed.), Wind Energy 1993, Proceedings of the 16th Annual Energy-Sources
Technology Conference, Houston, Texas, 1993, SED-Vol.14, ASME, New York.

12. Hemker, PW.,, B. Koren, W.M. Lioen, M. Nool, and H.T.M. van der Maarel, Multigrid for Steady Gas
Dynamics Problems. In: Deconinck, H. and B. Koren (eds.), Euler and Navier-Stokes Solvers Using Multi-
Dimensional Upwind Schemes and Multigrid Acceleration, Vieweg, Braunschweig, 1996.

13. Knibbe, W.J.J., JF. deHaan, JW. Hovenier, and L.D. Travis, Spatial variationsof Venus' cloud properties
derived from polarimetry. In Atmospheric Sensing and Modeling, R. Santer (Ed.), SPIE Proceedings, 2311,
pp. 47 - 57, 1994.

14. Wijk, JJ., HJIW. Spoelder, W.J.J. Knibbe, K. Eftekhari Shahroudi, Interactive Exploration and Mode-
ing of Large Data Sets: A Case Study with Venus Light Scattering Data. In Yagel, R., and G.M. Nielson,
Proceedings of IEEE Misualization’ 96, |EEE Computer Society Press, Los Alamitos, CA, 1996.

15. Brodlie K., L. Brankin, G. Banecki, A. Gay, A. Poon, and H. Wright, GRASPARC: A problem solving
environment integrating computation and visualization. In Nielson, G.M., and D. Bergeron, Proceedings of
| EEE Misualization' 93, pp. 102-109, |EEE Computer Society Press, Los Alamitos, CA, 1993.



