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ABSTRACT larger volumetric grids are visualized, i.e., more sampling opera-
tions are required, and on the other hand because each sampling

Direct volume rendering of large volumetric data sets on program- oo . ) X ;
operation is computationally more expensive as it requires access

mable graphics hardware is often limited by the amount of available
graphics memory and the bandwidth from main memory to graph- © @ complex data structure. _ o

ics memory. Therefore, several approaches to volume rendering ' Order to improve the rendering performance, it is therefore
from compact representations of volumetric data have been pub-Ccrucial to reduce the number of sampling operations; in particular
lished that avoid most of the data transfer between main memory PY adaptive sampling. However, the adaptive sampling techniques
and the graphics programming unit (GPU) at the cost of additional Of Published GPU-based volume renderers are usually restricted to
data decompression by the GPU. To reduce this performance costaying the sampling rate on each view ray without adaptive sam-

adaptive sampling techniques were proposed; which are, however,Pling of the image plane. Although the latter is a well-known con-
usually restricted to the sampling in view direction. ceptin ray tracing, the graphics pipelines of today's GPUs were not

In this work, we present a GPU-based volume rendering algo- 4€Signed to support this approach; thus, it is not straightforward
rithm with adaptive sampling in all three spatial directions; i.e., not t© @ccomplish an ef cient GPU-based implementation of adaptive

only in view direction but also in the two perpendicular directions S@Mpling of the image plane.

of the image plane. This approach allows us to reduce the number ' fact, our approach never reduces the number of fragments gen-
of samples dramatically without compromising image quality; thus, €rated by the rasterization unit. Instead it relies on an early depth
itis particularly well suited for many compressed representations of €St of the employed graphics hardware to signi cantly reduce the

volumetric data that require a computational expensive GPU-basedProcessing time of “skipped” sampling points on view rays. This is
sampling of data. less ef cient than actually adapting the distance between sampling

points on view rays; however, it allows us to align the sampling
Keywords: Scienti c visualisation, visualisation of large data sets, points on slices in a systematic way. This is crucial for the adap-
volume visualization, direct volume rendering tive sampling of each slice, which has to replace the potentially
expensive sampling of the volumetric data structures by an ef cient
approximation within the image plane. Again we employ an early
depth test to ef ciently prevent the GPU from performing the sam-
pling program if an approximation of a pixel's data by pyramidal
Itering suf ces.

. Apart from adaptively reducing the number of data samples in
Programmable graphics hardware offers an enormous computa-y|| three spatial dimensions, our approach offers the additional ad-
tional performance and is therefore particularly attractive for vol- \aniage of biquadratic B-spline ltering of sampled data instead of
ume visualization—even on a single desktop PC. For this hardware jjinear interpolation of colors; thereby we avoid both, color blur-
con guration, memory and bandwidth limitations are usually the ring and bilinear interpolation artifacts.

prima(y obstacles to real-time direct volume rend.ering of large vol- After reviewing related work in Section 2, we discuss our algo-
umetric meshes. As the bandwidth between main memory and theyjs, , ang implementation in Section 3. Results are presented in

GPU is usually too small to allow for transferring large volumetric Section 4. We conclude this paper in Section 5 with a discussion of
data sets for each frame at interactive rates, many GPU-based im3,t,re work.
plementations are designed to store the volumetric data in graphics
memory in order to avoid this bandwidth bottleneck. 2 RELATED WORK

While this approach allows for interactive volume rendering, it . ) .
is limited to data sets that t into graphics memory. To overcome lexture-based direct volume rendering was rst published by
this problem, several approaches to GPU-based volume rendering=@bral etal. [2]. It exploits hardware support for three-dimeralion
from compressed data have been published as programmable GPUEXIUres by rasterizing a set of textured slices. While object-aligned
are exible enough for implementations of complex data structures, slices are aligned with the axes of a rectangular volumetric data set,

which are well suited for more compact representations of volu- View-aligned slices are parallel to the image plane as illustrated in
metric data. Therefore, limited onboard memory can be traded Figure 1. For orthogonal projection, the distances between slices
for rapidly growing computational performance of programmable @€ uniform for all view rays. _ L

graphics hardware. While this approach avoids limitations of data "€ texture data may already consist of colors and opacities
transfer and of graphics memory, it requires considerably more (Pré-classi cation) or the data is mapped to colors and opaci-

computational performance of the GPU; on the one hand becauseli€s after interpolation by application of a transfer function (post-
classi cation). Colors and opacities are composited in the frame-

Index Terms: 1.3.3 [Computer Graphics]: Picture/Image Genera-
tion; 1.3.7 [Computer Graphics]: Three-Dimensional Graphics and
Realism

1 INTRODUCTION

e-mail:martin.kraus@vis.uni-stuttgart.de buffer to approximate the volume rendering integral for each pixel.
Te-mail:magnus.strengert@vis.uni-stuttgart.de Thus, texture-based volume rendering computes the integrals of
*e-mail:thomas.klein@vis.uni-stuttgart.de all view rays at the same time. Engel et al. [4] have exploited
Se-mail:thomas.ertl@vis.uni-stuttgart.de multi-texturing and dependent texture reads to implement pre-

integrated volume rendering in a texture-based volume renderer.
Pre-integrated volume rendering improves the image quality of pre-
classi ed volume rendering by determining the color and opacity of

each segment of a view ray between two adjacent sampling points
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Figure 1: Sampling on view-aligned slices for volume rendering Figure 2: Adaptive sampling on view rays according to an oracle,

which computes a sampling distance d (represented by gray levels)
for each sampling point. Filled black dots represent skipped sampling

with the help of a lookup in a pre-computed table indexed by the POMS:

data values at the ends of the segment.
Ray casting algorithms invert the order in which samples are L
processed by completely evaluating the volume rendering integral V&Y. of many recent publications about GPU-based data structures
for each view ray before processing the next ray. While recently IS given by Lefohn etal. [7]. o
published GPU-based ray casters implemented this approach (e.g., The main focus of these publications has been on random ac-
the system by Stegmaier et al. [14]), earlier GPU-based implemen- C€SS t0 GPU-based implementations of basic data structures. There
tations (e.g., by Roettger et al. [13] oriiger and Westermann [6]) &€ cqn3|derably fewer publl(_:atlons about more ef cient decoding
could only evaluate a small part of each integral in a GPU-based techniques that are less ef cient for random access but more ef -
fragment program of limited length. The latter systems could be Ciéntif many elements are accessed. One example is “deferred |-
characterized as “ray marchers,” which have to execute a fragmentt€ng proposed by Lefohn et al. [8]. If this technique is extended
program multiple times by rasterizing polygons that cover the pro- t0 an adaptively sampled image plane, the size of the Iter kernel
jection of the volume data; e.g., by rasterizing a screen- lling poly- has to be adapted correspondingly. Fortunately, pyramidal algo-
gon or the front faces of a convex bounding volume. rithms |ntr0du<_:ed by Bur_t [1] for image It_erlng can be em_ployed
Usually, a GPU-based ray marcher stores the current samplingfor an appropriate sampling scheme as discussed in Section 3.2.
point for each pixel and advances it along the corresponding view
ray. Therefore, the order of sampling operations is similar to slice- 3 ADPAPTIVE SAMPLING IN THREE DIMENSIONS
based volume rendering. However, ray marchers can choose theThe goal of our approach is to adaptively choose the employed sam-
starting point and the sampling distance independently for each pling distance according to an oracle that returns a preferable sam-
pixel; thus, they are better suited for adaptive sampling of view pling distanced for any point in space. Our algorithm does not
rays as demonstrated by Roettger et al. [13]. Unfortunately, inde- guarantee any actual sampling rates; instead, the sampling distance
pendently adapting the sampling distances on adjacent view raysd returned by the oracle for a sampling point is used to “skip” sam-
will usually destroy the contiguous front of sampling points; thus, pling points that are closer than this distance.
this approach is less appropriate for an adaptive sampling of slices. For an ef cient GPU-based implementation, the oracle has to
Adaptive sampling on view rays is one of several well-known ac- be implementable in a fragment program. Since the oracle's in-
celeration techniques for software volume ray casting [9Jugér put consists only of a three-dimensional point, the returned sam-
and Westermann [6] have adapted empty-space skipping and earlypling distance has to be valid for all sampling directions. We do
ray termination for programmable graphics hardware by exploit- not place further restrictions on the oracle; thus, the oracle may
ing an early “fragment-depth test” If a fragment program does be view-dependent or view-independent, it may be precomputed or
not modify the fragment's depth, the depth test may be performed computed on request, etc. However, it should be noted that our al-
before the fragment program is executed. Thus, if the fragment's gorithm always samples both, the oracle and the volumetric data
depth fails the depth test, it is not necessary to executed thefor the same points. This is often bene cial since the computation
fragment program for this particular fragment. We use the term of the oracle might be considerably less expensive if performed to-
“fragment-depth test” instead of “depth test” ar tést” to distin- gether with a sampling operation of the visualized data for the same
guish it from a “pixel-depth test” or speci cally the “depth bounds  point.
test” [5], which compares user-de ned bounds to the depth value  We present our algorithm and GPU-based implementation in
already stored in the framebuffer's pixel at the location determined four steps: Section 3.1 discusses the skipping of sampling points
by the incoming fragment's coordinates. The pixel-depth test is in- for adaptively sampled view rays. The technique is similar to the
dependent of the depth of the incoming fragment; thus, it can be anskipping of sampling points with the help of an early fragment-
early test even if the depth of the incoming fragment is computed depth test by Kiiger and Westermann [6]. Similarly to the system
by a fragment program. A pixel-depth test was employed by Neo- by Roettger et al. [13] an oracle is employed to suggest a preferred
phytou and Mueller [10] for empty-space skipping and early ray sampling rate. The algorithm presented in Section 3.1 is actually
termination in GPU-based volume rendering using image-aligned less ef cient than adapting the distance between sampling points
splatting. as suggested by Roettger et al. [13]; however, it may be extended
Due to the limited amount of texture memory on graphics hard- for locally adaptive sampling of each slice because sampling points
ware, texture compression has been a research topic for many yearsare systematically aligned on slices. Section 3.2 discusses a variant
New features of programmable graphics hardware, in particular de- of our GPU-based implementation [15] of the pyramid algorithm
pendent texture reads, have led to additional efforts to implement [1] for adaptive sampling and synthesizing an image that represents
random access to compact data representations in textures; a sutthe data on the Oth slice. The extension of this algorithm for mul-



Table 1: Actual values of lgjice and 2'sice* L for igjice from 0 to 8. PROJECTSLICE(igjice):

igice 0 1 2 3 4 5 6 7 8 lgice  mMaxX| 2 Ngj iglice mod =071 Imaxd
lgice ¥ 0 1 0 2 0 1 O 3 for 1 Igjiceto 0do
2|shce+ ! ¥ 2 4 2 8 2 4 2 16 for x Oto \N:2| 1do

fory Otoh=2 1do
if 1 < lsliceand lsjice = Imax
or di[x;y] < 2'sieet 1 then
dxy] SYNTHESIZEORACLE(l;X;Y)

levell =2 s[xy] SYNTHESIZEDATA(l;XY)

endif

if 1= Imaxor dxy]< 21 then

dpxyl SAMPLEORACLE(I;XY)

levell =1 s[xyl SAMPLEDATA(I;Xx;Y)

endif

if = 0and lgjice = Imax

or di[x;y] < 2'sicet 1 then
levell = 0 ACCUMULATECOLOR(X; Y; islice)

endif

endfory
endfor x
endfor |

Figure 3: Adaptive sampling of a slice (lgjice = Imax= 2). Gray levels
represent sampling distances returned by an oracle. Filled black dots
represent skipped sampling points. Figure 4: Pseudo code for adaptive sampling of the igjice-th slice.
See Figure 7 for the speci cation of SYNTHESIZEDATA, SYNTHESIZE-
ORACLE, SAMPLEDATA, and SAMPLEORACLE; ACCUMULATECOLOR
is speci ed in Figure 8..

tiple slices and the actual volume integration with the help of pre-
integrated transfer functions, is discussed in Section 3.3. This al-
gorithm requires considerably less volumetric sampling operations . . . . .
than previously published volume rendering algorithms since it em- Pose of illustration, a view-independent oracle is assumed, which
ploys the oracle's results not only for an adaptive sampling of view Fetums only integer sampling distanaesom 1 to 4 represented by
rays but also for an adaptive sampling of slices. Our GPU-based 9ray levels. Skipped sampling points are indicated by lled black

implementation of the algorithm is discussed in Section 3.4. dots while the color of all ot_her sampling points represents the re-
sult of the oracle at each point.
3.1 Adaptively Skipping Sampling Points The condition for skipping a sampling point on thg.-th slice

1 lsiicet 1 i 1 i
To allow for an adaptive sampling of the image plane, we align all isd 2 whered is the distance stored in the framebuffer and

sampling points on view-aligned slices; see Figure 2. The slices
start in front of the bounding volume and end behind the bounding
volume. The uniform distance between slices corresponds to the . T .
distance between neighboring view rays. This allows us to specify W'_th a positive integefmax that_bolunds the_maxnmum actual sam-
all sampling distances in units of this smallest sampling distance. P!ing distance from ablove by= 2. The index of the last slice
Samples outside the bounding volume are mapped to a default datshould be divisible by 2= to ensure suf cient sampling at bound-
value, which should be mapped to a transparent color for volume afies. Note thaljice is just the number of trailing zeros (bounded
rendering. from gbove byimax) in a binary representation of the |r)d@ﬁce.
Adaptive sampling is achieved by querying an oracle for a sam- SPeci ¢ numbers fotmax = ¥ are given in Table 1. One important
pling distanced at each sampling point starting on the Oth slice, fgature of thls.scheme is that the skipping condition rehe; exclu-
i.e., the frontmost slice. The result is stored together with the data Sively on previously stored results of the oracle and the index of
sample for the same point in the framebuffer and updated with new the slice. This is crucial for an implementation that relies on early
values of each sampling point on the same view ray unless the sam-Pixel-depth tests.
ling point is skipped. Sampling points on the next slices that are . . .
Eroj%g[ed to the Fs)gme pixel (i.e., that are on the same view ray) are3-2 Adaptive Sampling of the Zeroth Slice
skipped in dependency of the stored distadg&owever, at most The adaptive skipping of sampling points on view rays discussed in
d 1 sampling points are skipped; thus, the sampling rate does notthe previous section reduces the number of sampling points quite
drop below the sampling rate required by the orackig not less ef ciently; in particular, it is not restricted to empty space skip-
than 1 in the units described above. However, instead of skipping ping but may also reduce the sampling rate if the data is locally
exactlyd 1 sampling points, our algorithm skips sampling points bandwidth-limited. However, the number of samples can be further
until it reaches the next slice with an index that is divisible by an reduced by adaptively sampling each slice. If the adaptive sampling
appropriate power of 2 in order to align sampling points of differ- of a view ray results in a reduction by a certain factor, the com-
ent rays on the same slice as required for the adaptive sampling ofbined effect of adaptively sampling in three dimensions reduces the
slices, which is discussed in Sections 3.2 and 3.3. number of samples by the third power of this factor. This section
Figure 2 illustrates the skipping of sampling points. For the pur- discusses the adaptive sampling of one slice (in fact, the Oth slice),

lstice= mMaxf | 2 No j igjice mod 2=071 Imaxd



0 SYNTHESIZEDATA(l: X;y):
1 1 return
levell =2 it(3 3 i+(Y ¥)sa 3 L Y1
£ 3G %) G Y s 30y 1
3 2 3 2 G 3) 3 (G 3)S+1 353
levell = 1 1 SYNTHESIZEORACLE(l; X;y):
0 1516°5,@,1 95 @,1D3+16 return
316 @0\ Te /s @00 916 T+(% %) 3+(Y ¥)der ¥ LY 1
o * 4G 3 v 3)de 313 1
levell =0 ¥ ,3* P B) 2 G F)da 5oL
ot b + 2 (3 32) 72 (5 3)ds1 553
01, S@; SAMPLEDATA(I;X; y):
3 4 5 4 7 return sampled scalar data at the position corresponding to
X pixel 20 x+3 128 y+1 1 oflevelo.
Figure 5: Synthesis of s[4;1] = 1—3651[1;0]+ 1%51[2;0]+ 1issl[]_; 1+ SAMPLEORACLE(I; X Y):
1—3651[2; 1]_. Thg_gray dot indicates the texture coordinates for the cor- return sampled oracle at the position corresponding to
responding bilinear texture lookup. . | 1 1.4 1 1
pixel 28 x+5 5,2 y+5 5 oflevelO.

I Figure 7: Pseudo code for synthesizing data and sampling scalar
levell+1 data and the oracle. The functions are employed in Figure 4.
116 316
levell
- these subroutines is presented in Figure 7.

For each pixe(x;y) of the next level = Ihax 1, the algorithm
synthesizes (i.e., approximates) scalar dgtgy] and a sampling
distanced,[x;y] from the values on levdl+ 1 = Ihax. Since the
actual distance between the sampling points corresponding to two
1 adjacent pixels of level is 2, sampling on this level is neces-

sary if the synthesized sampling distance suggested by the oracle
Figure 6: Employed synthesis scheme for pixel data of a ner | evel is less thaln 2. m th's_ case the volumetric data is Sa_mpled and
(gray) from pixel data of a coarser level (black) the oracle’s sampling distance is computed and storedry] and
di[x;y], respectively.
The synthesis of data and distances on ner levels is

. o . . . . . specied by the function SNTHESIZEDATA(l;Xy) and
while .the qomblnatlon W|th the adaptive sampling on view rays is SYNTHESIZEORACLE(I:Xy), respectively. An example is
described in the next Section 3.3. presented in Figure 5. Unfortunately, the formal speci cation in

The data required for the sampling of all view rays (of the nest Figure 7 of these functions obscures the actually quite simple
level) is stored in an image o h pixels. For the adaptive sam-  scheme, which is visualized in Figure 6 in a different way to
pling of this image on the Oth slice, our algorithm employs a pyra- emphasize the relation to the regular Doo-Sabin subdivision
midal synthesis [1, 15] ohnax+ 1 levels. All pixels of the topmost  scheme and the subdivision of biquadratic B-splines [3].
levellmax are sampled while pixels on lower levels are either syn-  This synthesis scheme is particularly well suited for a GPU-
thesized or also sampled if the oracle requires a smaller samplingpased implementation since it can be implemented by the bilinear
distance. Figure 3 illustrates the adaptive sampling of the Oth slice interpolation of a single texture lookup with appropriate texture co-
for Imax= 2. Pseudo code for the adaptive sampling of any slice ordinates as indicated by the gray dot in Figure 5. More details
is given in Figure 4. For the Oth slice, the relevant function call is and applications to problems in image processing are discussed by

PROJECTSLICE(Q); i.e., iglice iS €qual to 0. In this cadgjice is set Strengert et al. [15].
The pyramidal synthesis for the Oth slice starts from the coars- 3.3 Putting It Together
est levellyax of sizew=2'max  h=2lmax (assuming thawv andh are The pseudo code in Figure 4 already covers the adaptive sampling

divisible by 2max). On this topmost levelmax N0 sampling points of all slices. The main difference between the sampling of the Oth
may be skipped; therefore, data valisgg, [x;y] are sampled from slice discussed in Section 3.2 and the sampling of further slices is
the volumetric data and sampling distandgg [x;y] are requested the computation ofgjice. While Igjice is equal tolmax for the Oth
from the oracle for all pixel{x;y) of level Imax. The coordi- slice, it is computed as discussed in Section 3.1 for a general slice
nates of the sampling point for a pixék;y) on levell is deter- indexXisjice.

mined by a mapping to pixel coordinates on level 0 and thereby Isiice determines the starting level for the loop oVém the pyra-

to a sampling point on the corresponding view ray. The subrou- midal synthesis. For example, the Oth slice processes all levels,
tine SAMPLEDATA(I;x;y) samples the volumetric data at the three- while the 1st slice processes only the bottommost level 0. After
dimensional point corresponding to the pixely) of levell of the the rst sampling on the Oth slice, level 1 is updated for the rst
current slice, while 8MPLEORACLE(I;x;y) returns the sampling  time on the 2nd slice and level 2 on the 4th slice, etc. In gen-
distance for this point determined by an oracle. Pseudo code for eral, samples on levélare updated for the rst time on the-#h



ACCUMULATECOLOR(X;Y; islice):
if igice> Othen
Clxyl CIxyl+(1 alxyl)
Ciut sprev[X; yl; solX; V1 islice iprev[xi yl
afxyl axyl+(1 af[xyl)
aut SpreX Y So[X Yl isiice  Tprev{X;Y]

endif
Sprev[X; vyl so[xVl
ipreX ¥l islicelX;Y]

PROJECTVOLUME(Ngjices
forx Otow 1do
fory Otoh 1do

Clxyl 0
alxyl] 0
endfory
endfor x
imax 2|rr‘axdnslices:2Imaxe
for igice OtOimaxdo
PROJECTSLICE(is|ice)
endfor igjice

Figure 8: Pseudo code for the color accumulation employed in Fig-
ure 4 and the main loop over all slices for volume rendering.

slice. More samples for levélare unnecessary since the distance
between sampling points of adjacent pixels on léviel2 in units

of the minimum distance between sampling points. Note that data
that has been synthesized from data of ldye$ always replaced

by new samples on levél 1 taken at smaller sampling distances
if required by the oracle.

The conditiond < 2'sies* 1 for actually performing the sampling
(see Section 3.1) becomks Igjice and Igjice = Imax Or di[X;y] <
2sict 1 in Figure 4. The rst partl < Igjce ensures that we do
not synthesize new values from data of lekgle+ 1, which is not
updated for this slice since the loop ouestarts withlgjice. The

PROJECTSLICE(ig|ice):
lsice mMaxfl 2 Ngjigicemod2 =071 Inmag
for 1 Igjiceto 0do
forx Otow=2' 1do
fory Otoh=2 1do
if | < lgjice then
isynthesize all pixels!
dxyl SYNTHESIZEORACLE(l;X;Y)
S[xyl SYNTHESIZEDATA(I;X;Y)
endif
if di[x;y] < 2'*then
isample and accumulate!
z[xyl %"’ imax lslice
else ifd[x;y] < 2'sice* 1 then
jonly accumulate!
z[xy] %"’ imax lslice
else jneither sample nor accumulate!
z[x:y] %"' imax lslice
endif
if 1= Imaxor
%"' imax lslice < z[Xy] then
dixy] SAMPLEORACLE(l;Xx;Y)
Sxyl SAMPLEDATA(I;XxY)
endif
if = 0and lgjice= Imax
or %“' imax Isiice < 2[xy] then
ACCUMULATECOLOR(X;Y; islice)
endif
endfory
endfor x
endfor |

Figure 9: Pseudo code for a variant of the algorithm presented in
Figure 4, which is suitable for an implementation based on an early

remaining algorithm for sampling slices is exactly as in the case of fragment-depth test.

the Oth slice, which was discussed in Section 3.2.

Pseudo code for the actual volume rendering is presented in
Figure 8. The main function ROJECTVOLUME(Ngjiced initial-
izes arrays of sizev h for accumulated, opacity-weighted col-
orsC[x;y] and opacities [x;y] to transparent black. As mentioned
in Section 3.1, the index of the last slice has to be divisible by
2lmax: thus, the maximum slice indéay is increased accordingly
and the volume rendering is performed in a loop over all slices;
see Figure 4 for the adaptive sampling speci ed by the function
PROJECTSLICE(igfice)-

The volume rendering integral for each pixel on the nest level
0 is approximated by a front-to-back color accumulation performed
by the method £CUMULATECOLOR(X;Y; islice), Which is also de-
ned in Figure 8. For all but the Oth slice, coloG[x;y] and
opacitiesa[x;y] are determined by a lookup in a pre-integrated
table for opacity-weighted coloGy(Stont; Shack d) and opacities
ayut(Srront; Sack d) for the color and opacity of a ray segment of
lengthd with data samplesyont andsyack at its ends. After colors

3.4 Putting It Onto a GPU

For a GPU-based implementation of the algorithm presented in Fig-
ures 4, and 8, we pack the arraggee[X; V], isiicelX V], S[X Y] and
di[x;y] for all levels| from O tolmax in one 16-bits oating-point
texture image of size;?W h with RGBA components. In a sec-
ond 16-bits oating-point texture image colo@x;y] and a[x;y]
are accumulated. While these texture images are also used as ren-
derbuffer images, additional read-only texture images are required
for the pre-integration table and the volumetric data.
Our implementation is based on a texture-based volume renderer
with view-aligned slices; thus, we can easily implement the loop
over all pixels(x;y) in Figure 4 by rasterizing slice polygons. The
loop overl is implemented by rasterizing several primitives into
different parts of the texture image according to the packing of the
image pyramid into the texture image. Thus, for each rasterized
! primitive, I, lgjice, andimax are constant. The block of the innermost
are blended, the end point of the current segment and the data samtoop in Figure 4 consists of three “if-endif’-blocks as indicated by
ple for this point is stored as the starting point of the next segment. horizontal lines. We implement these three “if-endif’-blocks by
The presented algorithm was designed for an implementation on conditionally rasterizing the same primitive up to three times with

GPUs supporting certain features as discussed in the next section. different fragment programs.




Since we store all levels of the image pyramid in one texture Table 2: Results for the aneurysm data set on a 512 512viewport.
image, we have to use the same image as texture image and as ren-
derbuffer image. Simultaneously rendering into and reading from

algorithm  tex.-based adaptive sampling

- . X L9 i distance oracle min. min. jNaj> e
an image is not a well specied operation; however, sending a
“fence” [5] without waiting for it after each primitive apparently # fragments 49M 162M 61M
avoids all caching problems at an acceptable performance cost in # sampling ops 9 M 56 M 1M
our implementation. Alternatively, a more complicate ping-pong time in secs 0.87 0.79 0.23

rendering scheme could be employed that switches the roles of two
texture/renderbuffer images after each primitive; see Strengért et a

[15] for more details. Table 3: Results for the abdomen data set on a 512 512viewport.

3.4.1 |mp|ementati0n Based on PiXel-Depth Tests a|gorithm tex.-based adaptive Samp”ng
Those terms of the “if”-conditions in the pseudo code presented in distance oracle min. min. jNaj> e
Figure 4 that depend only on per-primitive constaihtdg(ce, and # fragments 37M 122 M 61 M
Imax) are evaluated on the CPU and the remaining terms that depend # sampling ops 74 M 42 M 9M
on di[x;y] can be implemented by a potentially early pixel-depth time in secs 0.76 0.68 0.38

test. To this end, each updated entrydk; y] has to be copied to a
depth bufferz [x;y] of the same dimensions as the renderbuffer im-
ages. Then the conditiomfx;y] < 2+ 1 anddj[x;y] < 2'sice* 1 can
be implemented with the help of a “depth bounds test” with (unnor-
malized) bounds from 0 td 2! and 0 to &ice* 1 respectively.

In contrast to the fragment-depth test, a pixel-depth test coul
always be performed before a fragment enters its fragment pro-

gram since the pixel-depth test does not depend on the result of€Ve": it should be noted that this rst fragment program does not
the fragment program. Thus, a pixel-depth test can always be anPerform the potentially expensive sampling of the volumetric data

“early” test; in particular, the speci cation of the depth bounds test b.u.t onlyl the synthesis of data, which we implemented by a single
[5] mentions the possibility of an implementation of an early test Pilinear interpolated texture lookup.

in graphics hardware. Encouraged by the results reported by Neo- 1 he depth value written t[x;y] determines whether both of the
phytou and Mueller [10] with an early depth bounds test and some next two fragment_ programs for sampling and color accumulation
tests of our own, we expected a signi cant performance gain from are performedg + imax isiice), ONly the last fragment program for
the early rejection of fragments. Although we succeeded to imple- color accumulation% + imax lslice), Or none of the two programs
ment the algorithm shown in Figure 4 on our target hardware, we (Q 4+ j . jg..). As the timings presented in Section 4 show, the
can only achieve the expected performance gain if our implemen- early rejection of fragments is very effective in our test cases. Thus,

tation never changes the bounds of the depth bounds test. Unfortuyye can actually avoid the potentially expensive sampling of volu-
nately, we were not able to implement our algorithm without these metric data structures.

changes of the bounds, which presumably deactivate the early test
of the implementation of the depth bounds test of our target hard- 4 RESULTS

ware. Therefore, we were not able to exploit an early pixel-depth \ye tested the implementation described in Section 3.4 on a Linux-
test for an ef cient implementation of the algorithm presented in PC equipped with an Intel Pentium 4 processor (3.4 GHz) and an
Figure 4. NVIDIA 7800 GTX 512 graphics adapter with 512 MB of video
3.4.2 Implementation Based on Fragment-Depth Tests memory. Fo_r comparison with a pre-integratt_ad texture-based vol-
ume rendering system we employed cartesian data sets that are
Thus, we had to revise our algorithm for an implementation based stored in three-dimensional texture maps. Therefore, the sampling
on an early fragment-depth test; i.e., a standard OpenGL depth tesf the volume data is performed by a simple hardware-accelerated
with comparison relation “less” on our target hardware. This test trilinear texture lookup. The time required for this 3D texture sam-
can conditionally avoid the execution of the fragment program that pling is far less than the time required to access complex, GPU-
samples the volumetric data. In the revised pseudo code, which ishased data structures (see for example Lefohn et al. [7]); thus, the
presented in Figure 9, the depth buffer required for the fragment- timings of our current implementation are not representative for
depth test is denoted y[x;y]. Results obtained with our imple-  actual applications. However, the timings prove that many of the

this fragment program. Therefore, a signi cant number of addi-
g tional synthesis operations is performed in the algorithm presented
in Figure 9, which are avoided by the algorithm of Figure 4. How-

mentation of this algorithm are reported in Section 4. potentially costly sampling operations are in fact avoided by early
In this implementation, fragments pass the depth test if their depth tests.
depth is less than the depth value stored in the depth teffey]. Table 2 summarizes our results for a 51812 512 8 bits

Certain limitations of the early fragment-depth test of our target data set of an aneurysm (courtesy of Michael MeiRner, Viatronix
hardware required us to write only decreasing depth values. There-Inc., USA). For comparison, the rst column shows measurements
fore, we use a scheme in which a group of three depth values isfor a pre-integrated, texture-based volume renderer with the same
reserved for each slice indéxce. The three (unnormalized) depth  number of slices. Figure 10a shows the volume rendering. The

val_ues areg + imax lslices %+ imax Islices and%1 + imax _ _isnc_e. second column presents stati_st_ics for our a_lgorit_hm with an ora-
This scheme ensures that any depth value written for sliggis cle that always returns the minimum sampling distance; i.e., the
less than any depth value written for a previous slice. rendering is at full resolution. The resulting visualization is vi-

The rst of the three fragment programs marked by horizontal sually indistinguishable from Figure 10a and was, therefore, not
lines in Figure 9 is executed for all pixels in this algorithm. Ac- included. The results for this oracle were included to present the

tually, we use two different fragment programs: onelfer lgjice, worst-case overhead of our algorithm. The third column shows
which consists only of the second “if-endif”-block to write depth  our algorithm with adaptive sampling according to an ad-hoc or-
values taz [x;y], and a second fragment program ffer | gjice, Which acle that is pre-computed and stored with the data set in the same

includes the synthesis of data. Since we have to write depth valuesthree-dimensional texture map. Roughly speaking, it estimates the
for all pixels, we cannot exploit the early fragment-depth test for distance to the nearest voxel that features a gradient magnitude of



the opacity greater than some threshold. The resulting visualization responding to the amount of skipped sampling points soon.

is presented in Figure 10b and achieves almost the same quality Future work also includes improvements of our volume render-

as the reference rendering with considerably fewer sampling op- ing algorithm regarding boundaries of the data and of the view frus-

erations. Imax Was set to 3 in our examples; i.e., the maximum tum, the use of shells instead of slices for perspective projection,

sampling distance is 8. early ray termination, and applications to compressed GPU-based

The rst row of data lists the number of fragments generated volumetric data structures and the design of appropriate oracles.

during the rendering. Since our algorithm has to rasterize up to

three primitives for each level, it generates considerably more frag- REFERENCES

ments. The second row shows the number of required sampling [1]
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Note that not all of the rejected fragments are rejected early; how-
ever, the timings indicate that many of them are rejected before the [3]
sampling operation was performed. The last row speci es timings
in seconds.

Our second example is a resampled 51212 512 8 bits
version of an abdomen data set (the original data set is also cour-
tesy of Michael Meif3ner). The pre-integrated texture-based volume
rendering is shown in Figure 11a, while the adaptively sampled ren-
dering is presented in Figure 11b. Measurements are summarized in
Table 3. Since this data set contains fewer empty regions, our adap- 6]
tive sampling algorithm requires more sampling operations than for
the aneurysm data set but still signi cantly less than the texture-
based volume renderer.

(4

5]

(7]
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Figure 10: Volume rendering of the aneurysm data set: (a) Texture-based volume rendering for comparison. (b) Our adaptive sampling according
to a pre-computed ad-hoc oracle.

(@ (b)

Figure 11: Abdomen data set: (a) texture-based and (b) with our adaptive sampling algorithm.



