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This thesis looks at the development and testing of a communication link between a C++ 

simulation environment and the Unity game engine. This link will allow for real-time 

visualization of the dynamics of mechanical systems, with a focus on heavy machinery 

applications. C++ is great for doing physics-based simulations quickly, but Unity is a good 

choice for making interactive 3D visualizations. Many current solutions depend on ROS-

based communication, are mostly for mobile robotics, or add latency through TCP-based 

middleware. This work fills the gap by creating lightweight, Windows-native integration 

methods that work with articulated heavy machinery models. 

Two bridging architectures were developed and evaluated: a native plugin utilizing a C++ 

dynamic-link library (DLL) and a socket-based client-server interface employing TCP. A 

simplified pendulum model was used as a test case to check numerical accuracy, latency, 

and synchronization between simulation and rendering in a controlled way. Unity was able 

to call C++ functions directly with the DLL method, which allowed for stable real-time 

updates. The socket-based architecture made it easier to separate processes and made the 

system more flexible, but it also added latency because of buffering and thread management. 
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Tämä diplomityö tarkastelee viestintäyhteyden kehittämistä ja testaamista C++-pohjaisen 

simulaatioympäristön ja Unity-pelimoottorin välillä. Tällainen yhteys mahdollistaa 

mekaanisten järjestelmien reaaliaikaisen visualisoinnin, erityisesti raskaan kaluston 

sovelluksissa. C++ soveltuu erinomaisesti laskennallisesti raskaiden fysiikkasimulaatioiden 

suorittamiseen, kun taas Unity tarjoaa tehokkaan alustan interaktiivisten 3D-visualisointien 

luomiseen.  

Tutkimuksessa toteutettiin ja arvioitiin kaksi erilaista siltaratkaisua: C++-dynaamista 

linkkikirjastoa (DLL) hyödyntävä natiivi plugini sekä TCP:hen perustuva socket-pohjainen 

asiakas–palvelinrajapinta. Testitapauksena käytettiin yksinkertaistettua heilurimallia, jonka 

avulla voitiin hallitusti arvioida numeerista tarkkuutta, viivettä ja synkronointia simulaation 

ja visualisoinnin välillä. DLL-pohjaisessa ratkaisussa Unity pystyi kutsumaan C++-

funktioita suoraan, mikä mahdollisti vakaan ja viiveettömän reaaliaikaisen päivityksen. 

Socket-pohjainen arkkitehtuuri tarjosi paremman prosessierottelun ja joustavuuden, mutta 

lisäsi viivettä puskuroinnin ja säikeidenhallinnan vuoksi.
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1. Introduction 

Simulations play a big role in modern heavy machinery research, enabling iterative design, 

algorithm validation, and educational demonstration in customer meetings without the cost, 

risk, or logistical constraints of physical hardware. C++ is often used in simulation for 

robotics due to its performance, memory control, and mature ecosystem (Audonnet et al., 

2022). On the other hand, Unity, a user-friendly real-time 3D engine, offers quality 

visualization and interaction capabilities that traditional simulators like Gazebo or Unreal 

Engine cannot match. It has been tested that in the simulation of robotic arms, Unity has 

lower latency and higher accuracy (Platt & Ricks, 2022). Simple robotic arm simulations are 

not far away, for example, excavators (Figure 1), which are an example of heavy machinery 

that could benefit from simulations in Unity. Bridging these environments, especially on the 

Windows platform, can combine the computational strengths and faster process speeds of 

C++ heavy machinery simulation with Unity's rendering efficiency. This thesis proposes to 

design, implement, and evaluate a bridge for heavy machinery visualization, filling a gap 

between existing Unity and C++. 

 

Figure 1. Heavy machinery by Cat (CAT) 
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1.1. Background & Motivation 

Heavy machinery is very important in many industrial fields, such as construction, mining, 

agriculture, shipping, and more. With simulation, engineers and operators can look at how 

machines work, test algorithms, try out different designs, and practice operational 

procedures without putting people or expensive equipment at risk. Simulation makes it 

possible to quickly go through design options, do training scenarios over and over, and make 

demonstrations for stakeholders. 

C++ is still the best language for high-precision, real-time simulation of robotics and 

mechanical systems because it lets you control memory at a low level, runs code in a 

predictable way, and handles tasks that require a lot of processing power quickly. C++ is the 

main programming language for the core numerical engines of many well-known simulation 

frameworks, such as Gazebo, Webots, Ignition, ODE, Bullet, and Chrono. These 

environments show that C++ is a good choice for modelling articulated systems, hydraulics, 

rigid-body dynamics, and large-scale multi-body interactions that are often found in heavy 

machinery. 

Unity has become a powerful visualization engine for engineering applications, going well 

beyond its use in games and movies. It is good for digital twins, operator training, and 

interactive mechanical demonstrations because it can render in real time, build environments 

easily, and work with articulated bodies. Unity is better for simulations that need good 

visualization because it can use tools like URDF import tools, sensor simulation packages, 

and photorealistic pipelines. Research in robotics shows that unity has better quality in 

visualization than other simulators and has less latency. This makes it a better choice for use 

in industrial visualisation or for training. 

Even though C++ and Unity has some benefits that works between them, most tools are 

made for mobile robots that use ROS-based communication. There is not many tools that 

are able to connect heavy machinery with complicated jointed structures.  Many people use 

middleware that is based on TCP, but this can slow down the system. Many companies have 

windows as operating system and its harder for them to work with this issue. There are more 

examples with linux and this leaves room for lightweight Windows bridges that connect the 

outputs of C++ simulations to Unity's visualization engine in real time. 
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This thesis focuses to build a communication bridge for heavy machinery simulation on 

Windows, without using ROS. The goal is to build a connection with low latency. This 

connection needs to be also accurate and give a real-time rendering of mechanical motion. 

This approach improves research workflows and lays the foundation for industrial digital 

twins, especially when physics and responsive visualization must work together. 

 

1.2. Problem Statement 

Unity supports C# as programming language in the app. The engine does not allow you to 

run C++ as source code without using bridges. This means developers must use other 

methods such as DLL plugins or socket communication. Most of the time, Unity talks to 

other systems through mobile robots, autonomous navigation, or sensor streams. These 

examples focus on ROS-based messaging and networking frames. These solutions do not 

directly address the mechanical configurations and joint dynamics inherent to heavy 

machinery manipulators. So, there needs to be a Windows-compatible communication 

bridge that lets Unity get numerical simulation data from a C++ environment with very little 

delay and enough reliability for real-time visualization. 

The main goal of this thesis is to design, build, and test a performance-oriented 

communication bridge that links a C++ heavy machinery simulation to Unity on Windows. 

The goal is to get an accurate, real-time visualization while looking at the performance trade-

offs of different bridging methods. 

 

1.3. Objectives 

The goal of this thesis is to create and compare two architectural methods for moving 

simulation data from a C++ environment to Unity. The first method uses a native plugin 

through a dynamically linked library, which lets Unity call C++ functions directly. The 

second method uses a local socket-based interface. This lets C++ and Unity run as separate 

processes. Both methods try to figure out which structure works best for Windows-based 

engineering by balancing latency, synchronization accuracy, computational efficiency, and 

ease of deployment. 
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A basic simulation architecture serves as proof of concept for reaching these goals: a C++ 

simulation generates the kinematic and dynamic properties of a pendulum and will serve as 

a simple test case to create more complex models of heavy machinery. Unity is set up to take 

this output and display the resulting motion with real-time 3D visualization. After that, the 

system is tested based on latency, frame rate, CPU and GPU usage and how well the 

simulation and visualization are in sync. This is done to show the capability of Unity to 

visualize the real-time state of a C++ simulation and test if the two bridging architectures 

are sufficient for use in the future on complex mechanical applications. 

 

1.4. Scope & Limitations 

The thesis is about Windows-based systems. The main tools to create them are Visual Studio 

and Unity. The simulation scenario has been restricted to a simple pendulum to establish a 

controlled environment that test communication latency, timing behaviour, and data 

throughput without the complications that comes from very detailed multi-body or hydraulic 

models. The techniques that can be developed using this setup can very easily be applied to 

more advanced mechanical systems, but detailed modelling of forces, stresses, or hydraulic 

loads remains beyond the scope of this thesis. Also, the only way to see things is through 

Unity's real-time rendering of joint motion. The system is mostly made for data flow from 

simulation to Unity, not for closed-loop control or interactive force feedback. The results 

offer foundational insights; however, they do not constitute a comprehensive heavy-

machinery simulation suite. 

 

1.5. Structure of the Thesis 

The thesis is organized to show how the research motivation leads to the development and 

testing of the system. The following chapter is a review of the literature that is relevant to 

the topic. It talks about simulation technologies, visualization platforms, and current 

interoperability techniques. After the review, the system design is presented, including the 

architecture of both bridging methods and how data is moved between the simulation and 

visualization parts. The implementation chapter talks about how the C++ simulation was 
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made, how it was integrated with Unity, and the tools that were used during development. 

The last chapter sums up the performance results, compares the bridging methods, and talks 

about how well they work for simulating heavy machinery. It also gives ideas for future 

development and research.  
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2. Literature Review & Methodology 

Developing a bridge between the C++ programming language and Unity visualization in 

heavy machinery simulation. Assuming that the user is a mediator, they can freely get 

familiar with programming, the structure of systems thinking, and how it accepts inputs. 

This chapter first discusses systems in C++, followed by an overview of visualization 

capabilities in Unity, before finally assessing interoperability techniques. Locating the 

deficiencies in current solutions, these are described with respect to the present effort, and 

we propose an architectural design encompassing tools and methods used for integration as 

well as data flow and evaluation methodology. 

In addition to the basic parts of simulation and visualization, recent research shows that 

hybrid co-simulation architectures, where computational engines and visualization platforms 

work as separate but synchronized systems, are becoming more important. These hybrid 

setups are becoming more common in industrial digital twins. They let you experiment with 

mechanical systems on a larger scale without losing accuracy (Gil et al., 2025). For heavy 

machinery, these kinds of architectures are very important because the systems often have 

stiff dynamics, hydraulic actuators, and nonlinear joint behaviors that need high-

performance computing. The literature increasingly indicates the necessity for simulation 

pipelines that can facilitate deterministic timing, low-latency communication, and adaptable 

model interchange formats (Suzuki et al., 2018). 

 

2.1. Simulation Systems in C++ 

C++ has long been recognised as the industry standard for real-time simulation of robotics 

(Figure 4), physics, and mechanical systems. The Benefits are low-level memory 

management and deterministic execution, which are important for modelling heavy 

machinery where precise numerical fidelity is required. Unlike higher-level languages such 

as Python or Java, which may sacrifice efficiency for usability, C++ offers an optimal 

balance of abstraction and performance (Audonnet et al., 2022). 
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There are a few different frameworks that help to explain what the role of C++ is. Project 

Chrono is a physics engine that offers advanced multi-body dynamics and co-simulation. it 

is used to visualize different vehicles that move on hard and uneven environments and to 

simulate bulldozers and excavators (Tasora et al. 2016). A lot of people use the Open 

Dynamics Engine (ODE) to make robot and car simulations. It has efficient rigid-body 

dynamics with joint constraints, and this makes it a good choice for simulating machines 

with moving parts. Example cranes or hydraulic arms (Smith, 2006). Bullet physics library 

is also a good tool for things like digital twins and games. Bullet can find detect collisions, 

deal with continuous dynamics, and make graphics processing units (GPUs) work faster. It 

makes bullet a good choice for real-time applications where heavy machinery needs to move 

in hard conditions (Coumans, 2015). 

These C++ structures they have useful tools for specific fields. For example, some businesses 

use Vortex Studio and other simulators to model construction equipment (see Figure 2), 

maritime operations. These systems use C++ libraries but have also possibility for graphical 

designing and include pre-made models for large machines.  This thesis uses Unity to run 

and read the code. 

Figure 2. Simulated excavator (Mavea) 
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2.2. Visualization in Unity  

Unity is used for many applications that needs visualization in real time. It was mainly used 

for games and other game like applications but nowadays the usage has been spread more to 

other fields too. One of the applications is engineering and more specifically digital twins 

for heavy machinery (Unity Technologies, 2021). Unity can be used also with mobile 

devices on top of computers. Big benefit in Using Unity is that it is able to make structures 

and environment really realistic and the Articulation Body API lets you move multiple joints 

at once. These features make Unity a good choice for training purposes and designing based 

on simulations. Because of these realistic benefits Unity is also a good choice to visualize 

heavy machinery and help people to understand the how machines work without the need of 

a real one. 

In the last few years, Unity's High-Definition Render Pipeline (HDRP) and robotics toolkits 

have made it a lot more useful in industrial applications. Unity makes it easy to import 

complicated CAD and mechanical assemblies because it supports USD (Universal Scene 

Description) and advanced asset pipelines. This makes it a good choice for making 

prototypes of heavy machinery and training people who works with these types of equipment 

(Fan et al., 2023). Studies show that Unity is better than other robotics visualization tools 

because even though the visualization is really realistic, the lag time in the simulation is very 

little. This is the case when it is used with external simulation solvers that use lightweight 

communication protocols (Gil et al., 2025). These things make Unity an even better front-

end engine for modern simulation frameworks. 

 

    2.3. C++ & Unity Interoperability Techniques 

Usually, C++ and Unity can work together in three ways: with DLLs, sockets, and shared 

memory. DLLs make it easy for Unity to call C++ functions directly. TCP and UDP are 

socket-based communication methods that let C++ and Unity run as separate processes. But 

this can slow down the network (Platt & Ricks, 2022). Shared memory is fast communication 

bridge, and it can handle changes that happen often. This is especially helpful for simulating 
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heavy machinery that makes a lot of state data. Each of these methods has its own pros and 

cons when it comes to performance. 

 

2.4. Existing Solutions & Gaps 

Already done research shows some potential of integration between simulation and 

visualization systems.  For example, Unity Robotics Hub offers tools for integrating with 

ROS, but it only works over TCP and is mostly designed for mobile robots (Unity 

Technologies, 2020). Comparative analyses of Gazebo and Unity indicate that Unity 

provides better fidelity, whereas Gazebo demonstrates greater efficiency and a closer 

integration with ROS (Platt & Ricks, 2022). Research on digital twins has shown that Unity 

is good at low-latency visualization, but it has also shown that integrating Unity is harder 

than integrating traditional simulators (Singh et al., 2023). There is a significant deficiency 

in focused research on heavy machinery simulation (Figure 3), a void that the current study 

aims to address. 

Figure 3. Heavy machinery simulated in Unity (Unity Technologies, 2024) 
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2.5. Summary & Relevance for This Work 

The literature shows that simulation libraries in C++ and visualization tools in Unity are both 

advanced on their own. The problem is that they don't work well together for heavy 

machinery yet. There is not enough evaluation for different bridging techniques in industrial 

environments. Most of the research that came before this one was about Linux or ROS. This 

thesis provides new ideas on bridging techniques for Windows-based heavy machinery 

simulations by focusing on these shortcomings. 

 

2.6. Research Design & Tools 

The process goes through three steps design, execution, and evaluation. The research starts 

with a literature review to find possible loopholes and gaps and gives a overall context for 

this thesis. Next step is to design a system, which involves choosing which bridging 

architectures would be suitable and would fit best for this type of simulation. C++ is used to 

create simulation physics and create the structure, and Unity is used for visualization the 

programmed data during the visualization. This approach makes it simple to address the 

research questions and test if these types of bridges are a good choice. 

The ArticulationBody API gives machinery models the motion and physics and Unity 

2021/2022 is used to take the information and change it to make a virtual visualization of all 

the given data. Because the operating system is Windows 10/11. the Microsoft Visual Studio 

is used as the programming software. Visual studio also has a template for DLL program so 

that’s also a one reason why it’s a good choice for this application. The main techniques that 

are used for the bridge are DLLs and sockets. The Unity and Windows Performance 

Analyzer are two tools that can help you evaluate. 
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Figure 4. Unity multi-joint robot visualization (Unity Technologies). 

2.7. Integration Approach & Data Flow 

Review out the different ways to create the bridge. When using the DLL, Unity can call C++ 

functions directly and these speeds up communication between the software. Socket-based 

integration doesn't work as well, but it keeps the processes separate and works with setups 

that are divided. Shared memory is harder to set up, but it has a lot of space and a short delay. 

This is great for simulations that need to change a lot and the heavy machinery movement 

has a lot of changes. 

The C++ simulation starts the data flow From the joints and all the physics that are caused 

by them. The bridge compiles all the data and forwards it to unity and after that it uses the 

given data to change state of the machine. Memory synchronization tools makes it possible 

for multiple people to use the same memory. When packets are late, socket-based 

communication needs buffering and timestamping. But with DLL integration, you can make 

calls that happen at the same time. 

The review is mostly about three things. Latency and frame rate are used to measure 

performance. You can check how accurate Unity's visualization is by comparing it to the 

numbers from the C++ simulation. You can check if something is scalable by making the 

machine model more complicated and seeing how it affects performance. The research 
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determines the most effective techniques for simulating heavy machinery in industrial 

environments. It tests DLL, socket, and shared memory methods in the same way every time. 
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3.  System Design & Architecture for Dynamic-Link Library  

3.1. System Overview 

This system is done by programming real-life physics to C++ and in this case the simulated 

system is pendulum because the physics can be tested with it but it is not too complicated 

for testing. It works with the Unity game engine to make the simulation look real (Figure 5). 

The design is simple enough to keep computing and visualization separate. This separation 

allows the C++ and Unity engine layers to perform better. The C++ handles low-level 

numerical integration at a high frame rate and Unity handles 3D rendering, user interaction, 

and frame alignment. 

A communication bridge that uses a dynamic-link library (DLL) to link Unity's managed C# 

runtime with the native C++ plugin controls the entire workflow. Every frame, Unity, which 

serves as the master environment, starts the simulation process and retrieves the outcomes 

from the C++ module. A dynamically updated 3D pendulum animation is then used to 

display these findings. 

The design puts modularity, platform independence, and extensibility first. The computation 

and visualization layers are separate so that the numerical model can be replaced or expanded 

later (for example, with multi-body dynamics, coupled pendula, or chaotic systems) without 

needing to change Unity's visualization module¨ 
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Figure 5. System overview. 

 

3.2. C++ Simulation Environment 

The C++ module's physical model shows a simple pendulum that is damped and affected by 

gravity. The system presumes a point mass affixed to a rigid, massless rod of constant length. 

The nonlinear differential equation controls the motion. Unity Visualization Module 

Because Unity's main loop works in discrete time intervals, a numerical integration scheme 

was needed to change the pendulum's continuous-time dynamics. The simulation uses the 
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fourth-order Runge–Kutta (RK4) method, which is a good balance between speed and 

accuracy. The RK4 algorithm figures out intermediate slopes of the derivative function to 

get a better idea of what the next state will be with less error. This makes the method very 

good for physics applications that need to happen in real time. 

It uses static global variables to keep track of the system's internal state, such as the length 

of the pendulum, the amount of gravity, the damping parameters, and the angle and speed of 

the pendulum. Unity gives the integration routine a time step every time it is called and this 

updates these variables. Pend_SetParams for initialization, Pend_Reset for system reset, 

Pend_Step to simulate a step forward, and Pend_GetTheta, Pend_GetOmega, and 

Pend_GetXY for getting the pendulum's position and angle are some of the public functions 

in this module. 

To make sure they work with Unity, all the exported functions have been tagged with the 

__declspec(dllexport) and an extern "C" block. This combination lets you use C# DllImport 

to access directly and stops function names from being mangled. Microsoft Visual Studio 

compiled the code using the Release configuration for the x64 platform and the /MT 

compiler for static runtime linking. The last compiled library is PendulumPlugin.dll, which 

is the system's computational core. 

The visualization part of Unity was made with C# and it was written in the unity. The C++ 

simulation determines out what the physical state is, and this is a graphical user interface 

that shows that (Figure 6). The PendulumBehaviour script is part of the visualization module 

and uses Unity's System to talk to the native library.Time to run.InteropServices.interface 

for DllImport. Unity uses the C++ functions that were exported as a file to get the current 

position of the pendulum and change the state of the simulation at each frame. 

The Unity scene was made in a 3D space using the Universal Render Pipeline (URP). The 

scene has three main objects: the Bob object, which is a 3D sphere; the Pivot object, which 

is the anchor point for the pendulum; and the Pendulum root GameObject, which has the C# 

control script that calls the C++ functions from the DLL. The Pendulum object also has a 

LineRenderer component that visually connects the pivot and bob to make the pendulum's 

rod. 

At runtime, the PendulumBehavior script sets the starting angle and the length, gravity, and 

damping of the simulation. With the time delta Time, Unity invokes Pend_Step() in the 
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native DLL for each frame update.deltaTime. After that, the script uses Pend_GetXY() to 

read the resultant coordinates and updates Bob's transform appropriately. Since the damping 

effect causes the pendulum to gradually slow down as it swings back and forth, this real-

time feedback loop gives the impression that motion is continuous. 

The pivot object is not immediately visible in the rendered scene since it is an empty 

GameObject. The pivot point and connecting rod were represented by a LineRenderer and a 

tiny marker sphere to help in debugging and visualization. With gravity operating along the 

negative Y-axis, the Unity camera was set up to track the pendulum's movement inside the 

XZ plane. Visually, the resulting animation matches the physical model that the native code 

created. 

Figure 6. picture of the simulated pendulum. 

3.3. Communication Bridge Architecture 

The Platform Invocation Services (P/Invoke) mechanism was used to create a dynamic-link 

library interface that served as a communication link between Unity and the C++ module. 

This architecture uses Unity as the client and the C++ DLL as the backend for computing. 

When Unity starts the simulation, the C# script automatically loads the native library from 

the Assets/Plugins/x86_64/ folder because this is the folder that the DLL file was saved. 

Unity sends the elapsed time step (Δt) to the DLL's Pend_Step() function every frame to 
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update the state of the pendulum. After the calculation, Unity uses the Pend_GetXY() call 

to get the new spatial coordinates from the DLL. After these values are changed into Unity 

world coordinates also the Bob's transform value changes. 

This architecture keeps the work in the native layer. Because the code is compiled and it has 

direct access to memory it’s possible to do things like integration and trigonometric 

calculations quicker. The managed layer is only responsible for sending and displaying data. 

This part of the program makes sure it runs smoothly in C# and cuts down on frame lag that 

happens when there is a lot of math to do. 

The whole development process was done with Windows 11 computer, with Microsoft 

Visual Studio 2022 for C++ development and Unity 6.1 for visualization. The 

PendulumPlugin.dll was built using the C++17 standard and static runtime linkage. 

Using a standard 3D project template in Unity with the Universal Render Pipeline turned on 

lighting was improved and material rendering is better. When the DLL was imported into 

Unity under the Assets/Plugins/x86_64 folder, the CPU settings were set to x86_64 and the 

DLL's import settings were set to work on the Windows platform. 

The PendulumBehaviour script was linked to the main Pendulum GameObject. The Unity 

Inspector was used to put the Pivot and Bob objects in the script fields. A LineRenderer 

component with two vertices was set up to dynamically link the pivot and the bob. The 

system uses the C++ DLL for the underlying physics and runs exclusively inside Unity's 

frame update loop during runtime. 

 

3.4. Building the Bridge with Plugin 

Creating a simple API was necessary to connect the unmanaged C++ module to the managed 

Unity runtime. Unity's DllImport script provides direct access to the procedural interface 

formed by the exported functions in the C++ DLL (Figure 7). All numerical types were 

defined as double to prevent precision loss during data transfer, and function signatures were 

matched between the two languages to ensure consistency. Unity Scene and Visualization 

components. 
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Figure 7.  3 steps of Unity’s C# layer calling into native C++ (Kwabla, W. K., 2020) 

There were multiple validation steps in the integration process. To make sure the exported 

functions functioned as intended, the DLL was first independently tested using a C++ 

console application. After testing, the same interface was replicated by utilizing the Unity 

C# extension. Debug logging and Unity's on-screen visualization showed that data was sent 

and received correctly between the two environments. 

The only thing the C# script must do is call these native methods, analyse the numbers and 

change the visual position of the GameObjects in the right way. The result is a bridge that 

works well between two different runtime environments and is very tightly connected. It 

makes the code easy to read and runs it quickly. 

The Unity scene turns the written data from the C++ simulation into an visual 3D model 

(Figure 8). The Pivot stays still in space, but the Bob object moves based on the coordinates 

that the native simulation gives back. The LineRenderer shows the pendulum's stiff rod, 

which changes every frame and keeps connection between the two points. 

Shadows, lighting and physical materials were edited in unity to make the simulation more 

visual as the whole thesis is about visualization and making systems and environment more 

realistic. To show the pivot better, a small coloured marker was used and it made it easy to 

see where it was attached. 
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With these adjustments it was easier to also analyse the quality of the simulation. The Unity 

Inspector is an interactive tool that is useful for studying motion and physics. It lets you 

change some stats like the damping coefficient, gravitational acceleration, and rod length in 

real time between the animations. 

A couple technical problems came up during the process when this simulation and coding 

was done. The DllNotFoundException error was the first problem. It happened when Unity 

couldn't load the external plugin from the file that was saved in the library. This problem 

was fixed by making sure the DLL was in the right Assets/Plugins/x86_64 folder and that 

both Unity and the DLL were targeting the same 64-bit architecture. This kind of problem 

is common because the bit number depends on the computers settings and settings that has 

been set when unity and visual studio is downloaded. In this case the default settings did not 

match the system settings on the computer 

Unity also had trouble loading the DLL on clean systems because it depended on the 

Microsoft Visual C++ Redistributable at runtime. To fix this, the library was compiled with 

static runtime linkage (/MT) and this got rid of the need for outside dependencies. 

It was even harder to work with when I added trigonometric functions from the C++ standard 

library. The <cmath> header being in the extern "C" block was the first thing that caused 

problems with linking. Correct access to the std::sin and std::cos functions was fixed by 

moving the inclusion outside the block. 

Finally, simulation stability was affected by variable frame durations in Unity. The problem 

was solved by limiting the integration time step within the C++ simulation to a maximum of 

1/30 s, ensuring consistent motion regardless of frame rate fluctuations. This modification 

prevented drift and maintained physically accurate behavior and such.  
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Figure 8. Inserted script in Unity, gets the numbers from the DLL file. 
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4. System Design & Architecture for Socket  

The architecture, implementation, and overall system design of a real-time pendulum 

simulation environment are presented in this chapter. The solution provides real-time 

visualization by combining Unity's 3D engine with a stand-alone C++ physics simulator. 

Data transfer between the frontend renderer and the simulation backend is achieved by a 

TCP socket-based communication bridge (Figure 9). Performance optimization, scalability, 

and flexibility are made possible in this way, which isolates the visualization layer from the 

computational load. 

 

Figure 9. Socket simulation structure 
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4.1. System Overview 

The simulation environment, which is implemented in Visual Studio with C++, and the 

visualization module, which is implemented in Unity, make up the two primary subsystems 

that make up the developed system. The physics of a basic pendulum must be modelled and 

computed in real time by the C++ subsystem. Using numerical integration techniques, it 

continuously updates the angular displacement of the pendulum and sends these values to 

the Unity module. As the architecture's client, Unity takes these values and uses them to 

animate a virtual pendulum inside a 3D scene. 

A TCP socket bridge connects the parts. Unity connects as the client, and the C++ program 

serves as the server, opening a port and watching for incoming connections. Decoupling 

development and execution is made possible by this configuration, which makes it easier to 

scale the simulation and, if necessary, replace the visualization front-end within a three-

dimensional scene. 

 

4.2. C++ Simulation Environment 

Using standard libraries and the Winsock API, which is unique to Windows, the C++ 

application is implemented as a console-based program. The physics engine uses the basic 

second-order differential equation that describes how a pendulum moves: θ'' = -(g / L) * 

sin(θ), where θ is the angle of the pendulum's swing, g is the force of gravity and L is the 

length of the pendulum. The angle and angular velocity are numerically updated over 

discrete time intervals using Euler integration. 

After initializing the pendulum with a user-specified length and angle, the application goes 

into a simulation loop and computes the new angle at a rate of about 60 Hz. Any client that 

is connected receives the result as a raw 4-byte float over a socket after it has been converted 

to degrees. Winsock functions are used to create the TCP server; they are initialized, bound 

to a local port, and configured to listen for connections from clients. The simulation keeps 

running after a client connects and streams angular data until the connection is broken. 
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4.3. Unity Visualization Module 

The Unity module is what makes the simulation look good. It is built into a regular 3D Unity 

project that uses C# scripting and built-in rendering features. When you run Unity, it opens 

a TCP connection to the local host and connects to the C++ server using the .NET TcpClient 

class. To handle incoming socket data asynchronously, a new background thread is created. 

This way, blocking operations don't affect the main thread that is in charge of rendering and 

physics updates. 

In the Unity scene, there is a pendulum made of basic 3D shapes. The parent GameObject is 

the point around which the pendulum swings, and the child GameObject is the rod that holds 

the pendulum. Every frame, the C++ server sends an angle that is parsed and used to change 

the rotation of the parent object. This makes the pendulum move like it would in real life. 

When the system is busy, the visuals will still run smoothly because they are on a separate 

thread. 

 

4.4. Communication Bridge Architecture 

A TCP socket-based communication protocol is used to build the bridge between the 

simulation and visualization modules (Figure 10). Choosing TCP makes sure that data is 

sent in a reliable and ordered way, which is important for keeping time-sensitive simulations 

going. 
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Figure 10. Socket communication between client and server. (BogotoBogo) 

The C++ program sets up a server socket that sends float values that show the pendulum's 

current angle. Unity, which is a TCP client, gets these values on a background thread so that 

they don't get in the way of the rendering pipeline. 

Sending data as raw binary values avoids the extra work that serialization formats like JSON 

or XML require. This allows for updates at a high frequency while keeping latency low. The 
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BitConverter class on the Unity side changes the received byte array back into a floating-

point value, which is then used directly to change the GameObject's rotation in the scene. 

Visual Studio 2022 was used to make the simulation backend, and the "Console Application" 

template was used for the project. The server-side network functionality was built using the 

Winsock API. During project setup, all the necessary libraries, such as ws2_32.lib, were 

linked to make sure that the project could be compiled and run correctly. 

The visualization environment was made with Unity 2022 LTS. The 3D project template 

had all the tools and scene hierarchy needed to make a simple pendulum visualization. Cubes 

and empty objects were used to make the scene look like the physical structure of a 

pendulum. The lighting and camera setup were kept to a minimum so that the real-time 

visualization would be the main focus. Both the C++ and Unity apps were made and tested 

on a Windows 10 computer, which ensured that the server and client sockets could work 

together. 

The communication bridge was made entirely with standard C++ and C# libraries, so it didn't 

need Unity plugins or external APIs. The Winsock API was used on the server side to handle 

making sockets, binding them, listening for connections, and sending data. In its main loop, 

the server sends simulation data all the time. It sends a 4-byte float that shows the pendulum's 

current angle in degrees. 

Unity uses the .NET networking library to make a TCP client socket on the client side. A C# 

script that is part of the Unity GameObject hierarchy opens a background thread to keep a 

constant connection to the server and read the stream of data that is coming in. This raw data 

is then changed into a float and sent to Unity's update cycle so that it can be shown visually. 

This lightweight communication model makes sure that there is little overhead, that it works 

with many languages, and that it is easy to add to. It also avoids the trouble of using inter-

process communication (IPC) systems like shared memory, named pipes, or advanced plugin 

systems, which makes the whole architecture easy to understand and keep up with. 
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4.5. Unity Scene & Faced Challenges 

A parent-child relationship between GameObjects makes the pendulum in Unity. At the start 

of the scene, there is an empty GameObject that acts as the pivot point. A Cube GameObject 

was made as a child in unity, and this was used to visualize the rod if the pendulum.  

The script that communicates with socket is on the parent game object and it moves the 

pendulum by taking data from the written program. it gets the angle from the simulation, and 

this script changes the parent's Z-axis rotation and points to the child rod object. This 

communication makes it possible for the pendulum to swing like it should based on the 

written physics in C++. 

Some problems were faced when developing this structure. Continous communication 

between the two clients needed to be ensured so that the simulation did not lag. Unity fixed 

this by using a different thread to read the data that was transferred.  

If the alignment is wrong the angle of the system could also be wrong. To fix this, had to 

make sure 4-byte float values could be sent and received without using serialization. This 

made it easier to work with the data. 

Another thing that made the visualization less accurate was that the pendulums pivot point 

was not set correctly. Unity doesn't let you change an object's pivot point directly, so I made 

an empty parent object and moved the rod to make it look like it was rotating from the top. 

Finally, the Winsock API was set after the C++ application was linked to the right libraries 

and the platform's requirements were met. This was done using the project settings in Visual 

Studio. 

The last system shows how well it works to separate physics simulation from visualization 

by a way for the two to talk to each other. This architecture can be used again or add to it to 

make more complicated simulations that use robotics, mechanical systems, or real-world 

data but in this case the main point was to make the system bridge to work. 
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5. Discussion  

5.1. Extension Possibilities 

This thesis uses a simple pendulum as a computationally efficient test case for the 

experiments. The physical model was easy to understand, but both bridging architectures 

looked like they could work with more complicated heavy machinery systems if the basic 

element from this thesis is used as a first steps. The DLL method is best when you need to 

quickly evaluate multi-body dynamics, like when an excavator arm, crane, or forestry 

machine has a lot of joints. The solver is in the same client with unity, and this makes it 

easier to handle complex physics. To make this work in bigger simulations, there must be 

well-designed API that stops functions from getting too big. 

Sockets have better scalability. The simulation and visualization work well in online 

simulations and in situations where multiple clients are needed at the same time. A strong 

workstation could run a simulation of heavy machinery, and more than one Unity client 

could see the same data at the same time. This setup also makes it easier to add or update 

some sections without having to change the whole system. 

 

5.2. Usability of the Developed Links 

Both methods worked very differently. The DLL bridge worked great once it was set up 

right and the unity simulations ran without issues. But there were issues like handling C 

name changes and making sure static runtime linkage worked correctly. This made the DLL 

method harder to get running. To avoid compatibility issues when working in the industry, 

the method would need version control. 

The socket one was easier to keep the parts organized for because there were fewer parts to 

always hold in memory. It was much easier to debug, and test two applications since they 

ran independent of one another. You could start, stop and change one without ever touching 

the other. We just used the standard networking tools to validate this data and we were able 

to sniff out mistakes or inaccuracies. The socket link introduced other steps, such as handling 
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background threads and incomplete reads. Hard but also easy to use due to the resilient 

nature of its pliancy. This approach is particularly well-suited when there are several teams 

collaborating on different aspects of the project - simulation and visualization, at the same 

time. 

 

5.3. Lessons Learned 

There were also some lessons we learned along the project. The timesteps need to be slower 

for the numerical integration. The frame rate of Unity sometimes makes it difficult to do a 

true continuous simulation. And if the step sizes are unbounded, this can result in numerical 

drift. The DLL solution improved dramatically, by bounding the RK4 solver at a largest 

time step. That was the extent of the importance in having some type of timing protections. 

I also learned that integrating with native libraries can be hard. Unity couldn't load the library 

because of small mistakes in the settings for example like forgetting to link the runtime or 

targeting the wrong architecture. This meant that the debugging and different type of fixing 

had to be done multiple times. 

The system that used sockets caused some problems. Even though it's not hard to understand, 

strong socket communication requires careful handling of reasons like dropped connections 

and synchronization. The system only worked after these problems were fixed. Making this 

theis also showed that Unity's visually smooth animation doesn't mean that the numbers are 

correct; checking in the C++ console environment was necessary to make sure the physical 

correctness was right. Lastly, this project showed that the communication architecture should 

be chosen based on the project goals and not its performance stats. The DLL was the fastest 

option, but the socket architecture can be better for future on digital twin systems that are 

distributed or work together. 
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6. Conclusion 

The aim of this thesis was to create and evaluate a connection between a C++ simulation 

environment and the Unity visualization engine and to enable visualization of mechanical 

systems. This work was trying to develop practical bridging architectures for a Windows 

system, test efficiency (table 1), check usability for user, and the capability to simulate 

mechanisms such as heavy machinery. 

The first step in the project was to look at simulation frameworks that are often used to model 

mechanical systems. It showed how C++ works at doing fast math calculations. Unity was 

also chosen as a visualization platform because it has good rendering and the ability to 

simulate articulated bodies in real time. The literature told that while Unity is increasingly 

used in engineering visualization. 

The DLL method worked better and had less latency because it worked in same application. 

Using P/Invoke calls, the Unity runtime called C++ functions directly. This makes it possible 

for the pendulum's angle to change instantly every frame. This design kept the processing 

load in the native layer and made good use of CPU and kept the frame rate in Unity steady. 

Also, there was no chance of packet loss or drift because data was sent and received while 

the process was going on. 

But DLL bridge also made the architecture less flexible and stopped separate execution 

because the simulation and visualization had to run in the same process space. It was time 

taking to do changes because any change to the C++ code meant that you need to recompile 

the DLL and put it back into Unity. The DLL bridge worked best for high-performance 

applications like real-time control, even with these problems. 
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Table 1. Unity stats taken from both simulations. 

Category Metric Socket Pendulum DLL Pendulum Notes 

Performance FPS 199.9 210.2 DLL slightly 

faster 

CPU Main Thread (ms) 5.0 4.8 DLL more 

efficient 

CPU Render Thread 

(ms) 

1.9 2.1 Socket renders 

faster 

Graphics Batches 27 37 DLL draws more 

objects 

Graphics Saved by Batching 0 0 Same 

Graphics Triangles 1.7k 8.8k DLL has heavier 

geometry 

Graphics Vertices 5.2k 9.8k DLL uses more 

complex meshes 

Graphics Shadow Casters 2 2 same 

Graphics SetPass Calls 28 29 Nearly identical 

Screen Resolution 1479×719 (12MB) 1479×719 (12MB) Same 

Animation Skinned Meshes 0 0 Same 

Animation Animator 

Components 

0 0 Same 

 

The socket system had more adaptability and because of this it could work with wider range 

of systems. The C++ simulation worked as a separate process and sent the needed data with 

a TCP link. This setup made it possible to run the simulation backend on a different computer 

or server than the visualization. This made the system more flexible, but it also made 

communication slower because Unity had to serialize data. The goal was to fix mistakes and 

make changes to the socket-based method. The design made it a good choice for future uses 

that involve digital twins that are spread out.  

The understanding of native was important to be able to build the DLL. The socket method 

was easier to use and it’s possible to be used with multiple devices. These show that the best 

way to bridge depends on what the project needs: DLLs for systems that are tightly 

connected and run quickly, and sockets for simulation environments that needs to be spread 

out or needs to be worked on separated teams. 
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This thesis showed that simulation in C++ and real-time visualization in Unity can be done 

through communication bridges. The DLL and socket methods that were created and tested 

in this paper showed that the simulation can be done with both benefits from C++ and unity. 

The thesis got to its primary objectives. However, some points need to be mentioned. First, 

the evaluation used a simple pendulum model, and this doesn't show how complicated multi-

body or hydraulically systems in heavy machinery really are. Putting the framework on 

heavy machinery could make it harder to keep the numbers stable and send data quickly. 
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Appendix 1. Dynamic-Link Library Visual Studio Code  

Pendulum plugin.cpp 

4 #include <iostream> 

5 #include <math.h> 

6 #include "PendelumPlugin.h" 

7 #include <cmath> 

8 #include "pch.h" 

9  

10 
11 #ifdef _WIN32 

12 #define EXPORT __declspec(dllexport) 

13 #else 

14 #define EXPORT 

15 #endif 

16 

17 // Keep C names to avoid C++ name mangling for P/Invoke 

18 extern "C" { 

19 
20  #include <math.h> 

21 

22 // Internal state (single pendulum for simplicity) 

23 static double s_theta = 0.5;   // rad 

24 static double s_omega = 0.0;   // rad/s 

25 static double s_L = 1.0;   // m 26 static double s_g = 9.81;  // m/s^2 27 static 

double s_b = 0.05;  // damping 

28 

29 // Set parameters (pass negative to leave unchanged) 

30 EXPORT void Pend_SetParams(double length_m, double gravity, double damping) 

31 { 
32 if (length_m > 0.0) s_L = length_m; 

33 if (gravity > 0.0) s_g = gravity; 

34 if (damping >= 0.0) s_b = damping; 

35 } 
36 
37 EXPORT void Pend_Reset(double theta_rad, double omega_rad_s) 

38 { 
39 s_theta = theta_rad; 

40 s_omega = omega_rad_s; 

41 } 
42 
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43 // One RK4 step (good stability with variable dt) 

44 static void stepRK4(double dt)  

46             { auto deriv = [](double th, double om, double& dth, double& dom) 

45  
47 { 
48 dth = om; 

49 dom = -(s_g / s_L) * ::sin(th) - s_b * om; 

50 }; 

51 
52 double k1_th, k1_om; deriv(s_theta, s_omega, k1_th, k1_om); 

53 double k2_th, k2_om; deriv(s_theta + 0.5 * dt * k1_th, s_ omega + 0.5 * dt * 

k1_om, k2_th, k2_om); 

54 double k3_th, k3_om; deriv(s_theta + 0.5 * dt * k2_th, s_  

omega + 0.5 * dt * k2_om, k3_th, k3_om); 

55 double k4_th, k4_om; deriv(s_theta + dt * k3_th, s_omega + dt * k3_om, k4_th, 

k4_om); 

56 
57 s_theta += (dt / 6.0) * (k1_th + 2 * k2_th + 2 * k3_th + k4_th); 

58 s_omega += (dt / 6.0) * (k1_om + 2 * k2_om + 2 * k3_om + k4_om); 

59 } 
60 

61 // Advance by dt seconds (with clamped substeps for safety) 

62 EXPORT void Pend_Step(double dt) 

63 { 
64 if (dt <= 0.0) return; 

65 const double maxDt = 1.0 / 30.0; // cap step for stability 

66 while (dt > 0.0) { 

67 double h = dt > maxDt ? maxDt: dt; 

68 stepRK4(h); 

69 dt -= h; 

70 } 
71 } 
72 
73 EXPORT double Pend_GetTheta() { return s_theta; } 

74 EXPORT double Pend_GetOmega() { return s_omega; } 

75 

76 // Convenience: bob position with pivot at (0,0) 

77 EXPORT void Pend_GetXY(double* x, double* y) 

78 { 

79 if (!x || !y) return; 

80 *x = s_L * ::sin(s_theta); 

81 *y = -s_L * ::cos(s_theta); 

82 } 
83  } // extern "C" 
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Pendulum.h 

2 #pragma once 

3 

4 #ifdef _WIN32 

5 #define EXPORT __declspec(dllexport) 

6 #else 

7 #define EXPORT __attribute__((visibility("default"))) 

8 #endif 

9 

10 // Use extern "C" to prevent name mangling so Unity can find the  functions by name 

11 extern "C" { 

12 

13 // Set physical parameters; pass negative to keep current 

14 EXPORT void Pend_SetParams(double length_m, double gravity, double damping); 

15 

16 // Reset the pendulum’s state 

17 EXPORT void Pend_Reset(double theta_rad, double omega_rad_s); 

18 

19 // Advance the simulation by dt seconds 

20 EXPORT void Pend_Step(double dt); 

21 

22 // Getters 

23 EXPORT double Pend_GetTheta(); 

24 EXPORT double Pend_GetOmega(); 

25 

26 // Convenience: get bob position relative to pivot (0,0) 

27 EXPORT void Pend_GetXY(double* x, double* y); 

28 

29 } // extern "C" 
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Appendix 2. Visual Studio Code for Socket 

 

 

#define _WINSOCK_DEPRECATED_NO_WARNINGS 

4 #include <iostream> 

5 #include <winsock2.h> 

6 #include <cmath> 

7 #include <chrono> 

8 #include <thread> 

9 

10 #pragma comment(lib, "ws2_32.lib") 

11 

12 const float PI = 3.14159f; 

13 const float g = 9.81f; 

14 

15 float angle = PI / 6; // 30 degrees 

16 float angularVelocity = 0.0f; 

17 float length = 1.0f; 

18 

19 void updatePendulum(float dt) { 

20 float angularAcceleration = -(g / length) * sin(angle); 

21 angularVelocity += angularAcceleration * dt; 

22 angle += angularVelocity * dt; 

23 } 

24 

25 int main() { 

26 // --- Initialize Winsock 

27 WSADATA wsa; 

28 WSAStartup(MAKEWORD(2, 2), &wsa); 

29 

30 // --- Create socket 

31 SOCKET server, client; 

32 server = socket(AF_INET, SOCK_STREAM, 0); 

33 

34 sockaddr_in serverAddr; 

35 serverAddr.sin_family = AF_INET; 

36 serverAddr.sin_addr.s_addr = INADDR_ANY; 

37 serverAddr.sin_port = htons(12345); 

38 

39 bind(server, (sockaddr*)&serverAddr, sizeof(serverAddr)); 

40 listen(server, 1); 

41 

42 std::cout << "Waiting for Unity to connect...\n"; 

43 int clientSize = sizeof(sockaddr_in); 

44 sockaddr_in clientAddr; 

45 client = accept(server, (sockaddr*)&clientAddr, &clientSize); 
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46 std::cout << "Client connected!\n"; 

47 

48 // --- Simulation Loop 

49 auto prevTime = std::chrono::high_resolution_clock::now(); 

50 while (true) { 

51 auto currentTime = std::chrono::high_resolution_clock::now(); 

52 std::chrono::duration<float> delta = currentTime - prevTime; 

53 prevTime = currentTime; 

54 

55 updatePendulum(delta.count()); 

float angleDegrees = angle * 180.0f / PI; send(client, 

(char*)&angleDegrees, sizeof(float), 0); 

std::this_thread::sleep_for(std::chrono::milliseconds(16)); // ~60Hz } 

closesocket(client); 

closesocket(server); 

WSACleanup();  

return 0; 

} 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Appendix 3. Unity Code for Calling Dynamic-Link Library 

 

1 using System; 

2 using System.Runtime.InteropServices; 

3 using UnityEngine; 

4 

5 public class PendulumBehaviour : MonoBehaviour 

6 { 

7 const string LIB = "PendulumPlugin"; 

8 [DllImport(LIB, CallingConvention = CallingConvention.Cdecl)] static extern void 

Pend_SetParams(double l, double g, double d); 

9 [DllImport(LIB, CallingConvention = CallingConvention.Cdecl)] static extern void 

Pend_Reset(double th, double om); 

10 [DllImport(LIB, CallingConvention = CallingConvention.Cdecl)] static extern void 

Pend_Step(double dt); 

11 [DllImport(LIB, CallingConvention = CallingConvention.Cdecl)] static extern void 

Pend_GetXY(out double x, out double y); 

12 

13 public double length = 1, gravity = 9.81, damping = 0.05,  angleDeg = 30; 

14 public Transform pivot, bob; 

15 public LineRenderer rod; 

16 

17 void Start() 

18 { 

19 Pend_SetParams(length, gravity, damping); 

20 Pend_Reset(angleDeg * Math.PI / 180, 0); 

21 if (rod) rod.positionCount = 2; 

22 } 

23 

24 void Update() 

25 { 

26 Pend_Step(Time.deltaTime); 

27 Pend_GetXY(out double x, out double y); 28 rodLine.SetPosition(0, 

pivot.position); 

29 rodLine.SetPosition(1, bob.position); 

30 if (pivot && bob) 

31 { 

32 Vector3 p = pivot.position; 

33 bob.position = p + new Vector3((float)x, (float)y, 0); 

34 if (rod) { rod.SetPosition(0, p); rod.SetPosition(1,  bob.position); } 

35 } 

36 } 

37 } 
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Appendix. 4 Unity Code for Calling Visual Studio Socket Code 

1 using System; 

2 using System.IO; 

3 using System.Net.Sockets; 

4 using System.Threading; 

5 using UnityEngine; 

  6 

7 public class PendulumSocketClient : MonoBehaviour 

8 { 

9 public Transform pendulumRod; 

10 private Thread clientThread; 

11 private float angle; 

12 

13 void Start() 

14 { 

15 clientThread = new Thread(ConnectToServer); 

16 clientThread.IsBackground = true; 

17 clientThread.Start(); 

18 } 

19 

20 void ConnectToServer() 

21 { 

22 try 

23 { 

24 TcpClient client = new TcpClient("127.0.0.1", 12345); 

25 NetworkStream stream = client.GetStream(); 

26 byte[] buffer = new byte[4]; 

27 

28 while (true) 

29 { 

30 int bytesRead = stream.Read(buffer, 0, 4); 

31 if (bytesRead == 4) 

32 { 

33 angle = BitConverter.ToSingle(buffer, 0); 

34 } 
35 } 
36 } 

37 catch (Exception e) 

38 { 

39 Debug.Log("Socket error: " + e.Message); 

40 } 
41 } 

42 

43 void Update() 

44 { 

45 pendulumRod.localRotation = Quaternion.Euler(0, 0, -angle); 

46 } 

47 

48 private void OnApplicationQuit() 

49 { 
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50 if (clientThread != null && clientThread.IsAlive) 

51 clientThread.Abort 

 


