

















. Input | Output | Reduced | %Reduc.
Changing PI Error Error Error Error

. (a) Naive 1.4683 0.0872 74.7%

1 (b) Improved 1.5555 1.4465 0.1090 93.4%

~ | (c) Optimal 1.4388 0.1167| 100.0%

(a) Naive 9.8958 0.1611 34.8%

i1 | (b) Improved 10.0569 9.6462 0.4107 88.6%

(c) Optimal 9.5934 0.4635 100.0%

.. Input Output | Reduced | %Reduc.
Editing TF Error Error Error Error

. (a) Naive 5.5913 0.0520 33.7%

¢ (b) Improved 5.6433 5.4981 0.1452 94.2%

| (c) Optimal 5.4892 0.1540| 100.0%

(a) Naive 26.0345 0.1923 13.1%

i1 | (b) Improved 26.2268 25.0328 1.1940 81.6%

(c) Optimal 24.7629 1.4639 | 100.0%

Table 3: Comparing incremental selection algorithms with respect to our error metric E(cuf) for the case
that the point of interest (P/) is continuously moved through the volume and during editing of the transfer
function (TF).

(a) (b) (©) (d) (e)

Fig. 9: Comparing cut update selection algorithms. (a) Reference image at full resolution. (b,c) Images
generated with (b) naive approach and (c) the improved approach. (d) Pixel-wise error in CIELUV color
space for the naive approach. E(cuf) =10.84 and the average pixel distortion is 9.834. (e) Pixel-wise error
for the improved approach. E(cut)=10.69 and the average pixel distortion is 7.975. Both approaches start
from a fixed cut, and the resulting images (b,c) were generated after applying the corresponding split-and-
collapse algorithm toward the next frame.

(a) (b)
Fig. 10: The views used for evaluating the influence of adaptive sampling and early ray termination. (a)
Pulmonary area of the Angio dataset, viewed from the top. (b) VF8b dataset. In both cases, the RO/ has
been zoomed to fit into the viewport of 1024x768 pixels.

We evaluated and compared the described acceleration techniques in our multi-resolution framework.
Fig. 10 shows two images generated with adaptive sampling based on opacity and early ray termination.



Quantitative results are shown in Table 4, comparing the frame rate (frames per second) for all cases. Our
implementation of early ray termination improves the frame rate typically between 20% and 50%.
Adaptive sampling based on LOD is typically faster than adaptive sampling based on opacity. However,
the former pronounces the difference between adjacent bricks with different LODs (see Fig. 5), and
images generated with the latter are very similar to constant sampling.

Early Ray Adaptive Adaptive

Dataset Termination (CDENT: Opacity LOD
Angio No 3.66 fps 8.26 fps 7.15 fps
Yes 9.06 fps 11.48 fps 14.65 fps
VF8b No 7.66 fps 8.84 fps 18.88 fps
Yes 7.83 fps 9.38 fps 20.25 fps

Table 4: Frame rates for different acceleration technique configurations.

Table 5 shows the calculation times of the 3D pre-integration tables for different levels of quantization
(n) of the transfer function. We selected two extreme transfer functions for this test: one with high
frequencies (Fig. 8b), and a simple, almost linear function (Fig. 8a). We requested a precision of seven
exact decimals for the computation of the small integrals using adaptive Simpson integration [33]. The
optimization introduced in this work reduces the computing time by about 40% for the full exponential
table, and by about 35% for the uniform table. Even though the TF of the IE dataset contains higher
frequencies than the TF of VF8b, the computing time is shorter for IE because the function support is
shorter (i.e. sub-domain of the TF where the absorption is not zero). Pre-integration tables exceeding 2GB
of contiguous memory could not be computed in this test due to platform limitations.

Exponential Table Uniform Table
TF | N kn? entries 2kn? entries
Naive | Optim. | %Impr. | Naive | Optim. | %Impr.
64 0.0434 | 0.0255 41.19| 1.1300| 0.7550 33.19
128 | 0.1703| 0.1024 39.88 | 3.4770| 2.2340 35.75
i\r 256 | 0.5800| 0.3568 38.48 | 10.9740 | 7.1810 34.56
e 512 | 2.3410| 1.4480 38.15 | 42.7290 | 28.1910 34.02
~ 11024 | 9.5290| 5.8920 38.17 - - -
2048 | 38.9140 | 24.3940 37.31 - - -
64 | 0.0975| 0.0526| 46.10| 88.828| 53.719| 39.52
= 128 | 0.3035| 0.1783 41.25| 208.674 | 136.875| 34.41
L | 256 | 09878 0.5920| 40.07| 497.388| 326.157 | 34.43
2 | 512 | 3.7490| 2.2440 40.14 -- -- --
S |1024 | 146820 8.8280| 39.87| - - -
2048 | 59.2190 | 35.5540 | 39.96 - - -

Table 5: Comparing the naive approach to the optimized approach for calculating a 3D pre-integration
table. Computing time is given in seconds.

While the tests shown in Table 5 updates & or 2* two-dimensional tables, we can limit the step width
to A=8, such that no more than nine 2D tables are required, reducing the memory consumption and the
response time. Moreover, if the transfer function is being edited, we switch to constant sampling mode,
which requires a single pre-integrated 2D table of 256x256 entries to ensure interactive response. Such a
table is computed in about 0.05 seconds in our tests.

7. Conclusions and Future Work

The split-and-collapse algorithm is the first interactive approach for an error-controlled cut update of a
multi-resolution volume representation, which considers the necessary constraints for real-world
applications. We also developed an optimal polynomial-time cut update algorithm and used it to
benchmark the greedy split-and-collapse algorithm. The results provide empirical evidence that the split-
and-collapse cut update algorithm performs very close to the optimal algorithm for a variety of test
datasets. Furthermore, we suggest that out-of-core handling can be better supported by an extended cut in
main memory instead of the commonly used LRU strategy. For using pre-integration in combination with
adaptive sampling in a hierarchical volume representation, a 3D pre-integration table is necessary. We
show that such a 3D pre-integration table can efficiently be computed by reusing already calculated
integrals between 2D tables in addition to reusing small integrals for each diagonal of each 2D table.



Our implementation of the split-and-collapse algorithm in our multi-resolution volume rendering
framework supports GPU-based ray casting including opacity-based adaptive sampling, early ray
termination and pre-integration. The system performs in real time for common interaction tasks, including
transfer function changes, roaming and viewpoint changes. The complexity analysis shows that the split-
and-collapse algorithm and the out-of-core techniques do not depend on the dataset size, but on the actual
working set size, which enables our framework to handle in principle arbitrarily large datasets.
Compression techniques (e.g. wavelet tree [9]) have the potential to make better use of the available
bandwidth of the out-of-core layer. Multi-resolution rendering artifacts can be ameliorated by using a
one-brick wide transition zone as suggested in [35]. These smooth transitions require contiguous levels of
detail of adjacent bricks and thus a restricted octree cut, which could be enforced by considering this
constraint during the split-and-collapse operations.

The split-and-collapse algorithm could be used in other contexts as well, where a continuously
changing approximation of a multi-resolution dataset is required. The algorithm can also be extended to
work for 4D datasets, where it is crucial to use the available memory and bandwidth resources in the best
possible way. However, animated transitions between two temporal cuts would need to be performed to
enable smooth animations. Particularly in this case but also for static volumes, temporal occlusion
coherence [34] can be considered by the split-and-collapse algorithm to exclude occluded areas from
rendering and focus the resolution on visible areas.
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