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Unified UV Representation
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Prior Approaches

Binding Gaussians to Mesh ' ' '
Fig. 1: Key insight behind URHead. Unlike prior approaches that bind Gaussians
to mesh surfaces in 3D space (bottom), URHead introduces a unified UV-space rep-
resentation that jointly parameterizes mesh and 3DGS through shared attribute maps
(top). Through joint optimization over the shared UV , both representations mutually

refine each other, preserving animation controllability while bridging structural coher-
ence and visual fidelity.

Input monocular video

Abstract. We present URHead, a unified representation for high-fidelity
and animatable head avatars that fundamentally redefines mesh-Gaussian
integration. While mesh-based methods offer precise geometric control
but lack photorealistic detail, and Gaussian-based approaches achieve
photorealism but suffer from poor structural consistency, existing hybrid
solutions fail to fully leverage their complementary strengths. Our key
contribution is a UV-space unification where both representations share
a common UV parameterization. Through joint optimization with adap-
tive gaussian sampling, our method automatically learns to disentangle
and allocate appropriate roles to each component. URHead maintains
full parametric controllability while preserving subject-specific details,
outperforms existing state-of-the-art methods in reconstruction quality
and animation consistency.

Our code is available at https://github.com/Lseonghak/URHead
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1 Introduction

Creating photorealistic digital human avatars has long been a fundamental chal-
lenge in computer graphics and vision, with applications spanning virtual real-
ity, film production, telepresence, and gaming [5,/64|11,/12}/14,20439,40]. Recent
advances in neural rendering have dramatically improved the quality of digital
humans. Nevertheless, current approaches to animatable head avatar reconstruc-
tion predominantly rely on either parametric mesh models or 3D Gaussian Splat-
ting (3DGS). Parametric meshes provide explicit geometric structure and con-
trollable deformation, enabling stable animation, whereas 3DGS achieves photo-
realistic rendering through unstructured Gaussian primitives. However, neither
representation alone fully satisfies the demands of both structural coherence and
high-frequency detail modeling.

Parametric facial mesh models [7}/91/29,34,/45] have been widely adopted as a
core representation for animatable head avatars, offering explicit topology and
controllable deformation through low-dimensional shape and expression param-
eters. This structured design ensures stable animation and semantic control.
However, the same structural priors fundamentally limit geometric expressive-
ness: the fixed topology cannot faithfully represent high-frequency details such
as wrinkles or pores, and the restricted parameter space inevitably discards
subject-specific variations outside the learned basis.

In contrast, 3DGS [15] has emerged as a powerful alternative, represent-
ing scenes as anisotropic Gaussian primitives that enable real-time, high-fidelity
rendering. However, Gaussians lack explicit topology, making it challenging to
maintain structural coherence during animation-driven deformation. To mitigate
this issue, recent hybrid approaches [131|19}26,31.[38] incorporate mesh control-
lability by binding or initializing Gaussians on parametric surfaces. While this
introduces coarse geometric guidance, the Gaussians are still optimized inde-
pendently in 3D space. As a result, over-pruning in sparsely observed regions
can remove necessary surface coverage and lead to hollow artifacts, ultimately
undermining the structural consistency that mesh integration aims to provide.

Recent studies [2,[13}|1825}|31] have attempted to combine mesh and 3DGS
representations, yet most adopt fundamentally decoupled formulations. Meth-
ods such as [13[[25l[31] constrain Gaussian centers to remain near mesh surfaces
to inherit deformation priors, but this spatial binding restricts representational
flexibility without enabling true parameter sharing. HERA [2] enhances texture
fidelity on smooth surfaces, yet maintains separate mesh and Gaussian compo-
nents optimized independently. The core limitation of these hybrid approaches
lies in their reliance on 3D-space optimization, where mesh and Gaussians inter-
act only through geometric proximity rather than through a shared parameteri-
zation. Consequently, feature exchange between the two remains indirect and in-
complete, preventing them from fully leveraging their complementary strengths.

We present URHead, a unified representation for animatable head avatars
that jointly optimizes mesh and 3D Gaussian primitives under a common UV
parameterization. Unlike prior hybrid approaches that couple mesh and Gaus-
sians only through spatial constraints in 3D space, URHead reformulates both
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representations as functions defined over a shared UV domain, enabling true
parameter-level integration. Our key insight is that mesh and Gaussian repre-
sentations are inherently complementary: meshes provide stable low-frequency
geometric structure and controllable deformation, while Gaussians excel at mod-
eling high-frequency residual details and complex appearance variations. Exist-
ing approaches either force one representation to approximate all aspects of
geometry and appearance [13]/31}/38] or combine them through decoupled op-
timization schemes [2,25]. In contrast, we reformulate both representations as
functions defined over a common UV parameterization, enabling true parameter-
level unification instead of mere spatial binding.

Within the unified UV space, the mesh provides base geometry and appear-
ance through shared attribute maps, while UV-parameterized Gaussians capture
residual details beyond the capacity of fixed-topology meshes. This shared rep-
resentation enables mesh and Gaussians to be jointly optimized, allowing coor-
dinated refinement of structure and appearance. Furthermore, UV-space unifica-
tion naturally supports error-driven adaptive Gaussian allocation. By projecting
reconstruction errors onto the surface domain, Gaussians are densified in under-
represented regions while redundancy is suppressed elsewhere. Unlike additive
blending [19}/26] or surface-constrained spatial binding [13L[31}[38|, our approach
achieves integration at the representation level. Through this unified formula-
tion, URHead preserves animation controllability while attaining photorealistic
reconstruction quality, bridging structural coherence and visual fidelity. Fig.
illustrates our key insight. We summarize our main contributions as follows:

— Joint UV-space optimization. To the best of our knowledge, we are
the first to jointly optimize mesh and 3D Gaussians within a shared UV-
parameterized domain for animatable head avatars.

— Unified UV representation. We introduce a unified UV-space formula-
tion that integrates mesh geometry and Gaussian attributes within a shared
parameterized domain.

— Error-driven Gaussian allocation. We propose an adaptive Gaussian
allocation strategy in UV space for surface-aware densification of under-
represented regions.

— Extensive evaluation. Our approach consistently outperforms mesh-only,
Gaussian-only, and prior hybrid methods on standard 3D head avatar bench-
marks in reconstruction accuracy and animation stability.

2 Related Work

Mesh representation for head avatars. Mesh representations have long
served as the foundation of 3D face modeling due to their explicit topology
and efficient rendering. 3D Morphable Models (3DMM) pioneered statistical
face modeling by learning PCA bases from 3D scans, parameterizing faces us-
ing identity and expression coeflicients. Basel Face Model [28] expanded the
statistical basis with higher quality scans. FaceWarehouse [3] introduced multi-
linear models for identity and expression. FLAME |21] incorporated articulation
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components for jaw and expression control. DECA| [7] predicted FLAME param-
eters along with displacement maps to capture subject-speci c geometric details.
Deferred Neural Rendering |[32] rasterizes geometry into feature maps that are
decoded into view-dependent images. Deep Appearance Models [23] assign la-
tent codes to mesh vertices and use view-conditioned MLPs to model spatially-
varying BRDF. NeuTex [37] aggregates multi-view features into a consistent UV
texture space via di erentiable sampling, while Neural Head Avatars [10] de ne
neural textures on the FLAME topology for avatar rendering.

Hybrid representations for head avatars. Recent advances in neural ren-
dering have explored various hybrid representations that combine explicit and
implicit modeling. NeRF [27] integrated neural elds with traditional graph-
ics primitives. NerFace [8] combined neural radiance elds with parametric face
models [1,33] for controllable synthesis, while PointAvatar [43] used neural point
clouds attached to FLAME mesh for dynamic head modeling. Implicit-explicit
hybrids like NPHM [9] combined the parametric space of FLAME with neural
implicit signed distance functions. IMAvatar [42] learned implicit elds on top

of FLAME geometry to model detailed facial appearance. Among these hybrid
approaches, 3D Gaussian Splatting [15] has emerged as a particularly powerful
representation, modeling scenes as anisotropic Gaussian primitives that enable
real-time rendering without neural network queries. The explicit formulation of
Gaussians and their success in dynamic modeling [24, 36] have inspired their
integration with parametric models, leading to Mesh GS hybrid methods.
Mesh-3DGS representation for head avatars. Recent studies have ex-
plored hybridizing multiple 3D representations to leverage their complementary
strengths in expressiveness, e ciency, and controllability. SplattingAvatar [31]
embedded 3D Gaussians on mesh triangles using barycentric coordinates and
normal-based displacement, deriving pose-dependent transformations from mesh
deformation. GaussianAvatars [13] introduced rigged 3DGS by binding Gaus-
sians to a FLAME mesh, enabling deformation driven by facial expression and
pose parameters [21]. FlashAvatar [38] allocated Gaussians in UV space and
applies expression-dependent o sets via an MLP conditioned on FLAME codes,
while MonoGaussianAvatar [4] learned adaptive Gaussian transformations through
deformation elds for expression-aware animation. GaussianBlendShapes [26]
and RGBAvatar [19] constructed blendshapes directly in Gaussian space, en-
abling e cient real-time control through linear blending. While these methods
anchor Gaussians to mesh geometry to inherit deformation priors, FATE [41] fo-
cused on e cient Gaussian utilization via importance-based sampling and post-
processing neural baking for improved texture editability.

Positioning of our work. In contrast to prior hybrid approaches, URHead
achieves parameter-level uni cation by jointly optimizing mesh and Gaussians
within a shared UV-parameterized representation.

3 Proposed Method

The proposed URHead consists of four main components. Sec. 3.1 introduces the
uni ed UV-space facial representation that leverages the complementary prop-
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Fig. 2: Overall pipeline of URHead. Given monocular video frames and FLAME

parameters (, , , t), we construct a position map P through linear blend skin-
ning (LBS) [21]. Our uni ed UV-space representation u = fC; 1 D; O; Sg consists
of , and parameters. The joint optimization

framework employs two renderers: a di erentiable mesh rasterizer takes fC;N; Dg,
and produces lmesh , N mesh, and depth dmesh . Meanwhile, the 3DGS rasterizer takes
fC;N; D; O; Sg, and generates | 4s using occlusion-aware rendering. Both renderers
share the UV-space parameters and are jointly optimized through gradient ows (blue
arrows), enabling mutual re nement. The nal image | is composited via alpha blend-
ing. Training objectives include photometric loss L photo @nd normal consistency loss
Lnormai  SUpervised by pseudo ground-truth N pavio . The Adaptive Gaussian Sampling
module allocates new points based on reconstruction error.

erties of mesh and 3DGS. Sec. 3.2 describes the joint optimization framework
that aligns multiple renderers under this uni ed formulation. Sec. 3.3 presents an
adaptive Gaussian sampling strategy for e cient UV-space allocation. Sec. 3.4
details the training objectives and overall loss function. Fig. 2 illustrates the
complete URHead pipeline.

3.1 Unied UV-Parameterized Representation

Our uni ed UV-space representation allows structured geometry and ne-grained
appearance to be jointly encoded and optimized under a common parameteri
zation. By reformulating both mesh and Gaussian attributes in UV space, we
overcome their complementary limitations: meshes are restricted by xed topol-
ogy in capturing high-frequency detail, whereas 3DGS lack structural constraints
for stable deformation.
Our framework builds upon a parametric facial model [9,21,34] that provides

a consistent UV parameterization with controllable facial expressions and poses.
In our implementation, we adopt FLAME [21], though other parametric facial
models could be used. FLAME de nes facial parameters as ¢ =f; ; ;tg,
where 2 R Ns encodes identity shape, 2 RNe models facial expressions,

2 R 1 represents pose parameters (global rotation, neck, jaw, and eyeballs),
and t 2 R3 denotes translation. Given ¢, the model generates a head mesh
with vertices V and faces F, together with a UV parameterization that maps
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