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(a) VW New Beetle
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(b) Ducati 1100cc

Fig. 8. These screenshots show the models used for evaluation. Table 1 gives an overview of the contained surfaces. An overview of the trim curves

is shown in Table 2.

(a) Trunk (b) No anti-aliasing (c) FXAA

(d) MSAA 2x2 (e) Our approach (f) Ground truth

Fig. 9. (a) A view on the trunk of the car model. The close-up view of the highlighted region is used to compare different anti-aliasing methods.
(b) Point classification schemes without anti-aliasing, e.g. [6] [25], reveal aliasing at trimmed edges. In comparison with FXAA (c) and shader-based
multi-sampling (d), our approach (e) is faster and even closer to ground truth (f). The corresponding quantitative evaluation is shown in Table 4.

(a) Single pass (b) Our system (c) Difference image

Fig. 10. (a) A close-up view of the VW emblem (116 patches) rendered
with a single-pass tessellation. Current hardware limitations prevent a
sufficient tessellation. (b) Our pipeline bypasses these limitations using
a pre-tessellation in the estimation pass. (c) The difference image is
shown for the highlighted region in Figure (b).

order-independent transparency (OIT), as shown in Figure 8(b).

A direct comparison to the approach of Claux et al. [6] is
limited to a theoretical discussion because the source code is no
longer available and an equivalent re-implementation seems unfea-
sible due the lack of implementation details and error thresholds.
In terms of image quality, Claux et al. show that their trimming
method produces more visual artifacts (within a given error thresh-
old) than our previous approach [25] which is pixel-accurate. In
this paper, we improved the quality, efficiency and performance of
our previous trimming method. Therefore, we can assume that our
approach results in a better image quality. The performance gain
reported by Claux et al. must be the result of using tessellation
instead of ray casting, because the absolute costs for trimming

are very low. For example, the rendering of the engine model
(see Figure 8(b)) takes about 180ms of which less than 3ms are
spent for trimming. In terms of rendering performance, our three-
pass pipeline allows for much higher tessellation levels and image
quality, but the necessary transform feedback between estimation
and tessellation represents an overhead of about 10-15% compared
to single-pass rendering systems [6].

At last, we evaluated the overall performance of our system.
While regular sized models easily perform at interactive frame
rates, we deliberately used high resolution and complex real-world
models for this evaluation to identify limitations and remaining
challenges. The VW Beetle (see Figure 8(a)) is rendered at about
8-10fps. The view of the Ducati Engine shown in Figure 8(b)
performs at about 6Hz. At first glance, these timings may appear
slow, although we found they are much faster than using a state-
of-the-art CAD application. Figure 12 shows the correspondence
between resolution and draw times for both models. The graph
indicates that the performance benefits only slightly from lower
resolutions even though less triangles are rendered. We think that
the major reasons are bandwidth limitations and a too conservative
computation of tessellation factors. Many tiny details are rendered
even if they are occluded, mostly trimmed (see Figure 11) or result
in a few pixels. For example, the rims of the VW Beetle contain
many surfaces in millimeter scale which are of polynomial degree
13 and more. A single evaluation of these surfaces may require
more than hundred texture look-ups. The development of level-
of-detail methods and occlusion culling techniques for trimmed
NURBS models would be desirable, but remains future work.
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Fig. 11. The symbol on the engine (a) consists of many circular base
surfaces which can be seen in the untrimmed model (b). Most parts of
these surfaces are trimmed.
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Fig. 12. This graph shows the relation between rendering resolution and
draw times for the VW Beetle and Ducati engine model.

6.1 Limitations

Our system has still some limitations. As already mentioned,
tiny patches require costly polynomial evaluation even if they are
barely or not visible at all. While this represents no problem for
small and medium-sized models, it is a potential bottleneck with
increasing model complexity.

Furthermore, the computation of the tessellation factors does
not include trimming information. For base surfaces which are
largely trimmed, this may represent a performance overhead.
Figure 11 shows such an example.

The coverage estimation can only be used for the anti-
aliasing of trimmed surface edges. For the silhouettes of a model,
hardware-supported coverage-sampling anti-aliasing (CSAA) is
required. If CSAA is enabled, the rasterization provides a binary
coverage mask for each fragment that indicates which samples are
covered by a triangle. For each of these samples, our algorithm can
perform a binary trim classification to adjust the coverage mask
accordingly. Nevertheless, the classification of many samples
increases processing costs, as shown in Table 4, and it remains
unclear how to perform a robust crack detection on a multisample
framebuffer.

The traversal of the kd-tree uses the domain coordinates only
and does not consider the pixel’s footprint in domain space.
The quality of the coverage estimation will decrease if the pixel
overlaps multiple nodes of the kd-tree. Our method works best
in close and medium distance. For large object distances, filtered
trim textures or quadtree-based level-of-detail [6] representations
may achieve higher image quality.

In few cases, there remain pixel artifacts caused by cracks
which could be fixed by generating a more precise boundary
representation or a more advanced crack-filling technique [5].
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7 CONCLUSION AND FUTURE WORK

In this paper, we presented a novel adaptive rendering system
for large trimmed NURBS models. The system builds on the
following contributions: (1) a memory- and cost-optimized trim
data structure, (2) an in-search point classification algorithm for
trimming, (3) a pixel coverage estimation that allows for anti-
aliasing of trimmed edges, and (4) a three-pass rendering pipeline
that bypasses hardware limitations and thereby allows for finer tes-
sellation levels. The system also integrates the proposed coverage-
estimation based anti-aliasing and order-independent transparency.
The evaluation of our implementation shows that the proposed
two-level data structure used for trimming requires only 50% of
the memory compared to our previous approach and is about 25%
faster. Our coverage-estimation based anti-aliasing for trimmed
edges can produce more accurate results than FXAA and multi-
sampling with only little overhead.

Nevertheless, a performance evaluation of our system using
complex real-world models shows that frame rates may drop
to the borderline of interactivity. The main reasons for this are
high depth complexities and very high bandwidth requirements.
In particular, most industrial models contain very fine details at
millimeter scale. These details require costly computations even
if they are occluded or barely visible. This is a common issue
often referred to as teapot-in-a-stadium problem. Therefore, we
are convinced that occlusion culling techniques and level-of-detail
(LOD) methods for NURBS representations deserve further re-
search. Existing approaches, e.g. [11], are mostly based on the pre-
computation of discrete meshes. A seamless, parametric level-of-
detail representation would help to minimize bandwidth require-
ments. The development of potentially visible sets for trimmed
NURBS models would be limited to static CAD models, but could
highly accelerate the rendering of depth-complex models.
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