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Fig. 1. High-fidelity quad-dominant mesh simplification. (a) Our method simplifies complex dense meshes (Input, 68k faces) to highly coarse versions (Ours,
14k faces) while strictly preserving the original quad-dominant topology and sharp feature flow (see close-ups). (b) Compared to standard methods (e.g.,
QEM), our results maintain high structural integrity, ensuring artifact-free deformations in skeletal animation even at 20% of the original resolution.

We present a global, discrete optimization framework for quad-dominant
mesh reduction that formulates simplification as an edge selection problem
under coupled topological and geometric constraints. Unlike greedy edge-
collapse heuristics, which make irreversible local decisions, and rigid poly-
chord removal schemes, which over-constrain global structure, our method
casts quad-dominant reduction as an Integer Linear Programming (ILP) prob-
lem that jointly optimizes edge flow continuity and geometric fidelity in a
single global optimization. To make this formulation both tractable and adap-
tive, we segment poly-chords at geometrically meaningful breakpoints to
relax otherwise rigid topological constraints, and introduce geometry-aware
soft constraints that steer the optimization toward preserving high-curvature
and deformation-critical regions. Extensive experiments demonstrate that
our approach consistently outperforms state-of-the-art methods in preserv-
ing quad structure and edge flow, while achieving competitive geometric
accuracy and significantly benefiting downstream editing applications.
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1 INTRODUCTION
Automated mesh simplification is a ubiquitous component in com-
puter graphics, serving as the backbone for generating hierarchi-
cal level-of-detail (LOD) models in real-time rendering pipelines.
Industry-standard algorithms—most notably Quadric Error Metrics
(QEM) [Garland and Heckbert 1997]—and their modern implemen-
tations in tools like Unreal Engine [Epic Games 2022] or Simply-
gon [Donya Labs AB 2022] excel at minimizing geometric deviation.
These methods allow massive assets to be rendered efficiently by
aggressively collapsing edges based on local error measurements.
However, assets manually crafted by artists are predominantly

quad-dominant meshes, characterized by structured quad layouts
with coherent edge flows and well-aligned edge loops. When gener-
ating LODs, artists expect the simplification process to maintain the
integrity of this underlying quad topology. Preserving clean edge
loops and orthogonal flows is essential for a wide range of down-
stream editing workflows, including local retopology, UV unfolding,
texturing, skeletal animation, and physics simulation. Existing au-
tomated methods, driven largely by local geometric error metrics,
often fail to meet these expectations. Being inherently myopic, these
methods tend to destroy global quad structures, resulting in irregular
triangulations that are ill-suited for production pipelines. Conse-
quently, outputs from standard tools often force artists to perform
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extensive manual retopology, creating a significant bottleneck in
production workflows.

Existing solutions face a fundamental dichotomy between topolog-
ical integrity and geometric fidelity. On one end of the spectrum, poly-
chord methods [Daniels et al. 2008] treat quad topology as a rigid
network of continuous strips. While this strategy preserves global
structure, it suffers from severe “locking” issues: removing a long
chord to simplify a flat region may cause unacceptable distortion
in distant high-curvature regions. Conversely, local heuristics [Gar-
land and Heckbert 1997] prioritize geometric error minimization.
While recent variations attempt to preserve quads through local
checks or hybrid pipelines [Knodt 2025; Mason 2020], they funda-
mentally lack a global perspective. As quad topology is inherently
a global property, a sequence of locally valid edge collapses can
inadvertently destroy long-range edge loops or create singularities
that are impossible to resolve later.

We argue that the inability of current methods to reconcile these
competing objectives stems from their underlying decision-making
paradigm. These greedy algorithms [Garland and Heckbert 1997;
Knodt 2025] are inherently sub-optimal due to myopic local deci-
sions, while strict structural preservation [Daniels et al. 2008] is
overly rigid and insensitive to geometric variation. Quad-dominant
mesh simplification therefore involves making decisions that affect
the global topology, where the preservation or removal of an edge
simultaneously affects poly-chord continuity, transverse edge loops,
and local surface approximation.
To bridge this gap, we propose a novel framework that refor-

mulates quad-dominant simplification not as a sequence of local
operations, but as a global optimization based on Integer Linear
Programming (ILP). Instead of making myopic local decisions, our
method determines the optimal subset of edges to retain in a sin-
gle global solve, simultaneously balancing topological continuity
and geometric error. In this formulation, topological constraints
are enforced as hard constraints, while geometric objectives are
incorporated as soft penalties, allowing structural requirements to
be relaxed only where geometrically necessary. To make this global
formulation both tractable and adaptive, we introduce two technical
innovations:

(1) Partial poly-chord segmentation relaxes the rigidity of global
poly-chords by segmenting them at geometrically meaningful
breakpoints, enabling the ILP solver to collapse portions of a
poly-chord while preserving poly-chord continuity and the as-
sociated topological constraints.

(2) Geometry-aware soft constraints incorporate curvature-sensitive
information into the optimization, guiding the solver to retain
sufficient edge density in high-curvature regions without en-
forcing overly restrictive hard constraints.

We validate our approach on a diverse dataset of artist-created
quad-dominant assets. Quantitative experiments demonstrate that
our method significantly outperforms state-of-the-art techniques in
preserving quad topology and edge flow, while maintaining com-
petitive geometric accuracy measured by Hausdorff and Chamfer
distances. Qualitative feedback from professional artists further con-
firms that our output better preserves the modeling intent of the
input model, thus facilitating various downstream applications.

2 RELATED WORK
Our work intersects three closely related research areas: general
mesh reduction, structure-aware quad mesh simplification, and
global optimization methods for discrete mesh topology. While each
of these areas has been extensively studied, existing approaches
are fundamentally limited by either myopic local decision-making
or overly rigid global constraints, motivating the need for a more
flexible global formulation.

2.1 General Mesh Reduction
Mesh reduction has been extensively studied for decades [Luebke
et al. 2002], with the primary goal of reducing complexity while
minimizing geometric deviation. A diverse array of methodologies
has been proposed, including methods based on primitive cluster-
ing [Cohen-Steiner et al. 2004; Lindstrom 2000; Low and Tan 1997;
Rossignac and Borrel 1993; Xu et al. 2024], manifold envelope extrac-
tion [Chen et al. 2023; Gao et al. 2022], and differentiable rendering
optimization [Hasselgren et al. 2021; Knodt et al. 2023]. The seminal
Quadric Error Metric (QEM) introduced by Garland and Heckbert
[1997] revolutionized the field by compacting geometric history
into a 4×4 matrix, allowing for efficient and high-quality iterative
edge collapses. This framework was later extended to handle at-
tributes such as UV coordinates, vertex colors, and other appearance
attributes [Garland and Heckbert 1998; Hoppe 1999]. Further refine-
ments have addressed reduction quality through improved quadric
placement [Garland and Zhou 2005; Liu et al. 2023, 2025; Trettner
and Kobbelt 2020]. The Quadrics-based method is also used for spe-
cific requirements such as animation mesh reduction [DeCoro and
Rusinkiewicz 2005; Landreneau and Schaefer 2009].

Despite their success, these approaches are inherentlymyopic and
geometry-driven: they rely on local collapse operators guided by
geometric error metrics, without explicit mechanisms for preserv-
ing global topological structures. As a result, when applied to quad-
dominant meshes, such methods tend to disrupt coherent edge flows
and convert structured quad layouts into irregular triangulations.
As observed in character modeling and rigging workflows [Raitt and
Minter 1998], these irregular topologies often exhibit unstable be-
havior under skinning and articulated deformation. In contrast, our
approach retains the geometric accuracy benefits of quadrics-based
error measurement, while explicitly constraining the simplification
process to preserve the global quad structure and its associated
edge flow. Rather than treating the mesh as an unstructured collec-
tion of triangles, we formulate quad-dominant mesh reduction as
a global optimization problem that respects topological continuity
throughout the simplification process.

2.2 Structure-AwareQuad Reduction
Maintaining the specific connectivity of quad-dominant meshes re-
quires strategies that prioritize topological invariants such as edge
loops and poly-chords. Extensive work has focused on the extraction
and generation of quadrilateral meshes [Campen et al. 2012; Campen
and Kobbelt 2014; Dielen et al. 2021; Dong et al. 2025; Jakob et al.
2015;Marcias et al. 2015; Palmer et al. 2024; Pietroni et al. 2021; Tarini
et al. 2011; Usai et al. 2015], as well as the specialized reduction of
pure quad meshes [Bozzo et al. 2010; Daniels et al. 2008; Tarini et al.
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Fig. 2. Our pipeline: Given an input quad-dominant mesh and a target face count, we construct geometric and topological constraints to determine the
optimal edge selection via an ILP solver. Following dual graph post-processing and vertex position calculation, we generate the final simplified mesh.

2010]. Related remeshing approaches [Daniels et al. 2009b; Panozzo
et al. 2011] produce high-quality quad meshes but fundamentally
aim at remeshing rather than topology-preserving simplification of
the input connectivity. Recognizing that quad topology is defined
by global edge loops, Daniels et al. [2008] proposed reducing mesh
complexity by removing entire poly-chords, which guarantees all-
quad output but enforces a rigid all-or-nothing constraint that often
leads to the well-known locking problem. Daniels et al. [2009a] later
proposed a localized variant with attribute-aware weighting, which
mitigates locking but remains a sequential greedy approach. The
Frostbite Engine [Mason 2020] employs a hybrid strategy permit-
ting partial poly-chord reduction by locally introducing triangles,
but relies on undocumented heuristics without global consistency
guarantees. More recently, Knodt [2025] adapted the single edge-
collapse operator for quad-dominant reduction by incorporating
per-edge quadrics. Nevertheless, such greedy approaches remain
inherently myopic and can inadvertently disrupt long-range loop
continuity. Our approach formulates quad-dominant mesh reduc-
tion as a global ILP problem, jointly optimizing geometric objectives
and topological constraints to avoid the failure modes of both rigid
poly-chord removal and myopic sequential simplification.

2.3 Global Optimization using ILP
ILP has been widely used in computational geometry for prob-
lems requiring global discrete decisions on mesh topology. Bommes
et al. [2009] pioneered its use for global singularity placement in
quadrilateral remeshing, and Takayama et al. [2014] applied it to
local patch quadrangulation. Duan et al. [2024] extended ILP to
singularity structure simplification in hexahedral meshes. In quad
patch layout optimization, ILP-based formulations have been em-
ployed for layout generation via graph matching [Razafindrazaka
and Polthier 2017; Razafindrazaka et al. 2015], separatrix-based
patch extraction [Zhang et al. 2016], and capacitive touch sensor
placement [Palma et al. 2024]. While these works demonstrate the
efficacy of ILP for global topology management, our method is the
first to directly apply the constrained global ILP optimization par-
adigm to the problem of simplifying an existing quad-dominant
surface mesh via optimal edge selection, thus overcoming the short-
sightedness of local greedy algorithms and the rigidity of traditional
global topological methods.

3 METHOD
Given an input quad-dominant mesh and a target face count, our
method first discovers all poly-chords and segments them at geo-
metrically meaningful breakpoints, while clustering loopy edges via
QEM-based medial curve simplification to establish both topological
and geometric constraints. These constraints are then unified within
an ILP framework, which solves for the globally optimal subset of
edges to retain. The resulting edge selection is refined through dual
graph simplification to eliminate high-valence vertices, followed by
a final QEM-based edge collapse that computes vertex positions and
resolves remaining geometric degeneracies (Fig. 2).

Fig. 3. Illustration of primal space edge loops and opposing quad edges.

3.1 Problem Formulation
As shown in Fig. 2, the input to ourmethod involves a quad-dominant
meshM = (𝑉 , 𝐸, 𝐹 ) and a target triangular face count 𝑁 , where
we use 𝑉 , 𝐸, 𝐹 to denote the set of vertices, edges, and faces, re-
spectively. Here we assume a quad-dominant mesh such that each
𝑓 ∈ 𝐹 is bordering either 3 or 4 edges. Note that although our
mesh might contain quads, we require the user to specify the target
face (assuming triangular faces) count and we treat each quad face
as two triangular faces. Our goal is to compute a simplified mesh
M′ = (𝑉 ′, 𝐸′, 𝐹 ′) that achieves the target face count as much as
possible, while preserving the topological integrity and geometric
fidelity. In terms of topological integrity, we intend to preserve the
global quad layout, in particular the continuity of poly-chords and
their dual orthogonal edge loops. In terms of geometric fidelity, we
intend to preserve the fine surface details in high-curvature areas.
We formulate quad-dominant mesh reduction as a global edge se-
lection problem, in which each edge is treated as a binary decision
variable indicating whether it is preserved or collapsed. All con-
straints and objectives are then defined over these variables within
a unified optimization framework.
Preserving the topological integrity of a quad-dominant mesh

requires maintaining its fundamental topological invariants: poly-
chords [Daniels et al. 2008]. In the dual space, a poly-chord is defined
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as a polyline connecting the centroids of adjacent quadrilaterals,
which represents the continuous flow direction on the mesh sur-
face. In the primal space, as illustrated in Fig. 3, the continuous
sequences of edges that follow this flow direction are referred to
as edge loops [Knodt 2025]. The edges orthogonal to these edge
loops—specifically, the edges traversing the opposite sides of the
quadrilaterals—are termed opposing quad edges. Maintaining the
continuity of these elements is critical for preserving the global flow
during simplification.

3.2 ILP Optimization Framework
Unlike local greedy heuristics, which may degrade global structure,
we adopt a holistic formulation based on global discrete optimization.
We introduce binary decision variables 𝑥𝑒 ∈ {0, 1} for each edge
𝑒 ∈ 𝐸 and𝑥 𝑓 ∈ {0, 1} for each face 𝑓 ∈ 𝐹 , where a value of 1 indicates
that the corresponding element is preserved in the simplified mesh.
Under such a representation, we can estimate the number of faces
after reduction, denoted as 𝑁 ′ = |𝐹 ′ |, via the following equation:

𝑁 ′ ≈ |𝐹tri | + 2|𝐹quad |, (1)

where 𝐹tri = {𝑓 ∈ 𝐹 |𝑥 𝑓 = 1 ∧ ∑
𝑒∈𝜕𝑓 𝑥𝑒 = 3} and 𝐹quad = {𝑓 ∈

𝐹 |𝑥 𝑓 = 1∧∑𝑒∈𝜕𝑓 𝑥𝑒 = 4} denote the number of retained triangular
and quad faces. Specifically, they correspond to the faces 𝑓 ∈ 𝐹 such
that the number of retained edges, i.e.,

∑
𝑒∈𝜕𝑓 𝑥𝑒 , is equal to 3 and 4,

respectively. Since we want the preservation of topological integrity,
requiring 𝑁 ′ = 𝑁 exactly would potentially lead to conflict with
other topological constraints, leading to an infeasible ILP. Therefore,
we allow users to provide a slack parameter 𝜖𝑁 and add the following
constraint:

(1 − 𝜖𝑛)𝑁 ≤ 𝑁 ′ ≤ (1 + 𝜖𝑛)𝑁, (2)

where we have found that setting 𝜖𝑛 = 0.03 yields the best overall
result. In this section, we introduce a set of hard constraints to
preserve topological integrity and a set of soft penalty objectives to
encourage geometric similarity.

3.2.1 Edge-Face Consistency Constraint. To prevent degenerate
faces, we require that a preserved face must border either 3 vertices
(a triangular face) or 4 vertices (a quad face). This is realized by the
following constraints:∑︁

𝑒∈𝜕𝑓
𝑥𝑒 ≥ 3𝑥 𝑓 and

∑︁
𝑒∈𝜕𝑓

𝑥𝑒 − 2 ≤ 4𝑥 𝑓 , (3)

where the first constraint ensures that, if a face is preserved, the
number of bordering edges is at least 3. On the other hand, if the
face is not preserved, then the second constraint ensures that the
number of bordering edges is at most 2.

3.2.2 Poly-chord Segmentation and Consistency Constraint. As il-
lustrated in Fig. 4, an entire poly-chord often exhibits complex
structures, such as self-intersections. We can collapse an entire
poly-chord by removing all the opposing quad edges between two
parallel poly-chords. However, this strict constraint often leads to
infeasibility in the ILP formulation or over-simplifying that signifi-
cantly degrades the geometric quality. To resolve this, we propose a
heuristic segmentation strategy that decomposes poly-chords into

w/o segment

20% 

w segment

20% 

Fig. 4. Left: All the red edges on the model correspond to a single poly-
chord, which is rather complicated and involves self-intersection. Requiring
to preserve or discard the poly-chord altogether is too restrictive or leads
to undesirable over-simplification (red circle) after face reduction. Right:
We divide the poly-chord into segments as labeled by different colors, thus
providing more flexibility for the ILP solver.

structurally coherent segments. We then enforce that all the oppos-
ing quad edges within each coherent segment must be retained or
removed altogether.

e0

dihedral change

bi-normal change
self-intersection

e5

e11

e30

Fig. 5. Raw poly-chords are segmented at geometric breakpoints (red edges)
according to one of three criteria, allowing independent simplification deci-
sions for each segment.

Given a poly-chord with its corresponding opposing quad edges
𝑃 = {𝑒0, 𝑒1, . . . , 𝑒𝑚}, we insert breakpoints based on three criteria:
• If the dihedral angle between adjacent faces exceeds a threshold
𝜖𝜃 (typically 𝜋/3): |𝜃dihedral (𝑒𝑖 ) | > 𝜖𝜃 .
• If the bi-normal change between adjacent faces is larger than
𝜖𝜃 : |𝜃bi-normal (𝑒𝑖 ) | > 𝜖𝜃 . Here we compute the bi-normal as the
(normalized) cross product between the face normal vector and
the direction of an edge in the edge loops.
• If a vertex incident to 𝑒𝑖 has been previously visited by 𝑃 , indicat-
ing a self-intersection, then 𝑒𝑖 is designated as a split location.

Based on the detected breakpoints, 𝑃 is partitioned into a disjoint
union 𝑃 = ∪seg𝑃seg. We enforce the constraint that all opposing
quad edges within a segment share the same preservation status:

𝑥𝑒 = 𝑥𝑒′ ∀𝑒, 𝑒′ ∈ 𝑃seg . (4)

This formulation, as visualized in Fig. 5, allows the solver to flexibly
collapse redundant segments while preserving those critical to the
global flow directions.

3.2.3 Geometric Similarity Constraints. In the previous section, we
focus on ensuring that opposing quad edges are preserved and
discarded in a topologically consistent manner. In this section, we
turn our focus to the edges in the edge loops, or loopy edges. The
direction changes of these loopy edges reflect the curvature of the
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input mesh. Our goal is to retain a sufficient number of edges in high-
curvature areas. To this end, our core idea is to utilize conventional
QEM-based mesh simplification via edge collapse [Garland and
Heckbert 1997]. Crucially, we do not use QEM to generate the final
geometry directly; instead, we leverage the decimation history to
define clustering constraints for the ILP. Specifically, we notice that
an edge collapse can be interpreted as an edge clustering operator,
where an edge to be collapsed is mergedwith a neighboring edge.We
then utilize the QEM-based edge clusters to formulate our constraint
and enforce that at least one edge must be retained within each
cluster.

As illustrated in Fig. 6, we realize the above idea by first extracting
the medial curve Γ = ⟨𝑒1, · · · , 𝑒𝑚⟩ from the original unsegmented
poly-chord between a pair of two loopy edge sequences, represented
as an ordered set of medial edges, where each 𝑒𝑖 ∈ Γ connects the
midpoints of two adjacent opposing quad edges. Each edge 𝑒𝑖 ∈ Γ
is associated with a cluster C(𝑒𝑖 ) initialized to contain the two
parallel loopy edges. Next, we conduct QEM-based edge clustering
guided by the quadric error 𝑄 (𝑒𝑖 ), computed on the medial edges.
We adopt the per-edge weighted quadric formulation proposed by
Knodt [2025] to respect tangent plane constraints during collapse.
For an edge 𝑒𝑖 = ⟨𝑣0𝑖 , 𝑣

1
𝑖
⟩ bordering two vertices, the quadric error

combines contributions from the surface deviation term and the
in-plane distortion term:

𝑄 (𝑒𝑖 ) = 𝑤𝑛 · Q(𝑣0𝑖 , 𝑛𝑓 (𝑒𝑖 )) +𝑤 𝑓 · Q(𝑣0𝑖 ,
𝑣0
𝑖
− 𝑣1

𝑖

∥𝑣0
𝑖
− 𝑣1

𝑖
∥2
× 𝑛𝑓 (𝑒𝑖 )), (5)

where 𝑛𝑓 (𝑒𝑖 ) denotes the unit face normal associated with 𝑒𝑖 , and Q
represents the fundamental plane quadric error function [Trettner
and Kobbelt 2020]. The first term penalizes deviation from the un-
derlying surface, while the second term penalizes in-plane distortion
orthogonal to the flow. Here we set𝑤𝑛 = ∥𝑣0

𝑖
− 𝑣1

𝑖
∥2,𝑤 𝑓 = 0.01.

We greedily collapse edges in order of increasing 𝑄 (𝑒𝑖 ), using
the quadric error solely as a priority metric. We then update the
medial curve as Γ ← Γ/⟨𝑒𝑖 ⟩. Further, upon collapsing the edge 𝑒𝑖 , its
associated cluster C(𝑒𝑖 ) is merged with that of a neighboring C(𝑒 𝑗 ).
For an edge 𝑒𝑖 on the medial axis, there can be two neighboring
clusters, and we choose to merge with the cluster having smaller
Euclidean distance between the center points of the edges. The col-
lapse terminates when any of several geometric stopping criteria is
violated, including spatial deviation from the original curve, normal
deviation beyond a threshold angle, or excessive normal variation
within a cluster (detailed in the supplementary material). Finally,
notice that in order to compute 𝑄 (𝑒𝑖 ), we need to maintain its asso-
ciated face normal 𝑛𝑓 (𝑒𝑖 ). For an edge representing the center line
of a quad, its face normal is the normal of the quad face. After an
edge is collapsed, we update the face normal definition to be the
average of the quad face normals within a cluster.

After clustering we are left with a reduced medial axis Γ such that
for each 𝑒𝑖 ∈ Γ, its associated cluster C(𝑒𝑖 ) represent a subset of
original edges in the input mesh that represents a salient feature of
the mesh, which should not be discarded altogether. We thus require
that at least one of the edges within the cluster must be retained.
However, enforcing this as hard constraints can yield infeasible ILP.
Therefore, we formulate this requirement as a soft penalty via an

( a ) ( b )

( d )

medial curve ei
vi

0

vi
1

ei

𝑛𝑓 (𝑒𝑖 )

( c )

ej
ei

cluster C (ej )

merge cluster1
cluster2

Fig. 6. Overview of the medial axis clustering. We extract the medial curve
from the poly-chord (a) and calculate quadric errors for curve edges based on
normal directions (b). An iterative edge collapse process is then performed
to cluster edges (c). Finally, the clustered results will be used to establish
piecewise geometric constraints (d).

auxiliary continuous variable 𝑥C(𝑒𝑖 ) ∈ [0, 1] defined via the follow
logic constraint:

𝑥C(𝑒𝑖 ) ≤ 1 − 𝑥𝑒 , ∀𝑒 ∈ C(𝑒𝑖 ),

𝑥C(𝑒𝑖 ) ≥ 1 −
∑︁

𝑒∈C(𝑒𝑖 )
𝑥𝑒 . (6)

Specifically, 𝑥C(𝑒𝑖 ) = 1 iff all the edges in C(𝑒𝑖 ) is discarded. This
triggers a high cost in the objective function (Section 3.2.5), strongly
encouraging the preservation of at least one loopy edge within each
region containing significant geometric features.

3.2.4 Geometric Similarity for Triangular Faces. Our method takes
as input quad-dominant meshes that may contain triangular faces
and therefore lack well-defined poly-chords. However, we can use
a similar idea to enforce geometric similarity constraints with the
help of QEM-based edge collapsing. Specifically, we first find a set of
connected edges Γ𝑡 = {𝑒1, · · · , 𝑒𝑚} bordering triangular faces using
breadth-first search (BFS). Each 𝑒𝑖 ∈ Γ𝑡 is again associated with a
cluster C𝑡 (𝑒𝑖 ) initialized to be {𝑒𝑖 }. Note that here 𝑒𝑖 refers to primal
mesh edges adjacent to triangular faces, and unlike Section 3.2.3,
the quadric error is computed using the standard face-based QEM
from adjacent triangle plane equations, rather than the per-edge for-
mulation of Eq. 5. We greedily collapse edges in order of increasing
𝑄 (𝑒𝑖 ), terminating when the QEM cost exceeds a threshold 𝜖tri pro-
portional to the squared bounding box diagonal (see supplementary
material). Upon each collapse, we update Γ𝑡 ← Γ𝑡/{𝑒𝑖 } and C𝑡 (𝑒𝑖 )
is combined with a neighboring C𝑡 (𝑒 𝑗 ) with smallest Euclidean dis-
tance in edge center. After the collapse, we introduce the interleaved
cluster activation constraint. Specifically, if any edge in a cluster is
discarded, then a neighboring cluster must be entirely preserved.
To this end, we introduce the continuous variable 𝑥C𝑡 (𝑒𝑖 ) ∈ [0, 1]
defined via the following logic constraint:∑︁

𝑒∈C𝑡 (𝑒𝑖 )
𝑥𝑒 + |C𝑡 (𝑒𝑖 ) | · 𝑥C𝑡 (𝑒𝑖 ) ≥ |C𝑡 (𝑒𝑖 ) |,

𝑥C𝑡 (𝑒𝑖 ) ≤ |C𝑡 (𝑒𝑖 ) | −
∑︁

𝑒∈C𝑡 (𝑒𝑖 )
𝑥𝑒 .

(7)

Specifically, 𝑥C𝑡 (𝑒𝑖 ) = 1 iff at least one edge in cluster C𝑡 (𝑒𝑖 ) is
discarded: the first constraint forces 𝑥C𝑡 (𝑒𝑖 ) ≥ 1 whenever any
𝑥𝑒 = 0, while the second forces 𝑥C𝑡 (𝑒𝑖 ) = 0 when all edges are
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preserved. If this is the case, the following constraint ensures that
all edges are preserved in the neighboring cluster C𝑡 (𝑒 𝑗 ):

|C𝑡 (𝑒 𝑗 ) |𝑥C𝑡 (𝑒𝑖 ) ≤
∑︁

𝑒∈C𝑡 (𝑒 𝑗 )
𝑥𝑒 . (8)

3.2.5 Objective Function. Our solver seeks an assignment of vari-
ables that satisfies all hard constraints while minimizing a global ob-
jective L. We formulate L to balance three competing goals: adher-
ing to the target face count, minimizing the violation of geometric
soft constraints, and maximizing the retention of high-importance
edges. The objective function is defined as:

L = |𝑁 ′ − 𝑁 |︸    ︷︷    ︸
Target Precision

+ 𝜆geo
∑︁
C(𝑒𝑖 )

𝑥C(𝑒𝑖 )︸               ︷︷               ︸
Geometric Similarity

− 𝜆edge
∑︁
𝑒∈𝐸

𝑄 (𝑒)𝑥𝑒︸               ︷︷               ︸
Edge Importance

. (9)

Here, the first term acts as a soft regularizer to guide the solution
towards the exact target count. The second penalty term discourages
the total collapse of significant geometric clusters by associating
high costs when some 𝑥C(𝑒𝑖 ) = 1. Our third term encourages an
error-weighted edge preservation scheme. Minimizing the negative
sum favors the preservation of edges with large geometric errors,
thereby maintaining high-frequency geometric features.

3.3 Post-processing
While the primal ILP formulation enforces a series of hard con-
straints to decide which primal edges need to be preserved, it oper-
ates without explicit awareness of the dual graph structure. Conse-
quently, the solution may produce “super-faces” in the dual graph
M★, i.e., faces 𝑓 ★ ∈ 𝐹★ bounded by an excessive number of pre-
served dual edges. Here, we use a superscript ★ to denote variables
on the dual mesh. In the primal mesh, these correspond to high-
valence vertices that degrade mesh quality, as illustrated in Fig. 7.
Further, our ILP does not handle other geometric degenerate cases
such as self-intersection after edge collapse. To address these issues,
we adopt a two-stage processing after the ILP solving.

3.3.1 Dual Graph Simplification. We eliminate “super-faces” by
first identifying dual faces with more than 6 boundary edges. We
then maintain these dual faces in a queue to be processed iteratively
until no dual faces are remaining. Specifically, we adopt two steps
to process the dual face. First, we remove dangling vertices. As
shown in Fig. 7, a dual face 𝑓 ★ can have a boundary vertex with
valence=1. Here, the valence of a dual vertex is defined as the number
of retained (i.e., not collapsed) dual edges incident to it; collapsed
edges do not participate in the valence computation. We collapse
the corresponding primal edges by setting 𝑥𝑒 ← 0 to remove all
dangling vertices. Second, we sort the boundary vertices of 𝑓 ★
by their valence. Note that after our first step, the valence is at
least 2. We then segment 𝑓 ★ by tracing an edge from the highest-
valent vertex 𝑣★begin until we reach another boundary vertex 𝑣★end.
We determine the edge sequence connecting 𝑣★begin and 𝑣★end by a
shortest-path search, where we encourage all consecutive edges lie
on the same poly-chord by adding a high penalty when an edge
does not follow the same edge loop as the previous edge. After
each division of a dual face 𝑓 ★, we result in two sub-faces, and we

Dual

Collapse dangling vertices

high-valence vertex searching vertices shortest path

Collapse

a

b

c

d e

f

Dual

g

h

To be collapsed
To be preserved

Fig. 7. Dual graph post-processing. In (c–f), violet edges denote retained
dual edges and yellow edges denote collapsed dual edges. (a) Directly using
ILP results to compute the simplified mesh produces high-valence ver-
tices (b). We perform post-processing in the dual space (c) by first identify-
ing super-faces (blue regions) and their dangling vertices. We then erode
these dangling vertices (d) and iteratively repartition super-faces 𝑓 ★ using
shortest-path searches from high-valence vertices. In (e), the initial super-
face is divided into two sub-faces with 7 (blue) and 6 (red) boundary edges
respectively; since 7 > 6, the blue sub-face requires further partitioning (f).

After clearing all super-faces, we perform QEM-based
simplification in the primal space (g) to obtain the final result (h).

insert them back into the queue for further processing. The process
terminates when no “super-faces” are remaining.

3.3.2 QEM-based Simplification. Our final step after the dual graph
simplification is to use QEM-based edge collapse. Rather than col-
lapsing edges independently, we perform a connectivity-based clus-
ter collapse: vertices connected by collapsed edges are grouped
into connected components via Union-Find, and each component
is merged into a single vertex. The position of each merged vertex
is determined by minimizing the accumulated quadric error (see
Algorithm 3 in supplementary material). This allows users to adopt
additional geometry constraints, such as self-intersection free and
bounded Hausdorff distance from the original mesh, by preventing
edge-collapse when such constraints are violated. We further adopt
the per-vertex weight in the quadric error as proposed in [Knodt
2025], in order to better prevent volume shrinkage and preserve
sharp features.

4 EXPERIMENTS
To evaluate our method, we collected 50 complex quad-dominant
mesh models from Sketchfab [Sketchfab 2022] that were created by
artists with proper licensing. We compare our method against the
single edge collapse-based method [Knodt 2025] (denoted as Single)
and the quadric decimation method of MeshLab [Cignoni et al. 2008]
(denoted as MeshLab). Note that we do not compare with methods
designed specifically for pure quad mesh simplification, as they are
unable to handle the complex quad-dominant topologies present in
our dataset, and reliable open-source implementations are lacking.
In our experiments, we compare the results of different methods
that simplify the input mesh’s face count to 80%, 60%, 40%, and 20%
of the original, respectively. Our method is implemented in C++
using the CP-SAT solver within Google OR-Tools [Google 2024] to
solve the optimization problem. All experiments are conducted on
an Intel i7-9700 8-core CPU.
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Input MeshLab Single Ours Input MeshLab Single Ours

Quad ↑ / Tri ↓ : 54388 / 131
PCCD ↓ / Chamfer ↓ / Hausdorff ↓

10712 / 646
2.390 × 10−3  / 7.213 × 10−4 / 7.858 × 10−3

7376 / 7053
2.854 × 10−3 / 4.670 × 10−4 / 5.786 × 10−3

0 / 21780
× / 1.551 × 10−4 / 5.353 × 10−3

Quad ↑ / Tri ↓ : 5491 / 553
PCCD ↓ / Chamfer ↓ / Hausdorff ↓

2208 / 333
2.605 × 10−3 / 6.091 × 10−4 / 6.519 × 10−3

1813 / 992
2.932 × 10−3 / 5.703 × 10−4 / 8.375 × 10−3

0 / 4617
× / 4.141 × 10−4 / 4.474 × 10−3

Quad ↑ / Tri ↓ : 14646 / 348
PCCD ↓ / Chamfer ↓ / Hausdorff ↓

5824 / 462
1.247 × 10−3  / 2.698 × 10−4 / 4.721 × 10−3

5048 / 1773
1.410 × 10−3 / 4.355 × 10−4 / 9.192 × 10−3

0 / 11855
× / 1.489 × 10−4 / 2.226 × 10−3

Quad ↑ / Tri ↓ : 19312 / 128
PCCD ↓ / Chamfer ↓ / Hausdorff ↓

7908 / 98
1.109 × 10−3 / 1.665 × 10−4 / 3.518 × 10−3

7457 / 586
1.715 × 10−3 / 2.458 × 10−4 / 8.547 × 10−3

0 / 15500
× / 9.300 × 10−5 / 1.494 × 10−3

Fig. 8. Qualitative comparison. Our method significantly improves quad preservation, especially the crucial edge flow around joints for animation, all while
maintaining comparable geometric fidelity.

H
au

sd
or

ff
 ↓

C
ha

m
fe

r 
↓

PC
C

D
 ↓

Ratio: 80% Ratio: 60% Ratio: 40% Ratio: 20%

QRP 
↑ QRP 

↑ QRP 
↑ QRP 

↑ 

Fig. 9. Comparison of our method (blue) against the Single baseline (green) across reduction ratios from 80% to 20%. The scatter plots illustrate the distribution
of regularity (QRP) versus geometric error; Hausdorff and Chamfer distances are shown on a logarithmic scale. The shaded density regions are estimated
using a Gaussian kernel with Scott’s rule bandwidth. A distribution further to the right indicates better quad preservation, while a distribution further down
indicates lower geometric distance. The plots demonstrate that our method consistently achieves superior topology preservation and geometric similarity
across all reduction ratios.

SIGGRAPH Conference Papers ’26, July 19–23, 2026, Los Angeles, CA, USA.



8 • Yuzhe Luo, Jingchen Gao, Zherong Pan, Kui Wu, Xuebo Ji, Xiaogang Jin, and Xifeng Gao

Fig. 10. Frame-by-frame geometric quality comparison for animated meshes. The table presents the PCCD, Chamfer, and Hausdorff distance variations across
all frames. Our method demonstrates reduced deformation artifacts owing to its superior edge flow preservation. The inset error maps visualize the per-vertex
geometric deviation from the input mesh, showing that our method significantly reduces motion-induced stretching artifacts compared to the Single baseline.

4.1 Results
We evaluate mesh quality using standard geometric metrics (Cham-
fer and Hausdorff distances) and two topology-aware metrics. All
models are normalized to a unit bounding box prior to evaluation,
so all distance-based metrics are scale-invariant and directly compa-
rable across models. Quad Preservation Ratio (QPR) [Knodt 2025],

defined as Out Quads
Out Tris /

In Quads
In Tris , quantifies quad structure retention

where values closer to 1.0 indicate better preservation. To evaluate
the preservation of global topological flow, as illustrated in Fig. 12,
we introduce Poly-Chord Chamfer Distance (PCCD), which com-
putes the Chamfer distance between the medial curves of extracted
poly-chords from the original and simplified meshes.
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Full w/o Segmentation w/o Consistency w/o Geo. SimilarityInput

Fig. 11. Qualitative ablation study. By employing multiple constraints, our method effectively avoids undesirable disruption of edge flow (blue circle) and
over-simplification (red circle).

40% 80% 60% 20% 
PCCD: 5.619 × 10−4 PCCD: 1.512 × 10−3 PCCD: 2.605 × 10−3 PCCD: 5.212 × 10−3

Fig. 12. Illustration of the PCCDmetric for simplification results at different
ratios. The medial curves of poly-chords are displayed in purple. We assess
the preservation of the original mesh’s quad topological flow by comparing
the similarity of these curves.

Table 1 presents our quantitative comparison across four simpli-
fication levels, where our method consistently achieves the highest
QPR and PCCD, highlighting superior preservation of quad struc-
tures and edge flow even under aggressive simplification. Metrics
such as QPR and PCCD are not applicable to MeshLab’s output as
it produces a pure triangle mesh lacking quad structure. Regard-
ing geometric accuracy, MeshLab unsurprisingly achieves the best
results due to its purely geometry-driven approach. We further il-
lustrate the trade-off in Fig. 9, which plots geometric quality against
QPR of Single and our method. In this chart, being further to the
right indicates a higher quad ratio, while being further down indi-
cates higher geometric similarity. Compared to the Single method,
our approach strikes a more favorable balance between geometric
fidelity and topological integrity. These results collectively vali-
date the effectiveness of our ILP-based framework in preserving
quad-dominant structures while maintaining competitive geometric
quality. The qualitative comparison in Fig. 8 clearly shows that our
method yields better results in preserving the initial edge flow.
To demonstrate the impact of preserved edge flow on animated

meshes, we compare the deformation quality of meshes simplified to
20% using the Single method and our approach. As shown in Fig. 10,
we evaluate the geometric distance variation throughout a complex
animation sequence. The results indicate that our method achieves
a lower geometric distance for the vast majority of frames. Visually,
our method exhibits significantly fewer distorted regions, highlight-
ing the practical benefit of our topology-aware simplification for
animation applications.

Table 1. Comparison of our approach against Single and MeshLab. Our
method achieves superior preservation of quadrilaterals and edge flow while
maintaining competitive geometric accuracy. MeshLab requires full trian-
gulation of the input mesh and thus cannot preserve any quad structures.

Metric Ours Single MeshLab

80% △
Avg. QPR↑ 0.9941 0.9920 ×
Avg. PCCD↓ 2.596 × 10−4 4.157 × 10−4 ×
Avg. Chamfer↓ 3.506 × 10−5 8.828 × 10−4 1.185 × 10−5
Avg. Hausdorff↓ 2.220 × 10−3 3.594 × 10−3 1.099 × 10−3

60% △
Avg. QPR↑ 0.9859 0.9749 ×
Avg. PCCD↓ 5.671 × 10−4 6.956 × 10−4 ×
Avg. Chamfer↓ 1.099 × 10−4 1.330 × 10−4 8.960 × 10−5
Avg. Hausdorff↓ 4.078 × 10−3 3.998 × 10−3 2.436 × 10−3

40% △
Avg. QPR↑ 0.9716 0.9332 ×
Avg. PCCD↓ 1.030 × 10−3 1.219 × 10−3 ×
Avg. Chamfer↓ 2.701 × 10−4 2.640 × 10−4 2.001 × 10−4
Avg. Hausdorff↓ 5.355 × 10−3 8.170 × 10−3 3.888 × 10−3

20% △
Avg. QPR↑ 0.9281 0.7917 ×
Avg. PCCD↓ 2.185 × 10−3 2.554 × 10−3 ×
Avg. Chamfer↓ 1.211 × 10−3 5.390 × 10−4 5.940 × 10−4
Avg. Hausdorff↓ 1.301 × 10−2 1.445 × 10−2 9.916 × 10−3

Runtime and ILP Optimality. The ILP solving stage dominates
runtime, consistently reaching the 180 s time limit, while all other
stages complete in under 12 s. The solver returns high-quality feasi-
ble solutions across all tested models, though provable optimality
is not guaranteed within this budget. A detailed per-stage runtime
breakdown is provided in the supplementary material.

Outlier Analysis. We identify a small number of Hausdorff outliers
per ratio, primarily on models with low face counts and elevated
triangle content. Fig. 13 shows a representative case: the sparse
input and fragmented poly-chords limit the ILP solver’s flexibility,
causing increased geometric error under aggressive simplification.

4.2 Ablation Studies
We perform an ablation study on several key components of our
method, including poly-chord consistency constraints, poly-chord
segmentation, geometric similarity constraints, and the dual graph
post-process. The results, as presented in Table 2 and Fig. 11, demon-
strate that our full method achieves the best edge flow preservation
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Input Ours (60%) Ours (20%)

Fig. 13. Outlier analysis on Demon Mask. From left to right: input mesh, our
result at 60%, and our result at 20%. At 60% reduction, the quad structure
and geometric detail are well preserved. At 20%, the low face count and
high triangle ratio fragment poly-chords into short segments, limiting the
ILP solver’s flexibility and leading to visible geometric degradation in thin
structures such as the horns and fangs.

and the optimal geometric distance. Notably, removing the poly-
chord consistency constraints severely disrupts the original quad
structure and edge flow. While removing poly-chord segmenta-
tion yields a higher number of preserved quads, the resulting over-
constraints induce over-simplification, which significantly degrades
geometric quality. Similarly, the absence of geometric similarity
constraints leads to over-simplification in many regions, causing a
substantial drop in geometric quality.

Table 2. Ablation study on the 40% reduction level. We evaluate the impact
of each core component of our method. "w/o" stands for "without".

Metric Full w/o Consist. w/o Segmt. w/o Geo. w/o Dual

Avg. QPR↑ 0.9716 0.8537 0.9966 0.9791 0.9791
Avg. PCCD↓ 1.030 × 10−3 2.081 × 10−3 1.247 × 10−3 1.213 × 10−3 1.044 × 10−3
Avg. Chamfer↓ 2.701 × 10−4 3.810 × 10−4 5.161 × 10−4 4.035 × 10−4 2.808 × 10−4
Avg. Hausdorff↓ 5.355 × 10−3 2.043 × 10−2 6.299 × 10−3 2.108 × 10−2 5.909 × 10−3

5 DISCCUSION
We presented a global ILP framework for quad-dominant mesh re-
duction that balances topological integrity with geometric fidelity.
Utilizing partial poly-chord segmentation and geometry-aware soft
constraints, our method preserves critical edge flows and signifi-
cantly outperforms local heuristics, facilitating downstream editing
workflows. Future work will focus on scalable optimization strate-
gies to handle larger assets effectively.
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