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Abstract - The demand for ultra-high frame rates and
realistic graphics has driven the evolution of rendering
techniques in real-time graphics. NVIDIA's Deep Learning
Super Sampling (DLSS) technology addresses performance
constraints by leveraging Al-powered models to reconstruct or
generate high-resolution frames. The latest iteration, DLSS 4,
introduces Multi Frame Generation (MFG) with Transformer-
based architectures to synthesize multiple future frames with
high temporal and spatial fidelity. This paper explores the
evolution, technological framework, implementation, and
performance of DLSS 4, comparing it with competing
technologies like AMD FSR and Intel XeSS.
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1. INTRODUCTION

The gaming industry has wundergone a significant
transformation over the past decade, driven largely by
advancements in hardware capabilities and software
optimization techniques. Among these, the integration of
Artificial Intelligence (Al) into graphics rendering has emerged
as a game-changing innovation, redefining how visual content
is generated and experienced in real time. At the heart of this
revolution is NVIDIA’s Deep Learning Super Sampling
(DLSS) technology, a cutting-edge Al-powered rendering
technique that enables higher frame rates and improved image
quality without demanding proportional increases in GPU
power.

Originally introduced as a tool to upscale lower-resolution
images to higher resolutions using deep learning algorithms,
DLSS has evolved rapidly over successive generations. The
most recent iteration, DLSS 4, represents a monumental leap in
both performance and visual fidelity. This version introduces a
host of advanced features, chief among them being Multi
Frame Generation (MFG) — a sophisticated Al-driven
technique that goes beyond traditional rendering pipelines.
MFG synthesizes entirely new frames using deep neural
networks, thereby significantly reducing the rendering
workload on the GPU and enabling smoother, more fluid
gameplay experiences.

This technological advancement is not just a boost for
competitive gamers seeking ultra-high frame rates, but also a
massive step forward for developers aiming to push the visual
limits of game design without compromising performance.
DLSS 4’s innovations are particularly impactful in graphically

intensive scenarios such as ray tracing, 4K resolution
rendering, and virtual reality, where performance bottlenecks
have traditionally limited user experience.

In this paper, we will explore the technical foundations of
DLSS, trace its evolution from earlier versions to DLSS 4, and
examine in detail the architecture, benefits, and limitations of
Multi Frame Generation. We will also assess its impact on the
gaming ecosystem, supported by examples and benchmarks
from modern titles utilizing this technology. Through this
analysis, we aim to provide a comprehensive understanding of
how Al, through DLSS, is shaping the future of real-time
graphics rendering.

2. EVOLUTION OF DLSS

DLSS has undergone a transformative evolution through four
major iterations, each introducing substantial advancements in
Al-driven graphics rendering:

DLSS 1.0 (2018): The first generation employed game-specific
convolutional neural networks (CNNs) trained individually for
each title. While it showcased the potential of Al in real-time
upscaling, its dependence on per-title training limited
scalability. Additionally, it suffered from common visual issues
such as ghosting, blurring, and temporal instability in dynamic
scenes.

DLSS 2.0 (2020): Marking a leap forward, DLSS 2.0
introduced a generalized neural network capable of supporting
a wide range of titles without specific model retraining. It
leveraged temporal feedback and motion vectors to
significantly enhance sharpness, detail preservation, and
consistency across frames. This made DLSS more accessible
and widely adopted in the gaming industry.

DLSS 3.0 (2022): This version introduced Frame Generation,
an innovative approach using Optical Flow Accelerators and
CNNs to synthesize entirely new frames between traditionally
rendered ones. By bypassing some of the CPU constraints, it
delivered notable performance gains in CPU-bound scenarios,
albeit with challenges like increased latency which required
NVIDIA Reflex for compensation.

DLSS 4.0 (2024): The latest advancement incorporates
Transformer-based architectures, enabling the Multi Frame
Generation (MFQG) system to predict and synthesize multiple
future frames using temporal and spatial analysis. This results
in ultra-smooth animation, improved visual coherence, and
substantial efficiency in rendering pipelines. DLSS 4 sets a new
standard in Al-based visual rendering by integrating broader
context awareness and intelligent prediction.
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With each generation, DLSS has elevated rendering
capabilities—enhancing performance, minimizing artifacts,
and enabling visually rich experiences on increasingly
demanding platforms.
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3. DLSS 4: ATECHNOLOGICAL LEAP

DLSS 4 (Deep Learning Super Sampling version 4) marks a
monumental step forward in the domain of real-time rendering,
setting a new benchmark for how artificial intelligence can
revolutionize graphics performance and visual fidelity.
Introduced with the NVIDIA RTX 50 Series GPUs, DLSS 4
builds upon the foundations laid by its predecessors and
incorporates several cutting-edge technologies that push the
boundaries of what’s possible in gaming and interactive media.

Unlike previous versions that focused mainly on upscaling or
generating a single frame between rendered ones, DLSS 4
introduces a more intelligent and autonomous rendering
system. This includes the wuse of Transformer-based
architectures, Multi Frame Generation (MFG), and a
significantly enhanced Ray Reconstruction pipeline. These
innovations enable not only dramatic performance boosts but
also unprecedented levels of visual realism — all while
reducing the computational burden on the GPU[3].

3.1 MULTI FRAME GENERATION (MFG)

One of the hallmark features of DLSS 4 is Multi Frame
Generation (MFG), a powerful advancement that significantly
redefines real-time frame interpolation.

How it works:

DLSS 4 analyzes multiple previous frames, motion vectors,
depth buffers, and scene data.

Instead of generating just one intermediate frame (as DLSS 3
did), DLSS 4 can synthesize up to three Al-generated frames
for every one traditional GPU-rendered frame.

This enables a 4x effective frame rate increase, delivering ultra-
smooth motion even in highly demanding scenes.

Benefits:

Massive performance uplift: Especially impactful in 4K
gaming or ray-traced environments.

Energy efficiency: Reduces the load on the rasterization and
compute pipelines, resulting in lower power draw and heat
generation.

Lower CPU dependence: Enables high frame rates even in
CPU-bound games by reducing the number of frames that must
be processed traditionally.

Challenges:

Requires sophisticated motion prediction to avoid artifacts like
ghosting or temporal instability.

Tight integration with NVIDIA Reflex is necessary to manage
latency and maintain responsiveness.

MFG represents a paradigm shift — rendering is no longer a
one-frame-at-a-time process, but a data-driven prediction task
handled by neural networks trained on millions of gameplay
samples.

3.2 Transformer-Based Architectures

DLSS 4 replaces conventional Convolutional Neural Networks
(CNNs) with Transformer-based models, drawing inspiration
from breakthroughs in natural language processing and
computer vision (like those used in models such as GPT and
Vision Transformers).

Why Transformers?

Transformers excel at modeling long-range dependencies and
complex temporal sequences, making them ideal for handling
the temporal and spatial continuity of frame generation.

They can attend to multiple regions of interest across frames,
improving the quality of motion prediction and detail
reconstruction.

Impact on Frame Quality:

Improved handling of complex scenarios such as fast motion,
dynamic lighting, and particle effects.

Better reconstruction of fine details such as hair, fabric, and
foliage, which are often blurred or distorted by simpler models.

Additional Benefits:

Transformer models are more scalable and adaptable, enabling
future updates without requiring retraining from scratch.

They support cross-scene learning, meaning the same model
can generalize across different game environments more
effectively.
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3.3 Ray Reconstruction

Another critical improvement in DLSS 4 is its enhanced Ray
Reconstruction system, which dramatically improves the
realism of ray-traced effects.

What it does:

Uses deep learning to intelligently denoise and reconstruct
reflections, global illumination, shadows, and ambient
occlusion.

Employs real-time learned priors to distinguish between noise
and true signal in complex lighting scenarios.

Technological Advancements:

Integrates temporal information over multiple frames to
stabilize lighting and reflections.

Adapts to different material types (e.g., glossy, transparent,
metallic) for more accurate light interactions.

Visual Enhancements:
Sharper, more realistic reflections and mirror-like surfaces.
Smoother, more physically accurate lighting transitions.

Drastically reduced flickering and noise in ray-traced shadows
and lighting.

This improvement ensures that ray-traced environments look
cleaner, more stable, and closer to photorealism, even at high

performance levels.

DLSS 4 RAY RECONSTRUCTION
DLSS 4 - TRANSFORMER

| DLSS 3 RAY RECONSTRUCTION }*
DLSS 3.7.20 - CAN

Fig 1: Ray Reconstruction

4. TRANSFORMER-BASED ARCHITECTURES IN
DLSS 4

One of the most groundbreaking advancements in DLSS 4 is
the integration of Transformer-based neural network
architectures. Traditionally, image processing and frame
generation tasks in DLSS relied on Convolutional Neural
Networks (CNNs) — powerful but limited in their ability to
capture long-range dependencies and complex spatiotemporal
relationships. With DLSS 4, NVIDIA has shifted toward the
use of Transformers, the same family of models that has
revolutionized natural language processing (NLP) and
computer vision.

This change allows DLSS 4 to process visual data more
holistically, recognizing patterns and relationships across both
space (within a frame) and time (across frames). The result is
significantly improved visual fidelity, temporal coherence, and
upscaling performance.

Why Transformers Over CNNs?

While CNNss are efficient for localized feature extraction (like
detecting edges or textures), they struggle with:

Long-distance relationships in visual data (e.g., tracking an
object across multiple frames)

Temporal consistency, especially in fast-moving or rapidly
changing scenes

Global scene context, which is crucial for high-fidelity
reconstruction

Transformers, however, use self-attention mechanisms to
dynamically weigh the importance of all regions in the input
data. This allows them to model global dependencies and
temporal dynamics far more effectively.

DLSS 4 introduces Multi Frame Generation (MFG), a
pioneering advancement that enables the synthesis of up to
three intermediate frames between two conventionally
rendered frames. This innovation is powered by Transformer-
based neural networks, which are renowned for their ability to
capture and model long-range temporal and spatial
dependencies—an essential capability for fluid and context-
aware frame prediction.

Unlike traditional convolutional neural networks (CNNs),
which are limited by their local receptive fields, Transformers
utilize global self-attention mechanisms. This allows the DLSS
4 system to analyse an entire sequence of past frames, motion
vectors, depth maps, and lighting data to make highly accurate
and contextually informed predictions. As a result, animations
appear smoother, motion blur is minimized, and visual
coherence is preserved even during rapid camera transitions or
complex visual effects.

The impact of MFG is transformative. It not only significantly
reduces the number of frames the GPU must render
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traditionally—thereby conserving computational resources—
but also enhances frame rate consistency and responsiveness.
High-refresh-rate gaming experiences once restricted to top-
tier hardware can now be achieved more broadly. MFG shifts
the paradigm of graphics rendering from a deterministic, frame-
by-frame pipeline to a predictive, Al-enhanced synthesis model
that optimizes both performance and visual realism.

Fig 2: Transformer-Based Architectures in DLSS4

5. DLSS 4 FEATURE SUITE

DLSS 4 represents a convergence of several advanced
technologies that redefine the way real-time graphics are
rendered. More than just a performance booster, DLSS 4 is a
comprehensive Al-powered rendering platform designed to
tackle the most demanding aspects of modern gaming visuals.
Its Feature Suite is composed of several core components, each
aimed at improving a specific area of image quality,
performance, or stability.

5.1 Super Resolution (SR)

Super Resolution is the foundational feature of DLSS. It allows
games to be rendered at a lower internal resolution and then
upscaled to a higher display resolution using deep learning
models. This process maintains — and often improves —
visual quality while dramatically boosting frame rates.

Al Upscaling: DLSS SR uses a neural network trained on high-
resolution ground truth images to intelligently reconstruct
missing pixel data.

Edge Preservation: Fine details like object edges, foliage, and
UI elements are preserved without the blurriness associated
with traditional upscaling.

Performance Gains: By reducing the number of pixels, the
GPU needs to process, games can achieve much higher frame
rates while appearing as if they are rendered natively at high
resolutions (e.g., 4K).

Impact: Games run smoother and look sharper on all RTX
GPUgs, especially at higher resolutions.

5.2 Frame Generation (FG)

Frame Generation, introduced in DLSS 3, marked the
beginning of Al-powered motion frame synthesis. Unlike
Super Resolution, which focuses on spatial reconstruction, FG
focuses on temporal reconstruction — generating new in-
between frames using existing ones.

Interpolated Frames: The Al model generates a new frame
between two real frames by analyzing motion vectors, depth,
and optical flow data.

Latency Management: Combined with NVIDIA Reflex, FG
maintains low input latency by syncing input with predicted
frame generation.

Use Case: Especially effective in CPU-limited scenarios where
traditional rendering struggles to maintain smooth gameplay.

Impact: Games that used to be CPU-bound can now run at
much higher and smoother frame rates.

5.3 Multi Frame Generation (MFG)

Multi Frame Generation (MFG) is the crown jewel of DLSS 4
and an evolution of traditional FG. It leverages Transformer-
based AI models to generate multiple intermediate frames
between two fully rendered frames.

Extended Frame Synthesis: DLSS 4 can generate up to three
Al-based frames between two rendered ones, yielding a total of
five frames — a 4x frame boost from a single GPU-rendered
pair.

Complex Temporal Understanding: Thanks to advanced
attention mechanisms, MFG better understands how objects
move, deform, and interact with their environment.

Al at the Helm: The majority of frames are now created by Al,
reducing the load on both the CPU and GPU.

Impact: Enables ultra-high frame rates even in the most
graphically intense and expansive game environments.

5.4 Ray Reconstruction (RR)

Ray Reconstruction is DLSS 4’s answer to the computational
challenges posed by ray tracing. It uses Al to replace traditional
hand-tuned denoisers, producing more accurate and natural
lighting, shadows, and reflections.

Al-Powered Denoising: Instead of relying on generic
denoising algorithms, DLSS 4’s neural network predicts the
correct lighting based on material types, surface roughness, and
lighting sources.

Improved Realism: Reflections, shadows, and global
illumination behave more naturally — with less noise and
fewer artifacts.
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Integration with RTX: Works in tandem with NVIDIA's ray
tracing cores for real-time ray-traced rendering at acceptable
frame rates.

Impact: Realistic, cinematic-quality lighting and reflections,
with minimal performance cost.

5.5 Deep Learning Anti-Aliasing (DLAA)

DLAA is an Al-powered alternative to traditional anti-aliasing
techniques such as FXAA or TAA, which often blur or distort
the image.

No Upscaling: Unlike SR, DLAA runs at native resolution to
maximize visual clarity.

Pixel-Perfect Edges: Delivers superior edge smoothing
without sacrificing texture detail.

Use Case: Ideal for gamers prioritizing image quality over
frame rate, particularly when using high-end GPUs capable of
rendering at high resolutions natively.

Impact: The cleanest, most accurate visual presentation
possible, with minimal shimmering and aliasing.

Feature Integration and Flexibility

DLSS 4 is designed with modular flexibility, allowing
developers and users to mix and match features depending on
their needs and hardware capabilities. For example:

DLSS SR + FG: For high-performance gaming at high
resolutions

DLSS SR + MFG + RR: For ray-traced games needing
maximum fidelity and frame rate

DLAA alone: For competitive or story-driven experiences
requiring maximum sharpness at native resolution

This flexibility makes DLSS 4 suitable across a wide spectrum
of game genres — from competitive esports to cinematic RPGs
and open-world sandboxes.[1]

NVIDIA DLSS 4 Features

Fig 3: DLSS 4 Feature Suite

6. COMPARATIVE ANALYSIS WITH OTHER
TECHNOLOGIES

AMD's FidelityFX Super Resolution (FSR):

AMD’s FSR technology is designed to enhance gaming
performance by upscaling lower-resolution images to higher
resolutions, thereby increasing frame rates. FSR employs a
spatial upscaling technique (with FSR 1.0) and later introduced
a temporal upscaling method in FSR 2.0 to improve image
quality by incorporating information from previous frames.
While FSR is open-source and compatible with a wide range of
GPUs, its approach is fundamentally different from DLSS’s Al-
driven method. DLSS leverages deep neural networks trained
on high-quality image data to reconstruct images with enhanced
detail and reduced artifacts, resulting in superior image quality
and more natural frame generation. Furthermore, DLSS 4’s
incorporation of transformer architectures enables more
effective temporal information integration and motion
prediction, pushing the envelope beyond what FSR can
currently achieve.

Intel's Xe Super Sampling (XeSS):

Intel’s XeSS is an Al-based upscaling technology designed to
compete directly with DLSS, leveraging neural networks for
image reconstruction. XeSS supports a wider range of
hardware, including both Intel GPUs and select AMD and
NVIDIA GPUs, offering broad accessibility. However, XeSS
is relatively new and still evolving in terms of performance
optimization and image quality consistency. Its Al models
currently do not match the refinement and efficiency of
NVIDIA’s mature DLSS framework. DLSS benefits from
years of development, extensive training datasets, and
NVIDIA’s dedicated Tensor Cores, which accelerate Al
computations at a hardware level. Additionally, DLSS 4°s use
of transformer-based Multi Frame Generation techniques
provides more accurate temporal data utilization, leading to
crisper visuals and smoother motion representation, which
XeSS has yet to fully replicate.

DLSS 4’s Transformative Advances:

DLSS 4 marks a significant evolution in Al-driven frame
generation technology by integrating transformer models—
state-of-the-art neural architectures originally developed for
natural language processing but now adapted to computer
vision tasks. These transformer models enable DLSS 4 to better
capture complex spatial and temporal correlations across
multiple frames, resulting in enhanced frame interpolation and
reduced latency. The Multi Frame Generation feature
synthesizes new frames using information from several
preceding frames, improving motion clarity and reducing
artifacts like ghosting or blurring. This results in a much more
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fluid gaming experience even at ultra-high resolutions or on
resource-intensive titles. Compared to competitor technologies,
DLSS 4 offers unparalleled performance efficiency, leveraging
NVIDIA’s specialized Al hardware to deliver both superior
image fidelity and higher frame rates without compromising
visual quality.

Additional Considerations:

Hardware Dependency: While DLSS requires NVIDIA RTX
GPUs equipped with Tensor Cores, this specialization enables
highly optimized Al inference that competitors cannot yet
match. FSR and XeSS offer broader hardware support but often
at the cost of less sophisticated upscaling quality.

Ecosystem Integration: DLSS benefits from deep integration
with NVIDIA’s software ecosystem, including Game Ready
Drivers, RTX ray tracing, and RTX Voice, offering a more
seamless user experience.

Future Prospects: With continuous advances in Al research
and hardware acceleration, DLSS is well-positioned to lead the
next generation of real-time rendering techniques. NVIDIA’s
investment in transformer-based Al and multi-frame temporal
analysis could set new industry standards, encouraging
competitors to innovate further.

In summary, while AMD’s FSR and Intel’s XeSS provide
important alternatives with their own strengths—such as
broader hardware compatibility and open standards—DLSS 4
remains the benchmark for Al-enhanced frame generation. Its
advanced Al models, transformer integration, and multi-frame
synthesis capabilities deliver unmatched performance and
visual quality, reinforcing NVIDIA’s leadership in this rapidly
evolving technology space.

7. CHALLENGES AND LIMITATIONS

While DLSS (Deep Learning Super Sampling) offers
significant performance and visual benefits, it is not without its
challenges. As the technology evolves, several key limitations
and hurdles remain that could impact its widespread adoption
and effectiveness.

i. Hardware Dependency

Next-Gen Exclusivity: DLSS 4’s most advanced features
(such as enhanced Al frame generation) may be restricted to
NVIDIA’s upcoming RTX 50 Series GPUs, leaving older
RTX 20/30/40 users with limited functionality.

Tensor Core Requirement: DLSS relies on dedicated Al cores
(Tensor Cores), meaning it cannot be fully utilized on non-
RTX or competitor GPUs, fragmenting the gaming ecosystem.

Cost Barriers: High-end GPUs capable of leveraging DLSS at
its best remain expensive, making the tech less accessible to
budget-conscious gamers.

ii. Perceived Artificiality & Image Quality Concerns

"Fake Frames" Debate: Al-generated frames, while smooth,
can sometimes introduce visual artifacts or unnatural motion,
leading some purists to prefer native rendering.

Ghosting & Temporal Artifacts: Fast-moving objects or scenes
with heavy motion blur may exhibit ghosting, distortion, or
flickering, especially in earlier DLSS versions.

Loss of Fine Detail: In some cases, aggressive upscaling can
soften textures or reduce clarity in highly detailed
environments (e.g., hair, foliage, or distant objects).

iii. Integration Complexity & Developer Adoption

NVIDIA Partnership Required: DLSS implementation often
demands close collaboration between NVIDIA and game
studios, which may slow down adoption compared to open
solutions like AMD’s FSR.

Engine-Specific Optimization: While Unreal Engine and
Unity have built-in DLSS support, custom or proprietary
engines may require significant developer effort to integrate
the feature.

Patch Delays: Older games or smaller indie titles may not
receive DLSS updates due to limited developer resources.

iv. Latency & Input Lag Issues

DLSS 3’s Frame
Generation can introduce additional latency, particularly in
competitive games where input responsiveness is critical.

Multi-Frame Generation Trade-offs:

Reflex Dependency: To mitigate lag, NVIDIA recommends
enabling Reflex mode, but this adds another layer of
configuration and may not fully eliminate delays in all
scenarios.

Variable Impact Across Genres: While single-player games
benefit from smoother frames, fast-paced shooters or fighting
games may suffer from perceived sluggishness.

v. Competition & Market Fragmentation

Rival Upscaling Technologies: AMD’s FidelityFX Super
Resolution (FSR) and Intel’s XeSS offer vendor-agnostic
alternatives, potentially splitting developer focus.

Console Limitations: Since consoles use AMD hardware,
DLSS remains absent from PlayStation and Xbox, limiting its
reach compared to FSR.
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Proprietary vs. Open Standards: NVIDIA’s closed ecosystem
approach could hinder universal adoption, whereas open-
source solutions may gain broader support.

vi. Futureproofing & Longevity Concerns

Rapid Iteration Challenges: Each new DLSS version (e.g.,
DLSS 3 to DLSS 4) may require hardware upgrades,
frustrating users who cannot keep up with generational leaps.

Backward Compatibility: Older DLSS versions might not
receive optimizations for newer games, forcing players to
choose between performance and visual fidelity.

Al Model Training Limitations: DLSS’s effectiveness
depends on NVIDIA’s training datasets—uncommon
rendering techniques or stylized art may not upscale as

effectively.
vii. Enhanced AI Models

Next-Gen Neural Networks: Future DLSS versions may
utilize transformer-based models (like those in modern
generative Al) for even sharper upscaling and artifact
reduction.

Dynamic Scene Adaptation: Al could analyze gameplay in
real- time, adjusting reconstruction techniques based on
motion, and lighting conditions for optimal
performance.

textures,

Ray Tracing Synergy: As path tracing becomes more common,
DLSS to better handle denoising and
reconstruction in fully ray-traced environments.

could evolve

CONCLUSION

NVIDIA’s DLSS 4 marks a significant leap in real-time
rendering by combining transformer-based Al models with
Multi Frame Generation (MFG). This integration enables
smoother gameplay, higher frame rates, and enhanced visual
quality—even on less powerful hardware. While its full
capabilities are limited to newer RTX GPUs, DLSS 4’s impact
on gaming performance and fidelity sets a strong foundation for
future innovations in real-time graphics, simulation, and
extended reality.
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