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1. INTRODUCTION 
 
The growth of intermodal freight transportation, driven by the changing requirements of 
supply chain, is challenged by two main factors: i) the need to reliably and flexibly respond 
to changing customer requirements with an effective coordination of equipment and freight 
flows through various modes, ii) the constraints on the infrastructure capacity, including 
policy and regulatory issues, as well as a better management of existing infrastructures [1]. 
In the performance evaluation of the logistics chain as a whole, the efficiency of the 
intermodal freight terminals is a major goal to pursue. Particularly, the optimization of the 
activities associated with the intermodal terminal operations and the consequent reduction of 
operative costs are the most important problems to face for increasing the flexibility and the 
dynamic capacity of terminals. This means that both material transportation and handling 
operations have to be analysed; in order to perform a suitable management and well-shaped 
control policies for freight movements inside the terminal. As a result, the control system of 
a terminal should provide integrated capabilities of fault detection and diagnosis, along with 
recovery procedures, in order to increase both the system reliability and productivity. 
Moreover, such a system should be able to respond to the introduction of new services, with 
a quick service delivery and low service costs. In particular, the control system should i) be 
provided with automatic system control facilities – service control, operations control; ii) 
have a hierarchical structure, allowing individual functions to be performed independently, 
and also allowing the whole system to work in an integrated manner; iii) reduce costs, and 
shorten service cycle time [2].  
While the technology employed in the intermodal freight terminals (Electronic Data 
Interchange (EDI), Global Positioning Systems (GPS), etc.) is evolving day-by-day, some 
system issues, such as planning, scheduling and control, remain in an embryonic stage. Most 
of all, the analysis of such aspects is complicated by randomness, particularly due to 
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unpredictable event occurrences, such as delays in beginning and/or ending some planned 
operation execution(s). 
As the timeliness of operation executions is a major objective in a terminal, a real-time 
detection and control system is needed to make the system react promptly to the 
unpredictable events. Consequently, it is very important to monitor the activities and the 
resources they use, determine the possible concurrencies by considering which resources are 
used by more than one activity. Furthermore, the need to respect the scheduled time of 
operations requires continuous fault monitoring, as well as detection and (on-line) control to 
provide real-time solutions to possible related problems.  
The Petri net (PN) model proposed in this work is intended to detect the disturbances to the 
“nominal” (planned) functioning of an intermodal container terminal, identify the causes of 
the disturbances, and apply suitable regulation policies to recover from a faulty behaviour. 
 

2. DESCRIPTION OF THE MODEL 
 
In this framework, an intermodal freight terminal in which only containers are handled is 
considered, with reference to a real case study under concern. The main regulation objective 
is to minimize the degrade of the system performance when unexpected events occur, and 
faulty behaviours result from any deviation from the a-priori scheduled daily operating plan. 
For its structural and operating characteristics, a container terminal can be represented as a 
Discrete Event System (DES) whose state evolution depends on the occurrence of events 
such as delays in beginning and/or ending operation execution(s) that can prevent the 
realization of the a-priori scheduled system functioning. Consequently, Petri nets (PNs) 
seems to be the most useful formalism able to model the functioning of an intermodal 
freight terminal as it can be seen in [3]. The reader unfamiliar to PN basics can refer to [4]. 
As Petri nets (PN) are able to capture the precedence relations and interactions among the 
asynchronous events typical of DES [4], a PN-based model of a container terminal 
functioning has been proposed in [3] to describe the synchronization problems among 
resources and the behaviour in both regular and faulty situations of the terminal itself. 
Particularly, the proposed model exploits PN capabilities to suitably represent the 
synchronization requirements in the concurrent use of shared resources. 
The considered container terminal can be viewed as an intermodal node that supports three 
different modes of transport: sea, rail, and road. Each container has to be moved from its 
origin to its destination inside the terminal according to different operating cycles, 
essentially distinguished into three categories: export, import, and transshipment. 
Furthermore, each operating cycle consists of a sequence of operations which have to be 
executed in the fulfillment of the constraints imposed by the corresponding precedence-
relation graph. Then, in the modelled terminal any handled container is associated in an 
exclusive mode with one or more resources as regards each task belonging to its operating 
cycle. Consequently, different process operations cannot hold the same resource(s) 
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simultaneously. In the model it is assumed that, at any instant time, the system state 
describes the tasks in process, the resources that containers currently hold and will acquire 
before the processing completion, and, finally, the sequence of all the resources necessary to 
complete each operating cycle. 
The PN representing the functioning of the system described above can be seen to be made 
up of sub-nets. Particularly, the PN can be considered to be made up of macro sub-nets, 
each one modelling the planned operating sequence associated with one of the containers. 
Furthermore, each macro sub-net is composed of micro sub-nets, each one representing the 
daily working plan that a resource has to achieve according to the container operating cycle 
associated with. The sub-nets can be viewed as single discrete-event plants interacting with 
each other through some synchronization transitions that represent the meeting points of two 
or more resources allocated to the same task. These features allow a suitable representation 
of the interaction between the sub-nets and reduce the burden of controlling the firing 
sequences on any transition of the PN, because the controller can detect any deviations from 
the operating schedule by only observing the synchronization transitions. 
 

3. THE CONTROL ARCHITECTURE FOR FAULT MONITORING, 
DIAGNOSIS AND RECOVERY 
 
In this paper, PN will be used to define a hierarchical monitoring structure intended to real-
time fault diagnosis and recovery in the considered intermodal container terminal. Because 
of the complexity of the considered system, a distributed hierarchical discrete - event 
control structure seems to be the best choice. In the proposed control architecture, the lower 
level is made up of local controllers, each one monitoring and controlling a synchronization 
point [5], whereas at the higher level a central coordinator acts like a broker, making the 
local controllers communicate with each other. As a result, the proposed approach consists 
in designing a decentralized monitoring and control system able to detect, to diagnose, and 
to correct, through an algorithm of optimization, the consequences of the undesired events.  
The control architecture is made up of several independent local “agents” and a Central 
Data Base (CDB). As depicted in Fig. 1, each “agent” is characterized by three main 
functions: i) the detection function, performed by the detection block, to reveal any 
deviation from the Daily Process Plan; ii) the diagnosis function, performed by the 
diagnosis module, to identify the resource that has caused the deviation; iii) the decision 
function, performed by the decision module, to identify all the possible recovery actions and 
estimate the cost of each one of them. Whenever a delay from the schedule is detected, the 
resources that have caused the deviation are identified. Then, an optimization algorithm is 
run to evaluate the costs of all the possible recovery actions and choose the best one.  
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Fig. 1 – The agent 

 
4. THE OPTIMIZATION ALGORITHM 
 
The proposed algorithm provides the steps that each “agent” has to perform to decide which 
action to implement. Since the event occurrences are related to each other through the 
process dynamics, it is assumed that each agent is equipped with a watchdog timer able to 
detect whether the interval between two subsequent firings of a synchronization transition 
follows the Daily Process Plan (DPP), or a delay is affecting the system. Consequently, it is 
suitable to assume that each detection module is equipped with a clock and an information 
system consisting of the list of scheduled events, their timing, and the resources allocated to 
each event. 
The first step of the algorithm detects the presence of a delay at a synchronization transition; 
as it should fire at the a-priori scheduled nominal firing instants, it is possible to detect any 
delay looking for the controlled transition in the set of fireable transitions at the nominal 
firing instant. If  the considered transition is in the set no delay is detected; otherwise, a 
warning message is reported and the diagnosis function starts to find, through the Data Base 
Management System (DBMS), the resources that have caused the delay. Once the late 
resources have been identified, as well as the times at which they will be available (i.e., the 
delay duration), a Delay Resource Set (DRS), containing such late resources (often only 
one), is composed and sent to the decision block.  
Then, the decision block sends to the DBMS a “resource announcement” message. The 
DBMS verifies if the Set of Available Resources (SAR), which contains the resources of the 
same type of the late one currently idle, is empty or not; if it is not empty, the DBMS 
provides to the decision block the list of available resources suitable to perform the on-late 
task. In such a list each resource is associated with the time at which it will be again 
occupied, so identifying its current residual idle time. The decision block selects in the list 
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the resource which, during its current idle time, would take the shortest time to perform the 
operation which is being delayed. Such “virtually allocated” resource is effectively allocated 
only if it is evaluated that it would finish the delayed operation before the late resource 
(holding into account its estimated delay). 
Due to the page limit, we have just sketched the algorithm, which will be formally stated 
and explained in details in a full version of the paper, where also experimental results will 
be included. 

 

5. CONCLUSIONS 
 
The proposed model makes use of Petri nets since they are able to capture the precedence 
relations and interactions among asynchronous events typical of DES. The detection and 
control model we propose is based on the PN model of a daily working plan of the container 
terminal, presented in details in [3].  
The control architecture is able to provide information about whenever and wherever an 
unwanted delay occurs by monitoring the transition firing times, signalling to the regulation 
module any missed firing, and providing a recovery strategy able to minimize delays and the 
costs associated with. Such a control structure is being validated based on data about the 
real case study of the Italian container terminal named Voltri Terminal Europa.  
 

BIBLIOGRAPHY 
[1] W. DeWitt, J. Clinger, “Intermodal Freight Transportation”, Trasnportation Research 
Board “Transportation in the New Millenium: State of the Art and Future Dirctions – 
Perspective from Transportation Research Board Standing Committes”, National Research 
Council, January 2000, Washington DC. 
[2] H. Tanimoto, “Factory Automation: An Automatic Assembly Line for the 
Manufacturing of Printers” in Modeling and Control of Automated Manufacturing Systems, 
Alan A. Desrochers, IEEE Computer Society Press Tutorial 1990, pp. 16 -34.  
[3] C. Degano, A. Di Febbraro, “Modelling Automated Material Handling in Intermodal 
Terminals”, in Proc. 2001 IEEE/ASME International Conference on Advanced Intelligent 
Mechatronics (AIM’01), July 2001, Como, Italy, pp. 1023-1028.  
[4] T. Murata, “Petri nets: properties, analysis and applications”, Proc. IEEE, vol. 77, 1989, 
pp. 541-580.   
[5] C. Degano, A. Di Febbraro, “Fault Diagnosis in an Intermodal Container Terminal”, in 
Proc. 8th IEEE international Conference on Emerging Technologies and Factory 
Automation (ETFA’01), October 2001, Antibes Juan-les-Pins, France. 

OSPITE
594




