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1. Research topic 

1.1. Actuality of the research topic 

New developments in both logistics and industry have made it possible to rethink solutions in 
many areas. This is also true for new principles such as the Physical Internet and Industry 4.0. 
The Physical Internet is one of the most defining directions for the future logistics system, just 
like the Industry 4.0 approach in the industry. The research aims to apply Industry 4.0 solutions 
to improve the operation of logistics networks based on the Physical Internet and optimize 
logistics goals. 

New targets have emerged due to the logistical challenges of recent years, such as the lack of 
drivers worldwide or unnecessarily long routes in the supply chain. Among the goals, the 
primary role is that logistics should also contribute to the world's sustainability by operating 
a resource-efficient system. One of the most defining concepts is the Physical Internet-based 
network, which was conceived by Montreuil (Montreuil, et al., 2012). The Physics Internet 
describes an open, global logistics network whose foundations were inspired by the Digital 
Internet. The concept breaks with traditional transport, storage, material handling functions 
and implements a more flexible, dynamic, sustainable network, an essential element of which 
is the cooperation between the participants. The current importance of the topic is motivated 
by the ubiquitous sustainability objective, which requires not only logistics innovations but 
also the integration of vehicle technology innovations. 

1.2. Research aims 

The main goal of my research in recent years is to contribute to the world's sustainability, 
which affects the field of logistics in many ways. The problems to be solved are multifaceted 
and cross-sectoral, which require a break with traditional solution methodologies, and a new 
approach is needed to achieve the new goals. Based on the statistical results of recent years, 
CO2 emissions are steadily increasing, and reducing them is considered one of the most 
challenging economic sectors due to the continuing growing demand for road freight 
transport. The importance of this area is strongly reflected in the ambitious target set by the 
European Commission (2011) to reduce CO2 emissions by 60% by 2050. Such high 
expectations can only be achieved through a multifaceted approach (Larsson, et al., 2015). In 
addition to reducing emissions, the main goal is to promote the increasingly efficient use of 
existing resources through innovative tools. In my opinion, it is crucial to continuously spread 
global collaborations, which can also be considered a cornerstone of future goals, and to 
implement technical achievements that promote environmentally friendly operations to an 
appropriate extent and can be utilized. 

I examine the general stated goals through Physical Internet-based logistics networks. 
Identifying with technical advances and a new approach, I analyze the applicability of Industry 
4.0 tools. The open system envisioned by the Physical Internet allows for the logistical 
examination of vehicle technology innovations. Finally, by combining innovations in the areas 
mentioned above, my goal is to set up concepts of new operational solutions that will facilitate 
the implementation of an efficient and sustainable resource system for the future. 
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2. Organization of the results achieved 

In the dissertation, I reviewed four main areas. I first examine the field of Industry 4.0 and 
then the basics of the Physical Internet as one of the most defining future logistics concepts, 
which proposes a solution to the problems of logistics sustainability. I then reviewed state-of-
the-art automotive solutions by outlining the main trends. I closed the first chapter of the 
dissertation with artificial intelligence, where I focused on machine learning, then neural 
networks and reinforcement learning methodologies based on the logistical applicability and 
the criteria difficulties of the currently available quality data. 

At the beginning of my research, I explored the synergy between the concepts of Physical 
Internet and Industry 4.0, based on which I found that the most applicable Industry 4.0 tools 
in the Physical Internet-based logistics network are cloud, Big data, RFID, decentralization, 
simulation and system integration. Among these pillars, I attached outstanding importance to 
simulation based on the development of complex systems and the study of operating 
algorithms. I formulated the statement in my first thesis. 

I continued my research by examining the automotive aspects of the Physical Internet. 
Reviewing the logistical aspects of vehicle technology trends, I found in my second thesis that 
the interconnected vehicle and the platoon-based transport organization contribute the most 
to implementing the Physical Internet. Based on this, I further investigated the platooning 
concept. 

In the framework of my third thesis, I defined the operating mechanism of a network that 
includes virtual nodes and fixed centers by setting up a theoretical model. My main goal was 
to set up a theoretical model that supports reconfiguration between platoons. In addition, it 
provides additional organizational capabilities by incorporating virtual nodes into the network. 

I then further discussed the possibility of creating platooning in the Physical Internet system. 
During the simulation study, I analyzed the difference between the basic operating model 
(where the platoons are organized only at the starting point) and the models operating by 
inserting a virtual meeting point. I also defined two different algorithms, the heuristic 
algorithm, and the reinforcement learning approaches. Based on my results, I found in my 
fourth thesis that the cooperation of platoons is more profitable if we dispatch vehicles more 
often from their starting station and the number of vehicles entering the system is also high. 
Based on these, I believe that the proposed algorithm may provide an appropriate method to 
coordinate platoons in the Physical Internet-based network. 

Finally, in my last and fifth thesis, I define the intralogistics conversion of the Physical Internet 
by determining the components and supporting the established theoretical model with 
simulation studies. Based on the results, I concluded that achieving the sustainability and 
flexibility needed for future challenges is supported by establishing a PI-based intralogistics 
system. 
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3. Novel scientific results 

3.1. 1.Thesis – Connection between Physical Internet and Industry 4.0 

As the first step of my research, I defined the components of the Physical Internet. It is a global 
challenge for the world to keep up with customers' velocity and quality of service. The Physical 
Internet concept offers a solution to problems by creating a sustainable network (Montreuil, 
2011). I organized the components into three main groups: the physical, IT, and control 
groups. The components of the Physical Internet system are summarized in Figure 1. 

 
Figure 1: Physical Internet components 

Physical components include π-container, π-hub, π-sorter, and smart objects. IT components 
include the Track & Trace system, the open, global logistics web, and the open monitoring 
system, while control components include hub-and-spoke transport, a unified framework, and 
webbed reliability. With this framework, in my opinion, further research on the Physical 
Internet system can be established. 

Industry 4.0 is an emerging strategy characterized by intensive use of long-standing and new 
information and communication technology innovations. Its basis is not determined by its 
tools and systems but rather by an approach to how humans and machines could form a 
standard system (Bohács, et al., 2015). The approach is constantly evolving. There is no clear 
boundary that defines where we consider a system to be an Industry 4.0 system. Concerning 
Industry 4.0 pillars, it is worth clarifying that there is no explicit grouping of which 
technological tools and innovations can be linked to the definition of Industry 4.0. Among the 
Industry 4.0 tools, as I did not aim to create another grouping according to the aspect, I used 
all the forms of appearance found in the literature (Bohács, et al., 2015; Saturno, et al., 2017; 
Vaidya, et al., 2018). 

After defining the components of the Physical Internet and the pillars of Industry 4.0, I 
elaborated on which Industry 4.0 tools and functions support the components that appear in 
the Physical Internet system. The summary is shown in Table 1 shows which Industry 4.0 
element affects which PI component. If there is a relationship between them, the table is 
marked with an ‘x’. 

The density of ‘x’ signs shows which Industry 4.0 devices are of paramount importance to the 
Physical Internet. It can be said that the technical elements and components defined by the 
two trends have many common intersections, but there are also technological tools that are 
less or not at all relevant to PI, such as additive manufacturing (3D printing). 
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Table 1: Applicability of Industry 4.0 pillars in the Physical Internet based system 

 

The developed analysis table made it clear that the most appropriate tools include cloud, Big 
data, RFID, decentralization, simulation, and system integration. Simulation plays an 
essential role in the development and operation of the Physical Internet system. As it is a 
diversified and complex system, the individual examination of each of its components does 
not necessarily lead to correct results on system level. 

 

The details of the thesis are included in Chapter 4 of the dissertation. 

Related own publications: 

(Puskás and Bóna, 2019a), (Puskás and Bohács, 2019b) 

  

I developed an analytical table on the applicability of Industry 4.0 tools in the Physical 
Internet system. I concluded that simulation as an Industry 4.0 technology tool has a 
prominent role in developing, designing, and operating physical Internet-based systems. 
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3.2. 2.Thesis – Automotive industry aspects of the Physical Internet 

In the history of humanity, we can say that vehicles have radically changed the earth’s natural 
environment (Nikitas, et al., 2020). Physical Internet is also a paradigm shift in terms of 
transport, as according to the metaphor-based concept, freight would be exchanged as 
seamlessly as data via the Internet (Ciprand & Cruz, 2018). In examining the concept of the 
Physical Internet, it would be impossible to abstract from the automotive aspects of the 
system when configuring such a new system. 

Emerging new technologies, digitalization, and increasing automation have revolutionized 
several industries, of which the automotive industry is no exception. Nowadays, changes have 
accelerated, technical systems are undergoing radical transformations, and novelties appear 
in all life areas. Several industry players and experts agree that trends driven by technological 
advances are reinforcing and accelerating each other. In the automotive industry, various 
development guidelines can be defined entirely independently of the field of logistics, of 
which I have reviewed the most important trends for the Physical Internet, which are the 
following: 

• Connected vehicle 

• Automated vehicle 

• Electric vehicle 

• Shared vehicle 

• Platooning concept 

Automated, shared vehicles are expected to radically accelerate the market penetration of 
electric vehicles. The proliferation of services based on increasing vehicle sharing and 
emerging autonomous and electric vehicle technology can disrupt the operation of 
transportation systems  (Narayanana, et al., 2020), especially when combined with platoon 
transportation. 

The PI concept embodies the idea of a global interconnected network into which the 
innovation of connected vehicles based on a similar theory can be easily incorporated. The 
availability of real-time data on the position of vehicles and their free capacity is crucial for 
the efficient operation of freight transport  (Ballot, et al., 2021). With the integration of 
modern and innovative technologies, routing and disposition problems can be said to be an 
important area of development in the field of logistics. With advanced information and 
communication technology, it is possible to solve freight transport more efficiently. The 
Physical Internet system places particular emphasis on the alternative routing issue. Routes 
that exist in the world of the Digital Internet can be static or dynamic (Badach & Hoffmann, 
2019). In the case of static routing, data is transmitted through predefined nodes. We can say 
that this case is already realized in the physical world as well. Dynamic routing means that the 
nodes in the network are responsible for finding the best route based on considerations such 
as cost or transmission time. PI hubs can be mapped as Digital Internet network nodes 
(Routers). These transit points do not necessarily have to be static. Mobile hubs or dynamic 
meeting points may provide a possible design solution (Kaup, et al., 2020). In this model, 
transshipment points (PI hubs) decide how to continue the transport by vehicles, which can 
even involve the exchange of units between vehicles to achieve more or less capacity to 
reduce costs. 

The information required for control may be provided by connected vehicles running in the 
system. If the vehicle does not have such a connection, the driver sitting in it can easily connect 
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to the Internet on his mobile device (Tran, et al., 2014). In this way, vehicles on the road play 
a role in decentralized, real-time decision-making. The most appropriate solution may be the 
information provided by the vehicles, as the vehicles already basically have an onboard 
computer (Kaup, et al., 2020). The data collected is beneficial to programmers if it is located 
where the cloud-based solution seems appropriate (Kaup, 2017). This would create a virtual 
marketplace for PI users (Kaup, et al., 2020). 

Concerning the conditions of vehicles based on Physical Internet-based systems, we cannot 
ignore the newer and newer vehicle technology innovations that appear more and more 
intensively in parallel. Modularity and flexibility, which vehicles must also meet, will be 
central to the future PI-based logistics network. Based on the details of the dissertation, 
developments based on connected vehicles are significant in PI-based logistics networks. The 
PI concept incorporates a global interconnected network into which the innovation of 
connected vehicles based on a similar theory can be easily incorporated. In such a system, the 
entities within it (people, machines, and even infrastructural elements) are capable of 
continuous communication, aiming to strive for a constant optimum while resolving a current 
situation. If the network is made up of interconnected elements, they can consider the 
characteristics and objectives of their own and the other elements involved in a given decision 
situation. The interconnection also significantly increases the available data, which leads to an 
even more complex state of the system. System components such as goods, vehicles, material 
handling equipment, and infrastructure elements are highly interdependent. By 
interconnecting, however, we can achieve a continuous interaction between these elements, 
with which we can model the logistics system of the future as a system-level, unified network. 

Reviewing the physical components of the Physical Internet, π-centers play a prominent role 
in managing connected vehicles. Based on the information provided, it would provide a 
mutually beneficial solution for vehicles. For PI control components, information on coupled 
vehicles is provided by the Track & Trace system. This information would create a cloud-based 
virtual marketplace for PI users through the open, global web. Furthermore, the open control 
system allows the monitoring of connected vehicles. The relationship between coupled 
vehicles and PI's control functions is affected by the organization of transport tasks. Using the 
information and communication capabilities provided by connected vehicles, it is possible to 
reorganize transport tasks dynamically and flexibly. The unified framework provides the 
transmission of the decisions made through a reliable cloud-based network. 

Next to the idea of a future interconnected network, it is essential to highlight the 
opportunities available to vehicle platoons. Among the physical components of PI, vehicles 
traveling between π-terminals can also communicate within a specific scope through 
communication, which can consider each other's destinations. Depending on the platoon's 
capacity (the number of vehicles allowed in a platoon), connecting on the road would be 
possible. This would even allow for dynamic and flexible modification of preliminary plans. By 
defining virtual transfer points between π-centers, the platoons could not only be connected, 
but even the platoons could be exchanged between vehicles. This allows platoons to 
reconfigure their composition as they make their way. Recombination of platoons can further 
increase the flexibility of the system. The future logistics system would consist of a 
combination of additional virtual nodes and fixed, fixed PI centers. 

PI’s IT segment provides an opportunity for platoons to connect, depending on their capacity, 
through the open, global logistics web. In addition, the Track & Trace system can provide the 
ability to modify preliminary plans dynamically and flexibly based on the information 
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provided. The hub-and-spoke control component of the Physical Internet provides an 
additional opportunity to maximize the benefits of organizing platoons. In the case of vehicles 
traveling between π-hubs, it is more likely that the vehicles will be arranged in a platoon with 
a common purpose. If communication between vehicles is ensured, they can contact each 
other, and if the conditions are met, the platoon can be provided by a unified framework. 

 
Figure 2: Systematic connection between the Physical Internet and the connected vehicle and platoon concept 

 

The details of the thesis are included in Chapter 5 of the dissertation. 

Related own publications: 

(Bohács and Puskás, 2018b), (Puskás and Bohács, 2019c) 

  

I analyzed the state-of-the-art automotive solutions for the further development of the 
Physical Internet (PI). I formulated the systematic relationships between modern 
automotive solutions and the corresponding functionalities of PI. Based on this, I found 
that the connected vehicle and platooning functions support the implementation of PI 
the most. 
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3.3. 3.Thesis – Virtual nodes in a Physical Internet-based network 

Vehicle routes must be synchronized to provide a platoon system. Synchronizing vehicles 
means connecting the routes of two or more vehicles. The of the synchronization determines 
the place where the vehicle can spatial dimension be synchronized (fixed or variable points), 
and the temporal dimension determines the order in which the vehicles must reach the 
synchronization point (simultaneously or with a priority) (Mankowska, et al., 2011) 

The operation of networks with transshipment nodes can have significant advantages over 
networks based on direct transport, for example, by reducing operating costs. The reduction 
is due to the fewer routes made by vehicles, as not all vehicles have to complete the entire 
transport task between the station of departure and the destination but can set up joint 
routes using specific transit points. The problem of optimizing the waiting times of entities in 
the system is related to transshipment at such transit points. At hubs, the vehicle faces a 
decision on how long to wait to still benefit from it, thus saving costs. The results for public 
transport demonstrate that savings can be achieved by keeping vehicles properly (Sun & 
Schonfeld, 2016; Alesiani & Gkiotsalitis, 2018). 

In order to maximize the full benefits of platoons in the future, it will be necessary to 
modernize transport networks. In the defined network, the functionality of the Physical 
Internet system can then be assumed: the definition of fixed transit points open to PI users 
and the ability of vehicles and platoons to communicate with each other and make decisions. 
In this regard, I examine a network based on a general Physical Internet system to supplement 
the network of existing terminals with virtual nodes. 

The question to be examined is, therefore, if there are additional possible nodes 
(intersections, stops, car parks) for an existing system in a general PI network, then where 
should the x and y coordinates of the location of the virtual reconfiguration point be located 
depending on the actual shipments. The information required for configuration is carried with 
each vehicle. The block diagram of the proposed theoretical model is illustrated in Figure 3. 

 
Figure 3: Block diagram of a theoretical model of a Physical Internet-based system with a virtual transfer point 

Thus, there are predefined, fixed hubs in the examined logistics network. These are fixed in 
the system and can accommodate and reload multiple vehicles. Each predetermined center is 
characterized by a service time corresponding to the time required to transship the goods, 
according to which a platoon comprising the current number of vehicles is launched from one 
center at given intervals. In addition to these, there is a virtual transit point in the present 
study where vehicles can change platoon and thus reconfigure themselves. In the logistics 
network of the Physical Internet, the condition for regrouping is that the vehicle that wants to 
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change platoon arrives earlier or at the same time as the platoon wants to join. Otherwise, 
the redeployment can only be resolved with the expectation assumed by the other platoon.  

The task of the model is to optimize the location of the virtual transfer point, for which I 
recorded two possibilities: 

• Analytically determined center search or 

• application of simulation optimization. 

For analytical implementation, I use the result of a center search using coordinates algorithm 
for the discrete starting and ending points, for which the outgoing and incoming material flows 
are known according to the transport needs. In the case of simulation optimization, after 
making the decisions, the simulation performs the necessary transport tasks, and then, after 
performing all the transport tasks, it calculates the value of the objective function. The next 
step in the process is to examine the optimal location of the virtual meeting location. The 
test is performed using simulated annealing based on gradient descent. The simulated 
annealing method accepts a new coordinate pair calculated with the value of the specified 
step interval if the value of the corresponding objective function is smaller than the previous 
one. Thus, by examining the displacement of a location from a given location in each 
coordinate direction, the simulation selects the x, y coordinate pair with the smallest 
objective function value. If, based on the procedure, the simulation does not find a better 
location, it accepts the x, y coordinate pair belonging to the worse solution with a predefined 
probability value during the simulation. The simulation always runs again to the specified 
iteration number after the new virtual transfer point is selected. 

During optimization, the goal is to achieve the least amount of time spent in the system by 
considering all vehicles. Because the distance traveled in the system under study is 
proportional to time, and there are no costs to create and terminate virtual transfer points, 
so the most crucial feature of the system is time. It is the time from the arrival at departure 
to the arrival at the destination of a given vehicle, including travel and waiting times. 
Comparing the two methods, a transshipment point with a lower objective function value is 
accepted, i.e., the sum of time spent in a minor system for all vehicles. 

A computational example is presented to illustrate the theoretical model presented. The 
theoretical example illustrates the operation of the model and the available results for a four-
node system placed in a coordinate system. The sample network is illustrated in Figure 4. 
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Figure 4: Virtual node theoretical model illustration of the calculation example sample network (own editing) 

The sample network consists of two origins and two destinations arranged in the theoretical 
x-y coordinate system. In the network, during the example, two platoons are dispatched from 
starting stations 1 and 2. The platoon launched from departure station one consists of 2 
vehicles, while the platoon launched from departure station two consists of 4 vehicles. In the 
virtual center, the platoons reconfigure themselves, making it possible in the present case for 
both platoons to visit only one destination. 

I implemented both methodologies with program code written on the MS Excel VBA interface. 
Using programs created on the MS Excel VBA interface, I performed two different simulation 
runs. First, starting from the theoretical origin, i.e., the (0,0) coordinate point, I started the 
search for the location of the virtual center for both methodologies. In the second simulation 
experiment, I started the search from the center of gravity determined as a function of the 
four nodes and the number of vehicles belonging to them. 

Based on the results, there is no significant difference between the analytical and the 
simulation-based solution in the case of the illustrated calculation example. Furthermore, 
starting from the origin, the methodology reached a similar result as the simulation calculated 
from the ideal center of gravity. However, it should be emphasized that by determining the 
location of the virtual center and reconfiguring it based on the traditional, i.e., non-
cooperative operation, the system was able to achieve a 30.98% more efficient operation. 

 

The details of the thesis are included in Chapter 6 of the dissertation. 

Related own publications: 

(Bohács and Puskás, 2018b), (Puskás and Bohács, 2019b), (Puskás and Bohács, 2019c) 

I developed a theoretical model for transportation within the Physical Internet system 
that supports the platooning concept by creating virtual nodes installed during 
transportation planning. 
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3.4. 4.Thesis – Creating platoons in the Physical Internet system 

To make better use of the benefits of the transport tasks performed by the platoons, I created 
a new theoretical model. In the model, I assumed that the trucks involved in the supply chain 
could communicate and interact with each other. Both fixed and virtual nodes in the network 
are open to all PI users. In addition to locating virtual centers, the model also includes an 
accurate selection of vehicles that create platoons. The purpose of the model is to find, in 
addition to the given operating parameters, which platoons are worth cooperating to reduce 
or even minimize the total cost determined by the objective function. First, I presented a 
heuristic algorithm that provides a possible solution for platoon cooperation, and then I 
detailed a solution using reinforcement learning (RL) artificial intelligence, which wants to 
minimize the objective function. The size of the state space is greater than 660, an order of 
magnitude of difficulty in handling the motivation to apply deep reinforcement learning. The 
agent's decision (virtual dispatcher) changes the current state of the environment at each 
review time. The action characteristic of the decision is an integer in the model, the value of 
which can be [0.9). Each integer represents a departure-destination pair. 

The second algorithm uses reinforcement learning in combination with neural networks (DQN 
- Deep Q-network). An overview of the model is illustrated by the block diagram shown in 
Figure 5 below. 

 
Figure 5: Platoon organization model - block diagram 

The diagram shows the required input parameters at the top left, such as the start and 
destination requirements for the vehicles (which are constant parameters in the model), the 
fixed review interval for the model, the travel times, and the coordinates defining the stations. 
Based on the information, platoons involving the specified vehicles will depart from the 
departure stations. The vehicles are continuously generated with the essential information: 
the point of departure and destination and the arrival time at the point of departure. The fixed 
time interval for a given run determines how often vehicles can start from the starting 
stations. This predefined interval will be an important parameter when examining the model. 
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The model's output is the final delivery and associated waiting times, the number of platoons 
for the completed transport tasks, and the coordinates of the current virtual center for the 
execution of the given transport task. The main constraint conditions appear at the bottom of 
the block diagram. The model ignores technological and legal constraints, does not address 
taxes and fees, and does not address travel uncertainties (Larsen, et al., 2019). 

The total cost that determines the objective function is composed of three components 
according to Equation (1): the cost of fuel, the cost of waiting, and the cost of labor for the 
driver. All three cost factors can be modeled as linear functions. The total cost consists of the 
sum of the three components converted into EUR as follows: 

C(𝜃) = Cf(𝜃) + Ct(𝜃) + Cp(𝜃) (1) 

In Equation (1), Cf(𝜃) includes the cost of fuel, Ct(𝜃) the cost of waiting, while Cp(𝜃) includes 

the cost of labor for the vehicle driving the platoon, and 𝜃 represents the set of decision 
variables. 

In the first algorithm (heuristic), the goal is to provide a solution for platoon cooperation. The 
operation of the algorithm is shown in the flowchart illustrated in Figure 6. The second 
algorithm uses the reinforcement learning method shown in Figure 5 in combination with 
neural networks. Through actions, the agent interacts with the environment, which observes 
its status. And then the environment feedback to the agent based on the goodness of the 
action. The goal is to learn the goodness of strategy. 

In the present model, the agent can be mapped to a virtual dispatcher who decides on the 
collaboration of platoons for each vehicle. Based on the steps of the first heuristic algorithm, 
this decision corresponds to the second and third steps, which are also illustrated in Figure 6. 
The process of the reinforced learning solution is the same as the heuristic algorithm except 
for these steps. 

The environment for reinforcement learning is provided by the starting points, destinations 
and the vehicles in the network. The reward function is -1 times the objective function 
presented in Equation (1) described earlier. The status (es) always corresponds to the number 
of vehicles waiting at the departure stations for the given revision time. 

Three simulations were performed in a Python environment to evaluate the results of the 
algorithms. The three simulations represent three different operations: in the basic case, 
there is no cooperation between the platoons, in the case of heuristics, the program uses the 
first algorithm to calculate the platoon cooperation, while in the case of RL: the reinforcement 
learning (RL) based algorithm is used by the program to calculate the platoon cooperation. 
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Figure 6: Platoon organization model - heuristics and reinforcement learning algorithm (own editing) 

Overall, platoon cooperation is more profitable with shorter review intervals and higher 
incoming vehicle numbers. The basic model offers the lowest cost if we can reach the 
maximum number of vehicles allowed for platoons. Based on the above, I believe that in a 
Physical Internet-based network, the proposed algorithm may provide an appropriate method 
for coordinating platoons using virtual centers. 

 

The details of the thesis are included in Chapter 7 of the dissertation. 

Related own publications: 

(Puskás and Bohács, 2019b), (Puskás and Bohács, 2019c), (Puskás and Bertalan, 2019d), 
(Puskás et al., 2020) 

  

I developed a reinforcement learning-based method in artificial intelligence machine 
learning that supports platooning concepts within the Physical Internet-based system. 
Simulation studies verified the effectiveness of the model. 
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3.5. 5.Thesis – Intralogistic conversion of physical Internet 

Current global logistics and supply chain management practices are unsustainable. Therefore, 
there is a clear need to create economic, environmental, and social sustainability (Treiblmaier, 
et al., 2020). In this respect, the importance of intralogistics systems, which can be defined as 
part of the supply chain, should not be overlooked either, as growing and fragmented 
individual needs also pose a growing challenge to these systems. Given that intralogistics is a 
fundamental cost factor for many companies, it can be seen as a focus of operational logistics 
activities (Karakaya, et al., 2017). 

In order to be able to model physical Internet-based intralogistics systems, it is essential to 
determine the components required for the system. The intralogistics conversion of each 
component is summarized in Figure 7. I review the previously defined extralogistics 
components and how they can be transferred one-to-one to intralogistics systems. 
Furthermore, in intralogistics systems, I map the current solutions, the applicability of system 
elements and examine the compatibility of the new technological achievements of Industry 
4.0, which appears in intralogistics. 

 
Figure 7: Intralogistics conversion of Physical Internet components 

Because the possible factory structures have many different options, I tried to focus on a basic 
layout to illustrate the general applicability of the PI system. The fundamental goal of the 
structure created in the new approach is to break with the traditional operational logic and 
implement an innovative manufacturing network system based on the Physical Internet. In 
the model, I examine a simple manufacturing process with five different product paths. Based 
on Figure 8, the conventional system represented by the black arrows has nine different 
transport links, representing a different material handling activity. Material handling machines 
traditionally travel only between designated locations, always on one route. 

In contrast, all vehicles are used on all routes, between all points in the PI concept. In terms 
of additional system components, the raw material warehouse and the semi-finished 
warehouse are transformed into fixed π-hubs so that all PI users (vehicles) can access the 
goods stored on the racks. In addition to the machining area and the paint shop, virtual π-
hubs were created. Due to the small distances of the intralogistics, virtual π-hubs’ locations 
do not change during the study. Not only do we need to model the flow of KLTs full of parts, 
but we also need to pay attention to the reverse logistics of empty crates. Therefore, most 
routes are two-way. Routes (3) and (6)… (9) point in one direction only because only the 
packaging needs to be returned to the raw material warehouse. 
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Figure 8: PI-based and traditional factory structure model 

An illustration of the factory in AnyLogic® version 8.7.2 is shown in Figure 9. The colored lines 
illustrate the five product paths. Gray and yellow show the two routes delivered directly from 
the raw material warehouse to assembly 1 and 2. The red and blue lines represent the 
materials that are first machined (red) or painted (blue) and then stored in the semi-finished 
product warehouse before being transported to the assembly plant. Green is the most 
complicated way the product is first machined, then, after painting, stored in the semi-finished 
product warehouse and finally transported to the assembly. Nine AGVs (automated guided 
vehicles) perform moving tasks in both the conventional and PI-based systems. 

 
Figure 9: 3D illustration of the sample factory 

The transport method is the same for all relations and movements, so I have standardized 
this part into a separate flowchart block. The structure of the block is illustrated in Figure 10. 
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Figure 10: Flowchart block responsible for movement 

Based on the results, integrating the Physical Internet as a new way of thinking into 
intralogistics systems is also worth implementing. Its return is expected to be lower than an 
extralogistics system, but the new structure and mindset open many new possibilities 
compared to traditional systems. Achieving the sustainability, flexibility, and higher 
efficiency needed for future challenges is clearly supported by the creation of a PI-based 
intralogistics system. 

The inefficiency indicator is characterized by the utilization of the transmission capacity of 
AGVs in proportion to the distance traveled. Based on this, as illustrated in Figure 11, the larger 
the time value of the control event, the better the system in general. The initial high value is 
related to the normal distribution parameters used for KLT generation, as KLTs arrive in the 
system too infrequently for a 5-10-15 minute start. Thus, except in said low (5,10,15 minutes) 
time values, the PI-based system can operate more efficiently. This is because enough KLT can 
now flow in the system for the interconnected system to reach its usefulness. 

 
Figure 11: AGV ineffectiveness from 5 minutes to 60 minutes test 

 

The details of the thesis are included in Chapter 8 of the dissertation. 

Related own publications: 

(Puskás and Bohács, 2019c), (Puskás et al., 2020), (Puskás and Bohács, 2021a), (Puskás et al., 

2021b)  

   

  

        

  

      

 

               
 

                    
                                

                  

              

                                 

                       

                             

                                   

                               

           
             

    
    

                                      

                

             

I defined the intralogistics transformation of the Physical Internet by transforming 
components based on extralogistics systems. Simulation studies confirmed the model. 
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4. Future research 

Completion of my dissertation does not mean the end of elaboration and examination of the 
research topic. In the coming years and decades, professionals will face significant challenges 
in meeting the growing and fragmented needs, adapting dynamic and flexible supply chains 
to achieve a sustainable network. In parallel, these challenges often set conflicting goals to 
reduce pollution while increasing efficiency, flexibility, and availability. Participants in the 
global network have different motivations, which can cause additional difficulties in meeting 
globally set expectations. In order to operate the system of the future, I consider it essential 
to examine the issue of global and local tasks, as both global and local changes are needed 
for clearly defined goals. However, it is essential to consider the control level of the tasks 
presented to us effectively. 

In connection with this, I consider it worth mentioning the issue of the platoons analyzed in 
my dissertation, for which there is more and more research in the international literature. As 
a result of the research, the organization of platoons globally poses too complex a range of 
problems for fast and efficient operation, so local control comes to the fore with different 
methodological solutions. Local control is closely related to the networks that hub-based 
ones. The basis of the network assumption is that we can distinguish between fixed and 
virtual hubs in a Physical Internet-based system. The organizational possibilities of the 
platoons should be used in appropriate cooperation with each other, taking into account the 
elements of the Physical Internet-based logistics network structure. Accordingly, the 
definition of a general framework facilitates the organization of platoons, which physical 
solution should be connected to which physical component of the Physical Internet. The 
Physical Internet system consisting of fixed and changing hubs provides a network structure 
suitable for scheduled, real-time, and opportunistic platoons. 

The intensive progress of the vehicle technology solution of the platoons requires the 
organizational issue to catch up as soon as possible, so further research on this topic is one of 
my short-term plans. Further research is needed to utilize better the potential of the 
methodology I have presented in the dissertation. In the future, I also consider it worthwhile 
to consider combining a heuristic and a reinforcement learning-based algorithm to achieve a 
system that is expected to operate at a lower cost. It is also worthwhile to perform further 
analyses in connection with the review times that control the launch of platoons, not 
assuming fixed times, but to determine the optimized value for a given moment, depending 
on the system's state. 

In my opinion, future research should emphasize the integration of intralogistics systems into 
the Physical Internet-based network, in addition to extralogistics issues. The concept 
presupposes the existence of cross-border cooperation that can be considered necessary in 
the future, which will undoubtedly impact internal processes as well. In this respect, it is 
necessary to investigate further the compatibility of intralogistics systems with a Physical 
Internet-based network. As a medium-term future research direction, I consider it important 
to identify and define the difficulties of meeting the border area as an extra- and intralogistics 
process, based on which a generally applicable framework can be formulated to support 
companies' transition to Physical Internet-based systems. To this end, I think it is worthwhile 
to examine the possibilities of integrating existing tools and methodologies into the Physical 
Internet by reviewing practical solutions, both in extra- and intralogistics systems. 
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Analyzing the process elements that make up the transition, such as delivery processes and 
transshipments, requires special attention to effectively build the two intertwined networks 
and become a PI-based network. 

In the long run, I would like to extend my research to study practical applications that would 
support companies to embark on change through concrete case studies. Above all, my plans 
include a comprehensive survey of companies ’attitudes, expectations, and thoughts 
regarding the Physical Internet-based concept. To the best of my knowledge, there is currently 
no comprehensive empirical research on the concept of the Physical Internet. 

The main visionary goal is to achieve zero emissions by 2050, which is served by the proposals 
formulated by the guidelines grouped into categories. The survey would provide feedback on 
the vision of the Physical Internet thanks to the practical approach represented by companies. 
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