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Summary
We describe a new graphics environment for essentially
real-time interactive visualization of computational fluid
mechanics. The researcher may interactively examine
fluid data on a graphics display using animated flow
visualization diagnostics that mimic those in the experi-
mental laboratory. These tools include display of moving
color contours for scalar fields, smoke or dye injection of
passive particles to identify coherent flow structures, and
bubble wire tracers for velocity profiles, as well as
three-dimensional interactive rotation and zoom and pan.
The system is implemented on a data parallel super-
computer attached to a framebuffer. Since most fluid
visualization techniques are highly parallel in nature, this
allows rapid animation of fluid motion. We demonstrate
our interactive graphics fluid flow system by analyzing
data generated by numerical simulations of viscous, in-
compressible, laminar and turbulent flow over a back-
ward-facing step and in a closed cavity. Input param-
eters are menu-driven, and images are updated at nine
frames per second.

Introduction

The long-range goal of this project is to build a numer-
ical fluid simulation environment that provides interac-
tive flow visualization tools together with rapid anima-
tion to allow feedback between display information,
input parameters, the algorithm chosen, and, ultimately,
the underlying model. In this paper, we present a step
toward that goal with the introduction of a new graphics
environment for essentially real-time visualization of the
results of numerical simulations of fluid mechanics.

Starting from a precomputed discrete set of time-depen-
dent flow quantities, such as velocity and density, the
user may interactively examine the data on a frame-
buffer using animated flow visualization diagnostics that
mimic those in the experimental laboratory. The
graphics environment accepts data written in a general
format, and can handle a wide variety of flow geome-
tries. Images are updated at nine frames per second,
providing an effective way to study the solution, analyze
fluid flow mechanisms, and compare numerical results
with experiment.

As in a laboratory experiment, our graphics envi-
ronment allows the researcher to study fluid velocity by
injecting color-coded dye that is passively advected as the
animation unfolds. Because the animation is both inter-

active and in real time, moving eddy structures can be
tagged and tracked with dye as they form. Different col-
ored dyes can be used to watch regions merge or dif-
fuse, and mixing mechanisms may be studied. Time-
dependent scalar fields, such as temperature and den-
sity, can be color-tagged, and the range of displayed
values may be changed during the animation. For three-
dimensional flows, interactive rotation is possible as the
animation proceeds, as well as zoom and pan. In this
environment, the researcher typically performs dozens
of realistic flow visualization experiments in rapid
succession.

The system is implemented on a data parallel su-
percomputer with parallel inputJoutput to a frame-
buffer. Rapid display results from fluid visualization
techniques that are highly parallel. The key components
of this interactive graphics environment are a Connec-
tion Machine CM-2 data parallel supercomputer and a
CM-2 framebuffer.

The environment assumes a stored data field, ob-
tained through either numerical simulation or physical
experiment. The data are preprocessed so that the rele-
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vant physical quantities, such as velocity, vorticity, den-
sity, pressure, and temperature, are given at each time
step on a fixed discrete grid in the computational do-
main. The full set of data is then loaded into the

memory of the front-end machine. At each time step,
the next data field is downloaded into the CM-2’s

memory, the appropriate numerical calculations are
performed in parallel on the CM-2, and the images are
displayed on the framebuffer.

More detailed information about the CM-2 is pre-
sented in Section 3. The algorithms are described in
Sections 4 and 5, and memory storage requirements are
discussed in Section 6. Examples of flows analyzed using
this environment are given in Section 7. The key visual-
ization tools are summarized below.

Vector Qymntities: The tools for both two- and three-
dimensional vector quantities, such as velocity, are

1) injection of passively advected tracer particles;
2) mouse-driven location of injection points;
3) menu-specified frequency and number of injections;
4) menu-driven color-tagging according to location,

frequency, time, and number of injections; and
5) menu-driven injection of tracer particles,

a) along a line (&dquo;hydrogen bubble&dquo; tracers),
b) concentrated in a disk or ball (&dquo;smoke/dye&dquo;

injection),
c) on a ring or sphere, or by
d) continuous injection at a point.

Scalar Quan,ttirtties: For scalar functions of two space
variables, such as temperature, density, and pressure,
the current tools are

1) motion of regions of selected contoured scalar
values, generated by appropriate coloring of all
points in selected range; and

2) mouse or menu-driven selection of range of scalar
values and color map to be displayed.

Display Attributes: As the animation sequence pro-
ceeds, the user may interactively

1) rotate the viewpoint for three-dimensional flows,
2) change the color display map, and
3) zoom and pan.

On an 8,192-processor CM-2, images are updated on
the framebuffer at nine frames per second, producing
essentially real-time motion.



&dquo;Starting from a priecomputed discrete
set of time-dependent flow quantities,
such as velocity and density, the user
may interactively examine tlte data on
a framebuffer using animated flow
visualization diagnostics that mimic
those in the expenmental laboratory&dquo;

As a demonstration, we analyze data produced from
numerical simulations of viscous, incompressible, lam-
inar and turbulent flow. We examine two-dimensional

flow over a backward-facing step and in a closed square.
Using our graphics environment, we isolate and identify
a variety of physical flow phenomena, such as eddy for-
mation and merger, propagation and decay, horseshoe
vortices, mixing and intertwining of fluid structures,
and pairing of counteroscillatory vortical structures.

A prototype version of this environment, as well as
the following background summary of some flow visual-
ization work was described in a technical report pre-
sented at Supercomputing ’88 (Sethian, Salem, and
Ghoniem, 1988). However, the implementation de-
scribed here uses a different method for storing and re-
trieving data in the Connection Machine. This new im-
plementation allows far more data to be stored (see Sec-
tion 6).

Results and Discussion

1. PHYSICAL AND NUMERICAL
FLOW VISUALIZATION

1.1 PHYSICAL VISUALIZATION

Flow visualization has a long and rich history as a tech-
nique for analyzing fluid mechanics in laboratory appa-
ratus. Starting with the experiments of Reynolds and
Prandtl, flow visualization techniques can be divided
into three main categories (as described in Gad-el-Hak,
1987; Merzkirch, 1987; Werle, 1973). The first involves
the addition of foreign materials, either fluid or solid,
into the flow. The added substance is visible, and the
flow is indirectly viewed through the motion of the for-
eign substance. In such techniques, it is important to
minimize the effect of the added substance on the orig-
inal flow. Visualization techniques of the second cate-
gory rely on the determination of physical qualities of
the flow itself. An example is variation in fluid density,
which relates to the refractive index of the fluid. Mea-
surement of optical changes in the refracted light shows
density variations in the flowing fluid. The third cate-
gory involves the introduction of physical changes into



the flow. Examples are the release of luminescent par-
ticles and the introduction of localized energy at specific
points. Experiments using these techniques and photo-
graphs illustrating a variety of fluid phenomena can be
found elsewhere (Billet, Kim, and Heidrick, 1985;
Honji, 1975; Merzkirch, 1987; Reed, 1987; Van Dyke,
1982; Veret, 1987; Werle, 1973).

The technique chosen depends on what one wants
to see. In the first category, namely the addition of for-
eign objects, one might wish to examine three different
objects: (1) a streamline, which is a curve in the domain
that is tangent to the instantaneous (time-frozen) velocity
field; (2) a pathline, which is the path in the domain a
particle takes as it moves through the flow as a function
of time; and (3) a streakline, which is the position of all
particles in the flow that have passed through a fixed
point in the domain during a given time interval. For
stationary flow, the three are equivalent. The discussion
below illustrates the distinction between the various

objects.
One way to reveal these flow structures is to inject

dye into fluids and smoke into gases (see Gad-el-Hak,
1987; Merzkirch, 1987). Injection is either through small
holes or slots in the sides of the apparatus, or externally
into the body of the flow, by means of a hypodermic
needle for dye or wires/tubes for smoke. The exposure
time and the number and frequency of injection points
determine the type of curve obtained. Sprinkling a large
number of particles throughout a domain (such as alu-
minum dust, see Honji, 1975), and photographing for a
short time exposure shows streamlines. A long time ex-
posure of a single particle shows a pathline, whereas
continuous injection of dye through a fixed point shows
a collection of streaklines passing through the same
point.

Smoke or dye injection is particularly effective for
visualizing the development of large, coherent flow
structures, such as vortices (see Merzkirch, 1987). As
these large structures roll up, smoke or dye can concen-
trate into confined areas connected by thin wisps. To
illustrate velocity profiles, one common technique uses a
hydrogen bubble wire placed in the physical domain.
Relying on the electrolysis of water (Merzkirch, 1987), a
voltage is applied through the wire, and hydrogen

&dquo;As a demonstration, we analyze data

produced from numerical simulations
of viscous, incompressible, laminar
and turbulent flow. We examine two-

dimensional flow over a backward-

facing step and in a closed square.&dquo;
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’7be epmum time and the number

and frequency of injection points de-
tennines the type of curve obtained

Sprinkling a large number of particles
thmughout a domain and photo-
graphing for a sholt time exposure
shows streamlines A long time expo-
sure of a single particle shows a path-
line, whereas continuous injection of
dye through a fixed point shows a
collection of streaklines passing
through the same point&dquo;

bubbles are emitted (as well as smaller oxygen bubbles).
If the wire is placed normal to the flow, the bubbles are
carried away from the wire, showing the velocity profile.

The second category of fluid visualization relies on

optical effects due to the density variations in the flow.
As outlined by Merzkirch (1987), this can be used to il-
lustrate such mechanisms as (1) shock formation in com-

pressible flow, (2) mixing of fluids of differing densities,
and (3) combustion. The most straightforward technique
is a shadowgraph, which is simply a photograph of the
image of the shadow from a point-shaped light source,
yielding qualitative information about density variations.
A more involved, but highly effective, technique results
from schlieren methods, which use optical devices to
qualitatively measure the diffraction of light and hence
fluid density variation.

Photographs produced from the above are often
enhanced through image processing. The image is digi-
tized, and streaklines and streamlines can be identified.
Mathematical techniques such as splines and Fourier fil-
tering are used to extract quantitative flow data (see a
series of articles in Billet, Kim, and Heidrick, 1985;
Veret, 1987). A particularly intriguing application of
image processing is in the identification of large co-
herent structures in turbulent flow. Such structures are
often masked by small-scale noise; Corke (1984) has
used a filtering technique to bleed out high wave
numbers and identify large, coherent, low wave fluid
structures. The application of some of these techniques
to numerical flow data will be discussed elsewhere

(Sethian, 1989).

1.2 NUMERICAL VISUALIZATION

Extracting flow properties from numerical data is

equally challenging. In numerical simulations, immense
amounts of data are produced, far more than can be
understood as raw data. For example, Winkler and as-
sociates (1987) have calculated that their two-dimen-
sional code with 250,000 computational zones yielding
five flow variables every four time steps gives a sustained
data generation rate of 3.47 megabits per second, where
a megabit is defined to be 1,024 X 1,024 bits. As an al-
ternative, the researcher tries to extract the &dquo;right&dquo;



quantities from the data to verify conjectures and gen-
erate new ones. A natural way of performing such ex-
traction is through visualization. As has been pointed out
(Winkler et al., 1987; Zabusky, 1987), the human brain
is able to interpret massive amounts of raw data through
images (Smarr, 1987). Another role of visualization, as
discussed by Smarr (1987), is to avoid the prohibitively
high cost of central mass storage; it may be more cost-
effective to store computed images instead of all the in-
termediate results. For further discussion of scientific vi-

sualization, see McCormick, DeFanti, and Brown (1987).
Flow visualization in numerical experiments per-

forms a role similar to that in physical experiment-
namely, to isolate particular variables or fluid quantities,
such as wave interactions, surface instabilities, and vortex

generation (see Winkler et al., 1987). Large aggregate
structures, such as moving fluid eddies, are difficult to
quantify, but are easy to compare with experiment and
with other simulations. Motion (animation) provides his-
tory, which allows one to see dynamic changes in the
flow, on both the small scale (sharp gradients) and the
large scale (topological changes). Such mechanisms may
be very hard to extract from raw data or vector velocity
plots. As pointed out by Zabusky (1987), visualization
also provides an avenue for discovering new phe-
nomena, such as the strong supersonic vortex ring be-
hind a shock (Winkler et al., 1987). Using computer ver-
sions of the flow visualization techniques described
above, images of a variety of flow phenomena have
been generated in recent years (Reed, 1987; Rogers,
Buning, and Merritt, 1987; Sethian, 1987; Smarr, 1987;
Winkler et al., 1987; Zabusky, 1987).

2. PAST WORK

Several different approaches to visualizing numerical
flow simulations have been taken. A major difference in
the approaches lies in the division of computer resources
between the algorithms that approximate the equation
of motion and those that generate the image.

A sophisticated graphics environment has been de-
veloped by Winkler et al. at Los Alamos National Labo-
ratory, and duplicated at other institutions (Smarr, 1987;
Winkler et al., 1987). The basic arrangement, referred

II Row visualization in numerical ex-

periments perfonns a role similar to
that in physical experiment-namely,
to isolate particular variables or fluid

quantities, such as wave interaction,
surface instabilities, and vortex gen-
eration. Large aggregate structures,
such as moving fluid eddies, are diffi-
cult to quantify, but are easy to com-

pare with experiments and with other
simulations.&dquo;



to as a &dquo;numerical laboratory,&dquo; is that the algorithms that
approximate the equations of motion in terms of key
variables run on a large supercomputer, while a sec-
ondary machine accepts intermediate values as they are
computed and generates auxiliary variables, along with
visual images, which are turned into movies. An impor-
tant issue is to maximize communication rates between
the various components. Some spectacular movies have
been made with this facility, and the ability to generate a
movie of virtually every numerical simulation provides a
record of variations in computed results and images as
the model and numerical parameters are changed. In
this arrangement, the researcher must reside at the fa-

cility to produce both the numerical solution and the
images, or have someone else produce videotapes and
mail them.

At the other extreme, the user is located far from

the supercomputer facility. A low-cost environment for
producing local images from data generated at a remote
site has been described in (Johnston et al., 1988).

In the above arrangements, the generation of
images is noninteractive. A different approach with
some interactive features has been developed at the Nu-
merical Aerodynamic Simulation program at NASA
Ames Research Center (Rogers, Buning, and Merritt,
1987). Here, the full set of results of a numerical simula-
tion is stored before images are made. Images are then
produced from the stored data using a distributed inter-
active graphics environment. Working from a graphics
workstation, the user can display contours and surfaces
for scalar variables and arrows representing velocity
vectors. To display particle trajectories, the coordinates
of the injected particles are entered into the workstation.
The trajectories are then computed on a remote super-
computer, shipped back to the workstation, and dis-
played. (Images computed in this manner are shown in
Rogers, Buning, and Merritt, 1987.)

In this paper, we present a third approach, namely,
that of using a data parallel supercomputer with parallel
I/O to a framebuffer to analyze precomputed data.
Since most flow visualization algorithms are highly par-
allel, this allows rapid animation of flow visualization.
The suitability of a massively parallel processor to scien-
tific visualization was mentioned previously (Winkler et
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al., 1987), and the Connection Machine in particular has
been discussed (Zabusky, 1987).

3. THE CONNECTION MACHINE CM-2 SYSTEM

The Connection Machine CM-2 data parallel computer
contains up to 65,536 1-bit processors, each with 8,000
bytes of local memory. The processor connection to-
pology is essentially a hypercube; however, a general
purpose communications system called the &dquo;router&dquo;

allows messages to be sent from any processor to any
other while the exact route is hidden from the user.

Nearest neighbor routing patterns for n-dimensional
grids are preprogrammed for efficiency. Each processor
is also directly connected to one of eight possible 75
Mbyte/sec internal I/O channels.

The CM-2 is a single-instruction, multiple-data
(SIMD) computer. It is programmed in a data parallel
fashion: one assigns a processor to each data element in
the problem. The user writes and debugs CM programs
using high-level languages which are parallel extensions
of Fortran 8X, C, or Lisp, on a front-end computer such
as a Sun or a VAX. The serial portions of the program
are executed on the front-end machine, and the parallel
instructions, including communications, I/O, and indi-
rect addressing, are broadcast to all the processors via a
sequencer. The sequencer’s microcode library translates
the front end’s parallel instruction set to the processors’
very simple RISC instruction set. Each group of 32 pro-
cessors, hereafter called a &dquo;node,&dquo; shares an optional
floating point accelerator (either a 32-bit single precision
instruction or 64-bit double precision) and indirect ad-
dressing hardware. A table may be stored at each node,
and using the indirect addressing hardware, each pro-
cessor in the node may access a different value in the
table.

The flexibility of the machine is greatly enhanced
by the notion of &dquo;virtual processors.&dquo; Each physical pro-
cessor simulates a number of virtual processors by seg-
menting its memory and time, multiplexing the pro-
cessor hardware. Its implementation is transparent, in
that the user simply declares the number of virtual pro-
cessors needed. The number of virtual processors may
be changed dynamically and tuned to fit the problem’s
data set.

.. % present an approach to visualizing
numerical flow simulations that uses

a data parallel supercomputer with

parallel //0 to a framebuffer to ana-

lyze precomputed data. Since most
flow visualizadon algorithms are

highly parallel, this allows rapid ani-
mation of flow visualization.&dquo;
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&dquo;A data-parallel approach dictates that
a processor be assigned to each data
element in the problem. Since the
data elements in our problem are

pardcies, one processor is assigned
to each injected partfcle. Since the
particles are passively advected, each
may be moved in parallel.&dquo;

The Connection Machine system’s I/O devices in-
clude a framebuffer, a high-speed parallel disk, and a
VME interface. The framebuffer produces a high-reso-
lution 1,280 x 1,024 image with up to 24 bits per pixel
and normally displays it on a noninterlaced Sony mon-
itor. The framebuffer is directly connected to the in-
ternal I/O bus. Thus, the Connection Machine system
can update a television-quality (NTSC) image in real
time (30 frames per second).

A 65,536-processor Connection Machine system
typically sustains 2,500 MIPS in normal computations.
With the floating point accelerator, it sustains a single
precision floating rate of 3,500 MFLOPS (measured in a
4K x 4K matrix multiply benchmark). The perfor-
mance scales nearly linearly with the number of pro-
cessors in the system. The programs used in this paper
are written in *Lisp (pronounced star-lisp), a set of par-
allel extensions to the Common Lisp language. For
more information on the Connection Machine system
and *Lisp, see Hillis (1985) and Thinking Machines
Corp. (1987). ,

4. DISPLAY OF TIME-DEPENDENT

TWO-DIMENSIONAL FIELDS

4.1 TWO-DIMENSIONAL VELOCITY FIELDS

Velocity fields are displayed by injecting tracer particles
into the flow. A data-parallel approach dictates that a
processor be assigned to each data element in the
problem. Since the data elements in our problem are
particles, one processor is assigned to each injected par-
ticle. Since the particles are passively advected, each may
be moved in parallel.

The algorithm works as follows. We set the initial
positions of the injected particles (possible injection
layouts are described below). Each injected particle is as-
signed to a processor, whose memory contains the posi-
tion and color of the injected particle. At each time step,
to advance the location of the injected particles, each
processor retrieves the velocity components located on
the comers of the grid cell containing its particular par-
ticle. (Various techniques for storing the velocity field in
the Connection Machine’s memory are discussed in Sec-



tion 6.) The velocity at the particle’s position is obtained
by using bilinear interpolation in space and time be-
tween neighboring grid points and the two velocity fields
(current and next). The position of each particle is then
updated using a first-order Euler scheme. Finally, the
positions and colors of the particles are displayed by ac-
cessing in parallel the pixels on the attached CM-2
framebuffer. Zoom and pan are provided, and the
number of interpolations between one time step and the
next may be changed. Several different injection layouts
are possible, depending on the phenomenon under
study.

Smoke/Dye Injection: Smoke/dye injection is used in

the laboratory to visualize the evolution of flow. As
mentioned above, this technique is useful in isolating
and identifying coherent fluid structures (Merzkirch,
1987). The user specifies the number of particles in-
jected, injection point (or points), injection radius Rnj’
frequency of injection (number of time steps between
injections), and color-tagging scheme. Particles are then
injected inside a circle of radius Rxn~ around each injec-
tion point. To give the appearance of dye, the distribu-
tion of injected particles is a truncated Gaussian with
mean at the injection point. A large number of particles
is released to give a dense concentration similar to dye.
The injected particles are then advected by the under-
lying velocity field.

Bubble Wire Injection: In this technique, used to illus-
trate velocity profiles (Merzkirch, 1987), fewer particles
are released along a thin, straight line in the flow. We
typically release between 20 and 100 particles evenly
along the wire, either continuously or every fixed
number of time steps. This tool is used to illustrate ve-

locity gradients, and mimics the creation of a thin line of
gas bubbles in the flow. The user specifies the beginning
and end of the wire, as well as the number and fre-

quency of released particles.
Ring Injection: In an incompressible flow, one may

wish to follow the evolution of a patch of constant area.
Here, we might examine the change in the length of the
boundary in an attempt to understand what happens to
a free surface. Since the boundary of the region is pas-
sively advected in an incompressible flow, there is no

flow through the boundary and the area inside remains
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U Bilinear interpolation and the Euler
method were chosen to calculate the

velocity, at each particle and for time
integration along the pafftcle trajec-
tory because they were simplest
However, it is important to stress that
the advection of these particles is a
purely passive exercise, which does
not in any way affect the velocity
field used to transport them,&dquo;

constant, even though the boundary becomes wildly dis-
torted. In this technique, we place a large number of
particles along a ring around a specified center. We use
enough particles so that even with large stretch and dis-
tortion, the boundary of the region is discernible. Other
initial configurations can be programmed.

Continuos Injection: In this technique, we inject a
stream of particles continuously at a point in the flow.
This gives a collection of streaklines and can provide a
good way to gauge unsteadiness in a flow (Merzkirch,
1987).

The use of bilinear interpolation to calculate the ve-
locity at each particle and the Euler method for time
integration along the particle trajectory warrant some
discussion. Bilinear interpolation and the Euler method
were chosen because they were the simplest. However, it
is important to stress that the advection of these particles
is a purely passive exercise, which does not in any way
affect the velocity field used to transport them. There
are two sources of numerical error in the approximate
trajectory calculation. One is spatial error, owing to the
bilinear interpolation of the velocity field, and the other
is temporal error, resulting from the use of a first-order
method in the time integration. Indeed, one noticeable
effect of these errors is that particles moving in a cir-
cular velocity field (such as the initial pattern in the
closed square) do not return to their exact starting
points after completing the rotation; the size of this
error depends on the order of the numerical method
used in the time integration and the size of the time
step. We have experimented with higher order methods
(second-order Heun’s method). Note, however, that this
requires an extra function evaluation at each time step.
The current algorithm allows one to choose a smaller
time step for Euler’s method, thus reducing the error,
and simply execute several position updates between
displays. This seems satisfactory. In practice, even with
the complicated flows shown, the error in this advection
is small compared with the accuracy associated with the
solution of the underlying equations of motion.

4.2 TWO-DIMENSIONAL SCALAR FIELDS

For scalar variables ’1’, such as stream function, tempera-
ture, density, energy, or pressure, moving color-coded
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contours are displayed. Here, W = ’l’(x,y,t) is a function

of space variables (x,y) and time t. The user may choose

to display only a limited range of ~, allowing the isola-
tion of particular phenomena, such as the merger of
vortex structures.

A standard technique for two-dimensional scalar
fields is to display contour lines. However, the calcula-
tion of contour lines is time-consuming and, ultimately,
not necessary. Instead, each pixel lying in the interior of
the fluid flow geometry is colored according to the cur-
rent magnitude of the variable under examination at

each time step. The algorithm works as follows. We con-
figure the CM-2 with enough virtual processors to assign
one per pixel. Let Ci be the value of the color of the
pixel corresponding to processor 1. At the beginning of
the run, the full data set of scalar variables is loaded in

memory of the CM-2. Since there are more pixels than
discrete grid values for 1Y, bilinear interpolation is used
to go from the coarse data grid to the fine processor
pixel grid. The user then specifies Tn-~,, and ’~f~,~, which
are minimum and maximum display values for T. Every
time step, each processor i sets Ci to T if 4f in < ’I’(x,y,t)
< T. (otherwise, Ci equals the background color), and
displays its value of Ci at the appropriate place on the
CM-2 framebuffer display. The region of values in the
selected range moves as the flow evolves. The image
may be panned or zoomed, and the number of interpo-
lations between one time step and the next may be

changed.

5. DISPLAY OF TIME-DEPENDENT

THREE-DIMENSIONAL FIELDS

5.1 THREE-DIMENSIONAL VELOCITY FIELDS

For three-dimensional velocity fields, we use essentially
the same passive particle advection techniques as those
described above. Particles may be injected either inter-
mittently or continuously as (1) smoke/dye, in either a
ball or sphere, as well as two-dimensional disks at any
angle in the flow, or (2) hydrogen bubbles, along a
plane or line at any angle in the flow. To advance the
particle positions, the neighboring eight velocity compo-
nents on the cell grid points are retrieved and used in a
first-order Euler time integration.

&dquo;A standard technique for two-dimen-
sional scalar fields is to display con-
tour lines. However, the calculation of

contour lines is time-consuming and,
ultimately, not necessary. Instead,
each pixel lying in the interior of the
fluid flow geometry is colored ac-

cording to the current magnitude of
the variable under examination at

each time step.&dquo;



To display the results, we visualize a three-dimen-
sional velocity field as if we were analyzing a flow en-
cased in a glass tank. One then &dquo;walks&dquo; around the tank

and looks at the flow from a variety of angles. The tank
may be rotated in real time using the mouse, as well as
zoom and pan. Thus, the user is easily able to compare
one portion of the flow with another.

Using the simplest technique, each particle is pro-

jected onto the graphics screen by a parallel projection.
We choose a &dquo;display plane&dquo; and project the particle’s
position onto the plane along a line perpendicular to the
plane. Particles that lie directly behind other particles are
not visible. The user selects which portion of the display
plane is presented on the graphics screen. By using the
mouse, the user rotates the display plane to view the
flow from different angles.

It is often convenient to look at only a portion of the
entire flow volume. We can reduce the width and the

height by changing the portion of the display plane
mapped onto the graphics screen. To reduce the depth
of the volume visualized, the user chooses two &dquo;clipping
planes,&dquo; both parallel to the display plane. Only particles
lying between the two planes appear on the screen. Of
course, one might observe particles entering and leaving
the viewing area at any time. Using the glass tank
analogy, this is as if one could make a portion of the
tank’s contents invisible, allowing one to focus on only
the area of interest.

To enhance the perception of depth, a number of
other straightforward techniques are available within our
environment. First, the intensity of the displayed par-
ticle’s color can be related to the particle’s distance from
the display plane. Thus, near particles become brighter
and far particles become fainter. Second, perspective can
be added by choosing a &dquo;viewpoint&dquo; not in the display
plane. Each particle’s position is projected in perspective
from the viewpoint. Third, several simultaneous views
can be presented to the user. Similar to an architect’s
drawing, both a front view and a side view may be
presented.

Despite these more advanced techniques, the ability
to rotate the view in real time is the most important fea-
ture in providing the user with an intuitive feeling of a



three-dimensional flow. Our experience in viewing these
flows indicates that it is relative motion of viewing per-
spective that provides the most information. Further
discussion of three-dimensional display techniques can
be found in a number of standard computer graphics
texts (see, for example, Foley and Van Dam, 1984).

In the future, we expect to explore and compare
more exotic three-dimensional display techniques. For
example, one device mounts on top of a normal
graphics monitor and permits two different images to be
presented with polarized light of perpendicular angles.
The images are computed using perspective projections
from two different viewpoints. By wearing specially po-
larized glasses, the user is able to fuse the images into a
coherent three-dimensional view much as with a stereo-

scope. By combining this with the ability to rotate the
volume in real time, we hope to come close to real
three-dimensional perspective.

5.2 THREE-DIMENSIONAL SCALAR FIELDS

Three-dimensional scalar fields are somewhat more dif-
ficult to display, mostly because finding the level set cor-
responding to a particular level value efficiently is not a
trivial issue. The most straightforward technique is to

simply slice the domain into a discrete set of two-dimen-
sional planes, and display the corresponding level set on
each plane using the techniques described above. While
this technique works fairly well, its effectiveness is highly
dependent on the perspective and the number of dis-
crete planes chosen.

In the full three-dimensional problem, given
’IF = ’IF(x,y,z,t) and a scalar value ’IT = Wo, we are looking
for {x,y,zl’IF(x,y,z,t) = Vol. The result is a two-dimensional
surface lying in R3. Given not one value, but a range of
continuous scalar values, the resulting shape is a shell.
These shapes are displayed using volume-rendering
techniques, such as those discussed by Lorenson and
Cline (1987) and Upson and Keeler (1988). The effi-
cient implementation of a volume-rendering algorithm
on a massively parallel machine has been mentioned
previously (Salem, 1988) and is currently being explored
by the authors.

&dquo;The ability to rotate the view in real
time is the most importarlt feature in

providing the user with an intuitive

fieeling of a three-dimensional flow.&dquo;
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6. STORAGE, TIMINGS, AND EXPERIENCE

6.1 7 STORAGE

The distribution of data in the memory of the Connec-
tion Machine is a significant factor in the overall frame
update speed. Each processor has two available array
reference techniques: (1) indirect addressing of a local
array or (2) array lookup using the communication
network.

In the first technique, a copy of the data array is
stored at each node of 32 physical processors. Indirect 

’

addressing hardware allows each virtual processor to
reference elements of the array in parallel in a time sim-
ilar to normal memory references. Although this tech-
nique is fast, it is limited in terms of the size of the

largest array that can be stored. In the current CM-2, a
total of approximately 60,000 single precision (32-bit)
floating point numbers can be stored at each node. For
a two-dimensional array of two element velocity vectors
this gives us a maximum array size of 250 x 120, for

example. For three-dimensional arrays, the storage is

acutely limited. For example, given three element ve-
locity vectors, the maximum array size is under 30 x 30
x 30. This technique was used in the two-dimensional
flows described in the next section.

For large arrays, the second technique is used. We
assign each element of the array to a separate virtual
processor and look up its value using the communica-
tion network. The Connection Machine &dquo;GET&dquo; instruc-

tion efficiently returns a value stored in these &dquo;array ele-
ment processors&dquo; to the requesting particle processor.
Although this method is significantly slower than indi-
rect addressing, much larger arrays can be stored, up to
100 million single precision floating point numbers. For
example, the maximum array size of a three-dimen-
sional array of three element vectors would be about 350
x 350 x 350. 

,

In the flows we have analyzed so far, both tech-
niques have been employed. In the three-dimensional
flows we have analyzed, we used the latter technique to
store our three-dimensional flow, which is 32 X 64 x
32 elements in size. For the two-dimensional flows the
first technique is used with a simple modification. While
each time step’s array fits into a node, there is not
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enough storage for all the time steps. Therefore, we
store all the arrays spread out through CM memory. At
the beginning of each time step we broadcast the array
associated with that time step to all the nodes and then
use indirect addressing.

Between these two options of (a) a copy of the cur-
rent velocity field in each node and (b) a single copy of
the current velocity field accessed by all the processors,
lies an optimum balance for data fields of a given size.
For example, one might spread a copy of the data over
every three nodes. Other techniques also can be used.
First, the amount of data that can be put into each
node’s memory can be increased by truncating the
floating point numbers of the numerical data, since
there is little need to carry more significant digits than
the accuracy of the time integration in Euler’s method,
or more than the capabilities of the output device. A
hardware solution is to increase the memory per node.

Finally, one can download the data from a high-speed
parallel storage device, such as the CM Data Vault (see
Thinking Machines Corp., 1987).

6.2 TIMINGS

One measure of the efficiency of the system is the total
number of frame updates achieved per second. As an
illustration, for the time-dependent velocity field display,
each frame update requires

1) making a copy of the current time velocity data in
each node’s memory

2) advancement of the particles’ positions through
Euler’s method

3) display of particles, which consists of
a) assignment of particles to display grid
b) setting processors to background colors
c) displaying colors.

The total number of frame updates depends on many
variables, such as the number of physical processors in
the machine (and the corresponding ratio of virtual to
physical processors), the dimensionality of the problem,
the number of particles injected, the number of bits
used to store the fluid data in memory, and the number

of time steps used in the Euler integration between dis-

-One measure of system efficiency. is
the total number of frame updates per
second This depends on many vari-
ables, including the number of phys-
ical processors in the machine, the

dimensionality of the situation, the
number of particles injected, tlre
number of bits used to store tlre fluid

data in memory, and the number of

time steps used in the Euler integra-
tion between displays n
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plays, as well as the manner in which data are stored in
the CM-2’s memory.

In the two examples that follow, the fluid calcula-
tion of flow over a backward-facing step discussed in the
next section yields 2,200 floating point numbers (two ve-
locity components on a 11 x 100 grid) every time step,
and the closed square calculation yields 6,442 floating
point numbers (two velocity components on a 61 x 61 1
grid) every time step. The simulation software fully sup-
ports three-dimensional grids. For this two-dimensional
problem, the z-coordinate is set to zero. The visualiza-
tion is displayed on a 1,280 x 128 grid of pixels. To
inject as many particles as processors, it takes 34 milli-

seconds to download the data, and 41 milliseconds to

update 8,000 injected particles for one Euler time step.
The time for display depends on the ratio of virtual pro-
cessors to physical processors, since there is one virtual
processor per pixel. On an 8K processor machine, with
a virtual processor (VP) ratio of 20, display takes 55 mil-
liseconds ; on a 16K machine (VP ratio 10), display takes
about 38 milliseconds. The total image update time on a
16K machine is 0.113 seconds, and we typically clock a
sustained, running frame update speed of about nine
frames a second.

6.3 EXPERIENCE

The process of developing and fine-tuning this graphics
environment provided some good &dquo;rules of thumb&dquo; for

conducting flow visualization experiments. Here, we
would like to briefly touch on two issues-namely, the
number of grid points necessary to show results, and the
number of particles required to obtain adequate de-
scription of the flow mechanisms.

In a full three-dimensional simulation, it is likely
that there will be so many grid points used in the nu-
merical solution of the equations of motion that it will be
impossible to copy a particular time step’s data into each
node. Possible solutions have been addressed above.

However, it is important to point out that just because a
calculation requires an especially fine grid (such as those
in aeronautics) in order to obtain accurate enough re-
sults (such as pressure and density values), it may not be
necessary to feed all those grid points to the visualization
environment at once. Most believable flow features exist
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across several grid points; thus, one might safely feed a
subset of the available points (say, every third point) to
the visualization simulation. In addition, one is free to

send all the points in a subsection of the flow domain to
the environment for closer examination.

In general, we have been able to obtain perfectly
acceptable results with about 8,000 injected particles
using an 8K processor machine; this, of course, is a vir-
tual processor ratio of unity. By acceptable, we mean
that large structures were captured, most of the flow
subtleties were shown, and the animation was rapid
enough to provide a smooth sense of motion. Videotape
could be successfully shot directly off the screen,
showing the relevant flow features. For some of the still
photographs, it was often advantageous to use large
numbers of particles, in the neighborhood of 100,000
particles, in order to capture some of the finest wisps
and strands that develop. On an 8K machine, the speed
animation is, of course, noticeably slower, with this large
virtual processor ratio. However, even with frame up-
date speeds of approximately a second, a sense of mo-
tion and continuity between frames was evident.

7. DEMONSTRATIONS

We have used the above graphics environment to study
four different flows: (1) two-dimensional viscous flow
over a backward-facing step (Sethian and Ghoniem,
1988); (2) two-dimensional viscous flow in a closed

square (Baden and Puckett, 1989), (3) three-dimensional
flow over a flat plate, and (4) three-dimensional channel
flow (Kim, Moin, and Moser, 1987). All of these flows
are incompressible, and extend into the turbulent re-
gime. The physical mechanisms of vortex stretching,
merging, and breaking, as well as regions of sharp
change and high vorticity are present. The first three
simulations are computed using vortex-type methods
(discussed below), and the last is a spectral calculation.
To demonstrate the use of our graphics environment,
we show results from the first two flows, namely, the
two-dimensional simulations. We display the results of
smoke/dye injection, bubble wires, and rings of tracer
particles at various points in the domain. In addition, we
present the scalar stream function ’1’, where u is the ve-

locity field and u = (u,v) = (4’y, - Thus, the

&dquo;It is important to point out that even
when a calculation requires an espe-
cially fine grid to obtain accurate

enough results, it may not be neces-

sary to feed all those grid points to
the visualization environment at once.&dquo;
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Fig. 1 Dye injection:
larninar step flow (data
from Sethian and

Ghoniem, 1988).

Fig. 2 Confours of

stream function:

transitional step flow

(data from Sethian and
Ghoniem, 1988).

Fig. 3 Dye injection:
transitional step flow

(data from Sethian and
Ghoniem, 1988).



Fig. 4 Dye injection:
turbulent step flow (data
from Sethian and

Ghoniem, 1988).

Fig. 6 Hydrogen bubble
wire: turbulent step flow
(data from Sethian and
Ghoniem, 1988).
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&dquo;Both of these calculations are two-

dimensional, which is a limiting sim-

plification of real three-dimensional
flow, since such three-dimensional
mechanisms as vortex stretching are

ignored -

boundaries between constant colors of ’It are parallel to
the flow. Our results illustrate many of the fluid phe-
nomena described above. Analysis of the three-dimen-
sional calculations described above will be presented
elsewhere.

Both the step flow calculation and the square flow
calculation were performed using a particle-particle type
of algorithm known as the random vortex method, in-
troduced by Chorin (1973, 1978). The random vortex
method is a Lagrangian particle method that relies on a
discretization of the vorticity field of the flow. Vorticity,
which is the curl of the velocity, describes the amount of
rotation in the flow, and is a particularly appropriate
approximation variable for flow which exhibits large
global rotating structures. In the random vortex
method, the velocity is approximated by a set of discrete
vortex elements, or &dquo;blobs,&dquo; whose relative positions and
strengths determine the overall velocity field. The mo-
tion of the fluid is approximated by updating the posi-
tion of the individual vortex elements according to the
influence of the aggregate velocity field, plus a random
step to model diffusion processes. Boundary conditions
are met through the addition of potential flow to satisfy
the normal boundary condition and a vorticity creation
algorithm to satisfy the tangential no-slip condition on
solid walls. This method is particularly adept at handling
high Reynolds number flow (the Reynolds number is

the parameter that describes the balance between inertial
and viscous forces). At high Reynolds number (that is,
where the flow becomes turbulent), sharp flow gra-
dients exist in the boundary layer near solid walls and
standard finite-difference or finite element methods

may require a prohibitively large number of mesh points
in those regions. Because the random vortex method is
a grid-free method, such restrictions are considerably
reduced. (For details, see Chorin, 1973, 1978; Sethian,
1984; Sethian and Ghoniem, 1988.)

Both of these calculations are two-dimensional,
which is a limiting simplification of real three-dimen-
sional flow, since such three-dimensional mechanisms as
vortex stretching are ignored. (Note, however, that this
is not a limitation of the numerical algorithm. For anal-
ysis of three-dimensional vortex techniques, see Chorin,
1988, 1989.) The validity of such an assumption for a
specific problem has been discussed in considerable de-
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tail (Sethian, 1984; Sethian and Ghoniem, 1988). How-
ever, for our purposes in this paper, the computed
flows demonstrate the sort of complicated flow struc-
tures that may be effectively analyzed with this graphics
environment.

Since the vortex method is a particle method that is
grid-free, in both calculations the data were post-pro-
cessed for display before being fed into the graphics en-
vironment. The data were generated as follows. A uni-
form mesh was placed on the computational domain ( 11 I
x 100 for the step, 61 x 61 for the closed square), and
at each grid point the velocity and the stream function
were calculated from the positions and strengths of the
vortex elements. This was done every 10 time steps, and
the results were written onto tape. Note that this grid
plays no role in the numerical simulations; it just pro-
vides discrete temporal and spatial sampling of the flow.
The data tape was then transported to Thinking Ma-
chines Corporation, where it was loaded to disk for anal-
ysis using the graphics environment.

7.1 FLOW OVER A BACKWARD-FACING STEP

A detailed convergence study of flow over a backward-
facing step for a wide range of flow conditions was pre-
viously performed (Sethian and Ghoniem, 1988). The
code used for this calculation was a modified version of
an earlier one to study step flow (Ghoniem, Chorin, and
Oppenheim, 1982). The velocity field and stream func-
tion data on a fixed grid calculated by Sethian and
Ghoniem (1988) served as the input to the graphics en-
vironment described here. The domain geometry con-
sists of a narrow inlet on the left through which flow
enters. A sudden step expansion occurs, and the flow
exits 20 step heights downstream on the right. The be-
havior of the flow depends critically on the Reynolds
number, and the results of numerous laboratory experi-
ments (Armaly et al., 1983; Denham and Patrick, 1974;
Honji, 1975; Periaux, Pironneau, and Thomasset, 1976)
have been described by Sethian and Ghonein (1988),
and characterized by laminar, transitional, and turbulent
phases.

In the laminar regime (R < 250), the flow is

smooth, with a single, steady, and stable recirculation
zone in the lower-left-hand corner. Fluid mixing is lim-
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Fig. 6 Single-color dye
injection: turbulent
,square flow (data from
Baden and Puckett,
1989).

Fig. 7 Two-color dye
injection: turbulent
square flow (data from
Baden and Puckett,
1989).



ited: smoke injection near the inlet stays confined to a
narrow path through the chamber, and the flow takes
the expected parabolic profile as it nears the down-
stream exit. Throughout the laminar regime, the length
of the recirculation eddy scales linearly with increasing
R. Within the next phase, the transitional regime (R -~=
500-2,000), the downstream edge of the recirculation
bubble tears off and moves downstream as a distinct

eddy structure. When the eddy tears off, the shortened
recirculation bubble begins to entrain more fluid,
growing in size until another downstream eddy is shed;
this mechanism repeats itself over and over. Significant
mixing occurs: photographs of smoke injected into ex-
periments with flow in the transition regime show con-
voluted corkscrew-type paths with fairly wide dispersal.
Finally, as the Reynolds number is increased still further,
experiments show that the flow enters the turbulent
phase for R greater than a few thousand. Here, eddies
continue to shed from the recirculation bubble near the

step, but boundary layer flow along the top wall sepa-
rates and rolls up into counterrotating eddies. These
counterrotating eddies intersperse with those shed from
the step, trapping a narrow band of rapidly moving
fluid. Fluid mixing is most pronounced in the turbulent
regime.

As mentioned above, these various flow portraits
were previously computed using the random vortex
method (Sethian and Ghoniem, 1988). The following
images of the flow using our graphics environment have
been presented elsewhere (Sethian, Salem, and
Ghoniem, 1988). In Figure 1, we show the time evolu-
tion of multicolored smoke particles injected into lam-
inar flow using smoke/dye injection. We periodically in-
ject yellow particles in the inlet and purple particles
along the bottom wall. The moving particles trace out
the flow in good agreement with the experimental re-
sults described earlier. The parabolic profile is formed

by the advected yellow particles. At the same time, the
purple particles are caught up in the recirculation zone,
and dearly outline the elliptical bubble near the base of
the step.

In the transitional regime, the large recirculation
eddy continually breaks off and sheds eddies which
move downstream. In Figure 2, we show the time evolu-



&dquo;Note that the eddies seem to form in

pairs: one can clearly see two eddies
merge as they start to form a single
eddy that moves downstream. This

paired merging is difficult to discem
from raw data and only becomes evi-
dent through ifie animation of the
flop -

tion of the stream function T with color map corre-

sponding to values of ’1’. The entrance to the step has
been deleted, and only the main body of the channel is
shown. We have truncated values so only those values of
T between 0.0 and 0.35 are displayed. This isolates the
rolled-up eddies as they move downstream. Note that
the eddies seem to form in pairs: one can clearly see two
eddies merge as they start to form a single eddy that
moves downstream. This paired merging is difficult to
discern from raw data and only becomes evident
through the animation of the flow. Other examples of
phenomena revealed through graphics have been dis-
cussed by Winkler et al. (1987). To study mixing in the
transitional regime, in Figure 3, we show the time evolu-
tion of particles injected into the transitional flow using
smoke/dye injection. We inject purple particles near the
inlet, and blue particles near the base of the bottom wall.
One can easily see the injected particles caught up in the
large, clockwise rotating eddies as they move down-
stream. The displayed results clearly resemble smoke in-
jection in a laboratory apparatus (see Honji, 1975).

In the turbulent flow regime, eddies are shed off
the top wall as well as off the step. In Figure 4, we show
the time evolution of two sets of smoke particles injected
into the flow. Blue particles are injected near the bottom
toward the comer, and yellow particles are injected near
the middle of the top wall. The blue particles near the
step are first dragged backward by the recirculation
zone, and then outline a large, clockwise rotating eddy
that moves downstream. Conversely, the yellow particles
are sent into a large eddy that rotates in the opposite
direction as it moves downstream. The two streams are

caught up in different eddy structures as they move
downstream and intertwine. In Figure 5, we use the
bubble wire technique along a vertical line just past the
inlet. This shows the development of the velocity profile
of the evolving flow. We inject 200 particles in repeating
sequence of red, blue, and yellow, illustrating the evolu-
tion of various lines and velocity gradients in the flow.
The rotating and counterrotating vortex structures are
clearly delineated by the pulsed hydrogen bubbles.

7.2 FLOW IN A CLOSED SQUARE

Two-dimensional, viscous, incompressible high Reynolds
number flow in a closed square was previously modeled
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using the random vortex method (Sethian, 1984). The
domain was a closed rectangle. A large central vortex
was placed at the center, whose strength remained con-
stant in time. The potential flow solution to this is a

steady flow in which only the normal no-flow boundary
condition is satisfied. At t = 0, the tangential no-slip
condition was instantaneously turned on, causing addi-
tional vorticity to form along the solid walls and diffuse
into the interior. This problem is similar to the standard
driven cavity problem in which the top wall is moved at
a constant speed, as well as traditional &dquo;spin down&dquo;

problems. An earlier calculation with a hybrid vortex-
finite difference method was performed (Shestakov,
1979). The calculations in Sethian (1984) showed the de-
velopment, growth, and diffusion of counterrotating
eddies in the comers, and their effect on the large cen-
tral vortex and underlying flow; in addition, the interac-
tion between flow dynamics and flame propagation in
this geometry was analyzed.

The algorithm in both this calculation and that for
the backward-facing step compute the velocity field in-
duced by the vortex elements through a direct summa-
tion technique. By this, we mean that the velocity at each
of N vortex elements is computed by considering the
effect of all the other vortex elements. This is, as stated,
an D{N2) algorithm. Various techniques have been pro-
posed to approximate the solution to the associated el-
liptic problem through fast summation techniques. One
such fast summation algorithm was partitioned onto a
multiprocessor with significant speedup by Baden
(1987). In that work, considerable attention was given to
the accompanying load-balancing issues. That multipro-
cessor fast summation technique was later used to repeat
the above calculation of flow in a closed square (Baden
and Puckett, 1989). The velocity field and stream func-
tion data on a fixed grid computed by Baden and
Puckett (1989) served as the input to the graphics envi-
ronment described here.

In Figure 6, we show the evolution of a large cir-
cular patch of blue dye continuously injected into a
counterclockwise circulating flow. In the upper left, we
see the injected fluid shortly after the no-slip condition
is turned on. In the upper right, we see the swirling
fluid developing rolls and oscillations as it spins around
the large central vortex. In the lower left, the fluid has

&dquo;The algorithm in both this calculation
and that for the backward-facing step
compute the velocity field induced by
the vortex elements through a direct
summation trechnique. By this, we
mean that the velocity at each of N
vortex elements is computed by con-

sidering the effect of all the other
vortex elements.&dquo;



made several rotations around the vessel. Flow in the
comers is caught up in the counterrotating eddies and
outlines the large vortex structures. In the last figure
(lower right), the injected fluid has stretched out consid-
erably, concentrated in some regions and stretched into
thin strands in others.

In Figure 7 we study the mixing that results from
this flow in more detail by injecting two different col-
ored dyes at opposite sides of the box. The two patches
of blue and purple dye are carried by the flow and the
resulting vortex structures, which grow in comers and
are then shed into the flow. The fluid becomes highly
mixed, as shown by the mixing of the purple and blue
dyes.

8. CONCLUSION

We have built a graphics environment for analyzing the
results of numerical simulations of fluid mechanics. The

purpose of this environment is to provide visualization
tools that mimic those in physical experiments. For ve-
locity fields, tools include color-coded smoke/dye injec-
tion in user-defined intervals, locations, and configura-
tions, and &dquo;hydrogen&dquo; bubble-wire tracers for deter-
mining velocity profiles. For scalar quantities, color
contour maps within user-selected ranges are available.
The tools were used to analyze data from vortex calcula-
tions of two-dimensional viscous flow over a backward-

facing step and in a closed square, three-dimensional
flow over a flat plate, and a spectral calculation of
three-dimensional channel flow.

This project represents a step toward the goal of
using interactive visualization as a real tool in designing
numerical flow experiments. Given a precomputed set
of flow data on a discrete grid, the current environment
allows the user to interactively execute computationally
intensive calculations as the flow visualization unfolds.

Thus, the user is able to perform dozens of numerical
experiments with various injection frequencies, locations,
and configurations in rapid succession.

The next development might be a true interactive
environment, in which the equations of motion are
solved and visualized in as close to real time as possible.
The immediate goal would not be the most accurate and
refined calculation, but rather a coarse enough simula-
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tion to proceed in close to real time while observing sig-
nificant fluid mechanics. Optimally, one could experi-
ment interactively with different design parameters,
such as confinement geometries and inlet parameters. If
a rough picture of the flow dynamics could be obtained,
the user could quickly compare a large number of pos-
sible configurations, and select some subset for more re-
fmed, detailed calculation. Preliminary work on such an
environment has begun, and will be reported elsewhere.
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