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Glossary

Inverse Kinematics (IK): A technique in animation and robotics used to determine the joint
parameters needed for a character's limbs to reach a desired position, typically for realistic limb
placement in 3D space. In the context of quadruped animation, IK is used to adjust the positioning of
the limbs to ensure they align with terrain features.

Procedural Animation: A type of animation where movements are generated dynamically by
algorithms rather than being pre-designed or hand-keyed. It allows characters to adapt to real-time
changes in the environment or context, making movements more responsive and realistic.

Quadruped Robotics: A field of robotics focused on creating robots with four legs, mimicking the
physical structure of animals like dogs or horses. These robots are designed to navigate complex
terrains using the same principles of balance and movement found in biological quadrupeds.

Terrain Adaptation: The process by which a character or robot adjusts its movement to
accommodate varying terrain features, such as slopes, uneven surfaces, or obstacles. Terrain
adaptation ensures that the character maintains balance and realism during locomotion.

Inverse Dynamics: The study of how forces at the joints of a robot affects its overall movement. In
procedural animation, inverse dynamics can be used to simulate realistic limb movement in
response to external forces, such as gravity or terrain slope.

Gait: A specific pattern of movement used by a quadruped to move from one place to another,
typically defined by the sequence and timing of limb movements. Different gaits (e.g., walking,
trotting, running) are used depending on the terrain and desired speed.

Hybrid Animation Systems: Systems that combine multiple animation techniques, such as physics-
based simulation and inverse kinematics (IK), to achieve more realistic and adaptive movement. In
the case of quadrupeds, hybrid systems can help balance the need for computational efficiency with
realistic terrain adaptation.

Machine Learning: A subset of artificial intelligence (Al) focused on developing algorithms that
enable systems to learn from data and improve their performance over time. Machine learning can
be applied in procedural animation to adapt movements to new or unpredictable environments.

Unreal Engine 5 (UE5): A powerful game development engine used for creating real-time 3D
environments, simulations, and interactive experiences. UE5 features tools like Control Rig, Niagara,
and Chaos Physics, which support procedural animation and terrain interaction.

Control Rig: A feature in Unreal Engine that enables developers to create procedural animation by
rigging a character’s skeleton and applying real-time adjustments. It is particularly useful for dynamic
environments where character movements need to adapt to changing conditions, such as uneven
terrain.

Niagara: A particle system in Unreal Engine that allows for the creation of dynamic visual effects. In
the context of procedural animation, Niagara can be used to simulate environmental interactions like
dust, water splashes, or footprints, enhancing realism and feedback in real-time.



Soft Body Dynamics: A technique in physics simulation that models the behavior of non-rigid
objects, such as flexible materials, tails, or cloth. Soft body dynamics can be used in procedural
animation to simulate the natural movement of flexible character parts interacting with the
environment.

Keywords
e Procedural Animation

e Terrain Adaptation

e Quadruped Robotics

¢ Inverse Kinematics (IK)

e Gait

e Hybrid Animation Systems
e Machine Learning

e Unreal Engine 5

e Control Rig

e Niagara VFX System

e Soft Body Dynamics

e Real-Time Simulation

e Terrain Interaction

e  Physics-Based Animation
e Dynamic Foot Placement
e Character Animation

e Robotics

e Artificial Intelligence (Al)
e Unreal Engine

e Environment Interaction



Abstract

This dissertation explores the development of a real-time procedural animation system for
qguadruped locomotion with accurate and dynamic foot placement on uneven terrain. Keyframe
animation is not ideally suited to handle sudden terrain variations, hence procedural animation is a
significant breakthrough in character movement. This project employs Inverse Kinematics (IK),
terrain scanning, and real-time physics calculation in Unreal Engine 5 to improve animation
responsiveness and realism.

The system was subjected to various terrain conditions, and its performance, foot placement
accuracy, and realism were recorded. Tests indicate that the procedural animation system brings a
significant improvement in adaptability, with a 92% success rate when overcoming obstacles and
having smooth motion on slopes up to 45 degrees. CPU utilization was 20% more with the
implementation than with non-procedural animation techniques, with the computationally
expensive trade-offs required for real-time adaptability.

Comparisons to Unreal Engine's native IK system and third-party procedural animation tools
demonstrate that while the custom solution provides superior environmental interaction and
realism, it requires further optimization to reduce computational overhead. Testing revealed a boost
in perceived realism, confirming the system's success in producing immersive animations.

This paper contributes to the existing advances in procedural animation, technical art, and Al-driven
motion systems. The future work should study machine learning integration, collision-aware foot
placement, and further performance optimizations to enhance scalability for large environments.

Introduction

Background

In modern video game development, realism and immersion are crucial elements in enhancing the
player experience. As games have become more detailed, the demand for believable character
animation has grown, particularly in dynamic environments where characters must interact with
uneven or unpredictable terrain. In this context, procedural animation has emerged as a powerful
tool for achieving fluid, realistic motion without relying solely on pre-defined animation sequences.

Quadruped robots or creatures, often featured in games, require precise foot placement to ensure
that their movement aligns naturally with the terrain. However, traditional animation methods are
often inadequate in ensuring that foot placement adjusts properly to real-time terrain changes. The
issue of foot floating or clipping through the environment can break immersion, reducing the
believability of these characters. As games push towards greater realism, the need for an animation
system that adapts dynamically to varying terrain becomes increasingly important.

Procedural animation systems, combined with Inverse Kinematics (1K), offer a promising solution to
this challenge. By using IK to control limb positioning in response to real-time terrain data, it is
possible to ensure accurate foot placement on uneven surfaces. This allows characters to interact
with their environments more realistically, enhancing both gameplay and visual storytelling.
Implementing such a system not only improves the aesthetic quality of game characters but also
solves a technical problem in animation: creating movement that responds fluidly to complex and
unpredictable environments.



Motivation for the Project

The motivation for this project stems from the ongoing challenge in the game development industry
of creating animations that remain consistent across varying terrains. Traditional keyframe-based
animation systems struggle with dynamic environments, where characters must constantly adjust
their movement to suit the landscape. This problem is particularly evident with quadrupedal
characters, whose multiple limbs must interact precisely with the ground to avoid unrealistic clipping
or floating.

Addressing this challenge through procedural animation can significantly improve the quality of
animations, offering a more engaging experience for players. As real-time graphics and physical
simulations advance, players expect characters to seamlessly navigate complex environments. By
developing a procedural animation system that adapts to terrain in real time, this project aims to
push the boundaries of what is possible in modern game animation. Furthermore, this system could
be applied not only to quadrupeds but also to bipedal characters, robots, and other creatures,
making it a valuable asset for a wide range of game types.

Importance of the Investigation

This study answers a significant challenge to game animation: how to have believable character
locomotion over unsmoothed terrain. As real-time animation and procedural generation increase in
the use of game development, responsive terrain-sensitive systems are becoming increasingly
crucial.

With a focus on quadrupedal movement, this project is particularly relevant for open-world and
exploration games, where diverse landscapes are an inherent element. It also explores Unreal
Engine 5's robust animation features, like Control Rig for efficient procedural animation.

Finally, this project will establish a real-time procedural animation system for terrain adaptation that
will add to procedural animation, IK systems, and terrain interaction and will be of good use to
technical artists and game developers.

Aims and Objectives

Aims

This project will focus on the design of a procedural animation framework for real-time accurate foot
placement in undulating ground quadruped robots. Combining Inverse Kinematics (IK) and

terrain mapping, it will overcome the limitations of keyframe animation and offer fluid and natural
movement in dynamic terrains.

Also, the project explores implementation in Unreal Engine 5, taking advantage of its
procedural nature, real-time calculation, and animation capabilities like Control
Rig. The project pushes technical art in game development and the field of procedural animation.

Objectives
To achieve these aims, the following objectives have been set:

1. Research Procedural Animation Techniques: Investigate the current approaches to
procedural animation in games, particularly focusing on real-time systems that adapt to
terrain changes. Study the implementation of Inverse Kinematics (1K) and terrain detection
in game engines like Unreal Engine 5. This research will form the foundation for designing a
system capable of solving the challenges of foot placement on uneven surfaces.



2. Develop an IK-Based Foot Placement System: Using Unreal Engine 5, implement an IK
system that adjusts the quadruped’s foot positions dynamically based on terrain height and
slope. The system will use real-time data from the game environment to ensure the
quadruped’s feet align naturally with the terrain, avoiding common issues such as foot
floating or clipping.

3. Test and Optimize the System for Performance: Once the system is developed, it will be
tested across different terrain types and environments to evaluate its performance. This
includes testing for smoothness of animation, responsiveness to terrain changes, and
performance impact on the game engine (e.g., maintaining frame rate stability).

4. Create Demonstrative Scenarios for Evaluation: Build test scenarios within Unreal Engine 5
that showcase the quadruped interacting with various terrains, such as slopes, rocky
surfaces, and uneven ground. These scenarios will be used to evaluate the effectiveness of
the system and provide a visual demonstration of its capabilities.

5. Document the Development Process and Findings: As this is a dissertation project, detailed
documentation of the research, development process, and findings will be created. This will
include a discussion of the technical challenges encountered, solutions implemented, and
the overall effectiveness of the system. The final dissertation will also critically evaluate the
animation results in comparison to traditional systems.

6. Evaluate the System's Broader Applicability: Explore the potential for applying the
procedural animation system to other character types (e.g., bipeds) or other contexts (e.g.,
robotics, virtual reality). Discuss how the system could be generalized or adapted for
broader use within the gaming industry or technical art workflows.

Literature Review

Procedural animations have recently grown more popular in the development of games, providing a
more flexible and adaptive alternative to traditional keyframe animation (Bruderlin et al., 1994;
Johansen, 2009). Unlike static animation, procedural methods enable characters to adapt in real
time to environmental changes, making them essential for open-world games and dynamic settings
where natural movement is required on varied and unpredictable terrains (Bhatti, 2019;
Kwiatkowski et al., 2022). For instance, in games like The Witcher 3 or Red Dead Redemption 2,
characters must navigate rocky landscapes, steep slopes, and bodies of water, which place high
demands on advanced animation techniques to maintain realism. Procedural animation, with its
real-time adaptability, provides a promising solution to these challenges, particularly for non-human
characters such as quadrupeds, which require complex limb coordination (Skrba et al., 2009; Huang
et al., 2013).

This dissertation investigates key procedural animation techniques that apply Inverse Kinematics
(IK), enhance terrain interaction, and enable quadruped locomotion in game engines like Unreal
Engine 5. IK has been instrumental in designing animations that respond dynamically to
environmental changes, such as ensuring that a character properly places its feet on uneven surfaces
(Bhatti et al., 2013; Grandia et al., 2023). A notable example is Shadow of the Colossus, where the
player’s character frequently climbs massive creatures, requiring real-time body and limb
readjustments—demonstrating the necessity of terrain-responsive procedural animation systems
(Christo, 2022).



The sources for this review include academic papers, technical blogs, and industry resources from
platforms such as the ACM Digital Library, IEEE Xplore, and Google Scholar. Key search terms used
include "procedural animation," "Inverse Kinematics for terrain," "quadruped animation," "terrain
adaptation in games," and "Unreal Engine IK systems." This review critically evaluates current
research, identifying prevailing methods, gaps, and areas for future advancements. The following
sections explore these techniques, assess their effectiveness, and propose a roadmap for further
development of procedural animation systems in modern game production.

Historical Context of Animation Techniques

The evolution of animation in video games spans decades, progressing from simple static images to
sophisticated interactive systems that enhance realism and player immersion (Bruderlin et al., 1994;
Johansen, 2009). Early video game animations relied on sprite-based techniques, where a sequence
of 2D images was used to simulate movement. While efficient, this method was constrained by
hardware limitations and memory restrictions, as seen in early titles like Doom and Wolfenstein 3D
(Isikguner, 2014; Barreto, 2019).

By the mid-1990s, advancements in 3D graphics enabled more sophisticated animation methods.
Keyframe animation, in which animators set key poses and allowed interpolation to generate in-
between frames, provided greater control but remained labor-intensive and impractical for large,
interactive worlds (Larsson, 2015; Bhatti, 2019). To overcome these limitations, the industry
increasingly adopted procedural animation, where movement is generated algorithmically rather
than predefined by animators (Bruderlin, 1995; Johansen, 2009).

Procedural techniques became essential for open-world games, where characters must adapt
dynamically to varied terrain and environmental interactions. Early implementations, such as physics
engines Havok and PhysX, introduced realistic motion based on physical laws, laying the groundwork
for more advanced procedural systems (Christo, 2022; Huang et al., 2013). The integration of Inverse
Kinematics (IK) further improved character animation by dynamically adjusting limb positioning for
balance and terrain adaptation (Skrba et al., 2009; Grandia et al., 2023). These innovations allow
characters to react intelligently to their surroundings in real time, bridging the gap between fully
autonomous systems and traditional manual animation techniques.

The significance of procedural animation lies in its ability to overcome the limitations of keyframe
animation and motion capture, making interactive, scalable, and immersive animation systems
possible (Barreto & Roque, 2014; Kwiatkowski et al., 2022). As technology progresses, procedural
techniques continue to shape the future of digital interaction, enabling more responsive and lifelike
character animations in modern game design.

Case Studies of Procedural Animation in Video Games

Case studies of procedural animation in select video games highlight how studios have tackled the
challenge of implementing real-time responsive animation systems. These examples showcase how
procedural techniques adapt to increasingly complex player interactions and environments,
enhancing realism and immersion. Below are case studies on Red Dead Redemption 2, Spider-Man:
Miles Morales, and Shadow of the Colossus, each offering unique insights into the role of procedural
animation in modern game design.

Red Dead Redemption 2 — Euphoria Engine's Role in Character Physics and Realism

Rockstar Games’ Red Dead Redemption 2 is a prime example of procedural animation enhancing
character interaction. Through NaturalMotion’s Euphoria Engine, the game dynamically adjusts
character movement based on player input and environmental stimuli (Bhatti et al., 2013;



Kwiatkowski et al., 2022). For instance, when a character stumbles or loses balance, the engine
computes real-time physics-based reactions, incorporating weight, force, and balance to generate
smooth, organic animations (Huang et al., 2013; Grandia et al., 2023).

This system is particularly critical in open-world games, where dynamic interactions occur too
frequently for pre-animated sequences to account for every possibility. However, the high
computational cost of Euphoria presents scalability challenges, especially in densely populated
environments. Rockstar’s approach exemplifies both the promise and limitations of procedural
animation—offering enhanced realism but requiring careful performance optimizations to balance
realism and system efficiency (Barreto & Roque, 2014; Johansen, 2009).

Spider-Man: Miles Morales — Animation Blending through Procedural Techniques

Insomniac Games combined keyframe animations with procedural blending to create fluid,
responsive web-swinging mechanics in Spider-Man: Miles Morales. The game’s animation system
dynamically reacts to player input, smoothly transitioning between animations as Spider-Man
swings, jumps, and adjusts mid-air trajectory (Cenydd & Teahan, 2013; Isikguner, 2014).

Procedural techniques enhance the character’s adaptability, allowing seamless movement between
buildings of different heights, angles, and distances. This system blends physics-driven movement
with traditional animation, striking a balance between realism and control. By integrating procedural
elements, Insomniac created a game that feels responsive and immersive, demonstrating how
procedural animation can work in tandem with traditional techniques to enhance interactivity
without sacrificing artistic control (Larsson, 2015; Bruderlin et al., 1994).

Shadow of the Colossus — Procedural Animation for Large-Scale Enemies

Shadow of the Colossus employs procedural animation to animate large-scale enemies, creating a
sense of scale and interaction unique to the game (Skrba et al., 2009; Bhatti, 2019). The game’s Al-
driven procedural system ensures that each Colossus moves and reacts plausibly to both player
actions and environmental conditions (Christo, 2022; Karim et al., 2012).

For example, when the player climbs onto a Colossus, its body shifts and readjusts dynamically,
reacting to the player’s weight and movements. This procedural system simulates living creatures,
making interactions feel more organic and immersive. However, while effective, these procedural
elements are limited to the movement of the Colossus itself, resulting in less dynamic environmental
interaction. This demonstrates a key trade-off in procedural animation—balancing realism,
performance, and computational feasibility (Bruderlin, 1995; Johansen, 2009).

Recent Advances in Inverse Kinematics

Inverse Kinematics (IK) remains a cornerstone of procedural animation: it allows the character to
naturally interact with its environment by dynamically calculating the positions of limbs. Recent
research done on IK technology concentrated on improving computational efficiency, adaptability,
and realism—to overcome some traditional challenges that have so far limited its application ability
in real-time environments. This section describes some of these advances, including Al-enhanced IK
algorithms, hybrid IK systems, and applications within the gamut of game development.

Hybrid IK Systems

Interest is growing in hybrid systems, which attempt to overcome the respective limitations by
combining traditional IK algorithms with physics-based simulations (Holden et al., 2020). For
instance, instead of using mathematical solvers to calculate the position of a joint, hybrid IK systems
would utilize real-time physics to ensure that the move respects environmental forces such as
gravity, friction, and collision (Bruderlin et al., 1994).



A popular example of this approach is the work of Holden et al. (2020), which proposed a system
wherein physics constraints enhance the believability of the movement of limbs on challenging
terrain. This hybrid approach has seen great success with quadrupeds, which require accurate foot
placement while balancing. By including physical constraints within the process of inverse
kinematics, hybrid systems offer a more comprehensive means of character animation, ensuring that
such movements remain natural under dynamic conditions (Yao et al., 2024).

Advances in Foot Placement Systems

Foot placement is one of the most critical aspects of IK, especially in terrain-adaptive animation.
Recent developments are aimed at the improvement of real-time detection of terrain features and
seamless integration of the data within IK calculations. Advanced raycasting and terrain detection
systems are employed in modern engines like Unreal Engine 5, capable of ensuring that the feet of a
character perfectly align with the uneven surface (Huang et al., 2013).

For example, IK Retargeting in Unreal Engine can enable the transfer of animation from one skeletal
mesh to another of different proportions. It keeps the exact placement of the limbs without
requiring additional manual changes (Christo, 2022). This system has found its use in open-world
games where the interaction of characters with the environment is crucial for feeling the presence
of a game world (Skrba et al., 2009).

Scalability and Performance Optimizations

Advances in parallel computing and GPU acceleration have aggressively increased performance for
IK systems, scaling them effectively for real-time applications (Kwiatkowski et al., 2022). Techniques
such as GPU-based IK solvers, introduced in frameworks like NVIDIA's PhysX, can have multiple
characters run complex IK calculations in parallel without bottlenecking a system (Grandia et al.,
2023). The scalability is very relevant to large-scale environments, open-world games, or simulations
with crowds (Bhatti et al., 2013).

Application in Unreal Engine 5

Unreal Engine 5 includes many of these developments, including Control Rig, making it easier to
implement IK systems for bipedal and quadrupedal characters. Control Rig allows for custom IK
solvers and seamless integration with procedural systems, so developers can dynamically use
animations created against both player input and environmental changes (Fang et al., 2022).
Moreover, UE5's Chaos Physics system advances IK integration with the real world of physics
simulations, giving a better and more integrated feel to animation (Isikguner, 2014).

Challenges and Future Directions

While these indeed are some radical steps forward, some challenges persist. High computational
costs remain a significant barrier, especially for physics-enhanced IK and Al-driven systems, toward
their wide adoption in real-time applications (Barreto & Roque, 2014). Secondly, ensuring the IK
systems behave consistently on various kinds of terrains and complex character rigs demands
refinement (Yang et al., 2024).

In this respect, future research will probably be oriented towards achieving better efficiency in Al-
enhanced IK systems and exploring the generalization opportunities regarding neural networks for
animation solutions across a wide range of character types and environments (Barreto, 2019). As
game engines evolve further, these will also contribute significantly to the advancement of
procedural animation (Kwiatkowski et al., 2022).

Challenges in Procedural Animation Implementation
While procedural animation indeed allows dynamic, real-time adaptability and revolutionized the
way characters could interact with their environments, its application presents a variety of



challenges. These are due to technical, computational, and design limitations that need to be
negotiated by developers in the course of developing this type of animation.

Performance Constraints

Procedural animation systems, especially those based on physics or machine learning, are extremely
computationally expensive. Common real-time operations involved in it, like positioning limbs,
terrain adaptation, collision detection, can be very stressful for CPU and GPU resources (Barreto &
Roque, 2014). This issue becomes more severe the larger the size of the game or scene or the
number of characters.

For example, Euphoria-made dynamic character behaviours in Red Dead Redemption 2 and Grand
Theft Auto V realize realistic animations with a big additional performance cost (Bhatti et al., 2013;
Kwiatkowski et al., 2022). The complexity of the animation very often needs to be balanced against
stability of the frame rate, which can be challenging to achieve, especially for games targeting older
hardware or mobile platforms (Barreto, 2019).

Complexity in Implementation

Developing a robust procedural animation system requires deep knowledge in algorithms, physics,
and game engine architecture. Other than in keyframe animation, where movements are
predefined, procedural systems need to take into consideration a plethora of factors, like character
weight distribution, joint constraints, and environmental variables—all in real time (Larsson, 2015;
Bhatti, 2019).

The problem further complicates when dealing with quadrupeds or multi-limbed characters, since
each additional limb adds new strata to calculations. In the example of implementing terrain-
adaptive foot placement in a quadruped, the IK set-up should be advanced enough to harmoniously
manage all four limbs, which may easily get overwhelming (Skrba et al., 2009; Huang et al., 2013).

Unpredictable Behaviour

Procedural systems, especially those driven by physics simulations or machine learning, can
sometimes produce unexpected results. Characters might twitch, float, or clip through terrain due to
unnatural movements, especially in edge cases where algorithms fail to account for all variables (Yao
et al., 2024).

For example, real-time terrain deformation with Unreal Engine's Chaos Physics System can easily
produce irregular surface changes that are difficult or impossible for procedural systems to read,
making characters appear to "hover" or "sink" into the ground (Christo, 2022). Such glitches strongly
reduce the sense of immersion and have to be carefully debugged and optimized (Larsson, 2015).

Balancing Realism and Artistic Direction

While procedural animation is extremely good at creating realistic, physics-driven behaviors, it can
sometimes be in conflict with a game's artistic vision. In practice, procedural outputs need to be
manually adjusted by developers to fit the requirements of stylized animations, which partly nullifies
the benefits brought by automation (Bruderlin et al., 1994).

For instance, in a toon style game, procedural animations optimized for realism may produce
animations that feel too subdued for the desired exaggerated animation style (Isikguner, 2014).
Balancing between dynamic realism and artistic intent is a frequent problem (Bruderlin, 1995).

Integration with Existing Pipelines

Procedural animation is often difficult and challenging to integrate into existing production pipelines.
Many studios depend on keyframe animation pipelines, and shifting these pipelines to procedural
systems often involves significant changes to tooling, procedures, and skillsets (Kwiatkowski et al.,



2022).

Secondly, compared to the more predictable traditional animation done by an artist frame by frame,
procedural systems are more cumbersome to debug and iterate upon. This unpredictability in
development may cause slowdowns or introduce unexpected delays (Barreto, 2019).

Dependency on Game Engine Capabilities

The success of procedural animation will often fall to the strengths of the game engine in use.
Though strong engines like Unreal Engine 5 and Unity boast a comprehensive array of procedural
animation development tools, such as Control Rig and ML-Agents, respectively, not every developer
has access to such a feature set (Fang et al., 2022). Studios using custom engines may be forced to
build procedural systems by hand, adding even more time to development and driving up costs
further (Barreto & Roque, 2014).

Player Experience and Accessibility

Finally, procedural animation systems must account for player experience and accessibility. Overly
complex or hyper-realistic animations may inadvertently hinder gameplay. For example, realistic
stumbling or falling animations could frustrate players if they interrupt fluid movement during
critical gameplay moments (Yang et al., 2024). Balancing immersion with playability is a nuanced
challenge that procedural animation systems must address.

Addressing the Challenges
While procedural animation presents these challenges, ongoing advancements in technology and
methodology offer solutions:

1. Optimization Techniques: Use of LOD systems for animations can lower computational
overheads by simplifying the calculations on characters further away (Yao et al., 2024).

2. Hybrid Systems: Integrating procedural animation with pre-baked keyframes can offer the
best of both worlds: keeping the performance efficient while maintaining dynamic
adaptability (Larsson, 2015).

3. Tool Accessibility: Ongoing accessible tool development, such as Unreal Engine's Control Rig
and Unity's ML-Agents Toolkit, reduces the barrier to entry for smaller teams (Kwiatkowski
et al., 2022).

4. Real-Time Debugging Tools: Improved visualization and debugging tools within game
engines can begin to ease integrating and iterating on procedural systems (Isikguner, 2014).

5. Scalability Focus: Targeting procedural systems to be scalable across hardware
configurations ensures broader compatibility (Grandia et al., 2023).

Addressing such challenges will allow procedural animation to continue evolving, enabling more
dynamic and immersive experiences within games.

User Experience and Interaction with Procedural Systems

Procedural animation bears great importance regarding the shaping of player experience due to its
ability to provide dynamic interaction and immersion. Such a system has immense potential not only
based on its technological capabilities, but also on how well it is integrated into the gameplay. Poorly
designed procedural animation can disjoint the experience for the players, while well-implemented
systems make a game feel more real, fluid, and responsive (Hodgins et al., 2002). This section will
examine the effects of procedural animation on user experience, the main challenges of its
implementation, and optimization methodologies for improving player satisfaction.



Immersion and Realism

One of the key benefits of procedural animation is its ability to create a realistic and engaging
experience. Accommodating a character's movements with runtime input, procedural systems allow
the character to dynamically move with terrain variations, barriers, and environmental interactions
(Aldrian & Dachselt, 2010). This realism strengthens the player's sense of presence within the virtual
environment. For example, in The Legend of Zelda: Breath of the Wild, Link's interaction with his
environment—like slipping due to rain or getting his footing wrong on uneven terrain—is made
possible by the procedural system (Reiss et al., 2020). It’s a tiny thing but really helps create an
immersive open-world experience in games.

However, immersion must be balanced with gameplay; for instance, too-realistic animations—such
as excessive stumbling or exaggerated reactions to minor obstacles—can get in the way and thus
frustrate players. Balancing this so that developers don’t sacrifice responsiveness or player control is
essential (Zhang & Zhuang, 2018).

Player Expectations and Feedback

e Responsiveness vs. Realism: The player wants the character animation to be immersive yet
responsive to inputs. Sometimes too much realism—such as excessive stumbling—can be
frustrating, while oversimplification can result in robotic-feeling animation (Bourne et al.,
2017).

e Predictability in Combat: Games like Dark Souls sacrifice realism for precise control to
ensure combat mechanics remain fair (Taylor et al., 2016).

e Environmental Awareness: Players expect procedural animations to instinctively interact
with the environment by avoiding clipping, foot sliding, or unnatural movements (Miiller et
al., 2018).

e Haptic & Visual Feedback: Vibrations, sound cues, and animation exaggeration help players
understand movement dynamics better (Agus et al., 2014).

What This Project Aims to Achieve

It will provide a procedural animation tool that can allow quadrupeds to adapt the movement in
complex terrain in real time, with its main focus on terrain adaptation, inverse kinematics, and
physics-based motion. It will be able to dynamically respond to uneven surfaces, slopes, and
obstacles without any hand-crafted animation transitions by giving this capability to the quadrupeds.

This will also employ real-time procedural foot placement, weight shifting, and terrain-aware
locomotion to maintain the naturalness, immersion, and adaptability of the character to varied
game environments. The project builds on work from inverse kinematics, procedural animation
frameworks, and physics-based motion synthesis to build an exceptionally efficient and responsive
gquadruped animation system.

How It Works

e Real-time Terrain Analysis: through continuous ray-casting allows the determination of
slopes, bumps, and obstacles.

e Procedural Feet Placement: For this, dynamic IK solver assists in aligning each foot to the
terrain position.

e Physics-Assisted Motion: This is a mixture of procedural IK with physics-based animation,
allowing the quadrupeds to interact realistically with slopes, ledges, and even deformable



surfaces. Gameplay Integration: The system will allow designers to tune such parameters as
stride length, blending of animation, and reaction speed for different creature types.

Why Procedural Animation?
Procedural animation systems are not dependent on a set of pre-authored animation clips and
provide the following advantages:

Adaptive Locomotion: Characters can travel across diverse, dynamic terrains in a natural
way.

Lower Animation Labor: Rather than creating animations for each type of terrain, procedural
systems generate these in real-time.

Smoother Gameplay: Players enjoy smoother character interactions without jerky transitions
between different pieces of animation.

Better Player Immersion: Animations appear more responsive to user input and
environmental conditions.

How Others Have Built Similar Systems

Many game engines and studios have also done procedural animation to bring in more
believability and flexibility for runtime applications. The following are some of the most influential
approaches:

Euphoria Engine NaturalMotion, Rockstar Games: Used in Grand Theft Auto V and Red
Dead Redemption 2, it couples procedural physics-based animation with Al-driven decision-
making to achieve dynamic, unscripted character behavior.

Unlike traditional keyframe animation, characters naturally respond to collisions, slopes, and
injuries without pre-programmed sequences.

Research: Laszlo et al. (2005) introduced Physics-Based Motion Synthesis, a technique that
married procedural animation with ragdoll physics.

Havok Behavior and Animation: Used in titles such as The Elder Scrolls V: Skyrim and
Assassin's Creed, Havok's Procedural Animation solutions blend ragdoll

physics together with inverse kinematics to enhance the level of realism.

Works such as Safonova & Hodgins (2007) explain how gait synthesis

and footprint planning are achieved on general terrains.

Procedural Locomotion System - Breath of the Wild:

Link's locomotion smoothly blends on terrain, rain effects, and climbing surface.

Procedural foot sliding prevention and physics interaction with the surface

for smooth flow between the animation states

Adapting the feet to the height of the terrain elevates efficiency in terrain

interaction, as explored by van Welbergen et al. (2010).

Horizon Zero Dawn's Al-Based Locomotion: The

game dynamically adapts the stance and movement of robotic

creatures with its procedural animation system to environmental obstacles.

Hybrid systems combine pre-authored animations with real-time, procedural adjustments to
ensure natural gait transitions.

These examples show the blending of inverse kinematics, physics simulations, and Al-driven
procedural animation to make the characters move in a life-like manner.



Comparative Analysis of Animation Techniques

In game development, several methods of animation exist, each with varied advantages and
disadvantages. Keyframe animation and procedural animation have emerged as two of the most
outstanding in comparative analysis. Each of these has its distinctive features and applications, and
can be used depending on how appropriate it would be in different developmental scenarios
(Bourne et al., 2017).

Keyframe Animation

Keyframe animation has been one of the fundamental techniques in this industry for a long time. In
this process, the animators define certain frames, usually referred to as keyframes, that mark
important positions of a character during movement. The software then creates intermediate
frames, giving the illusion of smooth motion (Lasseter, 1987).

Advantages:
e Control: The animators have complete control over the character movements in their
creative and stylized animations, which delivers the artistic vision (Igarashi et al., 2005).
¢ Short Animation Efficiency: When an animation is not complex or is very short, keyframe
techniques can be agile and simple since they are not demanding of much computational
power (Baker et al., 2006).

Limitations:
¢ Labor-Intensive: It is quite time-consuming, especially when things get complicated or when
there is a sequence longer than expected (Nehab et al., 2006).
¢ Lack of Adaptability: Animations are not adaptive to dynamic environments, which is why
they cannot work well in open-world or interactive scenarios where characters are supposed
to respond based on changing conditions (McNamara & Barnard, 2012).

Keyframe animation is most suitable for games that either have a strong emphasis on their
narratives or are highly stylized, where specific character expressions and movements are crucial for
storytelling (Bourne et al., 2017).

Procedural Animation

Procedural animation generates character movements through algorithms rather than depending on
pre-set sequences. This is particularly useful in dynamic environments, such as open-world games,
where characters need to respond to changes in the landscape (Wojciechowski et al., 2017).

Advantages:
¢ Dynamic Adaptability: Procedural systems can revise character movements at runtime
based on real-time conditions, such as uneven terrain or dynamic player interactions,
creating a much more believable experience (Zhang & Zhuang, 2018).
¢ Resource Efficiency: Once set up, procedural systems may take less manual work in
animation, allowing developers to produce more content at a low cost without
compromising quality (Cline et al., 2012).

Limitations:
¢ Complexity: Procedural animation systems can sometimes be complex to create, requiring
advanced programming skills and knowledge of algorithms (Choi & Ko, 2005).
¢ Performance Concerns: Procedural systems can also be computationally intensive,
especially in scenes with many characters or high animations, potentially affecting the
overall performance of a game (Aldrian & Dachselt, 2010).



Procedural animation is especially useful in adventure and simulation games with vast, open worlds
where character movement needs to be smooth and responsive (Lee et al., 2015).

Procedural Animation in Game Development

There has been an increasingly central role in integrating physics simulations with procedural
animations to develop much more realistic interactions. Such physics-governed systems allow a
character to respond organically to gravity, momentum, and collisions, improving immersion (Zhang
et al., 2019). One such example is the NaturalMotion Euphoria Engine, utilized in games like Red
Dead Redemption 2 and Grand Theft Auto V. Euphoria uses a hybrid architecture, incorporating
procedural animation along with real-time physics simulations, enabling characters to respond
dynamically to both player control and environmental stimuli (Hodgins et al., 2004).

For example, in Grand Theft Auto V, when a character trips, Euphoria dynamically generates the
character's actions to balance themselves, making the movement look organic and natural (Mocanu
et al., 2019). This adaptability is one of the biggest strengths of procedural systems—characters can
interact with each other, surfaces, or objects in unplanned ways, providing a more organic
experience (Hodgins et al., 2004).

While procedural animation offers far more flexibility, it also presents a whole host of challenges
and limitations. Highly resource-intensive systems like Euphoria require immense processing power
and can reduce performance, particularly in large-scale games or scenes with many characters
(Aldrian & Dachselt, 2010). Additionally, while effective for general movements and reactions,
Euphoria can lack the precision needed for specific tasks, such as placing feet accurately on uneven
or complex terrain (Zhao et al., 2017). To address this, many game developers combine procedural
animation with inverse kinematics (IK) to allow characters to adjust their limb positions based on the
irregularities in a surface (Cline et al., 2012).

In this respect, procedural animation represents a significant stride in game development. However,
achieving the optimal balance between realism and resource efficiency remains an ongoing
challenge and area of research (Zhang et al., 2019). Considerable further development is required,
particularly for improving terrain-adaptive movement in complex characters like quadrupeds, whose
limb structures demand more intricate motion adjustments (van Welbergen et al., 2010).

Inverse Kinematics for Character Animation

Inverse Kinematics (IK) is one of the fundamental techniques in procedural animation. It is widely
used to calculate the angles of joints and movements that enable a limb to reach any point in space.
This system allows developers to control the end-effector of a character (e.g., a hand or foot),
enabling the algorithm to determine how each joint between the end-effector and the root should
adjust for proper positioning. This is particularly useful for quadrupeds' foot placement, where a
limb must quickly respond to changes in terrain, slopes, or environmental obstacles (van Welbergen
et al., 2010).

IK has become integral in creating immersive character animation within dynamic environments
where traditional keyframe animations cannot provide the responsiveness required for real-time
adjustments. For instance, a quadruped walking on uneven ground will have the position of its feet
set by an IK system based on ground irregularities, providing stability and natural movement. This
form of animation is far superior to keyframing, which at best only approximates natural movement
and does not adapt to specific environmental changes (Cline et al., 2012).

A study by Perko and Vehar (2020) highlights how effective IK systems are in the process of
character rigging, especially for quadruped animations. Their research emphasizes the effectiveness



of IK in increasing realism, allowing characters to respond to their surroundings—something difficult
or impossible to achieve with pure keyframing. However, they also note one major challenge: the
performance optimization of IK systems. This issue is particularly significant in performance-heavy
games where developers must balance the level of realism achieved through IK with the
computational resources required by the system (Perko & Vehar, 2020). Real-time inverse
kinematics can be computationally intensive, requiring careful optimization.

Ultimately, IK systems are a powerful means of enhancing the realism of characters in games.
According to Perko and Vehar (2020), simplifying IK to maintain dynamic responsiveness while being
efficient enough for real-time use should be a key direction for future development, especially when
animating complex multi-aspect character movement in challenging terrain.

Quadruped Animation Challenges

Animating quadruped characters presents a unique set of challenges due to the complexities of
managing four limbs, as compared to the relative simplicity of animating bipedal characters with two
limbs. Each foot must interact with the terrain independently, which complicates the algorithms
necessary for maintaining balance and achieving natural movement. This issue becomes especially
pronounced when the character is navigating uneven ground, where every misstep can make the
animation appear unnatural or upset the character’s balance (Tucker et al., 2013). A well-designed
Inverse Kinematics (IK) system for quadrupeds must be both positional and computationally efficient
to handle the numerous real-time adjustments required by the limbs.

One effective approach to addressing these challenges is the use of hybrid animation systems that
integrate physics-based simulations with IK. By combining the two, a foot can remain grounded
while adjusting its position and orientation in response to the terrain in real-time. Even on rough
surfaces, this approach ensures that the quadruped’s movements remain realistic, with the
character always grounded. For example, physics simulations can be used to maintain balance and
distribute weight, while IK can precisely adjust the placement of the limbs to align with the terrain
(Holden et al., 2017).

The work of Holden et al. (2017) is particularly valuable in demonstrating how hybrid approaches
can improve quadruped animation. In their study, the authors employed machine learning to train
guadruped characters to navigate uneven surfaces, resulting in adaptive and life-like movements.
This research highlights the importance of terrain adaptation, a feature that is often lacking in open-
world games where environments are rarely flat or predictable. Machine learning models can
predict how a character’s limbs should respond to environmental changes, facilitating smoother and
more responsive animation (Holden et al., 2017).

However, the integration of physics simulations and machine learning with IK systems introduces
significant computational costs, which pose challenges for real-time applications in game
development. While both physics simulations and machine learning are computationally expensive
on their own, using them in conjunction with IK further strains the game’s performance, especially in
large-scale environments with numerous animated characters. As a result, fully dynamic quadruped
animation systems remain largely impractical for real-time use in expansive game worlds. Future
research aimed at optimizing these hybrid systems for real-time performance will be crucial for
achieving realistic quadruped animation in games without sacrificing gameplay fluidity.

Terrain Interaction in Games
Effective character-terrain interaction is central to enhancing gaming experiences, particularly within
expansive open-world environments. An evolved animation system that responds to dynamic



landscape features—such as hills, cliffs, and other irregular terrains—greatly enhances a player's
sense of immersion. This requires complex animation systems that incorporate environmental
changes into real-time character actions.

Unreal Engine (UE) offers tools that support procedural terrain generation and interaction, which are
in high demand in modern game development. The Procedural Mesh Component enables dynamic
generation and manipulation of terrain shapes, providing a flexible and responsive environment.
When integrated with Inverse Kinematics (IK) techniques, these terrain meshes ensure that
character limbs or feet are placed accurately according to the terrain, preventing unnatural
movements like floating or clipping. This is particularly important for quadruped animation, where
each limb must independently adjust to simulate natural movement (Bergen & Egger, 2019).

Research by Bergen and Egger (2019) illustrates how real-time environmental feedback can enhance
character animations. Their study investigates how terrain data is fed into an IK system, allowing for
more accurate limb placement adjustments. This approach addresses common animation issues,
such as feet sliding or losing contact with the ground, resulting in smoother and more realistic
character movements. Their findings also highlight the importance of optimizing IK systems to
maintain performance in real-time applications.

Unreal Engine's Chaos Physics System takes terrain interaction a step further by simulating realistic
environmental responses, such as footprints, indentations, and shifting soil. These features alter
character behavior and movement, adding immersion by ensuring that interactions with the
environment feel natural. This is especially beneficial for quadruped animations, where the organic
responses of the character—like a foot sinking into soft ground or adjusting on rocky terrain—
contribute to a more believable experience.

By leveraging procedural terrain generation and advanced physics in Unreal Engine, developers can
create highly interactive and realistic character movements. Combining Chaos Physics with IK-driven
procedural animation allows for greater realism and interactivity, enabling adaptive character
animations that bridge the gap between virtual and real-world physics. This dynamic approach
results in smooth, immersive gameplay where character movements and interactions with the
environment are dynamically generated.

Unreal Engine 5 (UE5) has rapidly become a game-changer for real-time rendering and procedural
animation. UE5 provides flexible toolsets such as Control Rig, Niagara VFX system, and Substrate
Material System, allowing developers to create dynamic animation systems powered by real-world
conditions and player input. Working within this optimized environment, developers can craft
characters and interactions that adapt in real-time, increasing immersion and realism in modern
games (Unreal Fest, 2023).

Control Rig provides procedural rigging, enabling skeletal structures to be driven by real-time
environmental inputs. It allows for dynamic adaptation of character movements based on terrain
height, slope, and player actions, as opposed to relying on pre-prepared animations. This capability
is especially useful for realistic quadruped animation, where limb adjustments are automatically
made to ensure proper foot placement and balance based on the terrain.

Niagara extends Control Rig by offering procedural generation and animation of particle effects,
simulating natural events like wind, dust, and water. This system also facilitates character interaction
with the environment, such as dynamic footprints that change based on weight and step rate.
Niagara can also manage environmental data for IK systems, enabling real-time terrain adaptation
for better stability and locomotion (Unreal Fest, 2023).



UES's Material System Substrate enhances the character-environment interaction by allowing
materials to change dynamically based on context, such as reflectivity, moisture, and texture. This
feature enables procedural dirt and wear effects that adapt to changing conditions, further
enhancing immersion by allowing materials to shift between dry and dirty surfaces in real-time.

Together, Control Rig, Niagara, and Substrate demonstrate UE5's potential for real-time procedural
animation. Control Rig simplifies movement, Niagara enhances environmental responsiveness, and
Substrate enables material adjustments. This combination creates dynamic, interactive character
systems that move beyond static, pre-defined animations, opening up new possibilities for game
development (Unreal Fest, 2023).

Future Directions in Procedural Animation Research

The continuous improvements in computational power, artificial intelligence, and game
development technologies advance the field of procedural animation. Next, an overview is given of
trends and research opportunities that may shape the future of procedural animation by overcoming
limitations at present and opening up new horizons for game developers.

Procedural Animation for Non-Humanoid Characters

Although most research is focused on the animation of humanoids and quadrupeds, procedural
animation with non-humanoid characters has a vast scope for investigation. For example,
serpentine, insectoid, or aquatic locomotion presents challenges that may need specialized IK
systems and different procedural frameworks.

Further areas of research could include the following:

e Swarm behaviour: Procedural animation of groups of characters, such as schools of fish or
flocks of birds, that respond together to environmental stimuli.

e Biomechanics of unique forms: Simulating the physics and animations of multi-limbed or
segmented creatures for use in science fiction or fantasy games.

Such advancements could enable more diverse and immersive ecosystems in games, enhancing
player engagement.

Procedural Animation for Virtual Reality (VR) and Augmented Reality (AR)

The development of VR and AR platforms opens certain special challenges and opportunities for
procedural animation. Due to the especial degree of presence in VR, realism in character movements
and interaction will be even more crucial. Procedural systems are able to ensure that characters
react interactively to players' movements in real-time. This gives room for an even more engaging
experience.

Future research might be directed to:

e Real-time adaptation to player actions: Animations that adapt seamlessly with any change
of player perspective or physical interaction in VR.

e AR Integration: Procedural systems allow the character to believably interact with real-
world objects detected by AR, like stepping over or reacting toward a table or chair.

Advancements in Physics-Based Animation

Physics-based procedural animation already features in games such as Grand Theft Auto V and The
Legend of Zelda: Breath of the Wild, but further refinement is possible. For example, further
research could lead to even more realistic terrain deformation, interaction with the environment,
and character balance mechanics.



Some topics that can be explored include:

e Realistic Terrain Deformation: Real-time dynamic effects of characters on the terrain, such
as footprints in sand or snow, include feedback loops to modify movement based on
deformations.

e Soft body dynamics: More accurate simulation of the flexible nonrigid parts of characters,
like tails, wings, or clothes, interacting with the real-time environment.

Procedural Animation and Storytelling

The potential of procedural animation for narrative-driven games has not been fully tapped.
Procedural systems add depth to storytelling by allowing characters to display unscripted but
contextually appropriate reactions to events.

Some of the possible future directions may involve:

e Emotion-driven animation: Characters changing their posture and facial expressions based
on their current story state, or through direct player interaction.

e Dynamic cutscenes: Procedural systems creating dynamic real-time cutscenes that are non-
linear based on a player's choices and other game history. Innovation like these could make
narratives more personalized and emotionally resonant.

Optimizing Performance for Procedural Systems

However, the computational cost of procedural animation remains a large barrier to its common
usage, especially in large or low-resource games. Future research has to be done on optimizing these
systems so they could run efficiently on different hardware configurations.

Some of the main research areas are as follows:

o Lightweight IK algorithms: Developing IK systems that could keep the realism without taxing
the CPU/GPU.

e Cloud-based animation processing: Relieving the local devices by offloading procedural
computations to the cloud services.

e Adaptive Fidelity: Systems that dynamically scale animation complexity based on available
resources or scene importance.

Summary

This review examines the evolution, current trends, and possible future of procedural animation in
game development. It begins with an overview of the past, tracing the transition from traditional
keyframe animation to real-time procedural approaches, establishing their significance in today's
gaming.

Case studies such as NaturalMotion's Euphoria Engine highlight procedural systems' ability to
achieve a more realistic appearance through the development of responsive, dynamic character
behaviour. The review continues to analyse IK enhancements, where it describes how it facilitates
achieving accurate limb placement and real-time terrain accommodation. In addition, the use of
machine learning, in this case reinforcement learning, is detailed as a means of enabling adaptive
character behaviour under uncertain conditions.

Difficulties including the computation and optimization challenges of procedural animation in real-
time applications on large scales are addressed. User interaction with procedural systems is also
addressed by the review in terms of the need for smooth, immersive animations that respond



sensibly to input from players as well as changes in the environment. A comparison of techniques for
animation elucidates the trade-offs between realism, resource consumption, and scalability.

The discussion is also extended to individual challenges in quadruped animation and terrain
interaction, emphasizing the complexity of multi-limbed movement in dynamic environments.
Unreal Engine's advanced tools, such as Control Rig and the Chaos Physics System, are discussed as
key drivers in procedural animation creation.

Finally, the review offers directions for future procedural animation research using Al-based
systems, non-humanoid character animation, VR/AR fusion, and performance optimization. While
progress has been made, there remains research and technology needed to achieve the full
potential of procedural animation in creating more realistic and responsive game worlds.

Research Methodologies

Introduction

The methodology is a very important part of this project to ensure that the outcomes of this
research are reliable and relevant to its objectives regarding the development of a procedural
animation system for terrain-adaptive quadruped movement. The next section delineates the
research paradigms used, strategies for sample selection, materials and equipment used in this
research work, and gives its rationale through references to established best practices in technical
art and game development research.

Research Paradigm

This dissertation makes use of the mixed-methods approach, where qualitative and quantitative
research paradigms are actually combined. It is quite suitable for projects that would deal with
procedural systems as the latter allows for both the technical validation of the system (quantitative)
and investigation into user experience and perceived visual fidelity (qualitative).

e Qualitative research: The paper primarily focused on the review and analysis of existing
procedural animation systems, studies regarding terrain interactions, and Inverse Kinematic
techniques. This had helped in the theoretical framing for understanding the methodology
adopted by the existing systems in handling terrain adaptation for quadrupeds. The review
of papers and case studies and tutorials provided qualitative insights into best practices and
common challenges faced during the development of procedural animation systems.

e Quantitative Research: The project will also involve the empirical testing of the Unreal
Engine 5 procedural animation system. Benchmarks will be run, and performance testing
tools utilized to capture quantitative data with regard to efficiency, correctness of the foot
placement, and computational weight of the system. These metrics are crucial in ensuring
the system can be implemented on real-time environments and in line with industry
standards concerning the performance of games.

Sample Strategy
This sample plan is based on data collection from two key areas:

Comparative Benchmarking: The system would be benchmarked with available solutions for
procedural animation. It shall focus on the projects using the IK systems to handle foot placement
over different terrains. These would include, but not be limited to, engines and tools like Unity's IK
solutions, Unreal Engine's Control Rig, and examples from the Euphoria Engine.



User Testing: Once the prototypes are developed, they would be thoroughly tested in various
environments to make sure that they behave as expected and any observations would be noted
down for further research and study.

Materials and Equipment Used
Following is the material and equipment required for this experiment:

e Unreal Engine 5: This is the primary software tool to be employed for the procedural
animation system. Ideal for this project, Unreal supports a wide array of features for the
generation of procedural content, including Control Rig, and Animation Blueprints.

e Blender: This is for 3D modeling and animation, particularly in quadruped rigs and testing
models against the terrain.

e Benchmarking Tools: This includes performance profiling in Unreal Engine, including the use
of Unreal Insights, in gathering quantitative data for system performance.

Justification of Methodology

A mixed-methods approach allows both depth and breadth in relation to the project objectives; it is
thus chosen. First, qualitative review of the existing literature ensures that informed state-of-the-art
techniques in procedural animation and IK systems form a basis for system design. This can be
supported by Leavy's guidelines on how to combine qualitative and quantitative methods as one
way of capturing a fuller picture of the research subject.

According to Mertens, 2019, one of the most common sample strategies in software development
projects is comparative benchmarking, where the sample strategy identifies where innovations or
improvements are made. The combination of user feedback by experienced professionals will
provide the assurance that the system will be evaluated by those who are aware of what the
industry expects from technical art and animation systems.

Material and tool usage is guided to meet the industrial standard practices. UE5 is an industry-
leading game engine used in indie and AAA game development and also has the required procedural
capabilities for this work. Blender and Python are industry standards within technical art; the use of
HLSL makes sure that custom shader code can optimize performance-critical factors when it comes
to real-time animation systems.

Potential Limitations

This is quite a robust methodology; there are, however, a number of limitations that might be
considered. One of the challenges includes the scope of the focus group in that it may be difficult to
gather a sufficient number of experts within the available timeframe. Besides, benchmarking against
such pre-existing systems like Euphoria, proprietary and not freely available, may limit direct
comparisons.

To help reduce these limitations, other benchmarking alternatives will be looked at, such as using
open-source animation systems or modifying existing Unreal Engine assets. Moreover, feedback
from online communities, such as forums in Unreal Engine or subgroups of technical art in Reddit,
can further complement the focus groups.

Summary

This blend of qualitative analysis with quantitative benchmarks ensures comprehensive terrain
adaptability of the procedural animation system. Further, appropriate sampling and selection of
tools in this mixed-method approach ensure the system is both innovative and up-to-date with
today's technical art standard in the gaming industry.



Results and Findings

This section gives the key results from testing and deploying the procedural animation system for
guadruped locomotion. The objective was to test the system's ability for accurate and adaptive foot
placement on uneven terrain, measuring performance in terms of a number of parameters, including
frame rate stability, computational cost, responsiveness, and realism. Testing took place in Unreal
Engine 5 in staged environments, looking at how effectively the system reacted to dynamic terrain
editing and how it compared to traditional animation techniques.

The results provide quantitative and qualitative proof of the performance of the procedural
animation system, both its strengths and weaknesses for future enhancement. Based on system
performance, accuracy, realism, and overall adaptability, this section examines if the solution
adopted meets the objectives outlined in the research. Comparison to existing solutions also
supplies further context about the advantages and trade-offs of procedural animation.

1. System Performance

The procedural animation system was tested in Unreal Engine 5 to evaluate its impact on
performance, specifically measuring computational cost, frame rate stability, and responsiveness.
The system was assessed under different environmental conditions and hardware configurations to
determine its efficiency and feasibility for real-time applications.

Frame Rate and Computational Load

The findings show that the system had an average frame rate of 120 FPS on high-performance
hardware and 85 FPS on mid-range hardware. The procedural system added a 20% boost to CPU
usage over conventional keyframe animation from real-time computation for Inverse Kinematics (IK)
on terrain adaptation. GPU performance was not significantly impacted, indicating that the system is
based more on CPU resources for terrain analysis and procedural adaptation. Further optimizations
may be required for large-scale environments or multiple Al-driven characters.

Latency and Responsiveness

Testing also quantified the system's response time to abrupt terrain change. The procedural system
effectively adapted foot placement within 12ms of sensing terrain change. This responsiveness
allowed smooth transitions between movements, minimizing occurrences of foot sliding and
misalignment. Nevertheless, sudden environmental changes, such as moving platforms or
dynamically changing terrain, caused occasional frame spikes and slight desynchronization.

2. Accuracy of Foot Placement
To assess the effectiveness of the procedural animation in ensuring accurate foot placement, tests
were conducted across various terrain types:

Terrain Type Average Foot Drift (cm) Successful Placements (%)
Flat Surface 0.5cm 98%
Uneven Terrain 23 cm 90%
Sloped Terrain 3.1cm 85%
Dynamic/Moving Surface 4.7 cm 78%

The findings indicate that foot placement accuracy remained high on flat surfaces but showed a 15%



decrease on uneven and dynamic terrains due to sudden height variations and terrain complexity.
Future improvements could focus on refining footstep prediction algorithms to enhance

adaptability.

3. Realism and Responsiveness
A qualitative evaluation was conducted to determine the perceived realism of the quadruped’s
movement. Observations highlighted that:

e The system successfully adjusted foot positions in response to minor terrain changes.

e lLarger, more abrupt terrain shifts resulted in occasional foot sliding, particularly when
movement speed increased.

e The procedural system produced more natural transitions between steps compared to pre-
animated sequences, increasing immersion.

Procedural animations were perceived to be more realistic and blended more smoothly between
states compared to traditional hand-keyed animations. However, traditional animations could
provide more personality to the player character such as different idle and jumping animations that
would be more difficult to achieve through procedural animations.

4. IK and Procedural System Effectiveness
The Inverse Kinematics (IK) solver’s effectiveness was measured based on limb stability and reaction

time to terrain changes:

e The system adjusted limb angles within 12ms, ensuring a fluid transition.

e The quadruped maintained stability on slopes up to 45 degrees, beyond which foot
misalignment increased.

e In obstacle navigation tests, the procedural animation system successfully adapted 92% of
the time, with minor inaccuracies in rapid movement scenarios.

5. Comparison to Existing Solutions
To evaluate the effectiveness of this approach, a comparison was made with Unreal Engine’s
standard IK solutions and third-party procedural animation tools:

Feature

Custom Procedural
System

Unreal Engine Default
IK

Third-Party Procedural
Tools

Implementation

Adaptability to Terrain||High Moderate High
Computational Cost  [|[Medium Low High
Realism of Movement ||High Moderate High
Ease of Moderate High Low

The results suggest that while the custom procedural system provides improved adaptability and
realism, it comes at the cost of increased CPU usage and complexity in implementation.




Summary of Findings

The findings demonstrate that procedural animation significantly improves adaptability and realism
for quadruped movement in complex environments. However, computational cost and occasional
foot misalignments present areas for further optimization. Future work may focus on refining the IK
solver, reducing CPU overhead, and integrating machine learning techniques to enhance real-time
adaptability. These insights contribute to the broader field of procedural animation and technical art
within game development.

Discussion and Analysis

The result of this project has proven procedural animation to be efficient in dynamically adapting
quadruped locomotion to uneven terrain. Through the application of Inverse Kinematics (IK) and
terrain scanning techniques in Unreal Engine 5, the project successfully achieved its primary
objective of developing a real-time animation system for enhancing adaptability and realism in
character locomotion. The ability of the system to generate accurate

foot positioning and dynamically modify limb position supports the theoretical

framework established in the literature review, namely the application of procedural

animation to circumvent the limitations of traditional keyframe animation.

The results indicate that procedural techniques provide a viable solution to terrain interaction
issues, in line with previous research on IK-driven animation systems. The results also point out
some computational limitations, particularly for real-time adaptation across multiple characters. This
is in line with previous concerns in the literature regarding the performance trade-offs of procedural
animation, as discussed in the context of systems like the Euphoria Engine. Even though the
developed system was successful in integrating procedural techniques, optimization remains a key
area of improvement.

Conceptually, the study corresponds with research that points out the growing importance of
procedural systems in game production. Terrain-aware animation implementation also supports the
demand for more dynamic and responsive animation systems, particularly in open-world games with
highly variable player interactions. The project also matches with literature that shows procedural
methods can significantly enhance immersion by reducing animation glitches and allowing
characters to naturally adapt to changes within the environment.

While the research did meet its objectives, there are some limitations to be taken into account. The
method made heavy use of Unreal Engine 5's native animation tools, Control Rig and the Chaos
Physics System, which, while powerful, may not be representative of every game development
pipeline. Additionally, the computational cost of procedural animation was noted under testing,
particularly when character detail or environmental interaction was introduced. Subsequent work
can research optimization methods, such as employing machine learning-based animation
techniques or utilizing level-of-detail (LOD) scaling on procedural computation.

One possible criticism of the research is that it was narrowly focused on quadruped movement,
while relevant to many types of game, and therefore does not completely cover the uses of
procedural animation for more diverse character models. In addition, although the system
performed well under tightly controlled testing conditions, a broader range of tests across more
complex game environments must be conducted in order to evaluate long-term stability and
scalability.

The methodology used in this study was generally successful, with some revisions that would make
future implementations all the more ideal. For example, while terrain scanning was comprehensive



enough for real-time foot placement, the addition of more advanced collision detection techniques
would serve to enhance accuracy even further. Similarly, incorporating biomechanical constraints
into the IK solver would enable more realistic appendage movement by keeping characters more
consistent with natural gait tendencies.

Under different conditions such as a larger-scale open world game with more environmental
diversity, the result may be different. More environmental complexity can introduce other
computational demands, and more efficient procedural techniques might be required to handle
them. Other game engines or animation systems could also yield different results based on their
inherent characteristics and optimization techniques.

Overall, the project reveals the advantages and disadvantages of procedural animation in quadruped
locomotion for games. Although the findings affirm the focus of the literature on procedural
techniques as the core game animation innovation, they also stress the need for ongoing
optimisation and refinement. Follow-up research would include enhancing procedural systems to
make them more effective, making them more suited for more types of character types, and the
integration of emerging technologies such as Al-augmented animation synthesis in an effort to
enhance realism and responsiveness further.

Summary

This project demonstrated the value of procedural animation in applying quadruped locomotion to
uneven terrain with Inverse Kinematics (IK) and terrain scanning in Unreal Engine 5. The system
could achieve real-time foot placement, enhancing flexibility and realism compared to keyframe
animation. Findings confirm that procedural approaches offer a potential solution for terrain
interaction, though computational cost remains an issue, particularly in real-time adaptation for
many characters. These results are aligned with earlier research on IK-based animation and suggest
trade-offs like those in the Euphoria Engine, in which increased realism is achieved at the expense of
increased processing.

While the system was successful at reducing animation glitches and increasing immersion,
optimization must still be implemented, especially within large-scale worlds. Overreliance on Unreal
Engine 5's features could limit their applications to broader use within a variety of development
pipelines. More investigations should be done on machine learning-based animation, LOD scaling,
and biomechanical constraints for enhanced movement precision and efficiency. Additional testing
using more advanced game environments should also be conducted in order to validate long-term
stability and scalability. Overall, the study supports procedural animation as an important innovation
for game development with renewed emphasis on continued refinement and Al integration toward
even greater realism and responsiveness

Future Work

While this dissertation has succeeded in demonstrating the promise of procedural animation
for quadruped robot terrain adaptability, several possibilities remain for development and research.
The following are offered as areas of future work:

1. Optimizing Performance for Real-Time Applications: The current system,
while successful at demonstrating realistic terrain adaptation, is computationally intensive,
especially when simulating complex terrains or handling multiple characters in real-time.
Future work should include optimizing the procedural animation
algorithms for better performance with no loss of realism. This could
involve developing lightweight inverse kinematics (IK) algorithms, more efficient physics



simulations, or utilizing cloud-based animation processing to offload the

computational overhead from local hardware.

Expanding Terrain Interaction Capabilities: Future research

could address more complicated types of terrain and

interactions outside of flat ground planes. For example, simulating the physics of soft
terrains like mud, snow, or water,

and their effects on quadruped locomotion, would further enhance

the realism of the system. Adding such terrains could introduce new challenges to simulating
foot placement and balance, which could further evolve the procedural animation system.
Multi-Limb Coordination for Complex Movements: Although the topic of this dissertation
has been the adaptation of the quadruped's limbs to terrain, research can be conducted in
the future on multi-limb coordination for even more complex behaviors such as running,
jumping, or climbing. This

would entail further algorithm development with the ability to maintain natural

limb motion in contact with dynamic environments.

Machine Learning Integration for Adaptive Behavior: Incorporating machine

learning algorithms, like reinforcement learning, would allow the system to adapt

to even more varied environments and increase its ability to handle unexpected terrain. By
training the quadruped to make decisions based on environmental feedback, the system
could learn to better replicate real-world behavior, such as altering its gait in response

to varied slopes or obstacles.

Integration with Virtual Reality (VR) and Augmented Reality (AR): The future of procedural
animation in games and robotics lies in immersive experiences. Integrating the procedural
animation system with VR or AR systems could provide more interactive

and reactive environments for users. The integration could also provide real-time feedback
from the user's perspective, enhancing the sense of presence and realism when interacting
with the quadruped character.

Procedural Animation for Non-Humanoid Characters: While this

dissertation focuses squarely on quadruped robots, procedural animation techniques could
be applied to non-humanoid characters, such as serpentine or

insectoid characters. Investigating the unique challenges of animating multi-limbed or
segmented creatures could open up new possibilities for animating a wider variety of
characters, increasing the variety of character types in future productions.

Real-Time Narrative Integration: Beyond improving the technical aspects of procedural
animation, future studies can perhaps explore how such methods can be integrated into
narrative-driven games or simulations. Procedural animation can be used to create more
dynamic and contextually appropriate character interactions based on the player's actions
or environment. This can lead to a more immersive and emotionally engaged experience for
the player.

In conclusion, while the work in this dissertation has established a solid foundation for terrain
adaptation in quadruped robots, there is considerable scope for further research

to optimize, generalize, and build on these systems. As technology evolves, the integration of
advanced computational techniques, such as machine learning and cloud computing, will play

a key role in transcending current limitations and moving the state of the art forward in procedural
animation for robotics and games.



Conclusion

This study set out to develop a procedural animation system that ensures appropriate and realistic
foot placement for quadruped robots as they navigate over uneven terrain in real time. The overall
objective was to attain a system that dynamically adjusts with the alteration of the environment,
unlike keyframe animation that falls short in reacting to unexpected changes in terrain. With the
application of Inverse Kinematics (IK) and real-time terrain scanning, the research was able to
demonstrate that procedural animation could increase animation flexibility significantly without
compromising the stability of the character even on slopes or dynamic ground.

Procedural animation techniques, when effectively implemented in Unreal Engine 5, have been
shown to increase movement realism and responsiveness significantly. The addition of next-
generation animation features, such as the Control Rig, Niagara for secondary motion effects, and
Chaos Physics System for real-time world interaction, has been found useful in producing adaptive
and smooth animations. The research also emphasizes environmental data processing significance,
where real-time terrain analysis enables the animation system to dynamically correct foot
placement, reducing unnatural movement artifacts such as misalignment and foot sliding.

In addition, the study presents the increasing use of machine learning in procedural animation.
Although rule-based procedural methods were used mainly in this project, it has been indicated that
Al-based methods could further enhance movement prediction, make behaviours more adaptive,
and lessen the computing cost for making real-time adjustments. Machine learning models
developed with motion data can enhance the accuracy of foot placement, allowing for even more
naturalistic and responsive walking to be achieved in subsequent generations of procedural
animation systems.

Though the project fulfilled its main goals, a number of challenges arose during development and
testing. Computational overhead was one major issue, since real-time scanning of terrain and IK
calculations added an average of 20% to CPU use over conventional animation techniques.
Optimizing the system for use with large-scale applications is also an ongoing challenge, since more
intricate terrain situations require further fine-tuning to provide stability and realism. Another key
limitation involved handling extreme terrain changes, where rapid height variations occasionally led
to foot misalignment despite the adaptive algorithms in place.

These results are consistent with current literature, affirming that although procedural animation
offers better realism and flexibility, it requires careful optimization to strike a balance between
performance and visual fidelity. The research also affirms the need for efficient animation pipelines
in contemporary game development and technical art, where real-time flexibility is a key factor in
immersion and gameplay dynamics.

In general, this work contributes to the overall field of procedural animation and dynamic character
systems for interactive media. It points towards the need for continuous innovation in Al-based
animation, real-time terrain adaptation, and scalable procedural techniques. Future work needs to
focus on further enhancing footstep prediction algorithms, reducing computational overhead, and
exploring deep learning-based procedural animation to push the realism, efficiency, and flexibility of
real-time animation systems even further.

Recommendations

Based on the findings and analysis, the following can be suggested as recommendations for future
research and development in procedural animation:



Optimization of Computational Costs: While procedural animation introduces more realism,
excessive computational costs incurred can put the lid on scalability in real-time
applications. Optimization of algorithms is necessary to improve efficiency, particularly in
large-scale simulations involving multiple Al-controlled characters.

Integration of Machine Learning: Reinforcement learning algorithms, such as Al-based
animation systems, can also contribute to flexibility in procedural animation. Future
research must study how machine learning can better optimize motion synthesis so that
characters will be able to react more realistically to environmental changes.

Enhance Quadruped Animation: The problems of procedural animation for multi-limbed
creatures highlight the need for enhancement in Inverse Kinematics and locomotion
systems. More sophisticated biomechanical models may render non-humanoid character
movement more realistic.

Advanced Environmental Interactivity Systems: Procedural material adaptation such as
UE5's Substrate Material System may enhance visual realism in games. How procedural
decay, runtime surface staining, and runtime material blending make things more immersive
need to be researched.

Interdisciplinary Collaboration: The combination of developments in animation, physics
simulation, and Al could lead to more robust procedural systems. Encouraging collaboration
among technical artists, programmers, and Al researchers would accelerate development in
this field.

More Testing on Other Game Genres: Procedural animation has primarily been
experimented with on open-world and action games. Testing its application on other genres,
e.g., horror or simulation games, could reveal new challenges and possibilities.

Player Perception Evaluation: It is important to understand how players perceive and
engage procedural animation systems. Future research must incorporate user testing and
feedback analysis to further develop procedural techniques based on player experience.

These suggestions aim to address current restrictions while expanding the boundaries of procedural
animation, allowing future growth to further improve realism, immersion, and efficiency in game

design.
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