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Abstract

The designandimplementatiorof aninteractivespotnoisealgorithmis
presentedSpotnoiseis a techniquewhich utilizestexturefor the visualiza-
tion of 'ow ®elds.Variousdesigntradeofs arediscussedhatallow anopti-
malimplementatioron arangeof high endgraphicalworkstations.

Two applicationsaregiven: the steeringof a smogpredictionsimulation
andbrowsinga very large datasetresultingfrom a directnumericalsimula-
tion of turbulence Theseapplicationgrovidethe motivationfor the needof
interactivevisualizationtechniques.

Keywords: interactivescienti®ovisualization, ow visualizationhigh per
formancecomputingatmospherisimulation,directnumericalsimulation.

1 Introduction.

During the last decade the need for flow visualization techniques for representing
vector fields has grown substantially. The reason for thisisthat increasingly com-
plex phenomena are simulated and that the resulting data sets are becoming more
difficult to interpret. The visualization community has developed many accurate
and robust flow visualization methods to display these data sets [1]. Simultane-
ously, thereis also agrowing demand for interactive computing in which users can
control various aspects of the application [2]. The role of computational steering
and browsing of very large scientific data bases are two examples of this demand.
Both examplesrequire highly interactivevisualization to accommodate the require-
ments for adequate animation and feedback rates.

Spot noiseis atexture synthesistechnique which can be used to visuaize flow
fields[3]. Rather than mapping the underlying vector field to produce col ored geo-
metric objects, spot noiseusestexture. Theprimary advantage over other flow visu-
alization techniquesisthat texture can giveacontinuousview of a2D field opposed



to visualization at only discrete positions, as with arrow plots or streamlines. The
basicideaisthat if many particlesare used to represent the flow, theindividual par-
ticlescan no longer be discerned and textureis perceived instead. Spot noise gener-
ates texture by adding alarge number of randomly positioned spotswith a random
intensity. A spot is defined to be any geometric shape, but usualy asmall circleis
used. Properties of thespot directly control the propertiesof thetexture. Therefore,
by modifying the shape of the spot as a function of the data, the data are visualized
by texture.

Thedownside of spot noiseisthat it isvery computationally expensive. A large
number of particle paths and particle positions must be calculated, spots must be
transformed, scan converted, textured and blended. Previously, spot noise textures
were generated as a preprocessing step and the resulting sequence of images were
animated. In this paper we discuss the implementation of an interactive spot noise
algorithm. Textures are generated on the fly so that spot noise can be used ininter-
active applications.

Many graphical operations are needed during texture synthesis. Graphics sub-
systems are designed to handle these operationsefficiently. On the other hand, par-
ticle position calculations are best computed on general purpose processors. This
resultsin many design softwarevs. hardware tradeoffs. We discussthese tradeoffs.

The paper is organized as follows: first, the underlying ideas of spot noise are
reviewed. We then present and discussthe divide and conquer spot noise algorithm
and its implementation. Finally, we apply the algorithm to two applications: the
steering of asmog prediction simulationand browsing avery large dataset resulting
from adirect numerical simulation of turbulence. These applications provide our
motivation for an interactive implementation of the spot noise algorithm.

2 Spot noise overview.

We give a brief overview of the spot noise texture synthesistechnique. A texture
can be characterized by a scalar function f of positionx. A spot noise texture [3]
is defined as

flx)= Zaih(x - X;)

inwhich i (x) iscalled the spot function. Itisafunction everywhere zero except for
an areathat issmall compared to thetexturesize. a,; isarandom scaling factor with
azero mean, x; isarandom position. In non-mathematical terms: spots of random
intensity are drawn and blended together on random positionson a plane (figure 1).



Figure 1: Principle of spot noise: single spot (left) resulting texture (right)

The use of a spot as a basis texture synthesis has a number of convenient, user
controllable, properties. First, the shape of aspot determines the characteristics of
thetexture. By local variation of the spot shape, presentation of data becomes pos-
sible; in thisway vector fields can be effectively visualized. Second, dynamic phe-
nomena can be displayed via an animated sequence of spot noise images. A spot
noise animation of a flow field can be realized by associating a particle with each
spot position. A new frame in the animation sequence is determined by advecting
all particlesover asmall distance through the flow field.

Figure 2 is an example of how spot noise can be used to study the separation
of awind field impinging on the front of a block (see section 5.2 for details). The

Figure 2: Two views of the separation line of awind field impinging on a block;
default spot noise (top) using advected spot positions (bottom).

question was to find regions where the flow passes over or under the block respec-
tively. Thetop image showsthe skinfriction field on the block using the spot noise
algorithmwith default parameters. By adjusting parameters rel ated to spot position
and spot life cycle, thelower imageis generated. Adjusting parametersin thisway
provides the user with a mechanism to highlight certain aspects of the flow which
may otherwise stay hidden.



In [4], enhancements to the original spot noise agorithm are given. Bent spots
allow spot noiseto be used in highly irregular flows, such as in areas where curva
ture of the vector field ishigh. Instead of using a singletextured polygonwith four
vertices, bent spots use a textured mesh to represent the spot. The mesh is gener-
ated by tiling a surface generated by advecting a stream line in the flow. Thisisa
computational ly demanding techni que because stream lines must be generated and
the mesh must be rendered for each spot. Other enhancementsinclude spot filtering
and use of spot noise for non-uniform data grids.

Spot noise pipeline.  Algorithmically, spot noise synthesis performs four steps
(figure 3):

1. Read adata set of avector field. For interactive scientific visuaization, this
step may typically occur anywhere between 5 and 15 times a second.

2. Particle advection. The position of each particle is updated by advecting it
by the flow field.

3. Texture synthesis. A spot is generated for each particle position. Each spot
is transformed and assigned an intensity according to properties of the flow
field. All spots are scan converted and blended together to form a texture
map, after which additional spot filtering operations may be applied to the

map.

4. Animageisrendered by mappingthetextureonto ageometric surface. Other
visualization techniques may also be superimposed on the texture mapped
object.
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Figure 3: Spot noise pipeline; logical steps (top) and iconic representations (bot-
tom).



Utilizing graphicshardware. The synthesisof spot noise texture can be consid-
ered as rendering and blending of alarge number of textured polygons. Thisfunc-
tionality isprovided by dedicated graphics hardware on most modern workstations.
In[4], it was shown how graphics hardware can be exploited to speed up thetexture
synthesis. The motivation for using graphics hardware is based on the high perfor-
mance that can be achieved for spot rendering and the higher bandwidth available
when mani pul ating textures. Considerabl e speedups can be realized when graphics
hardware is applied to the last two steps of the pipeline.

In the following sectionswe use a simplified model of a graphics workstation,
as shownin figure 4, to discuss design tradeoffs when implementing the spot noise
algorithm. A workstation consistsof anumber of general processors connected via
a bus to the graphics subsystem. Processors have direct access to local caches and
memories. The graphics subsystem consists of one or more graphics pipes with
very high speed data paths to texture and frame buffers. The graphics subsystem
is viewed as a coprocessor, in which the tasks executed on the processors can be
performed concurrently with the tasks executed on the graphics subsystem. Each
graphicspipeisviewed as an OpenGL state machine which can be set and queryed
through the OpenGL API and itsextensions[5]. The OpenGL API providesaccess
to arich set of graphics capabilities, including geometry transformations, lighting,
texturing, hidden surface removal, blending, and pixel processing.

cpus 0-pipes
caches bus buses
memory fouffers

Figure 4: A simplified model of a graphicsworkstation.

The total time spent to generate N spotsis approximated by the equation :

N N
T = max(z genPZ',denTi) 1)
inwhich:
genP; = processor time to calculate position and shape of spot ¢
genT; = timeto blend spot i into the texture

The blending step (which is done by the graphics subsystem) overlaps with the po-
sition and shape calculation step (done on the processor). The step which takes
longest determines the total generation time.
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Equation 1 is based on two assumptions. First, in order to move the raw geo-
metric data, there is sufficient bandwidth between the processors and graphics sub-
system. Second, in order to avoid under utilization, the data generated by the pro-
cessors can be streamed to the graphics subsystem. In the following sections we
show that both assumptions can be met.

3 Divideand conquer spot noise.

The primary design goal of the divide and conquer spot noise agorithm isto mini-
mi ze thetime needed for texture synthesis. We also identify three secondary design
gods: First, to use the capabilities provided by the graphics subsystem; Second, to
benefit from multiple processorsand multiple graphics pipes; Thirdly, to utilizethe
high bandwidth in the graphics subsystem effectively.

The basic idea of the divide and conquer method is based on the observations
that spots are independent and that the amount of work to be performed on a spot
is constant. This alowed us to develop a paralld algorithm in which the work is
partitioned evenly between processors and graphics pipes.

The divide and conquer spot noise pipelineisillustrated in figure 5. The col-
lection of particlesis partitioned into a number of disjunct sets. Each particlesetis
processed by one or more processors and exactly one graphics pipe. The processing
of aparticle set resultsin an texture. After completion, these textures are gathered
and blended to form the final spot noise texture.

read
data set

advect advect advect
particles particles T particles

generate generate generate
texture texture texture

A
\d

render
scene

Figure 5: Divide and conquer spot noise pipeline.

Idedlly, thetotal time spent by the divide and conquer a gorithm modifies equa-
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tion 1 into;

N N
T = maX(Z genbP;/nP | Z genT;/nG) + ¢ 2
=1 =1
inwhich:
nP = number of processors
nGG = number of graphics pipes
c = overhead costs dueto additional texture blending

Careful consideration is needed when mapping the divideand conquer pipeline
onto an underlying machine architecture. The following, configuration dependent,
tradeoffs should be taken into account :

e balanced resource allocation. There is a relation between the number of
processorsand the performance of the graphicspipeassignedto aparticle set.
Thisrelation can be deduced from equation 2: 7" will approach a minimum
if and only if both » P and n( increase. For example, assigning too many
processorsto generate particle positionsmay well saturate the graphics pipe.
Alternatively, assigning too few processors will cause starvation, since the
processors cannot produce sufficient spots.

e vertex and texture movement. Sufficient bandwidth from processorsto the
graphics subsystem (for vertices) and bandwidth within the graphics subsys-
tem (for textures) is instrumental if optimal performance is to be realized.
The number of vertices needed to generate one textureis proportional to the
number of vertices per spot timesthe number of spots. Standard spotsconsist
of four vertices, bent spots are typically defined by about 60 vertices. After
each graphics pipe generates a part of the texture, these parts must be com-
bined into the final texture. The final texture size is usually set to 512x512
pixels.

e OpenGL state machine overhead. The overhead of setting the OpenGL
state machine may be quite substantial. Setting OpenGL in a new state may
result in synchronization latencies within the graphics pipe. ! The tradeoff
here is the overhead involved in setting the OpenGL state machine vs. the
performance gain of the graphics pipe.

'For example, SGI’s InfiniteReality has four geometry processors which must be synchronized
each time a transformation matrix is set.



e texturedecomposition. Particlesetscan be partitionedinto disjunct regions,
allowing the texture to be decomposed into smaller texturetiles. Tiles, how-
ever, are not completely disunct but will have overlapping boundaries. At
the end of the generate texture step the tileswill be blended together to form
thefinal texture. Thetradeoff here isthe amount of texture space vs. the ad-
ditional work to be done when blending the final texture.

4 Implementation.

We have implemented the algorithm on a SGI Onyx, with 8 R10000 processorsand
4 InfiniteReality graphics pipes. 2 A 800 MByte/sec bus connects the processors
with the graphics pipes.

Since each InfiniteRedlity is a high performance and capability rich graphics
pipe, we have utilized many of itsfeatures. An exceptionto thiswasthe spot trans-
formation which is performed in software by the processors, thus avoiding the high
synchronization overhead costs for setting transformation matrices for each ren-
dered spot.

The available processors are partitioned evenly over the number of graphics
pipes, asisillustrated in figure 5. For each pipe a process group, consisting of
one master process and zero or more slave processes, is created and assigned to the
availableprocessors. Thetask of amaster isthreefold: it setsup an unique OpenGL
graphics context, it renders each cal culated spot, and it distributeswork among its
slaves. Thetask of each slaveisto perform spot shape calculation. If amaster pro-
cessisidle or if there are no slaves (i.e. the number of processorsis equal to the
number of pipes), the master will also perform spot shape calculation.

We have a so implemented texturetiling. Each processgroup will work only on
apredefined region of thefinal texture. Inapreprocessing step, spotsare distributed
based on location and assigned to the process group dealing with the corresponding
region. Spots, however, have a certain extent and may therefore belong to more
than oneregion. Spotsfor which thismight be the case are assigned to each process
group they might affect. The advantage of implementing texturetiling thisway is
that texturetilescan easily be composed to form thefinal texture. Thedisadvantage
isthat some spots are assigned to more than one process group.

Different architectures may result in different implementations. For example,
if the OpenGL state machine overhead was smaller then spot transformation could
be performed on the graphics pipe. Alternatively, if processors are sufficiently fast

2We thank the Academic Computing Services Amsterdam, SARA, for allowing us to use their
Onyx; “Reality Monster”.



and the caches are large enough then the texture tiles may be competely generated
by the processor, bypassing the graphi cs subsystem altogether.

5 Applications.

Using the described impl ementation, two applicationswere sel ected for performance
measurements: an atmospheric pollution model and a direct numerical simulation
of aturbulent flow.

5.1 Atmospheric pollution

In [6], computational steering of an atmospheric pollution model isdescribed. The
goal isto monitor the evolution of pollutant concentrationswhilethe user can con-
trol emission, meteorol ogical and geographical parameters. The output isshown as
an animated sequence of images. In [6] arrow plots were used to display the wind
fields, which we have now replaced with spot noisetextures. During animation, the
user can now very clearly see the evolution of a pollutant and how it relates to the
flow of thewindfield. Thisrelation was much lessobviouswhen using arrow plots.

Figure 6 is a snapshot of the resulting animation, showing a spot noise repre-
sentation of thewind field and the pollutant O3 superimposed oniit. A rainbow col-
ormap is used for assigning colorsto the pollutant. A map of Europeisalso drawn.

Figure 6: Pollutant O3 superimposed on the wind field.



Thedataused isaslicefrom thethree dimensiona dataset. The datais defined
on aregular grid of 53x55 cells. Each texture has a resolution of 512x512 pixels
and consistsof 2500 spots. Bent spotswere used because of the strong fluctuations
in the wind field. Each spot is represented as a 32x17 mesh deformed by the flow
using stream lineintegration. The net result isthat each textureis generated by ap-
proximately 1.3 million quadrilaterals; i.e. 2500x32x17 vertices.

Discussion. Table 1 shows the results of various hardware configurations. The
times stated in the table denote the number of spot noise textures that can be gen-
erated per second. Only thetimefor texture synthesisisgiven; i.e. steps2 and 3 of
the spot noisepipeline. Rows of thetable denote 1, 2, 4 and 8 number of processors,
respectively. Columns denote 1, 2 and 4 number of graphics pipes.

112 4
1.0
20| 20
28|36 39
27149 |56

cor~DNPRF

Tablel: Texturesper second for atmospheric pollutionsimulation. Columnsdenote
the number of graphics pipes. Rows denote the number of processors.

The following observations can be made:

e Assuggested in equation 2, using more processors does indeed improve the
texture generation rate, with a maximum of approximately 4 processors per
graphics pipe. Using more than 4 processors per pipe does not increase per-
formance.

e Increasing the number of graphics pipeswill aso improve the texture gener-
ationrateif and only if there are a sufficient number of processorsto keep the

graphics pipes busy.

e Wewould expect anear linear performance speedup in the cases that 4n pro-
cessors and n graphics pipes are used. > However thisis not so, due to the
additional overhead caused by blending step (term ¢ equation 2). Thisblend-
ing step is done sequentially.

F\We expect, but have not verified, that when using 4 graphics pipes an optimal performance will
be achieved by using 16 processors.
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e The bandwidth from processor to graphics subsystemis not the limiting fac-
tor. At 5.6 textures per second the total bandwidth needed is approximately
116 MBytes/secfor just theraw geometric data, whichiswell bel ow the max-
imum of 800 MBytes/sec.

e Using a 32x17 mesh to represent each spot will result in very accurate ren-
derings. Lower resolution meshes will result in less accurate renderings, but
can increase performance substantially.

5.2 Directnumerical simulation of a turbulent ow

In[7], methods are discussed for direct numerical simulation of turbulent flow. The
goal of this application is to study the evolution of the vortex shedding behind a
block, the transition from laminar to turbulent flow, and how these relate to other
physical phenomena, such as pressure or helicity. The computation and the size of
the resulting database isimpressive: afew weeks of computing can easily produce
afew terabytesof data. A databrowser isbeing devel oped to analyse such scientific
data bases. In contrast to prerecorded video sequences, the data browser allowsthe
user to first select visualization mappings and then play through any part of the data
base.

Figure 7 isasnapshot of asliceof thedataset. Theflow isfrom left to right and
impingesablock placed inthefield. One can clearly seethetransitionfrom laminar
to turbulent flow behind theblock. Only if thenumber of frames per second exceeds
athreshold can the user monitor how the vortices behave over time.

Figure 7: Direct numerical simulation of the wake behind a block showing vortex
shedding and transition from laminar to turbulent flow.
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Thedataused isaslicefrom thethree dimensiona dataset. The datais defined
on arectilinear grid with a resolution of 278x208 cells. Each texture has a reso-
lution of 512x512 pixels and uses 40,000 spots. Bent spots were used because of
the turbulent nature of the flow in which strong fluctuationsfor the flow magnitude
and direction occur. Each spot is represented as a mesh with a resolution of 16x3
vertices; i.e. resulting in approximately 1.9 million quadrilaterals per texture.

Discussion. Table 2 shows the results of various hardware configurations. The
times stated in the tabl e denote the number of spot noisetexturesthat can be gener-
ated per second. The numbers given in table 1 are somewhat higher. Although the
mesh resolution of each spot is higher in the atmospheric example, we have used
many more spotsin thisexample.

112 4
0.7
13|13
21121 |24
25]132| 35

cor~DNPRF

Table 2: Textures per second for turbulent flow.

The following observations can be made:

e Thestructureof table2isvery similar to that of table 1. The numbers suggest
that optimal performance can be achieved if 4 processors are used to drivea
graphics pipe. Using more graphics pi pes, without increasing the number of
processors, will not improve the texture generation rate.

e The amount of data being transported from processors to the graphics pipes
isapproximately 31.0 megabyte per texture.

e 40,000 spots per texture will result in very accurate renderings. Using less
spots will result in less accurate renderings, but can increase performance
substantially.

6 Conclusion

In thispaper we described how fast generation of spot hoi setexturescan beachieved
for thevisualizationof flow fields. By dividingthe collection of spotsover anumber
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of processorsand graphics pipes, near interactive speeds can be achieved. Because
spot noise allowsvariation of parameters, speed can betraded for quality and higher
speeds than presented in the paper are possible.

Visualization algorithms should be designed to utilize the capabilities of the

graphics subsystem. Different software vs. hardware tradeoffs may arise as the
performance of processors, memory systems, busses and graphics subsystemsin-
crease.
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