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Abstract 

Universities and educators are challenged to provide quality education capable of equipping students for the needs of the 21st 
century workforce. Learning factories have proven to be a promising environment in the educational ecosystem, not only for 
training and preparing students for new industry relevant challenges but also as a place to introduce and educate them about 
new technologies. It is clear that in order for high quality engineers to be educated, they must be exposed to value enhancing 
technologies that not only serve basic functions but can also be scalable, robust and easily integrated into a manufacturing 
environment. To facilitate the broader introduction of such technologies in an optimal and goal-oriented manner, a Real Time 
Locating System (RTLS) has been identified as one such technology capable of providing real-time data, visual dashboards, 
material/process tracking and personal tracking. In this research, the evaluation of an Ultra-Wide Band (UWB), Bluetooth, 
Ultrasonic and Optical Real-time Locating Systems (RTLS) has been performed to identify a set of use cases whereby the 
breadth of benefits and challenges of RTLS can be maximized for educational value. This initial study serves as the basis for 
continued work evaluating the suitability of various I4.0 technologies according to educational value and aims to identify a 
positive correlation between future technologies and learning factory education. 
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1. Introduction 

Digitalization in manufacturing, often associated with terms like Industry 4.0, smart manufacturing, or 
Industrial Internet of Things (IIoT) is an established and still accelerating field of research, highly relevant to 
educational Learning Factory’s (LF). To meet the needs of a broad user base, LF are required to show case and 
integrate the most relevant and appropriate technologies. While the integration of new technology into a LF can 
enable enhanced functionality, not every solution is ideal since the value derived may misalign with LF objectives 
and the resources required, and costs associated can be prohibitive.  RTLS is one such enabling technology that is 
used in many areas of industry, including manufacturing, transportation and logistics industry, however, has 
limited use in most LF’s. Understanding how this technology works and being familiar with its applications can 
provide students valuable insights into how data based solutions can be used to support manufacturing systems 
(e.g. for lean manufacturing, impact of layout changes). 

Real-Time Location Systems (RTLS) enables the tracking and monitoring the precise location of people, assets 
or other resources with the help of software, mobile app, or other tracking technologies. It is often used in a variety 
of industries such as healthcare, warehousing, manufacturing, or logistics where real-time feedback about 
processes, events, and other business-critical activities are required. With RTLS, organizations can understand 
how and when various activities occur, which helps increase productivity, reduce costs, and improve operations. 
The ability to precisely determine the location of people and assets can enable organizations to better manage 
operations through enhanced visualized logistics, and ability to generate data valuable in making key decisions.  

While there are a number of RTLS technologies that have been applied to industrial factory’s, the practical 
value of each technology type (UWB, Bluetooth, WiFi, RFID, Ultrasound) remains relatively unclear for 
educational learning factories. Within educational environments, RTLS can be employed to increase safety and 
security of students (spatial awareness), to better manage operations and resources, and to ensure that resources 
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are being used efficiently. To help identify the educational value of RTLS and support integration into LF’s, this 
paper presents a breadth of benefits and challenges associated with implementation [1].  

2. Overview of Real-Time Locating Systems 

Real-Time Locating Systems (RTLS), refers to a specific tracking system that uses technology such as radar, 
GPS, Wi-Fi, RFID, and cellular networks to track the location of objects and assets through the combination of 
hardware, software, and communication networks to identify, track, and monitor objects or people in real-time [2]. 
This is accomplished through the utilization of detection devices such as sensors, tags, or transponders that are 
placed on physical assets and transmit data to a computer or anchor (gateway) for real-time analysis or monitoring 
of motion as shown in Figure 1. RTLS technology is used for various applications such as tracking the location of 
medical equipment in a hospital, locating vehicles and store inventory, and facilitating warehouse efficiency. 
 

 
 
 
 
 
 

 
Figure 1: General principle of RTLS in factories [2] 

RTLS systems within a controlled environment can monitor, collect, and communicate data related to the 
location of products, equipment or personal in real time, allowing for enhanced security and automated 
management [2]. Understanding the position of people, equipment, products, components, and other objects 
historically has relied heavily on the creation of flow diagrams, process maps and other tools that take large 
amounts of time and resources. By being better able to know the speed of movement and location of 
products/materials it is possible to shorten production cycles and provide workers more time to be productive [9]. 
RTLS serves as a consolidated source of information that can support students/managers better understand how a 
facility performs through different interventions allowing for each loop to be a point of reflection. When applied 
RTLS can improve student’s conceptualization of inventory and asset tracking, simplifying the process of locating 
misplaced products or materials and calculating different process times (Inventory Management, Asset Tracking, 
Oder Tracking, Quality Assurance Route Optimization, and Facility Planning/Improvement). 

2.1. RTLS Technologies   

RTLS most commonly utilizes Wi-Fi, UWB, Bluetooth, RFID, Global Positioning System (GPS), or a 
combination and commonly used forms in manufacturing (and beyond, e.g., sports, hospitals) due to scalability, 
relative cost, and reliability [3]. Despite the general benefits of RTLS, signal interference, tag deployment, and tag 
management (charging, placing, maintaining) present challenges. These challenges can be further worsened when 
misaligned to novel/unprecedented use case requirements, as well as general boundary conditions (e.g., size and 
complexity of location, temperature, geometry, equipment) [3, 4]. As shown in Table 1 the ranges (Low, Medium, 
High) refer to the average measured and reported values for commercially available technologies [2]. 

Table 1. RTLS Technologies and Applications [4] 

 
• WIFI utilizes wireless infrastructure such as wireless access points, on or near building premises to determine 

the real-time location of objects and people. The ability to track a high number of personnel/assets in real-
time (e.g. military bases, airports, power stations, or research facilities), scalability, increased safety and 
security, and operational efficiency makes it ideal for the coverage of diverse assets[5]. 

• Infrared utilizes tags placed on an assets that flash a unique ID at a fixed interval, which is picked up by a 
stationary reader. These systems are highly accurate but are expensive and require a direct line of sight. These 

Technology Cost Range Accuracy Bit Rate Limitations 
Wi-Fi Medium Medium Medium (3-4m) High ISM band - Interference  
Infrared  Medium High/Medium Very High (0.1) Medium/Low Requires direct line of sight. 
Optical Medium High/Medium High (0.3-0.5) Very High Requires direct line of sight. 
Bluetooth Medium Medium/Low (10m) Medium (0.5-1m) Medium ISM band - Interference  
RFID-Passive Low Medium (30m) Medium (0.5-1m) Low Unsecure 
RFID-Active Medium/Low High (60m) Medium (3m) Medium/Low Unsecure 
Ultra-Wide Band High/Medium High (70m) Very High (0.2m) Very high Metallic objects interference 
Ultrasonic Medium Medium High (0.3-0.5m) Medium/Low Line of sight, limited range, RF 

signal interference 
GPS  Very High Medium (3-5m) High Not well suited for indoors.  
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types of systems are commonly used in areas that require precision accuracy, such as in warehouses and 
hospitals, or in safety-critical applications such as airports and manufacturing plants [6]. 

• Optical systems use optical sensors and image processing algorithms to track objects in real-time. The image 
algorithms can provide predictive analytics to improve the forecasting of individual assets, as well as provide 
an electronic audit trail for all recognized assets. This technology is scalable making it suitable for large 
logistics and supply-chain operations, however personal privacy must be considered [2].     

• Bluetooth RTLS uses Bluetooth beacons to track the movement of Bluetooth-enabled devices such as phones, 
tablets, laptops, and more [7]. The RTLS system consists of three main components: beacon transmitters, 
receivers, and software. The benefit of Bluetooth includes accuracy, scalability, cost-effectiveness, and 
privacy. By leveraging wireless communications, such as Bluetooth, RTLS can track the movement of people 
and objects in real-time with sub-meter accuracy. Furthermore, Bluetooth RTLS can be scaled up or down 
depending on the size of a facility, making it an ideal system for large and small businesses alike.  

• RFID systems use active and passive approaches to monitor and track motion. When an RFID-tagged object 
passes through the antenna field, the signals are detected, and the tag’s unique identifier is sent to the system’s 
computer which stores the location of the item in a database [3]. RFID systems have a number of advantages, 
including cost-effectiveness, accuracy, scalability, and reliability. RFID RTLS are known for their 
affordability, since all the components can be purchased readily, and RFID tags can be reused. RFID systems 
have good accuracy levels, since RFID tags can be accurately tracked even when they are moving.  

• UWB systems use broadband technology with a minimum bandwidth of 500 MHz, to prevent interference 
with other radio-frequency systems. In contrast to Wi-Fi, UWB maintains higher accuracy, but at a higher unit 
costs. The high bandwidth associated with this technology allows it to have a higher resolution in timestamp 
signals, and data latency. The benefits of UWB include scalability, accuracy, and long-range. This makes it 
ideal for large-scale applications such as warehouses, airports, and retail stores [3]. 

• Ultrasonic systems use a series of ultrasonic beacons placed throughout a given space that send out inaudible 
sound waves. As objects pass in proximity of the beacons, the device reads the reflection off the object and 
calculates the object's exact location [8].The advantages of this technology include the ability to pinpoint 
accurate location data, scalability, and compatibility with wireless networks.  

3. Role and Value of Real-Time Locating System in Educational Learning Factory’s 

Recognizing that each technology has benefits and limitations it is critical to consider the use case and LF 
environment where the system will be deployed.  Figure 2 illustrates the range of applications of RTLS in a LF 
according to the associated Learning Paths and Learning Actions identified from 2 Academic programs and 12 
involved factory members. In addition to structuring and documenting functionality, data can be combined data 
from different factory objects or RTLS systems. 

Figure 2. Relationships between LF Learning Paths and RTLS Systems 

Electronic copy available at: https://ssrn.com/abstract=4470408



Surname, Name CLF 2023 

4 
 

3.1. Order Tracking 

RTLS can be utilized to make monitor, the flow of materials/orders through a fact-based method, helping to 
reduce subjective interpretations. Since the tracking system is collecting data continuously, a concise overview of 
the processes and material flow can be generated at any desired moment in time or at fixed intervals giving the 
students and LF team a series of data points by which process improvement strategies can be implemented. These 
historical and real-time data captures can then be stored together in a database making their comparison much 
easier and enables for the performance of the system to be determined by comparing the performance parameters 
of different individual processes. The use of RTLS for such order tracking activities allows for different 
applications by users and be used to gauge the impact of diverse situations/changes in the LF, or it can be used for 
continuous monitoring where a student can continuously monitor and check for the most valuable improvement 
areas. RTLS for order tracking can make the process more effective and robust, also making the collection of data 
simpler and cost effective. Most importantly, the collected data is much more accurate and reliable than that 
collected from handheld time measuring devices like stopwatches or from observations of operators although it 
was observed that the accuracy of the system deteriorated when moved to an industrial environment.  

3.2. Asset Tracking 

Asset tracking can be a highly time consuming endeavour, as it involves locating physical items and assets that 
can be anywhere within a building or organization In recent years, the growth of smart technology has enabled 
smart factories to automate and optimize diverse workflows both inside and outside the production line. Therefore, 
access to real-time location data would be of tremendous assistance in enhancing the production capability of a 
smart factory. Similar to industry, asset tracking is important within LF’s as it allows for valuable resources to be 
tracked and located which increases accessibility and ensures that moveable equipment is properly maintained, 
secure, and accounted for. RTLS helps the LF team and learners to tackle common problems in LF’s production 
scenarios like missing tools and equipment, latent performance concerns, bottlenecks, and assembly line delays. It 
also allows the LF team to easily detect and respond to any unauthorized use of their assets [9].  

3.3. Inventory Control 

RTLS can provide important data insights into how, where and when goods are being moved and used. This 
can help optimize LF inventory levels and reduce wasted resources and costs. Inventory control in LFs mainly 
focuses to the order of necessary raw materials or required components for each station and relevant processes, 
and delivery to the next processing station. Inventory control by RTLS technologies helps the LF team and learners 
easily track parts and designed production processes which in turn leads to improved efficiency throughout the 
whole process. Additionally, with observation of the historical data of the RTLS technology, LF’s team can prepare 
the requirements for all possible LF’s layout and allocate resources more effectively to enhance the capabilities of 
the LF for covering the intended learning objectives [9]. 

3.4. People and Awareness 

People tracking is important because it provides an organized understanding of past and current behaviour and 
trends. It helps businesses, organizations, and other entities make better decisions by analysing data and providing 
insight into consumer trends and patterns, as well as current and future market conditions. People tracking also 
helps identify potential opportunities or areas of improvement and can aid in the development of targeted solutions. 
Ultimately, it can help maximize customer satisfaction and lead to increased profitability. A  RTLS in an LF can 
be useful in situations when LF team need a quick report of where individuals are located throughout the LF 
environment, such as in emergency situations or attendance management. In an emergency situation, knowing 
where the learners are is paramount to ensuring their safety. Also gives the team a comprehensive visibility to the 
entire learners and mapping their exact location. This can be crucial especially when it comes to identifying the 
locations that the learners mostly clustering (Hotspots) for their related activities and considering the safety matters 
for those locations. Additionally, in respect to attendance, LF's administrators can determine who is in the LF 
environment and when, as well as monitor and tack individuals who leave the LF during active hours [10]. 

3.5. Workstation Tracking 

Workstation tracking in manufacturing is a system used to monitor and track employee time and productivity 
at each workstation. The system can be used to identify bottlenecks in the manufacturing process, identify where 
efficiencies can be made and improve overall production. It records data such as worker performance, machine 
downtime, maintenance, materials needed and other factors to help better plan and manage production. 

3.6. Safety and Security 

RTLS can increase situational awareness and safety awareness. By allowing personnel to be located and tracked 
in real-time, it allows organizations to respond faster to situations, reducing the risk of any preventable danger. 
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Additionally, RTLS can be used to increase safety metrics, by providing increased control and visibility over 
safety-critical operations. Safety and RTLS are important for a wide range of reasons. Safety of personnel and 
assets is paramount for ensuring efficiency and productivity in any business. When deployed, RTLS systems allow 
for better monitoring and tracking, as well as improved safety. RTLS can also contribute to improving overall 
security by providing access control, emergency notification, and surveillance capabilities. RTLS can also be used 
to track and monitor assets and personnel, ensuring that everyone is accounted for, and that the overall safety of 
employees is improved. Ultimately, safety and RTLS is important for ensuring the overall health, safety, and 
wellbeing of everyone in the workplace [10]. 

4. Deployment of RTLS in a New Learning Factory 

 The technical analysis underlined the different profiles of RTLS technologies are in general capable to be used 
in learning factories. As introduced in Section 3, feasibility and favourability is highly dependent on the 
requirements and boundary conditions of the learning factory under evaluation. The LF where these technologies 
have been deployed is a new infrastructure and part of a broader academic learning path offered for bachelor and 
masters engineering students (bridging multiple academic programs and involving a diverse set of educators). 
Within the evaluation of the suitable RTLS technologies the learning paths (Lean, Industry 4.0 and Layout 
Planning) and RTLS functions (Order Tracking, Asset Tracking, and Workstation Tracking) were defined (Figure 
2) in order to support the understand the traceable elements and most suitable technology. Based on the choices 
made to support the needs of the LF and enhance the value derived from the different RTLS technologies, two 
technology types were selected, UWB and Ultrasonic due to the high degree of flexibility, scalability, and data 
resilience.  

Due to the high industrial relevance and accuracy UWB was selected as the primary RTLS system in the LF 
and has been used in a more research driven manner (research and education on RTLS) than the secondary 
ultrasonic system. This has allowed for multiple use cases to be defined and for the comparative study of 
technologies, tags, anchor configurations, communication protocols and development of digital tools (Digital 
VSM). A recent study of Optical vs. UWB found that while an optical solution can be effective in complete 
detection of defined types of objects (e.g. all humans in an area), a UWB tag based RTLS is preferable when it is 
necessary to have distinct identification and tracking of individual objects (of different types/sizes) or even direct 
interaction (e.g. in case of navigation). The right side of Figure 3 illustrates the different between the measured 
actual-position (black dot) and average detected-position (red dot), while the left side of the image shows the 
accuracy variance with multiple UWB configurations. 

 

 

 

 

 

 

 
Figure 3: RTLS as research object in LF environments (e.g. technology comparison UWB and optical system) [2] 

In working towards the integration of RTLS in LF learning paths the UWB system has additionally been used 
to enhance educational activities by allowing students to track people, equipment, and assets to improve the current 
layout and prepare requirements for additional learning actions. The historical and real-time data (position) from 
the tag installed on each mobile equipment identifies the learner's preferences about the layout and shows various 
possible layout designs related to the defined production scenario. This data can be useful for the learners to 
evaluate their desired layout by a systematic analysis or utilizing simulation software. Also, the data is useful for 
the LF team to evaluate each layout and prepare the requirements to be ready in case the learners chose any layout. 
As mentioned before, UWB RTLS accuracy strongly depends on the line of sight between the tags and anchors. 
Therefore, the optimum RTLS configuration (the number of anchors, position of each anchor, and communication 
between the anchors and the RTLS server) was identified experimentally. To validate the UWB RTLS data 
(positions), the LF shopfloor was divided into 32 individual zones (each zone 1m2). The UWB RTLS data for each 
zone were compared with the actual positions to analyse the error. The detectable error for each zone was 
considered during the evaluation of different layout designs and integrated into a digital value stream map that 
converted UWB RTLS data into a VSM (Figure 3). 

Once the RTLS was selected and set up, it was able to automatically collect the data digitally while the VSM 
application handled the data processing and generation of maps to demonstrate the feasibility of the solution 
according to the LF learning paths. The combination of RTLS with VSM showcased the practical feasibility of 
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integrating UWB into the LF and allowed the user to bring the dynamic LF nature into VSM since it can be 
generated at any given instant of time (Figure 4). 

 
Figure 4: Educational case for RTLS in LF - Digital VSM for lean/ manufacturing system course [11] 

In addition to UWB, an Ultrasonic RTLS has been used to enhance the LF learning paths by focusing on the 
educational value and learning actions at a workstation level. The ultrasonic RTLS is able to track parts and 
components moving between or within each workstation at a high accuracy (beyond that possible with any other 
system currently available). While UWB is suitable for a large area of detection, ultrasonic RTLS is designed for 
precise localization of the objects in a smaller area such as a workstation. Therefore, two anchors were installed 
on each workstation to detect the position of the tag installed on the components or the container including different 
components to track the position on the workstation or while moving to another workstation. The outcome of the 
Ultrasound RTLS helps the LF students with inventory control and asset tracking. For instance, the learners could 
observe the spaghetti diagram of the Ultrasound RTLS for the activities related to a complete assembly process 
and obtain the precise locations of the component  and perform a time study for each process. In the end, the 
learners utilized the time study results to optimize the process flow and sequence of tasks in each process.        

5. Discussion and Conclusion 

Integrating RTLS into a LF enables for multiple learning paths and associated learning actions to be addressed, 
facilitating a shift in how students learn to apply technology and leverage data in their decision making process. 
The RTLS solutions introduced in this paper helps to train students and can when properly applied facilitate both 
research driven education and experiential learning. In this paper the technologies presented were presented 
according to a limited set of use cases, however, have shown significant value in the educational activities 
undertaken in the LF. Nonetheless, this is the beginning for RTLS integration and additional use cases will be 
explored and evaluated to better understand the critical value derived from motion tracking in LF’s.  
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