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Scalable Hybrid Unstructured and Structured Grid Raycasting

Philipp Muigg, Markus Hadwiger, Helmut Doleisch, Helwig Hauser

Abstract — This paper presents a scalable framework for real-time raycasting of large unstructured volumes that employs a hybrid
bricking approach. It adaptively combines original unstructured bricks in important (focus) regions, with structured bricks that are
resampled on demand in less important (context) regions. The basis of this focus+context approach is interactive specification of a
scalar degree of interest (DOI) function. Thus, rendering always considers two volumes simultaneously: a scalar data volume, and the
current DOI volume. The crucial problem of visibility sorting is solved by raycasting individual bricks and compositing in visibility order
from front to back. In order to minimize visual errors at the grid boundary, it is always rendered accurately, even for resampled bricks.
A variety of different rendering modes can be combined, including contour enhancement. A very important property of our approach
is that it supports a variety of cell types natively, i.e., it is not constrained to tetrahedral grids, even when interpolation within cells is
used. Moreover, our framework can handle multi-variate data, e.g., multiple scalar channels such as temperature or pressure, as well
as time-dependent data. The combination of unstructured and structured bricks with different quality characteristics such as the type
of interpolation or resampling resolution in conjunction with custom texture memory management yields a very scalable system.

Index Terms —Volume Rendering of Unstructured Grids, Focus+Context Techniques, Hardware-Assisted Volume Rendering
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1 INTRODUCTION

Unstructured grids are an important volumetric representation ththough CFD simulations are commonly computed on a per-cell ba-
is especially common in the field of computational fluid dynamicsis ell-centered datg visualization with interpolation usually builds
(CFD), e.g., simulations of engineering problems computed with fn data values given at the vertices of the guidr{ex-centered daja
nite volume methods. Real-world simulation grids are often compriséichecessary, conversion between these different representations can be
of a variety of cell types, such as tetrahedra, hexahedra, octahe¢erformed. The main problem, however, is how to perform interpola-
and prisms. However, most rendering approaches convert generaltigrn when rendering general unstructured cell types. Cell projection
structured grids into tetrahedral grids in a pre-processing stage agdisually restricted to tetrahedral cells and thus linear interpolation,
only handle tetrahedra during actual rendering. This subdivision ., barycentric interpolation within individual tetrahedra. An impor-
more complex cells into linear subcells, however, naturally preveri@nt goal of our work is to be able to render the original cells, and
interpolation of eC1-continuous function within non-tetrahedral cells thus also to perform consistent interpolation in these cells. A power-
Thus, it is desirable for many real-world applications to avoid tetrdul method for interpolating general polygons anean value coordi-
hedralization for rendering, which is a major goal of our renderingates8], which have been extended for closed triangular meshes [13]
method. Naturally, another challenge for rendering is the number @fd for general polyhedra [17]. Our method offers different interpo-
cells, which can easily be several hundred thousand or even millidagon options and builds on mean value coordinates for high-quality
of cells. Avoiding tetrahedralization also reduces the number of ceierpolation in general cells.
that need to be rendered significantly. Figure 2 shows a dataset of &he approach presented in this paper renders large, and possibly
generator that contains six million cells of mixed type (for one timéme-dependent, unstructured grids in real-time by performing raycast-
step), which can be rendered interactively by our system. ing through a hybrid unstructured and structured brick subdivision of

The four main approaches for GPU-based rendering of unstructuié@ original unstructured grid. We employf@cus+contexapproach
grids arecell projectionvia the projected tetrahedra algorithm [22],where the goal is to render as many bricks as possible using the orig-
raycasting[29], resamplinginto a structured grid followed by render- inal cells, especially bricks in théocus and render less important
ing this grid instead of the original unstructured grid [33], gmint-  bricks in thecontextusing a structured grid obtained via on-the-fly re-
based approachef85]. One of the most important problems whersampling. Focus and context regions are selected via interactive speci-
rendering unstructured grids is to obtain a correct visibility order. Cdication of a degree of interest (DOI) function [5]. DOI value0nl]
projection and point-based approaches require explicit visibility so@r€ specified for each grid vertex or cell, and constitute an additional
ing to be performed, which is a major bottleneck of these method®lume that is always used during rendering in addition to measured
Raycasting approaches implicitly produce a correct visibility orde@r simulated data values such as temperature or pressure. That is, our
and thus do not need to perform explicit cell sorting at all. This progystem handles multi-variate scalar data and at any one time renders
erty is a huge advantage of raycasting approaches and makes tlg& selected scalar channel such as temperature in conjunction with
competitive with cell projection when for the latter not only the timghe scalar DOI function. The original grid cells are never subdivided
for projection and rendering but also for sorting is considered. Oiftto tetrahedra, but are rendered directly using one of several options
framework employs raycasting as basic rendering method, but in cd@t data interpolation. Scalability is mainly achieved by combining:
trast with similar approaches does not require the entire grid to bee Unstructured and structured bricks (hybrid rendering)
resident in GPU memory due to bricking. o o Different structured brick resolutions

Another important problem is how data interpolation is performed. « Different interpolation options and adaptive sampling rate

e Distinguishing between focus and context regions
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Fig. 1. Overview of our hybrid raycasting pipeline. In a pre-processing step, the grid is subdivided into a kD-tree hierarchy of bricks. Given the
current degree of interest (DOI) function, bricks are classified for rendering as unstructured bricks, resampled into structured bricks, or “empty”
bricks that will be rendered as grid boundary only. Direct volume rendering of bricks proceeds in front to back order with one raycasting pass per
brick, determining ray start positions based on depth peeling, and also rendering the grid’s boundary geometry in correct visibility order.

e Exact grid boundary visualization and rendering of structured grids [16, 32, 2]. Client/server architec-
e Scalability in image quality and memory consumption tures also are a very powerful approach to rendering very large un-
structured grids [3]. Another possibility to render unstructured grids is
to resample them into a structured representation for rendering, which
) ) can also be performed hierarchically [18]. Powerful resampling algo-
The most common object-order methods for rendering unstructurgghms have been developed, especially in order to leverage the ras-
grids are based on the Projected Tetrahedra algorithm [22], which saglization power of GPUs [28, 33]. A recent approach is to use a re-
ples tetrahedra only at their bounding faces. Depending on graphigsmpling strategy on-the-fly during rendering [10]. Many cell sorting
hardware features, the volume rendering integral can be solved usifi also raycasting techniques require non-convex grids to be convex-
improved accuracy [24], with the best results generally achieved fed [14, 19] before they can be rendered. Our approach circumvents
pre-integration [20]. However, a major performance bottleneck of gl by using a depth peeling approach [7, 1].

PT variants is the need for explicit visibility sorting. A variety o_f POW-  The hybrid renderer discussed in this paper has been implemented
erful_sortlng approaches have been developed [34, 24, 23], _|nclud|é)§ a plugin for the SimVis system [5]. Here multiple linked views
hybrid CPU/GPU methods such as HAVS [4]. An explicit sorting stegre ysed to concurrently show, explore and analyze different aspects
is also required by most point-based methods for rendering unstryg-my|tj-variate data. 3D views of the volume can be used to visu-
tured grids [35]. Point-sampling strategies have also been employage features which can be specified interactively in several types of
successfully for simplification of very large unstructured grids [27hyripute views, e.g., scatterplots or histograms. The user chooses to
However, the sorting step required by all object-order methods cgiaally represent selected data attributes in such a view, thereby gain-
only be neglected when commutative blending modes such as purgly insignt into the selected relations within the data. Then, the in-
emissive volumes [30] are used. In contrast, image-order approac sting subsets of the data are brushed directly on the screen. The
such as raycasting [29, 11] are usually slower in pure rendering Peksyit of such a brushing operation is reintegrated within the data in
formance than cell-projection techniques, but compensate for this f§¢t form of a DOI volume. This DOI attribution is used in all views
by the lack of an explicit sorting step. Raycasting approaches are aljGne analysis setup to visually discriminate the interactively speci-
very er_X|bIe, e.g., with respect_to adgptlve sar_nplmg, ar_1d are a naflkd features from the rest of the data in a focus+context visualization
ral choice when complex non-linear interpolation techniques such &$ie which is consistent in all (linked) views. In the SimVis system
mean value coordinates [13] are desired. For structured grids, GBldooth brushing [6] (enabling fractional DOI-values) as well as the
raycasting approaches have also been shown to work very well [1flyical combination of brushes for the specification of complex fea-
In order to tackle very large volumes, many approaches employ a higlres (based on multiple data attributes and derived information) are
archical subdivision, e.g., octrees for a multi-resolution representatlgﬁpported_ As a part of this system the presented raycasting method
fully complies to the feature-based focus+context visualization con-
ventions used throughout SimVis.

2 RELATED WORK

3 HYBRID RAYCASTING

Figure 1 shows an overview of our hybrid raycasting pipeline. It
consists of three major stages. The first stage (Section 3.1) is a pre-
processing stage that subdivides the entire unstructured grid into a kD-
tree hierarchy by clipping grid cells against kD-tree leaf boundaries,
which determines the bricks used in the interactive stages.

The second stage (Section 3.2) must be invoked whenever the de-
gree of interest (DOI) specification or selection of scalar data chan-
nel such as “temperature” changes, which is done interactively by the
user. According to the DOI, bricks are classified in order to deter-
mine their importance and corresponding rendering quality and style.
Furthermore, the scalar data in a brick also influence the choice of
rendering quality. With regard to quality, the major choice is whether
a brick should be rendered in its original unstructured form, or as a
lower-quality structured brick. The latter are obtained by on-demand
resampling whenever a brick that has not been resampled before is re-
quired in structured form. Finally, when the DOI for all values in a
Fig. 2. The SimVis system in conjunction with our raycasting method  brick is zero, it is classified as “empty” brick, which means that only
showing high/low temperature (red/green) regions and low pressure itS contained geometric grid boundary is rendered. Note that brick
(vellow) regions within the Generator dataset which contains approx.  classification is not necessary for every rendered frame, but only when
1P cells. the user actually modifies the DOI or selects a different data channel
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to display.

The final stage renders all bricks in front-to-back visibility order b
rendering the contained mesh boundary and performing direct volui
rendering of the mesh interior. This stage is invoked whenever a ni
view needs to be generated. In order to generate the final image,
kD-tree is traversed in front-to-back visibility order, raycasting eac
encountered brick in turn and performing compositing in the outp
image buffer. As illustrated in Figure 3, viewing rays can traverse di
ferent brick types, and the sampling pattern and kind of interpolatic
along each ray is adapted to the current underlying brick type. Esj
cially due to the hybrid nature of our pipeline, the transition betwee
individual bricks must be handled with care (Section 3.3). Raycastil
of individual bricks depends on the underlying type, such as unstrt. .. _ . centric interpolated sample
tured bricks (Section 3.4) or structured bricks (Section 3.5). For eat == mean value interpolated sample
brick, the front-most mesh surface in the brick is rasterized first, in o/ =@ linearly approximated sample
der to obtain ray start positions. The mesh surface itself is rendered ~# trilinearly interpolated sample
well, and direct volume rendering with one of several user-selectable
optical models is performed in the interior of the mesh between an o i ) i
two successive mesh boundary intersections. This ensures that fife3: This illustration shows two different view rays through an unstruc-
original mesh boundary is rendered accurately and consistently evefy€d (1€ft) and structured (right) brick. The different sampling types are
where and independent of actual brick types. Non-convex parts of fi gresemed by the colored dots along the rays.
mesh are handled using a depth peeling approach. For empty bricks,
the mesh boundary is rendered using regular depth peeling [7]. For un- ) ) ) )
structured bricks, the raycaster is started multiple times in order to ci¥d Passes, when treated as one entity. But with the introduction of a

each depth layer individually and perform proper compositing [31]. SPatial subdivision scheme the number of depth peels, which have to
be used to produce a correct visualization can be reduced greatly be-

3.1 Spatial Subdivision cause of the implicit visibility order of the bricks within the kD-tree.

Using a spatial subdivision scheme to cope with large datasets i 8 g ick Classification
common approach, when dealing with structured data volumes. Bu ) )
until now subdivision has only been used on unstructured data whigiice every brick of the data volume is treated separately by the ren-
has been resampled to a structured grid [18]. The hybrid raycasti#@fer itis possible to distribute processing and memory resources bet-
method proposed in this paper is based on a kD-tree decompositiéh favoring important portions of a dataset over less interesting re-
of the original unstructured data volume into bricks, which allows fd@ions. In order to determine the importance of a brick’s contents
several optimizations. We decided to use a kD-tree, since it provid®§ propose to combine three different simple measures, which can
better control over the number of entries in its child nodes than cof€ evaluated efficiently. The first measure is the average DOI value
parable subdivision schemes like Octrees. It is important to note, ti¥éithin a brick, which represents the interest, a user has specified for
every brick’s contents have to be properly clipped to its boundariesita contents. Additionally the entropy of the histograms of the DOI
order to guarantee correct composition of the individual brick rendedd the scalar fields within a brick are added to the measure in order
ings. Depending on the bricks representation three different clippif reflect its information content. All three measures result in values
methods are used: A CPU based cell intersection algorithm yieldifig[0, 1] and are weighted equally. Now the individual bricks can be
the intersection polygon for structured bricks, a GPU based intersé€rted based on their importance and texture memory resources can be
tion approach based on clipping a quad to a cell’s interior for unstrugistributed based on this order. The original unstructured grid data of
tured bricks and simple clipping planes for the boundary of empfybrick is used as long as enough memory is available. If bricks exist,
bricks. The depth of the kD-tree is determined by limiting the numbayhose contents wont fit into the portion of texture memory allocated
of cells and vertices within a brick to 64K, which allows for memJor unstructured data, a small 3D-texture is allocated and resampling
ory savings when storing unstructured grid topology. If time-varyint§ performed. Since empty bricks do not need any volumetric repre-
meshes, as described in Section 5.2, have to be visualized the bfertation they are ignored by the memory management system.
decomposition is performed for every timestep (this is not necessary ) .
for time-dependent data specified on static grids). 3.3 Inter-Brick Ray Propagation
An important advantage of the spatial subdivision is that we are ng¥n important issue in bricked volume rendering is that the transition
able to apply straight forward optimizations commonly used by bridketween individual bricks does not introduce visual artifacts. Natu-
based structured volume visualization approaches to unstructured datly, this issue is especially important in a hybrid bricking scheme
as well. We perform view frustum culling on the individual bricks, anguch as the one presented here. Specifics of raycasting unstructured
empty bricks are skipped entirely (by the volume renderer), helping Bad structured grids, respectively, are described in the two following
to distribute resources only among visible portions of the data. Besidgsctions, whereas this section highlights common details and describes
these obvious advantages of using a spatial subdivision, it also hefpsy rays are propagated from brick to brick.
us dealing with highly non convex meshes more efficiently. Many Each ray cast through a brick starts either at the front-most mesh
datasets from the engineering field have very complex surface georbgundary contained in the brick, or at the intersection of the brick
tries (see Section 5.1), which would require a high number of rendgjoundary with the interior of an unstructured cell. This is true for both
unstructured and structured bricks, and ray start positions are obtained
via rasterization of either mesh boundary faces or cell/brick-boundary

Celltype Faces \Vertices Min. No. of Tetrahedra intersection geometry. Compositing is performed in front-to-back or-
Tetrahedron 4 4 1 der using two compositing buffers that are used alternapéhg¢pong
Pyramid 5 6 2 blending.

Prism 5 6 3 Figure 3 shows the two most important cases for ray traversal from
Octahedron 8 6 4 one brick to the next. In a single rendering pass, each ray stops either
Hexahedron 6 8 5

when the mesh interior is exited, which may happen multiple times in
o a single brick due to non-convex mesh geometry and depth peeling,
Table 1. Cell types supported by the SimVis system. or when a back-face of the brick bounding box is hit. Depending on
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these cases, raycasting in the next brick continues either at the e
same location where the previous ray segment has stopped (lower
in Figure 3), or continues where the ray re-enters the mesh inter
(upper ray in Figure 3). This property is consistent between bric
transitions of the same type (e.g., unstructured to unstructured) &
mixed type (shown in Figure 3).

Within a brick, non-convex mesh geometry is handled via dep
peeling, and thus raycasting may be performed in multiple renderi
passes. In principle, each subsequent pass continues at the nex - -
entry position behind the depth, where the previous pass has stopp mm ; Luminance 8Bit Fixed Point
until the last depth layer has been traversed. The number of requir === Alpha — 16/32Bit Floating Point
rendering passes is determined via OpenGL occlusion queries, whi ™88 RGB - 9
determine whether rendering an additional depth layer is necessary.

Note that the maximum numbe_r of d_epth layers V.V'thm a _Slng_le bnqj—ﬁg. 5. Different texture sets and the textures contained within them.
is much lower than for the entire grid. Thus, bricking significantly
reduces the number of rendering passes due to depth peeling and thus
alleviates its potential performance impact.

Cell Texture Set Cell Face Texture Set Vertex Texture Set
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ber of entries for all cells in the brick. As shown in Table 3 this is fea-
3.4 Unstructured Bricks sible since cells with a high number of faces are more commonly used
) . ) ) within unstructured meshes in order to reduce the number of volume
Our raycasting algorithm for unstructured bricks is based on the Wogkements which have to be simulated. Th{i) - fmax) /256] rows
of Garrity [9] and Weiler et al. [29, 31] for tetrahedral meshes. Howsaye 1o e allocated in the cell face texture set for a brick with cells
ever, we perform dlrec_t raycasting of non-tetrahedral _c_eIIs W|th_out P&5ntaining a maximum number Gfaxfaces. Indexing within this data
forming a (often ambiguous) tetrahedral decomposition, which usictyre is straight-forward: a linear transformation of the index used
ally introducesC" discontinuities of the interpolated scalar within & the cell texture set suffices. Each face data item stores four vertex
cell. Figures 4 (a) and (b) show volume renderings of two differeftjexes that can be used to look up the corresponding vertex data in
tetrahedral subdivisions of an octahedron, with color representing i cell vertex texture set. Overall, this data organization scheme is
influence of the top-most vertex. In contrast, Figure 4 (c) uses Ogsigned for fast and simple access to the data and topology of the un-

algorithm without decomposition, and interpolation using mean valygylying mesh. At most one indirection has to be used to retrieve the
coordinates. complete data for one cell.

Data and Memory Management:  Raycasting of one brick is  Raycasting: ~ The raycasting process itself consists of two ma-
performed for small submeshes of the whole dataset, which have tojeparts: ray propagation through the grid, and sampling the scalar
represented efficiently in texture memory. We employ a custom mefmction within a cell in order to evaluate the volume rendering inte-
ory manager to distribute texture resources between bricks. Figurgral. Rays are started by rasterizing the surface of the mesh in order to
shows the three different types texture setsve are using to store write encoded cell indices into the red and green color channels. Since
the data of unstructured bricks: tkell texture setcell face texture we limit the maximum number of cells per brick to 64K, two channels
set andcell vertex texture sefThe cell texture set stores the numbeiwith 8 bits each are sufficient. Additionally, the face through which a
of faces of each cell. For cell-centered data, it also stores the per-gal} enters a cell is encoded in the blue channel. If a cell is clipped by
DOI and the data scalar. The cell face texture set stores the neighhie brick boundary, this is indicated in the blue channel as well. Dur-
ing cells’ indexes, face plane equations, and vertex indexes. The ¢a} ray propagation, only cell-centered and cell face information is
vertex texture set stores vertéx y,z) position, and per-vertex DOI ysed, which can be directly addressed allowing for rapid evaluation of
and data scalar. Each texture set is comprised of one or more 2D tg¥ face through which a ray exits the current cell. This is achieved by
tures of size256x rmax, Wherermax is the maximum allowed size of intersecting the ray with all face planes and choosing the intersection
a 2D texture (or less). Using textures of width6 allows to quickly closest to the entry point in the ray’s direction [9].
obtain 2D coordinates from a 1D index by using the lower 8 bits di- S i d Int lation: Th | dering int |
rectly for indexing within a row, and the higher bits for addressing the ampling and Interpolation. € volume rendering integral
row relative to a row base index known for each brick. For each brick aﬁpml)flmated by Samp"“g the DOI and scalar data volumeslwnhln
as many consecutive rows as necessary are allocated, forcing an i pen ce and compositing the corresponding opacities and colors ac-

gral number of rows to make address computations simpler. l.e., %rding to one of several optical models (Sect_ion 4). In contrast .With
number of allocated rows in the cell texture set for a brick containi proaches for tetrahedral cells, sampling a single cell multiple times

n cell isn/256], where in our implementalion— 64K. 1 Obiain Scalar values at arilary posiions witin & cel. e employ.
In order to avoid storing an additional index that points from Ceﬂo an value coordinates for inter, ):)I%ltion as introduced b, FIoateE [8)]/
data to face data, we use a simple trade-off: In each brick we know rtgf P y '

maximum number of faces per cell, and allocate this maximum num- d generalized t_o triangular 'me§hes b_y Juetal. [.13]' The following
important properties make this kind of interpolant ideal for our pur-

poses:
1. Convergence toward 2D barycentric interpolation on cell faces.

A ‘ 2. Proper reconstruction of linear functions sampled at cell vertices.
3. Efficient evaluation without much cell topology information.

The first property guarantees that the interpolated function

f(X) _ Ziwi(x) fi , (1)
%W (X)
(@) (b) () with scalar values; at the cell vertices, and interpolation weighis

is C%-continuous across cell boundaries. Close to a cell face, only
Fig. 4. Comparison of the influence of the top-most vertex of an octahe-  the vertices of this face contribute to the interpolation. The second
dron in two different tetrahedralizations (a) and (b), and the original cell  property implies that the linearity of 3D barycentric interpolation of
using mean value interpolation (c). a tetrahedral decomposition of a more complex cell is not lost. For a
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linear functionf, (x) sampled at the vertices, the interpolated functiofinearly (), and the maximum length of a ray segment along which

f,(x) = f,(x). Since the weighte (x) have to be evaluated efficiently @ Scalar is considered to be constdg}. (Thus | /I, | mean value
in order to allow for interactive frame rates, and texture memory famples are computed for a ray segment within a cell, where
limited as well, the third property is also of very high importance. Alfhe length of the ray segment. We have chosen to distribute the sam-
vertex weights can be computed by treating each cell face separaf¥li/d positions evenly to avoid mean value coordinate computations
without considering adjacent faces. Each vertex weigluan be split n€ar the face through which the view ray exits, which degenerates to-

up into componentd; that are contributed by the facg¢hat contain wards barycentric interpolation anyway. The paraméfés used to
the vertex at indek. NowWw; can be evaluated for positionas determine how _many_samples should be tak_en m-bet_wee_n two mean
I value/barycentrically interpolated values by interpolating linearly, as

n. -m. shown in Figure 3. Againse/Ic| equally-distributed samples are com-
W (X) = ke (2) puted and evaluated, whesgis:
e njk'(pjk_x)
S
. - . . S E— 4
Here,pjk is the position of vertek in face j, andnjk the normal of the S L51 /llJ +1 Q)

plane defined by the positionand verticek + 1 andk + 2 of face j.
The vectorm; is the so called mean vector of fagewhich can be Both parameters can be used to specify several special cases that can

computed as either be used to render preview images or to produce high quality pre-
3 sentation visualizations. By settirgg larger than the diameter of the

m; = z ijnjk. (3) largest cell's bounding sphere, only barycentric samples are computed

k=1 at the cell's faces. This reduces rendering complexity tremendously

Figure 6 illustrates the nomenclature used in greater detail. For a maRé results in highly interactive framerates even for large datasets. In
elaborate description of mean value coordinates see the original puBlider to create very high quality imagescan be specified far smaller
cation by Ju et al. [13], who additionally propose several optimizatiof8an the largest cell, ang larger thans, which forces the raycaster
to enhance the numerical robustness of their approach in the vicinig/Perform only mean value interpolation.
of the polyhedron’s faces and vertices. )

Evaluating all contributions of the vertices of all cell faces to on8-5 Structured Bricks

sample position means iterating over all faces, which implies that thgirthe brick classification step (Section 3.2) determines that a brick
vertex data either have to be stored temporarily while sampling a c&lhould be rendered in structured form, all unstructured cells contained
or have to be read from the corresponding textures for each sampieor intersected by the brick will be resampled into a single 3D tex-
In order to avoid re-computations, as well as too many temporariggre. The resampling resolution depends on the number of unstruc-
we use the following optimization: Instead of computing all samplegired cells in the brick instead of its volume. For this purpose, a uni-
one by one, the contribution of each face to all samples is computed@m distribution within the brick is assumed in order to guarantee
once. Thus, only the data corresponding to one face and three scal@mory savings over the unstructured representation.nfeels in
values per sample have to be stored temporarily while sampling a cglle brick, we use a power-of-two resolution that is not smaller than
the current scalar value, DOl value, and the accumulated weight whigh for the longest brick axis.
is used to homogenize the samples after all faces of a cell have madg this work, we are not focusing on the actual algorithm used for
their contributions. resampling, as any existing method could be used for this purpose,
Sample Distribution:  Since the computation of mean value co£.9. [33]. Currently, we are using a very simple and fast CPU-based
ordinates for a sample is expensive (it involves several cross produ¢gsampling algorithm that still achieves good results. Basically, the
normalizations, and an inverse trigonometric function to compute tR€alar values at the resampling locations are determined by Gaussian
arc lengthg, ), it is desirable to distribute mean value samples caréplats positioned at the cell centers. The size of these splats is chosen
fully. Thus, mean value interpolation is only used in a cell's interiofccording to the cell size, and modified if necessary such that even
distributing the samples equally along the ray segment within it. sirf€lls that are much smaller than a single voxel still contribute to the
ple barycentric interpolation is applied to compute scalar values at tRi@ht surrounding voxels. o
ray-face intersections. In order to further improve the image qual- R@ycasting of the resulting structured bricks is performed by ras-
ity without sacrificing much performance, additional samples can §g/1Zing the mesh boundary in order to obtain ray start and end posi-
computed between the positions of the already computed samplediBS respectively. In order to handle non-convex grids and skip all
linearly interpolating between them. If only one scalar volume is use@lTPty space, we use a modified depth peeling approach [31], where
pre-integration methods from tetrahedral grid raycasting could be 4f& humber of raycasting passes is determined by the number of depth
plied [20] instead of computing multiple linearly interpolated sampled2Yers. Depth peeling also makes rendering the geometric grid bound-
In order to steer the performance/image quality of the visualiz&Y N correct visibility order straight-forward. The main difference
tion, two parameters are used by the raycaster for unstructured bridfsrégular volume raycasting [15] is that rays are started and stopped,

The maximum length of a ray segment which can be approximaté%SpeCtively- at exactly thosz_a positions where a ray enters and exits_the
unstructured mesh, respectively. The mesh boundary is rendered into

two floating point textures: The first one for the position of the ray
entry point, and the second one for the ray exit point. Depth peeling is
also performed separately for ray entry and ray exit positions, respec-
tively. The main reason for this is that common simulation approaches
such as coupled heat transport and flow simulation result in meshes
where interface faces are duplicated, i.e., both the front-face and the
back-face are present in the mesh. Section 5 describes an example.
The sampling rate for structured bricks is chosen to be consistent with
unstructured brick rendering. The paramdtedescribed in the pre-
vious section that determines the maximum distance between two lin-
early interpolated samples in unstructured bricks also determines the
sampling rate of structured bricks. As shown in Figure 3 and described
Fig. 6. Mean value coordinates are based on the projection of all faces  in Section 3.3, the actual positions of samples are chosen such that the

of a polyhedron onto a unit sphere centered at the position for which the  visibility of the brick boundary between different brick types is mini-
coordinates are computed [13]. mized.
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ax) = A(X)-fa, (8)

wheret, (-) is a tent function centered @15 in the interval[0, 1], and

sy (X) is the scalar valug(x) mapped and clamped from the interval
[t min tfmax t0 [0,1]. These equations have to incorporate the DOI
function in order to ensure that bricks willOl(x) = O for all x also

use a constant opacity of zero. For such bricks only the boundary
will be rendered. Thus, the smooth iso-surface created by this optical
model can additionally be clipped smoothly by specifying an adequate
DOI function. The equation for assigning color values to a sample is
similar to equation 5:

c(X) =A(x) -ty (s(x)) + (1-A(x)) -q. 9

By usingA (x) to modulate the resulting color the lack of proper shad-
ing of the smooth surface can be somewhat compensated. Rays only
touching the surface will gather more dark samples; (i§ set to zero)

Fig. 7. Two different boundary rendering techniques (surface and sil-  than rays intersecting it, which results in dark silhouettes. This “shad-
houette enhancement) combined with two different optical volume mod-  ing” approach is similar to limb darkening [12].

els (standard DVR and smooth iso-surfaces) to four different rendering It is important to note that besides the optical model for volume
modes. High turbulent kinetic energy (TKE) is brushed and pressure  rendering the boundary visualization is of very high importance to the
mapped to color in the DVR images and used as parameter for the iso-  gyerall visualization approach presented in this paper. Datasets from
surface visualizations. the engineering field very often contain complex surfaces which can be
of high interest to the user if they interact with the simulated phenom-
ena. Therefore, we have decided to treat the mesh surface as context
4 RENDERING MODES information which can be visualized using different boundary visu-
The hybrid raycasting method proposed in this paper has to deal Wiifiyation techniques. Figures 7 (a) and (c) show silhouette boundary
two different data volumes simultaneously: the scalar field of the ugisualizations, whereas Figures 7 (b) and (d) have been created using
derlying dataset (e.g., temperature), and the scalar DOI function spgignple shaded transparent surface rendering.

ified by the user. In order to visualize this multi-volume, several ren- Sjlhouette rendering is realized by directly assigridgdo the color
dering modes can be selected by specifying a boundary visualizatigithe boundary sample and computing the corresponding opacity as
technique, and an optical model for direct volume rendering. Figurefdliows:
illustrates all four combinations of two different optical models and a = (ns'V)4‘Ca- (10)
boundary visualization techniques. Table 2 summarizes the major pa- o .
rameters and the underlying data required. The most common rend®/fth this approach only a minimal amount of the data volume is ob-
ing mode uses an emission/absorption optical model without gradieftiucted by the boundary visualization, which, however, still provides
based shading. In order to compute a caipr) at positionx based Proper contextual cues to relate the selected flow features to the overall

on the scalar data volume in combination with the DOI function, thgeometry of the dataset.

following transfer function is used: If the surface of a dataset is extremely complex and the silhouette
visualization becomes too cluttered, semi-transparent surface render-
c(x) = DOI(x) ~th(s(x)) + (1— DOI(x)) Q. (5) ing can be used. Then, a simple diffuse lighting equation is evalu-

Lo . . ated based on the surface normal and directional light sources in and
The opacity is linearly derived from the DOI function: against the viewing direction. Thg, parameter is directly used as
a(x) = DOI(x) - fq. (6) opacity. Even though this boundary _visualization tec_hniqye c_nbstructs

the data volume stronger than the silhouettes, the visualization result

Figure 7 (a) and (b) show this optical model applied to a small codk less cluttered. This allows the user to make a trade-off between a

ing jacket dataset in which regions of high turbulent kinetic energstear visualization of flow features with minimal geometrical context,

have been selected smoothly. Color values represent the correspand less clear feature visualization that is embedded better in the sur-

ing pressure within the volume. The context luminagde set to zero rounding mesh. Which approach should be favored highly depends on

to emphasize the structure of the selected data region. the inspected dataset and the features of interest.

The second optical model shown in Figures 7 (c) and (d) creates vi-
sualizations that resemble smooth iso-surfaces. The windowed sc&larAPPLICATION RESULTS
data interval frontf . to tf ..., is used to determine the opacity of aln this section some example applications of the hybrid raycasting al-

sample through the following equation: gorithm in conjunction with the SimVis system are presented. Two
_ very different datasets are used to demonstrate the power of our ren-
A(X) = DOI(X) o (s(x)) (") dering approach. Furthermore some image quality and performance

considerations are presented.
Due to space limitations some of the presented images for this

Rendering Mode Parameters Available Data licati ; h I hiah lity i I
. global opacity of focus BOI(x) DO function app |cat|or]] s?]ctlon ar:a ratl gr r?ma , higher qua |tyd|mages as '\IN?JI
o, gobalopaiyolcomen %) scalsria 2 SOE ST el and e sccompanyng o are avaiabe
C global luminance of context v view direction h bridRCp l pag ) '
be boundary color Ns surface normal 'Y :
tf(s)  user-defined transfer function 5.1 Large Data
tf in lower windowing bound

The generator dataset is courtesy of Arsenal Research, Vienna Austria
S—tf . and Traktionssystem Austria. It contains one sixth of the geometry of a
thw(s) =t (g ") windowedtf generator (the remaining five sixth are symmetrical). The data volume
itself consists of two parts: the solid portion of the generator and the

Table 2. User-definable parameters, and the data available to the differ-  air surrounding it. Both parts are separate meshes which touch each
ent boundary and volume rendering algorithms. other on a common surface. The problem, which has been modeled

tfmax  upper windowing bound
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Dataset | Tet. Pyra. Prism. Hexa| Overall Tetrahedralized Bricks | Interact.  Static. Presentation
Generator 55.4% 0.6% 23.9% 20.1% 6,729,806 15,405,842 284 940ms 2969ms  22s

Large Cooling Jacket 0.2% 52% 9.3% 85.3% 1,537,898 7,149,388 57 262ms 1109ms  2430ms
Two Stroke Engine | 0.8%  4.3% 8.4% 86.5% 149,864 700,091 8 50ms 153ms 153ms
Small Cooling Jacket 0.2% 1.3% 2.1% 98.4% 76,816 377,170 2 53ms 784ms 784ms

Table 3. Various datasets used throughout this paper.

within the dataset, is the cooling of the generator. Thus heat transp - combustion chamber

gasoline direct injection lost fuel
and dissipation has been simulated for the solid portion of the datasp exhaust system JL &/

while air temperature and flow has been computed for the surrounditintake -

air.

The grid itself poses multiple challenges to the visualization sy:
tem. First of all the mesh surface has a very high depth complexi

which means, that many depth layers have to be rendered to prod
the final visualization. Even when decomposed into 284 bricks eve
brick contains between 2 to 8 depth layers (depending on the vit
port). On average 5 depth layers have to be rendered. Since ne
all state of the art methods can only handle tetrahedral volume ce
the generator dataset would have to be tetrahedralized to be visuali

RS

A
\ —~——
\ |
- ca=190° LS\ ca=215°

exhaust closed ignition

- /-! scavengable fuel .
U Ty M )
b~ P ) =
Wy 1 .

e\ ca=240° LS\ ca =265 2™ 4 ca=345°

with them, which would result in a cellcount of over 15 million as

shown in Table 3.

Fig. 9. Two Stroke Engine dataset shown at different timesteps which

The setup within the dataset assumes, that air is being suckeé denoted by the current crank angle (ca).

through the generator from one end to the other, while the central p
of it, which is called the rotor, is rotating. This rotation induces electri

art
c

current in the surrounding coils, which are thus heated up. In orderdprelatively cool air moves (very rapidly as depicted in Figure 8 (b))
increase the efficiency of the generator it is necessary to provide effirough the openings left and right of the rotor. These air masses

cient cooling, which means, that the air flow around the winding hea
surrounding the rotor has to be optimized. Figure 8 (a) gives a rou
overview over the dataset geometry by showing only the solid portio
of the generator with color representing the temperature. As expeci
the winding heads at the air inlet are cooler than at the air outlet.

ﬁ’$ainly contribute to the cooling of the winding heads at the air in-
@ and are sucked into a vortex at the air outlet. The third selection
B8nsists of warm portions It can be observed that cool air which is
tetked through the cooling ducts at the top of the dataset is heated
up rather quickly and stagnates in the space above the winding heads,

Figure 2 shows a resultimage from a complete visualization sessiwhich can be confirmed in Figure 8 (b), which shows the same selec-
using the SimVis system in conjunction with the hybrid raycasting ation as Figure 2, but with flow velocity mapped to color (the green
gorithm. It is comprised of four different selections which are conregion above the winding heads represents hot and slow air). In order

bined by using a fuzzy or operation and maps temperature to col

tar visualize the vortex, which is located behind the air outlet the fourth

The first selection specifies the solid portions of the dataset which aeection marks low pressure as important. As concluded by Trenker

used to provide additional context to the user. Additionally cold po

et al. [26] (who used the SimVis system in conjunction with an early

tions of air have been selected. Here it is notable that a great amoprdtotype implementation of the hybrid raycasting method) it is desir-

winding heads
cooling ducts 4\\,* ~
> O /airinlet

rotor

air outlet

(a)

stagnant hot air

scalar

fast cool air

vortex core /

ple]] (b)

Fig. 8. (a) An overview over the Generator dataset depicting the dif-
ferent parts of the simulated volume. Standard DVR and the surface
rendering technique have been combined to create this image. (b) The
same selections as shown in Figure 2 but velocity magnitude mapped
to color.

able to deflect this vortex to pass through the winding heads at the air
outlet (probably by moving the outlet itself) to avoid the stagnation of
hot air and thus provide better cooling for the overall machine.

5.2 Time-Dependent Data

The Two Stroke Engine dataset is courtesy of the Institute for Inter-
nal Combustion Engines and Thermodynamics, Technical University
Graz, Austria. It contains the simulation of a loop scavanged two
stroke engine for which the fuel injection and combustion process has
been modeled. An in depth analysis of this dataset has been performed
by Schmidt et al. [21] who compare two different fuel injection pres-
sures (in the simulated engine gasoline direct injection is used) with
respect to the fuel distribution within the combustion chamber at the
ignition time and the loss of combustable mixture through the exhaust.
Since the flow in the intake (through which fresh air is sucked into the
combustion chamber, if the intake ducts are not blocked by the piston)
and exhaust ducts is essential to the functioning of the engine those
parts have been modeled additionally to the combustion chamber as
shown in Figure 9 (top left).

The machinery modeled in the Two Stroke Engine dataset is not
static (the piston is moving up and down) which means that the un-
derlying volume mesh changes over the simulated time span: vertex
positions are modified and the overall mesh topology changes in or-
der to account for the degeneration of cells. The fuel injection itself
starts at 165 crank angle (ca) whereas the ignition is performed at
345 ca. The scalar values of highest importance in this dataset are
the equivalence ratio, which is the ratio between fuel and air and the
reaction progress variable, which represents the progress of the com-
bustion (zero representing unburnt and one fully burnt mixture). Thus
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Figure 9 shows a smooth selection of optimal equivalence ratio (frotmax being the maximum diameter of a cell’s bounding sphere. Thus
0.7 to 1.4) which is additionally restricted by marking only portiong& maximum of four mean value samples are computed per cell per
of the data, where no burning has occurred (reaction progress variatalg These settings are equal to those used to create the “Presentation”
equaling zero). column of Table 3 resulting in the same measures for datasets which
In Figure 9 different timesteps, denoted by the current crank asempletely fit into the texture memory allocated for unstructured data.
gle (ca), of these selections are shown. At ca =°18@ gasoline All test have been carried out on an AthlonX2 4400+ with 4GB of ram
injection is nearly completed and the air intake ducts and exhaust sgsd a Geforce 8800GTX with 768MB video memory.
tem opening are being closed by the piston. Successively some oBesides the rendering performance itself the brick boundaries are
the gasoline starts leaking through the exhaust as shown at c&®= 216 high importance when image quality has to be considered (espe-
Here only portions of a lean mixture are lost which is indicated bgially between structured and unstructured bricks). Figure 10 shows
the green color. At ca = 2406some gasoline is being sucked into thesome comparisons between a high quality visualization using only un-
intake system, which will be scavenged in the next combustion cyckiructured bricks and the default still image settings mentioned above
Additionally portions of very rich mixture (indicated by red) move(in order to reduce obstructions the boundary visualization is set to
down towards the exhaust opening and are sucked out just before itdggnpletely transparent). The overview in the top/left corner indicates
closed at ca = 265 The final image taken at ca = 348epicts the resampled bricks in red. In Figure 10 (a) barely any difference be-
gasoline distribution shortly after the ignition, showing that the ignitween resampled and original mesh can be seen, whereas Figure 10
tion spark itself is located well within a region of good equivalencé) shows the low pass filtering effect of the resampling process. Ad-
ratio (indicated by yellow). Additionally it can be noted that the overditionally Figure 10 (c) shows a slight discontinuity between the re-
all distribution of burnable mixture within the combustion chamber isampled and original mesh. It should be noted that the previously
highly uneven leading to higher emissions and lower efficiency in thisentioned effects mostly occur if high frequency transfer functions
case (Schmidt et al. [21] have shown that higher injection pressure @ard DOI specifications are used. But since the SimVis framework em-
lead to a more homogenous gasoline distribution within the combyshasizes the smoothness of flow features (through smooth brushing)
tion chamber). It is obvious that especially for simulations like thisgnd the resampling process can be steered by interactively modifying
the proper visualization of mesh boundaries is of very high importantdge DOI specification the application of resampling to unimportant re-
since they indicate the moving parts of machinery which strongly imions is feasible.

fluence complex flow conditions within the simulated domain.
6 CONCLUSIONS AND FUTURE WORK

5.3 Quality and Performance Considerations We have presented a scalable hybrid GPU raycasting algorithm for un-

There is a huge set of different parameters which can be used to sgyctured grids. Our method directly renders complex cell types with-
the memory consumption, the speed and the image quality of the ppélt tetrahedralization, where non-tetrahedral cells employ mean value
sented visualization approach. In order to guarantee responsiverigigypolation for chosen samples and interpolate linearly in-between.
during an analysis and exploration session two different sets of parayde employ bricking, resampling, and custom texture memory man-
eter settings can be chosen: one being applied during interaction &g¢ment in order to sustain interactive performance and make optimal
one if a static image should be generated. Additionally it is possible g€ of the available amount of texture memory. Itis a hybrid approach
progressively update the display during the generation of a static ifi-the sense that it combines unstructured and structured grid raycast-
age (everyn'th brick the accumulated color and opacity informatioring, as well as image space methods (raycasting) and object space ap-
is copied to the front buffer). In Table 3 some performance measufe®aches (bricking). Different volume rendering styles are combined
are presented for the different datasets shown in this paper. Difféfith surface rendering methods to create highly parameterizable visu-
ent quality settings have been used to measure rendering performadizations that are based on two concurrent data volumes: a degree of
during interaction, for a static image and for the dataset without uigterest (DOI) function specified in the SimVis system, and a scalar
ing resampling (here a brick always forces the memory managerdata volume. We also pay special attention to accurately rendering the
allocate texture memory, even if data from another brick has to serface mesh of the original grid at all times. Apart from better in-
overwritten). During interaction only one depth peel for every brick iterpolation quality, avoiding tetrahedralization also balances the addi-
rendered, and the unstructured brick sampling settings are configutié@al amount of work required by mean value interpolation as well as
to perform only barycentric interpolation at the cell boundaries. Addihe additional memory for storing a variety of cell types. Converted to
tionally the result image resolution is reduce®&#? (instead 06512  tetrahedral meshes, our datasets would contain twice to four times as
for the static measurements). In the static case the sampling settifigny cells. The effectiveness and scalability of our approach has been

for the unstructured bricks are sef 6= Cmax/4 andlc = Cmax/16with demonstrated by applying it to two very different real-world datasets:
the first one contains a large and highly complex mesh, and the other

one is time-dependent and emphasizes its geometric boundary.
There are several interesting areas for future work. The interpo-
lation scheme could be extended to completely arbitrary polyhedra,
A which are becoming more common in real-world simulation grids.
. Moreover, new surface and volume rendering models could be inte-
? 4' grated easily. The current resampling process could be greatly im-
proved by implementing GPU-based methods. Finally, resampled
F!'ﬁ”g"‘“" " |[©original T bricks do not necessarily have to be seen as low-quality substitute
J t of unstructured bricks. If adequate pre-filtering is performed during
" , resampling, rendering those bricks where a single image pixel cov-
4 ¥ ers many cells in structured form could provide a way for performing

(@) hybrid ' hybri ~ [©hybrid anti-aliasing for high-quality rendering.
g;, d X
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