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Executive Summary 
This report describes work carried out under Task 2.2 (‘Networking, routing, shipping and 
encapsulation layer algorithms and services’) under Work Package 2 (‘Cloud-based PI Control and 
Management Platform’). It is the second instalment (out of three), providing a reference design and 
implementation for core networking, routing, shipping and encapsulation layer protocols and services. 
Initially, the current practice for the transport process is discussed, identifying main stakeholders and 
their roles. Then, building upon the first instalment of the deliverable (D2.3), it captures the 
interaction of all OLI Layers and Services along with the entire transport process. Furthermore, the 
report addresses the interactions between the various transport stakeholders and the PI and studies 
all data transactions among the PI Services and in particular Shipping, Networking, Routing and 
Encapsulation. A brief outline of the scope of those Services is provided below: 

• The Shipping service is defined as “a set of functions and rules which express an explicit flow 
for the management of a shipment of goods and its state through an end-to-end trip, with 
considerations on handling possible deviations”. The Shipping service enables a shipment to 
be handled in PI terms by expressing the rules and conditions and communicating appropriate 
data requests and contracts to other PI services. Once shipping instructions are produced, the 
shipping service will be able to find the last known location of a PI container as reported by 
the PI Tracker and the time it was reported. 

• The Networking service captures the network space available and its static and dynamic 
properties that enable the identification of path options available that the cargo will follow 
towards its destination (via the PI network).  The role of Networking is to establish (collect, 
analyse) all crucial real-world information for planning and dynamically adapting the 
operation of the PI network services and PI infrastructure. Starting from identifying the 
relevant nodes and links of the network (scale, modes and aggregation level), it is also 
essential to capture real time information as well as predict future states where possible, in 
order to inform efficient operational decision making. 

• The Routing service builds upon the routing algorithm proposed in first version of this 
deliverable (D2.3) and extends the algorithm to take into account various constraints and 
optimization objectives defined by four LLs in the ICONET project. The objective functions and 
constraints are based on the generic version of the Vehicle Routing Problem. Routing 
optimization is applied on a network graph is provided by the networking service with π-Hubs 
as nodes and roads connecting those PI-Hubs as edges. The cost of route between various π -
hubs is defined as edges weights. The objective of routing service is to find the best path 
between two PI-Hubs considering travel time, distance, reliability and CO2 emission costs for 
a given set of constraints.  

• The Encapsulation services is responsible for the optimal loading of cargo into PI containers. 
By registering available containers to be used for loading (populated by the Network and/or 
Physical layers), and by parsing the products/containers contained in an order, the functions 
of the encapsulation will achieve efficient assignments of cargo. A bin packing problem is 
proposed for the encapsulation algorithmic problem that can greatly optimize loading factors 
across end-to-end PI enabled shipments.  

Finally, a Routing case study is presented illustrating the PI capability, to accommodate route planning 
that goes beyond current multimodal transportation algorithms where the switching of cargo is not 
only between modes but also between routes crossing different transport networks. The next and 
final version of this deliverable will attempt to validate such services for shipping, networking and 
routing in scenarios provided by the Project’s Living Labs. 
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1 Introduction 
The main reason for transporting goods/products is to bring them from their original location to 
another one where they will become more useful/valuable.  And the main reason for logistics is the 
need to achieve that in an efficient manner. So, although methods and technologies for planning and 
executing transport and logistics methods have improved with time, the main premises still apply 
today.  PI promises to revolutionise how transport and logistics is practiced today, and to improve on 
critical variables such as emissions by reducing the number of the most emission producing trips and 
by improving on load utilisation. 

However, the core constraints and objectives business processes involved in planning coordinating 
and executing the transport of goods from origin to destination between destinations remain largely 
unaltered in the PI approach. What changes under PI is the range and possible combinations of 
different options for transportation, due to the increased interoperability/standardisation and 
interconnection of transport, logistics systems and processes. 

In this report we discuss the following transport and logistics processes under a PI approach: 

Encapsulation: How products to be shipped are encapsulated in modular π-packets that are then 
consolidated/deconsolidated into π-containers for transportation via the PI. 

Shipping: Shipping specifies what has to be transported and any constraints and restrictions about its 
transport. 

Networking: Networking defines the interconnected infrastructure of available processing, storage 
and transporting facilities (transport services, terminals, distribution centres, warehouses) through 
which the goods will be transported from their origins (manufacturing, distribution and other 
locations) towards their customer(s) locations. 

Routing: Routing is a process that creates a plan that describes the stage by stage detailed visiting and 
usage of networking nodes from origin to destination. 

 It must be noted that the above activities: 

• Have different planning horizons: long medium and short term 
• Take place at different stages, have different durations and may be repeated in the space of 

a single transport process.  
• Are supported by different IT systems (ERP, Transportation Planning, warehousing 

management, and others). 

Each activity receives requirements/constraints about one of the parties involved in the 
transport/logistics chain and makes decisions which are further communicated to and interpreted by 
other parties. In the context of PI these processes are further distributed and decentralised, since PI 
is a network of networks and each of the interconnected networks may be owned/controlled by 
different actors. 

1.1 Changes since last version of the report 
Version 1 of this deliverable provided a succinct and abstract definition of the shipping, networking 
and routing processes under PI. With analysis of real transport processes from the Project’s Living Labs 
and the development of a Generalised PI model (GPICs) in Work package 1, description of the PI 
processes was further elaborated. Therefore, this document contains a more extensive description of 
PI processes as well as an early prototype of a route planner under PI. Encapsulation is another 
transport activity under PI. This is a ‘physical’ process that requires specialised loading units (PI-
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containers) and other suitable handling and transporting equipment. The process is not explored in 
the Project from its physical dimension; however, some information aspects of encapsulation have 
been discussed in the first version of this report and also in deliverables D2.1 and D1.6. 

 In the next and final version of the document, further case studies of PI shipping networking and 
routing will be carried out with reference to the Project’s Living Labs and further shipping, networking 
and routing demonstrators will be provided. 

It is also expected that suitable case studies derived from the Living Labs will provide sufficient 
information for the elaboration of the encapsulation process. 

1.2 Mapping ICONET Outputs 
The purpose of this section is to map ICONET’s Grant Agreement commitments, both within the formal 
Deliverable and Task description, against the project’s respective outputs and work performed. 

Table 1 Adherence to ICONET’s GA Deliverable & Tasks Descriptions 

ICONET GA 
Component Title 

ICONET GA Component 
Outline 

Respective Document 
Chapter(s) Justification 

DELIVERABLE     

D2.4 PI 
networking, 
routing, shipping 
and 
encapsulation 
layer algorithms 
and services v2 

This deliverable provides a 
reference design and 
implementation for core 
networking, routing, 
shipping and encapsulation 
layer protocols and 
services. The 
services/protocols are 
organised as a stack, 
concerning the different 
levels of PI planning and 
operations. Each layer of 
the protocol stack will be 
realised as executable 
modules with well-defined 
interfaces that can be 
plugged in to the ICONET 
PoC Platform (version 1). 

Sections 2-7 

The report addresses core 
functions of PI as identified 
by the OLI/NOLI stacks. 
Where appropriate 
conceptual models of the 
services, algorithmic 
descriptions and/or 
prototype implementations 
are provided. 

TASKS    

T2.2 Networking, 
routing, shipping 
and 
encapsulation 
layer algorithms 
and services 

Design different PI network 
services, following the OLI-
based layered PI protocol 
stack  
More specifically, this task 
will define a stack of 
protocols for planning and 
executing logistics 
functions such as shipping a 
product over the Physical 
internet.  

Section 2 

Section 2 provides an 

overview of the shipping 

process under the PI 

approach 
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ST2.2.1 
Networking 
algorithms and 
services 

Explore algorithms for the 
smart assignment of PI 
containers to 
PI means on PI links, 
depending on the current 
status and projected load of 
the PI hubs, with a view to 
ensuring the flow 
of PI containers across the 
PI network. Investigate 
optimised decision making 
for the composition and 
decomposition 
(fragmentation) of PI 
containers at each PI hub. 

Section 4 

Section 4 discusses how PI 

networks are formed from 

collaborating PI hubs. It 

also discusses issues of  

composition/decomposition 

of PI container, their routing 

through the PI network and 

the overall management of 

the PI network. 

ST2.2.2 Routing 
algorithms and 
services. 

The aim of this subtask is to 
research and develop new 
analytical algorithms to 
support best route 
decisions,  
that considers hub 
topology, network state 
and cargo type. 
 

Section 5 

Section 5 mathematically 

formulates  the routing 

problem in PI , while Section 

7 introduces a prototype 

router. 

ST2.2.3 Shipping 
algorithms and 
services 

Investigate mechanisms for 
efficient and reliable 
shipping of (sets of) PI 
containers from shippers to 
final recipients. Study the 
management of the 
procedures and protocols 
for configuring the quality 
of service, monitoring, 
verifying, adjourning, 
terminating and diversion 
of shipments in an end-to-
end manner. 
 

Section 3 

Section 3 discusses the 

process of shipping and the 

IT infrastructure and tools 

that are required to support 

it, including a Cloud 

Platform and a smart 

contracts facility. 

ST2.2.4 
Encapsulation 
algorithms and 
services. 

Encapsulation algorithms 
and services. Identify and 
propose efficient 
encapsulation assignments 
of products within specific 
PI containers, considering 
existing and emerging 
standards for physical 
interoperability. 

Section 6 

Section 6 formulates the 

encapsulation problem in PI 

as a constraint optimisation 

problem and identifies 

potential solutions. 

 



 11 

1.3 Processes, Algorithms and services for PI shipping, encapsulation 
networking and routing 

 
In this report we analyse the processes of transportation under a PI approach. The automation of such 
processes requires suitable IT systems and services. Such services are software implementations of 
planning, routing etc., decision support algorithms. There are already many types of systems 
(Transport Management Systems-TMS, Enterprise Resource Planning Systems-ERP, Warehouse 
Management Systems-WMS and others) that provide such services to transportation users and 
performers. In this report we attempt to analyse the processes from a PI perspective, to identify if 
new types of decisions need to be supported, new information services to support such decisions, and 
new enterprise systems to be developed or current ones to be overhauled.  

One prototype such routing algorithm for PI is presented in this report. Further algorithms may be 
specified as PI models are applied to the Project’s Living Lab scenarios, and prototype IT services 
implementing such algorithms, are envisaged in the course of the Project. 

 

1.4 Deliverable Overview and Report Structure 
The report consists of the following sections. Section 2 provides an overview of main actors and 
activities involved in the transport (end to end) process. Then the process is decomposed into 
shipping, networking, encapsulation and routing services, providing definitions and high-level 
functionality. Each service layer is then extensively discussed in sections 3-6 respectively. Starting from 
a high-level description, a technical implementation for each specific layer is presented and layer 
specific protocols for delivering the PI service in an integrated way are proposed. A route planner 
software prototype is presented in Section 7. Section 8 summarises the work done in the report and 
draws conclusions. Section 9 contains bibliographical and reference resources. 
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2 Overview of The Transport Process 
2.1 Main actors and roles in Transport and Logistics 
Logistics and transport involve the coordinating effort of several organisations, each of them focusing 
on a different part of the logistics and transportation process. Although this may include organisations 
that have only an indirect role such as for example banks and insurance companies, for the purpose 
of this report we focus only on those organisational roles that are directly involved in the transport 
and logistics process.  

Their involvement as stakeholders in the transport and logistics processes can be due to them owning 
(initially or ultimately- i.e. as sellers and buyers), the goods that are transported, the equipment and 
other resources by which the goods will be processed and transported, or because they are 
coordinators of the different processes and activities involved. We define different roles for actors 
participating in transport. It is possible for the same organisation to assume multiple roles in the 
process. So, an organisation (or more accurately different legal entities within it) can at the same time 
be all seller and buyer, freight forwarder and carrier.  

Of course, under the PI approach previous centralised activities may become devolved amongst 
multiple parties.  It is more likely that multiple organisations may be responsible for each of the 
following roles, for a single transport act, rather than the reverse, i.e. the same organisation assuming 
multiple roles.  

For instance, in many supply/transport chains, the seller may utilise the services of a single (or small 
group) of carriers under a single contract. Under PI, where it is more likely that different carriers may 
be used for the different legs of transport, such carriers may not be in direct contract with the seller 
(or even under subcontract with the seller’s main carriers). 

With all the above taken into account, we define the following roles that will be taken by actors 
participating in the shipping, networking and routing processes discussed in the following sections of 
the report. 

Shipper 
The organisation that initiates the transport process by submitting a transport request to the freight 
forwarder. 

Customer 
The organisation that will receive the transported goods. 

Freight Forwarder 
The organisation that plans and coordinates/oversees the overall transportation process 

Carrier 
The organisation responsible for the physical movement of the goods 

Logistics Service Provider 
The organisation that provides services related to the transport of goods such as storage. 

Intermodal terminal (hub) 
The organisation that provides   the services to re-route or re-load goods onto different transport 
means, as they are moved towards their final destination, for example by trans-shipping. The hub can 
also provide other services, similar to those of the Logistics Service Provider. An intermodal terminal 
for instance, loads and unloads containers and trailers to and from rail wagons for movement by rail 
and subsequent movement by road. 
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Figure 1 visualising the steps of transporting via PI 

2.2 Main processes and activities of transporting goods via PI  
These are visualised in the figure above and summarised below: 

Shipping instruction: The transport process initiation activity where a seller (shipper) instructs a freight 
forwarder to ship its goods via PI. Shipping instructions are used for instructing shipping conditions 
such as size, volume, packaging, etc. 

Network design and network selection: This process requires the tactical planning and design of the 
transportation network. This can be the responsibility of the shipper organisation or the freight 
forwarder. Due to the characteristics of PI this will require collaboration (peering agreements) 
between π-hubs (intermodal terminals), carriers and other logistics service providers. This is therefore 
a tactical (long term) process. In contrast, network selection is the process of choosing amongst 
alternative network paths, based on the shipping instruction. In network selection the freight 
forwarder/transport planner decide (in association with, based on the shipping instruction received, 
the path(s) through the PI that the cargo will follow to its destination. This also includes the decision 
of how to split the cargo in multiple consignments that will be forwarded along multiple paths to the 
final destination.  

Transport route planning: Planning the transport route is also a collaborative based decision where 
out of the possible routes through the selected network, a suitable route is selected, based on the 
characteristics of the consignment and also on the state of the network (current and future) at the 
time of planning.  

Transport Execution: Transport execution includes the activities that physically move cargo towards 
its destination, possibly via intermediate steps (‘legs’) and involving switching between different 
logistics equipment and additional activities that for example store, bundle or unbundle cargo.  The 
order at which steps are followed can be pre-defined or a result of re-planning after the completion 
of each step. 

Pre-hauling: Pre-haulage is the first step of transport execution that involves the movement of the 
goods to the first point of transport (in a PI context, to the first PI hub node). For example, this may 
involve the provision of an empty container to the shipper and subsequent transportation of a full 
container to the PI terminal,  

Performance of each transport leg: The purpose of this is to bring the goods closer to the final 
destination. Each leg involves the movement of the goods using a particular transport mode between 
two intermediate route nodes (e.g. PI terminals/hubs). When the step is completed, the next leg of 
the route may be executed, based on the predefined plan, or the route may be replanned to take into 

Shipping 
Instruction

Network planning Route planning
Transport
Execution

shipper FF FF carrier terminal FF carrier terminal carrier

terminal LSP

FF

buyerseller



 14 

account the current state of the transport network and its components (infrastructure, services and 
the state of the cargo itself). 

Final leg: The final leg of the route involves the movement of the goods to their final destination within 
PI. When that happens, final processing activities (e.g. de-consolidation) may take place and the goods 
are available for collection. The party responsible for that is notified and the final activity, post-hauling 
can then commence. 

Post-hauling: This is the set of activities occurring after the goods have been delivered to the customer 
address and the goods carrying equipment (reusable packaging, pallet, container etc) must be 
returned to a selected location. For example, this may involve returning an empty container to a 
container yard belonging to a terminal, or to the carrier, shipper etc. 

 

2.3 The PI Services Workflow 
Once a PI Broker (usually a freight forwarder) receives an order to ship via the PI, a PI transport 
contract is produced within the Web Logistics layer. At that stage the order is associated to a set of 
rules and conditions that explicitly frame the limitations for meeting customer needs. It is the role of 
PI shipping, encapsulation, networking and routing services, to convert the rules and conditions of an 
abstract order into detailed shipping instructions. As illustrated in the flow diagram below this is 
achieved via a sequence of service interactions and data transfers, that are designed to enable: 

1. Handling any complexity of a transport order through standardized data modelling and 
protocols. 

2. Robust service layer interoperability and data exchange between services to offer the PI 
solution. 

3. Integration of operational improvement functionality in order to deliver enhanced cost and 
emission efficiency while meeting order limitations. 

To deliver the shipping instructions several PI services require to be incorporated. Starting from the 
standardised contract formal, the shipping service is called to convert the set of rules and conditions, 
into an explicit PI order terms and communicating them to appropriate PI services.  Where applicable, 
the encapsulation service layer is called to enable the efficient assignments and loading of cargo into 
PI containers. The PI container assignment data are then communicated to the routing and networking 
service layers that work together to produce the route assigned to the container. The networking 
service captures the network space available and its static and dynamic properties that enable the 
identification of path options available that the cargo will follow towards its destination (via the PI 
network. The network graph and the link and node status data are communicated to the routing 
service layer, that applies a routing algorithm taking into account appropriate optimization objectives 
and constraints. The routing service enumerates each path option to establish the best path between 
two PI-Hubs considering travel time, distance, reliability, consolidation opportunities and CO2 
emissions. 

A stakeholder facing interface implemented within the Web Logistics layer will have a great impact in 
increasing the Quality of Service opposed by the current classical logistics paradigms and their 
monitoring capabilities. The stakeholder will be able to query the Shipping service APIs, if they wish to 
have more granular control and information on the transport events as they take place.  

The following sections discusses in great detail of the four PI Services of interest to ICONET. In 
particularly the next 4 chapter look into functions and protocols under Shipping, Encapsulation, 
Networking and Routing layers. 
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3 Shipping 
3.1 Technical implementation for efficient and reliable Shipping under PI 
Following the initial analysis of the Shipping Services made in D2.3, this version of the document aims 
to further specify potential technical implementations of the Shipping mechanisms, establishing 
protocols or methodologies for achieving the specific goals outlined for the Shipping Services in 
previous documents (D2.3,D1.10), guaranteeing shipping of PI containers from shippers to final 
recipients. The following sections will describe services that were identified and will need to be utilized 
to perform and manage these procedures in respect to the overall concept of the Shipping Layer 
protocols. A short section will describe the design approach undertaken in order to iterate upon the 
conceptual and abstract nature of the OLI/NOLI models and how future technical implementations of 
the PI concept should not be constrained by these descriptions. Following the conceptual division of 
Shipping Layer into Order and Transport layers, identified services will be divided and described based 
on this division, which will then be used to describe the overall Shipping Layer protocol and how the 
mechanisms described can be used to achieve the targets set in ST2.2.3 of the DoA. 

3.2 Shipping Layer Protocol 
The following sections will describe the conceptual design approach taken to design the Shipping Layer 
protocol, describe the mechanisms identified as part of the Shipping Layer and evaluate how these 
mechanisms and the overall Shipping Layer protocol contribute to the reliable and efficient Shipping 
under the PI paradigm. 

 

3.2.1 OLI/NOLI Models for Shipping Services & Design Considerations  

Using the approach underlined in the OLI/NOLI models of the PI internet i  as a guideline, the 
interactions between layers can be used to better outline the processes of the Shipping Services. 

Table 2 Layers of OLI/NOLI models 

OLI  

Layer Name [1] 

NOLI 

Layer Name [2] 

7. Logistics Web 7. Product 

6. Encapsulation 6. Container 

5. Shipping 
5. Order 

4. Transport 

4. Routing 
3. Network 

3. Network 

2. Link 2. Link 

1. Physical 
1. Physical 
Handling 
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In the NOLI model, the Shipping layer of the model is further divided into Transport and Order services.  
This division is helpful in order to better conceptualize the separation of concerns when designing the 
Shipping protocol from a technical standpoint, while also being more closely related to the current 
state of logistics. As mentioned in D1.10 , it is important to note that while generally the layers of the 
NOLI model follow a top to bottom flow of information, in order to be able to better communicate 
and propagate needed data, inputs & outputs can travel both ways, not necessarily following the 
assumed order of the OLI/NOLI layers. Layers can also be unified or changed in order to serve more 
efficient flow of data and interconnection. In short, it is more useful to think these layers as a 
conceptual guideline while acknowledging that a full technical implementation could potentially 
generate a new conceptual paradigm. As such, the Transport layer will handle all the communications 
& data exchanges needed for a set of PI containers to be transported through the PI network, while 
the Order layer will monitor & update the PI order state from initialization to termination. An outline 
of the interactions between the proposed conceptual layers and the data flows can be seen in Figure 
1 below. 

 

Figure 2 Interactions between Layers/Components 
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3.2.2 Functions identified as part of the Order Conceptual Layer 
The Order Layer can be broken down to subservices, expressing various functions that are performed 
in the flow of the PI logistics. To start, the order service receives the initial non-PI compliant order and 
is responsible for mapping the data deriving from external ERP systems into a PI order, which contains 
all the necessary data and is represented through the PI data model. Essentially, the PI Order 
composer function divides and/or combines the initial non-PI compliant shipment into orders based 
on product constraints (temperature, humidity etc.) and/or shipping constraints (final destination, 
deadlines etc). These orders are then placed under a transaction.  This transaction, which essentially 
is a group of orders, is in place to ensure that despite the composition/decomposition of orders that 
might happen through the transport lifecycle of an initial non-PI order, the stakeholders that have an 
interest in this order can have a central access point that encapsulates all the necessary information 
and at the same time providing the necessary information to be able to re-bundle the original order 
after the various sets of PI containers reach their final destination, either for pickup by the relevant 
parties or for last-mile transport.  Another function needed for the order composition is responsible 
for gathering or composing and the necessary documents (at this stage, order dispatch notes), and 
analysing them to create the relevant product and shipping constraints. This constraints function will 
be responsible to pass the relevant data to the encapsulation services during the initial cost calculation 
and when the orders are physically composed, to ensure that the encapsulation process will take into 
consideration the varying conditions of the products contained in these orders. Additionally, the Order 
services are responsible for maintaining the state of the aforementioned orders and transactions. In 
case of an event which affects the order in any way, the information is propagated to the order service 
in order to update the status of the orders that it manages and notify interested parties. These events 
are generated from sensors residing in the PI containers, propagated through the IoT cloud platform 
and finally received by the PI platform and sent to the order layer. Finally, in a step towards fully 
automated and decentralized process, the order services will leverage the Blockchain Ledger, creating 
Smart Contracts, binding stakeholders and containing code  that will validate the constraints analysed 
by the constraints function, so that every time a new event is broadcasted the Blockchain ledger can 
automatically use the new data to validate against these preconceived requirements. Overall, some 
key functions of the Order services and the Shipping Protocol can be summarized as follows: 

• Order State management:  The order service layer serves as a receiver for IoT based events 
in order to update & manage the state of transactions & orders during the whole duration of 
the end-to-end trip. Additionally, the management process utilizes the innovation offered by 
the Blockchain ledger in an automated & decentralized way to be able to validate the 
constraints of an established order and generate impeachment information as well as notify 
the relevant stakeholders 

• Constraints function:  Special conditions deriving from product based or order-based needs 
of a stakeholder are recorded and propagated to the necessary components from this 
function. Notices for Special transportation needs e.g. min/max temperature, deadlines, sub-
orders, special handling etc. are all generated here.  

• PI order composer: The composer function is responsible for “transforming” external non-pi 
orders into PI orders and composing/these orders as needed using the common PI data model 
used across the PI platform and grouping them under “transactions”, using data from the Web 
Logistics Layer and creating relevant Smart Contracts in the Blockchain Ledger 
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3.2.3 Functions identified in the Transport Conceptual Layer 
The main purpose of the Transport Layer is to receive sets of containers organized by the 
Encapsulation Layer and manage the end-to-end trip from of the aforementioned sets from their initial 
starting location to their final ending location. Apart from a function that is required to generate the 
final shipping documents made necessary by legal constraints, this layer is responsible for managing 
the shipping state of the orders generated from the order layer. As the Order Layer is responsible for 
monitoring, updating and validating the overall transactions of the PI enabled orders, the 
Transportation Layer has the same responsibilities for the end-to-end trips of these orders. After the 
initial encapsulation of the items in PI containers, the relevant container Ids will be returned to the 
transport service. Apart from the association with the PI order, these ids will be forwarded along with 
the original order to the IoT cloud platform, which in turn will return an API key to be used for 
authentication/authorization in future connections and requests. Using data from the IoT cloud 
platform, the Transport Layer can propagate received events & information for time of departure, 
current location, as well as the final arrival of the PI containers.  The Transport Layer is responsible for 
utilizing these events in order to make further decisions about actions needed regarding the shipment 
of goods and informing other layers. Additionally, during the design phase this service is responsible 
for forwarding the initial Picking List from the barebone PI order to the router layer for the initial route 
planning and cost calculations. These actions can be best described in an Input/output table, some of 
which are found below:  

 

Table 3 OLI Layer Functions Input/Output 

Service/Function  NOLI Layer Input Output 
CreateOrder Logistics Web 

Layer 
Order arriving into PI 
ecosystem 

PI enabled Order 
(uses PI data 
model) 

InitializeIoT IoT Cloud 
Platform 
(Shipping) 

Order with container Id’s 
generated by item 
encapsulation 

API Key for IoT 
platform 
connectivity 

ValidateDestination Network Order with corresponding 
sets of PI containers 
originating from the 
Encapsulation function 

Valid destination 
or nearest valid 
destination which 
fulfils constraints 

RouteOrder Routing Order with valid origin & 
destination 

Order with 
optimized routing 
information using 
established 
links/corridors 

ExecuteItemEncapsulation Encapsulation PI order & products Updated PI Order 
& PI container ids 
associated with 
products 

GenerateShippingInstructions Transport Orders that have finished 
initial 
composition/decomposition 

Orders with 
corresponding 
shipping 
documents 

UpdateOrderState Order Orders with corresponding 
Shipping documents 

Order status 
update from 
documents 
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UpdateOrderByEvent IoT Cloud 
Platform 
(Shipping) 

IoT events Updated order 
based on new IoT 
input potentially 
triggering 
recalculations 
(e.g. ETA, 
rerouting) 

 

Any or all of the actions described above can be repeated as many times as necessary, pending receival 
of events such as arrival at PI hub (recalculation of the routing might be needed) or impeachment of 
order (part of order might need to be rerouted for safe disposal) etc. 

3.2.4 Established functions/goals of protocol 
Using the mechanisms described in the sections above, the requirements for efficient and reliable 
Shipping are achieved. The PI order composer and the constraints functions will configure the Quality 
of Service by ensuring the requirements set by the consignor party are propagated through the PI 
network and the various stages of transport. Utilizing the Blockchain Ledger and its Smart Contracts, 
the digitized Shipping Documents (as generated by the relevant Transport function) in conjunction 
with the events received by the IoT cloud platform, will validate that these constraints are not violated 
throughout the various steps of a PI order shipment. Furthermore, these events and the mechanisms 
triggered by them (as described in the Transport Layer) will be used to achieve greater monitoring 
capabilities by constantly updating the state of the order and relevant containers, which will be 
exposed to relevant stakeholders through the Web Logistics layer. Information such as ETA, current 
location, next link etc. will all be sourced from their respective layers and be used to update the PI 
order.  Adjourning of the order will be validated in two ways: firstly, by monitoring the aforementioned 
events to ensure delivery in the end destination by using geofencing along with container GPS data to 
ensure physical presence in the destination facility and secondly, by processing the relevant proof of 
delivery generated in the end destination. Early termination of an order due to an impeachment 
(violation of cost, time, product condition etc. constraints) will also be handled by the Shipping 
Protocol, initiated by the relevant events and will in turn start the process of disposing the materials 
if necessary and notifying the relevant parties.   

Finally, by making use of updates provided by the Routing layer and relevant events, the Shipping 
protocol can initiate a diversion of shipments by triggering a rerouting function.  In short, the Shipping 
protocol is responsible for decisions made in every phase of a shipment’s journey. These can be best 
described as the design phase, the initialization phase and the iteration phase. During the design 
phase, the relevant stakeholder asks for a quote on their planned order, providing the PI platform with 
a list of the goods they need delivered as well as origin and destination. This quote request triggers 
the mechanisms described in these services (encapsulation, networking, shipping, etc.) in order to be 
able to calculate the initial optimal route and it’s associated costs. The initialization phase is triggered 
after the stakeholder accepts the cost for their order and the physical shipment process begins. This 
phase will run the same services with that were utilized previously but also taking physical actions on 
the goods to be shipped. Lastly, the iteration phase is the actions that are made every time a shipment 
reaches a PI node. These actions are entirely dependent on the specific parameters of each order.  
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Figure 3 Simple visualization of different phases 

 

3.2.5 An example of a Shipping Flow 
To make the previously expressed functions clearer, an example is as follows: 

1. A party expresses the wish to ship goods through the PI 
2. The design phase is initiated: 

a. The order and the relevant goods are propagated through the Web Encapsulation 
Layer to the Shipping Layer as a PI order 

b. The picking list of the order is used in the encapsulation services to calculate needed 
containers/storage space/transport space with relevant costs, according to previously 
calculated constraints 

c. After the optimal theoretical encapsulation is calculated, the encapsulated picking list 
is forwarded to the Routing Layer  

d. The Routing Layer calculates the optimal route dependent on considerations 
expressed by the shipping party (e.g. CO2 emissions, fastest route, etc.) by utilizing 
data made available by the Network Layer. Calculation of transportation costs is also 
made here 

e. After the routing is complete, the information and associated costs of all services are 
returned to the Shipping Service which will return it to the Logistics Web Layer for 
Shipper Approval (if costs are acceptable or not) 

3. After the costs are approved, the initialization phase is executed: 
a. The order passes through the Web Encapsulation Layer, is converted to a PI order and 

a relevant smart contract is created 
b. The picking list of the original order is used to create a new actual encapsulated 

picking list expressed in PI containers 
c. The new picking list is forwarded to the Routing Layer, which along with the Network 

Layer will finalize the route. 
d. The routed & encapsulated order is forwarded to the Physical Layer, where actual 

stuffing of products into containers occurs 
e. The enriched order is returned to the Shipping Service Layer, which will use the 

relevant container Ids to request IoT connectivity information from the IoT Cloud 
Platform. 

f. After relevant health checks of the IoT devices, the Shipping Service will generate 
needed Shipping Manifests (depending on mode of transport) and will mark the order 
as ready to be shipped 

g. The order is shipped, the initialization phase concludes, and the shipment is marked 
as “in transit”. While in transit, the Shipping Services get updates from the onboard 
IoT sensors, which are used to check against conditions as expressed in the smart 
contracts 



 22 

i. In case of Impeachment (contractual obligations not met either by cost, time 
or product health) the Smart Contract validations will fail, and all interested 
parties will be notified. In the case that the goods being transported require 
special handling, the Shipping Services reinitialize the Routing functions to 
ensure safe transport and disposal to the nearest appropriate facility 

ii. In case of route unavailability, the Shipping Services are notified and 
reinitialize the routing functions to divert the shipment through an alternative 
route 

iii. In case of successful transit, the goods arrive at the next PI hub, where the 
shipping service is notified (via uploaded proof of delivery and geofencing 
information coordinated with gps location updates) and the in-transit status 
is suspended. 

4. After the goods arrive at the PI node, the iterative phase is executed (1…N times): 
a. Shipping services trigger PI Container re-encapsulation. Stuffing/Unstuffing of boxes 

occurs (if needed) in order to optimize loads in transport means. Constraints are taken 
into account for this process. 

b. Shipping services also trigger route checks for the next step in the end-to-end trip and 
recalculate the route if needed. 

c. Once all steps are concluded, the physical layer performs the necessary 
loading/unloading functions and notifies the Shipping Services once everything is 
done 

d. The shipping services generate the next set of Shipping Manifests required, and mark 
the order as ready to be shipped 

e. If order arrives at PI node N (final node in the trip), the products are unbundled and 
stored awaiting for pickup or last mile transport. 

A high-level view of the state management of the PI order can be expressed as a state diagram, found 
below. 
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Figure 4 States managed by the Shipping Protocol 

 

3.2.6 Shipping Services in the PoC 
Along with the description of the Shipping Services that is offered in the document, a first version of 
a generic software implementation has been deployed in the PoC environment. In this version, API 
endpoints are available for the initial steps of an order. An order can be passed & stored (in memory) 
in the Shipping Service software from the Logistics Web layer and the flow of the PI can be initialized 
by marking the order (containing products) ready for Item encapsulation. The order is then passed to 
the encapsulation service. Other functions, such as the shipping document generation have been 
designed but not fully implemented yet. As various functions are not in the scope of the shipping 
services and its software implementation is heavily reliant on availability and functioning prototypes 
of other layers, for this first basic version most of the functions are not operational. As such, the WP2 
simulation toolset will utilize a mix of Shipping Service software functions and internal functions 
simulating the end-goal functionality. In future versions, a more complete set of services will be 
developed, with the end goal being a complete implementation of most, if not all, of the functions 
described above, whether they are part of the shipping service implementation or if they need to pass 
through the shipping service. A short list of future development milestones follows: 

• Switch to a Continuous Integration / Continuous Development paradigm based on Amazon 
S3. The S3 storage will act as a repository where the software will be stored, pulled and 
executed automatically on updates 

• Secure communication with IoT Cloud platform (T2.3) and forwarding of events to relevant 
services 

• Direct communication with the blockchain ledger for Smart Contract validation (T2.4) 
• Dynamic registration of services/layers that communicate with the shipping services 
• Additional logic for more granular state management, integration with all services 
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3.2.7 Summary of shipping services 
In summary, the PI paradigm will be able to offer substantially more in terms of efficiency and 
reliability. The shipping services protocol can be defined as “a set of functions and rules (tied to strict 
data and state modelling) which express an explicit flow for the management of a shipment of goods 
and its state through an end-to-end trip, with considerations on handling possible deviations”. By 
receiving events propagated by the Cloud Platform, the shipping service will be able to find the last 
known location of a PI container as reported by the Tracker (ref. D2.6) and the time it was reported. 
Exposing this information to the stakeholder facing interface will have a great impact in increasing the 
Quality of Service opposed by the current classical logistics paradigms and their monitoring 
capabilities. The stakeholder will also be able to query the Shipping service APIs, if they wish to have 
more granular control by programmatically consuming the information made available to them by the 
Shipping Services.  Paired with the smart contracts residing in the PI blockchain implementation, a 
stakeholder can have up to date knowledge status  for their cargo across every PI node trans versed 
by the PI container in an end-to-end shipping scenario, being notified of any deviations or errors that 
may occur during transport. As such, the goals outlined in the Grant Agreement and detailed in the 
previous sections, namely ‘the management of procedures & protocols for configuring the quality of 
service, monitoring, verifying, adjourning, terminating and deviating in an end to end manner’ are 
achieved. 
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4 Networking 
Networking is the group of processes and activities that analyse the available network options for 
transporting the goods to the destination, according to the shipping instruction.  Networking can be 
viewed as a long/mid-term tactical process that designs or discovers the networks that are available 
to the transport planner for the transportation of goods. Then at the short term, i.e. when a particular 
shipment is planned, network information is used to synthesise a feasible (ideally optimal) 
transportation plan. 

 

4.1 Network Layers 

Networks can be considered at different levels of abstraction, or in terms of layers.  This helps with 
the definition of protocols that operate at the intra-layer and inter-layer level. For example, nodes in 
lower tiers are connected to each other in the Physical Internet via   π-hubs that form networks at 
higher tier levels. Nodes in lower tier networks can be considered to be connected directly to each 
other (within the same network), while PI-hubs form a connectionless layer (similar to the IP layer of 
the digital Internet).  This connectionless architecture allows the Physical Internet network to be 
formed as a network of (transportation) networks. In the following sections we compare the network 
architecture of PI to the networking standard Open System Interconnection Model (OSI)2. We then 
explain the internal functionality of PI hubs that help them realise the PI network. 

 

4.2 The Network Layer of OSI 
OSI defines 7 networking layers of which the Network Layer is at level 3. The network layer provides 
the means of transferring variable-length data packets from a source to a destination, via one or more 
networks. The network layer responds to service requests from the Transport Layer (Layer 4) and 
issues service requests to the Data Link Layer at level 2. The network layer is considered as the 
backbone of OSI.  The Networking Layer selects and manages the best logical path (‘routes’) for data 
transfer between nodes. This layer is responsible for packet forwarding, via routing through different 
routers.  

Therefore, in the OSI, model the main difference between a Layer 2 switch and a Layer 3 switch is the 
routing function. A Layer 2 device such as a switch only works with physical (i.e. MAC addresses), while 
a layer 3 router works with higher layer addresses, such as IP addresses.  

Functionalities of the network layer include: 

• Logical Addressing:  This layer uses Internet Protocol (IP) addresses which are logical 
addresses. 

• Routing: This involves forwarding of a data request to the destination server. 
• Fragmentation and Reassembly: The network layer sends received data packets to the data 

link layer for transmission. The data link layer however handles the data packets in a different 
format (frames). Fragmentation and reassembly of data packets is performed by the Network 
Layer because the Data Link has specific characteristics and limitations on the length of any 
message that can be sent. For instance, if the data is too large, the Network Layer split the 

 
2 ISO/IEC 7498-4 
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data into several packets and sends them to the data link layer. Upon arrival at the destination 
node, the packets are reassembled by the Network Layer on the destination node. 

 

4.2.1 Network topologies 
The most common network topologies are as follows: 

Star A star topology involves a central node serving as the hub. In a star topology, the central hub/ router 
introduces a single point of failure and can also limit the overall performance of the network. Due to this, 
redundant routers are often introduced to improve reliability. 

Full Mesh The advantage of a star topology is low equipment and administration costs; it however has the 
disadvantage of low reliability. In a full mesh topology, every site’s router is connected to every other site 
router on the wide area network. Full mesh topologies, therefore, exhibit   a high degree of dependability 
and fault tolerance, but also suffer from high equipment cost and high administrative complexity.  

Partial Mesh. Partial mesh removes some redundant connections for cost reduction. This can result in a 
topology that balances the fault tolerance, scalability and budget. 

At the Autonomous System (AS) level, the Internet network structure can be defined as a partial mesh.  
Routers of an autonomous system connect to routers of other AS, but not to all other AS. The decisions of 
AS interconnections are determined by technological but also economic considerations. 

 

4.3 Physical Internet networking 

4.3.1 What is a PI Network? 
A transport network is a spatial structure of connected parts that permits the movement/flow of some 
physical commodities/goods.  The transport network is realised by physical infrastructure (waterways, 
roads) along which cargo is moved by physical transport loading units (ships, roads and other physical 
systems).  

We are proposing that PI networks are formed by PI hubs (intermodal terminals) that make peering 
agreements with each other and open up to accept cargo traffic from outside their original group of 
partners and collaborators. 

Such PI hubs provide their facilities and infrastructure for transloading and trans-shipping of incoming 
cargo from other hubs they have peering agreements with. In turn, their outgoing traffic is accepted 
and processed by other PI hubs, 

This approach mirrors of how the digital internet is formed from the interconnection of autonomous 
systems (networks). 

The second prerequisite for the network to be created is availability of transport services connecting 
the different hubs. These can be scheduled line haul services by road or short sea, shuttle service etc, 
but can also be one-off/procured services. The role of hubs in forming transport networks is further 
discussed below.   

 

4.3.2 Long term/strategic network planning in PI 
Networking in transport and logistics is both a long/mid-term and a short term/operational process. 
As planning for transport involves future actions, a preliminary analysis of the network and the 
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available transport options must be carried out first. Long-term, strategic optimization measures, 
including analysing the network existing facilities and their locations and so on. 

The type of available transportation services both according to the type of transport (e.g. refrigerated 
truckloads, open rail cars, etc.), the geographical areas (shipping lanes/transport corridors) serviced 
by the carriers, and the prices charged for each transport mode and service within each network path 
must be considered and analysed. Additional constraints posed by the shipping instruction such as 
time windows, must be considered under consideration also of network characteristics such as 
capacity limitations of hubs and distribution centers, preferred carriers, and so on. In order to achieve 
an optimal planning solution, a transportation planning manager therefore must balance the different 
requirements and constraints with the availability options. 

4.3.2.1  The Role of the Transportation Planner 
The transportation planner acts upon a shipping instruction received by the shipper. The 
transportation planner can belong to the same organisation as the shipper or can be a third party such 
as a freight forwarder. The transportation planner will analyse the shipping instruction and decide on 
the best way to forward it through PI by considering the available and feasible network options. The 
transportation planner needs to work with the shipper the carrier who will transport the goods (at 
least to the initial PI hub) and also possibly with the terminals/hubs themselves. 

 

4.3.2.2 Selecting transport corridors in strategic transport planning 
According to the Wikipedia, a transport corridor is a generally linear area that is defined by one or 
more modes of transportation like highways, railroads or public transit which share a common course. 
A transport corridor in general defines the direction and the scope of the overall network within which 
the goods will be transported.  

As said before, pricing, timing, capacities, and quality of service drive the decision of what modes and 
routes the transport planner will consider use. Corridor hub rates (costs), capacity, and associated 
efficiencies (time and service levels) will determine the competitiveness of each corridor. Issues like 
congestion and backhauling must also be taken into account. 

4.3.2.3 Corridor performance indicators 
Cost, time, and reliability are key corridor performance indicators from a shipper’s perspective 
capturing the punctuality, time and cost for transit from the factory (or other production site) to the 
final customer. Performance of the corridor for different types of shipment (e.g. domestic versus 
international) need to be considered and different corridors compared on this basis.  

The types of traffic along a corridor must also be considered. Although most corridors carry 
multimodal traffic, some are configured to carry specific types of traffic.  A PI connected corridor is 
expected to become more multimodal as traffic enters and exits the corridor through different mode 
nodes (terminals).   

Financial characteristics and performance indicators such as the ratio of the cost of logistics to the 
value of the delivered product, and the ratio of free on board (FOB) to cost, insurance, and freight 
(CIF) prices.  

Non-financial Corridor Metrics to be considered include: 

• The time taken to transit the whole corridor and each part of it for the type of goods 
considered (e.g. fast moving, perishable etc. 

• The cost to importers or shippers to move cargo over the length of a corridor. 
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• The frequency of services and the expected wait time for the whole corridor and each of its 
components  

• Reliability: The variation in time and cost for the whole corridor and each part of its 
components (reliability) could potentially be impacted by both quantitative and qualitative 
changes to the transport patterns. 

• Security& Safety: The security of goods transported in the corridor and the safety of the 
people involved in that transport for the same reasons as the other metrics above. 

 

4.4 The Role of Intermodal terminals (PI-hubs) in Networking  
Hubs connect multiple origins to multiple destinations.  They may also perform additional functions 
to the cargo that passes through them. If incoming cargo is only transhipped, the hub can be 
considered to be a transit or relay hub. Intermodal terminal hubs are therefore the interface between 
the different transport modes and thus are key to access intermodal transport services and to ensure 
efficient and road-competitive intermodal supply chains throughout Europe. 

Besides the pure transhipment of loading units from one transport mode to the other, intermodal 
terminals under PI have to perform several basic functions such as: 

• Trans-shipment of loading units between different transport modes. 

• Check in/out functions, such as check of import/export documents, the security and damages to 
loading units, handling of dangerous goods and respective documentation etc. 

• Provision of transport means, such as rail engines and truck. Facilities such as cranes for loading and 
unloading, of cargo. 

Facilities for internal transhipments and temporary storage of cargo. 

In the Physical Internet, the Networking Layer comprises   the interconnected infrastructure of 
processing, storage and transporting facilities (transport services, terminals, distribution centres, 
warehouses) through which the goods will be transported from their origins (manufacturing, 
distribution and other locations) towards their customer(s) locations. 

Conceptually, the Physical Internet employs an architecture similar to the digital Internet, with smaller 
networks (similar to Internet’s autonomous systems-AS) connecting to each other via gateway/routers 
(implemented by the π-hubs) and forwarding (physical) packets of cargo from origins to destinations.  

Thus, the Physical Internet protocols share many characteristics with their equivalent digital Internet 
protocols. For example, to route physical packets (π-packets) through the Physical Internet, router 
nodes must employ routing protocols similar to the Internal and Border gateway protocols. 

When packets are routed inside an autonomous system, any routing protocol preferred by the 
administrator organisation can be employed of course. However, for packets that are routed outside 
the boundaries of the autonomous system, specific gateway protocols must be employed. These must 
be agreed between all the interconnected π-hubs. π-hubs must exchange routing information and 
synchronise with connected π-hubs.   

4.4.1 How the PI Network is formed 
The PI Network is formed when π hubs agree to handle and forward incoming cargo from other π-
hubs. This allows effectively cargo to be transmitted via networks that were not previously accessible. 

Typically, a non π-hub, forwards incoming cargo via one of its outgoing connections. Outgoing 
connections however terminate to specific non-hub destinations. In other words, a non PI transport 
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hub utilises a fixed number of transport connections or services.  In contrast, a π-hub connects to 
destinations via direct transport services or via ‘hops’ i.e. intermediate π-hubs. 

For this however to be possible π-hubs must implement agreements as to how to handle incoming 
cargo from other π-hubs. These agreements are similar to the peering and transit agreements that 
take place between Internet Service providers and are explained in the following section. 

4.4.1.1 Peering and Transit Agreements 

Internet transit is an agreement between two ISPs that allow an ISP to send traffic through the 
network (i.e. cross or ‘transit’) of the other ISP allowing it to access a number of routes, or even the 
whole Internet. Transit is usually used by smaller ISPs to connect to the Internet via a larger ISP. Thus, 
transit is a unilateral agreement that allows only specific traffic to be forwarded. 

In contrast, a peering agreement between ISPs is a bilateral (or even multi-lateral) agreement between 
ISPs that allows traffic to flow through each other networks, Thus, a peering agreement allows traffic 
to reach any destination of the Internet via one or multiple ‘hops’. 

In the context of PI, similar agreements can take place between π-hubs. In a ‘transit’ type agreement 
a π-hub might agree to forward traffic arriving from the other π-hub towards specific destinations or 
with specific services. In a peering type agreement, a π-hub forwards traffic from other π-hubs using 
every available service and route.  

 

Figure 5 Peering and transit agreements between hubs 

As per the above figure, in a transit agreement a hub sends containers to a connected π hub that has agreed 
to forward the containers using one of the connecting services towards the final destination in the transit 
style agreement, this typically will involve transloading the incoming container to one of the outgoing 
services. 

In a peering agreement however, the incoming traffic is likely to be greater, as traffic arrives not only from 
the directly connected hubs but also by remote hubs, via ‘hops’. To match the incoming traffic to available 

Contain
er from 
HUB A

Contain
er from 
HUB B

HUB A HUB B HUB C

Contain
er from 
HUB DHUB D

No peer cargo 
permitted

Contain
er from 
HUB A

Contain
er from 
HUB B

Contain
er from 
HUB A

Peering agreement

Transit  agreement

Contain
er from 
HUB D



 30 

transport services, some multiplexing techniques might be used.  Typically, in a π-hub that operates as an 
Internet router, the receiving π- hub deconsolidates the incoming π -container into its constituting π-
packets.  These π -packets are then consolidated with other π -packets that use the same transport 
service/travel towards the same destination (thus form a new π -container).  This   approach achieves 
economies of scale and takes advantages of the capacities of its ongoing services. 

 

4.5 Networking functions of the PI hub 
In the context of the Physical Internet, it is interesting to consider the roles and correspondences of 
PI nodes to the Layer 2 and 3 switches and routers of the digital networks. Clearly, π-hubs act as 
routers as they interconnect different transport/logistics networks. These hubs therefore are packet 
not switch oriented, at least regarding their Physical Internet facing interfaces.  They need to make 
routing decisions based on the address information available on the (physical) packet. At the same 
time, π-hubs act as switches as they have (fixed) connections to other Physical Internet nodes such as 
local terminals, consolidation/distribution centres, warehouses, etc.  In this context, π-hubs do not 
need to make routing decisions as each physical packet is directed to a fixed path, i.e. similar in 
concept to a MAC address. 

To implement the transit and peering agreements the collaborating π-hubs must share common 
protocols and implement standard functionality. Each π-hub must maintain locally state information 
about the π network, in terms of available routes to different destinations. The π-hubs must also 
communicate such information to other π-hubs that request it.  A π-hub uses such information to 
make routing decisions that consider quality of service criteria applying to the π-packets that need to 
be routed. These can include delivery time constraints, cost constraints etc, in which case shortest 
path algorithms that minimise travel or other costs can be employed.  Other types of constraints can 
also be applicable which means for example restrictions as to the transport modes that must or must 
not be used, or exclusions or inclusions of specific routes or route segments. Routing and timing 
decisions will need to be made possibly collaboratively with the destination node or nodes involved 
to avoid for example congestion over certain routes and to ensure some balancing of the flows across 
the entire network.  In this sense, the routing protocols applying to the Physical Internet may have 
fundamental differences from their equivalent digital ones.  

4.5.1 Π-packet consolidation/de-consolidation 
Cargo travelling through PI due to the new routing options available may need to cross different 
administrative borders. Each cargo ‘touching’ point must be aware of both origin and destination of 
cargo and conform to both their requirements and rules (e.g. import/export regulations) as well as 
those of the local administrative authority. The concept of ‘cargo in transit’ is employed for this 
purpose. For instance, during its journey through PI, cargo from Country A can be moved to 
destination Country D via intermediate at Countries B and C. These countries may be under the same 
customs union (e.g. as in the case of the EU), or belong to different ones. Each hub/agents who handle 
the cargo at different hubs, must declare this to be ‘cargo in transit’. Rules and regulations may 
prohibit this cargo for being consolidated with other not in transit cargo. 

A π-hub’s primary function is to connect smaller (lower tier) transport networks to PI, similar to the 
digital routers  of the Internet.  A PI hub will collect ‘downstream’ π-packets from the lower tier  
networks and forward them to their final destination (‘upstream’)  via the Physical Internet. To 
optimise resources, a PI hub will deconsolidate π-containers arriving at it into π-packets, and for those 
π-packets destined to one of the local networks it will send them to their recipients in the local 
networks (‘downstream’). 
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Containers arriving at the πhub may not be deconsolidated if they are marked ‘transit’. Such 
containers will be simply transloaded or cross loaded to specific transport services.  

Π-packets that are deconsolidated from the same PI container may be re-consolidated into different 
π-containers, even when they have the same final destination. This is in order to optimise  capacity, 
throughput and other constraints of the transport services running from that hub and with the 
characteristics of the hub itself. 

The Physical Internet guarantees that irrespectively of the way the πpackets with the same recipient 
are split up, they will eventually arrive to their final destination (within the PI). The ‘final destination’ 
π-hub may reconsolidate the pi packets before it sends them to the downstream recipient or that 
reconsolidation function may take place in other location(s) of the lower tier network served by the 
hub.  

 

4.6 PI Network Management 
According to Bailot et al (2011), PI is an open mobility web is characterized by its inclusion of numerous 
transport, handling and buffering means, modes, actors and infrastructures that are accessible on 
demand, on a per-use basis, to multiple users. 

In shared resources, the optimisation goal or objective is to maximise the utility of such resource, in 
terms of the number of users and usage. Since the resource is shared, we do not want a single or a 
number of users to monopolise it and to deny access to it to the rest of the users. 

The problem therefore is reformulated as sharing PI resources such as containers, vehicles, storage, 
PI handling equipment and even the infrastructure that underpins PI such as roads, rail lines, 
waterways etc.  Resource sharing and optimal usage is a problem that has been studied for other types 
of shared resources, for example computer and network resources. 

Some of the techniques for optimising resource sharing, e.g. timesharing, used in computer 
architectures may not be relevant to PI, others however may be.  

The actual problem of optimisation may be possible to formulate in the classical optimisation sense, 
or it may be attacked using a simulation method, where different PI resource sharing policies are 
tested under many realistic PI scenarios to identify those that seem to be the most effective.  

One possible approach to define ‘optimisation’ in PI is by not thinking with the users of PI as the 
starting point, but with the resources of PI, as explained above.  We should perhaps aim to avoid 
congesting certain parts of PI and under-utilising others, i.e. to balance flows, using techniques similar 
to those in computer networks.  

As it is unlikely that PI will be governed in any real sense, global optimal use policies will probably be 
impossible to define and implement. Instead, local PI areas should implement local shared resource 
usage policies. A hub for example, could locally implement policies that allow all PI traffic to ultimately 
pass through it within a reasonable time, by ‘throttling’ users that place excessive demands on it. A 
group of hubs in the same region could similarly agree on common policies on how to share the local 
road network to avoid congestion. Other example of ‘optimal’ sharing of PI resources can be found 
from the Living Labs and through other case studies.  
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4.7 PI as a Queue Network 
To formally analyse and simulate the PI network some suitable representation is required. In electrical 
and computer systems and networks as well as in business systems, architectures and processes are 
often modelled using concepts from queuing theory. In this report we propose models comprising 
queues servers and flows that can be used to represent key network and processing characteristics of 
the Physical Internet.  Formal models of PI can be used for simulation and mathematical analysis of 
properties such as performance (throughput), delays and other PI parameters of interest.  

A queue is formed when there is competition for limited resources. Physical Internet moves physical 
objects packaged in π-load units3 (e.g.  π-containers) along a path of nodes (‘π -hubs’) from a source 
to a destination. 

The reason objects are transported over ‘hops’ rather than through direct connections have been 
explained and argued by the proposers of PI (See the bibliography at the end of this report). 

The fact however that a π-type load unit and the objects it contains have to go through intermediate 
nodes towards the final destination, entails that queues of load units arriving to a π-hub will be 
formed, provided that the rate of arrivals of such load units is higher than the processing rate 
(throughput) of the hub. 

So, the simplest way to understand a π-hub as a queue is as per Figure 6 PI hub as a queuing system). 
The circles inside the open sided rectangle of Figure 7, are the π-‘objects’ (let’s use this terminology 
from now on rather than for example terms such as  ‘π-containers’, as there can be several types of 
π-specific load units). These π-objects are ‘served’ by the hub (the types of service/ π-related 
operations are discussed in the bibliography sources) and therefore spend some time in a queue and 
eventually exit the queue/hub towards the next hub (‘next hop’) or the final destination hub. 

 

 

Figure 6 PI hub as a queuing system 

In fact, the view of a π-hub as a single queue system is not very useful for any kind of detailed 
simulation or analysis.  Different π-objects would be subjected to different operations within a hub 
and/or routed to different destinations. Each queue can for example, be dedicated to one type of 
processing, to one transport mode, or to one route. Thus, it is more useful to view a hub as consisting 
of multiple queues as per Figure 7: A hub consisting of different queues. In that figure, a processing 
function routes each incoming π-object to the correct queue. 

 
3 A unit load combines individual items or items in shipping containers into single "units". We are assume these 
are PI types of loading units such as π-containers. 
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Figure 7: A hub consisting of different queues 

In fact however, a π-hub and its operation cannot be studied in isolation as it depends on the 
behaviour of the other π-hubs it directly connects to. This is explained in the next section.  

4.7.1 π-hub forward and feedback flow dependencies 
It is more useful to consider two adjacent 4π-hubs as connected with circular transport flows. In this 
view, ‘π-movers’ (i.e. freight trains, trucks, liner ships,..) transport π-objects back and forth between 
the two hubs.  Thus, a hub is both a sender and receiver node in the PI network, or  from a graph 
theoretic perspective, there are loops in the PI network/graph formed between adjacent nodes. 

From a performance (delays/throughput) perspective, the performance of a hub depends on the rate 
of arrival of shipments which in turn depends on the performance of adjacent (directly connected) 
hubs5. 

 

 

Figure 8 The PI represented as a queue network 

 

In Figure 8  Hubs A and B, and Hubs B and C exhibit such interdependent (feedforward/ feedbackward 
dependencies6). This does not necessarily mean that for example, π-objects leaving Hub B for Hub C 
will eventually re-appear as inputs to Hub B. It means that the performances of Hu B and Hub C (and 
also of Hub A and Hub B) are interdependent.  

 
4 Two π-hubs are adjacent if there is a direct connection between them that do not involve another π-hub 
5 Assuming the transit time of π-objects between the hubs to be approximately constant. 
6 In an open feed forward queuing network, a job cannot appear in the same queue for more than one time. In an open 
feedback queuing network, after a job is served by a queue, it may re-enter the same queue 
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Figure 10 shows a similar situation to Figure 9, but with hubs operating multiple queues (although no 
feedback flows are shown). 

 

Figure 9 A PI queue network with 4 π-hubs 

In Figure 9, transport of π-objects from Hub D to Hub C (and vice versa) is through 2 hops- Hubs A and 
B.  

Representing the PI as an open7 queue network with each π-hub as a node comprising multiple queues 
has several advantages in terms of the potential for formal analysis and (discrete or qualitative) 
simulation purposes. 

Interesting properties of PI can be obtained analytically using mathematical properties of queuing 
networks. Questions such as average, minimum or maximum quantities of parameters such as the 
waiting time at queue in a π-hub or the number of π-objects present at any time in a π-hub or the 
entire PI can be answered.  Such answers can then be utilised by algorithms that route π-objects along 
the PI. Also, design of the PI network can be optimised by including for example temporary storage in 
suitable parts of the network (‘π-storage’) to smooth performance. 

4.8 Summary of networking under PI 
Networking is the process that decides the general path that the cargo will follow towards its 
destination (via the PI network).  This is a long term/tactical process that needs to consider the longer-
term state of the network facilities and other financial and non-financial parameters of the lanes and 
corridors that will be utilised. Networking does not produce a detailed routing plan as this is the 
responsibility of the short term/operational stage. Both long- and short-term planning for transport 
through PI will require collaboration with the infrastructure managers of the corridors followed in the 
planned path, and the intermediate nodes and facilities that will be utilised. 

The role of Networking is to establish (collect, analyse) all crucial information for the operation of the 
PI network services and in association to PI infrastructure. Starting from identifying the relevant nodes 
and links of the network (scale, modes and aggregation level), it is also essential to associate each 
physical infrastructure component with properties to be used for operational decisions. 

 
7 We call it an ‘open’ network because π-objects do not stay permanently in the PI but exit at the appropriate points (π-
gateways, according to the PI nomenclature) 
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5 Routing 
5.1 Introduction 
The deliverable D2.3 provided the definition of routing operation  according to OLI model for the PI as 
“The Routing operation  selects the feasible/optimal routes (out of those identified by the Networking 
Layer) through the PI that connect the origin of the shipment (i.e. the initial π-hub handling the π-units 
comprising the shipment to the final destination/ π-hub that will handle the shipment”. This means 
scope of routing service is simply to find the best path from an origin to a destination out all the 
possible paths defined by Network Layer. 

The deliverable D2.3 also described how routing works in DI and how it can be adopted for PI by 
updating a routing table at each PI-Hub just like routing tables in the DI.  An algorithm was also 
proposed in D2.3 which grouped the containers destined for same destination and routed them 
according the routing table maintained by each PI-Hub. One of the limitation of algorithm proposed 
in D2.3 is that it identified routes based on reachability of PI-Hubs in the network and did not address 
other constraints such as reducing the cost of returning empty PI-movers, travel time, consolidation 
of containers delivery and pick-up at various PI-Hubs, etc. Furthermore, use-cases proposed by four  
LLs demand routing service to handle such aforementioned constraints from the practicality point of 
view. Therefore, a logical extension of routing algorithm proposed in D2.3 was to take into account 
such constraints before applying the proposed routing algorithm and this is what has been reported 
in this deliverable (D2.4). In particular, the routing problem has been transposed into a vehicle routing 
problem (VRP) and solutions to  VRP generally have two stages. First solving for some objective 
function for optimality and second, apply some routing to actually find the best path. The solution in 
the first deliverable addressed only the delivery routing, which has been extended in this deliverable 
to address the challenge of optimizing the overall routing costs. 

 

5.2 Background 
Performance of freight transportation is one of the crucial element for the sustainability of logistics 
and supply chain. The costs for the freight transportation can reach up to 60%  of the total logistics 
costs for shippers Collignon (2016) and inefficiencies in transportation costs can be characterized by 
economic, social and environmental inefficiencies and unsustainability. Despite efforts by transport 
companies, the frequency of empty trips remains high and average truck fill-rate is low. Overall, 
according to Eurostat (2017), at total transport level, most trucks in Europe fell in the range between 
15 % and 30 % empty journeys. Moreover, freight transportation (in developed countries) is 
responsible for nearly 15% of greenhouse gas emissions. This ratio has been increasing despite 
ambitious reduction targets. Improved transportation efficiency is therefore is an important objective 
of the Physical Internet and it aims to reduce logistics costs by building on concepts from Digital 
Internet that enabled the development of global system of the data transport across heterogenous 
networks exploiting standard datagrams and protocols. 

 

5.3 Routing in DI vs PI 
The routing in DI is controlled by routers by means of routing tables which consist of the forwarding 
path each TCP packet has to take depending on its intended destination. For more details on routing 
table based routing, see D2.3.  
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The key element in routing in DI is the concept of encapsulating data packets in a datagram and 
datagrams into frames for transportation purposes and then decapsulation or re-encapsulation by 
routers which makes it transposable to logistics networks. In fact, a model for encapsulating freight in 
standardized containers has already been proposed by Ballot and Fontane (2010) . In this new model 
for logistics network, Physical Internet is conceptualized as consisting of PI-Hubs or nodes that receive 
PI-Containers, and possibly sort and recompose them to optimise the transport in each segment. In 
the ICONET project, the encapsulation of PI-containers at PI-Hubs is handled by Encapsulation Service 
(see Section 6 for details on Encapsulation). For routing service, we assume that encapsulated PI-
containers are ready to be transported at the PI-Hub terminal. A set of PI-containers obtained are then 
to be transferred according to the destination to the next PI-hub. Each Pi-Hub may maintain a routing 
table that can be used to determine the next hop for the PI-containers based on a set preferred 
criterion, for example transport cost, delivery time and/or CO2 emissions.  

However, there are very distinctive differences between routing in DI and PI. The first difference is the 
transit time, in DI data packets travel almost at the speed of the light, their lags in DI are, in most 
scenarios, negligible. However, flow and arrival time of PI-containers in PI are dependent on many 
factors such as transportation modes, availability of locomotives and labour, handling time at the PI-
hub, etc., which makes transit time not negligible and vary significantly and also impact routing 
decisions. Secondly, in case of disruption in DI transmission process, the delay in rerouting data 
packets is negligible, which means for most users of the DI the scheduling of information deliveries is 
not generally a concern. However, delay in scheduled delivery of PI-containers or physical goods due 
to disruption and finding alternative route of delivery are concerning for shippers, customers and 
service providers as they may generate penalties, lost business and other additional costs.  

 

Considering this, there are two routing objectives in ICONET: 

1. Minimizing the total distance travelled from source to destination as it is related to 
transportation cost and CO2 emission 

2. Time - from the moment a container requests departure until its arrival to the destination, 
including delivery time on road, handling time to load and unload from transportation means, 
and waiting time at facilities. 

 

5.4 Problem Formulation and Routing Objectives in PI 
 

5.4.1 Modelling PI-Network: 
Before formulating the routing in PI, we model PI network as multi-relation graph !	 = 	 (%, ') with 
non-empty finite set %	representing intermediary PI-hubs with element ) ∈ % as source and +	 ∈ % as 
destination or client site. The set ' represents the multimodal links joining ) and + via a number of 
intermediary PI-hubs denoted as (,!, ,", … , ,#). The elements in set ', denoted as (.!,.", .%, … , .&), 
are ordered pairs of distinct vertices, specifying the transportation corridors between regional 
warehouses and destinations or between two regional warehouses in the PI-Network. Each edge with 
index / ∈ 0 is associated with a weight 1'((2'( , 3'( , 4). The weight is a three-element vector, expressing 
in period 4, the transportation service covering this corridor .'  which incurs a monetary cost 2'(  in 
terms of total distance to be travelled and CO2 emission and a lead time 3'( for delivery of goods to 
client. Each vertex with index 5 ∈ 6 is also associated with a weight 1)*(2)* , 3)* , 4). 

which denotes that the operations of loading, unloading, or storage of goods  
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,)  in period t costs 2)*  and incurs lead time 3)*.  

 

Figure 10 A graph representation of PI-Network (image source Dong and Franklin, 2018) 

Routing in PI as Vehicle Routing Problem 

Now we formulate routing in PI for ICONET with family of Vehicle Routing Problems (VRPs) which is 
summarized by P. Toth and D. Vigo (2014).  as “determine a set of vehicle routes to perform all (or 
some) transportation requests with the given vehicle fleet at minimum cost; in particular, decide 
which vehicle handles which request in which sequence so that all vehicles routes can be feasibly 
executed”. The routing of PI-containers in ICONET has been formulated as Vehicle Routing Problem 
(VRP) and focus of routing is the PI-containers instead of Pi-movers.  

The VRPs are generally defined on graphs that are made of nodes and edges that model the road 
network. Thus, underlying network characterizes the VRPs being solved. In ICONET, we model the 
network as multi-relational graph ! as described in previous section. One clear difference in classic 
VRP modelling as graph and our model is that we model transportation services as arcs or edges and 
PI-Hubs as nodes as opposed to vehicles as nodes. The transportation cost between two nodes is 
considered, most of the times, as the shortest distance between them, even if in real-world problems 
costs and times strongly depend on the hour of the day in which an arc (edge) is travelled. These types 
of data, such as traveling times, can become known during the traveling operations and this is the case 
of the dynamic VRP.  

 

5.4.2 VRP Solutions and their variants: 
The vehicle routing problem (VRP) has been proposed by Dantzig and Ramser (1959) and has been 
extensively studied in the optimization literature. Its popularity is due to its wide applicability and its 
importance in determining efficient strategies for reducing operational costs in distribution networks. 
There exists many exact methods, heuristics and meta-heuristic approaches to VRPs.  The exact VRP 
methods have a size limit of 50 - 100 orders depending on the VRP variant and the time—response 
requirements. Consequently, current research concentrates on approximate algorithms that are 
capable of finding high quality solutions in limited time, in order to be applicable to real- life problem 
instances that are characterized by large vehicle fleets and affect significantly logistics and distribution 
strategies.  

VRP is a specific form of a more general problem set called Pick-up and Delivery Problems (PDP). For 
PDP two problem classes can be distinguished. These classes are: (i) Vehicle Routing Problems with 
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Backhaul (VRPB), and (ii) Pick-up and Delivery Vehicle Routing Problem (PDVRP) Parragh et al. 
(2008). The first-class deals with transportation of goods from number of depots or central locations 
to a set of linehaul customers, and from backhaul customers to the depots. The second class refers to 
scenarios where goods are picked up at customer’s location and directly delivered to other customers 

In ICONET, we deal with first class of VRP problems (VRPB) with slight modifications considering each 
LL use-case. VRPB can be considered with one vehicle departing from one depot or multiple vehicle 
vehicles departing from one and/or multiple depots and return back to their original depot. 
Considering different backhaul constraints, VRPB can be further categories into four categories Li et 
al. (2019). 

VRP with Clustered Backhaul (VRPCB) – In this set of problems customers are either pick-up customers 
or delivery customers but cannot be both. In VRPCB, vehicles first visit linehaul customers and then 
backhaul customers. Real-world application of this are meat producers who off-load meat to butchers 
first before picking up slaughterhouse waste to comply with hygiene compliance. 

 

VRP with mixed linehaul and backhaul (VRPMB) – Customer is either a linehaul or a backhaul customer. 
However, customers can be arbitrarily mixed. 

 

VRP with Simultaneous delivery and pickup (VRPSDP) – Each customer can be both pick-up and 
delivery customer and does not have strict pickup or delivery order but each customer can only be 
visited once. This is close to more traditional VRP. 

 

VRP with divided delivery and pickup (VRPDDP) – Just like VRPSD, each customer is a linehaul and a 
backhaul customer. However, unlike VRPSDP, delivery and pickup at customer location can be one or 
two separate visits  
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Figure 11 VRPB with subclasses - image source Li et al. (2019) 

 

 

5.4.3 VRPB Mathematical Model: 
In this section, we define a generic objective function for VRPB with a number of constraints. 

First, a generic form of single and multi-vehicle VRPB objective functions is defined. Second, 
modifications required to adopt any of the four subclasses will be introduced. Let’s first define 
notations as adopted from Parragh et al. (2008): 

 

7 = {1,… , :} Set of Pick-up (linehaul) customers / PI-Hubs  
<	 = 	 {: + 1,… 	: + :>} Set of delivery (backhaul) customers / PI-Hubs 

? Set of vehicles 
Parameters:  

: Number of pickup nodes in graph !  as defined in section 
above 

:> Number of delivery nodes in graph !  
@'  Demand or supply quantity at node / . Supply quantity is 

shown by positive value and demand quantity with negative 
value. Demand and supply at the start or the end deport is 
set to 0 
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.'  Earliest time to begin service at node / 
3'  Latest time to begin service at node / 
+'  Service duration at node / 
2')+  Cost of travelling from node / to node 5 by vehicle A 
B')+  Travel time from node / to node 5 by vehicle A 
C+ Capacity of vehicle A 
D+ Maximum route duration of vehicle A 

Variables:  
E')+  1 if edge (/, 5) in ! is used by vehicle A, 0 otherwise 
G'+ Load of vehicle A when leaving node / 
H'+ Beginning of service of vehicle A at node / 

 

VRPB with single vehicle can be transposed to simple Travelling Salesman Problem (TSP) and objective 
function reduces the total routing cost and is formulated as: 

 

minLL2')E')
,

)

,

'
 

Subject to: 

• Each node is visited exactly once  
 

L E') = 1
':(',))∈,

 

 

∀/ ∈ %		\{0} 
 

L E') = 1
):(',))∈,

 

 

∀5 ∈ %			{: +	:> + 1} 
 

E')	 ∈ 0,1 ∀(/, 5) ∈ O 
  

 

 

Note that in a single vehicle formulation of the problems, the subscript k can be omitted. 

 

For multiple vehicle VRPB, general objective function to minimize the transportation cost  over all the 
vehicles is: 

 

minL L 2')+E')+
(',))∈,+∈2

 

Subject to: 

1. Each node is visited exactly once 
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L L E')+ = 1
':(',))∈,+∈2

  
∀/ ∈ % 

 
E')	 ∈ 0,1 

 
∀(/, 5) ∈ O 

 

2. All vehicles start and end their journey at the depot (node 0 in graph G)  

L E3)+ = 1
):(3,))∈,

  
∀A ∈ ? 

 
 

L E'45	465!+ = 1
':(',45	465!)∈,

 

 
 

∀A ∈ ? 
 

 

3. Vehicle capacity is not exceeded at anytime in the route 
 

E') = 1	 ⇒ 	G)+ = G'+ 	+ @)  
 

∀A ∈ ? 
 

max{0, @'} ≤G'+ ≤ min	{C+ , C+ + @'} ∀A ∈ ? 
 

 

In order to adopt generic formulation for VRPCB, one can cluster linehaul customers and backhaul 
customers. In this case an additional condition is needed to ensure that no backhaul customer is visited 
until all linehaul customers are visited. This can be achieved with additional condition to use only one 
arc connecting backhaul and linehaul customers: 

 

LLE')+ = 1
)'

 ∀/ ∈ 7, ∀5 ∈ <, ∀A ∈ ? 

 

To adopt formulation for VRPMB sub-class, following constraints which restricts order of linehaul and 
backhaul customers, is added (to generic formulation) in case of one vehicle: 

• Ensure vehicle leaves depot with load equal to total amount of deliveries 
 

G3 =	−	L@'
'∈7

 

Or 

In case of multiple vehicles 

G3+ = −∑ @' ∑ E')+'∈8)∈7  					∀A ∈ ? 

 

• Vehicle capacity is not exceeded at any node through the route 
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E') = 1	 ⇒ 	G) ≥ G' 	+ @)  
 

∀(/, 5) ∈ 7, ∀5 ∈ < 
 

max{0, @'} ≤G'+ ≤ min	{C+ , C+ + @'} ∀A ∈ ? 
 

 

Above formulations allows us to minimize the overall routing cost (which may include travel time, 
distance, CO2, transportation cost, etc.) in a PI-network with various constraints such as single or 
multiple vehicles with departing from a node in the network, serving a number of customers and 
returning to origin node. One of the advantages in our adoption of routing approach is that it not only 
considers delivering PI-containers at PI-PI-hubs, but also consider pick-up of containers. There are 
further two extensions of routing approach. One is Dynamic VRP and second is routing under 
uncertainty such as disruptions at PI-hubs or at the routes. We plan to extend our routing framework 
with these two extensions in the final version of this deliverable (D2.5). For now, we give some 
implementation details in the next section 

 

5.4.4 Implementation: 
Implementing of VRP involves solving a heuristic function for the optimization of costs and then 
applying a routing algorithm for delivery. The input to routing service is the PI network from Network 
Service and constraint parameters and decision variables from the Shipment service. The output of 
routing service is optimal path for a container from it’s current PI-Hub to destination. Figure Figure 
12shows the interaction of routing service with other services within the ICONET project. 

 

 
Figure 12 Interaction of routing service with other PI services 

 

 

5.5 Routing Algorithm between two PI-Hubs: 
 

Input:  

• PI-Network (from Network Service) as graph G=(V,E) 
• Start node in G 
• End node in G 
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Output: Path from start to end with minimum cost 

 

to_be_tranversed = {}  

// PI-hubs to be included in routing. This could be linehaul plus depots 
for a LL in ICONET 

visited = {} 

g(start) = 0 

h(start) = heuristic_function(start, end) 

f(start) = g(start) + h(start)//total cost from current node to target node 

 

 

while to_be_transversed is not empty: 

 m = node in to_be_transversed list with least f 

 if m == end 

  return “Found optimal path” 

 remove m from to_be_transversed list 

 add m in visited 

 for each n in child(m) 

  if n in visited 

   continue 

  cost(m) = g(m) + distance(m,n) 

  if n in to_be_transversed and cost < g(n) 

   remove n from to_be_transversed as new path is better 

  if n in visited and cost < g(n) 

   remove n from visited  

  if n NOT in to_be_transversed and n NOT in visited 

   add n to to_be_transversed 

   g(n) = cost 

   h(n) = heuristic_function(n,end) 

   f(n) = g(n) + h(n) 

 

return “failed to find optimal path” 
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In the above routing algorithm heuristic_function tells the algorithm an estimate of minimum 
cost from any node or Pi-Hub to destination and this function can be  

   

5.6 Conclusion 
This section reported on the approach adopted for PI routing service of ICONET. The routing service 
builds upon the routing algorithm proposed in first version of this deliverable (D2.3) and extends the 
algorithm to take into account various constraints and optimization objectives defined by four LLs in 
the ICONET project. The objective functions and constraints presented in this deliverable are 
deliberately described in their generic form for the purpose of adopting them for the living labs. In 
summary, the routing technique models the network as a graph with π-Hubs as nodes and roads 
connecting those PI-Hubs as edges in the graph. The cost of route between various π -hubs is defined 
as edges weights. The objective of routing service is to find the best path between two PI-Hubs 
considering travel time, distance and CO2 emission costs for a given set of constraints. We propose a 
two-stage routing algorithm which first optimizes the costs and updates the weights of the routes with 
new costs and then in the second stage algorithm finds a best path between any two given π -hubs. A 
further extension to this algorithm is updating the routes dynamically based on real-time traffic, 
weather conditions, as well disruptions in the π -Hub or routes. We aim to implement and present this 
extended version in next and final version of deliverable D2.5. 

 

6 Encapsulation Services 
6.1 Technical implementation for efficient and reliable Encapsulation 

under PI 
 

6.1.1 Overview of functions in the Encapsulation Services 
Following the original description of the encapsulation services in D2.3, this document aims to further 
specify the functions in a more concrete and technical manner. The encapsulation services, as 
described by the OLI/NOLI models, play a key role in the concept of the Physical Internet. The functions 
contained therein are responsible for logically converting the original packing list & relevant products 
stemming from legacy ERP or other non PI systems into instructions detailing how these products will 
be stuffed into secure PI-containers. The resulting packing list will group the container Ids to be passed 
back to the invoking service (shipping services),  where the data returned will be used to establish 
connectivity with the IoT equipment which are onboard the containers. The functions mentioned are 
closely linked to the physical layer, as they depend on physical equipment and actions in order to 
stuff/unstuff products to PI containers. This connectivity will ultimately be used to provide initial 
status, composition states of the containers as well as container contents to other layers interested in 
the aforementioned information.  

The encapsulation services have four clear functions.  

• Item Encapsulation: This function refers to the packing of products into special PI containers, 
depending on product/order requirements such as temperature, humidity etc. and outputs a 
corresponding packing list, containing container ids to be used to establish communication 
with the IoT cloud in order to receive events concerning aforementioned containers. 
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• Container Encapsulation: This function can be triggered each time a shipment arrives at a PI 
node, in order to further compose/decompose containers into other containers, depending 
on the parameters expressed initially in the order & various optimization parameters. 

• Initial Picking List generation: During the cost calculation phase, a first step encapsulation is 
performed (without the physical implementation), that outputs an initial Packing List. This 
list is then passed on to other services and is used to calculate costs and plan the initial 
routing. 

• Container Registration: In order for the encapsulation functions to achieve the optimal 
result, the corresponding services need to be made aware as for what containers are 
currently available in the node that will execute the encapsulation (either item or container).  
This function will be available as an endpoint so other layers/services (e.g. physical or 
network) will be able to update and notify the encapsulation logic regarding amount and size 
of available containers. 

Additionally, the encapsulation services & the corresponding physical loading of products into 
containers are the first step in enabling the Track & Trace capabilities of the PI paradigm. The IoT 
events that are responsible for monitoring and tracking shipments are made available by initially 
providing the IoT cloud platform the container IDs of the PI containers being used, as expressed by 
the picking list calculations. These IDs are sent by the Encapsulation Service for health checks to the 
Cloud Platform and when successful, they are forwarded along with the picking list to the Shipping 
Service. The Shipping service is then responsible for propagating these IDs to the Cloud Platform, 
which replies with an API key to be used for further connectivity & updates, starting the process of 
the continuous track & trace protocol. 

As it is apparent, the algorithmic approach outlined in the next section is of critical importance for 
efficiency and reliability of the encapsulation functions and in turn, the long-term goals of the project. 
Emission reduction, load sharing and collaborative logistics are clearly affected by the outcomes and 
performance of these services, paired with the work done in T1.1 on the physical  interoperability to 
maximize automation capabilities both in physical and digital solutions. The outcomes of projects 
researching optimal packaging solutions, with a focus on quaternary packaging (as seen in D1.1) as 
this form of packaging will be easier to introduce IoT sensors to, will be heavily utilized by the 
encapsulation service and the PI paradigm in general. As the encapsulation service & it’s algorithmic 
approach are critical for the digital interconnectivity of logistics, so is the packaging and what is 
described as “Smart Containers” in physical interconnectivity, allowing efficient stacking of multiple 
containers. 

                              

6.1.2 Constraints of Products 
 

As mentioned in D2.3, one of the major areas of focus in the encapsulation services is fulfilling various 
constraints deriving from the original order. In this version of the deliverable, an attempt will be made 
to list all the constraints that are taken under consideration when designing the encapsulation service 
and it’s functions, as well as how they interact with each other. The standard constraints that limit the 
algorithmic output (as described in the following section) will always be dimensions. As expected, a 
container can be filled only with products with dimensions that allow that product to be physically 
stuffed in the container. A secondary constraint, very closely attached to the dimension’s constraints, 
is an orientation constraint. For example, some large electronic devices used to have warnings that 
they should be moved in an upright position.  Weight constraints and overall load bearing in a PI 
container is another important constraint that the encapsulation processes should take into account. 
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Exceeding weight capacities or mismanaging load bearing could result in damages of cargo. Load 
bearing is also affected by product constraints, such as required spacing between cargo units (in the 
example of fresh produce, specific placements allow for needed air flows) inside a container. On a 
similar manner, some products might not be able to be grouped together with others, such as food 
with chemicals. Humidity, shock, vibration and temperature are all product constraints that might 
affect primary constraints in one way or another. In summary, the various constraints which will be 
taken into consideration are the following: 

• Dimensions 
• Weight 
• Load Bearing 
• Temperature 
• Humidity 
• Shock/Vibrations 
• Grouping/Placement 
• Cross Contamination 

 

While some of the constraints that were described are always taken into account when performing 
encapsulation operations,  some others are entirely optional and dependent on specific use cases and 
modes of transport. Dimensional and Weight constraints will have to be always taken into account in 
any operation, while Load Bearing for example is negligible in e.g. train transports. In a similar vein, 
temperature, humidity, shock, grouping and cross contamination constraints are exclusively 
dependent on the types of products being moved. 

Apart from the item encapsulation, and the constraints that were already mentioned, the 
encapsulation service is also responsible for stacking containers within other containers. This process 
also inherits some of the constraints deriving from the products that are within the containers to be 
encapsulated, but it also needs to take into account routing and delivery time constraints, to perform 
the optimal encapsulation guaranteeing on-time and as-ordered delivery. 

By making use of the work described in T2.3, IoT sensors embedded in PI containers will be able to 
detect anomalies by continuously monitoring relevant constraints and providing updates to the 
Shipping Service via the IoT cloud platform, which in turn will use these updates to validate against 
the Blockchain ledger  smart contracts (from T2.4) to notify relevant stakeholders of an impeachment 
(violation of constraints). 
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Figure 13 Lifecycle of Encapsulation Operations 

6.2 Algorithmic Approach to Encapsulation 
 

The approach undertaken to implement the algorithmic portion of this function can be best described 
as a NP-hard computational 3-dimensional bin packing problem. Literature and extensive research 
have already gone into solving this problem in the most efficient way possible. Depending on 
constraints, such as specific orientation, load bearing, weight or if one or more products can be packed 
together in a container, different algorithmic approaches can be utilized with necessary modifications 
to accommodate constraints. The algorithm in question will take products of set x,y,z  dimensions and 
relevant constraints and fill the corresponding containers, fulfilling the first step in enabling shipments 
to traverse the PI network. For consequent executions, the encapsulation function will be based on 
the same algorithmic approach, but the constraints take into consideration will now be on a container 
level instead of a product level. A combination of several state-of-the-art algorithms, modified for 
constraint input, such as the Improved Bin Completion algorithm 8for small sets of containers, as well 
as a branch-and-price algorithm9  for big sets of containers will be considered in order to better 
optimize the encapsulation functions’ logic.  

 
8 (Improved Bin Completion for Optimal Bin Packing and Number Partitioning Ethan L. Schreiber, Richard 
E. Korf,2013)  
9 (A branch-and-price algorithm for the variable size bin packing problem with minimum filling constraint Andrea 
Bettinelli, Alberto Ceselli, Giovanni Righini, 2010)   
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The objective of the encapsulation process can be formulated mathematically by defining the 
following variables: 

 

• B = {b1, ..., bn}: A set of n available containers, b, to be used for encapsulation. These 
containers have variable sizes, ab1, ..., abn and different weight constraints, wb1, ..., 
wbn.   

• P = {p1, ..., pm}: A set of m products to be packed expressed as p. These products have variable 
sizes, ap1, ..., apn, weights, wp1, ..., wpn 

• C = {a, w}: The standard constraints that are always taken into account when encapsulation 
processes occur. These are dimension and weight constraints. 

• O = {L, T, H, S , G, C}: The optional constraints that might need to be taken into account when 
performing encapsulation, dependent on product and mode of transport. These are load 
bearing, temperature, humidity, shock, grouping and cross contamination constraints. 

Using these variables, we can express the problem using the following functions: 

 

min|"| = ∑ %!"
!#$   (1) 

Where A is the subset of B containers that were used to pack the sum of products, P, and is subject to  

L a9:x;:
<

:=!
≤a>;y?̇ ,∀i ∈ {1,… , n} (2) 

 

For dimension constraints (2), and additionally subject to  

L w9:x;:
<

:=!
≤w>;y?̇ ,∀i ∈ {1,… , n} (3) 

 
For weight constraints (3). Furthermore, all products will need to be packed, as expressed below  

Figure 14 A visual example of 2 dimensional bin packing solution 
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L x;:
A

:=!
=1, ∀j ∈ {1,… ,m} (4) 

 

y?̇ ∈ {0,1}, ,∀i ∈ {1,… , n} 

x;: ∈ {0,1}, ∀i ∈ {1,… , n}, ∀j ∈ {1,… ,m} 

where 

Z' = [1, /\	2]:4^/:.B	b;	/)	`).+
0, ]4ℎ.B1/).  

E') = [
1, /\	2]:4^/:.B	p:	/)	^))/c:.+	4]		b;
0, ]4ℎ.B1/).

 

Additional optional constraints can also be expressed mathematically, e.g. for 
temperature, and minimum and maximum temperatures, tmin1 ,... , tminm and 

tmax1 ,... , tmaxm. the following can be expressed  

 

∃	Ti such that tminjxij≤Tiyi≤tmaxjxij,	∀i ∈ {1, … , n}, ∀j ∈ {1,… ,m} 

6.3 PoC Implementation 
The first version of the encapsulation service deployed in the PoC environment, which contains a npm 
package based on an established algorithm 10 provides functionality for bin registration and bin 
packing. The bin registration function allows other services (usually from network or physical layers) 
to register PI containers as available for loading. Following the initial bin registration, functionality is 
provided in order to register and encapsulate products optimally into these containers. This process 
can be then reused as many times as necessary in order to further encapsulate containers within 
containers. As this is the first version of the encapsulation service, the constraints taken into account 
when performing encapsulation operations are limited to dimension and weight constraints. In future 
versions, additional constraint logic will be added, working towards integrating all the constraints as 
listed in previous sections. In addition, future work will entail integration with the IoT cloud platform 
to perform IoT device health checks as well as registration of used containers for IoT events. 

 

6.4  Optimized encapsulation in Living Labs 
As part of LL1(Port of Antwerp), an optimization service is being developed by IBM(D2.13) with the 
objective of optimizing train wagon cargo loading. The specific use case problem is also approached 
as a bin packing problem and more specifically, as a single bin packing problem, as the goal is to 
optimally fill each wagon on the train. As expected, this implementation also takes into account the 
specific constraints of the particular problem.  The major constraints the optimization service will 
focus on are weight limits of the wagons, overall length of the train, as well as priority of the wagons 
for loading. This optimization service is planned to be coupled with the Rail Traffic System,  an overall 

 
10 (Dube, Erick & Kanavathy, Leon & K@i, Leon & Za, Owave. (2006). Optimizing Three-Dimensional Bin Packing 
Through Simulation.), 
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software/hardware solution currently being developed by PoA to better handle traffic by tracking 
trains by various hardware means and intelligently assigning loading/unloading station slots to 
incoming/outgoing trains.  

 

6.5 Conclusion 
In summary, the encapsulation services will be responsible for the optimal loading of cargo into PI 
containers. By registering available containers to be used for loading (populated by the Network 
and/or Physical layers), and by parsing the products/containers contained in an order, the functions 
of the encapsulation will achieve efficient assignments of cargo. The constraints, both standard and 
optional, are used to further limit which containers can be used for loading to satisfy the conditions 
needed by the products being moved, while at the same time adding further complexity to an already 
complex problem. . By reducing the encapsulation algorithmic problem into a bin packing problem, 
extensive existing research and algorithms can be used to greatly improve optimization factors across 
end-to-end PI enabled shipments. The variety of these solutions & algorithms offer many solutions 
which can be customized to fit individual use cases, such as the optimization of LL1 in the ICONET 
project, with additions to cover extra logic & constraints on a case by case basis.  Along with physical 
interoperability (as presented in the work of T1.1)and additional research being currently made (such 
as the GS1 standardization effort for smart containers)the resulting processes will allow for a greater 
degree of automation, resulting in increased load sharing, reduced co2 emissions in collaborative 
logistics.   

The first version of the encapsulation service deployed in the PoC environment, offers a software 
solution to the 3 dimensional bin packing problem addressing the standard constraints as expressed 
previously. Further iterations and integration with the simulation platform are expected to cover a 
substantial amount of the desired functionality of additional constraints and IoT cloud and simulation 
platform integration. Finally, a separate less generic prototype based on the principles of the 
encapsulation service (as described above) is also being developed for optimizing wagon loading for 
Port of Antwerp living lab. 
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7 A Prototype PI Router 
This chapter presents a prototype route planner for PI which has been developed in order to aid 
understanding of the process.  The route planner utilises an internally stored network model which 
consists of PI nodes (hubs) and services connecting them.  Seeing as a graph, the network model then 
consists of vertices (representing hubs) and edges (representing services connecting two hubs 
together). The Euclidian distance between the hubs is recorded as a property of each edge that 
connects them. The transport mode of the connecting service is also recorded as an edge property. 

The represented network covers most of Western Europe and for realism maps the main intermodal 
terminals of EU (approximately 386 of them) as hub nodes.  

The high-level architecture of the route planner is shown in Figure 15. The planner can generate a PI 
route plan for any two origins and destinations in the world, given their corresponding coordinates. 
The output of the planner is a structured (XML) document, resembling a UBL2.1 transport document 
(Figure 16), making it possible to use as input to other transport management tools. 

The routing logic can be summarised as follows: 

The planner application reads the coordinates of the origin and destination locations. 

The planner finds the nearest PI hubs to origin and destination, using Euclidian distance as the 
criterion. Obviously, if the origin and destination locations are nearer to each other than to the 
respective hubs, a direct transport between them may be the preferred option. 

The planner retrieves all routes between origin and destination hub. 

It evaluates the routes based on criteria such as: 

• The total length of the route 
• The shortest route in terms of distance 
• The shortest route in terms of number of individual hubs involved 
• The multimodal degree of the route, i.e. the percentage of route involving non road-based 

transport. 
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Figure 15 High level architecture of the PI route planner 

 

Figure 16 XML description of a multi leg transport plan 

In Figure 18 the route between origin and destination in the above scenario is visualised. Legs 1 and 3 
are the pre and post-hauling legs of the route, respectively and are not considered part of PI. 
Therefore, only Leg2 is movement through PI and involves transport between two PI hubs in southern 
Spain and Western France. The PI specific route was selected based on the shortest path criterion, 
amongst all other PI routes between the two hubs. 

While it is obvious from the geography of the transport that other routes were possible (e.g. a sea 
based one), such (non-PI) routes would not necessarily provide the same benefits of bundling, 
backhauling etc, offered by the PI approach. 

 

Figure 17 visualisation of a multi leg route 
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8 Conclusions 
This report has thoroughly analysed the transport processes of shipping, networking and routing 
under the prism of PI. We argued that the transportation fundamentals remain unchanged even under 
this prism. 

PI emphasises certain aspects of transportation such as active collaboration of multiple parties, more 
route choices and multi-leg transport chains.  Essentially, this leads to more opportunities for 
identifying efficiencies through more environmentally friendly routes, bundling, higher potential to 
reduce empty runs etc. 

PI may however increase some of the transport risks, due for example to the increase of the number 
of ‘touching points’ for each cargo. The need for process coordination between unknown to each 
other parties, also places more emphasis on standardisation of the exchanged information. 

This report addressed the following transport processes in the natural sequence in which they occur: 

Encapsulation of products being shipped in modular units (π-boxes) that form π-containers. These are 
consolidated and deconsolidated as appropriate during the transportation through PI to make 
efficient utilisation of the transport resources. 

Shipping: which is the initiating process where the transport requirements must be conveyed to the 
transport chain coordinator(s) to ensure feasible and efficient transport. 

Networking: The physical movement of goods requires transportable paths that connect the origin 
with the destination. These may include multiple transport modes and multiple ‘changeover’ points 
where cargo is bundled, unbundled, trans-shipped etc. We identified different planning horizons (mid-
term and operational) for networking. We also discussed the role of corridors which provide the initial 
basis for high level (tactical) planning. However, under PI it is easier to switch across corridors during 
transport execution. This may be required for optimising the route that cargo follows, based on the 
actual rather than the assumed state of the network at operational time. 

Routing: This involves the drawing of an exact path along the selected corridor(s), and the definition 
of shipping stages or legs, where each leg may involve different transport modes, hubs and cargo 
handling functions.  Once the exact route is drawn, transport services have to be scheduled. 

It is however possible to continue to optimise the transportation plan and revise routing at transport 
execution time (‘dynamic routing’). 

The pre and post hauling activities are those that make cargo enter and leave PI respectively. Although 
they are not part of the PI, pre and post hauling have significant impact on the overall efficiency of the 
transport and on the management of transport resources (empty wagons, containers, etc). 

All the above processes are impacted by the inherent characteristics of transport and logistics which 
are essentially distributed (in space and in time), multi-party and stochastic. 

Information technology can improve many efficiency parameters; however, it cannot eliminate 
uncertainties and risks that are naturally occurring in transport. PI provides more options to mitigate 
such risks (e.g. by switching to different modes or routes) thus making transportation potentially more 
resilient.  

Transport and logistics supporting enterprise systems (LES, WMS, ERP etc) may be impacted by the PI 
and many of their functions need to be overhauled or redesigned.  The need for new value adding 
services that support decision makers in PI based transport processes may need to be realised and 
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such services designed and implemented.  Services for tracking and tracing cargo through its PI journey 
may become more important, as in PI cargo may travel through unknown (to the planner) networks.  

Finally, this report has illustrated the potential of a new class of route planners that can plan routes 
through PI following paths across connected π-hubs.  These planners go beyond current multimodal 
transportation planners where the switching of cargo is not only between modes but also between 
routes crossing different transport networks. This allows to exploit synergies for cargo bundling, more 
environmentally friendly routing etc. However, such planners need to be tested in realistic conditions 
and scenarios. 

The next and final version of this deliverable will attempt to further validate the value of ICONET’s 
Services in the scenarios provided by the project’s Living Labs. 
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