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Abstract: The paper proposes a new concept for product lifecycle management 

based on network-centric and multi-agent technology principles. Network-

centric system Smart PLM is a superstructure over traditional PLM-systems, 

and is designed to increase efficiency of every stage of complex product 

lifecycle management. Key Smart PLM systems are also represented. 
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1 Introduction 

Product lifecycle management (PLM) is a strategic business approach that 

consistently manages all life-cycle stages of a product, commencing with market 

requirements through manufacturing and maintenance to disposal and recycling [1]. 

For the aerospace industry, this includes such complex engineering objects as 

spacecraft and satellites, aircraft and rocket engines, their subsystems, separate 

instruments and components, etc. Due to ever-increasing complexity of lifecycle 

knowledge, intensifying market competition and high-level dynamics of changes 

from individual requirements to the finished product, it becomes critical to 

implement continuous and connected adaptive closed-loop PLM. Closed-loop PLM 

systems allow for information from middle lifecycle stages to support decision 

making in later lifecycle stages (recycling and re-purposing) and together for them 

to send feedback to the early lifecycle stages, improving the new generations of the 

product [2]. 

The paper suggests a new approach to aircraft and spacecraft lifecycle 

management based on implementation of network-centric organization. It will 

enable to create smart “system of systems” for increasing efficiency of every stage 

of PLM, from design and production to maintenance and recycling. 

2 Aircraft as a complex system 

Maintenance and technical support of aerospace PLM software is a complex task 

due to the high level of uncertainty, which is an inherent part of the product. The 

practice of operating an aircraft or spacecraft requires timely repairs of units from 

various systems that suffer malfunctions at unpredictable intervals. One can 

distinguish seven criteria of complexity that qualify establish product lifecycle as a 

complex system and postulate the major objectives for closed-loop PLM-systems 

[3]: 



1) Connectivity. Aircraft consists of a very large number of components that can 

fail interdependently from one another due to their functional or proximity relations. 

The objective is to establish all possible malfunctions and their interdependencies, as 

well as conditions under which they are likely to occur. Additionally, a large number 

of personnel who operate and service the aircraft regularly cooperate and 

occasionally even compete with each other. The objective is to establish human 

factor effects on malfunctions, their dependencies and on repairs. 

2) Autonomy. Complex systems possess the capability to make decisions without 

direct instructions, under given constraints, or within given rules. Physical 

components of aircraft have no functional autonomy but they appear to have 

autonomy of malfunction dynamics; intelligent components (e.g., software) may 

have a limited autonomy while personnel operating and servicing aircraft may have 

a considerable autonomy. The objective is to establish autonomy of every functional 

component and effects of this autonomy on malfunctions and repairs. 

3) Emergence. The aircraft malfunction pattern emerges from the separate 

occurrences of individual malfunctions and is obviously unpredictable. The 

objective of is to establish probable patterns of malfunctions and repairs for each 

individual aircraft. If the possibility of malfunction for a particular component 

continuously increases and at some point exceeds a certain value, it might be 

prudent to replace the unit before its inevitable breakdown. 

4) Nonequilibrium. A comparison can be made between a dynamic system, 

which may have no time to return to equilibrium between two disruptive events, and 

aircraft functionability, which may not return to the original state after a 

malfunctioning unit has been repaired or replaced. The objective is to establish 

effects of this on the future pattern of malfunctions and repairs. 

5) Nonlinearity. A relatively insignificant malfunction may cause a catastrophic 

event when involving an aircraft. The objective is to identify possible catastrophic 

consequences of malfunctions and to influence reliability of an aircraft as a whole. 

6) Self-organization. In response to a malfunction, some aircraft subsystems are 

capable of autonomously reconfiguring themselves with a goal to reducing or 

eliminating potential consequences. The objective is to identify self-organizing 

activities and their effects on malfunctions and repairs.  
7) Conjugacy. Since the occurrence of aircraft malfunctions depends of working 

and servicing conditions, the malfunction and repair patterns will differ as these 

conditions change. In other words, malfunction and repair patterns of an individual 

aircraft and its functionability co-evolve with its working and servicing 

environment. 

Despite significant progress in the past two decades, there are still considerable 

difficulties concerning the implementation of existing automated PLM-systems. The 

main problem is that while the declared goal is establishing closed-loop PLM, the 

implementation is frequently restricted to conceptual development and design 

lifecycle stages. In particular, implementation rates in the production, transportation 

and maintenance stages is quite low [4]. Another reason for reduced usability of 

implemented PLM-systems is due to lack of uniform modelling rules and related 

programming methods. Because most of knowledge in traditional PLM-systems is 

non-structured, it becomes difficult to track information at various lifecycle stages. 

This leads to lack of feedback to design and production stages from the middle and 

the end of each particular item’s lifecycle, restricting access to knowledge [5]. 

In time knowledge inevitably changes, which is why software dependent on it 

can swiftly become outdated. Both existing systems and those under development 

should react promptly to changes in knowledge about product during its lifecycle. 

The current solutions to the problem are complete or partial re-design of the system, 

investment in prolonged and expensive maintenance or complete termination of 

system’s technical support, which inevitably leaves it outdated. Some estimates 



show that each year continuous maintenance and improvements of PLM software 

takes up to 25% of initial development cost [6]. The proposed alternative is to 

account for possibility of knowledge changes early in the development of PLM-

system and implement solutions that support knowledge changes in the implemented 

software. 

 

3 New principles of creating intelligent PLM-systems  

To solve the presented challenge, a new approach for developing intelligent 

system for lifecycle management «Smart PLM» is suggested, based on principles of 

network-centric management, multi-agent technology and domain ontology (Fig. 1). 

 

 

 

 

 

 

 

 

 

Figure 1. Architecture of the distributed PLM-system 

Smart PLM functions as a superstructure built on top of the traditional PLM-

systems. The main level of the system is formed by autonomous intelligent systems 

using service-oriented architecture and Intelligent Enterprise Service-based Bus 

(iESB), which manages integration of data from all subsystems in a unified 

information space for achieving the current management goals [7,8]. In place of one 

unified PLM-system, there will exist an adaptive p2p network of multi-agent 

schedulers for separate lifecycle stages, enterprise departments and even employees, 

all interacting through iESB. The goal is to enable full coordination between every 

lifecycle stage due to dynamic interaction of all participants in real time.  

The proposed network-centric intelligent system Smart PLM is based on using 

ontologies and multi-agent technologies. An ontology is a conceptual model of some 

aspect of the world that contains vocabulary describing various aspects of the 

modelled domain and provides an explicit specification of the intended meaning of 

the vocabulary by describing the relationships between different vocabulary terms 

[9]. An Agent is a software object capable of consulting knowledge base to ascertain 

what is necessary to achieve and how, composing and sending messages to other 

agents or humans, interpreting information found in knowledge base or received 

from other agents and electing from a set of options the action. A system of one or 

more swarms of agents competing or co-operating with each other with the aim of 

accomplishing a common task is a Multi-Agent System [10]. There have been 

previous successful cases of implementing Multi-Agent Systems during aircraft 

manufacturing lifecycle stage, characterized by high degree of customization 

between individual units, as part of the project ARUM (Adaptive Production 

Management) [11]. We propose to extend the same approach to all stages of PLM, 
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allowing agents on various stages to exchange messages between each other, 

effectively creating a closed-loop PLM system. 
Major component systems of Smart PLM are (Fig. 1): 

1) Smart Strategic PLM Scheduler - provides product lifecycle planning for a 

prolonged time period as well as ensures cooperation between separate systems. 

2) Smart Design – enables support of decision-making process during the design 

stage of the R&D Projects, helping individual components to self-organize 

according to proposed requirements. 

3) Smart Project – management of R&D Projects in complex interdisciplinary 

teams with additional options for ongoing development oversight. 

4) Smart Factory – scheduling and optimization of workshop resources such as 

workers, equipment, materials and others in real time.  

5) Smart Transport – management of transportation (trucks, railway transport, 

sea transport, etc.). 

6) Smart Supply Chain – procurement of external components during production, 

repair and maintenance lifecycle stages and updating of existing supply chains.  

7) Smart Maintenance – support of service, maintenance and repair lifecycle 

stages. 

The described systems will be integrated with existing traditional systems 

through iESB and will be used for decision-making and coordination efforts by the 

method of a virtual “round table”. This approach allows developing reconfigurable 

systems by considering such biological inspired techniques as swarm intelligence 

and self-organization. In addition to an ability to react to sudden and unpredictable 

changes, modern reconfigurable systems should be easy in maintenance and use 

[12].  

The proposed architecture is aimed at modular composition of models of 

multiple agents behavior, capability and self-reflection and enhancing the agent’s 

performance by usage of semantics and knowledge ontology. Each of the systems 

will enable working with the domain knowledge models represented as ontologies 

based on semantic networks of concepts and relations between classes. This is 

necessary for the formation of the knowledge base as well as for search and 

comparison between possible management solutions [13]. 

 

4 Network-centric approach to PLM-systems development 

Due to high complexity of aerospace PLM, we suggest to divide the original goal 

into a sequence of local optimization tasks, which can be resolved as the disruptive 

events occur. This means using a network-centric method, in which plans are not 

formed hierarchically, but instead are generated though interaction of agents in 

different areas of ontology, which are connected to one another. This differs from 

direct optimization methods or common heuristics based on priority rules with 

centralized planning algorithms. 

Network-centric approach to PLM will provide enough flexibility to 

accommodate needs from different industry sectors, which poses a challenge to the 

software component design of PLM systems [14]. A modular approach will be 

advantageous in long run, allowing the systems to work concurrently and 

asynchronically, while messaging each other in case of a disruptive event. 

The suggested intelligent PLM system consists of individual subsystems for 

management of separate stages with primary focus on the possibility of adaptive 

planning and coordinated adjustment of plans based on real-time events. In this 

scenario, coordination of decision-making between systems is provided through the 

multi-level adaptive p2p network between systems, unlike the traditional relations 

“master-slave” in a cascade model of enterprise business management (Fig. 2).  



This architecture corresponds to one of the distinctive characteristics of network-

centric software systems, because the communicating elements are essentially 

loosely-coupled sub-systems that work together only to solve a large and complex 

problem that cannot be solved by any individual element [15]. According to the 

network-centric approach, multi-level adaptive p2p network of intelligent PLM-

systems contains system of long-term strategic schedulers and short-term tactical 

schedulers that can react to occurrence of disruptive events in real time. This is a 

major defining characteristic, considering that design, assembly and maintenance 

centers will be located far apart from each other. 

Bottom level systems support product design (Smart Design), manufacturing 

(Smart Factory) and service (Smart Maintenance). Different maintenance centers of 

specific components will collect and process information about malfunction 

statistics, dynamics of performance indicators, etc. If one or several indicators go 

beyond the established limits, the scheduler sends inquiries for possibility of product 

re-design, changing product requirements and its construction or production 

characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                   Figure 2. Network-centric approach to distributed intelligent PLM-system 
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will work autonomously and start negotiations horizontally for updating their 

existing plans. Non-contradictory plans will be send for approval and 

implementation, while emerging conflicts, on which individual systems cannot 

agree, will be sent to the top-level strategic scheduler for assistance in resolution of 

the conflicts and allocation of additional resources. After the solution has been 

approved, individual systems will be able to re-schedule their plans and come to a 

mutual agreement. 

 

4.1 Models and methods for implementing the network-centric approach  

The proposed system is based on the multi-agent approach. Each element of the 

superstructure and every piece equipment has a correspondent program agent acting 

on behalf of its element. Tasks that emerge at various stages of product lifecycle and 

should be scheduled and then implemented in real time also have the correspondent 

agents. Behavior of multi-agent systems is not determined by a specific algorithm, 

but instead is formed organically as a result of interaction between its components. 

[7]. 

The basis of multi-agent PLM-system is a conceptual ontology-based product 

model. The model consists of elements organized in systems, where output of one 

element of the system serves as an input for another, establishing functional 

connections between elements. All elements and systems are also connected by 

spatial relations, which allows to detect development of deterioration, malfunction 

and emergency situations. For instance, if an element starts overheating and the 

temperature spike is detected, through the spatial relations it is possible to determine 

which neighboring elements be can influenced in their performance. 

The conceptual model presupposes that every item has distinct features due to its 

unique lifecycle. These features enable to describe the item’s state at each moment 

and to keep track of occurring changes by processing information from other 

systems. In addition, the features enable to support decision making about necessity 

of maintenance to increase component’s safety. 

 

5 An example of possible implementation and cooperation of 

PLM systems 

Suppose there is a conceptual model of an aircraft and its working conditions on 

which we can track various situations. Initially, two aircrafts from the same 

production line will be almost identical at the start of their lives. However, due to 

their different working conditions, different malfunction dynamics and periodic 

replacement of components, characteristics of these two aircrafts will start to differ 

significantly over time, requiring individual approach to their maintenance. For 

example, one aircraft may be operated in the northern latitudes with low 

temperatures while the other one is used in the tropics with high temperatures and 

humidity. Agents of all components will be constantly checking conditions under 

which the aircrafts are operated, calculating risks of malfunction and proposing 

either maintenance or replacement of components, which leads to rescheduling 

within the system. If the same component constantly malfunctions under certain 

working conditions, this information is send to Smart Design system in order to 

change the requirements to components and to their working conditions and to 

initiate redesign processes. 

When the disruptive events occur, component agents are activated and begin to 

calculate their risks and probability of malfunction, then pass this information to 



agents of neighboring components, which in response either mitigate the risks by 

adjusting their plans of action, or increase them and in turn pass the message to their 

neighbors. For example, if the aircraft operating at low temperatures suffers from 

accelerated oil degradation, the oil agent takes into account the environment 

temperature and duration of service, proposing oil replacement more frequently than 

during under regular temperatures. 

In this case, discovery of one problem launches a wave of malfunctions 

probability calculations for neighboring components in the ontology’s semantic web, 

which identifies actions necessary to correct the situation. The system then displays 

the statistics of possible risks with the most critical ones having priority during 

scheduling, while the less critical ones have lower priority during scheduling and are 

taken into account by the system later, allowing scheduling to return the situation to 

an equilibrium on all levels. 

Based on this data, the system can predict future malfunctions and make plans 

for maintenance and prevention of future emergencies in advance. By analyzing the 

probability of a certain problem and its effect on other systems using ontological 

relations, it becomes possible to trace the influence of emerging events on the 

overall characteristics of the aircraft and develop a plan for timely prevention of 

potentially dangerous situations. 

In terms of user interface, the proposed solution contains virtual models 

undergoing changes concurrently with each individual aircraft and indicating which 

actions must be performed to ensure the required level of reliability. The visual 

interface based on a three-dimensional model of the aircraft will enable users to see 

highlight potentially unstable component or system and to track critical functional, 

spatial and other types of connections while calculating probability on whether the 

current problem will spread. 

If the same unit continually breaks down under the same operating conditions, it 

could indicate a flaw in its design and once such conclusion is made in the Smart 

Maintenance system, all data about the product, its working conditions and 

malfunctions is send into the Smart Design system. Using this data, it may be 

suitable to perform a partial redesign of the product resulting in a new modification 

that will not be susceptible to such frequent malfunctions in the predetermined 

working conditions. Implementing prognosis of conditions for future aircraft 

maintenance early in design stages will result in major benefits in reduction of 

wasted spare component lifetime and overall improvement of maintenance efforts. A 

change from preventive maintenance towards a predictive, condition-based 

maintenance strategy can also significantly reduce cost and duration of maintenance 

downtime [16]. 

If reaching consensus within the system is impossible because the newly 

generated plans interfere with already implemented plans and functionability of 

other systems, the strategic scheduler becomes involved to resolve the 

contradictions. It corresponding requests to individual scheduling systems (Smart 

Design, Smart Maintenance, etc.) which interact with each other through iESB. At 

the same time, all plans on various levels are adjusted in order to return the situation 

to normal. For example, it might become necessary to replace a broken component 

during the next maintenance session, and if not in stock, an urgent delivery of a new 

unit to the maintenance station is required. This in turn will change the work 

schedule of ground delivery services, which means strategic plans will also have to 

be re-scheduled. 

 

6 Conclusion 

The proposed system can be used in stand-alone mode or be integrated with 

existing lifecycle management systems, which significantly expands the market for 



the finished product. Several individual components of the intelligent PLM system 

have already being realized using proposed models and methods. For example, 

«Smart Factory» was designed as a multi-agent system for machine-production 

factories characterized by complexity and dynamics of hand-made operations, as 

well as high uncertainty in supply and demand that require adaptability in reaction 

on unpredictable events, such as aircraft jet production [17]. 
Additionally, iESB is been developed and tested as part of ARUM, a 

collaborative project within the EC “Factory of the Future” initiative, which also 

utilizes knowledge-based multi-agent system for decision support in planning and 

operation to great success [18-20]. 
The multi-level distributed network of interacting intelligent PLM-systems will 

enable implementation of the holonic approach to aerospace industry management 

by creating an architecture that fully corresponds to the structure of the enterprise 

itself. Such approach will feature interaction of multi-agent systems and illustrate 

co-evolution of self-organizing systems. This provides such important advantages of 

the proposed system as the improvement of quality and efficiency of PLM solutions, 

operational efficiency, flexibility and productiveness, reliability and survivability, 

scalability and high level of integration of the whole PLM system. Moreover, this 

approach reduces the cost of PLM-system and their maintenance and mitigates risks 

during its implementation. 
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