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VR technology was widely introduced to the public by gaming industry in the recent decade, 

and the technology then was further utilized in other areas, such as education, healthcare, 

construction, and automotive industries, to name a few. This work is focused on 

development of a virtual environment with a network of VR headsets for an industrial 

application as current VR applications for industrial use lack of interactions and teamwork. 

 

The virtual environment in the research represents a simplified virtual copy of a real factory 

“Jotex Works Oy” with all the major equipment and areas. The developed system supports 

up to 20 concurrently connected via internet users. Users can see and hear each other in the 

environment, as well as interact with the environment. For the latter 5 types of interactions 

were implemented in the environment: interactions with user interface; interactions with 

whiteboard; interactions with objects, affected by gravity; interactions with objects, that 

become interactable only when two users are involved; and interactions with objects, which 

entail subsequent actions to happen. For the last type of interaction, the simplified lathe 

operation instructions, and interaction possibilities with it were developed. 

 

The obtained performance results and feedback from users testing the environment confirm 

that environment provides smooth VR experience with average frame rate above 90 FPS, 

clear networked sound, and movements. Possible applications of the environment include 

the education industry in general, facility planning and advertising purposes for the real 

factory in particular. 
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1 INTRODUCTION 

 

 

The recent appearance of relatively low cost VR (Virtual Reality) technologies, like the 

Oculus Rift and the HTC Vive, as well as AR (Augmented Reality) and MR (Mixed Reality) 

technologies, like the HoloLens, is attracting the users' and researches' attention indicating 

it may be the next largest milestone in technological innovation. Thousands of scientific 

papers are dedicated to exploring of the processes, effects, and applications of these 

technologies since 1960s. (Cipresso et al., 2018.) These technologies are being widely used 

for educational and training purposes, planning, communication, and entertainment in the 

architecture, construction, automotive, military, healthcare and, of course, gaming 

industries, to name a few. This research focuses on VR application for industrial use, as it 

may become a turning point in a way how people communicate, learn, and make decisions 

in design, production, and facility planning. 

 

It is important to understand what exactly VR, AR and MR technologies means as they are 

frequently confused. The difference between these three technologies can be understood 

from their name. While VR “immerses users in a fully artificial digital environment”, AR 

“overlays virtual objects on the real-world environment”, and MR not just overlays, but also 

“anchors virtual objects to the real world”, making the interaction between physical and 

virtual objects possible. As MR is a recent development, it sometimes causes confusion, 

because different experiences are called so. The MR experience that was described before is 

the so-called “MR that starts with the real world” and sometimes is considered as an advance 

form of AR. Another form of MR technology is referred to as “MR that starts with the virtual 

world” and here “the digital environment is anchored to and replaces the real world”. (Forbes 

2018.)  

 

In this work mainly VR technologies are considered. And it is important to note that such 

terms as a HMD (head-mounted display), VR headset, VR glasses and VR goggles are all 

widely used to refer to the same device and are used interchangeably in this work. Since the 

VR inception not only different names for VR devices were created, but also several 

definitions have been formulated in accordance with the application area. Nevertheless, it is 
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possible to distinguish “three common features of VR systems: immersion, perception to be 

present in an environment, and interaction with that environment” (Cipresso et al., 2018). 

 

Depending on the level of immersion VR systems are classified into three different types 

(Cipresso et al., 2018): 

- non-immersive systems 

- semi-immersive systems 

- immersive systems. 

 

Non-immersive systems are the systems, where common displays are used to reproduce the 

virtual world. Semi-immersive systems are the systems, where large-screen projectors are 

often used to create a 3D (three-dimensional) scene in order to better simulate the visual 

presence (flight simulator is one of the examples of such systems), such systems also widely 

referred as Cave Automatic Virtual Environments (CAVEs). Immersive systems are the 

systems, where hardware such as VR headsets, haptic and audio devices are used to create a 

stereoscopic view of the environment to stimulate a wider range of user's senses. (Cipresso 

et al., 2018; Saleem et al., 2019.) In this work only immersive systems are considered.  

 

1.1 Literature review 

To undertake the development of a new idea, it is a well-known practice to determine what 

has been already researched in an area of interest. This approach helps in understanding the 

numerous concepts and approaches that have been tested already. In this subsection, the 

overview of VR history and various VR applications are presented. 

 

1.1.1 Virtual Reality history 

The history of VR technology is longer than it may seem. The concept of VR glasses as we 

know it today was created by a handful of pioneers in the 1960s and the first commercial 

VR tools appeared in the late 1980s. And the concept of stereography, presented in figure 1, 

to separate views for the left and right eyes and offset them that is used in modern HMD 

devices was discovered a century before that.  
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Figure 1. Concept of stereoscopic 3D image creation (The history of VR, 2019).  

 

Morton Heilig, an American filmmaker, developed probably the first example of 

stereoscopic-television apparatus for individual use, that would look like modern HMD. He 

patented it in 1960. The weight of the device was evenly distributed over the head, that 

eliminated the need to hold the device by hand, it also had adjustable lenses and headphones. 

The headset, presented in figure 2 on the left, provided stereoscopic 3D vision with stereo 

sound by the help of two lenses for each of the eye, as depicted in figure 2 on the right. 

(Stereoscopic-television apparatus for individual use, 1960.) Although the device looks 

almost the same as modern headsets, it is important to note one big difference – it did not 

provide any motion tracking.  

 

 

Figure 2. First example of HMD invented by Morton Heilig (on the left) and schematic view 

showing the relative positions of the optical units (on the right) (mod. Stereoscopic-

television apparatus for individual use, 1960). 

 

Another Morton Heilig’s invention was what might be the first real example of immersive 

VR system – multi-sensual simulator “Sensorama” which was patented in 1962 (Sensorama 

simulator, 1962). The system looked like a bulky arcade-style theatre cabinet for which 
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Martin Heilig created six short films. One of them allowed the viewer to take a fixed, pre-

recorded, motorcycle ride through New York, supplemented with a tilting seat, vibration, 

generated wind, the noise, and smells of New York. The only element that was not there for 

it to be considered as modern VR system is interactivity. (Gigante, 1993.)  

 

In 1965 Ivan Sutherland, an American computer scientist and Internet pioneer, widely 

regarded as the “father of computer graphics”, published an article where he described “The 

Ultimate display” concept, which included interactive graphics, force-feedback devices and 

capabilities to produce audio, smell and even taste. This article would become a core 

blueprint for the concepts that encompass VR today. Three years later in 1968 Ivan 

Sutherland created the first VR/AR head mounted display that was connected to a computer. 

It is presented in figure 3 on the left and is known as the “Sword of Damocles” because of 

the way it hung over the viewer. Parts of 3D display system presented in figure 3 on the 

right. This device had a few unique features. Firstly, it could track the viewer and updating 

a graphics display to correctly reflect the new viewing position. Secondly, it provided the 

viewer with stereoscopic computer graphics images overlaid onto the real world that was 

possible as two displays were visible from a pair of half-silvered mirrors. (Sutherland, 1968; 

Gigante, 1993.) 

 

   

Figure 3. First head-mounted 3D display with position tracking and updating of the image 

(Sutherland, 1968). 
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Flight simulators have also contributed to VR, particularly in the areas of human factors and 

input devices. In the 1960s – 1980s an American inventor Thomas Furness and his group 

developed an advanced fighter cockpit simulator called VCASS (Visually Coupled Airborne 

Systems Simulator) where the fighter pilot wore a HMD that added graphics to the out-the-

window view, such as optimal flight path information, targeting information, threat 

information (exempli gratia ground-based missile sites) and friend-or-foe identification. In 

general, work in flight simulators led to a far greater understanding of techniques for the 

management and efficient display of complex worlds, as well as the technical requirements 

underlying VR, such as importance of rapid update rates, short lag times, secondary visual 

cues like shadows and textures, motion and force feedback. (Gigante, 1993.) 

 

The first wired glove was invented by Thomas DeFanti and Daniel Sandin in 1977 and was 

called Sayre glove. The glove was based on an idea of a colleague at the laboratory Richard 

Sayre to use flexible tubes with a light source and photocell mounted at the opposite ends. 

Tubes were mounted along each of the finger in a way that bending of the finger led to 

change in the amount of light passing through the tube and thus changing the photocell 

voltage allowing to track finger bending. This inexpensive, lightweight glove provided an 

effective method for multidimensional control, such as mimicking a set of sliders. They did 

not use the glove as a gesturing device. (Sturman and Zeltzer, 1994.) 

 

In 1987, Thomas Zimmerman and others developed a glove called Data Glove, presented in 

figure 4. It was a clear improvement over the existing technologies because it was 

lightweight, comfortable to wear, unobtrusive to the user and operated in real time. 

“Commercialization of the Data Glove by VPL Research, at a reasonable cost to research 

institutions, lead to its widespread use around the world.” (Sturman and Zeltzer, 1994.) 

Emergency or popularization of the all-encompassing term to describe the field, the term 

“virtual reality” is widely associated with the company VPL Research, that was the first 

company to sell VR goggles and gloves (Virtual Reality Society 2017 .).  
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Figure 4. VPL Data Glove (mod. Sturman and Zeltzer, 1994). 

 

From the beginning of 1990s public has access to the VR devices, although household 

ownership was still far out of reach. In 1991 The Virtuality Group launched a range of arcade 

games and machines.  Players are supposed to wear a set of VR glasses and play on gaming 

machines with real-time immersive environments. Some units were also networked together 

for a multi-player gaming experience. (Virtual Reality Society 2017.) 

 

One of the first most influential articles on the topic of network for VR was written in 1993 

and is dedicated to the platform DIVE which is a heterogeneous distributed VR system based 

on UNIX and Internet networking protocols within local and wide-area networks (Carlsson 

and Hagsand, 1993). Authors’ goals were not only to create a fully distributed platform with 

shared VE (virtual environment) with the possibility of interactions with objects but also to 

make it reasonably open for new applications to be prototyped and tested. According to 

(Carlsson and Hagsand, 1993) other multi-user VR systems have been already developed 

back then, that utilized both peer-to-peer and client-server system architecture for 

networking. Despite the work of these early pioneers, it was clear that the available 

technology was not at the level needed to bring VR to the masses. The technology was not 

advanced enough to support smooth and immersive virtual experience.  

 

During the middle of 1990s, few unsuccessful attempts were made to launch the affordable 

for home usage products. In 1993 at the Consumer Electronics Show Sega announced the 

Sega VR, that would forever remain in the prototype phase due to technical development 
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difficulties. In 1995 The Nintendo Virtual Boy is launched, which is a 3D gaming console 

that turned out to be a commercial failure because of the lack of color in graphics (red and 

black only), lack of software support and it was difficult to use the console in a comfortable 

position. (Virtual Reality Society 2017.) 

 

In 2012 young man Palmer Luckey revived the VR industry by creating his own VR headset 

Rift, that was intended to be sold as a do-it-yourself kit on crowdfunding web site Kickstarter 

to fellow enthusiasts. The campaign raises almost 2.5 million dollars and clearly divides the 

commercial failures of consumer VR in the past and the modern VR revolution. In 2014 

Facebook bought company Oculus VR, that was founded by Palmer Luckey in the same year 

as the Kickstarter campaign, for two billion dollars. (Virtual Reality Society 2017.) The 

internal structure of Oculus Rift headset is presented in figure 5.  

 

 

Figure 5. The internal structure of Oculus Rift headset (Desai 2014). 

 

In a period from 2014 to 2016 a lot of still successful low-cost consumer versions of VR 

headsets were released, including Google Cardboard, Samsung Gear VR, Oculus Rift, PSVR 

(Play Station VR by Sony) and HTC Vive. The cost of VR headsets has dropped dramatically 

since the emergency of this technology and computer hardware capable of running these 

headsets is ubiquitous (Virtual Reality Society 2017). Over the last five years such 

technologies as hand scanning and eye tracking emerged. The VR headsets with varifocal 

technology, less weight and lower price are already on the horizon.  
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1.1.2 Virtual Reality applications 

Recent advancements in VR hardware such as HTC Vive, Oculus Rift, Samsung Gear VR 

and Google Cardboard makes it possible to access robust, reliable, and cost effective VE.  

Therefore, nowadays research in the VR domain covers a wide range of activities, from 

computer science to architecture and sociology or psychology. Articles (Du et al., 2016; Du 

et al., 2018) raise an issue of inefficient communication among project stakeholders in the 

architecture, engineering, and construction industry. Those works further develop the field 

of VR driven by BIM (building information modeling) by focusing not on improving the 

single-person experience, but on improving construction project team performance. CoVR 

(Du et al., 2018) is a cloud-based multiuser VR system that gathers BIM metadata and 

converts it into a multiuser VE to enhance communications. One of the use cases of CoVR 

system is presented in figure 6 with real world image and virtual environment for 

comparison. The game engine Unity is used to processes the BIM metadata for rendering a 

realistic environment and facilitates human-computer interactions. Cloud-based PUN 

(Photon Unity Networking) is used to concurrently connect remote users in the system and 

serves as a platform for data exchange. The system synchronizes users’ actions and 

movements in the immersive VE to further improve the quality of interpersonal interactions. 

For the same reason systems supports VoIP (Voice over Internet Protocol). 

 

  

Figure 6. CoVR use case for Bob Segner Auditorium (on the left) and immersive virtual 

scene in CoVR system (on the right) (mod. Du et al., 2018). 

 

In the last four decades an issue of the cost in resources and the difficulty in the management 

of conducting the meetings was raised by many researchers (Cook et al., 1987; Yankelovich 

et al., 2004; da Silva et al., 2011). The most common solution was introduction and further 

improvement of the 3D VE as a tool for holding meetings (Harry and Donath, 2008; da Silva 
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et al., 2011). Nowadays with further development of the technology it is possible to make 

such environments immersive. One of the examples is android application Virtual Meeting 

Room developed in the game engine Unity and based on collaborative VE system, that is 

presented in the article (Saleem et al., 2019). Possibility to share PowerPoint presentations 

and to record the entire meeting and present it in a text format as minutes of meeting are 

suggested directions for the future work.  

 

Not only the science world is interested into the collaborative immersive environments. The 

company MeetingVR sees the value of connecting virtual and physical spaces to optimize 

office space, so the company provides its customers with the platform for conducting 

business meetings in the virtual world using VR glasses.  

 

Another area of study nowadays is gaze control as gaze awareness is one of the key elements 

of a face-to-face meeting. Gaze awareness lets people understand where people’s attention 

is focused and who is being addressed. Additionally, background gaze awareness lets a 

participant be more aware of other participants (Kim et al., 2016). In virtual reality 

teleconferencing, researchers have preserved gaze by having the representations of the 

participants turn according to the user’s head movement (Vertegaal et al., 2002). However, 

with recent technological advances, such as incorporating eye-tracking capabilities into the 

VR headsets, it is become possible to precisely track and analyze eye position and 

movement. Such ability can be employed in application not only to provide a whole new 

way to interact with VR content adding an extra layer of connection and feedback to 

experiences, but also to increase privacy and security through retinal scanning and 

identification systems.  

 

Education is another area where VR is used. Studies shows that students who had used the 

VR application had better knowledge than students in the control group equipped only with 

printed study materials (Hrad et al., 2018). 3D learning environments increase learner 

motivation and engagement, enhance spatial knowledge representation, improve 

contextualization of learning, and provide greater opportunities for experiential learning as 

well as more effective collaborative learning (Dalgarno and Lee, 2010). Model of 3D virtual 

learning environments and its benefits is presented in figure 7. 

 



16 

 

 

 

Figure 7. Model of learning in virtual learning environments, incorporating unique 

characteristics (Dalgarno and Lee, 2010). 

 

VR technologies are utilized not only in universities and colleges, that have always been at 

the cutting edge of new technologies, but also in pre-school education. Take for example 

company ClassVR, that provides their customers with their own headset and over 500 

premade activities, covering a huge range of topics and curriculum subject areas. Another 

good example is an education and training platform ENGAGE available through video game 

digital distribution service Steam. This platform allows to hold events, meetings and classes 

and create and publish your own content. This platform already includes interactive medical 

training and lectures by Oxford University.  

 

Advancements in VR represent some of the newest modalities being gradually integrated 

also into neurosurgical practice and medical resident education (Pelargos et al., 2017). VR 

may become an extremely valuable tool for overall development of neurosurgical skills due 
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to the intricate and complex nature of neurosurgical procedures. VR may also serve as 

integral tool in the preoperative rehearsal which will lead to minimization of technical errors 

that are inherent to the surgical learning curve (Pelargos et al., 2017). 

 

In the medical field immersive VR with HMDs is also used in cognitive rehabilitation. The 

application called VIRTUE (VIRTUal reality for strokE) (John et al., 2019) was developed 

to reduce the recovery time that a patient, suffered from a stroke, spends in the hospital 

through practicing the activities of daily living in VR. The Unity 3D game development 

platform in combination with the VRTK (Virtual Reality Toolkit) has been used to develop 

VIRTUE The benefits of using VR are enhanced motivation, ability to control the level of 

difficulty, possibility to track progress and reduction of the need for supervision. 

Nevertheless, few issues have been also raised such as need for further clinical studies and 

necessity to modify HMDS to prevent infection due to accumulation of bacteria, skin cells 

and hairs in current design. (John et al., 2019.) Another issue that was also raised by (Johnet 

al., 2019) is connected to use of hand controllers – ideally patients should interact with their 

own hands, and that could be possible using special optical hand tracking devices such as 

LEAP motion, but as there is no way to provide tangible haptic response from the touched 

or grasped objects the decision was made by the authors that it would be too unrealistic. 

However, it is worth mentioning that now company Ultraleap provides mid-air ultrasound 

haptics kit, that allows users to fill ultrasound waves of high frequency because focal point 

is positioned on a hand. 

 

The study (Lee et al., 2019) with 12 patients concludes that fully immersive VR 

rehabilitation using HMD is feasible in stroke patients with upper extremity weakness and 

no serious adverse effects were identified. Another study (Yuminaka et al., 2019) also 

confirms that “a low-cost noninvasive motion capture device and/or a HMD can be used as 

part of a clinical assessment with stroke patients who display – cognitive and motor deficits”. 

The example of the use of VR system for a patient with unilateral spatial neglect is presented 

in figure 8. One of the benefits of using VR system, that it can store results and progress of 

the user, motivating participants in their rehabilitation.  
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Figure 8. VR rehabilitation using HMD (Yuminaka et al., 2019). 

 

The VR technology was widely introduced to the public by the gaming industry and, 

although during the recent years there were a lot of attempts to use it outside this industry, 

the most successful projects that utilize shared environment for HMD users are still 

connected to the gaming industry. The best example of such a project is OmniverseVR Arena 

by Virtuix with a range of single-player and multi-player games available in their own 

Omniverse library. What makes the company Virtuix so successful is that it developed a 

special platform for being able to run in VR while staying in a confined area in a physical 

world. Their platform, the so-called treadmill, allows to move freely and at full speed in 360° 

without getting hurt. There are also plenty of additional features such as creating and 

displaying leaderboards, player profiles, and ranks.  

 

There are also a few third-party 3D world platforms for multi-user social experiences in 

shared virtual spaces. Such actions as chatting with other players, moving between rooms 

and through portals and even creating your own worlds are available. VRChat and High 

Fidelity are the most popular ones. VRChat even lets you create custom worlds and 

personalized avatars using Unity.  

 

According to the research (Choi et al., 2015) that analyzed 154 articles relevant to VR 

application for industrial use "virtual reality is being used in product development processes 

in manufacturing enterprises as a helpful technology to achieve rapid consolidation of 

information and decision-making through visualization and experience". However, a lot of 
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studied articles utilize only benefits that 3d modeling gives without connecting their 

environment to HMD or CAVE-like systems.  

 

One of the companies, that successfully utilizes VR technologies on different levels, is 

Finnish company Metso that offers technology and services for process industries. It 

provides visualizations in VR for equipment installation and servicing, uses VR for 

engineers’ collaborations during design phase, training of their sales experts and for 

marketing purposes at tradeshows and exhibitions. The example of their VR training 

program for cone crusher MX3 in use is presented in figure 9. This training program helps 

to understand better the scale of the equipment and what components are needed to make it 

work. The program can show the exploded view of the crusher and cross-section so the user 

could get an idea on what kind of parts it consists of, as well as machine in operation. (Kasat, 

2019.) 

 

 

Figure 9. VR training program for cone crusher MX3 by Metso (Kasat, 2019).  

 

Another remarkable VR system for industrial use is state-of-the-art arc welding training 

program VRTEX by Lincoln Electric. It features both hardware and software, presented in 

figure 10, to teach welders in VR how to weld using different welding processes and 

materials. The VRTEX simulates both the machine set-up, where users must choose gas 

type, flow, voltage, et cetera, and welding itself with realistic materials and sounds. The 

company also offers dual stands to teach two students simultaneously on one machine. This 

solution helps to save on training cost (the software even tracks material usage for further 

Cross-section of cone crusher during operation 



20 

 

 

reports), make training safer and faster, as software reveals the mistakes taken during the 

process and suggests demos of successful works. (Lincoln Global Inc, 2019.) 

 

 

Figure 10. Welding training hardware and software VRTEX by Lincoln Electric (Lincoln 

Global Inc, 2019). 

 

Regarding the manufacturing industry the most successful example of environment for HMD 

for general purpose is probably environment CIROS by Festo, presented in figure 2, that 

supports VR simulation for immersive automation training. It has large robot library that 

includes more than 1.100 robots from 17 manufacturers and offers training in robot and PLC 

programming, troubleshooting and production planning (Karras, 2008). The drawback of the 

system that it does not support networking. 
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Figure 11. CIROS simulation for automation training by Festo (Karras, 2008). 

 

According to the research (Abele et al., 2017) that covered more than 300 resources on 

learning factories there is still a need of a new VR factories with interaction and teamwork 

qualities – "although digital learning factories can be considered as an effective learning 

tool, they lack physical interaction and teamwork qualities that are present in physical 

learning factories". Most of the studied resources in (Abele et al., 2017) provided 3d 

environments that provides simulations on the displays but do not utilize possibilities of 

HMD. The article (Abele et al., 2017) also notes that there is also a need in "learning factories 

for limited budget education, utilizing representative but simpler equipment and software to 

help widen their use in learning and training". 

 

To summarize the above, VR technologies become an integral part of the modern world. 

Each year there are more areas of usage of VR glasses and immersive environments. The 

computer, business, construction, architecture, and manufacturing industries are already 

utilizing this technology for educational and training purposes, planning, communication, 

and entertainment. However, there is a need in the VR industrial environment that would 
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allow human collaboration and will be simple enough to allow users to adapt it according to 

their needs. 

 

1.2 Purpose of the research 

The main purpose of the research is to develop a virtual industrial environment with a 

network of VR headsets in a way that the users can see and interact within each other and 

some objects in the virtual space. The shared virtual environment should be developed in 

Unity platform with the possibility for projection the environment on a screen. Unity 

platform should be used due to its simplicity and wide recognition. The virtual environment 

should represent a virtual copy of a real factory “Jotex Works Oy”. Possible applications of 

the environment are:  

- educational and entertaining platform for schools’ students to engage them 

in the engineering field  

- facility planning  

- advertising purposes for the factory. 

 

The main emphasize in the research is on developing the network of VR headsets and 

networked interactions, as in each of the presented above cases interaction with another 

person has a significant role. For the educational platform, one of the connected participants 

can play the role of a mentor explaining the purposes of the equipment in more details. For 

facility planning, people from remote locations can discuss together different versions of a 

layout, as well as possible modifications and improvements. For marketing purposes, 

company representor can present the efficiency of the factory to a future customer or 

employee.  
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2 UTILISED HARDWARE AND SOFTWARE 

 

 

This chapter is dedicated to discussing the hardware and software that were used in the 

research to create and test network and virtual industrial environment. The technology and 

main concepts used in VR headsets are also introduced. 

 

2.1 Concepts used in VR headsets by the example of HTC Vive Pro 

HTC Vive Pro, used in the research and presented in figure 12, is a VR kit, that contains one 

HMD, two base stations, and two controllers. HMD of HTC Vive Pro is a high-end HMD 

with two AMOLED (Active-Matrix Organic Light-Emitting Diode) screens, that imitate 

human binocular vision. It has integrated headphones with 3D spatial sound and sensors, 

such as G-sensor (accelerometer), gyroscope, proximity, IPD (Interpupillary Distance) 

sensor and dozens of optical sensors to detect IR pulses from the base stations. Two 

controllers, one for each hand, are used for hand tracking. (Vive 2020.)  

 

 

Figure 12. HTC Vive Pro kit used in the research (Vive 2020). 

 

HTC Vive Pro also has front facing cameras, that allows the user to observe surroundings 

without removing the headset and that is also used as a part of Chaperone safety technology, 

which indicates the boundaries of playing area inside the VE, to safely guide users from 

obstacles or real world walls. The software can use cameras to identify not only static, but 

Base stations 

Controllers 

HMD 
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also any moving objects and that was recently utilized for hand position tracking and gesture 

recognition through deep learning model. Features of HTC Vive from official website are 

presented in the table 1. (Vive 2020.) 

 

Table 1. Vive Pro specs (mod. Vive 2020). 

Feature Description 

Screen Dual AMOLED 3.5" diagonal 

Resolution 1440 x 1600 pixels per eye (2880 x 1600 pixels combined) 

Refresh rate 90 Hz 

Field of view 110 degrees 

Audio Hi-Res certificate headset 

Hi-Res certificate headphones (removable) 

High impedance headphones support 

Input Integrated microphones 

Connections Bluetooth, USB-C port for peripherals 

Sensors SteamVR Tracking, G-sensor, gyroscope, proximity, IPD sensor 

Ergonomics Eye relief with lens distance adjustment; Adjustable IPD; Adjustable 

headphones; Adjustable headstrap 

 

2.1.1 Stereoscopic 3D viewing considerations 

The wide FOV (field of view) in HMDs is achieved by using wide-angle lens, but the use of 

such lens requires special preparation of the visual content, as they distort the image in a 

way that presented in figure 13 on the right for square and circle meshes. This effect is called 

pincushion distortion. To eliminate it and provide the realistic image for the human vision 

inverse distortion (barrel distortion, presented in figure 13 in the middle) should be applied 

for the image presented in the display panel. This is called an ocular distortion correction 

and realized in the graphics software SDK (Software Development Kit). (Linowes 2018b, p. 

19.) The illustration of this correction is presented in figure 14.  

 



25 

 

 

 

 

Figure 13. Common optical distortions: original image (on the left), barrel distortion (in 

middle) and pincushion distortion (on the right). The upper row illustrates how the grid is 

nonlinearly distorted. The lower row represents how circular distortion is nonetheless 

preserved. (mod. LaValle 2019, p. 112.) 

 

 

Figure 14. Ocular distortion correction implemented in HMD (Kilgard 2016).  

 

For the distortion to be corrected by software few conditions should be met. Firstly, 

distortion should be circularly symmetric and, secondly, it must be placed in a way it is 

centered over the eyes. (LaValle 2019, p. 201) HTC Vive offers IPD adjustments as well as 
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IPD sensor to perfectly fit the user’s IPD and to create a best possible stereoscopic 3D image. 

(Vive 2020.) 

 

In HTC Vive headset special lenses called Fresnel lenses are also used to greatly reduce the 

problem of distortion physically. Such lenses more accurately control refraction of the light 

rays by means of a sawtooth or corrugated surface over a larger area. The side effect of 

Fresnel lenses is that it introduces artefacts as glaring, that “can be observed as light scatters 

across the ridges along the surface”. However, this drawback is not crucial as it can only be 

detected looking for patterns created by bright lights against dark backgrounds. (LaValle 

2019, p. 201.) 

 

Another correction that is implemented in graphics software SDK is CAC (chromatic 

aberration correction). It is needed due to a varied angle of light refraction through a lens, 

which happens because of the different wavelengths of the light (Linowes 2018b, p. 19). 

Figure 15 illustrates how evenly spaced bars with RGB segments on the display are being 

blurred and displaced when looking to them through Fresnel lens. It is important to note that 

this phenomenon happens at peripheral FOV only, and that is why not all the bars are 

distorted. So again, as with ocular distortion correction, to provide a realistic image for 

human eyes image presented in the display panel should have an inverse of the color 

separation, which is schematically presented in figure 16 on the left and shown with the 

example frame on the right. CAC helps to make the final image to look very clear and distinct 

(Linowes 2018b, p. 19).  

 

 

Figure 15. Half-field chromatic aberration testing pattern with RGB segments on the LCD 

display and the resulting image captured through the Fresnel lens (mod. Zhan et al., 2020). 
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Figure 16. Illustration of a Fresnel lens showing chromatic aberration (on the left) (mod. 

Zhan et al., 2020) and example of CAC in the Tuscany Demo (on the right) (LaValle 2019, 

p. 161). 

 

Another important aspect to achieve a convincing view is resolution. If resolution is not high 

enough, separate pixels can be detected and the so-called screen door effect appears, which 

means that gaps between pixels becomes visible on a screen. The lenses inside HMDs 

magnifies this effect, making it worse. PPI (Pixels Per Inch) is probably the most valuable 

parameter of resolution. HTC Vive Pro has 615 PPI while the HTC Vive has 448 PPI (Vive 

2020). Steve Jobs of Apple Inc. stated in 2010 that 326 PPI is enough for the so-called retina 

display, although the author of the book (LaValle 2019, pp. 146 – 148) disproves this 

statement with calculations and claims that “retinal display resolution will not be achieved 

until the PPI is several times higher” than stated by Steve Jobs. Steven M. LaValle 

considered various factors to calculate the resolution of the image for display that would 

fully imitates the retina, such size of the screen, distance between the eye and the screen, 

magnification factor of the lens and quality of the user biological vision, so it is suffices to 

say that even HTC Vive Pro is incapable to provide retinal display resolution, although the 

image already looks quite convincing and pixels are unnoticeable in it for a non-trained eye.  

 

Not only pixels density can be improved. One of the innovation technologies that can reduce 

the screen-door effect is foveated rendering, which generates higher-resolution only in the 

area where the eye is looking. However, the current implementation of this technology is too 
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costly, and it has discrepancies and delays between gaze direction and display updates. 

(LaValle 2019, p. 148.) 

 

The third parameter of HMDs that defines whether the view could look realistically or not 

is refresh rate. HTC Vive Pro refresh screens at a fixed interval of 90 Hz, which means that 

the monitor can redraw the screen 90 times per one second. The refresh rate parameter is 

often confused with FPS (Frames Per Second) parameter, which represents the number of 

frames generated by the processor. Therefore, it is important to keep in mind that no matter 

how many FPS will be generated only 90 FPS will be drawn on the screen in case of HTC 

Vive Pro. 

 

2.1.2 Positional, head and hand tracking 

The HTC Vive has G-sensor and gyroscope to detect spatial acceleration and rotation for all 

three axes, so head tracking is done in 6 DoF (Degrees of Freedom) as depicted in figure 17 

(Vive 2020). Although head tracking can be not accurate enough to provide immersive 

effect, as it accumulates rounding errors over time, which is called drift. This drift was a 

common drawback of early phone-based VR, and currently in phones it is solved with 

upgraded sensors. Hind-end HMDs such as HTC Vive take care of drift with a separate 

positional tracking system. 

 

 

Figure 17. Axis for head movement tracking (The history of VR, 2019). 

 

To account for drift in HMD and determine controllers’ position Steam VR VIVE 

Lighthouse technology with outside-in positional tracking is used, where two or more 
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external boxes emit timed infrared pulses that are picked up by the headset and controllers 

in an area up to 5 m x 5 m using two base stations or up to 10 m x 10 m using four base 

stations (Vive 2020). The process of emitting infrared pulses and base station without the 

cover are presented in figure 18. 

 

 

Figure 18. Outside-in Lighthouse position tracking (Rendering Challenges of VR 2018). 

 

To determine hand position and needed action HTC Vive controllers are used. Each of these 

controllers has 24 sensors, that detect IR pulses from the base stations. Each controller also 

features multi-function trackpad, dual-stage trigger and other buttons, as well as HD haptic 

feedback and a rechargeable battery (Vive 2020). 

 

2.1.3 Quantitative requirements for smooth VR experience 

There are several aspects that should be considered when developing for the VR headsets. 

Quite a lot of them related to the construction of the scene itself or avatar of the person. Here 

only parameters that could be assessed quantitively are described. 

 

The first such parameter is graphics frame rate in FPS or time per frame. The rendering 

system should be optimized to provide at least 90 FPS, so the desired area could be updated 

at a frame rate supported by HTC Vive Pro. The common standard for cinematography of 



30 

 

 

24 FPS is not enough for immersive experience in VR, as movie creators specifically ensure 

that jumps between frames are not visible, which cannot be done for VE where user defines 

the movement of the camera. Such low frame rate as 24 FPS is perceived in VR with 

significant flicker when the frames change on the screen with black in between. Even with 

60 FPS, which is the game industry standard, flicker can still be perceived on some displays, 

therefore at least 90 FPS or more should be maintained by the developed environment. 

(LaValle 2019, pp. 168 – 170.) 

 

Why more than 90 FPS is needed? The VR software that handles frame delivery can be 

divided into two parts: the first part is responsible for accessing the tracking of the current 

position of a headset and rendering the frame to a texture (not to the display itself); the 

second one, which is called Runtime, responsible for creating a final image with chromatic 

aberration and ocular distortion corrections for each of the eye with some bias. The Runtime 

process requires time, so ideally rendered frames should be send at higher frequencies that 

the display refresh rate. The ideal process in the timing chart looks like presented in 

figure 19. (Burnes 2017.) 

 

 

Figure 19. Ideal VR pipeline (mod. Burnes 2017). 

 

Runtime part is also responsible for creating extrapolated frames in case new frame is not 

generated by the next display refresh. This process in a timing chart is presented in figure 

20. This approach does not improve the animation implemented in a frame but creates a 

smoother visual experience with head tracking. (Burnes 2017.) 
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Figure 20. VR pipeline with synthesized frame (mod. Burnes 2017). 

 

Both the complexity of Unity scene and GPU (Graphics Processing Unit) performance affect 

frame rate. These two aspects are especially crucial for VR developments as the environment 

should be drawn twice, once for each eye. The aspect of the scene complexity is addressed 

in section 5 in detail. And as for the GPU, high-end graphic card NVIDIA GeForce RTX 

2080 is used for the research, which has Turing graphics processor architecture, RTX-OPS 

(Ray-Tracing Operations Per Second) of 57 trillion, reinforced clock frequency of 1710 

MHz, video card memory 8 GB and memory speed of 14 Gbps. 

 

The second parameter that can be assessed quantitatively is CPU (Central Processing Unit) 

time per frame. CPU is used for geometry culling, physics calculations and other processes 

to prepare the data for rendering in GPU. Therefore, the high computational power of the 

CPU is also important. Processor Intel Core i7-9700 is used for the research. It has 8 cores, 

8 threads, high base clock speed of 3 GHz.  

 

The third parameter that can be assessed quantitatively and is often discussed when 

developing for VR is latency. Latency represent sensor-to-pixel delay and is measured as a 

“time from reading a motion sensor to rendering the corresponding image” (Linowes 2018b, 

p. 22), so in the way latency is a combination of both graphics and CPU frame rate 

parameters. A total latency around 15 to 25 ms is widely considered acceptable (LaValle 

2019, p. 204). 

 

The characteristics presented above for GPU, CPU and RAM of 64 GB are even more that 

needed for the employment of VR with satisfying latency. Therefore, the developed 

environment, that targets requirements described above, will be perceived with much lower 

risk of VR sickness and fatigue. 



32 

 

 

 

2.2 Unity 

Unity is a cross-platform game engine developed by Unity Technologies, released in June 

2005. Unity v2018.4.14 LTS (Long-Term Support) is used in the research. It supports more 

than 25 platforms and can be used to create 2D, 3D, VR and AR games, simulations, and 

other experiences. The engine has been adopted by industries outside video gaming, such as 

film, automotive, architecture, engineering, and construction industries. There are plenty of 

manuals and tutorials for creating your own application and there is a free version of platform 

available. It allows developers to create an application in just a single package. To 

summarize, Unity is used in the research due to its wide recognition and simplicity.  

 

Another advantage of Unity is that it natively supports three scripting languages: C#, Boo (a 

dialect of Python), and JavaScript, that sometimes referred to as UnityScript. A single project 

can contain scripts in all three languages. Additionally, many other .NET languages can be 

used with Unity if they can compile a compatible DLL (dynamic link library) file. (Unity 

2018.)  

 

C# is chosen as the scripting language in the current project as there are abundant number of 

tutorials and examples available for VR applications and networking using this language. 

C# is an object-oriented and type-safe programming language, that belong to the C family 

of languages, of which its syntax is closest to C++ and Java. It inherited a lot from its 

predecessors (the C++, Pascal, Java) and, relying on the practice of their use, it excludes 

some features that have been proven to be problematic in developing software systems, for 

example, C# does not support multiple class inheritance unlike C++, yet C# provides 

powerful features such as nullable types, delegates, enumerations, lambda expressions, and 

direct memory access. (Microsoft, no date.) 

 

However, the main feature of C# is its focus on the Microsoft .NET Framework, so it 

provides developers with natural means of access to all the features of this framework. C# 

is a strongly-typed language, which means that every constant, variable and every expression 

that evaluates to a value has a type. The .NET Framework class library defines not only a set 

of built-in numeric types, but also more complex types that represent a wide variety of logical 

constructs, such as the network connections, file system, collections and arrays of objects, 
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and dates. To summarize, C# is an elegant and powerful language that simplifies many of 

the complexities of C++ and enables developers to build a variety of robust and secure 

applications that run on the .NET Framework. (Microsoft, no date.) 

 

To create VR application in Unity one will need to use different toolkits, packages and 

SDKs. The diagram in figure 21 shows the abundant number of SDKs available when 

developing for VR/AR. It perfectly illustrates the challenge that developers face when 

developing for different devices.  

 

 

Figure 21. Application and toolkit SDK fragmentation when developing for VR/AR 

(Linowes, 2018a). 

 

The current research targets only HTC Vive Pro, although it can be scaled to support Oculus 

Rift in few clicks. Thus, Unity system architecture for current VR project with network on a 

large-scale level can be divided into following groups:  

- project scenes  

- assets 

o VR interaction toolkits (SteamVR v1.2.3 and VRTK v3.3.0) 

o Networking package (Photon Unity Networking (PUN) Classic 

v1.102 and Photon Voice v1.23) 

- Unity components and classes 

- Unity XR device SDK (Open VR for HTC Vive). 
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Project scenes are related to Unity platform itself and they contain Game Objects, such as 

camera object, lighting settings and 3D models. Game Objects itself contain components 

and their properties, such as scripts, sounds, meshes and other elements. Game Objects 

complete with all its property values, components, and child objects and saved as a reusable 

asset are called Prefabs. Creation of Prefabs is a significant element of a scene creation. So, 

project scenes are places where you create the visualization and all the features of the game. 

In the current project 2 scenes are developed – first scene is dedicated to UI (User Interface) 

and the second scene to the industrial environment. 

 

Higher level VR toolkits and packages are related to the collections of useful and reusable 

solutions to common problems found when building for VR and other games and 

applications using Unity engine. SteamVR and VRTK are one of those toolkits. The 

SteamVR Unity Plugin v1.2.3 is used in the developed environment and it manages three 

main aspects related to VR controllers: loading 3d models for controllers, handling input 

from them, and estimating the appearance of the hands while using them. SteamVR Plugin 

is mainly used to enable painless access to OpenVR SDK.  The VRTK v 3.3.0 is used in the 

developed environment to allow user’s movement around the scene, interaction with objects 

(such as touching, grabbing and using objects) and UI. VRTK also provide VR Simulator 

allowing building for VR without the need of VR hardware, which is also used in the 

developed environment. 

 

Unity Components and Classes are Unity own growing library of built-in classes and 

components to support VR. These include stereo rendering, input tracking, audio spatializes 

and meshing to name a few (Linowes 2018, p. 72). Unity's support for VR devices is 

collected under the XR class, that is the umbrella term, encompassing VR, AR and MR 

applications (Unity 2018). 

 

At the lower level, any Unity project requires specific Unity XR Device SDK for VR to be 

supported. For HTC Vive it is OpenVR SDK, which is the API (application programming 

interface) and runtime that permit you to use VR via Steam VR. The OpenVR API provides 

interaction with HMD without depending on specific hardware retailer’s SDK, so it provides 

access to the VR headset data by HTC Vive, Oculus, Google et cetera. (GitHub 2015.) 
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OpenVR consist of two open source layers: application and driver. It is used in VR 

applications as presented in figure 22. When Unity VR application is started, it calls OpenVR 

application for HMD position and orientation. OpenVR for application contacts SteamVR, 

that then contacts the OpenVR driver. Once the information of position and orientation is 

sent back to Unity, it sends the camera image to Open VR that handles mentioned before 

ocular distortion correction and CAC, and send the prepared frame to the headset. (GitHub 

2015.) Thus, OpenVR serves as the interface between the VR software and hardware. Apart 

from the described above features, OpenVR also grant access to soft and hard borders of 

chaperone system, which is used in the developed environment.  

 

 

Figure 22. Diagram of OpenVR use.  

 

2.3 Networking 

To create a network of HMD in Unity multiplayer or networking services are used. Such 

services were created to help developers manage sharing of the game's state between all 

active clients  and spawning of new objects and players, conduct low-level network 

connections, manage protocols, provide security and quality of service (such as data rate and 

performance). (Linowes 2018, p. 385.) 

 

Networking represents a series of API layers, where the low-level functions deal with details 

of the data transport, such as (de-)serialization and protocols, and are irrelevant to the content 

of the data. Middle and higher layers provide features that are more directly helpful for the 

networking application. Ideally, the high-level layer provides all the developer may need to 

create a multiplayer in the application with minimal custom scripting while offering access 
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to other layers through a convenient API in case implementation of some special 

requirements is needed. (Linowes 2018, p. 385.) 

 

Unity own multiplayer solution UNet was deprecated as it did not meet the need of many 

game creators in terms of performance, scale and security goals. However, there are several 

other multiplayer services available, including Photon by Exit Games, community 

replacement for UNet – Mirror by the developers of uMMORPG, uSurvival and Cubica, 

GameSparks Real-Time services, and more. 

 

2.3.1 Photon Unity Networking 

Photon Unity Networking (PUN) Classic is chosen for the current project as it perfectly fits 

the needs of the environment under development. Photon has client-to-server architecture 

that provides fast and reliable communication without the need to connect clients to each 

other. Flexible matchmaking gets users into rooms where objects can be synced over the 

network. As Photon has globally distributed cloud, it guarantees low latency and shortest 

round-trip times for users. PUN exports to basically all platforms supported by Unity and 

has free package with Photon PUBLIC Cloud that allows up to 20 concurrent users, includes 

60 GB traffic and speed of 500 Msg/s per Room. (PUN 2020.)  

 

The connection to Photon Cloud happens in three stages, that presented in figure 23. Firstly, 

clients connect to a Photon Name Server, which provides the list of available regions and is 

represented by AppID that developer gets in personal account in Photon system. Then the 

connection happens to a Master Server for matchmaking and then to Game Servers for 

hosting rooms. The last two represent each region separately, which is done to minimize the 

networking latency. It is possible to overcome this limitation and connect users all over the 

world by providing a possibility to select a region at runtime, but it can affect the 

performance. (Photon PUN Documentation 2020.) 
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Figure 23. Diagram of connection to Photon Cloud (Photon PUN Documentation 2020). 

 

The PUN package consists of three layers of API: PUN code that represents the highest level 

and implements Unity-specific features; Realtime API that contains the logic to work with 

Photon servers; DLL files that contain (de-)serialization, protocols and such. To create 

Network with PUN there is no need to mind the structure of the package itself, the developer 

just works with higher level scripts to adjust the package to the needs. (Photon PUN 

Documentation 2020.) Moreover, there are a lot of tutorials and projects available, both on 

the official website of the service and in other sources, such as YouTube, GitHub and 

Massive Open Online Courses (MOOCs) platforms.  
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3 METHODOLOGY 

 

 

This chapter is dedicated to discussing the methodology that was used in the research to 

create network and virtual industrial environment. Examples of the 3D models used in the 

environment are provided. The interactions developed for the environment are also 

introduced. 

 

3.1 Reconstruction of the real factory 

 

The company Jotex Works Oy, of which virtual environment is created, is an order-based 

engineering workshop that operates as a metal industry subcontractor of many Finnish and 

European companies, such as Valmet, Andritz and Metso to name a few. The factory 

provided its plan in Finnish, so the plan was translated to English and then simplified layout 

of the factory with correct dimensions of the premises, functions of the areas and locations 

of the roof supporting pillars and doors was developed. The layout of the factory is provided 

in appendix I.This layout was also used as a virtual floor while developing a 3D model of 

the factory, which speeded up the process as it served as a constant visual reference.  

 

Jotex Works Oy has 3 boring machines, 2 CNC milling machines, 3 lathes, drilling machine, 

hydraulic press, press brake, guillotine shear, band saw, flame and plasma cutting machines 

and welding equipment including welding robot, MIG and TIG welding machines. The 

manufacturing area of a factory is around 2423 m2. Creating a truly immersive effect for 

such large factory would require a team of developers, as discussed in more detail in section 

5, therefore the goal of the research is to present all the major equipment and areas for users 

to be able to understand the function of the area, scale of the equipment and interact with 

some of it. 

 

For the developed environment more than 30 different 3D models were either downloaded 

and optimized or developed by the researcher. Unity asset store and 3D models’ libraries, 

such as GrabCAD, CGTrader and TurboSquid, were used to facilitate the process of creating 

the environment. All the components downloaded from the websites were prepared for VR 

in Autodesk 3dsmax, by lowering the number of polygon count in the mesh of models and 
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preparing different versions of the model, each of which will be shown in the environment 

depending on the distance of the user from the model. The process of optimization is covered 

in section 5 in detail.  

 

The radial drilling machine H. Cegielski WRA 632 and the 3D model of it in the environment 

are presented in figure 24 as example. The 3D model, uploaded to GrabCAD by the user 

shashi kant, is not exactly a copy of the equipment, some components, as motor on top for 

instance, are missing in the model, but it meets the set goal of the research, provided in the 

prior paragraphs. 

 

   

Figure 24. Radial drilling machine H. Cegielski WRA 632 (on the left) (mod. Exapro, no 

date) and 3D model used for representing it in the environment (on the right). 

 

Unfortunately, 3D models for some of the equipment were not found on the internet, so the 

decision was made to create simplified versions of them with correct dimensions in 

Solidworks, as this software is more familiar to the author. Boring machine TOS WH 105 

CNC and its 3D model, presented in figure 25 on the left and on the right respectively, are 

one such example.  
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Figure 25. Boring machine TOS WH 105 CNC (on the left) (Directindustry, no date) and 

its simplified 3D model (on the right). 

 

3.2 Implementation of the network in the virtual environment 

To describe networking issues related to connecting of VR user to the environment the 

project diagram with main scripts per scene and their descriptions was developed. It is 

presented in figure 26. Parts of the current project related to networking manager and user’s 

camera spawning are taken from PUN Basics Demo (Pun basics tutorial 2020) and VRTK-

PUN-Network Test (GitHub 2017a) projects with modifications and improvements for 

current environment. The avatar of the user, visible for other client, was developed by the 

researcher, as well as connection of the controllers at spawning, constant sending the updates 

about hand positions and script that would hide the avatar for the local client. 

 

The developed environment functions as follows. When users run the application, he sees 

the interface that suggest inputting his name and entering the virtual factory environment by 

clicking the button. Once the button is clicked the client connects to Photon Cloud in 3 steps 

as described in previous chapter and searches for available existing room to join. If there is 

no such, the new room is created and the client becomes a Master Client, and other clients 

can join this room from that moment. By default, Master Client is a normal client like all 

others, but there are few possibilities to give him more tasks. PUN automatically handles 

spawning of a networked object when PhotonNetwork.Instantiate method is used with 

specified position, rotation, and a prefab name, although there are special considerations that 

need to be accounted for VR, as networked instance of the client and local instance cannot 

be represented by the same model. 
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Figure 26. Main scripts descriptions per scene for the developed environment. 

 

Both the prefab VRTK_SDKManager and created avatar prefab got spawned by 

AvatarSpawnManager, and it is important to note the difference. The first is a ready-made 

solution with Camera and controllers, that access input from the VR headset via SteamVR 

scripts, that allows user to use VR headset locally. The second is speaker icon, field for 

player name and models of hands and a head with PhotonView and PhotonTransformView 

components attached to allow sending the updates via network. The avatar prefab was 

created for the networking only and therefore should be made invisible to a local user in 

order not to block the view for the user, which is done by SetupUserAvatar. The AvatarSync 

scripts handles constant synchronization between controllers and virtual avatar’s hands, 

HMD and virtual avatar’s head to make a representation of a user to be updated for other 

clients. It is important to note that when server detects that a Master Client has become 
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disconnected it assigns another client as Master, although Photon does not automatically 

hand all information to a newly assigned Master. So, it is a developer responsibility to make 

sure that no room state is lost when migration happens. When a client leaves a room, all 

others destroy the Game objects owned or created by that user. 

 

Regarding Game objects in a scene, they can be networked if they have a PhotonView and 

PhotonTransformView components attached to them as well. Although these components 

are not enough if the object should be interactable, as these components only identify the 

object and the owner, who updates other users regarding the object, and users do not initially 

own any other objects apart from their avatars. Therefore, any user who wants to interact 

with the object, should become its owner first to make the position and rotation of the object 

to be updated via network. The script NetworkOwnershipTransfer was developed for that 

purpose.  

 

To support VoIP the audio Photon Voice package is used in the projects to ensure that the 

users’ voices are recorded, transmitted, and reproduced for all the clients in the room. To 

filter the possible background noise feature voice detection is included, which allows to send 

an audio, when a preset signal level threshold is surmounted.  

 

Based on this and previous chapter the whole system architecture of the development 

industrial environment can be derived. It is presented in figure 27. The proposed architecture 

consists of 3 layers: user layer, game engine layer and cloud networking layer. Information 

from the user’s VR terminal is used by the game engine, responsible for physics, rendering, 

audio and animation. The derived by game engine representation of the user in virtual world 

is constantly updated to match the real head. This updates and updates regarding interactable 

objects are constantly send to the server utilizing Internet Protocol. The mentioned before 

PhotonView and PhotonTransformView components are used to identify an object across the 

network, configure how the controlling client update remote instances, handle 

synchronization, and allow serializing and deserializing networked data and sending remote 

procedure calls (RPCs). These components in Photon Package are an implementation of RPC 

itself, which is a protocol used by a program to make a procedure to be executed in another 

network computer, although PUN separates these components and functions with RPCs 
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created by users to different groups of available networking tools. So the actions of all the 

clients are synchronized using RPCs and cloud networking. 

 

 

Figure 27. System architecture of the development industrial environment with network. 
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3.3 Developed interactions 

Interactions, created in the environment, utilize Unity components, VRTK toolkit 

components, PUN components and scripts, developed by the researcher to make these 

components connect to each other in the desired way, to imitate real world actions, to start 

animation or send RPCs. Unity components, such as Collider and Rigidbody, are used for 

objects to have virtual boundaries and to provide collisions with other objects, as well as to 

be affected by the gravity. The VRTK toolkit components, such as 

VRTK_InteractableObject and related to it scripts, are used to provide an ability for 

controllers to grab objects and affect them, by changing their position and orientation. The 

developed NetworkOwnershipTransfer script, introduced in previous subchapter, is used to 

allow the user who interacts with an object to send updates about it to other clients, which is 

only possible if the user owns the object. PUN package components, such as PhotonView 

and PhotonTransformView are used for networking. The interactions developed for the 

environment can be divided into 5 groups: 

- interactions with UI 

- interaction with objects, affected by gravity or constraints 

- interaction with objects, allowed only when two users are involved (to lift 

heavy objects together) 

- interaction with objects inducing effects (interaction with industrial lathe 

machine to remove metal layer) 

- interaction with a whiteboard to draw and erase. 

 

The first group of interactions include interactions with UI, this comprises developed tutorial 

UI and UI for the lathe machine. Tutorial UI was developed to show users how to move 

around, interact with objects and UI using controllers. To point to the UI and to move around 

the same mechanics is used. The controller emits the light VRTK_Pointer allowing the user 

to point either to the desired button or to the place where he wants to teleport to. UI for the 

lathe machine, presented in figure 28, allows user to choose one of the developed options, 

either to read about the machine, or to learn about part names, or to start interaction with it. 

Multiple of Unity components were used for canvas, text on it and buttons. Component 

VRTK_UI Canvas is used to allow pointer to interact with Unity World UI Canvas. 

Component VRTK_Object Tooltip is used to point to the object and present concise 

information about it, which is used for showing lathe parts or functions of controller buttons. 



45 

 

 

The developed by the researcher scripts handle events that happens after pressing certain 

buttons, switching the canvases, starting animation, inducing tooltips or hiding them. 

 

 

Figure 28. Interaction with lathe machine UI. 

 

The second group of interactions include simple interactions with relatively small objects, 

that could be lifted in real life and therefore affected by gravitational force in the developed 

environment, such as tools, boxes, and containers. This type of interaction provides a 

possibility to grab objects, move them around, through them in the air, et cetera. For this 

type of interaction to work all built-in components, mentioned in the first paragraph of this 

chapter were applied and configured for each object. This group of interactions also include 

doors and lids, that can be rotated around the axis with the help of Unity Hinge joint 

component. One of the examples of such interaction is presented in figure 29. The lid of the 

container is opened and the container is grabbed by the user’s controller.  

 

 

Figure 29. Interaction with crate and container. 
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The third group of interactions include interaction with objects, allowed only when two users 

are involved. This interaction is implemented to imitate real-life situation when the object is 

too heavy to be moved by one person. This type of interaction differs from the previous 

group only by the additional condition to be met for it to be interactable. The developed 

script sends RPC to other clients when current client tries to interact with the object, 

changing the object state to interactable, and only when two users interacts with the object 

simultaneously, the object can be moved.  

 

The fourth group of interactions include interactions with objects, which entail subsequent 

actions. All interactions created to operate the lathe machine can be allocated to this group. 

The interaction with the lathe machine is developed in a way that application suggests the 

user follow steps to operate the machine and remove the metal layer from the workpiece. 

The operation of the industrial machinery is a complex and intricate task, and although it is 

possible to model it in detail in VR, it would be an arduous and protracted task, requiring 

constant consultation with professional. Therefore, the operation was simplified and divided 

to following main steps: taking a workpiece, installing it in a chuck, securing it with the 

tailstock center, adjusting the lunette, installing cutting tool, adjusting the carriage position, 

setting revolution speed and turning on either direct or reverse feed. After that, the pre-

recorded animation of cutting is shown and workpiece with deleted material layer is 

displayed. The picture of the machine after installing the workpiece in a chuck is presented 

in figure 30. The user is suggested to secure the workpiece with the tail stock by moving the 

tail stock closer, which can be done by rotating the hand wheel. 
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Figure 30. Lathe machine in the middle of operating.  

 

The fifth type of developed interaction provides possibility to draw in VR, which is 

implemented using the ray casting. When the position of the grabbed pen is close to the 

whiteboard, the ray is casted from the tip of it. If it hits the whiteboard, then allocated number 

of pixels around this position become the color of the pen, which looks exactly like drawing. 

The major part of the code for this mechanics is taken from the outdated project Unity-vrtk-

examples (GitHub 2017b), which was updated to support current version of software. The 

eraser button was added to clean all the whiteboard in one click, as well as eraser to imitate 

the cleaning action happening in real life. The code was also supplemented with RPCs to 

support networking and send the pixels color update for every client’s whiteboard. The result 

after drawing and erasing with implemented interaction is depicted in figure 31. 

 

 

Figure 31. Interaction with a whiteboard allowing drawing (on the left) and erasing (on the 

right).  



48 

 

 

4 EXPERIMENTS AND RESULTS 

 

 

In this chapter, parts of the developed environment, that were not presented before in 

section 3, are described as one of the results of the research. The feedback received during 

experiments with different users testing the environment and the performance results of the 

environment are presented. 

 

4.1 The developed environment 

 

When starting the developed application, the user is suggested to write his name and enter 

the VR environment. The user then got spawned in a small room that represents the office 

part of the building. In the room tutorial UI was developed to show users how to move 

around, interact with objects and UI using controllers. The first tutorial step suggests looking 

to one of the controllers, that detects the gaze of the user and shows the functions of the 

controller buttons when the gaze is directed to it, as presented in figure 32. 

 

 

Figure 32. Tutorial UI in VR with gaze-induced functions of the controller buttons. 

 

In the second tutorial step, depicted in figure 33, user is told about available interaction zones 

and that they are highlighted on the floor. The way how interaction with the buttons is 
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implemented is also visible in figure 33. The tutorial ends with user entering the industrial 

zone which is done by opening the door utilizing VRTK grabbing mechanics, as presented 

in figure 34. 

 

Figure 33. Tutorial UI with information about the environment. 

 

 

Figure 34. Tutorial UI for learning grabbing mechanics. 

 

As one of the goals of the project is to show possibilities of the VR for an industrial 

application, the more complex interaction with lathe machine was developed. The user 

within UI, located close to the machine, can choose either of three available options – read 

about the machine, see parts, and interact with the machine. The first option provides a 

definition of the machine and its main purposes. The second option shows names of the parts 

as presented in figure 35. The third option is discussed in detail in section 3. 

 



50 

 

 

 

Figure 35. Names of the parts of the lathe machine. 

 

All other major machines and elements of the factory were developed and placed to the same 

position as in the reality, however interaction is not added to them due to the limited time. 

The overlook on the developed environment is presented in figure 36 from the scene window 

in Unity, intended for the developer, so there are some components visible that are hidden 

during the use of the environment. 

 

 

Figure 36. Overlook on the developed environment. 
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To present here all the details and models from the environment is not possible, so only a 

few figures are presented. The discussed before press brake is presented in figure 37, the 

welding robot with rotary tables is presented in figure 38. 

 

 

Figure 37. Press brake area in the environment. 

 

 

Figure 38. Welding robot area in the environment. 
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4.2 Performance results 

In this chapter the performance results for the developed environment are provided. To show 

the importance and effects of optimization, discussed in the next section, three cases with 

different environments were tested: 

- environment with multiple non-optimized models and not optimal project 

settings 

- environment with optimized models, but not optimal project settings 

- environment with optimized models and optimal settings, provided in 

section 5. 

 

Settings for first two cases are as follows: no static and dynamic batching, no occlusion 

culling, 8 x MSAA (multi-sampling anti-aliasing), multi-pass stereo rendering. GPU 

Instancing and forward rendering path, which are optimal settings, are left as the project was 

created taken them in mind and it is not possible just to disable them for testing.  

 

The performance is tested with 3 available tools to provide the whole picture: GPU 

performance graph, provided by SteamVR and visible in headset, to show simultaneously 

the frame of the environment and its affect on GPU; Statistics window, provided in Unity, 

to show the more detailed information regarding the corresponding frame; Frame timing 

tool, provided by SteamVR, to show both the GPU and CPU performance along the multiple 

frames. The performance was tested for the whole environment, but it is depicted here for 

the most resource-intensive viewpoint in the developed environment, that includes multiple 

production areas and even provides a view on the very back of the factory. 

 

4.2.1 Case 1 

VR view on the developed environment for both eyes with GPU performance graph for 

case 1 is presented in figure 39. The time required for one frame to be rendered by GPU is 

59.4 ms, which corresponds to around 17 FPS.  
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Figure 39. VR view on the developed environment for both eyes with GPU performance for 

case 1. 

 

For case 1 the performance result for one frame from the same viewpoint in “Statistics” 

window is presented in figure 40. The amount of time required to process and render one 

frame is 53.7 ms which corresponds to around 18 FPS, which is much lower than the minimal 

required 60 FPS for VR experience. The number of triangles drawn in one frame is 342.9 

million. To reduce CPU overhead 666 batches were combined due to GPU Instancing. 

 

 

Figure 40. Performance results in “Statistics” window for the corresponding frame from the 

developed environment for case 1. 
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The performance result of the developed environment both for CPU and GPU in “Frame 

timing” tool is presented in figure 41. The results are provided for 725 frames in terms of 

time needed for one frame to be prepared by CPU or GPU from the same viewpoint while 

the headset was rotated around.  

 

 

Figure 41. Performance results for CPU and GPU in “Frame timing” tool for case 1. 

 

4.2.2 Case 2 

VR view on the developed environment for both eyes with GPU performance graph for case 

2 is presented in figure 42. The time required for one frame to be rendered by GPU is 13.5 

ms, which corresponds to around 74 FPS.  
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Figure 42. VR view on the developed environment for both eyes with GPU performance for 

case 2. 

 

For case 2 the performance result for one frame from the same viewpoint in “Statistics” 

window is presented in figure 43. The amount of time required to process and render one 

frame is 18 ms which corresponds to around 55 FPS, which is still lower than the required 

90 FPS for smooth experience without flicker. The number of triangles drawn in one frame 

is 7.3 million. To reduce CPU overhead 668 batches were combined due to GPU Instancing. 

 

 

Figure 43. Performance results in “Statistics” window for the corresponding frame from the 

developed environment for case 2. 
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The performance result of the developed environment both for CPU and GPU in “Frame 

timing” tool is presented in figure 39. The results are provided for 725 frames in terms of 

time needed for one frame to be prepared by CPU or GPU from the same viewpoint while 

the headset was rotated around.  

 

 

Figure 44. Performance results for CPU and GPU in “Frame timing” tool for case 2. 

 

4.2.3 Case 3 

VR view on the developed environment for both eyes with GPU performance graph for case 

3 is presented in figure 45. The time required for one frame to be rendered by GPU is 5.9 

ms, which corresponds to around 169 FPS.  
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Figure 45. VR view on the developed environment for both eyes with GPU performance for 

case 3. 

 

For case 3 the performance result for one frame from the same viewpoint in “Statistics” 

window is presented in figure 46. The amount of time required to process and render one 

frame is 9.3 ms which corresponds to around 107 FPS, which is higher than the required 90 

FPS for smooth experience without flicker. The number of frames per second is maintained 

by software on the level around 110 FPS to reduce calculations that will not be used by the 

system. The number of triangles drawn in one frame is 7.1 million. To reduce CPU overhead 

1378 batches were combined due to GPU Instancing, static and dynamic batching. 

 

 

Figure 46. Performance results in “Statistics” window for the corresponding frame from the 

developed environment for case 3. 
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The performance result of the developed environment both for CPU and GPU in “Frame 

timing” tool is presented in figure 47. The results are provided for 959 frames in terms of 

time needed for one frame to be prepared by CPU or GPU from the same viewpoint while 

the headset was rotated around.  

 

 

Figure 47. Performance results for CPU and GPU in “Frame timing” tool for case 3. 

 

4.3 User experience and feedback 

The system was tested with three concurrent users, two of which were using HTC Vive and 

one connected through the VRTK simulator of VR. There were no noticeable delays in 

networking movements or sound, the recorded voice was clear. Although connectivity issues 

between base stations and VR headset or controllers sometimes occurred, mainly because it 

was not possible to mount base stations to the walls as proposed by the device’s developer 

– for accurate tracking base stations should be installed diagonally at opposite corners of the 

space 2 meters above the floor.  

 

The first-person views of the environment from the user connected with VRTK simulator 

are presented in figure 48, 49 and 50. In the corners first-person views from the users 

connected with VR headsets are presented. The interactions with the whiteboard and related 
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to it items are visible in figures 49. The interactions with container and crate are visible in 

figure 50.  

 

 

Figure 48. First-person views of three connected users.  

 

 

Figure 49. First-person views of three connected users interacting with the whiteboard. 
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Figure 50. First-person views of three connected users interacting with crate and container. 

 

Due to coronavirus a very limited number of people could test the environment, but they 

provided a valuable feedback regarding UI and interactions, for example the functions of the 

controller buttons, presented in previous subchapter, are adjusted according to the users’ 

feedback. Among the suggestions are adding the sounds to interactions and animations, 

changing the font to simpler one for better readability, adding different type of movement 

for the second controller and tooltips that would remind about possible interactions in the 

environment. 
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5 CHALLENGES AND LIMITATIONS 

 

 

In this chapter challenges and limitations of creating virtual industrial environment are 

discussed. Creation of the scene in Unity platform is a complex task. It includes adding 3D 

models of Game Objects, related to them textures, scripts and other components, as well as 

creating lighting of the scene and other optional features such as music and camera objects. 

Developing the VR environment in Unity requires in-depth understanding of the Unity 

engine operation and the performance effects that each action brings. The large factory scene 

may contain thousands of virtual objects, so it is also highly important to understand the 

optimization techniques for the scene itself and each model. The 3d models should be 

prepared for use in VR by minimizing the number of parts of the model as well as number 

of polygons used in a model, which is very time-consuming process. The optimization is a 

large and crucial topic and therefore is addressed in this chapter in detail. The chapter 

includes both challenges related to reconstruction of the real factory and challenges related 

to creation of VE in general. The consequent limitations due to both these challenges that 

were taken into consideration are presented. 

 

5.1 Reconstructing of the real factory 

Real factory has more than a dozen of production machines of different purposes, including 

lathes, boring, drilling and milling machines of different type and size, press brake and 

guillotine shear for working with sheet metal, band saw and welding robot, not to mention 

other equipment such as rotary and welding tables, conveyors, hydraulic press, several 

movable welding machines of different types, flame and plasma cutting machines and et 

cetera. To create a truly immersive environment that would be perceived as you are literally 

inside a copy of factory all the details should be modelled or downloaded from available 

resources. This includes not only the equipment described above, but many more, from 

bigger models of ladders and working benches to small models of tools such as screwdrivers, 

wrenches and even pencils.  

 

It is important to note that modelling of such immersive industrial environment is beyond 

the scope of the current research, as it would require a team of people working on the 

graphics for the environment, how it is done in gaming industry. Therefore, the goal was set 
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to present all the major equipment and areas to the extent that the user would be able to 

understand the function of the area, scale of the equipment and interact with some features. 

 

The presented challenge was partly overcome with the use of Unity asset store and websites 

that provide libraries of 3D models, such as GrabCAD, CGTrader and TurboSquid. The first 

website is a free cloud-based environment for engineers’ collaboration, that has an abundant 

library of free components, other two provide both free and paid models. All the components 

downloaded from the websites were prepared for VR in Autodesk 3dsmax as described in 

the next subsection and some of them were redesigned to fit the scale of real equipment. 

 

5.2 Models optimization and preparation 

First and foremost, when creating a virtual environment, one should create suitable models 

for it. Function of the equipment in the environment, scale, materials and most importantly 

number of separate elements and polygons in a model need to be considered. As for number 

of elements, models of industrial machine usually contain hundreds of separate fastening 

parts, which is resource-intensive for CPU to prepare each of them for rendering separately 

(Unity 2018), so they should be combined in one part. It will not affect the GPU 

performance, but lowers the workload on CPU. As for polygon count, this aspect is 

especially crucial when developing for VR as image should be rendered for two screens at 

high refresh rate of 90 FPS. This subchapter provides an information on why the polygon 

count is so critical and what are the ways to optimize models for VR.  

 

5.2.1 Polygon count 

Representations of geometric models in a computer are made of primitives, the simplest and 

most useful of which is a 3d triangle. Numerous triangles are combined into a mesh to model 

a complex object in 3d world. More complicated primitives include “quadrilaterals, splines, 

and semi-algebraic surfaces”, the use of which leads to smaller model size, but preference is 

given to triangles as they are the simplest for algorithms to handle. (LaValle 2019, p. 69 – 

71.) The polygon count is a widely used parameter in 3d graphics that refers to the number 

of rendered polygons per frame. 

 

For image to be rendered, or synthesized, each primitive must be processed, so the 

computational cost is proportional to the number of primitives. Therefore, a model that has 
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mesh with tens of millions of triangles will take significantly more time to be rendered than 

the same model with mesh consisted of a few thousands. Nevertheless, modeling software 

such as Autodesk 3dsmax and Blender automatically create highly accurate meshes over the 

curved surfaces. In many cases it is possible to reduce the number of primitives in the mesh 

without significant loss of perceived quality, meaning that human eye will not be able to 

detect a difference when mesh grid is not visible. In Unity reducing the number of materials 

used across the model also enhances performance.  

 

Most of the models downloaded from Unity asset store were already prepared for VR, 

however tens of other downloaded or created models had to be optimized to keep the frame 

rate updates at least 90 FPS. All the details that are not visible from all the viewpoints that 

might appear inside the environment were deleted and Autodesk 3dsmax mesh quality and 

“Pro Optimizer” tools were used to decrease a number of polygons used in a mesh. The 

Unity provides an embedded possibility to optimize external files, however it was found out 

that it works only with simple objects, so all the models were optimized manually in 

Autodesk 3dsmax. 

 

As example the press brake 3d model, uploaded to GrabCAD by the user “nadas”, is 

considered. The converted to Autodesk file of press brake is presented in figure 51. The 

initial downloaded format is “.step”. On the left top corner, the statistics of the model is 

visible, that shows that there are currently more than 23 million of polygons in a mesh. On 

the right bottom corner, the enlarged piece of the machine is presented, that clearly shows 

that mesh quality is currently redundant.  
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Figure 51. Model of the press brake before optimization with polygon count statistics and 

enlarged part of the machine.  

 

The optimized model of the press brake is presented in figure 52. On the left top corner, the 

statistics shows that there are only around 134 thousand of polygons in a mesh. Thus, the 

polygon count was decreased by around 99%. On the right bottom corner, the enlarged piece 

of the machine is presented, that clearly shows that mesh quality is sufficient.  

 

 

Figure 52. Model of the press brake after optimization with polygon count statistics and 

enlarged part of the machine.  
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To present the effect of optimization to the general performance and FPS a simple test is 

conducted. Two scenes were created, and the performance was tested utilizing the Unity tool 

“Profiler” and available embedded scene statistic. The first scene contained two models of 

initial press brake with 23 million polygons, the second scene – eighteen optimized models 

of press brake. The number of machines for the second scene is chosen on purpose. It is a 

controversial quantity for comparison of the scenes. However, the second scene also serves 

for evaluation of a number of polygons suitable for the whole scene to understand whether 

the optimization is efficient enough and the same polygon count can be maintained in other 

equipment. As the whole factory environment contains around 14 machines of the same 

complexity a slightly bigger number was chosen. 

 

The performance results in “Statistics” window are presented in figure 53 – for the first scene 

with two non-optimized models on the left and for the second scene with eighteen optimized 

model on the right. In the first scene 35.2 ms are required to render one frame which 

corresponds to 28 FPS, which is much lower than required 90 FPS for smooth experience 

without flicker or even minimal 60 FPS required for VR. The number of triangles drawn is 

235.7 million. In the second scene only 9.2 ms are needed to render one frame which 

corresponds to satisfying result for frames rate of 108 FPS and only 13.6 million triangles 

must be drawn.  

 

 

Figure 53. Performance results in “Statistics” window for the first scene with two non-

optimized models (on the left) and for the second scene with eighteen optimized model (on 

the right). 
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It is worth noting that the actual number of triangles and vertices that GPU must process, 

provided by Unity statistics, is not the same as polygon count and vertices count provided 

by Autodesk 3dsmax statistics as graphic cards split some vertices to smaller parts for 

rendering purposes. Vertices that has “multiple normals, UV coordinates or vertex colors” 

must be split by graphics card, so it is also important to keep the number of doubled-up 

vertices and UV mapping seams as low as possible. (Unity 2018.) UV mapping is the 

technique used for texture mapping which involves projecting a 2d image to a 3d model 

mesh. Ideally for each 3d model the UV map should be generated for textures to be displayed 

correctly, but it is beyond the scope of the current research. 

 

The performance results in “Profiler” tool over a period of time are presented in figure 54 – 

for the first scene with two non-optimized models on top and for the second scene with 

eighteen optimized model on the bottom. The obtained results confirm previous finding that 

use of non-optimized models leads to unacceptable performance, however in “Profiler” tool 

it is visible that use of optimized model on the scene still leads to peaks with lower than 60 

FPS. 

 

 

 

Figure 54. Performance results in “Profiler” tool for the first scene with two non-optimized 

models (on top) and for the second scene with eighteen optimized model (on the bottom). 
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The obtained results from “Profiler” tools suggest that further optimization of model is 

needed to increase performance of the scene with multiple objects to acceptable frame rate. 

One of the further optimizations possible is Level of details (LOD) technique, discussed 

below. 

 

5.2.2 Level of details 

Level of details (LOD) technique is an optimization technique that allows to reduce the 

number of rendered triangles for a Game Object as its distance from the Camera increases. 

This technique requires creation of two or more instances of the Game Object with different 

LOD. Those instances can be both prepared in 3d graphics software with further reduced 

mesh or created in Unity with hidden small objects, such as nuts and bolts, the missing of 

which will not be visible from a distance. To utilize this technique in Unity a component 

“LOD Group” should be attached to Game Object and its instances should be assigned to 

different levels. Handling of transmission between levels is done automatically based on 

distance from a camera, attached to user.  

 

The simplified instance of the presented before optimized model of press brake from figure 

52 was created and the LOD technique was applied. The performance results in “Profiler” 

tool for the scene composed of eighteen press brake models with LOD are presented in 

figure 55.  

 

 

Figure 55. Performance results in “Profiler” tool for scene with eighteen optimized models 

of press brake with LOD.  
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The obtained results from “Profiler” tools suggest that no further optimization is needed. 

Although the HMD was constantly rotated during the test, there are no peaks, which is due 

to a fact that distant objects had much lower details and had lower polygon count mesh.  

 

5.3 Scene optimization 

Another important topic that need to be considered is overall scene optimization. This is also 

a challenging topic as it requires understanding of game creation in the Unity engine and 

covers a dozen of different aspects, from choosing proper lighting settings to improving poor 

written scripts. This subchapter covers the scene optimization techniques and settings 

applied in the developed environment.  

 

5.3.1 Occlusion culling 

In graphics the term culling describes a preprocessing phase of the rendering approach where 

some objects are totally removed from contributing to the final image before the attempt to 

render them. There are three types of culling – view volume culling (or frustum culling), 

backface culling and occlusion culling. (LaValle 2019, p. 197 – 199.) By the default Unity 

uses frustum culling, that prevents Unity from rendering of objects that are not visible for 

camera. Backface culling removes polygons “that have outward surface normal that point 

away from the focal point” (LaValle 2019, p. 199). Occlusion culling eliminates the need 

for rendering of objects that are occluded by other nearer objects. In the developed 

environment both frustum culling and more advanced occlusion culling are used.  

 

To illustrate how it works in the developed environment figures 56 – 58 are presented below. 

In figure 56 no culling is applied for the scene. In figure 57 frustum culling is applied, that 

removes objects, such as sawhorses, cupboards, and drilling machine, that are wholly outside 

of the viewing. In figure 58 both frustum and occlusion culling are applied, which leaves 

only fence, crane, and shelves with boxes visible. It is to be noted that culling techniques did 

not affect the game view, and it is similar in all the figures.  
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Figure 56. Scene view on the left and game view on the right without culling. 

 

 

Figure 57. Scene view on the left and game view on the right with frustum culling. 

 

 

Figure 58. Scene view on the left and game view on the right with both frustum and 

occlusion culling. 
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It should be stressed that occlusion culling embedded to Unity carry out runtime calculations 

on the CPU, which can eliminate the positive effect that it brings. Also, sufficient memory 

should be left to load the runtime data. It works well in the developed environment as the 

whole environment is divided to smaller sections blocked by fences.  

 

5.3.2 Draw call batching and GPU Instancing 

For Game Object to be drawn on the screen, Unity must initiate a draw call to the graphics 

API. For each draw call graphics API performing a resource-intensive work of validation 

and translation steps, causing performance burden on the CPU side. (Unity 2018.) The load 

to the CPU increases with the larger number of state changes between the draw calls, such 

as switching the materials, therefore the developer should ascertain that the number of state 

changes is as low as acceptable for the environment to look as it is supposed to look.  

 

To address the problem of draw calls Unity has two approaches – static and dynamic 

batching. Static batching is used to combine static Game Objects into large meshes to render 

them faster. The drawback of using static batching is higher memory usage. Dynamic 

batching is used to arrange similar vertices together from small meshes and draws them in 

one draw call. The drawback of using dynamic batching is that it uses CPU powers and may 

eliminate the benefits that it brings, so the developer should consider the effect of this 

technique to performance. One of the conditions that Unity developers suggest is that 

dynamic batching should be applied only to the Game Objects with “no more than 300 

vertices”. (Unity 2018.) In the developed environment only static batching is used due to the 

low number of objects with low-vertices count and limited time for testing the environment. 

To achieve good static batching, the same materials are shared among different Game 

Objects. 

 

Another approach to decrease a number of draw calls used and notably improve the rendering 

performance is GPU Instancing, which enabling rendering of multiple copies of the same 

mesh at once. GPU Instancing is the parameter that is supported by some of the Unity 

Material Shaders, such as “Standard, StandardSpecular and all surface Shaders”, so the 

developer just have to consider which Game Objects can benefit from this technique and 

allow Shader to use it for those objects. (Unity 2018.) In the developed environment it is 
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used for repeated objects, such as tables, fences, sawhorses, barrels, pallets, and boxes. GPU 

Instancing only renders similar meshes with each draw call, however the beneficial thing is 

that instances can have distinct parameters, such as color or scale to make the scene more 

realistic and lessen the repetition of the objects. 

 

5.3.3 Lighting settings 

Unity provides many different options for lighting, from a very realistic lighting with 

detailed models of light behavior to a simple solution to avoid performance drops. Unity 

differentiate direct and indirect lighting, allowing the light beam either to bounce from a 

surface only once before affecting the camera or to bounce multiple times from surfaces 

dissipating and fading away. To achieve realistic lighting both direct and indirect light 

should be simulated. Unity also separate lighting to real-time lighting and baked lighting, 

described in the next paragraphs. It is possible to implement both this types in one project as 

well, although it is not recommended. (Unity 2018.) 

 

So, to model the light Unity has a range of techniques called Baked GI (Global Illumination) 

and Realtime GI. In first case Unity performs calculation process called baking which means 

that complex static lighting effects are calculated in advance and then stored in the static 

lightmaps, that are reference texture maps overlaid on top of scene geometry to simulate the 

light. These lightmaps are calculated only once when developing a scene and then used 

during the runtime from the memory. As mentioned before Realtime lights can be used 

additionally on top of the lightmaps but will not affect them. For Game Objects to be 

included into the baking process they must be assigned to the static group of objects, so the 

system would know that the object does not change its position during the runtime. (Unity 

2018.) 

 

Realtime GI also offers precomputed lighting, which differs from baked approach in a way 

that reactions to changes in the lighting conditions are possible. In the Precomputed Realtime 

GI soft indirect light is precomputed leaving only the direct light to be calculated during the 

runtime. And another difference is that Precomputed Realtime GI creates clusters, instead of 

lightmaps, which are “a low resolution approximation of the static geometry in the world”. 

In the Baked GI light rays are traced as they reflect in the static scene, which is a 

computationally too demanding to be done in realtime, therefore in Precomputed Realtime 
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GI Unity uses another approach. Here Unity uses ray tracing to precompute the relationships 

between the surface cluster, and this simplified mathematical model of the scene then used 

in realtime, which leads to better performance than if ray tracing was implemented directly. 

(Unity 2018.) 

 

Both Baked GI and Precomputed Realtime GI can be used simultaneously in the project, 

however it will lead to higher performance cost as both of the techniques should be rendered, 

both systems will store information (lightmaps and clusters) in the memory, for both 

decoding should be done in shaders, therefore it is recommended to chose only one for the 

project. (Unity 2018.) In the developed project Baked GI is implemented as it is widely 

considered as more performant. 

 

5.3.4 Settings used for optimized rendering 

There are several principal performance settings that are specific to how Unity engine 

performs rendering. Three of them are worth mentioning: 

- rendering path in the render pipeline 

- MSAA (multi-sampling anti-aliasing) 

- single-pass and multi-pass stereo rendering. 

 

First of all, in Unity it is possible to choose between render pipelines, that handles operations, 

such as culling, rendering and post-processing, for a content from a scene to appear on the 

screen. In the developed environment Built-in render pipeline is chosen as it is perfect for 

general purposes. The built-in render pipeline provides two rendering paths – forward 

rendering and deferred shading. The deferred path renders image in multiple passes dividing 

geometry and lighting information, which means that it supports a large number of real-time 

light, however it also has huge drawbacks such as limited support for culling and absence of 

the support for hardware anti-aliasing. (Unity 2018.) The forward rendering path is chosen 

for the current project as the project does not have a large amount of real-time lights and this 

rendering path does not have mentioned above drawbacks of deferred shading path, which 

are crucial for VR. 

 

Secondly, the use of the anti-aliasing technique is important, as it helps to remove 

shimmering effects and jagged edges (Linowes 2018, p. 445). For instance, aliasing problem 
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due to perspective transformation of the tile texture is depicted in figure 59 on the left, the 

fixed with MSAA image is presented in figure 59 on the right. A low-cost performance 

technique 4xMSAA, that means four-fold sampling anti-aliasing, is used in the developed 

environment for delivering better quality picture.  

 

 

Figure 59. Aliasing problem due to perspective transformation (on the left) and improved 

image with MSAA technique (on the right) (LaValle 2019, p. 198). 

 

Finally, single-pass stereo rendering is chosen for the project to perform efficient rendering 

of parallax perspective. Single-pass stereo rendering combines two images, that have to be 

displayed for each eye in HMD, into a single Render Texture. Unity still renders images for 

both left and right eye separately using two draw calls, but both eyes share shadows and 

culling computations. The only drawback of it as it is not supported by all the shaders yet. 

(Unity 2018.)  
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6 DISCUSSION 

 

 

During the conduction of literature review it was found that most of the VR applications in 

industry are currently used for visualization to facilitate the prototyping phase. It was also 

found that there is confusion how the term “VR” is used, and many of the studied articles on 

VR for industrial applications utilize only benefits that 3D modeling gives and provide 

simulations on usual displays without connection to VR headsets. There was no similar 

project found that would provide the whole factory in VR, let alone networking for such an 

industrial environment. The literature review helped to establish the existed need in the VR 

factory that would support networking and be simple enough to allow developers to adapt it 

according to their needs, therefore the research objective was set to develop a virtual 

industrial environment with a network of VR headsets utilizing Unity platform, which is 

chosen due to its wide recognition and user-friendly interface.  

 

The requirements that had been set for the developed environment in the very beginning of 

the research and after learning concepts that are used in VR can be divided to four groups: 

- users should be able to see and hear each other 

- users should be able to interact with the environment  

- the environment should represent a virtual copy of a real factory 

- the environment should be optimized to provide frame rate above 60 FPS. 

 

All these targets were met by the developed environment. The network is implemented in 

the environment using Photon Unity Networking package, that has client-to-server 

architecture and provides fast communication eliminating the need of connecting client to 

each other. Although PUN facilitates the process of creating a network for any developing 

application, as developers should not worry about protocols, serialization, and 

deserialization, adding network to VR has its own challenges, that were solved in the 

research. The connection to the network was based on few existing projects, however 

multiple scripts and components were developed for fully functional system. The developed 

components and additions are as follows: avatar of the user, connection of the controllers at 

spawning, constant updates on hand positions, as well as scripts that would hide the avatar 
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for the local client and script that would handle ownership transfer to allow the position and 

rotation of the interactable object to be updated via network. 

 

In the environment 5 types of different interactions were created: interactions with UI; 

interactions with whiteboard; interactions with objects, affected by gravity; interactions with 

objects, that become interactable only when two users are involved; and  interactions with 

objects, which entail subsequent actions to happen. It is important to note that the lathe 

machine operation was simplified and divided to a dozen of main steps, as operation of the 

industrial machinery is too complex and intricate task to be developed without consultation 

with specialist. Unity components, VRTK toolkit components, PUN components were used, 

as well as scripts, developed by the researcher to connect these components between each 

other, imitate real world actions, such as operating the lathe machine, and synchronize 

actions by network.  

 

For the environment to represent the real factory more than 30 different 3D models were 

either downloaded and optimized or developed by the researcher. 3D models’ libraries, such 

as GrabCAD, CGTrader and TurboSquid, and Unity asset store were used to facilitate the 

process of creating the environment. However, it is worth noting that modelling of a 

complete copy of the factory was not set as a target of the current research, as it would require 

a team of people working on the graphics for the environment and the goal was set to present 

only all the major equipment and areas. 

 

The results, provided for cases 1 and 2 in section 4, confirm the importance of optimization 

for VR in terms of model optimizations, scene optimization and project settings. For case 1 

with multiple non-optimized models and not optimal project settings it is visible in figure 41 

that it takes for more loaded frames more than 22 ms for a frame to be prepared by GPU and 

more than 16 ms – by CPU, when the acceptable time is no bigger than 10 ms. This leads to 

use of reprojected frames, which are represented by the red line on the GPU plot, and means 

that frames are presented in the display at a different time that they were intended for. The 

cyan line presented on the GPU plot is another characteristic of interest. It represents the 

number of VSync (Vertical Sync) intervals before the frame was prepared, that should hold 

steady at 1, whereas for the environment of case 1 it varies from 1 to 12. VSync is a 
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technology that synchronizes the frame rate provided by the processing units and the refresh 

rate of VR headset’s display, so the value above 1 means that it fails to do that. 

 

The performance results are significantly better for the environment of case 2 with optimized 

models, but not optimal project settings, as shown in figure 44. It is visible that it takes for 

more loaded frames around 13 ms for a frame to be prepared by GPU and around 14 ms – 

by CPU, that however still slightly bigger than the acceptable value. The number of VSync 

intervals for this case is steady 1, although reprojection of the frames is still required. 

Therefore, the research also covered finding and describing the optimal settings for the 

environment. The results for the developed environment with optimized models and found 

optimal settings are presented in figure 47 as performance results for case 3. For more loaded 

frames it takes around 6 ms for a frame to be prepared by GPU and around 7 ms – by CPU, 

that is within the acceptable range. The number of VSync intervals for case 3 is steady 1, 

reprojection of the frames is not required. 

 

Environments for case 1 and 2 without optimized models and/or optimal settings are not able 

to provide overall frame rate even above 60 FPS, which is paramount for smooth VR 

experience and avoiding experiencing VR sickness. This sickness is a complex phenomenon, 

which happens when mismatch occurs between body movements and visual senses. VR 

sickness causes symptoms, that are similar to motion sickness and may include general 

discomfort, sweating, pallor, headache, nausea and even vomiting. Therefore, it is 

developer’s responsibility to provide system that would minimize causes of the sickness. 

The polygon count, culling, draw call batching, rendering settings – all affect system 

performance, although the effect of each of them separately was not studied in the current 

research, therefore one of the suggestion for further work is to assess the impact of each of 

these factors to the performance individually. 

 

The obtained results of experiments from section 4 confirm that developed environment is 

optimized for VR experience and that environment allows to maintain overall frame rate 

above 90 FPS, which is required to provide an imitation of vision and to eliminate possible 

flickering visible in VR headset on lower refresh rates. The obtained feedback from users 

testing the environment confirm that environment provides smooth VR experience, clear 

networked sound and movements, although some connectivity issues between base stations 



77 

 

 

and VR headset or controllers occurred, mainly because it was not possible to mount base 

stations to the walls as proposed by the developer.  

 

The further development of the project may also include further filling of the environment 

and adding other interactions, developing a user-friendly drag-and-drop system for better 

planning (currently planning is only possible in editor mode in Unity) and working on more 

immersive effect in general. For the latter 3D sound can be added to the interactions and 

virtual body can be developed. Implementation of body tracking and hand tracking without 

controllers (gesture recognition) are a few options to consider when adding the virtual body. 

VR experience can also be enhanced with locomotion tracking (possible, for example, with 

VR treadmills) and haptic feedback, which is implemented in the current research only when 

the pen touches the whiteboard. The network interactions within users can also be improved 

with actions possible only when multiple users interact with an object.  
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7 CONCLUSION 

 

 

The recent appearance of relatively low-cost VR technologies makes them an integral part 

of the modern world. Although VR was widely introduced to the public by gaming industry, 

these technologies are broadly researched for the last decades for educational and training 

purposes, planning, communication, and entertainment in the architecture, construction, 

automotive, military, healthcare, and manufacturing industries. However, there is a 

confusion exists when analyzing the articles and web resources devoted to VR, as this term 

is also applied for the environments that provide simulations on the displays without utilizing 

the possibilities of VR headsets. Nevertheless, each year there are more areas of usage of 

VR glasses and immersive environments and many of them were introduced in this research, 

as well as history overview on VR technology since its inception. Other topics covered in 

the research are concepts used in VR headsets related to stereoscopic viewing and tracking. 

Special preparations of the image for VR display due to use of wide-angle lens, such as 

ocular distortion correction and chromatic aberration correction, were discussed. 

 

The thorough literature review confirmed that there is a need for the VR industrial 

environment that would allow human collaboration and teamwork and will be simple enough 

to allow users to adapt it according to their needs. Therefore, the virtual industrial 

environment with a network of VR headsets was developed in Unity platform, supporting 

20 concurrently connected via Internet users. Users can see and hear each other in the 

environment, as well as interact with objects. In overall, five types of interactions were 

implemented: interactions with UI; interaction with objects, affected by gravity or 

constraints; interaction with objects, allowed only when two users are involved, such as 

lifting heavy objects together; interaction with objects inducing effects, such as rotating of 

the feed control handle of the lathe machine, that starts animation of the spindle rotation; 

interaction with ray casting for a whiteboard to draw and erase. For the lathe machine a 

multiple of interactions were developed to allow a simplified operation with machine to be 

conducted in order to remove a metal layer from a workpiece, from placing the workpiece 

into the chuck to choosing the revolution speed and turning on the feed.  
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The developed environment utilizes software provided by VRTK and SteamVR for 

interactions, API Open VR as interface between the VR software and hardware, packages 

Photon Unity Networking and Photon Voice for synchronizing the position and orientation 

of both players and interactable objects. C# language was used for scripting.  

 

The virtual environment represents a simplified virtual copy of a real workshop of a 

company “Jotex Works Oy” with all the major equipment and areas. The developed 

industrial environment has 3 simplified boring machines, 3 lathes, 2 CNC milling machines, 

drilling machine, hydraulic press, press brake, guillotine shear, band saw and welding 

equipment including welding robot and TIG welding machines. Possible applications of the 

environment include the education industry in general, facility planning and advertising 

purposes for the factory in particular.  

 

Both the challenges related to reconstruction of the real factory and challenges related to 

creation of virtual environment in general are presented in the research. As the large factory 

scene may contain thousands of virtual objects, the optimization was a crucial topic 

discussed in the research. Such techniques, as frustrum and occlusion culling, LOD, draw 

call static batching and GPU Instancing were used, as well as optimization of models for 

VR. The Unity project settings, such as forward rendering path with built-in render pipeline, 

4 x MSAA and single-pass stereo rendering, were used. The effect of the applied 

optimization techniques and settings to the performance results was tested and the results, 

which confirm the necessity of optimization, were provided. The research proves that 

although VR technology matured a lot in the last decade, the current state of technology and 

processing powers is not able to provide a truly realistic view in a large scale open-world 

scene. 

 

The obtained performance results and feedback from users testing the environment confirm 

that environment provides smooth VR experience with average frame rate above 90 FPS, 

clear networked sound, and movements. The users, who have tested the environment, did 

not report any adverse effects. There was no dizziness or nausea, which are usual symptoms 

of VR sickness. 
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The suggested further work on the environment includes developing a user-friendly drag-

and-drop system for planning, further filling the environment, adding sound to the 

interaction with a lathe, and experimenting with gesture recognition and body tracking for 

creating a virtual body.  
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APPENDIX I 

Simplified layout of the factory. 

 


