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Abstract

Molecular dynamics simulations are today a widely
used tool in many research �elds. Such simula-
tions produce large time-dependent data sets, which
need to be interactively visualised allowing ef�-
cient exploration. On the other hand, commonly
used point-based rendering of the individual par-
ticles usually fails to emphasise global contiguous
structures like particle clusters. To solve this issue,
we want to visualise these data sets using metaballs.
Free particles form individual spheres while clus-
tered particles result in larger closed shapes. Using
image-space hardware-accelerated techniques pro-
vides interactive frame rates and high visual qual-
ity. We present two approaches evaluating the meta-
balls shapes on the graphics hardware. The �rst ap-
proach uses a vicinity data structure stored in graph-
ics memory to evaluate the metaballs shape in a sin-
gle rendering pass. The second approach uses mul-
tiple rendering passes to approximate the metaballs
shape on a per pixel basis.

1 Introduction

A large number of technical and scienti�c problems
can nowadays be solved using molecular dynam-
ics simulations. One such example is nucleation,
i. e. the state change from a vapour into the liquid
phase. This process is found in many physical phe-
nomena, e. g. the formation of atmospheric clouds
or the processes inside steam turbines, where a de-
tailed knowledge of the dynamics of condensation
processes can help to optimise energy ef�ciency and
avoid problems with droplets of macroscopic size.
The liquid phase emerges through spontaneous den-
sity �uctuations in the vapour which lead to the for-
mation of molecular clusters, the predecessors of
liquid droplets. The left and middle image of �g-
ure 1 show such nucleation data sets. For the cal-
culation of key properties like the nucleation rate,

it is essential to make use of a meaningful de�ni-
tion of molecular clusters, which currently is a not
completely resolved issue.

The visualisation of the simulation results, espe-
cially the emphasis of molecular clusters, is there-
fore essential for analysing simulation results and
cluster detection algorithms. Point-based rendering
of such data sets is a common practice and delivers
fast visualisations of large amounts of particles, but
does not convey the detailed shapes of clusters and
obscures their real extents — an effect the users do
not desire (see �gure 1). On the other side, with
metaballs [1] a much more suitable technique for
solving this issue exists, since they form a closed
and compact surface. However, current metaball
rendering techniques either require costly isosur-
face extraction or are based on time-consuming ray-
casting, which prevents interactive visualisation of
time-based data sets.

This paper presents our efforts to enable interac-
tive visualisation of clusters in molecular dynam-
ics data sets as metaballs. We think that image-
space approaches are more promising in this con-
text since they do not rely on preprocessing, like
isosurface extraction, and hence should permit ren-
dering of time-dependent data sets. Furthermore,
image-space techniques, which include raycasting,
should achieve an optimal visual quality without a
prohibitively �ne tessellation of the isosurfaces.

The remainder of this document is structured as
follows: Section 2 brie�y describes the theoretical
background of metaballs and existing rendering al-
gorithms. In section 3, we describe two approaches
for implementing metaballs in image-space, one us-
ing additional texture memory and one using multi-
ple rendering passes for solving the occlusion prob-
lem. Section 4 presents the results of our perfor-
mance measurements and is followed by some �nal
conclusions.
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Figure 1: Point-based visualisation of an argon nucleation simulation data set. The left image highlights
molecular clusters using different colours, the middle image uses ellipsoids and the right one uses metaballs.
The metaball visualisation shows a closed surface of the molecule clusterswhile not exaggerating their size.

2 Related Work

The metaball technique was introduced by Blinn [1]
for displaying molecular models and was originally
calledblobs. The idea is visualising molecules as
isosurfaces in the simulation of an electron density
�eld. Blinn uses the exponential function

D (r ) = exp( � ar 2)

as �eld function, which is derived from the density
function of a hydrogen atom, withr being the dis-
tance of the current sampling point from the cen-
tre of the current metaball. The sum of the density
functions of all atoms parameterised with the dis-
tance from the sampling point then yields the value
of the density �eld at this point.

The notion ofmetaballsfor the same concept
goes back to Nishimura et al. [11][12], who use a
piecewise quadratic �eld function. Several other
�eld functions have been proposed later on, like a
degree six polynomial by Wyvill et al. [16] or the
degree four polynomial

D (r ) =
�

1 �
� r

R

� 2
� 2

(1)

with R being the radius of the in�uence sphere of
the current metaball by Murakami et al. [9][12]. For
a radiusr > R , D (r ) = 0 is assumed.

Two typical approaches of displaying metaballs
are raycasting the density �eld and thus rendering
the isosurface directly as suggested by Blinn or ex-
tracting the surface using the Marching Cubes Al-
gorithm [7] and rendering it like any other mesh.

Using state-of-the-art graphics hardware, Nvidia
showed how to use vertex and geometry shaders to
evaluate the density �eld function and generate ge-
ometry on the GPU [13]. Kooten et al. [6] employed
a point-based method for visualising metaballs on
the GPU. Their goal is to render �uid surfaces made
up of metaballs, e. g. water in a glass. To achieve
this goal, they render a large number of particles
which are forced on the implicit surface of the meta-
balls by velocity constraints and use a spatial hash-
ing method for evaluating the density �eld on the
GPU. Using repulsion forces between the particles,
these are uniformly distributed over the surface and
thus �nally cover the whole metaballs, if their num-
ber is suf�ciently large.

Earlier, Microsoft showed in their DirectX
SDK [8] an image-based approach for achieving a
metaball-like effect. They accumulate the density
function and the surface normals via additive blend-
ing in off screen buffers during multiple rendering
passes. As the approach has no depth information,
it is limited to metaballs on a single plane.

Our framework for particle data visualisation [3],
which the extension for displaying metaballs pre-
sented in this paper is intended for, uses glyphs
based on the ellipsoid splatting technique presented
by Gumhold [4], or more precisely, the approach
by Klein et al. [5], which unfolds each glyph from
a single point sprite vertex. The algorithm uses
e. g. for an ellipsoid the centre point, the three
radii and an orientation quaternion to compute the
outline of the projected glyph in the vertex shader.
The size of the projection determines the size of the



point sprite. The fragment shader then raycasts the
glyph for each pixel the point sprite generates. This
method does not only allow for raycasting spherical
and ellipsoidal glyphs, but also more complicated
ones like dipoles, arrows andtubelets[14].

3 Image-Based Metaball Rendering

The density function we use in our work is a scaled
version of the function presented in equation 1:

D (r ) =
16
9
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with R being the radius of the sphere forming the
metaball, r � 0, and assumingD (r ) = 0 for
r > 2R . The idea behind these factors is to gener-
ate a visually coherent impression when switching
from raycasted spherical glyphs to metaball render-
ing or when mixing different glyphs and the meta-
ball rendering. We choose the in�uence radius to
be the doubled particle size of our data sets, and
the thresholdt for the isosurface in the density �eld
is chosen such that a sphere, which does not form a
metaball, looks identical to raycasted sphere glyphs.
The scaling of the function with16

9 results in the
density being one at the distance of the original
sphere radius, i. e.D (R) = 1 . Figure 2 shows
a plot of our density function. However, our ap-
proaches are not limited to these choices. With mi-
nor changes to the used shader programs, it is possi-
ble to use any other density function, as long as the
function has a �nite support, any other in�uence ra-
dius, and any threshold value.

The two approaches presented in sections 3.1
and 3.2 have the common goal to produce a meta-
ball visualisation from spheres, which are solely
speci�ed through their centre and radius, in image
space without generating geometry. They therefore
also share the same problem of occluded fragments,
which will be described more detailed in the follow-
ing section.

Our �rst idea to overcome this problem was mak-
ing the missing information available to the frag-
ment shader via aVicinity Texture. The metaballs
then can be rendered as point sprites in a single pass
without processing the whole image area but at the
expense of an increased number of expensive tex-
ture accesses. This approach is closely related to the
glyph raycasting in our framework and described in
section 3.1.
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Figure 2: The density function from equation 2 with
R = 1 .

Our second approach, which is elaborated in sec-
tion 3.2, goes quite in the opposite direction: in-
stead of generating fewer but more expensive pix-
els, it constructs the metaballs from a lot of rela-
tively cheap pixels in several rendering passes. Re-
minding of depth peeling [2], the �nal image re-
sults from a viewport aligned imaginary plane be-
ing moved through the data set. In each pass, the
density function is evaluated for each pixel and the
plane is moved by a distance value provided by
an oracle. If these steps are adequately long and
enough of them have been made, the surface of all
metaballs should have been found.

3.1 Vicinity Texture

The main problem when trying to evaluate 3D meta-
balls in image space is occlusion, which prevents
an accumulation of the density function by simply
rendering the projection of the in�uence spheres of
the particles. E. g. even if one knew in advance
that P1 in �gure 3 will not contribute to a meta-
ball and therefore only rendered the surely opaque
sphere with radiusR instead of the whole in�uence
sphere with radius2R, none of the fragments gen-
erated byP3 would be visible. Consequently, when
accumulating the density within the projected in-
�uence sphere ofP2, the contribution ofP3 and
therefore also the dotted metaball surface connect-
ing P2 andP3 would be missing.

One would have to know for every fragment gen-
erated by an in�uence sphere which other spheres
contribute to it, i. e. this information would have to
be available on the graphics card. Kooten et al. [6]
use a reversed version of the spatial hash table pre-
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Figure 3: Occluded fragments hamper the image
space computation of metaballs: the dashed in�u-
ence sphere ofP3 is completely occluded byP1.
Therefore, it is not possible to accumulate the den-
sity function correctly in image space. As the con-
tribution of P3 is completely missing, the dotted
metaball surface cannot be found andP2 appears
as normal sphere.

sented by Teschner et al. [15] to obtain for a certain
area of the screen all relevant particles. Depending
on the size of the grid subdividing the screen space,
this hash table can become quite big, and as we in-
tend to use the metaball visualisation in combina-
tion with glyphs raycasted on the GPU as described
by Klein et al. [5] we chose to attach the vicinity in-
formation not to the screen position but to the ver-
tices de�ning the object-space centre of the spheres.
This has also the advantage that our map is view-
independent and must only be updated, if the po-
sition of the vertices changes. Thus, we construct
in a pre-processing step a texture which holds for
each sphere the object-space position and the radius
of all other spheres which are near enough to con-
tribute to the density �eld. Before each set of in�u-
encing spheres, an extra entry holding the number
of positions to follow is added. The coordinates of
this counter are set as texture coordinates of the ver-
tex. All spheres which do not have neighbours with
which they potentially form a metaball are omitted
in order not to waste texture memory.

Having the above-mentioned lookup table for the
in�uencing spheres, the rendering of the metaballs
happens in a single pass: the centre positions of the
spheres are rendered as point sprites and the vertex
shader adjusts the screen space size of the point to
hold all the pixels of the projected sphere. For that,

the desired object-space sphere radius is passed as
homogenous coordinate of the vertex. The sign of
the homogenous coordinate is additionally used to
determine, whether the current sphere potentially
forms a metaball. If it can form a metaball, its ra-
dius is doubled in order to make the sphere enclose
the whole space where our density function (equa-
tion 2) does not vanish. In the fragment shader, the
sphere is then raycasted, and as long as it surely
cannot be part of a metaball the intersection point
between the viewing ray and the sphere just has to
be lit to complete the pixel [5].

If, however, the current sphere can form a meta-
ball, we must determine whether it actually does so,
and where the threshold valuet is reached for the
�rst time. For these purposes, we sample the den-
sity �eld within the in�uence sphere, whose bound-
ary we just have computed, while advancing on the
viewing ray until the end of the in�uence sphere. At
each sampling point, the density function is evalu-
ated on-the-�y for the current sphere and the ones
in their neighbour list. If the sum of the densi-
ties, which is the �nal density at the sampling point,
is suf�ciently close to the isovaluet, the sampling
ends.

Figure 4: In�uence of the recursive re�nement of
the isosurface. The colour denotes the length of the
ray from the surface of the in�uence sphere to the
isosurface in the density �eld. The leftmost image
shows the result for only ten sampling points, the
middle one for ten sampling points and four addi-
tional re�nement steps, and the rightmost one for
50 sampling points.

It requires, however, a prohibitively large number
of samples per pixel in order to �nd a suf�ciently
good isosurface in the density �eld. But the num-
ber of required samples can be effectively limited if
the sampling is stopped once the density is above
the threshold for the �rst time and the desired point
on the isosurface is then searched by bisecting the
previous sampling step recursively. Figure 4 shows
this effect for four recursive re�nement steps.



Once the isosurface of the metaball in the density
�eld has been found, the OpenGL-conform depth
of the fragment can be computed like for a normal
sphere or any other glyph. For lighting the metaball
surface, the normals are approximated as the sum
of the normals of the contributing spheres weighted
with the respective density contribution [8]. Since
the accumulated density on the surface results to
one, the weighted summation of normal vectors is
equivalent to the use of barycentric coordinates and
thus a legitimate interpolation.

3.2 The Walking Depth Plane

As we found that the texture lookup in the vicinity
texture poses heavy load on the graphics card (see
section 4), we tried an alternative approach without
using a texture-based data structure. The goal was
to remove the texture lookup as bottleneck and ad-
ditionally to avoid restraints on data set sizes due to
the available texture memory. The main idea of this
approach is to use multiple rendering passes to ap-
proximate the correct isosurface through a moving
plane of depth values.

Two frame buffer objects with 16 bit �oat RGB
channels are used to store the needed data. The �rst
buffer, called� -buffer from now on, is used to store
the depth of the pixel in image space, which approx-
imates the targeted isosurface in means of the dis-
tance from position of the camera in world space
coordinates. In a second channel of this buffer the
maximum distance value for the pixel is stored as
information for the termination criterion. The sec-
ond buffer — we will refer to this one as density
buffer — is used to evaluate the density �eld at the
depths provided by the� -buffer. Using these two
buffers, the algorithm works as follows:

3.2.1 Initialising the � -Buffer

The �rst rendering pass (Step 1 in �gure 5) is used
to initialise the� -buffer. The starting and maximum
depth values over all spheres for each pixel are cal-
culated by raycasting the in�uence spheres of each
particle. Depending on whether the starting or the
maximum values are calculated, the front or back
side of the spherical glyphs are raycasted. The min-
imum or maximum over all glyphs is determined us-
ing OpenGL depth tests. The pixels which are not
set by any fragment of these glyphs are initialised
using the clear colour value. Since these pixels will

1.: Initialize
•- Bu€er

2. : Evaluate
Density Field

3. : Change
•- Bu€er

4. : Generate  
Output Image

Density Frame
Bu€er Object

• Frame
Bu€er Object

Figure 5: The different rendering passes of the
Walking Depth Planeapproach, together with the
two frame buffer objects involved. The solid lines
represent the control �ow, while the dashed lines
represent access to the frame buffer objects.

never be part of a metaball, their values must only
trigger the loop termination criterion and have not
to be comparable to real� values calculated using
the initialisation sphere glyphs.

3.2.2 Evaluation of the Depth Field

After the initialisation step, the approximation of
the metaball surface is done by repeating steps 2
and 3 (see �gure 5). This loop and its termination
are controlled by the CPU.

The evaluation of the density �eld in step 2 is
very similar to the initialisation pass. The individ-
ual spheres are uploaded as points with the addi-
tional information of the in�uence radius of the den-
sity function. But instead of raycasting an implicit
surface of the sphere, the density function for the
sphere is evaluated at the position calculated from
the viewing ray of the given pixel and the depth
value stored in the� -buffer. All density portions
of all spheres are accumulated by performing addi-
tive blending on the �oat frame buffer the values
are written to. To improve the upcoming update
of the � -buffer the density �eld can be evaluated
at multiple depths at one time by summing the den-
sity at a speci�c depth in a separate channel of the



frame buffer object. Using a single RGB colour at-
tachment allows for evaluating the density �eld at
three positions at a time, which allow for a more
substantiated guess of the next sampling position.
A similar use of colour channels was presented in
[10] for performing RBF-based volume rendering
through splatting on up to four slices in one pass.

3.2.3 Moving the Depth Plane

The third step is to change the values of the� -buffer
and thus to move the surface described by these
values closer to the targeted isosurface. Since the
values are stored in a �oat colour attachment, they
can be increased and decreased using alpha blend-
ing and fragments with a colour value describing the
change step. It is also possible to use two� -buffers
used alternately. This way the calculation of the�
values for the next pass could not only consider the
evaluated depth value, but also the current� values.
However, since we wanted to minimise the use of
textures, we chose to use a rather simple oracle for
computing the step size and direction from only the
last� value.

The direction of the step is directly given by the
density value of the current pixel. If the density
is below the threshold, the step must go forward
into the viewing plane, and if the density is above
the threshold, we already missed the isosurface and
must step back. While this is intuitive, choosing a
step size is not. The radius of the smallest sphere
can be used as maximum step size. It is then still
possible to miss a rather thin connection between
spheres, but this is an intrinsic problem of any sam-
pling. However, in all of our data sets this problem
does not occur unless rendering time-dependent in-
terpolated data sets with changing molecule sizes.

To approximate the targeted isosurface with suf-
�cient precision, the step size must be decreased as
the density reaches the threshold value. This de-
crease is controlled by an oracle. Since the den-
sity is a summation from several density functions,
it is not possible to precisely determine the required
step size. Therefore, we use two simple heuristics
as our oracle. We can use the fact that in our molec-
ular dynamics data sets the spherical particles only
interpenetrate each other a little to our advantage
here. Hence, the summed density functions charac-
teristics does not differ dramatically from the indi-
vidual function. As approximation to these charac-

Figure 6: Metaball isosurface approximation af-
ter different number of iterations. Upper left im-
age shows �nal output image of theWalking Depth
Planeapproach. The other images show the con-
tent of the� -buffer after different numbers of itera-
tions (from upper right to lower left): directly after
initialisation, after 5, 10, 15, and 31 (�nal result)
iterations.

teristics we used quadratic attenuation for steps into
the viewing plane and linear attenuation for steps
out of the viewing plane: the step sizej� j is

j� j =

8
><

>:

� max (1 � ~D (~x)2) for ~D (~x) < t � �
1
2 � max ( ~D (~x) � 1) for ~D (~x) > t + �

0 otherwise

with � max being the maximum step size,t the
threshold,� the approximation tolerance, and~D (~x)
the summed density over all metaballs in the data
set at the position~x. Experimental results showed
that this oracle is quite effective. Figure 6 shows the
evolution of the� values using the oracle with a data
set consisting of rather huge metaballs formed by
several individual spheres, making it hard to predict
the correct step size as already mentioned above.



3.2.4 Terminating the Loop

The last issue to be solved is to de�ne and to evalu-
ate the criteria for terminating the iteration loop. As
the maximum step size is known, the required itera-
tions can be computed using this value and the size
of the bounding box. This, of course, is only true
as long as the oracle does not decrease the step size
adaptively. Therefore, the maximum number of it-
erations must be increased, e. g. by a factor of two.
For the data set shown in �gure 6, the calculated
value is 16 resulting in a maximum number of iter-
ations of 32, which is a very good prediction. How-
ever, if the sphere radii are quite small, as in most
of the data sets we present, the maximum number
of iterations gets overestimated. An overall iter-
ation maximum is used to prevent the application
from visually freezing. As second mechanism en-
suring the responsiveness of the application, a max-
imum execution time for the iteration loop is used: a
minimum frame rate can be de�ned, which will be
reached under all circumstances by early termina-
tion of the loop at the cost of worse approximation
of the isosurface in the background of the data set.
In our test runs we used a minimum frame rate of 1
FPS.

The last termination criterion of our software
is the approximation of the isosurface, which is
directly given by the density value calculated in
step 2. If this value is suf�ciently close to the
threshold, the pixel is marked as �nished, by setting
the value of the depth buffer of both frame buffer
objects to zero, which is done in one pass since both
frame buffer objects share the same depth attach-
ment. If a given percentage of all pixels is marked
as �nished, the iteration loop is terminated. Fig-
ure 7 shows such terminated pixels after a few it-
erations. The straight forward approach to evalu-
ate this criterion would be using occlusion queries
and count the created fragments relative to the size
of the viewport. However, this is not possible on
many systems, including all computers we tested
our software on, because occlusion queries seam
not to count fragments generated into a frame buffer
object. As fall back solutions, one could count all
texels with a value of zero in an additional render-
ing step or reading the whole image back and count
them on the CPU. However, the overhead for both
solutions is so big that it actually is the best idea to
abandon this criterion and to rely on the other ones,
which perform suf�ciently well.

Figure 7: The metaball of the same data set as
shown in �gure 6 after 5, 10, 20, and 30 iterations
(from upper left to lower right). The red colour
channel encodes the �nished pixels black (showing
the isosurface in cyan) and un�nished pixels red.

3.2.5 Shading

The �nal output image is generated by deferred
shading in step 4. After the iteration loop termi-
nated, the� -buffer holds the approximated distance
values of all required points on the targeted isosur-
face. In an additional rendering pass, the density
�eld is again evaluated at the positions stored in
the� -buffer for computing the surface normal vec-
tors and the colours similarly as described in sec-
tion 3.1. A �nal rendering into the real window's
frame buffer uses the values from the frame buffer
objects to write fragments with OpenGL-conform
depth and a colour calculated by a phong lighting
using the colours and normal vectors.

4 Results

As already mentioned, our goal was to interac-
tively visualise molecular dynamics data sets with
our metaball methods. Tables 1 and 3 show per-
formance measurements for six different data sets.
TheArgondata set (�gure 1) is a nucleation simu-
lation of argon with 5000 molecules. TheEthane
data set (�gure 9) — the largest in our tests — con-
sists of 25000 molecules and shows a nucleation
process in a supersaturated con�guration. Render-
ings of these two data sets using theWalking Depth



Figure 8: Disul�de
Bond Formation Protein
from the Protein Data
Base consisting of 1454
particles.

Figure 9: A nucleation
simulation of supersat-
urated ethane consisting
of 25000 elements.

Figure 10: Undersam-
pling artifacts when ren-
dering the ethane data
set with the Moving
Depth Plane and only
100 steps.

Figure 11: Missed
surface parts (arrow)
due to undersampling
by the Vicinity Texture
approach.

Planeapproach are shown in the video accompany-
ing this paper, captured in real time from the desk-
top. The data sets three to �ve,Sim-1(�gure 12,
bottom left image),Sim-2(�gure 12, top images)
andSim-3(�gures 6, 7 and 11), are generated test
data sets used while developing our software. They
were created using a random placement, only con-
trolling that the overlapping of spheres is limited.
The sixth data set,1A2J (�gure 8), is a Disul�de
Bond Formation Protein imported from the Protein
Data Base as example of the applicability of our
method to other kinds of data sets.

Table 1: Rendering Performance ofVicinity Texture
implementation. The processing time speci�es the
time needed to build up the required data structure
texture (view-independent) using a plane-sweep al-
gorithm.

Data Set # of Processing FPS
Spheres Time

Argon 5000 113 ms 0.1
Ethane 25000 2568 ms 0.2
Sim-1 100 < 1 ms 61.0
Sim-2 500 1 ms 4.0
Sim-3 100 < 1 ms 4.0
1A2J 1454 12 ms 0.14

Table 1 shows timing results for theVicinity Tex-
ture implementation. It is striking that the ap-
proach shows an extremely poor performance for
data sets with large metaball clusterings as our real-

Table 2: Number of potential metaball members in
the different data sets: Non-empty groups are the
spheres which have at least one neighbour which
is close enough to form a metaball with. Spheres
which can never form a metaball are counted as
empty groups. The last column shows the mini-
mum, average and maximum vicinity group size in
the data set.

Data Set Non-empty Empty Min/Avg/
Groups Groups Max Size

Argon 3684 1316 1/39.3/125
Ethane 24838 162 1/85.2/178
Sim-1 40 60 1/1.7/4
Sim-2 305 195 1/1.6/7
Sim-3 99 1 2/8.0/17
1A2J 1454 0 2/6.9/13

world data sets are. We attribute this to the tremen-
dous number of texture fetches required during the
on-the-�y evaluation of the density function. Es-
pecially noticeable is the fact that the frame rate
for the Sim-1data set is 15 times higher than for
the Sim-3 data set, although both consist of 100
spheres. Table 2 points out, why: it shows, how
many spheres are potentially part of a metaball, i. e.
have a non-empty vicinity groups, and how many
are normal spheres. As for theSim-3data set nearly
all spheres are potential metaballs, the number of
texture accesses is much higher than forSim-1. The
most extreme data set is the 1A2J data set, which



Figure 12: Results of the potential metaball detec-
tion during the preprocessing: metaballs and po-
tential metaballs are coloured red, normal spheres
cyan. The upper left image shows classi�cation for
the 500-element Sim-2 data set, the one right of that
shows a close up view of the center area. One can
see that actually only very few metaballs are gener-
ated. The lower row shows the Sim-1 and the 1A2J
data set. In the last-mentioned one, all spheres form
one large metaball.

forms one large metaball and therefore has no nor-
mal sphere (Figure 12, bottom left image).

One interesting fact about theVicinity Texture
approach is that it scales quite well with the im-
age resolution. The1600� 1200 rendering of the
Sim-1data set reaches the same frame rate as on
a 5122 viewport. We attribute this to the fact that
the texture fetching capability of the graphics hard-
ware is not completely utilised for the small num-
ber of fragments generated in the small viewport.
For theSim-2data set the frame rate drops from
4.0 to 2.0 FPS, because the number of �lled pix-
els, which cause time-consuming texture fetches,
increases while texture access posed heavy load on
the GPU already for the small picture.

Table 3 shows performance values for theWalk-
ing Depth Planeapproach. Since the approach does
not only depend on the complexity of the data set,
but also on the maximum number of iterations, we
provide rendering performance values for all six
data sets using exactly 100 iterations. Increasing or
decreasing the maximum number of iterations intu-
itively decreases or increases the frame rates. No

Table 3: Rendering Performance ofWalking Depth
PlaneImplementation for different maximum itera-
tion counts.

Data Set # of Maximum # of FPS
Spheres Iterations

Argon 5000 100 13
Ethane 25000 100 5
Sim-1 100 100 61
Sim-2 500 100 15
Sim-2 500 80 19
Sim-3 100 100 15
Sim-3 100 31 61
1A2J 1454 100 21
1A2J 1454 250 11

rendering, except for the rendering of1A2J with
100 iterations, created any visual artifacts due to in-
suf�cient number of iterations (see �gure 10). The
Vicinity Textureapproach can also suffer from typ-
ical undersampling artifacts like holes the in meta-
ball surface and from jittering of the surface nor-
mals (see �gure 11) as we often can afford only very
few sampling steps per pixel.

We ran our performance tests on an Intel Core2
Duo 6600 processor with 2.40 GHz, 2 GB memory,
and an NVidia GeForce 8800 GTX graphics card
with 768 MB graphics memory. The viewport size
was5122 for all tests.

5 Conclusions

In this paper, we showed how to interactively render
metaballs from large particle data sets. We tried two
different techniques, of which the �rst one turned
out to perform disappointingly with real-world data
sets. The tremendous number of texture accesses
required by this approach simply poses a too heavy
load on the graphics card, but the evaluation of the
density function only for fragments generated by
the in�uence spheres limits the impact of the view-
port size after all. As the current linear layout of
the vicinity texture is probably unfavourable with
regard to caching, it should be investigated whether
spatial grouping of the entries can improve the ren-
dering performance.

We described a second approach using multiple
rendering passes to approximate the surfaces of the



metaballs. Its rendering performance is quite good
on state-of-the-art GPUs, and as it does not require
any pre-processing it is even possible to visualise
time-dependent data sets on the �y. However, the
rendering speed is tightly connected to the viewport
size and the method may generate visual artifacts if
the number of iterations is insuf�cient. The current
termination criteria and estimation of required iter-
ations cannot effectively prevent these if the size of
a molecule changes over time and falls below the
pre-computed maximum step size.

Another problem is noticeable in �gure 7 when
comparing the upper right and lower left images.
Although ten iterations lie between these images,
the differences are almost indiscernible. We at-
tribute this to the fact that the empty space between
the spheres cannot ef�ciently be skipped without
additional effort. Therefore, empty-space-skipping
is a feature we want to implement in the future.

We also hope that this and further optimisations
can improve the rendering performance to interac-
tively handle data sets consisting of hundred thou-
sands of particles, which are not uncommon in the
application area of our software, and to support
larger output sizes.
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