
[image: A close-up of black text  Description automatically generated]





Comparing Real-Time Raycast and Joint-Based Suspension Simulations in Unity
by
Max Jones

Supervisor: Nathan Morgan



Project submitted as part of the requirements for the award of 
BSc (Hons) Computing (Game Development)


May 2026














DECLARATION 


 
I Max Jones, declare that I am the sole author of this Project; that all references cited have been consulted; that I have conducted all work of which this is a record, and that the finished work lies within the prescribed word limits. 
 
 
This work has not previously been accepted as part of any other degree submission. 
 
 

  
 
Date : 1/5/2026 
 



FORM OF CONSENT 



I Max Jones, hereby consent that my Project, submitted in candidature for the B.Sc.(Hons) Computing (Game Development) degree, if successful, may be made available for inter-library loan or photocopying (subject to the law of copyright), and that the title and abstract may be made available to outside organisations. 



  
		Date : 1/5/2026





[bookmark: _Toc228508144]Artificial Intelligence Usage Statement
In accordance with the academic integrity guidelines of this institution, this statement declares the use of generative artificial intelligence tools during the completion of this project. The tool used was Anthropic’s Claude, accessed via claude.ai throughout the project period.
[bookmark: _Toc228508145]How AI was Used
Claude was used in three capacities during this project, each of which is described below. In all three cases, AI-generated content was reviewed, verified, edited, and approved by the author before inclusion within any of the submitted work. The author takes full responsibility for the accurate and integrity of all content in this report. 
	Use Case
	Description
	Author's Role

	Literature Research Assistance
	Claude was used to help identify relevant academic sources, suggest search terms, and summarise areas of literature for initial orientation. All sources were independently located, accessed, and verified by the author before citation.
	Verified all sources independently. Rewrote all summaries in own words. Made all decisions about which sources to include.

	Written Content Drafting
	Claude was used to produce initial drafts of written sections including the literature review, methodology, design and implementation, results, and conclusions. All drafts were reviewed, substantially edited, and refined by the author.
	Reviewed and edited all drafted content. Corrected inaccuracies. Made all analytical and interpretive judgements. All final wording reflects the author's own voice and understanding.

	Implementation Planning
	Claude was used to produce a rough structural plan for the vehicle physics framework, including suggestions for the interface design and class hierarchy. All actual implementation decisions and code were written by the author.
	Made all final implementation decisions. Wrote all code independently. Used AI suggestions only as a starting point for planning, not as a specification.



[bookmark: _Toc228508146]How AI Was Not Used
The following were completed entirely by the author without AI assistance:
· All C# implementation code (VehicleController, RaycastVehicle, JointVehicle, VehiclePhysicsBase, MacroRecorder, MacroPlayer, TelemetryWriter, and all supporting scripts)
·  All experimental design decisions, hypothesis formulation, and evaluation methodology
· All data collection, telemetry analysis, and interpretation of quantitative results
· All participant evaluation design, distribution, and response analysis
·   All final analytical and interpretive judgements throughout the report
[bookmark: _Toc228508147]Declaration
I confirm that all use of generative AI in this project has been declared above. I have not used AI to complete any assessed work without disclosure, and I have not submitted AI-generated content as my own original work without review and editing. I understand that blind or undisclosed use of AI tools constitutes a breach of academic integrity policy and I confirm that no such use has taken place.

Signed: Max Jones
Name: MAX JONES
Date: 01/05/2026


[bookmark: _Toc228508148]Abstract

This dissertation investigates whether joint-based suspension produces meaningfully different drifting behaviour from raycast-based suspension in a real-time vehicle physics simulation, and whether any fidelity gain is accompanied by a proportionate computational cost. Both suspension systems were implemented from scratch in Unity 6 using C#, sharing an identical vehicle configuration, Pacejka Magic tyre Model, drivetrain, and weight transfer system. A deterministic input replay system ensured that identical driving inputs across all controlled test runs, and a per-step telemetry logger captured physics data to a CSV file at 50Hz across three scenarios.

Quantitative analysis of the telemetry data produced four key findings. First, contrary to hypothesis, the raycast implementation produced higher mean rear lateral slip angles during turning (19.2° vs 7.9°) and the handbrake turn (21.3° vs 15.9°), indicating the joint model's continuous spring-damper constraint introduces a self-correcting lateral stability effect absent in the analytical raycast calculation. Second, the joint implementation produced approximately double the suspension compression differential during turning and over seven times the differential during the handbrake turn, confirming more physically grounded weight transfer behaviour. Third, the computational cost difference was architecture-dependent, on Machine A (Apple Silicon) the joint model required more than double the physics update time during turning, while on Machine B (x86-64 PC) no meaningful difference was observed. Fourth, a participant evaluation with 28 respondents found that 68% rated the joint implementation as more realistic and 61% preferred it overall, with higher mean Likert scores across all paired dimensions.
The overall conclusion is that joint-based suspension represents a meaningful fidelity improvement over raycast-based suspension in real-time drifting simulation, producing more physically grounded weight transfer and more progressive oversteer behaviour perceived as more realistic by participants. The computational overhead is negligible on modern hardware, consuming less than 1% of the available physics budget on both test machines.
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[bookmark: _Toc228508150] Background and Context
Vehicle physics simulation has been a central challenge in game development since the earliest driving titles. As graphic fidelity in games has approached photorealism, the relative investment in physics accuracy has become an increasingly important differentiator [9], [10], a point which is clearly illustrated by the contrast between titles such as Burnout Paradise, which prioritises accessibility and feel over physical accuracy and BeamNG.drive, which employs an engineering-grade soft-body physics model which is validated against real crash test data. Between these two extremes lies a broad spectrum of approaches, each representing a different trade-off between physical fidelity, computational cost, and player experience.

Drifting, the motorsport discipline of sustaining controlled oversteer, is a particularly demanding test case for vehicle physics simulation. A convincing drift simulation requires accurate tyre force modelling beyond the grip limit, physically grounded weight transfer between axles and wheels, and suspension behaviour that responds progressively to rapid driver inputs [21], [15]. These requirements make drifting a useful lens through which to evaluate the quality of a real-time vehicle physics implementation, because the physics being tested are the same ones that make the difference between an arcade slide and a genuinely reactive vehicle model.

Two broad approaches to suspension modelling exist in real-time game physics: raycast-based suspension which approximates spring-damper behaviour analytically using a ray projected from each wheel to the ground, and joint-based suspension, which represents each wheel as a physical rigidbody connected to the chassis through a constraint [9], [25]. The raycast approach is computationally inexpensive and widely used in commercial titles but abstracts away the physical connection between wheel and chassis. The joint approach introduces a physically grounded constraint, potentially producing more realistic weight transfer and suspension response, at the cost of additional computational overhead and implementation complexity. Despite both approaches being available in modern game engines such as Unity 6, there is no published study directly comparing their behaviours in a controlled real-time drifting simulation using an identical tyre model.
[bookmark: _Toc228508151] Aim
The aim of this dissertation is to design, implement, and evaluate two real-time vehicle suspension systems, one raycast-based and one joint-based within Unity 6, using Pacejka’s Magic Tyre Model as a shared tyre physics foundation, and to compare their physical accuracy, drifting behaviour, computational efficiency, and the perceived realism in the context of a drifting simulation.
[bookmark: _Toc228508152] Objectives
1- Review the history of drifting, relevant game case studies, and the scientific literature on tyre modelling and suspension simulation.
2- Design and implement a shared vehicle physics framework in Unity 6 supporting runtime switching between both suspension implementations with identical tyre model and vehicle parameters.
3- Implement a raycast-based and a joint-based suspension model, both using Pacejka’s Magic Formula for lateral tyre force generation.
4- Develop a deterministic input replay system and a telemetry logging system to support controlled, repeatable evaluation runs.
5- Evaluate both implementations quantitatively across three controlled scenarios on two hardware platforms, measuring slip angle, suspension compression differential, and computational performance. 
6- Evaluate both implementations qualitatively through participant testing, assessing perceived realism, controllability, and preference.
7- Analyse the results to determine whether joint-based suspension produces meaningfully different drifting behaviour and whether any fidelity gain is accompanied by a proportional computational cost.
[bookmark: _Toc228508153]Report Structure
The remainder of this report follows the structure as described below:

• Literature Review: Examines drifting's history and cultural origins, vehicle physics in four games (Burnout Paradise, Grand Theft Auto V, Grand Theft Auto IV, BeamNG.drive) from least to most realistic, and reviews literature on Pacejka’s Magic tyre model, suspension architecture, and real-time physics simulation trade-offs.

• Methodology: Establishes research philosophy, development methodology, hardware/software environment, experimental hypotheses, evaluation criteria, and measures for validity and reliability, including participant evaluation and quantitative metrics from controlled tests.

• Design and Implementation: Details architecture of vehicle physics framework, Pacejka tyre model implementation, suspension system design, test environment, and data logging/input replay systems.

• Results and Evaluation: Presents and interprets quantitative telemetry findings from three test scenarios across hardware platforms, assesses computational performance, evaluates simulation stability, and evaluates hypotheses against gathered evidence.

• Conclusions and Recommendations: Summarizes key findings, discusses research limitations, and proposes future work directions based on developed implementations.

• Reflection: Provides a personal reflection on the development process, encountered challenges, and skills acquired throughout the project.
[bookmark: _Toc228508154]Literature Review
[bookmark: _Toc228508155]The History and Culture of Drifting
[bookmark: _Toc228508156]Origins in Japanese Motorsport
Drifting as a recognised driving style first developed in 1970s Japan, established by a, group of enthusiasts known as ‘Zoku’ who were competitors in mountain time trials held on the Japanese ‘touge’ passes [1] . These passes were mountain roads with tight hairpin turns and very limited opportunities to overtake the competition. Due to the fact that overtaking opportunities were restricted, competitors focused less on pure speed and tried making the sport into a spectacle of style and controlled slides. The actual drifting technique of causing intentional yet controllable oversteer originated from professional driver Kunimitsu Takahashi, who developed the technique to maintain speed as the Skyline he drove during his career as a professional road racer lacked mechanical grip but had a surplus of power and torque. This led him to induce oversteer before the corner apex and then applying full power to maximise exit speed [1].

Another pivotal figure in the early history of drifting is Keiichi Tsuchiya internationally known as the ‘Drift King’. Tsuchiya refined his skills on the Usui mountain pass. In 1987 Tsuchiya produced a video “Pluspy” demonstrating his skills with high angle drifting in a Toyota AE86 Corolla, the footage spread virally in Japan and was a catalyst in drifting’s transition from a niche street subculture into a mainstream spectacle [1]. 
[bookmark: _Toc228508157]Institutionalisation and Global Spread
The first officially sanctioned competitive drifting event was organised by Tsuchiya in 1988. The event was attended by both a plethora of spectators and automotive media, drawing interest from sponsors which would help lay the groundwork for more formal competitions [4]. Formal championship began in 2001 with the inaugural D1 Japan Grand Prix, co-organised by the founder of the Tokyo Auto Salon Daijiro Inada who established judging criteria based on speed, angle, showmanship, and the line taken through corners [5]. The D1 Grand Prix provided the subculture with a legitimate platform which elevated it to a professional sport with defined rules and commercial support.

After Tsuchiya’s event international expansion rapidly followed. The first event recorded outside Japan took place in California in 1996 [5]. The main North American series ‘Formula Drift’ was established in 2004, this helped spark interest in Europe with the ‘Drift Kings International Series’ following in Belgium a year later. 

[bookmark: _Toc228508158]Media Amplification
There are two main media properties that helped accelerate drifting into the wider global audience, The first being the manga and anime series Initial D, running from 1995 until 2013, Initial D romanticised the drama and dangers of touge racing and is widely credited with exposing drifting to a bigger audience. To help make the series realistic in a technical aspect, Tsuchiya himself helped as a consultant [7]. The other main influence is the film “The Fast and the Furious: Tokyo Drift” released in 2006 Tokyo Drift introduced the street and touge drifting subculture of Japan to a broader global market, it helped generate significant media coverage internationally [8]. Alongside these, there was also an influx of video games that helped popularise street racing and Drifting.
[bookmark: _Toc228508159] Case Studies: Vehicle Physics in Games
[bookmark: _Toc228508160]The Arcade-to-Simulation Spectrum
Vehicle Dynamics in games span a wide spectrum that varies from arcade abstraction to engineering-grade simulation. Many titles introduce handling assists, artificial stability control, inflated grip, and simplified tyre models, this makes the vehicles in these games more accessible to players who do may not have the driving skill to accomplish certain feats, this does however come at the cost of diverting from real physics [9]. Against this unassisted simulation physics require genuine driver input and corresponds to real techniques. The four titles examined here represent four distinct points along the spectrum. Together they highlight the trade-offs between accessibility, computational cost, and physical fidelity.
[bookmark: _Toc228508161]Burnout Paradise
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Figure 1: Burnout Paradise Remastered vehicle physics during a race, Screenshot from official IGDB press kit [32]
Developed by Criterion Games and published by EA in 2008, Burnout Paradise highlights the end of the spectrum that is fully immersed in having an arcade feel. The games physics model is built on Criterion’ propriety RenderWare engine [11]. The handling was designed specifically to produce the sensation of high-speed, satisfying predictable driving, easy controllable drifting which can be achieved by any player. In collision scenarios the physics engine prioritises vehicle deformation and momentum which produces visually spectacular crashes [11].

Drifting in Burnout paradise is deliberately made accessible: oversteer is easy to initiate and maintain, the relationship between throttle, steering, and rear traction is drastically simplified to allow players to easily maintain slides without the need for precise counter steering. At GDC in 2018 Criterion acknowledged that their primary philosophy since the original 2001 Burnout is to create games with great vehicle feel, this is done with solid physics simulation with significant augments such as handling assists, camera movement and force feedback tuning rather that solely relying on physics accuracy [11]. This making Burnout Paradise the purest example of putting player experience to the forefront and superseding physical realism.
[bookmark: _Toc228508162]Grand Theft Auto V
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Figure 2: Grand Theft Auto V vehicle handling in open world environment. Screenshot from official IGDB press kit, © Rockstar Games [33]

Grand Theft Auto V developed by Rockstar North and Built on the Rockstar Advanced Game Engine (RAGE), is higher on the spectrum than Burnout Paradise but is still very much on the accessible and arcade style. In comparison to the previous entry in the franchise, the vehicle handling model was tuned towards ease of control and responsiveness. This was achieved by reducing inertia and stiffening the suspension, they also made oversteer easier to correct [12]. While each vehicle feels distinct and responds to the players inputs in a plausible way, the underlying physics still remain largely abstracted from real vehicle dynamics. Drastic simplifications were made to the tyre behaviour, weight transfer, and suspension compliance all in favour to make the driving experience more controllable and enjoyable for a mass audience.

For drifting specifically, the vehicles in GTA V are both easy to slide and easy to catch, the simplified model allows for the slides to be predictable and recoverable without the same precise counter-steering that real drifting requires. Another reason that the Euphoria physics integration was reduced is because of the sheer scale of the game, the performance of running a full simulation with the size of Los Santos on the seventh-generation consoles was not feasible [12].
[bookmark: _Toc228508163]Grand Theft Auto IV
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Figure 3 Grand Theft Auto IV open world vehicle physics. Screenshot © Rockstar Games, hosted via GTANet.com, used for academic illustration purposes [34]

Grand Theft Auto IV, also developed by Rockstar North is notably higher on the simulation spectrum than GTA V despite being its predecessor. Also built on RAGE and integrated with NaturalMotion’s Euphoria middleware, GTA IV had a vehicle physics model that had substantially greater depth to it than what was common in other open world games at the time [12]. The vehicles in GTA IV exhibit marked inertia, body roll during cornering, and momentum dependant braking behaviour that approximate real vehicle dynamics. The RAGE physics engine, operating alongside the Bullet physics library, handled the large open world alongside the complex physics simulations, this did come at a cost as the significant computational load caused the game to run below 30 frames per second when under load [14]. 

GTA IV’s vehicle handling model rewards technique in a way that neither Burnout Paradise nor GTA V do. Vehicles must be managed through the transfer of weight any abrupt inputs can cause a loss of control, and sustaining oversteer requires actively counter-steering, changing the throttle inputs, and trail-braking [15]. These behaviours while still abstracted from reality in comparison to dedicated simulation software. The Gamer’s analysis of the driving model in GTA IV notes the nuance and depth of the handling gives every vehicle a distinct personality and a feeling of weighted realism [13]. 
[bookmark: _Toc228508164]BeamNG.drive
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Figure 4 BeamNG.drive vehicle physics simulation during a drift. Screenshot from official BeamNG press kit, © BeamNG GmbH [35].
BeamNG.drive, developed by BeamNG GmbH, occupies the opposite end of the simulation spectrum than Burnout Paradise. The game is built upon a proprietary soft-body physics engine that represents vehicles not as rigid bodies but as a network of connected mass nodes and massless beams [17]. This node-beam architecture, derived from the opensource Rigs of Rods project, allows the vehicle structures to deform continuously and realistically under stress. This approach produces behaviour that has been described as the most physically accurate in any consumer level vehicle simulation [17]. 

The team at BeamNG GmbH has pursued formal research and industry applications of this technology through BeamNG.tech, which is a fork of the game that has been used for a variety of applications such as ADAS development, crash simulations, and driver training [18]. Published research had validated the BeamNG soft body approach against physical crash test data, demonstrating close alignment between the simulation and real life [19]. 
[bookmark: _Toc228508165] The Science of Real-Time Vehicle Simulation
[bookmark: _Toc228508166]Pacejka’s Magic Tyre Model
The central challenge in creating an accurate drifting simulation is accurate tyre modelling. During a drift, tyres operate beyond the point at which they can generate maximum grip, the forces generated at the tyre contact patch determine whether the driver maintains a controlled slide or loses control entirely [21], [23], the amount of force a tyre produces during these deliberate slides determines whether the driver stays in a controlled drift or loses control entirely. Getting this right in the simulation is therefore fundamental to producing realistic drifting behaviour.

The most widely used mathematical model for calculating tyre forces is the Pacejka Magic Formula, developed by Professor Hans B. Pacejka at Delft University of Technology. First published alongside Bakker and Nyborg in 1987 and further refined in 1992, it provides a set of equations that calculate how much grip a tyre produces based on a variety of metrics [20], [21]. Each individual tyre is described by a set of values derived from real-world tyre testing, which are plugged into the equations to produce results that closely match how a tyre actually behaves. The name ‘magic formula’ comes from the fact that the equations were not derived from first principles of physics but were simple found to fit real tyre data very accurately across a range of conditions. A later version published with Besselink in 1997 extended the model to cover rapidly changing conditions such as the moment a drift is initiated, or a slide is caught [22]. The Pacejka model is the industry standard for tyre models in both professional vehicle dynamics software and game physics engines because of how fast it is to compute and its wide range of conditions that it can be used in [23]. One known limitation is that it can become unreliable at very low speeds which requires additional handling in any practical implementation [23].
[bookmark: _Toc228508167]Suspension Architecture
The suspension system in a vehicle connects the wheels to the body and controls how weight shifts between tyres during cornering, braking, and acceleration [15], [16]. In drifting these weight shifts are rapid and deliberate. The accuracy of a simulations suspension model is therefore directly impactful on how realistic the drifting feels.

In game physics there are two main approaches to simulating suspension. The simpler of the two being the raycast-based suspension, it works by firing an invisible ray down from an anchor point on the body and measuring how far it is from the ground, the closer it is to the ground the more the spring pushes it back following Hooke’s Law. This method is fast and stable making it well suited for real-time games however it is a significant simplification. This approach cannot replicate the complexity of real suspension designs which means more subtle behaviours cannot be reproduced [16]. The more complex approach is known as joint-based suspension, models the actual physical linkages within the suspension system using rigid connections and constraints so that the geometric effects such as how the wheel angle changes when the suspension compresses emerge naturally from the simulation rather than being approximated. This is however considerably more demanding in computational power but produces a much more realistic vehicle behaviour [25]. 
[bookmark: _Toc228508168]Oversteer and Drift Mechanics
A drift occurs when the rear of the car slides outwards more than the front of the car, when sustained the direction the car points is close to perpendicular to the direction of travel. The driver maintains the slide by steering into the slide and managing the throttle to where the tyres don’t spin out or gripping the surface [15]. In practice this balance is extremely sensitive  and requires the drivers to be precise. In simulation, reproducing this sensitivity requires a tyre model that accurately captures how the grip of a tyre drops off when the slide increases, combining this with a suspension model that correctly shifts the weight between the wheels as the driver steers and applies the throttle [16]. The balance between the front and rear suspension stiffness and the position of the cars centre of gravity are both significant factors, a heavier rear setup makes the rear more likely to slide out.

Every real-time simulation faces a constraint that the dedicated engineering software does not: the physics calculations must finish fast enough to keep the game running smoothly, typically within a fraction of a second per frame. This creates a fundamental trade-off where performance comes before accuracy [9]. This was clearly illustrated by GTA IV and V where the hardware limitations at the time simply could not keep up with the computational demand that it required. BeamNG.drive however focuses entirely on accuracy to the point that it runs the physics calculations 2000 times per second at a detriment to performance.
[bookmark: _Toc228508169]Summary and Research Gap
The literature reviewed here identifies three converging bodies of knowledge relevant to the dissertation. The history of drifting establishes why the physics of sustained oversteered both mattered culturally and practically and also identifies canonical vehicle platforms in the scene. The four game case studies demonstrate that vehicle physics in commercial games spans a wide range: from the arcade feeling of Burnout Paradise to the engineering grade soft-body simulations provided by BeamNG.drive. Each of these case studies also illustrates that computational cost and physical fidelity are directly linked.

The scientific literature confirms that Pacejka’s Magic Formula is the established standard for tyre modelling in both academic simulation but also real-time game applications [20], [21], [22], [23], and also identifies that the suspension architecture is a key variable in determining how accurately drift-relevant dynamics are reproduced [9], [25]. A gap exists in the published literature regarding the direct comparisons between the two suspension models when implemented into the same real-time game engine, especially when evaluated against the drift-relevant criteria of oversteer behaviour and later force linearity. This dissertation addresses that gap by a controlled implementation in Unity 6 with Pacejka’s Magic Tyre Model as the shared tyre physics foundation.
[bookmark: _Toc228508170]Methodology
[bookmark: _Toc228508171]Research Philosophy and Approach
This dissertation employs a pragmatic research approach that integrates elements of both positivism and interpretivism to examine the research question from multiple angles [29], [30] to examine the research question from multiple angles. The positivist aspect is demonstrated by quantitative measurement of the efficiency of the physics engine, specifically the frame rate, physics update time, and tyre slip data, which can be objectively documented and contrasted between the two implementations. The interpretivist dimension is expressed through participant based qualitative assessment, which recognises the perceived realism and feel of the physics simulation that are subjective experiences which raw data cannot fully capture on its own.

The research strategy is both experimental and constructive. Both suspension implementations were designed and built within a controlled software environment, with the suspension architecture as the single independent variable while all other vehicle parameters were constant. This approach was chosen the research question requires direct observation of both systems under identical conditions rather than solely relying on theoretical comparisons.
[bookmark: _Toc228508172]Development Methodology
[bookmark: _Toc228508173]System Architecture
The vehicle physics framework was developed from scratch in C# within unity 6.3, with no third-party physics assets used in either implementation. Both implementations are built upon a shared base architecture to ensure a fair and controlled comparison. A VehicleController component manages the player input, selects the active physics implementation at runtime, and updates the visual wheel mesh positions every frame. Both implementations satisfy a common interface, IVehiclePhysics, which defines five required methods: Initialise, ApplyInput, UpdatePhysics, GetWheelPose, and PopulateTelemetry. This interface-based design enforces that both implementations expose identical telemetry data and respond to the same inputs, eliminating any discrepancies that may arise between the two.

A Key architectural feature is that the active implementation can be swapped at any time by pressing the Tab key, which allows immediate switching without reloading the scene. This was a deliberate design decision as it allows both implementations to be evaluated under the same conditions.
All shared physics logic is implemented within a shared base class that both of the implementations inherit from. The only code that differs between the two implementations is the suspension model itself which ensures that any observed differences in behaviour are attributed wholly to the suspension. 

[bookmark: _Toc228508174]Vehicle Configuration and Visual Model
All vehicle parameters are stored within a Unity ScriptableObject asset which is shared between both of the implementations. The vehicle is configured as a 1,500Kg rear-wheel drive coupe. Table 3.1 summarises the key parameters in the configuration. For visual representation the vehicle uses a Nissan Skyline R34 GT-R 3D model created by Lexyc16 and sourced from Sketchfab under a Creative Commons Attribution (CC BY 4.0) Licence [27]. The Nissan R34 Skyline is a rear-wheel drive Japanese sports car that is directly associated with the drifting culture, as established in the literature review which makes it an appropriate visual choice. The parameters in Table 3.1 are configured independently of the mesh and do not represent the exact specification of the R34 Skyline, the model is purely visual and has no influence on the physics simulation.

Table 3.1: Vehicle Configuration Parameters
	Parameter
	Value
	Unit

	Vehicle mass
	1,500
	kg

	Drive type
	Rear-wheel drive (RWD)
	-

	Max engine torque
	300
	Nm

	Max RPM (redline)
	7,000
	RPM

	Gear ratios (6-speed)
	3.5 / 2.2 / 1.5 / 1.1 / 0.85 / 0.7
	-

	Final drive ratio
	3.7
	-

	Max steering angle
	35
	degrees

	Top speed
	45
	m/s (~100 mph)

	Suspension rest length
	0.7
	m

	Suspension travel
	0.3
	m

	Spring stiffness
	35,000
	N/m

	Damper coefficient
	4,500
	Ns/m

	Anti-roll bar stiffness
	15,000
	N/m

	Centre of mass offset (Y)
	−0.3
	m

	Wheelbase
	2.9
	m

	Track width
	1.6
	m

	Pacejka B (stiffness)
	10
	-

	Pacejka C (shape)
	1.3
	-

	Pacejka D (peak grip)
	1.2
	-

	Pacejka E (curvature)
	−0.5
	-



[bookmark: _Toc228508175]Tyre Model
Both implementations use Pacejka’s Magic Formula for lateral tyre force generation, which is implemented in the shared base class. The formula used is the standard four-parameter form: , where  is the slip angle at the contact patch and B, C, D and E are the coefficients defined in the Table 3.1. the slip angle for each wheel is calculated each physics step by comparing how fast the tyre is moving laterally versus how fast it is moving forwards, a larger angle between the two means a greater slide angle. There is a small correction value of 0.5m/s added to the forward speed to prevent the calculation from breaking when the vehicle is nearly stationary. There are further modifications to the tyre grip by the load sensitivity, when the tyre becomes heavily loaded the effective grip is significantly reduced. The second modification is by a friction circle constraint which reduces the available lateral grip in proportion to the longitudinal force which is already being applied.

[bookmark: _Toc228508176]Raycast Suspension Implementation
The raycast implementation fires a ray downward from an anchor point at the top of the wheel arch. When the ray intersects the ground, the suspension compression is then derived from the ratio of the difference between the rest length and the current length to the total travel distance. The spring force is then calculated using Hooke’s Law (F=kx) [16] and the damper force is calculated from the vertical component of the chassis velocity at the contact point multiplied by the damping coefficient. These forces, combined with the aerodynamic downforce and weight transfer produce the total normal force at each wheel, which is then applied directly to the chassis rigidbody. Each wheel is calculated entirely independent of one another. There is an anti-roll bar correction that is applied to both axles. The difference in suspension compression between the left and right wheel is measured and a proportional corrective force is applied to resist body roll. This is identical in both implementations and therefore is not a variable in the comparison.
[bookmark: _Toc228508177]Joint-Based Suspension Implementation
The joint-based implementation represents each wheel as a separate physics rigidbody connected to the chassis via a ConfigurableJoint within Unity. The join locks all translational degrees of freedom except the vertical axis, along with this joint a spring and damper drive is applied using Unity’s Joint system which replicates the overall kinematic outcome of suspension compression and extension without having to fully model a multi-body suspension model. This means that the wheel rigidbody physically moves relative to the chassis driven by the joint constraints rather than having spring forces calculated analytically and applied to the chassis like in the raycast model. The wheel mesh positions are calculated analytically from the suspension compression value rather than reading the wheel rigidbody’s world position directly, to eliminate any visual jitter caused by the iterative nature of the joint constraint solver.
[bookmark: _Toc228508178]Hardware and Software
The evaluation is split into two distinct halves with different hardware requirements. The Quantitative performance testing is conducted on two controlled machines to assess whether performance differences between the implementations are consistent. The participant evaluation is conducted on the participant’s own machines, as the subjective experience of driving the simulation is the variable of interest rather than the performance metrics.
[bookmark: _Toc228508179]Performance Test Machines
Table 3.2 details the machines used for the performance testing. Machine A is a Windows PC representing a conventional x86-64 architecture CPU with dedicated GPU and GPU memory. Machine B is an Apple MacBook Pro with an M3 Pro which uses ARM-Based Architecture with unified memory shared between the CPU and GPU. Testing on both machines allows any performance difference between the two implementations to be assessed for consistency across the two CPU architectures which will strengthen the reliability of the findings.

Table 3.2 : Performance Test Machine Specifications
	Component
	Machine A (Mac)
	Machine B (PC)

	Machine
	Apple MacBook
	Personal PC

	CPU
	Apple M-series
	Ryzen 9 5900x

	RAM
	18 GB unified memory
	32GB DDR4

	GPU
	Apple M-series (integrated)
	RTX 4070Super

	Operating System
	macOS
	Windows 10

	Game Engine
	Unity 6.3 (URP)
	Unity 6.3 (URP)

	Physics Timestep
	0.02s (50 Hz)
	0.02s (50 Hz)


[bookmark: _Toc228508180]Participant Machines
Participant evaluation was conducted on the participants own machine running the full compiled Unity build. Participants were not required to meet any minimum hardware specifications. The Unity build was distributed as a standalone application to avoid the participants from having to install Unity and creating their own build. It is acknowledged that very low-end hardware could produce low frame rates that can affect the subjective feel of the simulation, this is a noted limitation of the participant evaluation.

[bookmark: _Toc228508181]Software Environment

Table 3.3 details the software used for development and performance testing.

Table 3.3 : Software Environment
	Component
	Specification

	Game Engine
	Unity 6 (version 6.3)

	Render Pipeline
	Universal Render Pipeline (URP)

	Physics Timestep
	0.02 seconds (50 Hz fixed update)

	Scripting Language
	C# (.NET)

	IDE
	Rider

	Version Control
	Git

	Input Replay System
	Custom Unity deterministic input recorder and replayer (MacroRecorder, MacroPlayer, MacroData, MacroUI)

	Telemetry Logger
	Custom Unity CSV telemetry writer (TelemetryWriter)


[bookmark: _Toc228508182]Experimental Hypothesis
The central hypothesis is that the joint-based suspension will produce significantly different drifting behaviour from the raycast-based suspension model when both are implemented into the same real-time game engine using an identical tyre model and vehicle configuration, and that this difference will be perceptible to players during this evaluation.

More specifically, it is hypothesised that:

Hypothesis 1: The Joint-based suspension will produce higher peak lateral slip angles during cornering, due to the additional compliance that is introduced by the wheel rigidbodies.

Hypothesis 2: The Joint-based suspension will produce a greater difference between the outer and inner wheels during cornering, reflecting a more physically grounded weight transfer behaviour.

Hypothesis 3: The Joint-based suspension will impose a higher computational cost per physics step, measurable as a significant reduction in the average frame rate consistently across both test machines.

Hypothesis 4: Participants will rate the joint-based suspension model as feeling more realistic with the raycast model feeling more controllable.

These hypotheses are informed by the findings in the literature review on the trade-offs between physical accuracy and computation efficiency, and the architectural differences between the two implementations described in Section 3.2.
 
[bookmark: _Toc228508183]Evaluation Criteria
[bookmark: _Toc228508184]Quantitative Metrics
The following quantitative metrics are recorded for both implementations during standardised evaluation runs on both of the performance test machines. All performance test runs use a deterministic input replay system to ensure that there are identical inputs between the two implementations. The TelemetryWriter component logs all physics data to a UTF-8 CSV file at every FixedUpdate step. The CSV is toggled on and off using the T key and can be opened directly in Excel, MATLAB, Python for easy analysis. All runs begin from the same start position and rotation which the MacroPlayer restores automatically from the recorded macro file at the beginning of each playback.

Table 3.4 : Quantitative Evaluation Metrics
	Metric
	Description
	Source

	Average FPS
	Mean frame rate across a full evaluation run
	TelemetryUI

	Minimum FPS
	Lowest recorded frame rate during the run
	TelemetryUI

	Physics update time (ms)
	Time per UpdatePhysics() call via Stopwatch
	Custom logging

	Peak lateral slip angle
	Highest slip angle per wheel during a standardised corner
	VehicleTelemetry

	Suspension compression differential
	Left vs right wheel compression difference per axle during cornering
	VehicleTelemetry

	Oversteer initiation speed
	Vehicle speed when slip angle first exceeds 15 degrees
	VehicleTelemetry

	Lap time
	Time to complete one lap of the test circuit
	Manual timing



[bookmark: _Toc228508185]Participant Evaluation
A participant-based evaluation was conducted with approximately 20-25 participants recruited from the student cohort and other means. Participants were provided with a compiled standalone build of the simulation and asked to drive both implementations back to back using the Tab key which switches the models. Participants were informed of which implementation was active at any given time. No written consent was required given the informal nature of the evaluation within the context of being an academic project. Participants ran the build on their own machines and completed a short questionnaire afterwards.

The questionnaire used a variety of question types, a five-point Likert scale, ranging from 1 (Strongly Disagree) to 5 (Strongly Agree), a widely adopted psychometric instrument for measuring attitudes and perceptions [31], there was use of a multiple-choice question to determine overall which implementation was preferred as well as an optional free-text field for any additional comments.

Table 3.5 : Participant Questionnaire
	Q
	Question
	Response Format

	1
	The raycast suspension felt realistic when driving
	1-5 Likert

	2
	The joint suspension felt realistic when driving
	1-5 Likert

	3
	The raycast suspension felt controllable when drifting
	1-5 Likert

	4
	The joint suspension felt controllable when drifting
	1-5 Likert

	5
	I could feel a noticeable difference between the two implementations
	1-5 Likert

	6
	The raycast suspension felt like the car had weight and momentum
	1-5 Likert

	7
	The joint suspension felt like the car had weight and momentum
	1-5 Likert

	8
	Which implementation did you prefer overall?
	Raycast / Joint / No preference

	9
	Which implementation felt more realistic?
	Raycast / Joint / No difference

	10
	Any additional comments on either implementation?
	Free text



Participant responses are analysed by calculating the mean and standard derivation for each Likert question across all participants, separately for each implementation. Responses to questions 8 and 9 are summarised as frequency counts and the free text comments are revied thematically and used to support the quantitative findings in the discussion.
[bookmark: _Toc228508186]Validity and Reliability
Several measures are taken to ensure that the evaluation is valid and reliable. Internal validity is supported by the shared codebase architecture: because both implementations make use of identical tyre models and vehicle parameters, any differences observed in the vehicle’s behaviour can be attributed solely to the suspension architecture rather than to any other variables. The runtime Tab key swap further strengthens internal validity by allowing both implementations to be tested in the same scene, same track and under the same driving conditions without having to reload.

The quantitative performance evaluation is conducted on two separate machines with differing CPU architectures and different Operating Systems. Repeating the performance measurements across both machines allows any difference in computational cost to be assessed for consistency. If both machines show the same relative performance between the raycast and joint suspension models. The result is more convincing and easier to generalise than a single machine result. Where the results diverge between the machines is discussed in terms of the architectural differences between ARM and x86-64 processing.

External validity is limited by the scope of the study. The evaluation is conducted with a single vehicle configuration of a single test track, meaning the findings may not generalise to all different vehicles or environments. The participant sample is drawn informally from a student cohort and general population which may not represent the wider population of developers or vehicle simulation users. These limitations are acknowledged and discussed in the conclusion.

Reliability of the quantitative evaluation is supported by fixed, repeatable test conditions: the same Unity project settings, the same fixed physics timestep, the same track and starting conditions and the same inputs controlled by macros for all evaluation runs. The quantitative metrics are recorded from the same telemetry system for both implementations, eliminating measurement inconsistency between the two. For participation evaluation, reliability is limited by the variation in participant hardware. It is acknowledged that participants running the build on lower-end hardware may experience frame rates low enough to affect the subjective feel of the simulation, potentially influencing their responses to the questionnaire. This hardware variation is an accepted limitation of the informal evaluation approach. The quantitative telemetry and performance data collected on the two controlled test machines are therefore treated as the primary evidence, with participant responses providing supporting qualitative context.  
[bookmark: _Toc228508187]Design Implementation
[bookmark: _Toc228508188]System Architecture
The vehicle physics framework is built around a common interface, IVehiclePhysics, that both of the suspension implementations must satisfy. A VehicleController MonoBehaviour manages keyboard inputs and parses them to the active implementation each fixed update. Both implementations inherit from the VehiclePhysicsBase, a shared abstract class containing all logic that is common to both such as the engine, weight transfer, aerodynamics, anti-roll bar and tyre model. The only code that is exclusive to each implementation is the suspension model itself which guarantees that any observed difference is solely down to the suspension architecture. A VehicleConfig ScriptableObject hods all of the shared parameters and is passed to whichever implementation is currently active. The Tab key swaps the implementations during runtime without having to reload the scene.

Table 4.1 : Key Components and Their Responsibilities
	Component
	Responsibility

	VehicleController
	Manages input, selects active implementation, updates wheel meshes

	IVehiclePhysics
	Interface defining the contract both implementations must satisfy

	VehiclePhysicsBase
	Shared base class: engine, tyres, weight transfer, aero, anti-roll bar, differential

	RaycastVehicle
	Raycast-based suspension implementation

	JointVehicle
	Joint-based suspension implementation

	VehicleConfig
	ScriptableObject holding all shared vehicle parameters

	VehicleTelemetry
	Data object populated each physics step with speed, slip, compression, RPM

	TelemetryUI
	HUD displaying speed, FPS, active implementation, and control reference


[bookmark: _Toc228508189]Pacejka Magic Tyre Model Implementation
The Pacejka Magic Formula is implemented in C# within VehiclePhysicsBase and is used identically in both of the suspension implementations to calculate lateral tyre force that each tyre produces based on how much it is sliding sideways at any given moment.
[bookmark: _Toc228508190]Slip Angle Calculation
Before the Pacejka formula can be applied the slip angle at each wheel needs to be calculated. Each physics step, the velocity of the chassis at each wheel contact point is obtained using Unity’s GetPointVelocity method, which accounts for both the linear velocity and the contribution of the vehicles yaw rate. This velocity is decomposed into a forward component and a lateral component along the wheel’s local axes. The slip angle is then calculated using :



The 0.5 m/s term is added to the forward speed as a regularisation value that prevents the expression from becoming undefined when the vehicle is near stationary which is a known limitation of the Pacejka model at very low speeds.

[bookmark: _Toc228508191]Lateral Force Calculation
Once the slip angle is known, the Pacejka Magic Formula is applied to produce the lateral grip coefficient:



Where B, C, D, and E are the four Pacejka coefficients defined in VehicleConfig, B controlling stiffness, C controlling the shape of the curve, D the peak grip value, and E the curvature after peak [20], [21]. The resulting grip coefficient is multiplied by the current normal force on the tyre to produce the true lateral force in Newtons, this is then applied to the chassis rigidbody at the wheel contact point opposing the direction of the slide.
[bookmark: _Toc228508192]Load Sensitivity
Tyre grip degrades as the load applied to the tyre increases beyond the reference load, a physical characteristic of real pneumatic tyres where additional vertical load produces proportionally less grip [23], [15], which is the point at which additional load added to the tyre results in diminishing returns in grip produced. This is implemented by comparing the current normal force applied to each tyre to a reference load of the total vehicle’s mass divided by four which is the static load on each corner. When the load exceeds this the effective grip coefficient is linearly reduced, A floor value of 50% of the base grip is added to prevent the grip from collapsing entirely under very high loads. The result of this is that tyres under heavy load, such as the rear tyres during a drift, produces less grip per unit of load than they would at rest, this influences how the vehicle behaves at the limit and contributes to the onset of oversteer.

[bookmark: _Toc228508193]Friction Circle
A real tyre has a finite total force that it can produce. It cannot simultaneously produce maximum lateral grip and maximum longitudinal grip. This constraint is modelled in the simulation by using a fraction circle. Each physics step, the total grip budget for each tyre is calculated from the current normal force and friction coefficient. The amount of budget that is already consumed by the longitudinal force is subtracted geometrically, the lateral force limit is derived from the square root of the difference between the total grip squared and the longitudinal force squared, the lateral force is then scaled down to stay within this limit. This directly influences drifting behaviour, as sustaining a drift simultaneously demands both longitudinal and lateral force from the rear tyres.

[bookmark: _Toc228508194]Raycast Based Suspension
[bookmark: _Toc228508195]Design
The raycast suspension is the simpler of the two implementations and serves as the baseline for comparison. Each wheel is represented as a single anchor point in space with no physical object, the suspension forces are calculated analytically each physics step and applied directly to the chassis rigidbody. There are no additional rigidbodies, colliders, or constraints are required, which makes it computationally inexpensive and numerically stable. Each wheel is modelled independently with no direct physical coupling to the opposite wheel on the same axle, which abstracts away from real suspension kinematics such as camber gain and bump steer.
[bookmark: _Toc228508196]Implementation
Each physics step a ray is cast downward from each wheel anchor point. If it misses the ground, the wheel is treated as airborne and no forces are applied. When it hits, the current suspension length is the hit distance minus the wheel radius, and the normalised compression ratio is derived by comparing this to the rest length. The spring and damper forces are calculated using:




These forces, combined with the aerodynamic downforce and weight transfer produce the total normal force applied upward at the anchor position. The lateral and longitudinal tyre forces from the Pacejka and drivetrain systems are then applied at the ground contact point. The wheel meshes are updated analytically from the compression value and the spin angle is accumulated from forward speed divided by wheel radius each step.


[bookmark: _Toc228508197]Joint Based Suspension
[bookmark: _Toc228508198]Design
The joint-based implementation replaces the analytical force calculation of the raycast model with a physical constraint, introducing each wheel as a separate rigidbody connected to the chassis via a Unity ConfigurableJoint. The ConfigurableJoint replicates what suspension linkage geometry achieves in a real vehicle, which is constraining the wheel to only move vertically relative to the chassis, the same outcome that control arms and tie rods produce by guiding the wheel along a defined path [15], [9]. Within that constrained vertical axis, a JointDrive spring and damper then act to replicate the spring and damper element of the real suspension system. This is a fundamentally different approach to the raycast model: rather than calculating the spring and damper forces analytically and then applying them directly, the joint physically constrains the wheel movement first and lets the spring-damper drive act within that constraint. The implementation does not model specific linkage geometry such as camber gain, bump steer, or anti-dive. It is the constraint to the vertical travel, not a full multi-body kinematic model, that distinguishes it from the raycast approach.
[bookmark: _Toc228508199]Implementation
During initialisation a wheel GameObject is created for each wheel position, each given a Rigidbody and a SphereCollider with a frictionless, non-bouncing physics material. The collider exists solely for ground contact, all friction and traction forces are calculated and applied directly to the chassis, bypassing the collider material. A ConfigurableJoint connects each wheel to the chassis, locking all translational axis except vertical and locking all rotational axes. A JointDrive on all vertical axis carries the spring and damper values from the VehicleConfig. The connected anchor is set to the wheel’s rest position in the chassis’ local space, so the equilibrium corresponds to the designed ride height. Wheel-to-chassis and wheel-to-wheel collisions are supressed via Physics.IgnoreCollision. 

A challenge that was encountered during development was horizontal drift in the visual wheel positions, this was caused by residual errors from the ConfigurableJoint’s iterative constraint solver on the locked X and Z axes, making the wheel rigidbody drift slightly sideways overtime and causing visible jitter when read directly for mesh placement. This was resolved by calculating mesh positions analytically from the suspension compression value which decouples the visual from the physical position while keeping the physics calculation accurate.
[bookmark: _Toc228508200] Scene and Test Environment
The test scene for the participant testing contains the vehicle, the track, a follow camera, and the telemetry HUD, kept deliberately minimum to avoid additional rendering or physics load confounding the performance measurements. The track is the ‘Drift Racetrack Free’ model by Nicolas-3d, sourced from Sketchfab under a Creative Commons Attribution-NoDerivs (CC BY-ND 4.0) licence [28] . It is a purpose-built closed loop drift circuit comprising of 293,800 vertices and 314,800 triangles. It was imported as an FBX and assigned a mesh collider, with materials configured manually in Unity URP as the original textures were not included. The scene uses Unity’s default skybox and a single directional light with no post processing, ensuring consistent visual and GPU conditions across all test runs. The camera tracks vehicle yaw only not body roll or pitch, giving a clear view of slide angle during drifts. The HUD displays speed, frame rate, the active implementation name and keyboard controls. The test scene used for the performance testing contains the vehicle, follow camera, HUD and a large empty plane to ensure that the performance metrics are solely for the simulation.
[bookmark: _Toc228508201] Data Logging
The telemetry data is captured each fixed update step using the PopulateTelemetry method, which both implementations call identically through the shared interface. Table 4.2 lists the fields recorded. Frame rate is smoothed over a 0.5 second exponential moving average by TelemetryUI. Physics update time is measured by wrapping each UpdatePhysics() call with a System.Diagnostics.Stopwatch, recording elapsed milliseconds per step for a direct comparison between the implementations. All telemetry fields are then written to a UTF-8 CSV file which is saved on the desktop by the TelemetryWriter component. This component logs one row per FixedUpdate step and is toggleable using the T key.

Table 4.2 : Telemetry Data Captured Per Physics Step
	Field
	Description
	Unit

	speed
	Magnitude of chassis rigidbody linear velocity
	m/s

	suspensionCompression[4]
	Normalised compression per wheel (FL, FR, RL, RR)
	0-1

	wheelSlipLateral[4]
	Lateral slip angle per wheel
	degrees

	wheelSlipLongitudinal[4]
	Longitudinal slip ratio per wheel
	ratio

	acceleration
	Chassis acceleration derived from velocity delta
	m/s²

	engineRPM
	Current engine RPM
	RPM

	currentGear
	Current gear index (0 = 1st gear)
	integer

	fps
	Smoothed frame rate at time of step
	fps

	physicsUpdate_ms
	Duration of UpdatePhysics() call via Stopwatch
	ms




To ensure that all the runs were identical for both implementations, a deterministic input replay system was implemented in Unity to eliminate any variation in the driver inputs in all of the controlled performance test runs. The system consists of four components, the MacroRecorder which captures the steering, throttle and brake values every frame and stores them all in a .macro file on the desktop. MacroPlayer which replays the loaded macro by implementing the IVehicleInputProvider interface, which VehicleController accepts as an alternative input source in the place of a keyboard input. Before the playback begins, MacroPlayer automatically resets the vehicle to the recorded start position and rotation, this guarantees identical starting conditions for every run. MacroUI provides and on-screen panel showing the current recording and playback state and a navigable list of saved macros if there are multiple files present.

[bookmark: _Toc228508202]Results and Evaluation
This section presents and evaluates the results of the comparative study between the two implementations. Results are drawn from three test scenarios, Forward and reverse, Turning, and turning while engaging the handbrake. The results were recorded with the custom input replay system and the TelemetryWriter at a rate of 50Hz, alongside qualitative assessment of driving behaviour. Each subsection presents the raw data, interprets what the findings mean in the context of the implementation differences described in Section 4, and connects the findings to the hypotheses established in Section 3.4.
[bookmark: _Toc228508203] Physical Accuracy
[bookmark: _Toc228508204]Suspension Compression Differential
A consistent and significant difference in the suspension compression values was observed between the two implementations across all three of the scenarios. Table 5.1 summarises the mean suspension compression per wheel.

Table 5.1 : Mean Suspension Compression Per Wheel by Scenario (0 = no compression, 1 = fully compressed)
	Scenario
	Impl.
	FL
	FR
	RL
	RR
	Front Diff
	Rear Diff

	Forward & Reverse
	Raycast
	0.122
	0.124
	0.095
	0.097
	−0.0022
	−0.0022

	Forward & Reverse
	Joint
	0.459
	0.477
	0.420
	0.439
	−0.0188
	−0.0188

	Turning
	Raycast
	0.107
	0.080
	0.103
	0.080
	0.0272
	0.0252

	Turning
	Joint
	0.480
	0.433
	0.394
	0.347
	0.0471
	0.0467

	Handbrake Turn
	Raycast
	0.102
	0.096
	0.104
	0.097
	0.0057
	0.0063

	Handbrake Turn
	Joint
	0.421
	0.375
	0.449
	0.403
	0.0459
	0.0459



The joint implementation consistently operates with higher compression values, approximately 0.35 - 0.48 compared to the raycast which operates at 0.8-0.12. This difference arises directly from the architectural distinction between the two systems. In the joint based implementation, each wheel is a separate rigidbody that settles under gravity into a natural equilibrium which is driven by the spring-damper force which produces a resting compression that reflects the vehicle’s actual weight. The raycast model calculates the spring force analytically from a fixed rest length which results at a lower compression rate at rest. This does not mean that the raycast model is physically inaccurate, it is simply a consequence of the parameters attributed in the config file, what it does show is that the two implementations operate in different regions of the suspensions travel, which has further effects on how the weight transfer manifests.
[bookmark: _Toc228508205]Lateral Slip Angle
The difference between the left and right wheel on the same axle provides a direct measure of weight transfer during cornering. Figure 5.1 shows this differential over time during the turning scenario for both implementations.

[image: ]
Figure 5.2 : Suspension compression differential (left − right) over time during turning, front axle (top) and rear axle (bottom).

During the turning test, the joint based implementation produced a mean frontal axle differential of 0.0471 and a rear of 0.0467, compared to the raycast which produced 0.0272 frontal and 0.0252 on the rear, approximately 73% and 85% greater respectively. During the handbrake turning test the difference is even more pronounced, the joint model produced a difference of 0.0459 on both axles while raycast only produced 0.0057 and 0.0063, the joint model is therefore showing over seven times the weight transfer signal. The joint differential is also more sustained and smoother over time which reflects the continuous physical response of the wheel rigidbodies. These results support the second hypothesis, confirming that the joint-based model produces significantly greater suspension compression differential during cornering.
[bookmark: _Toc228508206] Oversteer and Drift Behaviour
[bookmark: _Toc228508207]Lateral Slip Angle
Lateral slip angle at the rear wheels is the primary quantitative measure of drift behaviour. Figure 5.2 shows rear slip angle over time during the turning scenario.

[image: ]
Figure 5.1 : Rear lateral slip angle over time during the turning scenario. Raycast (left, blue) and joint (right, orange).

The results reveal a counterintuitive finding relative to hypothesis 1. During turning, the raycast implementation produced significantly higher mean rear slip angles of 19.22 degrees (Rear Left) and 19.48 (Rear Right) compared to 7.90 and 8.59 degrees for joint. This patten holds true during the handbrake turn test: raycast produced a mean rear slip of 21.28 and 21.48 degrees compared to 15.91 and 16.93 degrees for joint. Firgures 5.3 and 5.4 present these comparisons across all scenarios.
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Figure 5.3 : Mean rear lateral slip angle by scenario and implementation.
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Figure 5.4 : Peak rear lateral slip angle by scenario and implementation.

Table 5.2 : Lateral Slip Angle Summary (degrees)
	Scenario
	R Mean RL
	R Mean RR
	R Peak RL
	R Peak RR
	J Mean RL
	J Mean RR
	J Peak RL
	J Peak RR

	Forward
	1.93
	1.94
	17.42
	18.33
	6.66
	6.43
	85.60
	83.15

	Turning
	19.22
	19.48
	88.80
	88.57
	7.90
	8.59
	50.96
	54.38

	Handbrake
	21.28
	21.48
	88.19
	88.33
	15.91
	16.93
	88.88
	88.55



The forward and reverse scenario shows the opposite pattern, the joint based produced higher mean rear slip(6.66 degrees) compared to the raycast (1.93 degrees), suggesting that the joint based model is more sensitive to lateral disturbances during straight lie driving at low speeds. During the handbrake turn test both implementations reached similar peak values of approximately 88 degrees, which indicates that both implementations can achieve a full sideways slide, but raycast sustained higher mean slip across the run, these results do not support hypothesis 1 as stated, the joint implementation does not consistently produce higher slip angles rather. Rather, the raycast model produces more aggressive sustained rear slip during cornering.

This finding can be attributed to the fundamental difference in how the two implementations respond to lateral forces, the raycast model’s analytical force calculation produces less resistance to lateral sliding, the rear brakes traction more readily and sustains higher slip angles. The joint model’s physical wheel rigidbodies, constrained by the spring-damper system, introduce continuous damping of lateral motion, producing slides that are lower in mean angle but potentially more physically progressive. This aligns with qualitative observation during testing that the joint implementation felt more planted and controlled while the raycast model produced sharper, more sudden oversteer transitions.
[bookmark: _Toc228508208]Drift Stability
Qualitative assessment during driving confirmed the quantitative findings. The raycast implementation initiate oversteer more readily, with the rear-end stepping out sharply in response to the throttle and steering inputs. Once in a slide, the raycast model required more active counter-steering as the rear slip angle quickly increased. Recovery from high-angle slides was abrupt, with the vehicle either spinning out or snapping back to grip.

The joint based implementation produced a more enhanced response. Weight transfer during cornering was more progressive, and rear slip angle increased more gradually, making drift initiation more predictable. Recovery with the joint based implementation was also smoother, the model’s physical spring-damper response appeared to provide a self-correcting tendency that the raycast model lacked. Both implementations demonstrated stable behaviour throughout all test scenarios with no numerical instability, solver oscillation, or explosive force divergence observed in any run.
[bookmark: _Toc228508209] Computational Performance
[bookmark: _Toc228508210]Frame Rate
Frame rate was recorded continuously throughout all macro replay runs at 50 Hz via the TelemetryWriter. Table 5.3 summarises average and minimum FPS for each implementation and scenario.
Table 5.3 : Frame Rate Results by Scenario, Both Machines
	Scenario
	Mac R Avg
	Mac R Min
	Mac J Avg
	Mac J Min
	Mac Diff
	PC R Avg
	PC R Min
	PC J Avg
	PC J Min
	PC Diff

	Forward
	146.13
	131.63
	145.98
	132.54
	−0.15
	808.28
	177.36
	811.19
	349.42
	+2.91

	Turning
	147.05
	109.98
	146.69
	71.58
	−0.36
	801.23
	252.61
	826.11
	91.23
	+24.88

	Handbrake
	146.86
	128.96
	147.56
	134.07
	+0.70
	769.03
	82.06
	830.60
	246.75
	+61.57



On machine A, the frame rate results are notably close between both of the implementations across all three scenarios. Average FPS differs by less than 0.7 frames, a margin so small that it is not perceptible during gameplay and falls well within normal frame-to-frame variation. The most notable within-machine difference on Machine A is the minimum FPS on the turning test scenario, where the joint based implementation dropped to 71.58 FPS compared to 109.98 FPS for the raycast implementation, which is a 35% reduction at the lowest point, this suggests that the joint model is more susceptible to brief spikes in computational complexity under sustained lateral loading. On Machine B, the relative difference between the two implementations is negligible, joint averaged marginally higher FPS than raycast in the turning and handbrake scenarios, and the minimum FPS differences was not consistent in direction. These results partially support Hypothesis 3 on Machine A but not on Machine B, the joint model’s FPS impact appears to be solely hardware dependant rather than a universal property of the implementation.
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Figure 5.5 : Average and minimum FPS by scenario and implementation across both test machines.
[bookmark: _Toc228508211]Physics Update Time
Physics update time, measured in milliseconds per UpdatePhysics() call using a Stopwatch, provides a more precise measure of the raw computational cost of each suspension implementation independent of rendering. Table 5.4 presents these results.
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Figure 5.6 : Mean and maximum physics update time per step by scenario and implementation across both test machines.
	Scenario
	Mac R Mean
	Mac R Max
	Mac J Mean
	Mac J Max
	Mac Diff
	PC R Mean
	PC R Max
	PC J Mean
	PC J Max
	PC Diff

	Forward
	0.0177
	0.0946
	0.0167
	0.0607
	−0.0010
	0.0266
	0.0942
	0.0266
	0.0938
	0.0000

	Turning
	0.0194
	0.0759
	0.0404
	0.1590
	+0.0210
	0.0265
	0.1061
	0.0265
	0.0808
	0.0000

	Handbrake
	0.0178
	0.0717
	0.0178
	0.0653
	0.0000
	0.0277
	0.0829
	0.0267
	0.0897
	−0.0010



The physics update time results reveal a more nuanced picture than the FPS data alone. During the turning scenario, the joint implementation required a mean time of 0.0404ms per step as opposed to the 0.0194ms needed for raycast, this is more than double the computational cost. The maximum update time for joint during turning reached 0.1590ms which was more than twice the maximum update time of 0.0759ms needed for the raycast implementation. This is consistent with the additional work the joint model performs: the four-wheel rigidbodies undergoing constraint solving, with the ConfigurableJoint iterative solver resolving the locked X and Z axes each step in addition to the Y-axis spring drive. However, during the forward and reverse test scenario the joint model was marginally faster (0.0167ms vs 0.0177ms), and during the handbrake turn test both of the implementations were identical at 0.0178ms. This suggests that the joint model’s additional cost is triggered by complex lateral force conditions during cornering, rather than being a constant overhead. The turning scenario, which involves the most sustained lateral loading is where the difference can be observed to be the most significant. 
[bookmark: _Toc228508212]Cross-Machine Comparison
The cross-machine comparison focuses on the relative difference between raycast and joint within each machine, rather than comparing the absolute performance figures between the two. The key question is whether the pattern observed on Machine A ( Joint costing more during turning) is consistent with Machine B, which it is not. On Machine A, the joint implementation required more than double the physics update time during turning while both implementations were effectively identical across all three scenarios on Machine B. The absence of any measurable joint overhead on Machine B may be attributable to the fact that it is of higher specification providing sufficient CPU headroom to resolve the additional ConfigurableJoint constraint solving within the measurement resolution of the Stopwatch, or alternatively, it could be due to the architectural differences between ARM and x86-64 in how Unity’s constraint solver executes at the instruction level. Without CPU profiling data isolating the constraint solver component specifically, it is not possible to determine which factor is dominant. What can be stated is that the joint overhead observed on Machine A is not observed on Machine B, this limits the generalisability of Hypothesis 3, the Joint overhead is real on Machine A but cannot be confirmed as a universal property of the implementation independent of the hardware’s capability.
[image: ]
Figure 5.8 : Difference in joint vs raycast mean physics update time per step across both machines.
[bookmark: _Toc228508213] Simulation Stability
Both implementations demonstrated numerical stability throughout all test scenarios. No solver oscillation, explosive force divergence, or uncontrolled physics instability was observed during any of the recorded runs or during extended freeform sessions. This is a particularly notable finding for the joint implementation, given that ConfigurableJoint constraint solvers in Unity are known to be sensitive to parameter configuration.

The joint implementation did exhibit horizontal wheel drift prior to the mesh decoupling which was fixed as described in section 4.4.2. After decoupling, no visual artefacts were observed during any test run. Under edge case conditions, specifically brief loss of ground contact during the handbrake test scenario, both implementations recovered cleanly without instability. The macro replay validation run (Figure 5.7) confirms consistent speed traces between the implementations, validating that the deterministic input replay system produced comparable driving conditions across both tests. 

[image: ]
Figure 5.7 : Speed over time during the forward and reverse scenario for both implementations, confirming comparable macro replay conditions.
[bookmark: _Toc228508214] Participant Evaluation
A total of 28 participants completed the questionnaire after driving both implementations using the runtime Tab key switch. Of the 28 participants 15 described themselves as having casual gaming experience, 9 as regular, and 4 as hardcore. 19 participants had real-world driving experience and 9 did not. Participants ran the build on their own machines and were informed which implementation was active at any given time. Figure 5.9 presents the mean Likert scores across all paired questions, and Figure 5.10 presents the preference and realism judgement frequency counts.
[image: ]
Figure 5.9 : Mean Likert scores by category for both implementations (n=28, error bars = ±1 SD).
[bookmark: _Toc228508215]Perceived Realism
	Q
	Question
	Raycast Mean ± SD
	Joint Mean ± SD

	1
	The raycast suspension felt realistic when driving
	3.29 ± 1.01
	

	2
	The joint suspension felt realistic when driving
	
	3.75 ± 0.93

	6
	The raycast suspension felt like the car had weight and momentum
	3.36 ± 1.13
	

	7
	The joint suspension felt like the car had weight and momentum
	
	3.93 ± 0.94



The joint implementation scored higher than raycast on both realism and perceived weight. On realism, joint scored 3.75 compared to raycast 3.29, a difference of 0.46 points. On the perceived weight joint scored 3.93 compared to raycast’s 3.36 which is  the largest gap across any paired question and the clearest signal in the dataset. Both differences are consistent with the telemetry finding that joint produces more than double the suspension compression differential during cornering, participants appear to have experienced this as a more convincing sense of weight and physical response. Free text responses also support this interpretation. One response from a professional drift driver stated that they could “I could really feel the momentum of the vehicle in the joint-based physics, it made holding a drift very satisfying and overall improved the driving feel of the vehicle”.
[bookmark: _Toc228508216]Perceived Controllability
	Q
	Question
	Raycast Mean ± SD
	Joint Mean ± SD

	3
	The raycast suspension felt controllable when drifting
	3.57 ± 1.07
	

	4
	The joint suspension felt controllable when drifting
	
	3.79 ± 0.83

	5
	I could feel a noticeable difference between the two implementations
	3.82 ± 1.02
	3.82 ± 1.02



Joint scored marginally higher on controllability during drifting (3.79 vs 3.57), a difference of 0.22 points, this suggests that participants found both implementations comparable in terms of control feel. This is notable given that the telemetry shows raycast producing significantly higher mean slip angles during turning (19.2º vs 7.9 º). The more abrupt, higher-angle slides of the raycast model were evidently not perceived as meaningfully less controllable than the more progressive, lower-angle slides of the joint model, which may reflect the limited time the participants had with the models rather than the genuine equivalence in controllability. One participant noted the raycast felt more responsive while another stated that it felt “clunky and slow” which illustrates the subjective variation within the sample. Q5 which asked if the users could feel a difference between the implantations produced a mean score of 3.82 which confirms a majority perceived a distinction between them which supports the validity of the other Likert responses.
[bookmark: _Toc228508217]Preference and Perceived Realism
	Question
	Raycast
	Joint
	Neither

	Q8: Which did you prefer overall?
	8 (29%)
	17 (61%)
	3 (11%)

	Q9: Which felt more realistic?
	7 (25%)
	19 (68%)
	2 (7%)



Joint was preferred overall by 61% of the participants, with 29% preferring raycast and 10% reporting no difference. On realism 68% rated joint as the more realistic implementation , 25% rated raycast and 7% reporting no difference. The margin on realism is particularly strong and consistent across all measurement approaches. This consistency strengthens confidence in H4 being supported. 
[image: ]
Figure 5.10 : Participant preference (Q8) and realism judgement (Q9) frequency counts (n=28).

Figure 5.11 shows the cross-tabulation of gaming experience against overall reference. Joint was preferred across all experience levels including hardcore players, suggesting that the preference is not driven by the casual players who may be less discerning about physics behaviour. Half of the 8 participants that preferred raycast were casual players, this may reflect the finding from the literature review that arcade-style physics often feels more immediately rewarding for players.
[image: ]
Figure 5.11 : Overall preference by gaming experience level (n=28).

On the additional question on whether players noticed a frame rate difference between the two, 11 reported no difference and 10 reported raycast as noticeably higher, the remaining 5 reported joint as higher. This broadly aligns with the performance data from Section 5.3 where average FPS was nearly identical but joint showed lower minimum FPS. 
[bookmark: _Toc228508218] Evaluation Against Objectives
	H
	Prediction
	Finding
	Verdict
	Section

	H1
	Joint produces higher peak lateral slip angles
	Not supported. Raycast produced significantly higher mean rear slip during turning (19.2° vs 7.9°) and handbrake turn (21.3° vs 15.9°). Joint produced more controlled lower-angle slides.
	Not Supported
	5.2.1

	H2
	Joint produces greater suspension compression differential during cornering
	Supported. Joint produced 73% greater front axle differential during turning (0.0471 vs 0.0272) and over seven times the differential during the handbrake turn (0.0459 vs 0.0063).
	Supported
	5.1.2

	H3
	Joint imposes higher computational cost, consistent across both machines
	Partially supported. On Machine A, joint required double the physics update time during turning (0.0404 ms vs 0.0194 ms) and hit a lower minimum FPS (71.58 vs 109.98). On Machine B, no meaningful difference was observed, both implementations averaged ~0.0266 ms across all scenarios. The overhead appears architecture-specific.
	Partial, architecture-dependent
	5.3

	H4
	Joint rated more realistic; raycast rated more controllable
	Supported. Joint rated more realistic by 68% of participants (Q9) and preferred overall by 61% (Q8). Joint scored higher on all Likert dimensions , realism (3.75 vs 3.29), controllability (3.79 vs 3.57), and weight/momentum (3.93 vs 3.36). H4 fully supported.
	Supported
	5.5



The study refuted Hypothesis 1, revealing that joint-based suspension did not yield higher lateral slip angles as expected ,the raycast model produced more aggressive oversteer, consistent with its analytical force calculation providing less resistance to lateral sliding than the joint model’s continuous spring-damper constraint [9], [23]. The finding that joint produced more than double the weight transfer signal confirmed Hypothesis 2, aligning with established vehicle dynamics principles that physically grounded suspension models better replicate lateral load distribution [15], [16]. Instead, the raycast model displayed increased oversteer with higher mean slip angles during cornering, while the joint model exhibited smoother oversteer transitions and lower sustained slip angles due to its continuous spring-damper physics. This suggests better lateral stability in the joint model compared to the raycast model. Hypothesis 2 was strongly supported, indicating that the joint model's physical wheel rigidbodies responded more accurately to lateral forces. Hypothesis 3's support varied based on hardware, with significant physics update time differences on one machine but not on another. Hypothesis 4 was fully supported, as 68% of participants found the joint model more realistic and preferred it, aligning with telemetry findings that indicated a more believable simulation experience.
[bookmark: _Toc228508219]Conclusions and Recommendations
[bookmark: _Toc228508220] Conclusions
This dissertation compared raycast and joint-based suspension in a real-time drifting simulation built in Unity 6, using Pacejka’s Magic Tyre Model as a shared tyre physics foundation. The central research question was whether joint-based suspension produces meaningfully different drifting behaviour, and whether any fidelity gain carries a proportionate computational cost.

Hypothesis 1 was not supported, the raycast model produced higher mean rear slip angles during the turning  test(19.2º vs 7.9º)  and the handbrake turn test (21.3º vs 15.9º). Rather than more extreme drifts, the joint model produced more progressive, lower-angle slides, this is attributable to the continuous spring-damper constraint introducing a self-correcting lateral stability effect absent in the analytical raycast calculation. 

Hypothesis 2 was clearly supported, joint produced double the suspension compression differential during turning and over seven times the differential during the handbrake turn,  confirming a more physically grounded weight transfer. 

Hypothesis 3 was partially supported, joint incurred more than double the physics update time on Machine A during turning (0.0404ms vs 0.0194ms) but showed no meaningful difference on Machine B, suggesting the overhead is hardware or architecture dependant rather than universal. Crucially, neither implementation exceeded 1% of the 20ms physics budget on either machine. 

Hypothesis 4 was fully supported, joint was rated more realistic by 68% of participants and preferred by 61%, with higher Likert scores across all paired dimensions.

The overall conclusion is that joint-based suspension represents a meaningful fidelity improvement over raycast-based suspension in real-time drifting simulation. It produces a more physically accurate weight transfer and more progressive oversteer behaviour which is perceived as more realistic by the majority of participants, at a computational cost that is negligible on modern hardware.
[bookmark: _Toc228508221]Limitations
The study was conducted with a single vehicle configuration on a single track, limiting the generalisability of the findings to other vehicle types, drivetrain layouts, or surface conditions. The participant sample of 28 was drawn informally from a mix of students and friends, this limited the statistical power and population representativeness. The limited evaluation time per participant may have also been insufficient to fully exploit the handling differences between the implementations, particularly in controllability where scores were the closest.
[bookmark: _Toc228508222]Recommendations for Future Work
the most immediate extension would be to test both implementations across a larger variety of vehicle configurations and driving scenarios, varying the mass, drivetrain layout, tyre characteristics, suspension height and stiffness, to establish whether the observed behavioural differences are consistent or configuration specific. CPU profiling tools should also be used to isolate the ConfigurableJoint constraint solving cost specifically, providing a more definitive answer to the hardware versus architecture dependency of the joint overhead. A natural extension of the implementation is a full multi-body suspension model with explicit control arm geometry, allowing camber gain and bump steer to emerge from the physics model. Finally, a larger blind participant study, where participants do not know which implementation they are driving, this would eliminate labelling bias and provide a purer measure of perceived physical fidelity.
[bookmark: _Toc228508223]Reflection
The most significant technical challenge of this project was learning Unity 6 deeply enough to build a custom physics framework within the engine. Implementing low-level systems, spring-damper calculations, ConfigurableJoint constraints, per-wheel force applications and a shared interface architecture. This required a level of engine understanding well beyond the surface familiarity, and the learning curve was steep. It is, however, the part of the project that I am most proud of.

If I approached this project again, I would use the VehicleConfig system I created to test a wider range of vehicle configurations from the start, so that the evaluation could cover more vehicle types and produce more generalisable findings rather than being limited to a single configuration. 

The skills I developed the most throughout this project were software architecture and applied physics simulation. Designing the IVehiclePhysics interface and the shared  base class gave me practical experience of separation concerns and extensible systems design. Implementing Pacejka’s Magic Formula and translating vehicle dynamics theory into working code gave me a genuine appreciation for the mathematics underpinning game physics that has changed how I think about the systems I interact with as both a developer and player, finding that my primary hypothesis was wrong and understanding why was the most intellectually rewarding part of the project.
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Compression Differential

Figure 5.2 — Suspension Compression Differential Over Time (Turning Scenario)
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Figure 5.1 — Rear Lateral Slip Angle Over Time (Turning Scenario)
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Figure 5.3 — Mean Rear Lateral Slip Angle by Scenario
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Figure 5.4 — Peak Rear Lateral Slip Angle by Scenario
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Figure 5.5 — Average and Minimum FPS by Scenario and Machine
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Figure 5.6 — Mean Physics Update Time Per Step by Scenario and Machine

Machine A (Mac)

Turning

B Raycast Mean
" Raycast Max
B Joint Mean
" Joint Max

Handbrake Turn

Physics Update Time (ms)

0.10 A

Forward & Reverse

Machine B (PC)

Turning

Bmm Raycast Mean
" Raycast Max
B Joint Mean
" Joint Max

Handbrake Turn




image12.png
Joint — Raycast Mean Physics Update Time (ms)

0.020 +

0.015 A

0.010 4

0.005 4

0.000 +

Figure 5.8 — Joint vs Raycast Physics Update Time Difference by Machine and Scenario
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Figure 5.7 — Speed Over Time: Forward & Reverse (Macro Replay Validation)
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Figure 5.9 — Mean Likert Scores by Category (n=28, error bars = =1 SD)
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Figure 5.10 — Participant Preference and Realism Judgement (n=28)
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