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Fig. 1: Our method provides an independent latent space for hair, face, glasses, and
torso, allowing precise and disentangled editing of 3D human head avatars (Project).

Abstract. Recent 3D Gaussian Splatting (3DGS) GANs for human
heads synthesize and render photorealistic 3D models in real-time and
offer a vast variety in identity and appearance. However, controlling spe-
cific semantic attributes such as hair color or glasses remains challenging,
as edits in the entangled latent space often induce unintended changes
in identity or appearance. Although there are several methods that aim
to disentangle the latent space post training by estimating directions
that only modify certain features, these methods cannot guarantee com-
plete disentanglement and often require pre-trained classifiers. In our
approach, we propose a new generator architecture that synthesizes com-
ponents, such as hair, skin, glasses, and torso, completely independently.
This allows for changing the latent vector for one region while keeping
the remaining parts fixed. Further, we achieve this separation using only
sparse information such as the hair or skin color, eliminating the re-
quirement of segmentation masks or geometric priors, often seen in prior
work. To ensure matching shape and lighting conditions during editing,
we allow minimal shared information via context tokens between the in-
dependent generators. These tokens even allow us to control the shape
and light, without any prior annotation. Compared to existing works on
GAN-based generation and editing, our method shows better disentan-
glement, more precise editing control, and competitive visual quality.
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1 Introduction

The synthesis of realistic 3D human heads is fundamental to film, games, virtual
reality, robotics, and interactive content creation. These applications require
controllable and disentangled model generation, enabling the user to explore
and edit the appearance such as hairstyle or accessories in an interactive manner
while preserving the subject’s identity and 3D structure. Controlled 3D synthesis
also benefits digital twin pipelines and synthetic data generation (SDG), which
depend on scalable methods for producing diverse image, 3D assets and label
pairs to support downstream learning and simulation tasks.

Creating and editing high-quality 3D avatar heads, however, often requires
extensive manual effort or expensive capturing studios. For this reason, there is
a high demand for automating the process while keeping costs to a minimum. 3D
GANs have emerged as a suitable framework for this task, as they learn explicit
3D representations exclusively from 2D training data. This makes them stand out
from recent diffusion models, which primarily target 2D and video generation or
require 3D ground truth data as supervision. Additionally, 3D GANs achieve real
time generation capabilities and provide a smooth latent space, that facilitates
editing the appearance, also via GAN inversion, which estimates a latent vector
that re-synthesizes a specific identity from a given target image. This allows to
reconstruct and edit the 3D representation of an identity from a single 2D image.

Although the rendering quality of 3D GANs has improved substantially with
recent advances in NeRF [2,7,38,40] and 3DGS [3,4,17,22,26,43] based GANs,
it still remains challenging to exclusively edit specific attributes of the generated
subjects without unintentionally changing other aspects. The core difficulty lies
in the unconditional latent space of the generator, in which all semantics are
strongly entangled. Although the generator implicitly organizes the latent space
during training, enabling editing control through the identification of latent di-
rections corresponding to image attributes [18], we still observe strong entan-
glement between the attributes. Another reason for this strong entanglement
are biases in the limited training data. For example, in real-world datasets, hair
and skin color are highly correlated, making it very difficult to separate these
features during editing.

To address these limitations, we propose a new compositional generator ar-
chitecture that explicitly separates 3D head synthesis into semantically localized
components. Our approach uses multiple sub-generators, each responsible for the
generation of a specific component, i.e. hair, skin, glasses, and torso. This en-
ables independent control of semantic attributes by modifying the latent vector
for a single sub-generator while keeping all others fixed. The separation of com-
ponents is completely implicit without relying on explicit segmentation masks
or geometric priors. Further, as we randomly mix components already during
the training, we enforce the generator to produce compatible components. In
order to encode global attributes such as overall head size and lighting direction,
we provide all generators with shared learned features, which even allow us to
control the shape and lighting without using any prior annotation.
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Even though training multiple coordinated sub-generators is more challeng-
ing compared to generators with a single output, our approach achieves com-
petitive visual quality, while ensuring structurally disentangled editing of head
components. Compared to prior work on real-time GAN editing, our work is the
first to disentangle the 3D head components using implicit annotations, thus
allowing for precise and real-time editing at high resolution. The contributions
of our work are:

1. A 3DGS GAN architecture that decomposes the synthesis into semantically
localized sub-generators, without explicit annotation.

2. Shared shape and lighting context latent vectors ensuring consistent head
geometry and global illumination.

3. Training strategies to improve the quality of novel component combinations.

2 Related Work

Generative Adversarial Networks (GANs) [13] perform a non-cooperative game
between a generator that synthesizes images from random latent vectors and
a discriminator that aims to differentiate between generated images and real
images from a dataset. During training, both networks are optimized until the
generated images look indistinguishable from real images. To better control the
synthesized output, conditional GANs [31] allow to include annotations to the
training process. Typically, the generator uses the input label to condition the
latent vector in order to produce the respective output. To provide conditional
feedback, the same label is forwarded to the discriminator, which then decides
whether the image is real or fake given the input label.

3D-aware GANs 3D-aware GANs are a variant of conditional GANs that
use camera parameters as conditioning. However, instead of encoding the latent
vector with the camera during generation, the camera parameters are applied
to render an intermediate 3D representation produced by the generator. This
allows 3D-aware GANs to learn 3D scenes from in-the-wild single-view images.
One of the first 3D-aware GANs was �-GAN [8], which generates the weights
of a NeRF [30] MLP. While producing good results, rendering with NeRFs is
very slow. As a result, EG3D [7] and GRAM [40] proposed more efficient 3D
representations that store 3D features in a tri-plane (EG3D) or on multiple
isosurfaces (GRAM). This allows for much faster synthesis, compared to �-GAN,
while at the same time improving visual quality. Further extensions of EG3D are
PanoHead [2], which synthesizes 360° heads using additional training data, or
WYSIWYG [38], allowing for high resolution rendering without super resolution.

3DGS GANs 3D Gaussian Splatting [21] represents a 3D scene with a set
of 3D Gaussian primitives, where every primitive is described by its position,
color, covariance, and opacity. Leveraging differentiable rendering, 3DGS opti-
mizes the attributes of all Gaussian primitives to improve over a loss function.
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