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Abstract:
Neural  Style Transfer  (NST) has evolved into a 
transformative technique in computer vision and computer 
graphics, enabling the integration of artistic styles into 
digital media. In recent years, the application of NST in 
real-time scenarios—especially within game engines—has 
attracted significant academic and industrial interest. This 
paper provides a comprehensive review of the development 
of NST from its origins in 2D image transformation to its 
extension in video, 3D meshes, and real-time rendering. 
We further examine the role of modern game engines in 
supporting NST pipelines, summarize key advances in 
integrating stylization within interactive environments, 
and analyze both the benefits and limitations of such 
approaches. In addition, the paper highlights the existing 
research gaps, challenges, and possible future directions 
for advancing real-time NST in games.
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1. Introduction
Game engines, as the backbone of modern interactive 
media, have become highly versatile platforms that 
integrate physics simulation, rendering pipelines, 
and artificial intelligence modules. The rapid ad-
vancement of graphics hardware and deep learning 
algorithms has created opportunities for real-time 
artistic rendering that were previously impractical. 
Neural Style Transfer (NST), initially proposed by 
Gatys et al. in 2015, demonstrated that convolutional 
neural networks (CNNs) could capture the “content” 
of one image and the “style” of another, synthesizing 
visually compelling results [1]. Since then, NST has 
been widely applied to photography, cinematography, 
animation, and increasingly to video games.
The integration of NST into game engines is not 

merely a technical enhancement but also a creative 
revolution. Stylization allows games to transcend 
photorealism and explore aesthetic domains inspired 
by traditional painting, comics, or cinematic visuals. 
Moreover, NST offers new opportunities for proce-
dural content generation, adaptive game aesthetics, 
and personalized user experiences.
However, real-time NST in games faces considerable 
challenges. These include computational overhead, 
temporal coherence in video frames, scalability 
across platforms, and the balance between artistic 
fidelity and system performance. This paper system-
atically reviews the progress of NST research with 
a focus on real-time applications in game engines, 
presenting both historical trajectories and future per-
spectives.
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2. Evolution of Neural Style Transfer

2.1 From 2D Image Stylization to Video
The earliest implementations of NST focused on 2D 
still images. Gatys et al. (2015) demonstrated that Gram 
matrix representations of feature maps in a CNN could 
encode style information [1]. This breakthrough triggered 
extensive research into optimization-based NST methods, 
although such approaches were computationally expen-
sive and unsuitable for real-time applications.
To address this limitation, feed-forward networks such 
as Johnson et al.’s perceptual loss approach significantly 
reduced inference time, making near-real-time stylization 
possible [2]. Subsequent studies introduced adaptive in-
stance normalization (AdaIN) and whitening and coloring 
transforms (WCT), which enhanced flexibility by allow-
ing arbitrary style transfer at lower cost [3].
Extending NST from static images to video presented ad-
ditional challenges, primarily maintaining temporal con-
sistency across frames. Early works employed optical flow 
constraints, while later approaches integrated recurrent 
neural networks and attention mechanisms to reduce flick-
ering artifacts. These contributions laid the foundation for 
applying NST to interactive media, where both speed and 
visual stability are critical [4].

2.2 Transition to 3D Meshes and Models
As 3D gaming environments became the dominant medi-
um, researchers recognized the importance of extending 
NST beyond 2D textures to three-dimensional represen-
tations. Neural style transfer for 3D meshes introduced 
the problem of mapping artistic patterns directly onto 
polygonal surfaces, preserving geometric coherence while 
achieving stylistic fidelity [5].
Recent advances demonstrate how mesh stylization can 
leverage graph convolutional networks (GCNs) and differ-
entiable rendering pipelines to perform texture-space and 
surface-based transformations [6]. Moreover, voxel-based 
and point-cloud representations have been explored to 
enable fine-grained stylization in real-time interactive set-
tings. These methods are particularly relevant for modern 
engines such as Unreal Engine 5, which natively support 
high-fidelity meshes and ray-traced rendering.

2.3 Real-Time Stylization in Interactive Envi-
ronments
A parallel trajectory in NST development has been the 
emphasis on speed optimization. Techniques such as 
model pruning, quantization, and GPU acceleration have 
become essential for achieving real-time frame rates in 
interactive environments. In games, where rendering bud-
gets often require 16–33ms per frame, NST algorithms 
must strike a balance between artistic richness and com-
putational efficiency.
Recent works, such as G-buffer-guided style transfer 
methods, directly exploit the deferred shading pipeline in 
engines to accelerate stylization without compromising 
scene geometry [7]. This integration marks a convergence 
between computer vision research and practical graphics 
engineering.

3. Game Engines as Platforms for Re-
al-Time NST

3.1 Evolution of Game Engines
Game engines such as Unity, Unreal Engine, CryEngine, 
and Godot have evolved into powerful ecosystems that 
extend beyond traditional rendering. Their modular pipe-
lines allow developers to integrate neural models, GPU 
compute shaders, and AI-driven effects. Early engines 
primarily relied on rasterization, but recent advancements 
introduced ray tracing, global illumination, and shad-
er-based rendering—all of which provide fertile ground 
for NST integration [8][9].

3.2 Integration of NST in Rendering Pipelines
The deferred rendering pipeline is particularly well-suited 
for NST because of its G-buffer architecture, which stores 
surface attributes (normals, albedo, depth) separately. By 
applying NST in this space, stylization can be achieved 
more efficiently while respecting scene geometry [7]. Sim-
ilarly, real-time stylization shaders have been implement-
ed as post-processing effects, enabling flexible artistic 
transformations without altering asset creation workflows.
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3.3 Procedural Aesthetics and Game Design Implications

Beyond technical considerations, NST opens 
novel design paradigms in games. Developers 
can dynamically alter visual styles to reflect 
narrative states, player choices, or emotional 
contexts. For instance, a game might shift 
from an impressionist style to a cubist style 
as the story progresses, creating an immersive 
aesthetic journey. Furthermore, NST facilitates 
personalized experiences, where each player’s 
world can be uniquely stylized according to 
preferences.Game Engine

Rendering 
Pipeline

G-buffer / De-
ferred Shading 
Support

Plugin/AI Integra-
tion

Suitability 
for NST

Notes

Unreal Engine

Advanced 
real-time 
rendering; 
supports ray 
tracing and 
PBR

Full G-buffer 
access, deferred 
shading archi-
tecture

Extensive plugin 
ecosystem, sup-
ports TensorRT 
and ONNX

High

Strong in 
high-fidelity 
NST, VR/AR 
compatible

Unity

Scriptable 
Render Pipe-
line (SRP), 
customizable 
shaders

Supports 
G-buffer via 
HDRP

Supports Barracu-
da (ML inference), 
TensorFlow Lite

High

Flexible and 
cross-platform, 
suitable for 
mobile NST

CryEngine

Physically 
based render-
ing (PBR), 
photorealistic 
output

Yes, strong de-
ferred render-
ing

Limited direct ML 
integration, shader 
customization 
possible

Medium

Good for re-
alism, but less 
ML-ready than 
UE/Unity

Godot Engine

Open-source, 
supports cus-
tom shaders 
via GLES/
Vulkan

Partial, weaker 
deferred pipe-
line

Limited ML inte-
gration, extensible 
with external libs

Medium–
Low

Best for indie 
projects, re-
quires manual 
NST adapta-
tion

4. Applications of NST in Games

4.1 2D Stylization in Game Art
For games relying on sprite-based graphics or stylized 
textures, NST provides a rapid method for generating di-
verse art assets. Developers can reuse a small set of base 
textures and apply multiple styles, dramatically reducing 
production costs. Independent game developers, in partic-
ular, benefit from NST as a democratizing technology that 
lowers barriers to high-quality art creation.

4.2 3D Mesh Stylization
In 3D games, NST applied to meshes enables novel ar-
tistic directions beyond photorealism. For example, 3D 

neural stylization allows developers to simulate brush 
strokes or sculptural effects directly onto character models 
and environments [5][6]. This enhances the expressive 
potential of games and expands their cultural and artistic 
dimensions.

4.3 Real-Time Stylization in Immersive Experi-
ences
Virtual reality (VR) and augmented reality (AR) environ-
ments stand to benefit immensely from NST. Real-time 
stylization can heighten immersion, making virtual worlds 
feel like “living paintings.” However, the stringent per-
formance requirements of XR platforms demand further 
optimization of NST algorithms.
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Application Do-
main

Performance Require-
ments

Strengths Challenges Example Use Cases

2D Stylization
L o w – M o d e r a t e 
(mid-tier GPUs)

Fast inference, flexible 
art asset generation

Limited depth/geometry 
awareness

Dynamic texture re-skinning; 
indie art games

3D Mesh Styliza-
tion

High (requires strong 
GPU)

Preserves geometry + 
style, enhances immer-
sion

Computationally expensive, 
temporal stability

Stylized characters and envi-
ronments in AAA games

XR Styl izat ion 
(VR/AR)

Very High (<20ms la-
tency)

Strong immersion, “liv-
ing painting” experiences

Hardware limits, motion-in-
duced flicker

VR story-driven experiences; 
AR cultural heritage exhibits

5. Challenges and Research Gaps
Despite rapid progress, several challenges persist in the 
integration of NST into game engines:
1. Performance Bottlenecks – Many state-of-the-art NST 
models remain too computationally heavy for consum-
er-grade GPUs in real-time contexts.
2. Temporal Consistency – Ensuring coherent stylization 
across frames is still an open problem, especially in fast-
paced games with rapid camera movement.
3. Scalability Across Platforms – Techniques optimized 
for high-end PCs may not translate well to consoles or 
mobile devices.
4. Artistic Control – Developers and artists require fine-
grained control over stylization parameters, which current 
models only partially support.
5. Evaluation Metrics – Quantitative assessment of style 
transfer quality remains subjective, and standardized 
benchmarks are lacking.
These limitations reveal research gaps in lightweight ar-
chitectures, cross-platform deployment, interactive control 
mechanisms, and perceptual evaluation frameworks.

6. Future Directions
Future research on NST in game engines should prioritize:
· Lightweight Architectures: Developing compact models 
suitable for consoles and mobile GPUs.
· Hybrid Rendering Approaches: Combining neural net-
works with shader-based procedural techniques to balance 
speed and quality.
· Artist-in-the-Loop Systems: Creating interfaces that al-
low artists to guide NST outputs in real-time.
· Cross-Modal Stylization: Extending NST beyond visuals 
to encompass audio-visual coherence.
· Standardized Benchmarks: Establishing evaluation data-
sets and metrics tailored for interactive contexts.

7. Conclusion
The convergence of neural style transfer and game engine 
technologies represents a frontier in interactive media. 
While challenges remain in achieving real-time perfor-
mance and artistic control, the progress thus far demon-
strates the feasibility and creative potential of NST in 
games. By bridging computer vision research with graph-
ics engineering, future work can enable transformative 
experiences that redefine digital aesthetics.
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