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Abstract

— Real-time rendering—the on-the-fly generation of screen images within millisecond frame budgets—is the defining
technical challenge of interactive software development. Unlike offline cinematic rendering, game engines must produce
each frame within 16—-33 ms to sustain 30—60 fps, demanding highly optimized pipelines backed by programmable GPU
hardware. Leading platforms—Unreal Engine 5, Unity (HDRP), Godot 4, and CryEngine—employ layered rendering
architectures combining rasterization, hardware-accelerated ray tracing, deferred shading, and Al-driven upscaling. This
paper systematically compares these approaches across performance, visual fidelity, hardware requirements, and
scalability. A cross-engine feature matrix is presented alongside an analysis of emerging Al-enhanced rendering
technologies (DLSS, FSR, XeSS). The findings provide practical guidance for engine selection and pipeline design
across diverse hardware targets, from enthusiast GPUs to mobile and VR devices.
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1. INTRODUCTION

The visual sophistication of interactive entertainment has undergone a transformation unparalleled in any other software
discipline. From the rudimentary sprite sheets of early 8-bit systems to the photorealistic open worlds of today, the
trajectory has been driven by a compound of algorithmic innovation and exponential gains in GPU compute density.
Contemporary titles feature volumetric atmospheric scattering, physically-based surface materials, skeletal cloth
simulation, and dense geometry representing hundreds of millions of triangles per frame—all computed within a 16 ms
budget for 60 fps or 33 ms for 30 fps (1).

Central to this capability is the real-time rendering pipeline—the ordered chain of GPU-executed transformations that
converts a 3D scene description into a 2D raster image. Modern game engines abstract this pipeline from developers
through high-level APIs and visual editors, while internally routing workloads through DirectX 12, Vulkan, or Metal
depending on the target platform (3, 4). The challenge of reconciling visual ambition with hard latency constraints has
produced a rich toolkit of specialized techniques: rasterization for throughput, ray tracing for illumination fidelity,
deferred shading for light-count scalability, and most recently, Al-accelerated super-resolution for frame rate
amplification (5).

This paper contributes a structured comparative analysis of these principal rendering strategies as implemented in Unreal
Engine 5, Unity HDRP, Godot 4, and CryEngine. Unlike prior surveys that treat techniques in isolation, this work
evaluates them jointly across performance, visual quality, hardware accessibility, and integration complexity, and
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extends the analysis to cover Al-enhanced rendering—a rapidly maturing dimension largely absent from existing
comparative literature (1, 2).

2. LITERATURE REVIEW

The canonical reference for real-time rendering theory remains Akenine-Moller et al. (1), whose fourth edition
comprehensively covers the rasterization pipeline, shadow algorithms, global illumination approximations, and the
emerging role of ray tracing in interactive contexts. Foley et al. (2) established foundational principles of graphics
pipeline design and coordinate transformation mathematics that underpin all modern implementations. Together, these
works define the theoretical substrate on which engine-specific implementations are built.

Engine-side literature from Epic Games (3) and Unity Technologies (4) documents the architectural decisions behind
Unreal Engine 5's Lumen global illumination and Nanite virtualized geometry systems, and Unity's High Definition
Render Pipeline (HDRP) respectively. These represent the most significant recent advances in production rendering:
Nanite enables geometric complexity previously requiring explicit Level-of-Detail (LOD) management, while Lumen
provides fully dynamic indirect lighting without pre-baked lightmaps—a long-standing limitation of real-time pipelines.

NVIDIA's developer documentation (5) describes the Turing and Ada Lovelace GPU architectures' RT Cores and Tensor
Cores, which provide the hardware substrate for real-time ray tracing and Deep Learning Super Sampling (DLSS)
respectively. The migration of path-tracing from offline film pipelines to real-time viability is directly attributable to
these dedicated silicon units, which offload BVH traversal and matrix inference from general shader cores.

Existing comparative literature—primarily conference proceedings and technical blogs—tends to evaluate individual
techniques or single-engine performance benchmarks. A cross-engine, multi-technique comparison incorporating Al-
enhanced rendering and mobile/VR scalability considerations represents a gap this work addresses.

3.METHODOLOGY

This research adopts a structured analytical framework organized across four phases, combining primary technical
source review with quantitative benchmark analysis and qualitative feature assessment.

3.1 Graphics Pipeline Architecture Analysis

The foundational vertex-to-pixel pipeline shared across all surveyed engines was analyzed: vertex transformation and
primitive assembly; rasterization and fragment generation; programmable shading (vertex, geometry, tessellation,
fragment/pixel, compute stages); post-processing compositing; and display output. Particular attention was given to how
each engine exposes pipeline customization through its shader graph and material editor systems (3, 4).

3.2 Rendering Technique Characterization

Rasterization, hardware ray tracing, deferred rendering, and Forward+ rendering were each evaluated across: operational
mechanics and algorithmic complexity; typical deployment scenarios and visual outcomes; known failure modes and
quality artifacts; and documented performance costs on representative GPU tiers (mid-range: NVIDIA RTX 3060 /
AMD RX 6700 XT; high-end: RTX 4090 / RX 7900 XTX).

3.3 Cross-Engine Feature Matrix Construction

Engine documentation (3, 4), GPU architecture whitepapers (5), and peer-reviewed graphics research (1, 2) were used
to construct a feature matrix covering ray tracing support, global illumination implementation, LOD and occlusion
systems, shader language, and mobile/VVR compatibility across Unreal Engine 5, Unity HDRP, Godot 4, and CryEngine.

3.4 Al-Enhanced Rendering Analysis

DLSS 3.5, AMD FSR 3.0, Intel XeSS, and Unreal Engine 5's native Temporal Super Resolution (TSR) were compared
on mechanism (neural vs. spatial upscaling vs. frame generation), hardware dependencies, and documented frame-rate
amplification across published benchmark datasets.

4. CORE RENDERING TECHNIQUES

4.1 Rasterization

Rasterization converts 3D geometry into 2D screen pixels through projection, triangle rasterization, and per-fragment
shading. Its alignment with the massively parallel SIMD architecture of modern GPUs—thousands of shader cores
executing the same operations on independent pixels simultaneously—has made it the dominant real-time pathway for
three decades. Complex scenes comprising tens of millions of triangles can be projected and shaded within single-digit
milliseconds on current mid-range hardware, sustaining 60 fps even in visually demanding open-world environments
).

The fundamental limitation of rasterization is its approximate treatment of global illumination: phenomena such as
mirror reflections, soft shadows, and indirect light bouncing require supplementary screen-space approximations
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(SSAO, SSR), shadow maps, and pre-baked lightmaps to simulate—often producing visible artifacts under camera
motion or at geometry edges. These shortcomings motivate hybrid pipelines that layer ray-traced effects on a rasterized
base pass.

4.2 Hardware-Accelerated Ray Tracing

Ray tracing physically simulates light transport by casting rays from the camera through each pixel and tracing their
interactions with scene geometry. Reflections, refractions, soft shadows, and indirect color bleeding emerge naturally
from the simulation rather than requiring pre-computation or screen-space hacks (5). NVIDIA's RT Cores (Turing
architecture onward) accelerate Bounding VVolume Hierarchy (BVH) traversal and ray-triangle intersection in dedicated
silicon, decoupling these operations from the shader core budget.

The computational cost remains substantially higher than rasterization: a fully path-traced scene at 1080p requires 10—
50x more GPU time than an equivalent rasterized scene. Production implementations therefore apply ray tracing
selectively—to reflections, shadows, or ambient occlusion—as quality uplift on a rasterized base, controlled by ray
budgets (ray count per pixel) and BVH quality settings tunable at runtime.

4.3 Deferred Rendering

Deferred rendering decouples geometry processing from illumination evaluation by writing surface attributes—normals,
albedo, roughness, depth—into a multi-layer G-buffer during a geometry pass, then evaluating all lights in a subsequent
screen-space lighting pass. Each light is processed only against fragments within its influence volume (stencil-masked
light volumes or tiled/clustered screen-space buckets), yielding approximately O(n) scaling with light count versus
O(nxm) for forward rendering over n fragments and m lights (1, 2).

This scalability advantage makes deferred rendering the default architecture for open-world and urban titles where tens
to hundreds of dynamic point lights, vehicle headlights, and interior fixtures must coexist. Its primary limitations are
high G-buffer memory bandwidth consumption, poor support for transparent geometry (requiring a separate forward
pass), and incompatibility with hardware MSAA—replaced in practice by temporal anti-aliasing (TAA).

4.4 Forward+ Rendering

Forward+ rendering extends traditional forward rendering with a compute-shader light-culling prepass that assigns each
screen tile (typically 16x16 pixels) a list of lights whose influence volumes intersect it. Fragment shaders then iterate
only over their tile's light list rather than the full scene light array. This retains forward rendering's native transparency
and MSAA support while approaching deferred rendering's light-count scalability (1). Forward+ is the preferred
architecture for VR (which requires stereo rendering passes incompatible with single-pass deferred pipelines) and mobile
platforms where G-buffer bandwidth is prohibitive.

5.RESULTS

5.1 Technique Comparison
Table 1 consolidates the comparative evaluation across four rendering techniques on runtime performance, visual
quality, hardware demand, and primary use case.

Table 1: Comparative Overview of Principal Rendering Techniques in Modern Game Engines

Visual Quality HW Demand Best Use Case

Rasterization Very High Moderate Low—Mid Open-world, fast-
paced games
Ray Tracing Moderate Very High High AAA titles,
cinematic realism
Deferred Rendering High High Moderate Many dynamic
lights, urban
scenes
Forward+ High Moderate-High Moderate Mobile, VR,
Rendering transparent objects

Performance and quality ratings reflect typical mid-range GPU deployment; 'HW Demand' denotes minimum GPU
tier for acceptable frame rates.
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5.2 Cross-Engine Feature Matrix
Table 2 presents a feature matrix comparing Unreal Engine 5, Unity HDRP, Godot 4, and CryEngine across key
rendering capabilities relevant to production game development.

Table 2: Rendering Feature Matrix Across Major Game Engines

Feature / Engine Unreal Engine | Unity (HDRP) Godot 4 CryEngine
5 Source

Ray Tracing Full (Lumen) DXR-based Partial Full UE5,
Godot

Global IHlumination Lumen SSGI / RTGI SDFGI SVOGI UES5,

(dynamic) CryEngin
e
LOD System Nanite Manual + Auto Manual Auto UE5
Shader Language HLSL / GLSL HLSL GLSL / WGSL HLSL All
(ShaderLab)

Mobile / VR Good Excellent Good Limited Unity

Support

Scripting Blueprints / C# GDScript / C# C++/Lua -

C++

Data sourced from official engine documentation (3, 4) and GPU architecture whitepapers (5). 'Partial’ indicates
limited or plugin-dependent support.
5.3 Al-Enhanced Rendering Technologies
Table 3 summarizes the principal Al-driven rendering technologies in active production use, comparing their underlying
mechanisms and documented frame rate amplification on equivalent hardware configurations (5).

Table 3: Al-Enhanced Rendering Technologies — Mechanism and Performance Gain

DLSS 35 NVIDIA Neural super-resolution +80-200%
+ frame gen
FSR 3.0 AMD Spatial upscaling + +60-150%
frame interpolation
XeSS Intel Al upscaling via XMX +40-100%
cores
TSR (UED) Epic Temporal super- +30-80%

resolution in engine

FPS gain ranges are approximate and depend on resolution, scene complexity, and base render resolution. Data from
NVIDIA (5) and AMD developer documentation.

6. DISCUSSION

6.1 Convergence of Hybrid Pipelines

The survey data confirms a clear trend: no modern production engine relies on a single rendering technique. Unreal
Engine 5 exemplifies this convergence—Nanite handles geometric complexity through virtualized micropolygon
rendering, Lumen provides dynamic global illumination via radiance cache and screen-space probes, and TSR delivers
temporal upscaling at a fraction of native render cost (3). Unity HDRP similarly layers rasterized geometry with optional
DXR-based ray tracing and DLSS/FSR integration. This hybridization reflects the practical reality that each technique
occupies a distinct optimality region: rasterization for throughput, ray tracing for light transport accuracy, and Al
upscaling for resolving the resolution-performance trade-off.

6.2 Al-Enhanced Rendering as a Paradigm Shift

The most consequential recent development in real-time rendering is not a new geometric algorithm but the application
of neural networks to frame reconstruction. DLSS 3.5's combination of super-resolution (reconstructing full-resolution
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frames from 50-67% internal resolution renders) with frame generation (synthesizing entirely new intermediate frames
from motion vectors and optical flow) effectively doubles or triples perceived frame rates at a modest quality cost (5).
This shifts the rendering optimization problem from purely reducing per-pixel shader cost to managing the distribution
of work between GPU compute and neural inference—a fundamental architectural change with implications for how
engine rendering budgets will be allocated in future hardware generations.

6.3 Hardware Accessibility and Scalability

A persistent challenge for engine architects is supporting heterogeneous hardware ecosystems—from discrete high-end
GPUs to integrated graphics in handheld and mobile devices. Godot 4's lightweight renderer and Vulkan backend
position it as the most accessible for lower-end targets, while Unreal Engine 5's Nanite and Lumen have minimum GPU
requirements that effectively exclude the mobile market. Forward+ rendering and manual LOD systems remain the
appropriate architecture for mobile and VR, where deferred G-buffer bandwidth costs are prohibitive. The scalability of
Al upscaling (FSR 3.0 operates without dedicated ML hardware) partially democratizes ray-tracing-enhanced visuals
by allowing lower internal render resolutions to be upscaled, extending high-quality rendering to mid-range hardware
tiers.

6.4 Limitations and Open Challenges

Fully dynamic global illumination at film quality remains computationally intractable for real-time deployment on all
but the highest-end hardware. Lumen's radiance cache approximates indirect lighting convincingly but introduces
temporal lag artifacts in fast-changing lighting conditions. Hardware ray tracing on current mid-range GPUs is
insufficient for full-scene path tracing at 60 fps, requiring careful ray budgeting and denoising—itself a non-trivial
engineering problem. Concept drift between engine versions (Unreal Engine 5.4's rendering feature set differs
substantially from 5.1) also complicates longitudinal comparative studies.

7. FUTURE DIRECTIONS

Several research and engineering trajectories will shape real-time rendering over the next five years. Neural Radiance
Fields (NeRF) and 3D Gaussian Splatting have demonstrated that scene representation and rendering can be unified
within a learned model, potentially replacing traditional polygon meshes for certain asset classes. Real-time NeRF
variants achieving interactive frame rates on consumer GPUs are an active research frontier (1).

Path tracing at full quality will become progressively more feasible as RT Core throughput scales with each GPU
generation. NVIDIA's Ada Lovelace architecture provides 2x the ray tracing throughput of Ampere; the trajectory
suggests full path-tracing viability on mid-range hardware within two to three GPU generations (5). Frame generation
algorithms will evolve from single-frame interpolation to multi-frame prediction, further decoupling rendered frame rate
from perceived frame rate. Finally, cloud rendering offloading (streaming high-fidelity frames from datacenter GPUs to
thin clients) represents an architectural alternative that bypasses client hardware constraints entirely—relevant for
mobile and AR/VR devices where local compute budgets are tightly constrained.

8. CONCLUSION

This paper presented a structured comparative analysis of the principal rendering technologies employed in
contemporary game engines—rasterization, hardware ray tracing, deferred rendering, and Forward+ rendering—
alongside a cross-engine feature matrix and an evaluation of Al-enhanced rendering technologies. The central finding
is that production rendering pipelines are inherently hybrid: no single technique satisfies the simultaneous requirements
of throughput, illumination fidelity, light-count scalability, and hardware accessibility. Rasterization provides the
throughput foundation; ray tracing contributes illumination accuracy that rasterization cannot match; deferred rendering
resolves multi-light scalability; and Al upscaling resolves the resolution-performance trade-off in a way that no prior
algorithmic approach achieved (1, 2, 5).

The cross-engine comparison (Table 2) reveals that Unreal Engine 5 leads in visual capability at the cost of high
hardware requirements, Unity HDRP offers the strongest mobile/VVR support, and Godot 4 provides the most accessible
open-source option for constrained targets. The Al rendering comparison (Table 3) confirms that neural super-resolution
and frame generation have become essential components of the modern rendering toolKkit, with DLSS 3.5 delivering the
largest measured frame rate amplification. As GPU architectures continue to integrate more dedicated RT and tensor
compute, and as neural rendering representations mature, the visual ceiling for interactive applications will continue to
rise—converging toward offline film quality delivered at real-time frame rates across an expanding range of devices.
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