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Figure 1: We propose EBOAT, a novel memory-efficient and error-bounded tessellation method of singularities for Catmull-Clark subdivi-
sion surtfaces. Singularities in the control mesh are converted into extraordinary rings using the proposed GPU-friendly representation. An
extraordinary ring with a valence of 5 is highlighted in the red box within the control mesh rendering (left). At runtime, for each extraordi-
nary ring, we estimate an adaptive subdivision depth and then subdivide the extraordinary ring to this depth using a high-performance feature
adaptive subdivision algorithm based on the proposed representation. After subdivision to the estimated depth, the limit surface of the inner-
most 1-ring is approximated by bi-cubic Bézier patches. Given specified tolerance, this subdivision depth ensures that the error between the
limit surface and the Bézier approximation meets a fixed proportion of tolerance, while the tessellation levels ensures that the error between
tessellated meshes and Bézier approximation meets the remaining portion of the tolerance. With tolerances of 0.001 and 0.0001 times the
minimum length of the bounding box (middle and right), the extraordinary ring is subdivided to different depths, and the resulting 1-ring
quads (innermost quads in red boxes) are approximated as bi-cubic Bézier surfaces and then tessellated.

Abstract

Tessellation is critical for real-time rendering of Catmull-Clark subdivision (CCS) surfaces, with control mesh singularities
posing a major challenge. Prior works typically pre-subdivide singular regions to a fixed depth offline to facilitate efficient
runtime tessellation, yet this practice fails to meet view-dependent error requirements for high-fidelity rendering—especially at
pixel-level accuracy. Hence, we present EBOAT, a novel direct-evaluation tessellation method that integrates memory-efficient
feature-adaptive subdivision via a connectivity-elided representation for singularities, along with a two-phase error control
strategy and improved subdivision depth estimation built upon it. With a uniform tessellation level of 64, EBOAT achieves a
3.8x-4.7x speedup over OpenSubdiv, without relying on fixed-depth pre-subdivision. Compared to state-of-the-art breadth-
first subdivision, it yields a 4.2x-7.1x speedup while providing more accurate sampling. To further demonstrate its effective-
ness, we implement a pixel-accurate CCS surface rendering pipeline with EBOAT fully integrated, and provide an in-depth
evaluation of rendering quality. Given its advantages in both performance and accuracy, EBOAT offers a promising alternative
for real-time CCS surface rendering in industrial applications.

CCS Concepts
* Computing methodologies — Rendering; Parallel algorithms;
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1. Introduction

Catmull-Clark subdivision (CCS) surfaces [CC78; KOCM23;
Pixar25] have been widely adopted for several decades in the do-
main of film production, industrial design, and game rendering. It is
recognized for its ability to facilitate precise and organic modeling,
as well as to expedite design processes [Rhino25]. With the increas-
ing demand for higher geometry fidelity and richer images, there is
a pressing need for real-time algorithms that can deliver efficient
and accurate tessellation for high-quality CCS surface rendering,
especially under pixel-level accuracy [XLC*23].

There are two main methods for tessellating a CCS surface:
breadth-first subdivision and direct evaluation. The former pro-
duces meshes by applying CCS scheme iteratively on the control
mesh with simple calculations [MWS*20; DV21; KOCM23], yet
suffers from limited adaptivity due to global subdivision. Some
methods [HWO07b; PWO09] can ensure that the refined mesh meets
a given error bound relative to the limit surface, but directly com-
bining these methods with global subdivision results in deep subdi-
vision depths and an excessive number of redundant triangles. On
the other hand, direct evaluation methods perform direct and ac-
curate sampling on the underlying limit surface, generating tessel-
lated meshes with a closer approximation to the true limit surface
compared to the control meshes used in breadth-first subdivision
methods. These methods demonstrate satisfactory performance and
improved geometric fidelity during runtime, yet they typically re-
quire creating subdivision or stencil tables, which rely on subdi-
viding the model to a pre-specified depth in an offline manner
[NLMD12; SRK*15; BFK*16]. Despite this limitation, the flexibil-
ity and adaptability of direct evaluation make it a preferred choice
for real-time, error-bounded rendering of CCS surfaces.

However, the use of subdivision or stencil tables in direct eval-
uation methods constrains tessellation to a pre-specified subdivi-
sion depth, limiting rendering accuracy and geometric fidelity, par-
ticularly in view-dependent and pixel-accurate rendering scenar-
ios [XLC*23]. The key challenge causing this issue lies in the in-
tricate process handling singular quads, which include extraordi-
nary vertices [DS78], boundaries [Nas87], or infinitely or semi-
sharp creases [HDD*94]. OpenSubdiv, an industry standard im-
plementation of CCS surface evaluation [Pixar25], utilizes Feature
Adaptive Subdivision (FAS) to process singularities [NLMD12].
[SRK*15] introduced dynamic FAS to allow different subdivision
depths for each singularity. Subsequent research has demonstrated
improved performance over FAS by establishing subdivision plans
using adaptive quadtrees [BFK*16] or formulating it as algebraic
operations on sparse matrices [MWS*20]. Despite efforts to en-
hance performance, these methods remain limited by a fixed max-
imal subdivision depth, preventing support for arbitrary precision
control. If the pre-subdivision depth fails to meet the required ac-
curacy, costly on-the-fly subdivision becomes necessary, incurring
computational expenses that are often orders of magnitude higher
than current costfMWS#20], thereby rendering real-time perfor-
mance unattainable.

Additionally, some works aim to estimate a tight subdivision
depth to control the distance between the limit surface and its lin-
ear approximations, such as the control mesh or the limit mesh (ob-
tained by pushing each control vertex to its limit position) [PW09;

HDWO08]. However, few studies consider introducing an intermedi-
ate nonlinear approximation of the limit surface, such as bi-cubic
Bézier patches [LSNCO09], to manage the overall error. This omis-
sion is reasonable, as such intermediate approximation should ul-
timately be discretized into meshes for rendering, thereby intro-
ducing a two-layer error. Nevertheless, we observe that on modern
GPUs, carefully exploiting the trade-off between these two layers
of error offers significant potential for improving performance.

The key challenges in achieving real-time, error-bounded (espe-
cially pixel-accurate) rendering lie in the needs for tight and reli-
able depth estimation to meet strict view-dependent tolerances, and
for high-performance, on-the-fly subdivision algorithms capable of
handling singularities at arbitrary depths. To this end, we propose a
novel tessellation method, named EBOAT, for CCS surfaces in the
direct-evaluation category. It features a memory-efficient feature-
adaptive subdivision (FAS) scheme via a connectivity-elided repre-
sentation (CER) of singularities, along with a two-phase error con-
trol strategy and subdivision depth estimation built upon it. In pro-
posed representation, singularity vertices are stored in a ring buffer
with connectivity implicitly encoded in vertex indices, allowing on-
the-fly reconstruction via lightweight ALU operations and max-
imizing performance. Additionally, our pipeline decomposes tes-
sellation into singularity processing and triangulation, with errors
separately bounded in each phase; exploiting this trade-off further
boosts performance. We also provide an in-depth evaluation of ren-
dering quality. Overall, EBOAT provides an efficient solution for
adaptive tessellation of CCS surfaces under arbitrary error bounds,
achieving improved performance while eliminating the limitations
of fixed subdivision depths and insufficient rendering accuracy.

o A GPU-driven workflow enabling real-time, error-bounded ren-
dering of CCS surfaces by addressing the challenges posed
by singularities through error-bounded adaptive tessellation that
avoids pre-specified depth limits and supports pixel-accurate ren-
dering.

e An on-the-fly CER-based FAS algorithm, combined with a two-
phase error control strategy and improved depth estimation built
upon it, achieving significant performance improvement via
GPU-friendly memory access patterns.

By utilizing CER-based FAS, we achieve a 3.8 x—4.7x speedup
over OpenSubdiv under typical tessellation levels, without the con-
straints of pre-specified depths. Additionally, we observe a 4.2 x—
7.1x speedup compared to state-of-the-art breadth-first subdivi-
sion methods, while providing more accurate sampling. We also
demonstrate the integration of our tessellation approach with error-
bound accuracy and GPU memory efficiency, into a real-time pixel-
accurate rendering pipeline, along with evaluation of rendering
quality.

2. Related Work
2.1. Efficient Catmull-Clark Subdivision

Significant and ongoing progress has been made in achieving effi-
cient real-time rendering of CCS surfaces using GPUs over the past
decade. We separate these approaches into two categories: breadth-
first subdivision and direct evaluation.
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Breadth-First Subdivision. Breadth-First Subdivision applies sub-
division rules in parallel across the entire control mesh at a
given subdivision depth [SJPO5; PEO09; MWS*20; DV21; VD22;
WC23; KOCM23]. The resulting meshes, though deviating from
the true limit surface, are then directly used for rendering. Previ-
ous works primarily focused on enhancing parallelism and memory
efficiency with novel mesh data structures, including look-up ta-
ble [SJP05], data buffer [PEO09], sparse mesh matrix [MWS*20],
halfedge mesh [DV21; VD22], and Edge-Friend [KOCM23]. Cur-
rently, these methods offer efficient parallel schemes [KOCM23].
However, because they perform subdivisions globally, they gen-
erally do not handle crack-free adaptive subdivisions [DV21;
KOCM23].

Direct Evaluation. Direct evaluation involves exact evaluation of
the underlying limit surface. [Sta98] presented exact evaluation
of the quads with isolated extraordinary vertices by utilizing the
eigenstructure of the subdivision matrix. [NLMD12] proposed fea-
ture adaptive subdivision (FAS) algorithm, combining direct eval-
uation on regular patches with recursive subdivision on irregular
patches. Exact evaluation on regular patches with a single semi-
sharp crease was provided in [NLG12]. Dynamic FAS was further
presented to allow different subdivision depths for each singular-
ity [SRK*15]. [BFK*16] pointed out that the FAS process is typ-
ically decoupled from the rasterization pipeline as preprocessing
due to its high overhead. [BFK*16] employed an adaptive quadtree
to create subdivision plans to bypass the real-time FAS process.
An alternative approach, formulating the FAS process as algebraic
operations on sparse matrices, was presented by [MWS*20]. Our
method falls within this category. However, previous methods in-
cur frequent memory transfer between CPU and GPU, or frequent
fetching of stencils or connectivity information from GPU device
memory. In contrast, our proposed memory-efficient FAS based on
CER restricts the memory footprint to the fast GPU shared mem-
ory, significantly enhancing performance.

2.2. Error-Bounded Approximation

Alternative approaches to improving tessellation performance di-
rectly approximate singularities with simpler surfaces. Represen-
tative methods include PN-triangles [VPBMO1], quad splitting
into four triangles [NYM*08; MNPOS], bi-cubic Bézier patches
[LSO08], perturbed bi-cubic splines [MYPO08], and Gregory patches
[LSNCO09]. While these techniques emphasize rendering efficiency,
they largely neglect approximation error bounds, and the result-
ing meshes may deviate from the intended CCS model, potentially
dissatisfying artists [NKF*16]. Some other works estimate a shal-
low subdivision depth to bound the distance between the limit sur-
face and linear approximations, such as the control mesh [CY06;
CCY06; HW07a; HWO07b; PW09] or the limit mesh [HDWO08]. Our
work extends this line of research with a two-phase methodology:
first approximating singularities using bi-cubic Bézier patches, then
discretizing them into triangles, while ensuring that the final mesh
remains within a specified error bound relative to the limit surface.

2.3. Real-time Tessellation

Rather than pre-tessellating surfaces into static meshes, real-time
tessellation has increasingly matured due to its on-the-fly geome-
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try generation, which enables view-dependent adaptivity and sup-
ports arbitrary precision control [NKF*16]. While hardware tes-
sellation, introduced with the Direct3D 11 API [Tessellation23],
provides a versatile and efficient approach for surface tessellation
and rendering, a new programmable geometric shading pipeline
built on Mesh Shaders (and optionally Task Shaders) was intro-
duced in NVIDIAs Turing architecture to further enhance the flex-
ibility and efficiency of the geometry pipeline [Turing18]. Build-
ing upon this, recent research has demonstrated that software-
based implementations leveraging the Mesh Shader pipeline can
yield superior performance by fully exploiting GPU architectural
features, such as shared memory and optimized parallel designs
[XLC*23; ZLCL25]. Our work adopts a similar CUDA-to-Mesh-
Shader pipeline for real-time tessellation following [XLC*23;
ZLCL25].

3. Problem and Overview
3.1. Problem and Methodology

Problem Statement. Our objective is to generate a tessellated mesh
of Catmull-Clark Subdivbision (CCS) surfaces such that the dis-
tance between the mesh and the limit surface is within a given
tolerance €, while also maximizing performance. The tolerance ¢
should be view-dependent for pixel-accurate rendering, which re-
quires that the geometric deviation from the tessellated meshes and
the exact limit surface, when projected to screen space, be bounded
by at most half a pixel.

Motivation. For regular quads of CCS surfaces, whose limit sur-
faces are bi-cubic Bspline patches, [ XLC*23] proposed an efficient
approach using Tensor Cores and image-space crack filling to en-
sure pixel accuracy. However, regions with singular features re-
main the primary challenge for real-time, pixel-accurate CCS ren-
dering, due to the complex limit surface geometry, which hinders
efficient error-bounded adaptive tessellation under view-dependent
tolerances. As shown in Table 1 of the supplementary material, sin-
gularities contribute up to 48%—-88% of the total rendering time
on common models under uniform subdivision by OpenSubdiv
[Pixar25]—and this overhead grows significantly under strict pixel-
accurate adaptive tessellation. Note that this excludes the cost of
stencil table construction. When the pre-subdivision depth fails to
meet the required accuracy, on-the-fly subdivision becomes pro-
hibitively expensive, making real-time performance unattainable.
This issue is particularly pronounced under view-dependent error
control, where zooming in may demand arbitrarily high subdivi-
sion depths to satisfy the tolerance. This motivates the develop-
ment of efficient on-the-fly subdivision capable of reaching arbi-
trary depths, together with tighter depth estimation guided by view-
dependent tolerances.

Our idea. To address the challenges posed by singularities, we pro-
ceed along two directions. First, we adopt a memory-efficient rep-
resentation that implicitly encodes connectivity as vertex offsets,
enabling efficient on-the-fly subdivision around singularities. Dur-
ing FAS, connectivity can be reconstructed through lightweight
ALU operations, thereby significantly reducing memory access
latency—crucial for high-performance GPU algorithms. Second,
we introduce a two-phase strategy to ensure error-bounded tessel-
lation. The prescribed tolerance e is split into ne and (1 —1)e,
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where M € (0,1) serves as a trade-off parameter. Improved depth
estimation guarantees that the limit surfaces of the innermost 1-
ring are approximated by bi-cubic Bézier patches within e, and
subsequently tessellated within (1 —n)e. This two-phase strategy
reduces the required subdivision depth by offloading part of the ge-
ometric approximation to a more efficient evaluation stage using
Tensor Cores, while avoiding overly fragmented patches.

3.2. Overview

Pre-process Given a Catmull-Clark control mesh with common
extensions including boundaries [Nas87], hard and semi-sharp
creases [HDD*94; DKT98], we first perform a global subdivision
to convert it into a quad-only mesh. Apart from regular cases (see
Figure 2(a)) and typical singular cases (see Figure 2(b)), other com-
plex cases — though rare on CCS surfaces — are resolved via local
recursive subdivision and reduced to the canonical forms shown in
Figures 2(a) and 2(b). We demonstrate in Section 2 of the supple-
mentary material how all such cases are handled or transformed in
our workflow.

In our workflow, regular quads can be directly converted into
bi-cubic Bézier patches and tessellated using a method akin to
[XLC*23]. We focus on the more challenging case of quads sur-
rounding singularities, with representative forms shown in Figure
2(b). Each such case includes all quads directly surrounding an iso-
lated extraordinary vertex, as well as their adjacent quads. We refer
to this structure as an extraordinary ring in the following.

(a)

So

Regular with a single

Regular Boundary c
semi-sharp crease

(b)

Extraordinary
with boundaries

Extraordinary
with hard creases

Extraordinary
Figure 2: During preprocessing, we process each case in the CCS
control mesh into regular cases by [NLG12] (a) and typical singu-
lar cases referred to extraordinary ring (b). Other complex cases
are converted into either regular or irregular input. Thick blue lines
indicate semi-sharp creases with sharpness sg or s, while thick red
lines represent hard creases or boundaries. Subsequently, we adopt
the standard form of an extraordinary ring (first column of (b)) for
analysis; other cases, such as those involving a boundary or a hard
crease, are handled in the same manner.

At runtime, the initial step is to determine a tolerance e, either de-
fined by the user or obtained via pixel accuracy [YBP12; XLC*23].
Then the extraordinary ring is processed as illustrated in Figure 3
below, following these steps:

1. Depth Estimation. In this step, we compute a subdivision depth
for each extraordinary ring to ensure it can be approximated
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with Bézier surfaces within the tolerance ne, where 1 € (0,1).
(see Section 5).

2. CER-based FAS Vertices of the extraordinary ring are arranged
into connectivity-elided representation (CER), which enables
high-performance FAS to the estimated depth. (see Section 4).

3. Singularity Approximation. Post FAS, the limit surfaces of re-
sulting 1-ring quads are approximated using bi-cubic Béziers.
(see Section 5).

4. Error-bounded Tessellation. In this step, the original regular
patches and the losslessly generated bi-cubic B-spline from
FAS are tessellated under the tolerance ¢, while the innermost
approximated bi-cubic Bézier patches are tessellated within
(1 —m)e. (see Section 6).

(c) (d)

Figure 3: Singularities Processing. (a) Depth estimation. (b) CER-
based FAS. (c) Approximate the limit surfaces of inner-most I1-ring
by Bézier. (d) Tessellate the resulting patches within given toler-
ancee or (1 — n)e.

4. CER-based FAS Algorithm

In this section, we demonstrate how our GPU-efficient design en-
ables high-performance on-the-fly FAS from two perspectives: (i)
a memory-efficient representation and (ii) an efficient FAS imple-
mentation built upon it, followed by an experimental evaluation and
discussion of performance.

4.1. Connectivity-elided Representation
4.1.1. Design and Insight

The proposed representation stores vertices of the extraordinary
ring in a plain, ordered one-dimensional array and places them into
a ring buffer, as illustrated in Figure 4. While such an organization
is common in prior work, what sets our representation apart is that
it is guided by considerations of GPU memory efficiency: rather
than storing connectivity explicitly, CER encodes it implicitly in
vertex indices, enabling lightweight on-the-fly reconstruction via
ALU operations and thereby reducing global memory traffic. Here
we use the term "elide" to demonstrate that connectivity informa-
tion is deliberately omitted from memory storage for GPU mem-
ory efficiency, and is instead reconstructed on demand at negligible
computational cost.

By contrast, previous work has also stored these vertices as

© 2026 Eurographics - The European Association
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arrays but typically retained connectivity information in various
forms (e.g., lookup tables [SJP0OS5] or sparse structures [MWS*20]).
Such connectivity data cannot fully fit into the on-chip memory of
GPUgs, and thus subdivision requires frequent reads and writes to
global memory, incurring substantial access overhead. As noted by
[DV21], the subdivision process is generally memory-bound, mak-
ing the reduction of memory footprint and access latency critical
for achieving high-performance on-the-fly subdivision.

Van+a

C3n+1 €3n42

Vona Vo Vonsd [,
Con-1fy, S, ¢4y

€3n2 e € Cn+3

€ns7 [3 €3 f> Cnys

8 enre e

Recover «— (vy,n)

B [ ] J— — oo

Figure 4: CER of an extraordinary ring (valence n=5, totaling
6n + 1 vertices). We use a Ring buffer to storage vertices, where

-1 (k—1 —1 .
vgk / , vgk / e vg; ) denote the control vertices of an extraor-

dinary ring at depthk— 1, and vg()7 vgk), e vgkz)n the refined
vertices

obtained after one subdivision step. At the bottom, we illustrate the
basic operations for recovering connectivity or locating output off-
sets using vertex indices in the ring buffer. These operations are
implemented as lightweight ALU instructions and executed on the
fly.

4.1.2. Implementation of CER

For an extraordinary ring with valence n, we set the central
extraor-dinary vertex as vg, and index the surrounding vertices
sequentially in counterclockwise order: vy, vp,.. ., vg, (Figure
4).Actually, once n is given, and a fixed ordering of the vertices,
edges, and faces of the extraordinary ring is established, all
connectivity is determined solely by their indices.

At runtime, connectivity information is extracted through recov-
ering operations. To support the CCS scheme, five operators com-
prising simple bit-wise and arithmetic instructions are defined as
follows (see Section 3 of supplementary material for detailed defi-
nitions):

e facey(v;): Return indices of adjacent faces around the vertex v;,
where j =0,...,2n.

e face.(e;): Return indices of two adjacent faces sharing the edge
ej, where j=0,1,...,6n—1.

e vertexy(v;): Return indices of vertices linking to the vertex v;,
where j =0,...,2n.

e vertexy(f;): Return indices of vertices on the face f;,where j =
0,...,4n—1.

e vertex.(e;): Return indices of vertices on the edge e, where j =
0,1,...,6n—1.

It is worth noting that for an extraordinary ring, the number of
valid vertices in each subdivision step is at most 12n + 1. Hence,
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when the valence satisfies n < 21, the indices can typically be rep-
resented with 8 bits. Except for the adjacency of the central ex-
traordinary vertex (which is trivial), all other adjacency informa-
tion can therefore be stored within four 8-bit values, i.e., a single
uint32_t. Forrare cases with n > 21, where the valence is partic-
ularly large, we can handle them separately by using 16-bit indices.
With this scheme, all operations have well-structured inputs and
outputs, and can be computed efficiently using bitwise and arith-
metic instructions.

4.2. CER-based FAS

Considering the locality characteristic of the subdivision rule, in
our implementation, each extraordinary ring is assigned to a warp
of GPU, which executes its complete FAS process to the desired
depth, facilitating a reduction in the total number of load operations
on GPU device memory.

Furthermore, we formulate the output locations of newly gen-
erated vertices to ensure that: 1) all the vertices are stored in a
plain array; 2) all vertices involved in the next subdivision are po-
sitioned at the beginning of the array, while maintaining the same
relative topological order as in the previous level. This approach
avoids memory accesses associated with vertex reordering between
consecutive subdivision iterations, thereby maintaining a minimal
memory footprint throughout the entire FAS process. Based on the
CCS rules, we define three output locating operators:

e [ocatey(v) return the offset of new vertex v;, j=0,1,...,2n af-
ter refining.

e l[ocate.(ej) return the offset of the new edge point generated
fromedge e;,j=0,1,...,6n—1.

e [ocatey(f;) return the offset of new face point generated from
face f;,j=0,1,...,4n—1.

4.2.1. Implementation of CER-based FAS

In fact, the vertex update rules used in our FAS implementation
are identical to those in [NLMD12]. The key difference lies in how
data are organized and accessed during the subdivision process.

Specifically, we implement our memory-efficient FAS directly
in a ring buffer, as shown in Figure 4. This buffer is allocated in
GPU shared memory and is capable of accommodating both the
CER and the refined vertices generated during subdivision. Since
explicit connectivity information is not stored, the adjacency rela-
tionships required for vertex, edge, and face point computations are
reconstructed on the fly using the defined recovering operations.
After a vertex is computed, its relative location in the ring buffer
is determined using the corresponding locating operations, which
compute output offsets deterministically based on vertex indices
and the valence of the ring. This design avoids any table lookups
or pointer-based connectivity traversal, enabling efficient on-the-fly
subdivision with minimal memory overhead.

Before executing FAS, the CER data is loaded into shared mem-
ory, and the head offset of ring-buffer is initialized to zero. Sub-
sequently, subdivision is repeatedly performed until the specified
depth is reached, where in each subdivision, regular quads are con-
verted into bi-cubic B-spline surfaces and written into GPU de-
vice memory, and the head offset of the ring-buffer is advanced by
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6n + 1. Lastly, the limit surfaces of resulting 1-ring quads are ap-
proximated as Bézier surfaces and written to GPU device memory.

4.3. Discussion

Table 1 presents a comparative analysis of the time consumption (in
ms) of our CER-based FAS against FAS proposed by [NLMD12]
and SLAK FAS (recursive) [MWS*20] when subdividing 100K ex-
traordinary rings to depths of 4, 5, and 6. The reported time con-
sumption for FAS in [NLMD12] includes only the GPU subdivi-
sion time performed via Direct3D11 compute shaders, excluding
the preprocessing time required to construct the subdivision tables.
The timing for SLAK FAS (recursive) is based on the implemen-
tation that recursively subdivides around singularities, as described
in the open-source code of Section 5.2 of [MWS*20]. [MWS*20]
also proposed FAS by a single sparse matrix-vector multiplication
(spMV). However, since no open-source code for this spMV ap-
proach is available, we do not provide a direct time comparison
here. The experimental results for this spMV approach shown in
[MWS*20] indicate a 1.7 x speedup over FAS [NLMD12].

Among the aforementioned methods, both SLAK FAS (recur-
sive) [MWS*20] and our approach do not rely on a pre-specified
subdivision depth. In contrast, the methods presented in [NLMD12]
and SLAK spMv [MWS*20] depend on a fixed subdivision depth
to construct subdivision tables or matrices. Experimental results
demonstrate that our method achieves 7x—14x speedup over FAS
by [NLMDI12], and greater speedup over SLAK FAS (recursive)
[MWS#20]. The significant improvement on performance can be
attributed to our GPU-efficient processing pattern, including our
memory-efficient representation and its capability to effectively ex-
tract connectivity through the decoding and output addressing op-
erator to reduce memory access.

Valences 3 5 6 7 8 9 10

FAS 2.67 3.75 4.61 532 5.59 8.62 9.37
SLAK (Recursive) 14.07 1796 19.63 2137 2280 25.03 26.84
CER-based FAS 0.38 0.42 0.55 0.54 0.61 0.70 0.77

(a) Depth =4
Valences 3 5 6 7 8 9 10
FAS 3.54 4.78 5.41 6.18 6.71 12.66 13.72

SLAK (Recursive) 15.52  20.97 22.85 24.88 2677 29.69 31.88
CER-based FAS 0.48 0.57 0.63 0.68 0.75 0.92 0.94

(b) Depth = 5
Valences 3 5 6 7 8 9 10
FAS 4.11 5.72 6.32 7.01 777 1397 1541
SLAK (Recursive) 17.87 23.32 2559 28.63 30.96 3343 3698
CER-based FAS 0.55 0.60 0.73 0.79 1.04 1.17 1.14
(c) Depth =6

Table 1: Time consumption (in ms) of our CER-based FAS, FAS
by [NLMD12], and SLAK FAS (Recursive) [MWS*20] under var-
ious combinations of valence and subdivision depth. In all meth-
ods, 100K extraordinary rings around extraordinary vertices are
recursively subdivided, with each subdivision iteration directly
out-putting 12n + I refined vertices to GPU device memory.
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5. Error-bounded Tessellation

In this section, we present our method for error-bounded tessella-
tion. The main challenge is to control the deviation between the
tessellated mesh and the true limit surface near singularities, where
the limit surface is defined by an infinite sequence of recursively
refined B-spline rings.

Unlike previous methods that estimate subdivision depths to di-
rectly bound the distance between the limit surface and the tessel-
lated mesh [HDWO08; PW09], we introduce an intermediate non-
linear approximation surface (bi-cubic Bézier in our implementa-
tion), that mediates error control between the limit surface and the
final tessellated mesh. This naturally introduces two layers of er-
ror, which might conventionally be regarded as undesirable. Nev-
ertheless, we claim that, on modern GPU architectures, carefully
exploiting the trade-off between these two error layers yields sig-
nificant performance gains.

Here we must point out that neither the concept of two-phase
evaluation [Sta98] nor the use of bi-cubic Bézier approximation
[LSNCO09] around singularities is new. Prior approaches typically
subdivide to a fixed depth and then apply Bézier or Gregory patches
without rigorous error control.

Our key insight is that the two-phase formulation can be sys-
tematically exploited on modern GPUs, since the two phases af-
fect efficiency in different ways. By introducing bi-cubic Bézier
approximation in the first phase, we significantly reduce the sub-
division depth, thereby lowering the number of generated patches
and avoiding excessive fragmentation. In the second phase, these
Bézier patches are evaluated with high efficiency by leveraging
Tensor Core acceleration. This synergy between reduced subdi-
vision complexity and accelerated patch evaluation underpins the
high performance of our error-bounded tessellation framework.

5.1. Two-Phase Error Control

In this subsection, we present the details of our two-phase error
control strategy.

As outlined in Section 3, our approach handles extraordi-
nary rings by using FAS and bi-cubic Bézier approximation.
Based on the fact that recursive subdivisions
around singularities (namely, extraordinary
vertex here) can gradually fill the n-sided
holes as shown in the inset figure on the |
right. After m subdivision steps, the inner-
most n-sided holes are filled with a series of
Bézier surfaces. We reformulate the problem
of finding the error-bounded tessellation of a
given CCS surface as follows:
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Given a user-specified tolerance €, we decompose it into two
parts: e and (1 —1)e, where ) € (0, 1) is a weight coefficient. The
first phase seeks the minimal subdivision depth m which control the
approximation error between the limit surface x around singulari-
ties and its bi-cubic Bézier approximation £, ensuring

dist(x,#") < me. (1)
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The approximation of the innermost 1-ring is then constructed fol-
lowing the method of [LSNC09].

In the second phase, we find a triangular tessellation I of these
bi-cubic Bézier patches £ such that

dist(I",£") < (1 —=m)e. 2

Thus, the tessellation I of CCS surfaces surrounding singularity
satisfies:

dist(I",x) < dist(I", ") + dist (", x) < e. 3)

Pixel-accurate implementation. For pixel-accurate rendering, the
geometric deviation from the tessellated meshes and exact limit
surface is required to be bounded by at most half a pixel when
projected to screen space. Our implementation adopts the error
control strategy of [XLC*23]: the screen-space tolerance is pro-
jected back into object space, and error control is performed fol-
lowing [FMMS86; ZS00]. It is worth noting that leveraging Subdi-
vidable Linear Efficient Function Enclosures (SLEFEs) [YBP12]
can provide tighter error control. Although [XLC*23] pointed out
that this method may be theoretically problematic for rational sur-
faces, we observe that its formulation appears valid for CCS sur-
faces, which are non-rational. Nevertheless, to maintain compati-
bility with potential alternatives for singularity approximation, such
as Gregory patches, our current implementation follows the route
of [XLC*23], while leaving the integration of [YBP12] as future
work.

Weight Coefficient. Since the error bound is decomposed by a
weight coefficient 1, its choice directly influences both subdivision
and tessellation. A larger 1 reduces subdivision depth but increases
tessellation levels on Bézier patches, while a smaller 1 has the op-
posite effect. Hence, 1 must be chosen to balance subdivision and
tessellation performance. As shown in Figure 5, we evaluate tessel-
lation time under different values of 1 using n = 0 (i.e., the single-
phase strategy, the limit surfaces of inner-most 1-ring are directly
approximated by triangle pairs) as baseline. The results indicate
that values of n around 0.5 achieves the best balance, yielding a
16%-44% speedup over the single-phase strategy.

Relative Time
=]
%
(=]

0.00 010 020 030 040 050 060 070 0.80 0.90

——Big Guy Monster Frog Orge T-Rex ——Car ——Armor Guy
Figure 5: The relative tessellation time for singularities on test mod-
els under different weight coeftficients ), using n = 0 (i.e., the

single-phase strategy) as the baseline.
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5.2. Depth Estimation

In this subsection, we focus on establishing a tight depth esti-
mation for the first-phase error control in Eq. (1), whereas the
second-phase error control is relatively straightforward and follows
[FMM86; ZS00].

To keep the presentation concise and avoid overwhelming no-
tation and theoretical details that may obscure the main idea, we
focus here on the core intuition behind our depth estimation ap-
proach. The complete derivations, notations, and theoretical proofs
are provided in Section 4 of the supplementary material.

Our method is inspired by [PW09], which achieves tight depth
estimation by controlling the distance between the limit surface
and the control mesh. We extend this idea from linear control-
mesh approximation to non-linear approximation surfaces (bi-
cubic Béziers). The tightness of their estimation primarily stems
from reparameterization via the inverse of the characteristic map
defined in [Rei95]. Under this mapping, the convergence of the ge-
ometric distance with respect to subdivision depth m is generally
proportional to the sub-sub-dominant eigenvalue [PRO8; PW09].
However, computing with x_l is cumbersome, as it requires in-
verting polynomial mappings [BZ04; PR04]. Although [Rei95] el-
egantly exploited structural properties of the control mesh to bypass
this issue, extending such techniques to more general approxima-
tion surfaces remains problematic.

To solve this problem, instead of attempting to derive an explicit
form of ¢ = xil, we propose an alternative strategy that extends
Bézier approximation while retaining the same convergence rate.
We prove that, as long as the distance defined by ¢ is well-defined,
the difficulty of computing xil can be circumvented by precom-
puting a series of coefficients offline, which are then used to enable
efficient error estimation at runtime.

The final formula for depth estimation in our method is given by
dist (x,%m) < cm|Qpll oo, 4

where Qy = {q0,91,---,91—1},L = 6n+1 denotes the vertices of
the extraordinary ring with valence n. These vertices are assumed
to have been transformed into a local coordinate system centered at
central point gq. Besides, the coefficient ¢, = ZIL:_Ol &, represents
the sum of a series of precomputed values that depend only on the
valence n and the subdivision depth m. And || - ||oo is the £ norm,
then [[Qolloc = max, _ fqilloc.

We compare our depth estimation method with existing ap-
proaches, as shown in Figure 6. The results demonstrate that our
method achieves the tightest depth estimation while incurring low
computational cost. This improvement arises from generalizing the
results of [PRO8; PW09] to bi-cubic Bézier surfaces, rather than re-
lying on the control mesh or the limit mesh, thereby ensuring con-
sistently fast convergence while providing a closer approximation
to the limit surface.

6. Implementation and Results

We implement EBOAT using CUDA, and integrate it with a Vulkan
forward rendering pipeline based on Mesh Shaders under the Blinn-
Phong reflection model at a resolution of 1920 x 1080. All tests are
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Figure 6: Average estimated depths and estimation time consump-
tion (in us) of [HWO7b], [HDWOS], [PW09] and our method. The
target tolerance is set to 0.005 of the minimal length of the bound-
ing box of models.

conducted on an Nvidia RTX 5070Ti desktop. For the final render-
ing comparisons, we additionally evaluate our method on a desk-
top with an NVIDIA RTX 4070 Super. The implementations of the
compared algorithms are all based on the latest release of the au-
thors’ open source code.

Models setting. All test models have been utilized in previous re-
search, with permissions granted by their owners for use in this
work. The basic information of these models is provided in Table
2 of the supplementary material. To avoid data bias due to small
model sizes, Big Guy, Monster Frog, Orge, Car are duplicated 10
times, while T-Rex, Armor Guy are duplicated 5 times.

6.1. Experimental Results

We first test the tessellation time spent on singularities by Opensub-
div viewer [Pixar25] across different models, experimental results
are given in Table 1 of the supplementary material. The results in-
dicate that the tessellation time for singularities accounts for 48%
to 88% of the total tessellation time, underscoring the significance
of efficient tessellation on singularities. As previously mentioned,
direct evaluation techniques such as OpenSubdiv require extensive
preprocessing to achieve optimal performance during runtime. This
preprocessing cost can be several orders of magnitude higher than
the actual tessellation time, thereby limiting the maximum subdi-
vision depth and, consequently, the rendering accuracy. In pixel-
accurate rendering scenarios, which require view-dependent error
control, such as when the user zooms in, the pre-specified maxi-
mum subdivision depth may become insufficient to satisfy the tol-
erance requirement. This, in turn, can lead to a significant increase
in computational cost near singularities.

Table 2 presents the time costs of various methods for per-
forming tessellation using a uniform tessellation level p (i.e.,
sampling (p + 1) x (p + 1) vertices). For patches with singular-
ities, we utilize CER-based FAS for tessellation to a depth of
m = [log,(p)], where each bi-cubic Bspline surface generated
at depths 0 < d < m is tessellated with a level of max(p/2¢,1).
We compare our method against existing breadth-first subdivision
methods [MWS*20; DV21; KOCM23] and OpenSubdiv[Pixar25].
Here, tessellation time refers to the computation spent tessellating
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the model prior to rasterization, excluding preprocessing overhead
(e.g., stencil table construction in OpenSubdiv [Pixar25]) to ensure
fairness. A full comparison and analysis of rendering time are pro-
vided in Figures 7 and 8.

Experimental results in Table 2 show that our method is consis-
tently the fastest across all test cases. Specifically, our method out-
performs OpenSubdiv by 3.8 x—4.7 X, and outperforms [KOCM23]
by 4.2x-7.1x when p = 64. At lower tessellation levels (p =
16 and p = 32), the improvements are smaller—2.0x-3.2Xx over
OpenSubdiv and 1.2x—-4.4x over [KOCM23]—which is expected.
Our memory-efficient design exhibits its advantages most clearly
under higher GPU pressure, such as at large tessellation levels or
with more complex data.

Figures 7 and 8 present detailed performance data and break-
downs for uniform tessellation levels p = 16,32,64 as well as for
adaptive tessellation under pixel-accurate rendering, as described
in Section 3. With uniform tessellation levels of p = 16,32,64,
our method achieves a 2.6 x-3.7x speedup in rendering time com-
pared to OpenSubdiv. The rendering performance results are con-
sistent across the two devices. It is worth noting, however, that the
full potential of EBOAT is realized in error-bounded tessellation
scenarios—such as pixel-accurate rendering—since the two-phase
error control is not enabled under uniform tessellation. In these
scenarios, tessellation costs are significantly reduced compared to
uniform tessellation, while high rendering quality and geometric
fidelity are preserved. The breakdown in Figure 8 further shows
that tessellation on singularities is no longer a bottleneck for high-
quality rendering, particularly under view-dependent tolerances or
pixel-accurate settings.

Big Guy_x10  Monster Frog_x10  Orge_x10 T-Rex_x5 Car_x10 ArmorGuy_x5

Opensubdiv 2.79 2.90 4.67 10.45 3.29 11.35
SLAK 5.36 5.38 5.70 9.42 5.94 8.51
HalfEdgeSubd 221 2.02 2.13 4.71 2.23 6.52
Edge-Friend 1.68 1.59 1.57 6.42 1.89 5.89
Ours 1.32 1.43 1.51 3.83 1.50 3.53

(a) Tessellation level = 16
Big Guy_x10  Monster Frog_x10  Orge_x10 T-Rex_x5 Car_x10 ArmorGuy_x5

Opensubdiv 5.31 552 8.23 20.74 6.26 20.03
SLAK 9.06 8.52 8.59 24.79 10.20 20.79
HalfEdgeSubd 8.92 7.83 8.10 30.14 9.84 26.25
Edge-Friend 5.46 5.76 6.02 24.64 7.11 21.14
Ours 2.01 2.12 2.79 713 230 6.29

(b) Tessellation level = 32

Big Guy_x10  Monster Frog_x10  Orge_x10 T-Rex_x5 Car_x10 ArmorGuy_x5

Opensubdiv 14.4 13.94 17.21 55.54 16.65 48.06
SLAK 22.96 20.89 21.43 87.75 289 68.66
HalfEdgeSubd 3291 29.72 30.57 110.9 36.92 92.75
Edge-Friend 20.59 18.5 18.61 82.48 2223 66.7
Ours 3.59 34 4.44 11.66 4.14 10.11

(c) Tessellation level = 64

Table 2: Time (in ms) spent on tessellation with a uniform tes-
sellation level p: (a) p = 16, (b) p = 32, and (c) p = 64. For our
method, the reported performance includes all processing time
prior to rasterization. For comparison, we also report the perfor-
mance of OpenSubdiv [Pixar25], SLAK [MWS*20], HalfEdge-
Subd [DV2]], and Edge-Friend [KOCMZ23] under the exact same
configuration.

The corresponding average triangle count per base face, along
with the average and maximum subdivision depths for different

© 2026 Eurographics - The European Association
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Figure 7: Average frame times (ms) for rendering various models under different tessellation modes, including uniform tessellation (levels
16, 32, and 64) and pixel-accurate adaptive tessellation, evaluated on two graphics cards: RTX 5070 Ti (first row) and RTX 4070 Super

(second row). The reported frame times comprise two components: CUDA-based adaptive tessellation and Vulkan mesh-shader Blinn-Phong

shading.

Big Guy  Monster Frog Orge  T-Rex Car Armor Guy
Avg. TriCnt  158.62 147.06 25229 38.84 17143 89.13
Avg. Depth 4.32 3.53 4.42 2.67 421 2.84
Max. Depth 6 6 7 6 8 7

Table 3: The average triangle count per base face, along with the av-
erage and maximum subdivision depths for different models during
pixel-accurate rendering. The reported data is the average over 100
views. Each model was positioned at the center of the screen, cov-
ering as many pixels as possible without triggering frustum culling.
Specifically, each model was rotated around both the x- and y-axes
at equal intervals, with 10 sampled angles per axis, resulting in 100
test views per model.

models during pixel-accurate rendering, are reported in Table 3. On
average, the triangle count per base face remains relatively small—
roughly equivalent to uniform tessellation with levels 4-10, and the
average subdivision depth around singularities ranges from 2.6 to
4.3. However, depending on the viewing angle, the maximum depth
can reach up to 8.

Actually for breadth-first subdivision methods, when the sub-
division depth exceeds 7, the resulting refined mesh already be-
comes extremely large. When zooming in, arbitrarily high depths
may be required to satisfy the prescribed tolerance, making pre-
subdivision-based approaches such as OpenSubdiv difficult to ap-
ply in practice.

6.2. Discussions
In this subsection, we provide an in-depth discussion of our

method, including validation of error control, analysis of water-

© 2026 Eurographics - The European Association
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tightness and crack filling, as well as issues related to smooth shad-
ing.

6.2.1. Error Control

We first validate whether our method achieves strict error control.
Figure 9 presents the Hausdorff distance between the tessellated
mesh produced by our method under a prescribed tolerance e and
a ground-truth reference mesh (a refined mesh at depth 7) on the
Big Guy model. The Hausdorff distance is computed using Mesh-
Lab. With a tolerance of € = 0.01 (Figure 9a), the maximum dis-
tance reaches 0.0067, whereas tightening the tolerance to ¢ = 0.001
(Figure 9b) reduces the maximum distance to 0.00078. This com-
parison demonstrates that our error-bounded tessellation faithfully
respects the prescribed tolerance: lowering € consistently results in
finer tessellation and reduced approximation error.

6.2.2. Memory Efficiency and Pipeline

In this work, we adopt a CUDA-to-Mesh-Shader pipeline, where
CUDA is utilized for singularity processing and Mesh Shaders ex-
ecute the surface tessellation. As demonstrated in [ XLC*23], this
workflow offers superior performance compared to fixed-function
hardware tessellation, enabling greater flexibility for parallel GPU
design and enhancing memory efficiency—a critical factor for
memory-bound processes like tessellation—which explains the ob-
served performance gains.

Notably, our pipeline differs from the workflow in [XLC*23] as
surfaces are tessellated on-the-fly directly within the Mesh Shader,
rather than being processed by a separate CUDA kernel. Conse-
quently, the tessellation stage only requires loading the base surface
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Figure 8: The breakdown of the frame time for each stage of the
models, with pixel-accurate rendering (a) and uniform render-ing
with level p = 64 (b). It shows the percentage of the total frame
time allocated to each stage, including tessellation for reg-ular
patches (TES_R), tessellation for singularities (TES_S), ras-
terization (RAS), shading (SHD) and crack-filling (CRK). We then
rotated the models around both the x- and y-axes at equal intervals,
capturing data at 10 angles for each axis, resulting in 100 test views
per model.

geometry, eliminating the need to pre-compute and store mesh-
lets in global memory before passing them through the render-
ing pipeline. From the perspective of global memory access, this
strategy avoids redundant read-and-write operations of fully tes-
sellated primitives and removes the requirement for pre-allocating
large storage buffers for tessellated geometry. Similar to the advan-
tages over the stencil-based methods in OpenSubdiv, our memory-
efficient pipeline significantly minimizes the memory footprint and
traffic, which is also a primary driver behind the observed perfor-
mance improvements.

6.2.3. Watertightness

We point out that, following [XLC*23], we combine pixel-accurate
tessellation with image-space crack filling to guarantee crack-free
rendering (i.e., no pixel dropout, as proved in Section 3 of the sup-

Zeng et al. / EBOAT: Error-Bounded Adaptive Tessellation for CCS Surface Rendering

(a) tolerance € = 0.01

(b) tolerance e = 0.001

Figure 9: Error maps under different tolerances. The Hausdorff dis-
tance is color-mapped onto the surface, with warmer colors indi-
cating larger deviation. (a) With a global tolerance of ¢ = 0.01, the
maximal Hausdortf distance is 0.006770. (b) With a global toler-
ance of € = 0.001, the maximal Hausdorff distance is reduced to
0.000780.

plementary material of [XLC*23]), at the cost of generating non-
watertight tessellated meshes.

While ensuring watertight tessellation is ideal for CCS sur-
faces, implementing this within the current Mesh-Shader pipeline
requires substantially more intricate system design (e.g., regard-
ing task granularity, meshlet sizing, and primitive generation), and
most importantly, limits achievable performance. Consequently,
this remains a challenging task and is left as future work.

Since our primary objective is real-time, error-bounded (pixel-
accurate) rendering of CCS surfaces—rather than producing wa-
tertight intermediate meshes—this strategy provides greater flexibil-
ity in parallel GPU design and leads to improved performance, as
demonstrated by the experimental results presented earlier.

6.2.4. Crack filling

Cracks in screen space arise as a consequence of generating non-
watertight meshes. As illustrated in Figure 10, such cracks fall into
two categories. In the first case, cracks directly expose the back-
ground, manifesting as visible pixel dropouts. In the second case,
cracks reveal geometry that should have been occluded, leading to
incorrectly shaded pixels.

Fortunately, due to pixel-accurate tessellation, the size of each
crack is bounded by a single pixel. To address this, [XLC*23] pro-
posed a crack-filling algorithm that detects and repairs such cracks
in screen space. The basic idea is to classify a pixel p as isolated,
and thus likely part of a crack (Figure 10, right) if most of its neigh-
boring patch IDs differ from that of p. In such cases, the pixel is
filled using the color of the neighboring sample with the smallest
depth.

However, we point out that this method may incorrectly detect
many pixels as cracks and fill them using neighboring pixels, which
leads to unsmooth shading. This issue is particularly evident for
CCS surfaces, where recursive subdivision can produce patches of
extremely small size. In such cases, many pixels may be naturally
isolated and thus mistakenly classified as cracks by [XLC*23].

© 2026 Eurographics - The European Association
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This observation also motivates our adoption of a two-phase error-
control strategy, which reduces subdivision depth and prevents the
generation of overly fragmented patches.

We illustrate this problem in Figure 11 on the pixel-accurate ren-
dering of the T-Rex model. When closely examining the region
highlighted by the black dashed box, the black solid box on the
left side shows patch IDs visualized in color, revealing a dense dis-
tribution of very small patches. In the blue box on the right side,
pixels detected as cracks by the algorithm are shown in blue and
red, where numerous pixels are incorrectly classified as cracks, re-
sulting in visibly unsmooth shading.

To address this issue, we argue that the isolation criterion based
solely on patch IDs is insufficient, and therefore introduce a second
criterion: the occlusion criterion. For dropout pixels, we adopt the
same strategy as [XLC*23]. For other cases, however, we exploit
the minimum and maximum depths of the triangle corresponding
to each pixel to assist in crack detection and filling.

To clearly describe the adopted occlusion criterion, we denote
by 1, the triangle primitive that generates the pixel p. If there exists
neighboring pixel g, whose triangle 4 lies entirely in front of 7,
in depth, we consider p as increasingly likely to be occluded. We
count the number of such neighbors as occul_cnt. If occul_cnt > 3,
we regard pixel p as highly likely to be occluded by foreground
geometry.

Hence, in our algorithm, a pixel (not dropout pixel, case 2) is fi-
nally classified as a crack only when both conditions are satisfied:
(i) it is detected as isolated based on the patch-ID criterion, and (ii)
it satisfies occul_cnt > 3 under the depth test. This combined strat-
egy greatly reduces the probability of false positives. Then, during
the filling stage, we only use the color of a neighboring pixel ¢
whose associated triangle lies entirely in front of that of p in depth.

We do not need to worry about missing cracks. For case 1
(dropout pixels), we continue to rely on the isolation criterion. For
case 2, however, we combine both the isolation and occlusion cri-
teria for detection and repair, which greatly alleviates the prob-
lem of incorrect shading in the original approach. Improved results
highlighted in the red box of Figure 11 demonstrate significantly
smoother shading.

It should be noted that the above results are shown as locally
enlarged renderings. When directly zooming in, as illustrated in
the green box of Figure 11, both methods produce smooth shad-
ing. This is because, once sufficiently zoomed in, the sampling rate
adaptively increases under pixel-accurate tessellation, and the color
differences between neighboring pixels become negligibly small.

4,44, 4%

Figure 10: Non-watertight meshes may introduce cracks in screen
space.

Actually, the issue of unsmooth shading can also be alleviated
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Figure 11: Pixel-accurate rendering on the T-Rex model with two
different crack-filling algorithms. We examine the region high-
lighted by the black dashed box. On the left, the black solid box
(top-left) shows patch IDs visualized with distinct colors, while the
green box illustrates the dynamic sampling rate under zoom-in. On
the right, we present enlarged views of the rendered image in the
same region: the first row highlights cracks detected in the
rendering results (in red or blue color, representing two kinds of
crack detected as in Figure 10), and the second row shows the cor-
responding results after crack filling.

by adding normal control. As shown in Figure 12, the green box
illustrates how controlling the size of the normal cone at boundaries
increases the sampling rate and improves rendering quality. The red
box shows that our crack-filling approach still produce good results.

[XLC*2023]

Normal Control B

Figure 12: Pixel-accurate rendering on the Monster Frog model. In
the blue box, the crack-filling method of [XLC*23] may lead to
unsmooth shading. In the green box, adding normal control allevi-
ates this issue. In the red box, our crack-filling approach produces
resullts.

-

7. Conclusions

In this paper, we present EBOAT, a novel real-time error-bounded
tessellation method for CCS surfaces, aiming to address the chal-
lenges posed by singularities. Rather than subdividing the model to
a pre-specified depth to optimize runtime tessellation, causing lim-
ited rendering accuracy and geometry fidelity, our approach focuses
on real-time adaptive, error-bounded tessellation for CCS surfaces,
allowing for arbitrary tessellation levels or depths. Our primary
contributions lie in two core components of EBOAT. First, we pro-
pose a GPU-driven workflow for real-time, error-bounded render-
ing of CCS surfaces via adaptive tessellation, which avoids reliance
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on pre-specified subdivision depths and supports pixel-accurate
rendering. Second, we introduce an efficient, on-the-fly CER-based
FAS algorithm, enhanced by a two-phase error control strategy and
a tailored depth estimation scheme. This design enables substan-
tial performance gains through memory-efficient processing and
GPU-friendly access patterns. Experimental results demonstrate
that our FAS algorithm significantly outperforms existing methods
in performance. Furthermore, our depth estimation achieves mini-
mal subdivision depth with negligible overhead, enabling efficient
error-bounded tessellation near singularities through a two-phase
error control strategy. As a result, substantial improvements are ob-
served in both tessellation and overall rendering performance.

Under error-bounded tessellation scenarios, where pixel accu-
racy is used as the error tolerance, the maximum subdivision depth
can reach up to 8 across different views—even in our tests with-
out deliberate zooming, but simply through rotation. This is un-
favorable for breadth-first subdivision methods lacking adaptivity,
as they produce excessively large refined meshes with many re-
gions heavily over-tessellated. For prior direct-evaluation methods,
whose performance relies on pre-subdivision at a specified depth,
strict error control may not be satisfied under certain views; oth-
erwise, costly on-the-fly subdivision must be performed, which
makes real-time applications infeasible.

Furthermore, pixel-accurate sampling ensures geometric fidelity
to the limit surface in screen space, maintaining high rendering
quality. EBOAT is especially well-suited for integration into ren-
dering scenarios such as model-in-edit rendering in the viewport of
modeling software, and high-poly model rendering in video games.

Limitations & Future work. Although EBOAT achieves substantial
improvements on performance in adaptive tessellation of CCS sur-
faces, several limitations remain that we tend to address in future
work.

Our current implementation does not support hierarchical edits
[FB88] and Chaikin rules [Cha74; DKT98]. However, given that
our current implementation already accommodates adaptive sub-
division and semi-sharp or hard creases, these extensions can be
implemented with minimal effort.

Driven by the goal of error-bounded real-time rendering, EBOAT
ensures visually crack-free results by combining pixel-accurate
tessellation with an image-space crack-filling approach similar
to [XLC*23]. We also conducted an analysis of the quality of
the generated renderings. However, as discussed in Section 6.2.4,
the tessellated meshes are not as watertight as those produced
by [NLMDI12]. Achieving high-performance, watertight, pixel-
accurate CCS rendering within a mesh shader pipeline remains a
challenging task, which we leave for future work.
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