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Although 3D texture-based volume rendering
guarantees image quality almost interactively,
it is difficult to maintain an interactive rate
when the technique has to be exploited on large
datasets. In this paper, we propose a new texture
memory representation and a management policy
that substitute the classical one-texel per voxel
approach for a hierarchical approach. The hier-
archical approach benefits nearly homogeneous
regions and regions of lower interest. The pro-
posed algorithm is based on a simple traversal
of the octree representation of the volume data.
Driven by a user-defined image quality, defined
as a combination of data homogeneity and impor-
tance, a set of octree nodes (the cut) is selected
to be rendered. The degree of accuracy applied
for the representation of each one of the nodes
of the cut in the texture memory is set indepen-
dently according to the user-defined parameters.
The variable resolution texture model obtained
reduces the texture memory size and thus texture
swapping, improving rendering speed.
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1 Introduction

In recent years, many researchers have searched for
new rendering methods that can support real-time
exploration of large volume datasets. The use of
the specialized hardware features of new graphics
subsystems has gained great importance in direct
volume rendering [3, 12]. In particular, 3D texture-
mapping hardware has become a common vol-
ume rendering method on high-end graphics work-
stations. Although the adoption of this hardware-
enhanced approach guarantees high-quality images
almost interactively, the limited size of the texture
memory on standard graphics subsystems makes it
difficult to maintain an interactive frame rate when
large datasets have to be rendered. When the tech-
nique has to be exploited on a large dataset that does
not fit into the available texture memory, a decom-
position in bricks has to be applied to the data. In
this case, the texture memory load-in and swap-out
required for the visualization of the entire volume
reduce the rendering performances substantially. Re-
ducing the amount of texture memory needed to ren-
der a volume dataset, and thus reducing the texture
loading overhead, is the main focus of our proposal.
In this paper, a new texture memory-management
policy is presented. It is based on a multiresolu-
tion representation of the volume dataset in the 3D
texture space. The proposed algorithm assumes an
octree representation for the original dataset that
could be computed during preprocessing. At render-
ing time, a set of octree nodes is selected. The se-
lection is driven by user-defined criteria about the
accuracy of the data representation and the impor-
tance of the data. More importantly, the degree of
resolution (number of texels) required to represent
each node in texture space is fixed. Note that the se-
lected nodes determine how the volume has to be
decomposed, i.e., the bricking decomposition. Note
also that nodes of the same size could be represented
by different numbers of texels. The variable resolu-
tion texture model obtained is not view dependent
and takes advantage of data homogeneity and data
importance, which reduces the texture loading and
swapping cost while it guarantees the user-desired
quality for the final images.

The paper is organized as follows. In Sect. 2, a short
overview of the 3D texture-based volume-rendering
approaches is given. The proposed octree-based rep-
resentation and rendering algorithm is introduced
in Sect. 3, and subsequently a complete description
is given in Sect. 4. Results achieved with the pro-
posed technique are presented in Sect. 5. Finally,
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in Sect. 6, concluding remarks and future work are
described.

2 Volume rendering based on 3D
texture mapping

Hardware 3D texture-based rendering was first men-
tioned by Akeley [1] in 1993, and then used and
enhanced in other works [3, 6,20]. Fundamentally,
this technique renders a volume dataset by a back-to-
front composition of a set of planes that slices and
samples the volume dataset that is loaded into the
texture memory of the graphics subsystem. The re-
sulting set of planes is drawn as a set of textured
polygons that are blended together to obtain the final
image. Efficiency is gained by automatic volume-
data sampling on the cutting planes via the trilinear
interpolation capability supported by the graphics
subsystem. Texture mapping and compositing oper-
ations are performed by the hardware very quickly.
Therefore, the rendering time is negligible compared
to that of other software-based approaches.

Since the introduction of 3D texture-based volume
visualization, several improved approaches have
been proposed. The main differences between them
are summarized here.

o Voxel-texel relation. The common mapping pol-
icy to represent the volume information in texture
memory is one texel (texture element) per voxel.
This strategy guarantees good image quality [14—
16], but the limited size of the texture memory
often makes impossible to store all of the dataset
at once in the texture memory. Some approaches
have been proposed to take this constraint into
account. The method is generally based on the
decomposition of the voxel space and the load-
ing of chunks of texture data (often called bricks)
into texture memory on request. A brick corre-
sponds to a subset of voxel data that, by defi-
nition, is smaller than or equal to the available
texture memory. Each brick is processed indepen-
dently, and the final rendering is obtained from
these contributions. Unfortunately, texture load-
ing and swapping degrades the frame rate drasti-
cally. The bricking process can be performed with
various strategies, which are based on one of the
following criteria:

* Straightforward data partition. The volume
can be decomposed into the minimal num-
ber of bricks with maximal size. This criterion

reduces redundant data that has to be stored
between adjacent bricks to preserve continu-
ity [5].

* No empty voxel representation. The brick de-
composition tries to reduce the percentage of
empty voxels represented in the texture mem-
ory. Empty regions are detected during the
preprocessing [14, 15].

* Multiresolution representation. The brick de-
composition is based on the evaluation of mul-
tiple user-defined parameters, such as the de-
gree of interest, degree of homogeneity, dis-
tance from the viewer, etc. [2, 8].

Data complexity has often been managed by
the design of hierarchical data structures and
adaptive methods [4, 7, 19] that trade quality for
speed. In [14] an octree is proposed to deal with
large datasets by skipping empty regions of the
volume; a similar approach has been used in [15]
to ensure that only nonvoid regions will be loaded
into texture memory. In these methods, the fi-
nal texture representation of the volume assigns
one texel per voxel, thus, for large datasets, the
texture memory limitation could still be a prob-
lem. A hierarchical data organization has been
adopted in the context of a texture-based volume
rendering system in [8], where texture bricks at
different resolutions can be assigned to sections
of the original dataset. The tiling solution is based
on dual criteria: a static one (distance from a cen-
ter of focus) and a view-dependent one (width of
the brick silhouette in view space). This policy re-
duces the texture memory required for the volume
representation, improving the technique when it
has to be applied to large datasets, but it might
have an impact on image quality. An improved
rendering solution, based on the use of spheri-
cal shells instead of view-aligned planes, is also
proposed in [8].

Shading or not shading texel values. Commonly,
the 3D texture is obtained from the application
of a transfer function and/or a look-up table that
maps the field values of the voxels into RG B
values. In this case, the texel assigned to the
volume information represents an RG Ba value.
This texture representation becomes view depen-
dent [20] if shading is computed on the voxels
to enhance the visualization of the isosurfaces
implicitly contained in the data. This slightly
increases the voxel-to-texture conversion phase
(the transfer-function mapping has to be followed
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by an explicit texel-shading step based on voxel
gradients), and, more dramatically, adds a sub-
stantial data transmission overhead (a new 3D
texture has to be loaded into the texture mem-
ory of the graphics subsystem for each different
frame, corresponding to a modified orientation of
the voxel set with respect to the scene lighting).

A new strategy, in which texel values represent
density values and gradients has been proposed
by [11, 17]. In this case, the texture representation
is no longer view dependent, and shaded images
can be produced more efficiently.

The approach presented in this paper is similar to
the one in [8]. The main differences are: the volume
data representation and the criteria used to organize
the data; the approach devised for the selection of
the dataset partition (bricks) and for determining the
resolution at which each brick is represented. Our
algorithm does not consider view-dependent criteria
(which are generally based on the perspective distor-
tion and shrinking of farthest data sections) because,
in volume rendering, the differences in the projecting
ratio are very limited. Because of the limited spatial
extent of a volume dataset, all voxels have an approx-
imately similar projection size. Moreover, parallel
projections are very often used. The focus is there-
fore on the design of a view-independent multival-
ued criterion that should take both data homogeneity
and data importance into account in an integrated
manner.

3 Efficient rendering of large datasets

The purpose of this paper is to speed up the texture-
based rendering of large datasets. We consider
“large” a volume dataset whose size does not fit
the available texture memory. The common brick-
ing process applied to render such datasets (partition
in bricks, each one loaded and processed indepen-
dently) reduces the frame rate and makes rendering
insufficiently interactive. The multiple texture mem-
ory loads and swaps required to render the complete
volume are the main reason for the overhead.

Since the earliest work from Meagher [10] con-
cerning 3D data representation based on the octree
scheme, many applications of this hierarchical repre-
sentation have appeared over the years [13], e.g., to
improve rendering speed, to manage large data sets
easily, or to obtain error-controlled rendering. They
have also often been adopted in volume rendering,

with the object of avoiding the evaluation of noncrit-
ical regions and optimizing the rendering speed [7, 9,
18, 19].

In this paper, we present a method that is based on
a hierarchical representation of the data (using the
octree scheme) and that performs a selective traver-
sal of the octree representation to obtain a user-
driven adaptive representation of the dataset in the
3D texture space.

The octree representation is built in a preprocess-
ing phase. To do this, some attributes that charac-
terize the corresponding voxel sub-region in terms
of data homogeneity are stored in each octree node.
The octree construction phase is described in detail
in Sect. 4.1. Given some user-defined constraints,
the octree is traversed at rendering time and a set of
nodes, which we call the cut, is selected during the
traversal. This set of nodes determines the current
decomposition to be used to render the volume. The
resolution of the texture brick used to render each
selected octree node is also determined at traversal
time (see Fig. 1). All these processes are view inde-
pendent. An efficient algorithm to visualize the cut
from the view position is presented in Sect. 4.3.
Given an octree representation of a volume dataset,
we formally define a cut on the octree as a set of
nodes C = {ng, n1, ..., nyp} such that, for each pos-
sible root-leaf path, one and only one of its nodes is
contained in the cut.

The set of texture bricks (number and spatial extent
in the voxel space) that will be used in rendering di-
rectly depends on the selected cut. For performance
reasons (see details of the rendering algorithm in
Sect. 4.3), the number of bricks cannot be too large,
and the spatial extent in voxel space cannot be too
small (otherwise the number of textured polygons
will increase excessively and aliasing could become
massive). The voxels of the original dataset could
be represented at a different accuracy. The voxels of
the original dataset could be represented at different
accuracy, by assigning texture bricks of different res-
olution to each node in the cut.

For each node n; of the cut, we should determine an
optimal texture brick B; that corresponds to the hex-
ahedral region covered by this node. The resolution
of B; is set according to the user-defined image qual-
ity parameters, i.e., homogeneous content (threshold
on the representation accuracy) and/or importance
of the corresponding region (defined by the selec-
tion of focus regions), which determine the degree of
accuracy (maximal error £*) admitted for its render-
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Fig. 1. Given a volume data set greater than the available texture memory, a set of nodes of its octree representation is
selected. These nodes determine the current bricking of the volume, which also minimizes the texture memory required

to confirm to some user-selected criteria

BRICK
/ DECOMPOSITION
\ TEXTURE
REPRESENTATION

ing. This parameter generally gets different values
for the different bricks (see Sect. 4.2 for a detailed
description).

The final result is that the selection of the cut C
also implies the selection of a brick decomposition
By, ={Bo(d,), .-Bnp(dnp)}, where nb corresponds to
the number of nodes of the cut and B;(d;) represents
the texture representation of node n; in C at the se-
lected resolution d;.

A compressed representation of the dataset is thereby
obtained. Depending on the dataset size and the pa-
rameters selected by the user, the resulting set of
bricks fits into the available texture memory. Ob-
viously, the rendering speed-up is obtained at the
expense of rendering quality: the compression of
the data is lossy (this depends on the user-selected
thresholds), and some aliasing could be introduced
into the images.

4 Importance-driven rendering based
on octree traversal

There are three steps in the proposed algorithm: (1)
The octree construction, (2) the cut selection, and (3)
the cut rendering. These steps are all described in de-
tail here.

4.1 Octree construction

The octree construction needs the definition of cri-
teria to determine whether a region of the volume

is important or not in order to decide if an internal
node must be subdivided. These criteria vary from
the simplest one that evaluates the “presence” or “ab-
sence” of significant data to a more sophisticated
one that determines whether the volume samples as-
sociated with a node vary according to a given re-
construction kernel applied to selected voxel values.
This is done to detect nearly homogeneous zones.
Once a criterion has been defined, the accuracy of
the node represents the degree of satisfaction of the
given evaluation rule. Let us consider data homo-
geneity. A large dataset can contain large data sec-
tions where the field values are either uniform or
variable in a very smooth manner. In all these cases,
the dataset section associated with an octree node
can also be represented, with a certain degree of ap-
proximation, by the eight values on the corners of the
associated region of space (and all internal data can
be approximated by adopting an interpolation kernel,
e.g., trilinear interpolation).

In our approach, a space-efficient hierarchy (the oc-
tree) is required, not only to identify nearly homo-
geneous regions, but also to evaluate and store the
accuracy associated with alternative representations
at different resolutions of the same node region. It
must also integrate a user-dependent criterion based
on the on-line selection of focus areas (regions of
greater interest where the representation at maximal
resolution is always preferred).

The octree is built from the input voxel set. Voxel
values are not represented explicitly by the octree
nodes, but implicitly (the extent of the corresponding
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Fig. 2. Given a node n; of one of the possible
cuts on the octree, the corresponding subtree
gives us multiple choices for assigning a cor-
responding texture chunk that is defined by
subsampling the associated voxel region

region in the voxel space are directly computed from
the node index). The octree is initially complete, and
then all sibling nodes that can be merged in the par-
ent node without introducing an approximation error
are purged (bottom-up traversal). For each node n; at
level k of an octree with depth /i,«, our octree rep-
resentation stores a list of nodal errors €y, .., &1, —k
such that:

e go Is the nodal error introduced in the volume
representation when all the voxel values con-
tained in the region associated with the octree
node are simply replaced by a (trilinear) inter-
polant Trillnt() based on the eight corner values
of n;. Given s(v;), the sampled field value of
a voxel v; contained in the region associated with
node n;, and spax, the voxel field range, this error
is computed as:

go(n;) = (D

1 23(Imax —k) .
Vs 2 ) — Trillnty, 0)))?

Smax

e Analogously, each one of the other nodal error
values €1, .., &,,,,—k of node n; is computed by
assigning the maximum of the &9 nodal errors
of those descendant nodes at the octree level j
(J=k+1 .. Inax)

These nodal errors give a measure of the degree of
homogeneity in the area covered by the node: the
degree of homogeneity of the region covered by n;
increases if the nodal error &g tends to 0; conversely,
homogeneity decreases as it tends to 1. In practice,
for each node, the nodal errore,, (im =0 ... lhax —k)
gives us a measure of the accuracy supported when
we assign to node n; a texture chunk of resolution
2 QM 2,

4.2 Octree cut selection

Before introducing details on the cut selection phase
and the bricks definition, we analyze the various
policies of representing an octree node in texture
memory, and we define the optimal one in terms of
accuracy and memory savings.

4.2.1

To represent the region covered by a node n; in
texture memory we can consider the classical assign-
ment policy of the one-texel-per-leaf node (a voxel
in a complete octree), or a more synthetical rep-
resentation in which one texel can represent mul-
tiple terminal nodes (Figs. 2 and 3). In the first
case, the values in the texture memory correspond
to original volume data values. The second case
occurs when a more compact representation is as-
sociated with a given node, either because the

Node texture representation
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Fig. 3. Different rendering obtained on the skull dataset by adopting different voxel-to-texel ratios: from left to right:
1:1,1:2,1:4 (ateach step, texture size becomes 1/8 of the previous one)

node corresponds to a nearly homogeneous re-
gion or because it is contained in a region of low
importance.

For each node n; at level k, we have a correspond-
ing subtree of depth /,,x —k and a corresponding
voxel region of resolution 2fmax—K s 2lmax =k y Dlmax—k
We can represent the voxel region associated with n;
by using any one of the regularly subsampled rep-
resentations built on the initial voxel values. These
are not explicitly stored in the octree, but can be sim-
ply extracted from a hierarchical representation of
the voxel dataset (a pyramid of 3D voxel sets, each
one obtained by regularly subsampling the previous
level).

Therefore, if we select a set at the deepest level,
we end up with the case we have described (one
texel for each leaf node). In all other cases, we se-
lect a more compact representation corresponding to
nodes that are p levels below in the octree structure
(with p =0+ - - [jhax — k). In this case, we should con-
sider that:

e The accuracy of the texture-based representation
is encoded in the node’s corresponding nodal er-
ror,eg(n;) = £p(n;).

e The texture memory required to represent the
node n; is 2P % 2P 2P and some extra texture
memory is required to store the boundary in-
formation between neighbor bricks. This value
varies with the filtering scheme used; in the case
of a trilinear interpolation kernel, we should add
a one-voxel-thick layer of voxels in each direc-
tion.

4.2.2 The octree traversal

The octree is traversed top-down to select the nodes
that will compose the cut. The main constraints to be
satisfied are the following:

We should determine a valid cut such that the
corresponding brick decomposition B, guaran-
tees that all dataset regions corresponding to the
nodes n; in the cut have a representation in B,
whose approximation error gg satisfies the user-
selected error threshold g, i.e. eg < &, and such
that the size of the texture representation asso-
ciated to the cut and the cardinality of the brick
decomposition are minimized.

Obviously, the degree of compression that we can
achieve by simply considering the possible homoge-
neous subregions of the dataset is limited. For this
reason, we also take into account two user-defined
parameters: the error threshold and the node impor-
tance.

Given ¢, the user-desired accuracy threshold, the
optimal texture representation of n; with respect to
&y, 1s the smaller texture representation that satisfies
anodal error less than ¢,,. We denote this representa-
tion as Sopt(n;, &,). An example is shown in Fig. 4:
the subtree rooted in a given node n; at octree level
k. After an explicit node condensation (because of
uniform values in the dataset), levels k+d;, k+d»
and k+ds (represented as dashed lines) are three
descendent levels that can guarantee a texture error
representation less than the user-tolerated error (i.e.,
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required accuracy

Fig. 4. The optimal texture representation of a node for the smallest subsampled texture representation that satisfies the

&d; (i) < €y, €4, (n;) < &, and g4, (n;) < &,). There-
fore, the optimal texture representation Sop (77, £4)
is extracted from the volume information stored in
descendent nodes of level d.

To evaluate the importance of a node, we also de-
fine an importance function, denoted as Imp(n;, f),
that evaluates the degree of satisfaction of a focus-
ing operator f defined by the user over the dataset
domain. This function weights a node’s importance
by taking into account a region of interest (ROI),
which in turn can be defined by the user with the
selection of a simple 3D subregion of the dataset do-
main or a particular field value subrange, identified
by maximal and minimal value bounds. By defini-
tion, the importance of a node n; with respect to
a function f will be a value in the [0,1] interval. As
the importance varies according to the current func-
tion f adopted (which can be dynamically adjusted
by the user), the importance value is not stored in
the octree, but is computed on-line during the oc-
tree traversal. Moreover, let us also define a second
function Uni f(n;, f), having again in the co-domain
the interval [0,1], which gives us a measure of how
much the value of Imp(n;, f) is uniform in the space
associated with node n;. Therefore, a small value
of the Uni f(n;, f) function can highlight situations
where only a section of the space associated with the
given node is contained in the focus region. It can be
used to drive the selection of a decomposition of the
space (e.g., the one corresponding to its descendant
nodes), which could lead to a better representation of
the region.

Taking into account all these restrictions, we evalu-
ate the importance of the octree nodes during the oc-
tree traversal. The approximation error &* tolerated

in the texture representation of a single node #; is ob-
tained by weighting the user-selected threshold with
the node importance:

* Eu 2

© Tl @
In this form, each node is associated with its own
user-defined ideal error £*. Regions of little interest
will have small ¢* values, which allows the use of
a coarse representation for the associated brick (i.e.,
a compact Sop(n;, €%)).
The brick decomposition of the volume is ob-
tained with a top-down traversal function OT cut(IN :
OT _node, ¢,, f, Tmax, minPartSize; OUT : brick_
set) where:

e ¢, Represents the user-defined tolerance error.

e [ Represents the interest function.

e Thax Is the maximum size of 3D texture memory
available on the graphics subsystem.

e minPartSize Is the minimal partition size that can
be produced in the volume decomposition pro-
cess. This parameter is related the maximal depth
we are allowed to reach in the traversal of the
octree. For rendering reasons, it is not possi-
ble to generate a large number of texture bricks
(to maintain rendering overhead and data redun-
dancy at an acceptable level). Therefore, we limit
the level of the nodes that can be used in render-
ing to the interval [0, [, — minPartSize], where
Imax 18 the depth of the initial octree. In this man-
ner, in the worst case, the dataset is subdivided
into no more than (2(max—minPartSize))3 pricks, and
each one of them represents a volume subset of
at least (2minPartSize)3 yoxels; please note that we
can assign a smaller texture brick to one of these
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Fig. 5. To render textures at a different resolution, a number of planes proportional to the texture resolution is generated

(and thus a number of samples)

partitions (e.g., when the corresponding voxel set
is sufficiently uniform).

e brick_set Is the texture representation produced
in the output.

The OTcut() function traverse the octree evaluating
the root node first. If the region associated with the
root node is sufficiently uniform (i.e., Uni f(n;, f) >
unif_threshold, with unif threshold a user-defined
parameter) and the representation of minimal size
that satisfies £* is smaller than or equal to the max-
imum texture Ty, then this representation is pro-
duced in the output and rendered. Otherwise, we re-
cursively apply OTcut() to the descendants of the
current node, with the constraint that the sum of
the texture representations chosen for all the descen-
dants node should be less than Ti,x.

The traversal of the octree proceeds until we find
a cut where each node satisfies both the data unifor-
mity criterion and the texture-based representation
accuracy. Given this cut, it can happen that the total
size of the brick-based decomposition is still larger
than the available texture memory Tinax. In this case,
the accuracy constraint is released, and some of the
nodes are rendered with more compact representa-
tions (giving priority to the nodes having a lower
Imp() value).

4.2.3 From samples to texels: opacity correction
factor

Once a cut has been selected and a subsampled rep-
resentation has been chosen for each node in the
cut, we have to convert voxel values into texels.
Some issues have to be considered when the texture
is defined. Firstly, a conductor is imposed by hard-
ware and it forces texture data loaded into texture
memory to be packed into a rectangular parallelo-
gram, each dimension constrained to be a power of

two. Secondly, the fact that image quality must be
preserved forces each texture to share its boundary
with its neighboring texture nodes. Thirdly, we must
consider the opacity assigned to the texels. Usually,
a field_to_RGBa conversion, based on the current
transfer function mapping, is done. When a subsam-
pled representation of the raw voxels is assigned to
anode, an opacity correction factor has to be applied
to preserve image quality. This opacity correction
factor is calculated as follows.

The accumulated opacity ooy of a volume ele-
ment [9] can be expressed as

Cout = o +ain(l — ), (3)
where « is the opacity of the volume element and
aiy 1S the entering opacity of this element. The ooy
value depends directly on the number of samples that
are considered, which, in our case, depends on the
number of planes used in the texture-based render-
ing. Of course, it is desirable that images obtained
with texture at a different resolution (obtained by
subsampling) be very similar. To reduce the differ-
ence between the various texture resolutions selected
for a given octree cut, an opacity correction factor
opc is applied to every subsampled representation.
Let us analyze the two situations of Fig. 5 (textures
of different resolutions assigned to the same node):
oo, &1, and a, are the opacities of samples sg, 51, and
s> taken into consideration for a given view ray in
Fig. 5a, and «; and o are the opacities of samples
sy and s5 accumulated on the same ray in Fig. 5b.
Using (3), we find that the opacity accumulated by
the back-to-front composition of these samples is,
respectively:

ag =0y +a(l —az) +ag(l —a)(l —ar) 4)
ap = a5 +op (1 —o3), 5)

where aj = g and &5 = a5.
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The accumulated opacities are the same only if aj =
g+ a1 (1 —ap). Thus, the optimal op. is op, =
a1 (1 —ag), where ag = 013 and o is approximated
according the criterion applied for the octree con-
struction. If the octree construction criterion is that
a node is homogeneous when all the samples are
nearly equal, then o] = g+ €', where €' depends
on the approximation error of the node; if the octree
construction criterion considers a node must be ho-
mogeneous when internal samples can be obtained
by interpolation of the external ones, a1 can be ap-
proximated by 25% 4 ¢’. Obviously, the complexity
of the computation of this o p, value depends on the
criterion applied for the octree construction. Nev-
ertheless, because coarser representations are ap-
plied only at regions of lesser interest, it has been
experienced that the o] = o+ €’ rule gives suffi-
ciently good results. Although this approximation
introduces some error, this error only affects less crit-
ical, nonfocus regions.

In general, given a node n; € C that represents 2P
samples of the original volume dataset, and given
q, the selected level for its representation in texture
space, where g </, the o] opacity values of the texels
are substituted with o] 4o p.., where

ope=(1—ap)(1—ag)?™ ' =1).

4.3 Octree cut rendering

The octree cut rendering, which only considers or-
thographic projections in our implementation, is
based on an iterative application of a node visualiza-
tion function that computes the contribution of each
brick to the final image. The composition order of
the bricks is obtained directly from a back-to-front
octree traversal, driven by the viewing direction.

4.3.4 Node visualization function

The node visualization function is based on the al-
gorithm proposed in [16]; all texture space transfor-
mations and clipping plane texturing/compositing
are implemented with standard graphics library func-
tions.

To describe the node visualization function, we con-
sider that it is applied to a node n; of the cut. The tex-
ture representation of this node is 7;, and n p; is the
number of polygons that will be used for the node’s

rendering!. The function can be decomposed in the
following steps:

1. Bounding cube definition. A bounding cube cen-
tered on the center of the node n; is defined. We
call it bn;. The corresponding polygons n p; to be
rendered form series of slices through bn;, paral-
lel to the xy face.

2. Clipping planes activation. The set of n p; poly-
gons to be rendered always remains parallel to
the projection plane, and extends to the bound-
ing cube. The node’s volume is represented by
T; and rotates into bn; depending on the viewing
direction (Fig. 6a and d). To guarantee that only
the volume information represented in the texture
will contribute to the final image (i.e., external ar-
eas of the node contained in bn; are eliminated)
a set of clipping planes is defined. The clipping
planes are positioned according the viewing di-
rection at each one of the node’s volume faces.

3. Node’s positioning. Once the clipped polygons
that represent the volume node are computed,
we determine where they have to be projected.
The position of these polygons is fixed by the
node’s octree position and by the viewing direc-
tion. These parameters determine the current set
of geometrical transformations. A first geomet-
rical transformation determines the position of
the bn; according to the octree position (Fig. 6b
and e). A new orientation requires a rotation of
the texture space, keeping bn; stationary. This ro-
tation is independent for each node and is depen-
dent on the viewing direction. To maintain con-
tinuity between nodes, a second transformation
(Fig. 6f) translates the bounding node.

4. Texture mapping. Finally, texture coordinates are
assigned to the transformed and clipped poly-
gons, according to [16].

All these steps produce the final /; contribution to the
image (Fig. 6¢c and g).

5 Experimental results

Our method has been implemented on a SGI Octane
workstation using a single 270 MHz/R12000 pro-
cessor with 4 MB of texture memory. The size of the

Iy p Is computed by finding the longest ray through the node
(for any viewing direction), transforming the voxel values found
along that ray to the texels.
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volume
node

bounding node

6a 6b 6¢c

6d 6e

Fig. 6a—g. This illustrates an orthographic
projection of two 3D bounding nodes, the
first in the original orientation (a) and the
second one rotated (d). A neighbor node is
correctly positioned by a set of transforma-
tions, (b), (e), and (f). Panels (c), (g) corre-
spond to the final image contribution of the
node

Fig. 7a,b. Rendering obtained from a 643 3D
texture that satisfies ¢, = 0 (a); rendering

obtained from a 8% 3D texture that satisfies
eu =03 (b)

texture cache is 128 x 128 x 64, thus the size of the
maximal texture brick is 64°.

Figure 7 shows two different images rendered from a
643 sphere dataset. The first image (Fig. 7a) has been
obtained from a 643 full resolution texture (i.e., the
dataset is represented by the values of the maximal
division nodes). The error of the representation satis-
fies ¢, = 0. The second image has been obtained by
selecting a uniform error threshold ¢, = 0.3 on the
entire data domain; a 83 3D texture has been gener-
ated in this case, and rendered in Fig. 7b.

Three real medical datasets have been used for
the tests: a CT-scanned jaw model of resolution
256 x 256 x 128, a MRI-scanned brain of resolution

256 x 256 x 128 and a CT-scanned vertebra of reso-
lution 2563,

The experimental results are listed in Table 1, where
the (nodes, res) column represents the number of
nodes that compose the rendered cut and the resolu-
tion of the corresponding B, texture representation
assigned; S (B,) represents the required texture size
for the B, representation; 7p(B,) represents the data
processing time for the cut selection and the texture
generation time, which is executed once for each up-
date of the user-selected parameters; and Tx is the
rendering time.

The image shown in Fig. 8 was obtained by select-
ing the region associated with the front-most tooth
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Table 1. Experimental results

Row Data set (nodes,res) S(By) Tp(By) Tr
in megabytes in seconds in seconds
1 MRI brain (32,643) 32 7145 2.8
2 MRIbrain  (4,64) 4 5740.7 0.9
3 CTjaw (32,64%) 32 71+5 2.8
4  CT jaw (144, multiresolution) 11 66+1.4 1.3
5 CT vertebra (64,643) 64 79+ 10 6.4
6 CTvertebra  (360,multiresolution) 42 814+2.5 3.5

Fig.8. A variable resolution rendering of the CT jaw
model (the current region of interest is centered on the
front teeth)

area as the region of maximal interest. The other
parameters drive the octree traversal: ¢, = 0.1, and
minPartSize = 4 (corresponding to a 16 voxel re-
gion). Only nodes inside the ROl have Imp(n;, f)=1.
The cut obtained is composed of 144 nodes repre-
sented at different resolutions. Nodes of the cut that
correspond to empty regions of the volume are not
represented in texture memory (i.e., the correspond-
ing octree nodes are purged). The required texture
space for this cut representation reduces the texture
memory required by more than half for the classi-
cal texture representation in which all the volume is
represented at high resolution (see rows 3 and 4 of
Table 1).

In the case of the MRI brain data, the whole dataset
was considered to be of maximal interest, i.e.,
Imp(n;, f) is always 1. We can either render this
dataset using bricks at maximal accuracy (g, = 0),
which would require a texture memory eight times

larger than the available one or multiple texture
loads/swaps, or we can render the same model us-
ing an g, = 0.35 that allows the entire cut to fit into
the available texture memory (four nodes that can be
represented at the selected accuracy by bricks at res-
olution 64%). The corresponding times are presented
inrows 1 and 2 of Table 1.

Finally, images in Fig. 9a and b are obtained from
the CT vertebra dataset. The homogeneous inte-
rior structure of the vertebra allows a simplification
of the texture representation of the model with the
minimal error, ¢, = 0.1, with respect to the higher
resolution representation (see rows 5 and 6 in Ta-
ble 1). The cut used to produce these images is
composed of 360 nodes represented at different res-
olutions (where minPartSize = 4, corresponding to a
163 voxel region).

6 Conclusions and future work

The algorithm introduced in this paper focuses on the
3D texture volume rendering of large datasets. Based
on an octree representation of the volume data, the
algorithm can produce a concise texture representa-
tion that takes advantage of data homogeneity and
data importance in order to reduce the required tex-
ture memory and thus to improve rendering speed.
The basis of the algorithm is a new texture manage-
ment policy in which texture memory is assigned
according to the degree of importance of the re-
gion represented and the data content of the voxel
dataset. Driven by a user-defined combination of
data, interpolation error, and data importance, the
octree is traversed and a set of nodes is selected.
These nodes determine how the volume has to be
decomposed and represented in texture memory. Ex-
perimental results show that good quality visualiza-
tions can be obtained while the rendering speed is
improved.
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a

Fig. 9. Multiresolution rendering of the CT vertebra dataset

“Future work” is addressed to analyze different
heuristics to select the interest function that better
satisfies user-defined restrictions. Furthermore, we
want to address the problem of the combining sur-
face and volume information.
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