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Network knowledge bases for technical diagnostics

Key words
Statement network, multilayer statement network, belief network, expert system.

Słowa kluczowe
Sieć stwierdzeń, wielowarstwowa sieć stwierdzeń, sieć przekonań, system doradczy.

Summary
The paper briefly discusses the application of a multilayer statement network as a qualitative
model of a diagnosed object and a model of a diagnostic knowledge base. The reasoning process
in statement networks is based on searching for an equilibrium state of the network.

Introduction
Decision-making support systems, as for example advisory systems, allow
taking rational actions based on available information, domain knowledge and
knowledge about methods of decision making. A special category of such
systems is diagnostic systems. There are many applications of such systems.
Further discussion will concern only the systems of technical diagnostics.
*

Department of Fundamentals of Machinery Design, Silesian University of Technology,
Konarskiego 18a, 44-100 Gliwice, Poland, wojciech.cholewa@polsl.pl.
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Diagnostic systems
The overall objective of diagnostic systems is to recognise the current state
or changes in the current state of a studied object. The results of their actions
create the basis for decisions on further exploitation of the object, the decision
about the necessity of its inspection, tuning or repair.
The term "state of the object" is an ambiguous concept. A concise
definition can be introduced by limiting the study to system object models,
where the state is a set of variable factors affecting the transformation of inputs
into outputs of these objects. For the general study of technical objects we can
distinguish a functional state of the object (e.g. switched-on, start-up, the
nominal load, run, ...), often referred to as a set of operating conditions of the
object and the so-called technical state of the object including its calibration,
wear and damage to components, abnormalities in the process of manufacturing
the object, and the effects of errors performed during the design process.
Inference about the state of the object can be conducted based on data
supplied by the operator (user) of the object and the results of observations of
the object performed directly or indirectly by observing the interactions
occurring between the object and its surroundings (e.g. inputs and outputs in the
system object model). These interactions are the carriers of information on the
state and the operation of the object. The results of observations should include
process variables. It should be noted that we often do not have the ability to
observe all the impacts. Impacts that are not observed and may affect the
performance of the object are interpreted by the model as noise.
Operation of most diagnostic systems lies in the fact that the values of
selected features of diagnostic signals are subjected to classification in which
the result indicates the state of the object. It is possible to use various kinds of
classifiers. Simple classifiers are based on comparing the classified features of
signals with threshold values (warning, alarming, etc.) as defined in the
standards, recommendations, technological procedures, etc. Complex classifiers
are based on the knowledge of symptoms accompanying the considered states of
the object. Their function is to recognise the symptoms indicating the state of
the object.
A diagnostic signal whose characteristics can be input data for the
classifiers is, for example, the course of the observed impacts (including process
variables). In order to obtain signals with high diagnostic sensitivity, we have
applied systems based on models. The main element of such systems is the
object model. A model for the assumed state of the object and for selected
courses of impacts allows for the determination of the anticipated course of
other impacts, which are compared with the observed actual impacts to
determine the residual (differential) signals. Residual signals can be regarded as
diagnostic signals whose values are subject to the classification of
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characteristics to recognise the state of the object or to verify hypothesis about
the state of the object.
Particularly interesting, but difficult, is the task to build a diagnostic system
for a complex object, where a reasonable solution is to use different types of
partial diagnostic subsystems for selected parts of the studied object. Assuming
that the suggested subsystems are autonomous systems makes it easier to design
them and allows their independent identification and development. It is
important that a whole diagnostic system should not be considered as a simple
assembly of such subsystems, because between the selected parts of the
diagnosed object there may be interactions affecting the operation of the
discussed diagnostic systems.
Knowledge Base
The main elements of systems for collecting the domain knowledge and its
application in the inference process about a technical condition are knowledge
bases. They can be built in the form of sets of exact and/or approximate rules. A
significant step in the development of knowledge bases was to use the concept
of subjective conditional probabilities and the introduction of belief networks.
Sets of rules allow building complex systems of explanations, which create an
essential element of the considered expert systems. Building similar system
explanations for belief networks is a very difficult task.
Expanding upon the concept of belief networks, it was assumed [1] that the
nodes of these networks are statements. The introduction of statements make it
possible to consider the knowledge base in the form of a statement network, in
which the relations between statements may belong concurrently to different
types. These may be cause-effect relationships, association relationships,
dependencies described by multivariate probability distributions, approximate
relations, fuzzy relations, and many others. The studied relationships, which are
currently developed, are necessary and sufficient approximate conditions [1, 2, 3].
Statement Network
The essence of the proposed solution is to introduce a qualitative
description of the object and its action in the form of a specific, fixed set of
statements.
A statement is information about the recognition of expression resulting
from the observed facts or representing a specific opinion. The statement s can
be written in the form of a pair s = <c, v>, where c is the statement content, e.g.
a statement that the designated object has a specified attribute of a fixed value
and v is a statement value, which is for example one of the two elements of
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{true, false}. The statement content can only be a declarative sentence. For
approximate statements their value v can be defined, for example, as the degree
of truth or degree of belief about the truth (validity) of the sentence which is the
statement content.
The results of the observation of the object are the basis for the recognition
of selected statements about the values of process variables, values of the
features of observed interactions, values of the state features, etc. The set of
these statements may include the statements representing the results of
diagnostic subsystems, making known the occurrence of symptoms or even
syndromes of specific states [1].
A model of a set of statements can be a network whose nodes represent
statements and whose branches represent the dependencies between the
statements. It is assumed that the statements are partially dependent, i.e.,
changes in the value of the selected statement may cause changes in the values
of other statements. The structure of the network, its nodes and branches as well
as the content of the statements and the related explanations and comments,
represents the diagnostic knowledge, including the detailed diagnostic
knowledge of the studied object. A view of the considered set of statements can
be a bulletin board or a synoptic table. Such a table contains elements with a
known value (e.g. the results of the observation) and elements of unknown
values (such as the characteristics of the state). Operation of the system aimed to
determine the diagnosis could be viewed as an inference about the unknown
values of the selected elements from the known values of other elements in the
table.
Changing the values of selected nodes causes a change in the values of
other nodes. It is assumed that these changes lead to a state of equilibrium of the
network corresponding to the minimum value of the applied functionals (defined
for the network) [1]. It is not assumed that the considered functional reaches a
global minimum, i.e., a local minima may occur. A determined minimum value
of the functional may measure the degree of conditional contradictions
represented by a knowledge network. One of the many reasons for these
contradictions may be the approximate and qualitative character of the models.
The above assumptions allow describing the task of inference about the
state of the object in the following way [1]:
• Based on observation of the object, we set values of the selected nodes in the
statement network.
• We are looking for unknown (not specified) node values representing the
statements describing the state of the object that ensure the equilibrium state
of the network. The values of these nodes allow the describing of the state of
the object and are the solution to the task of inference about the state of the
object.
It should be noted that the assumptions regarding the equilibrium state of
the network show that there is a possible simultaneous existence of many
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different solutions to the tasks of inference about the state of the object. Such a
situation can be interpreted as the recognition of a set of states indistinguishable
from the current, limited knowledge about the object.
Defining a statement network requires the specification of a set of
statements and relations between statements. The set of statements is specified
by the designer of the network. Specifying a set of statements can be supported
by providing statement thesauri that allow one to pick the pre-prepared
statements. Relationships between statements can be specified openly by the
designer of the network. They can also be acquired automatically based on an
appropriate set of examples. Activities related to determining the relationships
can be supported by examples of the earlier built networks.
Multilayer statement network
Interesting possibilities for practical applications are related to the concept
of multilayer statement networks [1]. Building a multilayer network starts with
establishing a set of statements appearing in it. Subsequent layers are spanned
on the statements selected from this set. It allows the considering of these layers
as partial submodels of different issues. Such submodels can be built
independently from the others.
A multilayer network is a model that should be interpreted as a set of
partial submodels, appearing in the form of successive layers. Some statements
(not necessarily all) may occur simultaneously in several layers. The results
(statements values) returned by successive layers may vary. These differences
may result from different viewpoints and different simplifications adapted in the
partial models. They should not to be interpreted as a symptom of multilayer
network inconsistencies.
Application of a multilayer network requires assembling partial submodels.
Assembling the layers can be achieved through negotiating or aggregating the
results of the layers operation.
The aim of negotiating the results of the operation of the layers is to
establish a single common value for all occurrences of each node in the layers.
The direct way of negotiating the layers is the flattening of a multilayer network
and replacing it with a simple single-layer model. Unfortunately, the flattening
operation is not possible for all models and types of networks. Most types of
networks require that they do not contain cycles. Fulfilling this condition by all
the networks occurring in successive layers does not mean that in the network
resulting from flattening the cycles will not occur. Flattening a multilayer
network is also impossible when relationships in component networks are
defined in different ways. Particularly manageable to such proceedings and free
from mentioned difficulties are statement networks modelling sets of
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approximate, necessary and sufficient conditions, represented in the form of
systems of approximate inequalities [2].
An alternative way of negotiating the results of the layers operation is an
iterative correction of the results of the component layers. However, this causes
numerical problems and does not guarantee convergence.
There are many methods of aggregating the partial results. Unfortunately,
the use of aggregation, interpreted as an averaging of different points of view, is
not a recommended procedure. The only advantage of aggregation is that the
folded layers can be different types of networks, i.e. networks in which
relationships between the statements are described in different ways. This
advantage justifies the use of aggregation, especially when the negotiating of
layers is not possible.
Summary
This limited volume of work allowed pointing out only certain issues.
A more detailed discussion is presented in [2].
Sets of statements can be qualitative images of the considered objects.
Statement networks are their qualitative models. Diagnostic systems based on
statement networks are designed especially for those objects for which we do
not know the complete and sufficiently detailed quantitative model and the
approximate knowledge on diagnostic relationships is obtained based on experts
opinions.
It is necessary to point out that expert systems based on statement networks
allow inference on the state of an object only within a so-called "closed world,"
i.e. one within the pre-defined, finite set of statements. This solution is suitable
for most industrial applications, in which the diagnostic system occurs as part of
an automatic system of continuous surveillance. It should be noted that such
systems are designed mainly for the routine use of knowledge represented by
them and do not allow the automatic generation of new statements. This limits
the possibilities of their application where it is necessary to discover knowledge,
for example, in studies of unusual operational behaviours of little-known
objects.
The Silesian University of Technology developed MMNET environment [2]
and the environment REx1 [3] is being developed, allowing the group
development and verification of the discussed multilayer network knowledge
bases, intended in particular for diagnostic applications. These environments are
distributed in forms of packages in R.

1

Fragment of research task No. 4 sponsored by NCBiR and ENERGA SA, within the strategic
program of research and development entitled "Advanced Technologies of Generating Energy".
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Sieciowe bazy wiedzy w diagnostyce technicznej

Streszczenie
Omówiono zwięźle możliwość zastosowania wielowarstwowej sieci stwierdzeń jako
jakościowego modelu diagnozowanego obiektu oraz jako modelu diagnostycznej bazy wiedzy.
Wyjaśniono, że proces wnioskowania w sieciach stwierdzeń polega na poszukiwaniu stanu
równowagi sieci.
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Summary
The paper presents a novel, multipurpose and heterogeneous computer platform that includes
digital, application, and hardware resources essential for the proper functioning of a virtual
institutional cluster. The cluster is oriented at the transfer of innovative process and product
technologies that are an exemplification of scientific research and implementation works into
business practice. Moreover, the following elements of the multilayer structure of the platform are
presented: integrated computer systems for data fusion and processing, information and specialised
knowledge used in systemic and process structural analyses that are performed with, among others,
Business Intelligence models used by interdisciplinary research teams undertaking innovative
challenges. Furthermore, the author presents the functional capabilities of the platform linked to eservice and e-science, and original and innovative IT solutions developed to meet the requirements
of the platform.
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Introduction
Modern research and business organisations look for new structures of
functioning, and new methods and models that support innovative processes in
order to improve their competitiveness on the global market in sustainable
development conditions [12]. One of the most efficient mechanisms that
influences development of these trends is the integration of organisational
activity and the creation of network-based structures or institutional clusters.
Because of the fact that they share the infrastructure (human resources and
knowledge), they are able to decidedly accelerate the market recognition. This
enables them to identify needs and technological niches in order to make
decisions oriented at the development, application, and commercialisation of
products that are notably innovative [4]. However, an innovative product does
not guarantee a competitive advantage, especially when information concerning
the product is accessible to a limited number of potential clients or they are
aimed at clients who are not interested in the product [13]. Experience gained
from a numerous projects realised within the Framework of Innovative
Economy Operational Programme, the Multi-Year Programme PW-004
“Development of innovative systems of manufacturing and maintenance
2004–2008” [17] and the Strategic Programme “Innovative Systems of
Technical Support for Sustainable Development of Economy” show that
innovative processes realised by consortia, networks or clusters have to be
supported by modern information technologies and IT applications [2]. As
practical experiences show, that this is essentially important in the area of
construction and exploitation of machines [13], where the development of a
conception, and designing and manufacturing of an innovative product requires
the following, among others:
– Stable cooperation between research units, research institutes and business
units within an interdisciplinary research team, where members are
geographically dispersed and have to regularly communicate in order to
solve current, often very complex technical problems;
– Systematic exchange of information concerning a state of the advancement
of a innovative product development;
– Accessibility to results of research that is performed in various research
laboratories and making the results integrated within engineering databases
or knowledge bases, available to other members of a institutional cluster
through the Internet;
– Optimisation of investment on specialised, often very expensive software for
designing with the most advanced methods of engineering design;
– Dispersion of information concerning an innovative product to a certain
groups of clients;
– Cooperation between research units and business units in the stage of a
products application and training of operators;
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– Generating new ideas for the development of an innovative product,
especially related to mechanical solutions, control systems and computer
applications; and,
– Accessibility to the content of databases that support the protection of
intellectual property rights.
Shortening the time of market analysis, specialised computer platforms [5]
might be used for a generation of new conceptions of product and process
technologies optimised in eco-effectiveness criteria [9, 10, 14], increasing the
efficiency of innovative, application and commercialisation processes.
Therefore, there have been works undertaken in order to develop and implement
a multipurpose computer platform that enables data flow, fusion and sharing of
digital resources necessary to run virtual organisation supporting processes of
the transformation of innovative solutions to business practice in the area of
construction and exploitation of machines.
Critical assessment of existing solutions in the area of the construction
and exploitation of machines
The first step before the project of the platform was developed was
analysing computer technologies and information resources of databases and
web sites used in processes of technology transfer, especially in innovation
promotion and the dissemination of information concerning innovative
enterprises, technologies, services, and products. The research consisted in
analysing over 40 international, national, regional, sectional, and institutional
databases and over 400 thematic portals [11, 12]. Fundamental conclusions from
the analysis indicate the following:
– Web portals or specialised databases are popularly used as computer
solutions for the support of the process of the transfer of innovative product
and process technologies.
– The thematic scope of databases depends on their purpose, and databases
frequently contain information concerning the innovation of a particular
sector and information about offers, technological needs, enterprises, and
experts.
– Information resources are usually systematically supplemented when
research projects and projects in the Framework of Innovative Economy
Operational Programme are carried out or financed from structural funds;
whereas, after projects are terminated, investment in databases updating and
maintaining is limited.
– Data acquisition is performed mostly with the use of classical methods based
on paper questionnaires or electronic forms that have stiff structures and
cannot be modified by the user.
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– Available solutions are directed at the gathering and dissemination of data,
not at the gathering, integration and sharing of knowledge, for instance, as a
result of the analyses of data and the market that indicate the real market
demand.
A distribution of information is a notable restriction, as well as the lack of
close connections between existing portals and databases, and between patent
bases and bases with scientific publications concerning, among others, issues
such as the efficiency of mechanisms and structures of knowledge
transformation. It should be recalled that available applications are not equipped
with integrated computer systems that support cooperation in solving problems
in the area of innovativeness, also taking into account issues of knowledge
transformation and technology transfer.
Structure and capabilities of the multipurpose computer platform
The platform was designed in accordance with proposals from performer
analyses, and it is based on the priority research directions in the subject matter,
especially in reference to using the knowledge as a medium for the creation and
management of virtual structures that influence real relations between
institutions that elaborate innovative solutions in the area of construction and
the exploitation of machines. It was assumed that the specialised computer
platform used in the area of the construction and exploitation of machines
should support an efficient solving of the following problems [2, 6, 7, 8]:
– Gathering, processing and selectively orientated dissemination of
information concerning processes of knowledge transformation, technology
transfer, and innovative product and process technologies, for instance,
technologically advanced machines or research apparatus;
– Aggregation of data obtained from various sources available through the
Internet, for instance, data concerning components and subassemblies used in
the construction of machines, results of R&D in the area of construction and
exploitation of machines, legal instruments, founding sources, technical
parameters, patents, standards, and the like, in order to integrate and process
to build ontologies, perform efficient contextual search of information,
management of logistics of manufacturing processes and correct presentation
and interpretation of analyses results;
– Exploration of knowledge from gathered data that could be the trigger for
new innovations or could be useful when developing innovative solutions,
which are particularly important in technical sciences and engineering;
– Performing research in the area of innovativeness, market demand, research
potential of research organisations, and the like, with the use of advanced
methods, for instance CAWI (Computer Assisted Web Interviews);
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– Ensuring effective and efficient verbal and visual communication between
members of interdisciplinary research teams that enables fast exchange of
data, information and knowledge;
– Stimulating the creative generation of ideas in the area of construction and
exploitation of machines with the use of unconventional, heuristic and
behavioural operational methods, for instance, a brainstorming method;
– Improving cooperation between different users in updating and maintaining
thematic portals of the platform with the standardised CMS system (Content
Management System);
– Managing services, including support services involving promoted
innovative solutions, e-science services, marketing services, an electronic
document flows with the CRM (Customer Relationship Management) system
based on the SaaS (Software as a Service) model and SOA (Service-Oriented
Architecture) conceptions.
The project was developed, and implementational tasks concerning the
dynamic, scalable, scalable and virtual platform have been undertaken. The
platform is intended for efficient communication, dissemination and information
processing, and selective fusion of knowledge resources of corporations,
research institutes, research units and advisers, and experts that aim at
developing innovative technical solutions and technologies. The platform has a
heterogeneous and multilayer architecture (Fig. 1) including digital, application
and hardware resources that enable the functioning of a virtual institutional
cluster directed at knowledge transformation and transfer of innovative product
and process technologies. The platform integrates the following layers: physical,
communication, operational, application, and information (Fig. 1).

Fig. 1. A multilayer structure of the computer platform
Rys. 1. Wielowarstwowa struktura platformy informatycznej
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The physical layer includes hardware equipment that is necessary for using
all offered functions of the platform. Distributed hardware solutions that were
used enable one to treat each application of the platform as an individual service
with its own program and hardware interface. Services are run in the
computational cloud. It enables one to achieve numerous benefits crucial to the
functioning of the platform, in particular, the elimination of peer-to-peer
connections, the isolation of individual computer systems through program
interfaces and strict control over communication processes between users.
Moreover, all adaptive devices, mediation devices, network devices (hardware
servers, switches, and routers), hardware firewalls, hubs, workstations and a
data transmission network are located in the physical layer.
The communication layer ensures electronic, digital contact between external
and internal users and the platform applications. In the communication layer, the
exchange of data and other information is performed with the use of
teleinformatic technologies and TCP/IP (Ethernet) HTTP, FTP, and GMS/GPRS
protocols. The distribution of hardware resources enables the gradual
development of the platform, as well as a replacement of devices without any
disturbances in the platform’s operation. The applied structure of the physical
layer meets the requirements of the SOA and enables one to implement a
conception of a corporate portal. It guarantees storing and selective availability
of gathered knowledge between a cluster’s nodes (the platform shareholders)
and enables one to implement requirements concerning conformity of hardware
interfaces and to provide e-services and e-science.
The operational layer is a virtual institutional cluster that is a copy of an
organisational network of business and research units that participate in the
generation, design, implementation or commercialisation of innovative solutions
based on research findings. The essential task of the operational layer is to realise
a loop of systemic processes concerning knowledge transformation (Fig. 2).
Because of the fact that the operational layer is a virtual copy of a real
organisational network, it is possible to implement a methodology of system
engineering including the following operational procedures (Fig. 2):
– Gathering of data, information and knowledge (searching, monitoring,
exploring);
– Analysing with the use of various method of knowledge representation and
synthesis for, among others, an ontology construction and inference
(systemic analysis and synthesis);
– Explaining and justifying (systemic fusion and integration of information
and knowledge);
– Selective disseminating of gathered data, information and knowledge for
users of the platform (transformation of knowledge, distribution of
information and knowledge); and,
– Verifying of gathered knowledge (evaluation).
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The knowledge is provided by experts, documents, or electronic sources,
and then it is transformed into a digital resource with the use of transformation
and mapping methods. The knowledge provided and registered in this way is
then assessed and verified.

Fig. 2. A loop of system processes in the operational layer
Rys. 2. Pętla procesów systemowych w warstwie operacyjnej

On this basis inference, explanations, predictions (prognoses), and
simulation, models were prepared.
The application layer contains computer applications for knowledge
management, multidimensional analyses of processes of knowledge transfer to
business practice, intelligent gathering of distributed information (for instance
from the Internet) and applications for the protection of the platform resources.
The following computer systems function in the application layer on the present
stage of the platform development:
– The Internet portal, which is an equivalent to a corporate portal, including
common information for the whole platform (Fig. 3);
– The content management system (CMS) designed with the use of the Joomla
libraries which were adapted, modified and extended for algorithmic models
in accordance with the platform requirements, in particular, for tasks
concerning an integration of virtual users and other applications of the
platform;
– The original computer SOA-based system, including a selection of
organisational and technical methods that enable a precise integration of
business models with computer resources (The system modules contain
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computer services supporting small-to-medium enterprises (SME) or
research institutes in taking strategic actions in client service, product selling
and marketing strategies. This enables one to join SOA-based systems with
CRM requirements);
– The VBS computer system for supporting brainstorming sessions;
– The I-Questionnaire computer system intended for performing CAWI based
research; and,
– The system for videoconferences and video seminars.

Fig. 3. User interface of the platform portal
Rys. 3. Interfejs użytkownika portalu platformy

The application layer includes original applications of systems intended for
knowledge management in accordance with requirements of knowledge
engineering and for intelligent integration of data and information. The
application is equipped with applications for dynamic generation of ontologies
and semantic processing with the use of neuro-linguistic programming (NLP)
[15]. This group also contains interactive decision support systems and expert
systems that are used in planning and decision making, which enables one to
obtain selected, condensed and analysed information and facilitates taking
innovative decisions. There are numerical OLAP procedures and original
applications developed with methods of data mining and knowledge exploration
used in multidimensional analysis [17]. Applications for DAI-based (distributed
artificial intelligence) tasks are also very important. They include a set of
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agents, so-called Internet agents, and dynamically generated web pages that are
available on the designed portal, which ensures a fusion of information from all
data resources from the virtual institutional cluster in one digital space. The
main goal of Internet agents is to automate the process of information and
knowledge gathering, as well as to ensure effective resource sharing by users. In
the application layer, a transfer of knowledge into business practice is managed
by computer systems of e-services, including mobile services, modules of
teamwork, management of documents, and content. A protection of the platform
resources, apart from hardware solutions, is ensured by firewalls and an original
application for management of profiles and user entitlements.
The information layer of the platform contains a set of distributed,
logically ordered structures such as databases, knowledge bases, and data
warehouses. These structures in the information layer are the centre of data for
systemic processes. MySql and Oracle relational databases were applied. Data
warehouses are complementary repositories that contain data from various
resources. The data is processed and used to create reports and system analyses
that provide information necessary for a rational justification of decisions which
are crucial for strategic analyses in processes of the transfer of research results
used in innovative solutions. Within the development of the platform, databases
and data warehouses will be integrated with rule-based knowledge bases and
also knowledge bases where knowledge is represented by facts and frames.
Application of the platform for solving the problems in the area
of the construction and exploitation of machines
The classification of issues in the area of the construction and exploitation
of machines that the designed platform could be used is presented (Fig. 4).
Practical experiences of the author show that the specialised computer
platform efficiently supports solving problems in the area of the construction
and exploitation of machines, especially in cases when a cooperation of
geographically distributed interdisciplinary research teams is required. One of
the most functional qualities of the platform is the obtaining, gathering, and
processing of knowledge from various sources. Its heterogeneous, distributed
structure enables one to include new data and knowledge bases, for instance,
engineering bases used for designing in accordance with defined needs. The
application based on the brainstorming method is an effective tool for
stimulation of the processes of creating innovative ideas in the area of the
construction and exploitation of machines and supports teamwork in solving
conceptual and project problems. It could be used in relatively new research,
called quality engineering, that focuses on testing product technology quality.
Applications available within the platform enable one to verbally and visually
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communicate with team members, which improves the processes of
manufacturing and supporting.

Fig. 4. The application of the computer-aided platform for solving problems
in the area of the construction and exploitation of machines
Rys. 4. Zastosowania platformy do komputerowego wspomagania rozwiązywania
zagadnień z obszaru budowy eksploatacji maszyn

Summary
Solutions and computer technologies applied in the platform under
construction enable one to classify it to a group of knowledge management
systems of the forth generation, which are currently investigated within research
conducted throughout the world by the most significant manufacturers and
providers of computer software. An issue of a special importance is a multilayer
platform architecture that supports an exploration and creative application of
knowledge in solving complex problems in the area of the construction and
exploitation of machines and the functioning of e-services and e-science for a
virtual institutional cluster needs. The most remarkable features of the platform
that distinguish it from existing solutions are the following:
– Multitasking of the platform, in particular, in gathering and data processing
for specialised analyses that support decision making in processes of the
transformation of scientific results of research to business practice;
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– The capabilities of gathering and exchange of knowledge between members
of a institutional cluster;
– A knowledge base that contains information about over 300 innovative
solutions in the area of the construction and exploitation of machines that
were developed within the Multi-Year Programme PW-004 “Development of
innovative systems of manufacturing and maintenance 2004–2008” [17] and
the Strategic Programme “Innovative Systems of Technical Support for
Sustainable Development of Economy”;
– Capabilities of knowledge exploration from gathered data that could be
useful in developing innovative solutions;
– Capabilities of the support of the creative approach to solving complex
technical and technological problems with both research findings and
unconventional methods, for instance, brainstorming;
– Capabilities of a contextual information search from various data sources
located in the Internet, as well as in databases, data warehouses and
knowledge bases that exist in the platform structure;
– The application of original heuristic, behavioural and algorithmic models
that are used in multidimensional quantitative and qualitative analyses; and,
– Capabilities of using computer systems with various functions that work in a
computational cloud.
The construction of the platform consisted in using the latest findings of
modelling, research and application results of IT, particularly, business
intelligence, technology intelligence, object business and artificial intelligence,
e.g., in an ontology generation for a database contextual search. The designed
platform, by using the most advanced IT technologies, integrates business and
research units; therefore, it should be systematically updated and developed.
Furthermore, because of its multitasking and scalability, the platform could be
used in long-term support of research, development, and implementation
activities in the area of the construction and exploitation of machines.
Scientific work executed within the Strategic Programme “Innovative
Systems of Technical Support for Sustainable Development of Economy” within
Innovative Economy Operational Programme.
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Wielozadaniowa platforma informatyczna wspomagająca transfer rozwiązań
innowacyjnych do praktyki gospodarczej

Streszczenie
W artykule przedstawiono nowoczesną, wielozadaniową i heterogeniczną platformę
informatyczną zawierającą zasoby cyfrowe, aplikacyjne i sprzętowe niezbędne dla funkcjonowania
wirtualnego klastra instytucjonalnego ukierunkowanego na dystrybucję do praktyki gospodarczej
innowacyjnych technologii produktowych i procesowych będących egzemplifikacją wyników prac
badawczych i rozwojowych prowadzonych w obszarze budowy i eksploatacji maszyn.
Zaprezentowano wielowarstwową strukturę platformy, w szczególności zintegrowane ze sobą
systemy informatyczne przeznaczone do gromadzenia, fuzji i przetwarzania danych, informacji
oraz specjalistycznej wiedzy wykorzystywanej w realizacji systemowych analiz strukturalnych
i procesowych prowadzonych między innymi z wykorzystaniem modeli sztucznej inteligencji
przez interdyscyplinarne zespoły badawcze podejmujące przedsięwzięcia o charakterze
innowacyjnym. Wskazano możliwości funkcjonalne platformy w zakresie świadczenia e-usług
oraz realizacji e-science. Przedstawiono oryginalne i innowacyjne rozwiązania informatyczne
opracowane na potrzeby funkcjonowania platformy
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Quality testing model for unit prototype technological
devices
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Summary
The article presents the model of testing individually manufactured unique prototype
technical devices. Furthermore, problems occurring in such prototype testing are identified, and,
on this basis, the assumptions of the model for quality tests of prototype technical solutions are
made. Essential components of the model, including structural and process decomposition
procedures, are discussed. Moreover, potential applications of the model are analysed and
indicated. Results of the model verification are presented using the example of selected,
technologically advanced prototype devices.

Introduction
Identification and verification of functional and operating properties of
prototype solutions are one of the pivotal stages determining the final quality of
*

Institute for Sustainable Technologies – National Research Institute, Radom.
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designed devices, particularly those of an unique, individual character [1].
Quality tests for such solutions allow the control the conformity of obtained
parameters and properties with the design assumptions. Additionally, they
enable the identification of “weakest links” of the developed solution and
determine methods and technical means to be used in the process of their
elimination. Such tests also help the authors of the solution decide whether the
prototype complies with the directives and requirements of international,
national and sectoral norms or whether it can stimulate standardisation
undertakings, norm modifications or new quality, safety, environmental impact
and compatibility directives to be drawn up [11]. Properly planned quality tests
for prototype solutions usually result in a shorter time of their implementation in
industrial practice and reduce the costs of its launching [10]. Quality tests
improve knowledge in the field of structural and functional elements as well as
elements and components used to construct the prototype solution. These tests
have an important input into procedural knowledge concerning particular types
of groups of prototype solutions, which is especially important in the aspect of
sustainable development, since prototype tests are an important element of LCA
methods.
Conditions presented indicate that this matter is particularly important for
scientific institutions, R&D institutes and those enterprises that are directly
involved in the development and manufacturing of individual units of prototype
technological devices [2, 3]. This type of applications should meet the technical,
operating, ergonomic, economic, and human engineering requirements assumed in
the design process as well as be adjusted to the requirements of sustainable
economic development [4, 5]. Thus, the scope and the methods of quality testing
for prototype technological devices should be selected with great deliberation and
precision so as to provide information about its functional properties and the
potential behaviour of the devices in the actual operating environment [2, 7, 8].
The holistic approach towards this matter, based on the authors’ practical
experience gained in design, manufacture and implementation processes of
several dozen of prototype solutions [12, 13, 14], determined the genesis of
activities aimed at the development of the model of quality testing for prototype
unit technological devices, technologically advanced unique test and research
apparatus in particular.
Problems associated with quality tests for prototype solutions
Practical problems to be solved in the process of the planning of
experiments connected with quality tests for innovative prototype solutions
were identified on the basis of several dozen of selected unit devices developed
and produced at the Institute for Sustainable Technologies – National Research
Institute in Radom [15], presented in detail in the electronic catalogue of
innovative solutions attached to this publication.

Quality testing model for unit prototype technological devices

31

These solutions are characterised by technical parameters, functionality,
and purpose allowing them to be classified into the group of unique, niche
prototype solutions conforming to the technical level of highest global
standards. The solutions are composed of specialised mechanical, electronic,
optical, computer, control and measurement units integrated with one another.
Original components, that is mechanical structures, electronic and optical
elements, and units were used in their structure. Control-measurement units,
actuators and effectors, as well as IT procedures were used in their construction.
The unique structure and purpose of the developed prototype solutions enforced
unconventional quality tests to be conducted. Without the methodologically
justified selection of test and verification methods particularly concerning
original components of the prototype solution, the tests do not guarantee proper
verification of the predefined functional and operating properties to be obtained,
and, in consequence, fail to ensure that the device will work in real operating
conditions without any faults. The results of the lack of the methodologically
justified selection of verification procedures are presented on the basis of the
chamber for thermo-mechanical properties of ceramic and composite energy
insulators testing (Fig. 1).

Fig. 1. Prototype chamber for thermo-mechanical properties of energy insulators testing
Rys. 1. Prototypowa komora do badań właściwości termomechanicznych izolatorów
energetycznych

System errors consisting in the too general structural decomposition were
made at the time of selecting quality test methods, which resulted in the
omission of some of the structural elements of the prototype, which, in practice,
turned out to be necessary for the proper maintenance of the chamber.
Endurance tests did not cover the full scope, which made it impossible to detect
the following:
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– A failure frequency that was too high of the dual temperature regulation
system in the range of temperatures below –30°C;
– The lack of the operating durability of hydraulic load sets enforcing vertical
stretching force in the 0–220 kN range and the horizontal bending force in
the 0–20 kN range; and,
– Intervals in transmission between the computer monitoring system and the
PLC controllers in measurement-control systems.
In the case of the device for the conditioning of emulsion treatment fluids
(Fig. 2), in which the novel solution applying the coalescence phenomenon for
the removal of external oil, the four-level sensor for the measurement of the
fluid level, was the problem. Reliability and frequency of fluid level
measurement plays an important role in the general functioning of the device,
since it improves filtration efficiency, which in turn prolongs the operating time
of the fluid and maintains the high quality of processed details. The developed
prototype of the solution showed measurement errors that were too great of the
fluid-level measurement sensor. The properly prepared, from the
methodological point of view, plan for the experiments with the use of methods
for the quality testing for structural elements and an in-depth analysis and
interpretation of obtained measurement results enabled the detection of the
reasons of these errors. This was the non-linearity of the characteristics of the
sensor with reference to the designed measurement range, which allowed the
fault to be completely eliminated. A different kind of problem occurred in the
case of quality tests for the device for the control of the side surface of roller
bearings (Fig. 3.) equipped with the multicamera system of automatic optical
inspection.

Fig. 2. Device for the conditioning of emulsion treatment fluids
Rys. 2. Urządzenie do uzdatniania emulsyjnych cieczy obróbkowych
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The device enables one to control the quality of the side surface of metallic
cylindrical products by means of advanced mathematical and algorithm models
of digital image analysis and processing. The results of image analysis form the
basis for the qualification of goods into one of three categories: good, faulty,
requiring correction. In quality tests, the verification of visual paths of the
software of the frame grabber and the analysis and classification algorithms
needed to be incorporated. An intermediate method was used to verify the
correctness of the analysis and classification algorithms. It required factual data
that is digital images containing model side-surface defects, including, inter
alia: material loss, cracks, corrosive pits and edge defects. Acquisition and
inclusion of a statistically justified number of exemplary images was important
from the point of view of quality test for algorithms developed. Problems that
occurred in this case concerned the models of data acquisition necessary for
quality tests as well as the identification of the informational range and the
structure of simulation models using data gathered.

Fig. 3. Device for the control of the quality of roller bearings assembly
Rys. 3. Urządzenie do kontroli jakości montażu łożysk ocznych

Presented examples of practical problems connected with prototype tests
complemented with years of experience gained from the realisation of numerous
R&D tasks and constructions undertakings, enabled the development of the
synthetic classification of issues occurring in quality tests for prototype unit
technological devices (Fig. 4).
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Fig. 4. Classification of practical problems taking place at the time of prototype technological
device testing
Rys. 4. Klasyfikacja problemów praktycznych występujących przy badaniu prototypowych
urządzeń technicznych

These problems can be classified into the following groups:
– General problems concerning, particularly, the issues of structural and
process decomposition determining the selection of sets of structural
elements used on different functional levels of the prototypes of the device
that should be further tested in order for the verification of technical
parameters of the prototype and the estimation of its reliability, durability to
take place; and the type and time of tests and verifications to be determined,
as well as quality analysis to be conducted in order to enable the
identification of discrepancies between the obtained and the predefined
operating characteristics and cause-effect relations for the occurrence of
potential faults and critical defects;
– Methodological problems connected with the selection of test and
verification methods, as well as experiment planning, which is particularly
important since unit devices can rarely be subject to destructive testing; and,
– Informational problems concerning difficulties connected with acquisition
and gathering of data necessary for the construction of simulation models
and inference methods for probable operating properties of devices, a well as
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information about the prototype quality tests, which is important for its
modification.
The necessity to develop an original model for quality testing for prototype
technological devices was also justified by the difficulties in direct application
of FMEA (Failure Mode and Effect Analysis), FMECA (Failure Mode, Effect
and Criticality Analysis), FTA (Fault Tree Analysis), PRN (Probabilistic risk
assessment), TQM (Total Quality Management) methods, and RCM (Reliability
Centered Maintenance) and CRI (Continuous Reliability Improvement) models,
particularly in standard reliability methods and models or machine diagnostics
used in statistical quality management, RCM systems and CRI procedures.
Unsuccessful application of these methods stemmed particularly from the
following prerequisites:
– The frequent lack of data about the reliability of components, which the
prototype technological device is built from;
– The lack of the possibility to conduct the statistically justified number of
tests and verifications that could provide information required to determine
the probability of defect occurrence in individual structural elements and the
entire device, which prevents quantitative assessment of operating durability
and indicates qualitative methods, e.g. rating;
– The impossibility to use destructive tests, e.g. fatigue tests, due to the fact
that usually only one copy of the prototype solution is available;
– The necessity to include such characteristics as effectiveness, functionality,
safety, and ergonomics in complex quality assessment;
– The limited liability with reference to the proper functioning of the
diagnostic module of the device, which also is subject to quality testing; and,
– The lack of possibility to obtain new information sources that can make the
assessment of the characteristics of the prototype solution easier, because
these devices are unique or niche solutions that cannot be compared with any
other solutions available on the market with reference to their technical
parameters and functional characteristics.
An important difference between unit and mass production is the fact that
prototype solutions developed are in fact final versions presented to the end
customer. These devices are manufactured individually or in short series,
usually with no knowledge of the operating characteristics of each of their
components, which results in the lack of the possibility to apply various
statistical methods typically used in the case of verification tests for prototypes
of devices manufactured serially. Contrary to mass production, in the case of
tests of this type of prototypes, consideration of conditions close to
manufacturing conditions is not necessary; whereas, technical and functional
parameters definitely need to be preserved. Thus, taking classical requirements
into consideration [9], quality tests ought to provide statistical a priori
knowledge enabling prediction inference about operating properties of prototype
solutions.
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Assumptions for the development of the model for quality tests for unit
technological devices
The presented, selected practical problems formed the basis for the
formulation of guidelines for the development of the model for prototype device
testing.
The following general assumptions were chosen:
– The primary objective of the model is to enable the verification of the
conformity of obtained technical and functional parameters of the prototype
with those predefined in the design process.
– The selection of tests and test methods should allow the following:
 the identification of hidden material defects or faulty components,
whose defects may lead to critical faults or defects of the entire
prototype solution;
 the assessment of prototype solution durability and reliability in real
operating conditions; and,
 the reduction of the number of operational and analytical procedures
depending on the importance and the time available for prototype
testing.
– The model is composed of three major components, that is structural
decomposition, process decomposition, and procedures for the selection of
test methods and verification tests, which enables the assessment of the
effects and sequences of events caused by the fault identified on different
levels of the hierarchic structure of the prototype solution and additionally
allows one to determine the importance and the critical nature of every type
of defect in relation to the general functioning of the prototype solution.
– The structural decomposition is conducted with the use of recurrent
procedure enabling the representation of the structure of the prototype
solution in the hierarchic tree structure, which is crucial in the case of the
application of the computer system for the support of planning processes and
the management of prototype tests.
– The process decomposition enables the selection of a set of processes taking
place in the prototype on different levels of its functioning, playing a critical
role in the functioning of the entire prototype solution.
– The only elements that are subject to tests are original components used in a
given prototype. Components that do not meet the requirements of the
originality criterion (e.g. commercial parts) are only assessed within the
module into which they have been built.
– The model is equipped with a database, which enables the application of
regularly collected information necessary for the planning and realisation of
test programmes.
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– The model is based on knowledge and experience acquired from previously
conducted analyses and development research; it thus is equipped with the
knowledge base.
– The effects of the application of the model include the confirmation of the
conformity between project and predefined characteristics and the set of
identified, potential defects and faults categorised according to the criteria of
importance and detection.

Fig. 5. Diagram of the recurrent procedure of structural and process decompositions
Rys. 5. Schemat procedury rekurencyjnej dekompozycji strukturalnej i procesowej

The presented classification of practical problems occurring in quality tests
for unit prototype solutions and formulated assumptions imply the use of
declarative and procedural knowledge, particularly the knowledge of the authors
and the users of these solutions for the development of formal and heuristic
decomposition models.
Structure of the model for quality tests for prototype unit technological
devices
The essential role in the model developed (Fig. 5) is played by the recurrent
procedure of structural and procedural decomposition processes. The
application of this type of the solution allows the following:
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– The use of unified procedure for different kinds of prototypes;
– The beginning of the decomposition process on any level (Fig. 6) – the
procedure can be implemented for the entire prototype solution, its
subsystem or the original component of the prototype application; and,
– The ending of the decomposition process after the identification of the set of
all the components that, in the authors’ or experts’ opinion, should definitely
be subject to testing due to the fact that they can play a critical role in the
proper functioning of the entire prototype.

Fig. 6. Model for quality tests for prototype solutions of unique technological devices
Rys. 6. Model badania jakości rozwiązań prototypowych, unikatowych urządzeń technicznych

Figure 6 indicates that process decomposition also plays an important role
in the developed model. It enables the identification of the set of technical and
functional parameters resulting from the structure and the correlation between
individual subsystems and components on different levels of the complexity of
the prototype application. Connecting structural decomposition with process
decomposition enables the selection of criteria of decomposition ending which
include the following:
– The development of the set of parameters and characteristics of key
importance to the functionality of the prototype; and.
– The identification of structural elements, whose fault badly influences the
functioning of the entire prototype solution.
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The result of the decomposition process is composed of the matrix of
identified cause-effect dependencies between structural elements on different
levels of complexity and the parameters and functionalities (Fig. 7). Structural
decomposition is a top-down procedure.

Fig. 7. Results of the recurrent procedure of the decomposition process
Rys. 7. Rezultaty procedury rekurencyjnej dekompozycji

Decomposition is a source of knowledge enabling the following:
– The identification and qualitative analysis of potential defects and the
assessment of their importance for the proper functioning of the entire
prototype solution and identification of probable reasons behind their
occurrence;
– The determination of the cause-effect relations between the defects, their
occurrence frequency and structural elements from which the prototype
solution is built; and,
– The decision-making process concerning the construction of simulation
models.
Once dependency matrices are developed and cause-effect relations
characterised by the experts, the set of tests and probable development research
is created. The assessment of time and costs necessary for individual tests
allows one to identify the multidimensional matrix containing the componentparameter-test model relations. The analysis of critical paths enables the
identification of the set of test procedures that are optimal in relation to safety
criteria and necessary financial and time inputs ensuring the following:
– The verification of technical parameters;
– The procurement of planned functionalities;
– The diagnostics of potential “weakest links” of the prototype solution; and,

40

J. Dobrodziej, A. Mazurkiewicz, A. Zbrowski

– The selection of methods and the scope of tests possible to be realised in the
time given.
The matrix of dependencies is a formal presentation of the effects of
activities connected with the selection of technical and functional parameters
subject to verification, and the identification of faults, defects and emergencies.
The matrix can be expanded by cause-effect diagrams enabling holistic analysis
of cause effect chains (defect – results of it occurrence). The results of the
analyses are used, inter alia, in the following:
– The calculation of the priority number or critical character number of known
FMEA or FMACA methods that are the measurements of the quality of the
prototype technological solution;
– The identification of the components for which experimental or simulation
tests should be conducted in order to obtain information about their
reliability and durability;
– The selection of components for which tests and verifications need to be
done;
– The procurement of data about the components of the technological device,
particularly information required for risk assessment and defect occurrence
frequency issues;
– The determination of test methods to be applied in the case of the entire
device testing in order to confirm its technical and functional parameters;
and,
– The gathering of data necessary for inference about operating properties of
the device in real operating conditions.
A set of measurement techniques is ascribed to each of the methods. It
includes tests, research apparatus, and measurement methods. The point
assessment of the usefulness of a given method is conducted by the experts.
Temporary conditions for the application of the developed model are
presented in Fig. 8.

Fig. 8. Draft of dependencies in the life cycle of the prototype solution and operational procedures
of the model for its assessment
Rys. 8. Schemat współzależności cyklu życia rozwiązania prototypowego i procedur operacyjnych
modelu jego oceny
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The model can be applied at the very stage of prototype solution design for
test plans, as well as on the level of original component manufacture.
Possibilities of its application in tests planning and tests management are
presented based on the chamber for concrete carbonisation.
Case study – quality tests for the chamber for concrete carbonisation
Chambers for concrete carbonisation (Fig. 9) are used in attestation tests
for processes of CO2 calcium hydroxide reaction. What decides the
innovativeness of the chamber is the application of the module for CO2
condensation testing. A crucial element of the module is the original,
operational structure enabling precise, long lasting gas dosage. Application of
Peltier links in the systems for temperature reduction and atmosphere drying is
also a unique solution. Water that is released at the time of concrete
carbonisation is automatically removed from the chamber by means of an
original application for the control module with the use of PLC controller. The
matrix of dependencies between the aforementioned solutions and the
functionality and technical parameters of the chamber obtained at the time of
structural and process (functional) decomposition is presented in Fig. 10.

Fig. 9. Chamber for concrete carbonisation tests
Rys. 9. Komora do badań karbonatyzacji betonu

Analysis of data included in the matrix allowed one to indicate that CO2
concentration and temperature measurement systems needed to be tested
together with the subsystem for water removal. Applying expert knowledge, the
set of test methods possible to be used in these cases was developed (Fig. 11).
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Fig. 10. Matrix of dependencies between subsystems and objects and parameters and
functionalities
Rys. 10. Macierz zależności pomiędzy podsystemami i obiektami a parametrami
i funkcjonalnościami

Fig. 11. Set of test methods and tests that need to be done for a prototype chamber for concrete
carbonisation
Rys. 11. Zbiór metod badań i testów, jakie należy wykonać dla prototypowej komory do
karbonatyzacji betonu
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Based on the matrix of dependencies and the set of test methods, the
multidimensional matrix of structural element – test method type is composed.
The matrix contains input data for the determination of critical paths and the
minimum set of test procedures necessary for the verification of a test process
for the prototype solution. It also enables the identification of tests that can be
realised in parallel and enables the assessment of time necessary for the creation
of a required test set.
Summary
The developed model can be used for prototype solutions with varied
technological advancement.
The model enables the time and the costs of tests verifying the quality of
the solution to be optimised.
The test method, realised with the use of the develop model, is far less time
consuming and much more efficient than the procedures used in QFD, FMEA,
FMECA, FTA, PRN or RCM methods.
The model can be used even at the design and production stage in order to
plan and manage the test processes.
The developed model of structural and process decomposition enables
basic parameters and functions to be assigned to the highlighted structural
elements and operational processes, which makes the identification of the
causes of potential faults easier. Additionally, it shows great effectiveness in
quality tests for compound, unique prototype technological solutions. The
decomposition also enables the identification of these structural elements of the
prototype solution that are the most probable areas of fault occurrence as well as
the identification of areas of crucial importance from the point of view of
predefined technical and functional parameters.
Prototype tests conducted with the use of the model developed result in the
high probability of the proper functioning of the tested object at the time of its
excessive operation.
Scientific work executed within the Strategic Programme “Innovative
Systems of Technical Support for Sustainable Development of Economy” within
Innovative Economy Operational Programme.
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Model badania jakości rozwiązań prototypowych jednostkowych urządzeń technicznych
Streszczenie
W artykule przedstawiono model badania prototypowych urządzeń technicznych
wytwarzanych jednostkowo. Zidentyfikowano praktyczne problemy występujące w badaniach
takich prototypów. Na tej podstawie sformułowano założenia do budowy modelu badań jakości
rozwiązań prototypowych. Zaprezentowano kluczowe komponenty modelu, w tym procedury
dekompozycji strukturalnej i procesowej. Przeanalizowano możliwości zastosowań modelu.
Weryfikację modelu przedstawiono na wybranych, zaawansowanych technicznie prototypowych,
jednostkowych urządzeniach technicznych.
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Summary
The article presents a systems approach to activities facilitating the development and
commercialisation of innovative technological solutions supporting sustainable economic growth.
The key aspects recognised by the authors are the determination and correlation of research
directions of the future and the formation of strategies of action on both the micro and the macro
level. Governmental strategic research programmes have been identified to be an effective formula
for the realisation of research in generated research areas. The authors have emphasised the need
for including activities providing systems support facilitating novel technologies transfer in
research programmes of a strategic nature, along with the tasks for the development of innovative
product and process solutions. The article also presents an example of an effective correlation of
this type of problems in a currently realised research programme.
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Generation of research directions of the future
Economic innovativeness and competitiveness are determined by an
effective realisation of strategies for economic and scientific development on a
macroeconomic, national, and a microeconomic level that is the research
institution’s level. At the time of forming and realising the aforementioned
development strategies, critical roles are played by are the identification of
future research directions and the generation of short- and long-term trends in
the development of advanced technologies. The determination of research
directions of the future is also of key importance from the perspective of a
research institution, because it supports the design of a short-, medium-, as well
as long- thematic scope and strategy of its R&D activity. Practical application of
the results of undertakings like foresight projects enables the research for whose
realisation a given institution has enough appropriate substantial, infrastructure
and financial potential. Additionally, it allows the realisation of tasks directed at
the development of the potential for the launching of future research directions
included in a long-term strategy of a given scientific organisation complying
with a national development strategy. The determined research directions and
technologies are updated with the use of state-of-the-art analyses and expert
analyses, in which the latest R&D trends and the results of sectoral and national
foresight projects and national and EU strategic research priorities are taken into
consideration. The means of generating research directions for R&D institutions
considering their potential and the national priorities of strategic importance is
depicted in Fig. 1.
Factors determining the selection of research directions realised at a research
institution are composed, on the one hand, of national strategic research directions
and, on the other hand, the potential, expert knowledge and experience of a given
research institution in a particular research domain. In the case of a lack of
necessary personnel, infrastructure and financial potential, particularly when
referring to emerging technologies, activities directed at the development of the
potential with a view of research directions planned for future realisation are
undertaken on the institutional level.
The lack of conformity between research directions realised by a given research
institution and the national research directions of strategic importance results in
institutions desisting from the realisation of research in a particular domain or
searching for alternative means of financing, i.e. in the case of R&D tasks with great
commercial or application potential. Financial means for the realisation of such tasks
can come from the institutions own financial resources, from the industry, or from
special funds including those within international cooperation.
Therefore, the scope of nationally realised research is not the sole result of
bottom-up procedures undertaken by research institutions in selected, strategically
important, research directions. In the case of national needs, special mechanisms,

Fig. 1. Diagram of research results generation for research organisations
Rys. 1. Schemat generowania kierunków badań jednostki badawczej
Source: Authors
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e.g. strategic programmes facilitating the research in key domains or special
structures (e.g. spin-offs, national research institutes) dedicated to the
development of priority areas may be applied.
Generation of thematic areas of strategic research programmes
Directions of nationally realised priority research are generally determined by
national strategies for economic and scientific development, whose creation is
supported by, inter alia, the application of research results of foresight projects.
The areas of strategic importance to the economic growth of a country are
supported on a national level. The priority domains selected on a macro level
ought to be narrowed down within sectoral foresight projects aimed at the
identification of key technologies and visions of future development. Strategic
directions on a national level and their specification conducted within sectoral
foresight projects are then taken into consideration within corporate foresight
projects directed at the determination of future research areas for a research
institution or an enterprise (Fig. 2).
National foresight programme

National
strategic
research
directions

Sectoral
foresight
project

Sectoral
foresight
project

Sectoral
foresight
project

Corporate foresight
project

Directions of research conducted by a research institution

Fig. 2. System for the selection of research directions realised at a research institution with
consideration of thematic areas generated within foresight projects
Rys. 2. System doboru kierunków badań prowadzonych w jednostce badawczej z uwzględnieniem
tematyki wygenerowanej w ramach projektów foresight
Source: Authors
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Joint consideration of the results of different kinds of foresight projects
(national, sectoral, corporate) and the directions of research conducted at a
research institution, including those carried out within national research
programmes, enables the identification of the thematic areas of strategic
research programmes (Fig. 3).

Priorities of “Poland
2020” National Foresight
Programme

Priorities of sectoral
foresight projects

Corporate foresight

National strategic
documents

Subject matter of
a Strategic
Programme

Subject matter of realised
national strategic
programmes

Subject matter of research
tasks undertaken at a
research institution

Fig. 3. Generation of subject matter of strategic research programmes
Rys. 3. Generowanie tematyki programów strategicznych
Source: Authors

The presented system approach has been applied in the determination of
future research directions for the Institute for Sustainable Technologies –
National Research Institute (ITeE – PIB), Radom, in the area of technical
support for sustainable development, as a result of which the Strategic
Programme has been generated.
The subject matter of the Strategic Programme has been determined by, on
one hand, priorities indicated in EU and national strategic documents, thematic
areas of governmental programmes of strategic importance, and priorities of a
national foresight programme, and on the other hand, by the results of a sectoral
foresight project including the subjects of advanced industrial and
environmental technologies [4, 6] and the results of a corporate foresight
project, conducted by ITeE – PIB [11].
Strategic Programmes as a formula for the realisation of research in
domains of key national importance
Research programmes, including strategic programmes, are an acclaimed
and widely applied form for the realisation of R&D activity directed at
increasing national economic competitiveness by means of developing
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innovative products and services, as well as the realisation of development tasks
facilitating finding solutions to scientific, technical and organisational problems.
The subject matter of strategic programmes results from the scientific and
innovative policy of a country and complies with national priorities indicated in
strategic documents [1, 2, 3].
The Multiyear PW-004 Programme “Development of Innovative Systems
of Manufacturing and Maintenance 2004–2008”1 constitutes an original
example of a strategic programme supporting sustainable development of the
economy. The Programme encompassed a wide thematic scope particularly
concerning system conditions and the generation of innovative solutions in the
area of advanced products and manufacturing and maintenance technologies.
Additionally, the Programme included the topics of technologically advanced,
high-quality products, which include the following: test apparatus; material
technologies; energy and material saving production systems; development of
technical devices for the monitoring, prevention and elimination of technical
threats; systems that decrease environmental strain caused by manufacturing
processes, machine maintenance; and, the development of methods for quality
support in technological manufacturing processes [10].
Apart from its material effects, the PW-004 Programme was a source of
useful information and experiences concerning the realisation of actual
innovative processes. The conducted technological research tasks formed the
basis for the verification of developed methods of implementation maturity and
commercial potential assessment. Application of these methods allowed full
identification of material effects of the Programme with the view of their
practical application readiness.
The realisation of the strategic PW-004 Programme has significantly
contributed to the identification of the most crucial research and application
needs concerning leading research directions in the area of innovative support of
sustainable development of a country. On this basis, considering the results of
national foresight projects (“Poland 2020” National Foresight Programme) [7,
9], sectoral foresight projects (“Advanced Industrial and Ecological
Technologies for the Sustainable Development of Poland”) [4, 6] and corporate
foresight projects (corporate foresight for ITeE – PIB) [11], priority research
areas of the next Strategic Programme (“Innovative Systems of Technical
Support for Sustainable Development of Economy”)2 have been identified.
These areas include priority R&D directions selected by the “Sustainable
Development of Poland” research panel coordinated by the authors of the article
within “Poland 2020” National Foresight Project. Research directions were then
1

2

Established by the decision of the Polish Ministry Board (NR 97/2004) as an executive for
strategic governmental research programmes for the benefit of the growth of national
innovativeness, generated in the realisation of the policy of national economic development
described in „Entrepreneurship-Development-Work” programme document [8].
Realised in the 2010–2014 period, financed within Innovative Economy Operational Programme.
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made more detailed within the sectoral foresight in which priority technologies
of the future and the visions of their development were additionally determined.
Both the research directions and the technologies have been included in the
subject matter of the currently realised Strategic Programme.
Scope of problems within the strategic programme in the area of technical
support for sustainable development of the economy
The “Innovative Systems of Technical Support for Sustainable
Development of Economy” Strategic Programme aims at the development of
both advanced product and process solutions ready for practical industrial
implementation in the area of manufacturing and maintenance of technical
objects and system solutions supporting their application.
The R&D matters revolve around five main thematic areas concerning
advanced technologies facilitating manufacturing and maintenance processes,
methods and systems of rational waste utilisation; systems for safe maintenance
of technical objects, test apparatus and unique technological devices, knowledge
transformation and technology transfer systems enabling technical and
operational support for undertaken technological tasks, and a successful
application and commercialisation of achieved research results.
The thematic areas concerning technological issues included in the
Programme reflect the thematic areas of the aforementioned sectoral foresight
project – “Advanced Industrial and Ecological Technologies for the Sustainable
Development of Poland.” The Strategic Programme connects the two thematic
areas of the foresight project, that is the area of materials technologies and
nanotechnologies as well as mechatronics and control systems into one
compound domain of advanced technologies supporting manufacturing and
maintenance processes of technical objects. This has been an intentional action,
since both solutions in the area of materials and mechatronic technologies are
directly applied in the industry with view of the development of innovative
commercial products.
The subject matter of the Programme also includes the “Systems of
knowledge
transformation,
advanced
technologies
transfer
and
commercialisation of innovative solutions for sustainable economy” group in
which issues including the continuation of foresight undertakings, mechanisms
and structures of knowledge transformation and commercialisation of innovative
results of strategic programmes are contained. The incorporation of this
additional thematic group in the structure of the Strategic Programme results
from the fact that it has been identified by the national and sectoral foresight
project to be of great importance to economic growth. In “Poland 2020”
National Foresight Programme, for instance, novel methods of knowledge
transformation, technology transfer and innovation commercialisation have been
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identified to be one of the strategic directions in the socio-organisational domain
and considered to be decisive determinants of the growth of innovativeness and
competitiveness of the national economy. Moreover, the Strategic Programme
also includes the aspects of continuing education facilitating knowledge
transformation and technology transfer processes as well as issues of staff
training. The selection and incorporation of these themes into the subject matter
of the Strategic Programme also stems from the effects and recommendations of
the sectoral foresight project concerning the qualification and competencies of
specialists designing, developing and implementing cutting edge, priority
technologies.
Supporting the development and commercialisation of innovative
technological solutions within the Strategic Programme
An effective realisation of strategic programmes requires close interactions and
connections between its research tasks and activities for the systems support in the
area of knowledge transformation and technology transfer as well as activities for the
organisational support in the form of organisational and informational platforms
aimed at the development and dissemination of innovative solutions (Fig. 4).

System support

Diagnostics and safe maintenance systems

Selection of mechanisms and structures facilitating
research results implementation and
commercialisation

Systems and methods of national resources
utilisation

Assessment of implementation maturity and
commercial potential of product and
process solutions

Test apparatus and unique technological
devices

Evaluation of a research programme and its tasks

Technological subjects

Advanced technologies supporting
production and maintenance processes

Detremination of research directions of the future

Platforms supporting the development and dissemination of
innovative solutions

Fig. 4. Correlation of the realisation of research tasks of technological nature with activities
providing system support in the area of knowledge transformation and technology transfer and
organisational support
Rys. 4. Powiązanie realizacji zadań badawczych o charakterze technologicznym z działaniami
zapewniającymi wsparcie systemowe w zakresie transformacji wiedzy i transferu technologii oraz
wsparcie organizacyjne
Source: Authors
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Tasks in the area of improving the efficiency of knowledge transformation
and technology transfer processes undertaken within the Strategic Programme
include the following interrelated issues:
• Determination of future research directions,
• The evaluation of strategic research programmes,
• Implementation maturity and commercial potential assessment,
• Search for effective mechanisms and structures for innovation deployment,
• The creation of organisational and informational platforms facilitating
cooperation and dissemination of innovative solutions, and
• The education of personnel developing and using advanced technologies.
Selection of research directions of the future and priority technologies on
the institutional level (level of research institutions), their updating and
monitoring is of crucial importance to the functioning of such an institution.
Tasks incorporated in the Strategic Programme are focused on the key aspects of
future R&D directions identification, including the issues of generating key
factors determining the way the research is conducted, rating of technologies
with view of their innovativeness and competitiveness, and issues concerning
scenario probability determination.
Realisation of research in generated directions and their results are subject to
cyclical evaluation, which is an integral part of research programme management.
The objective of the evaluation is to stimulate the increase in the effectiveness of
implemented programmes and to indicate how undertaken tasks can be of use to
the economy. Additionally, evaluation is directed at the assessment of the results
of a realised programme, improvement of substantial effects, planning of further
tasks, the assessment of current effectiveness and analysis of the quality of
programme management. From the point of view of the national economy,
evaluation of research programme results is of greatest importance, particularly
when focusing on the possibility of practical application of the material effects of
the programme. Unfortunately, the stage of practical application and industrial
deployment of programme results is rarely included in its realisation, and the
effects of research projects are not assessed with view of their commercial
potential and industrial application efficiency. Thus, within the Strategic
Programme realised, the assessment of implementation and commercial potential
of its product and process results has been proposed. This assessment can be
conducted with the use of an original method of the assessment of the
implementation maturity of innovative solutions [5] that identifies the phase of the
advancement of the solution and assesses the level of its innovativeness and
practical deployment readiness. The assessment focuses on technological aspects
but also concerns the advancement of R&D activity. It also allows planning the
rational time, costs, and future actions regarding the application and maintenance
of the innovative solution obtained. A high level of implementation maturity of a
solution is a necessity for its practical implementation.
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In order to be able to practically apply innovative product and process
solutions, suitable mechanisms and structures supporting the phase of
implementation and commercialisation need to be used. In Poland, the lack of
effective practical implementations is a result of weak mechanisms and
structures facilitating technology transfer. Despite a great number of innovative
solutions developed and a variety of mechanisms and structures available, no
effective system for innovation implementation has yet been developed in
Poland. The most advanced and highly promoted by the Polish government
technology transfer mechanism nowadays are the mechanisms of direct sale or
spin-off venture creation; however, the later still battles with numerous
obstacles of a different nature.
The objective of research realised in the Strategic Programme is to indicate
effective mechanisms and structures of knowledge transformation and
technology transfer and to practically verify them with regards to technological
solutions developed within the Programme.
One of the tasks supporting the practical implementation of developed
cutting edge solutions is the activity directed at their dissemination, which can
be achieved by means of organisational and informational platforms launched
within the Programme. The organisational platform is a kind of network
between all the subjects employed in the realisation of the Strategic Programme
and the subjects participating in its research and applicatory results. The
platform aims the realisation of promotional and marketing tasks directed at
popularisation of innovative results of the Programme. The platform for
research results dissemination is supplemented by the informational platform
that, by means of computer tools, supports processes of knowledge
transformation and technology transfer. The platform has a multilayer
informational-operational structure directed at the diffusion of innovative
product and process technologies and results of the Strategic Programme. The
communication module between platform’s users, who are members of
interdisciplinary research teams, research institutions and enterprises, is one of
the elements of the platform.
The key element necessary for the development of innovative solutions is the
personnel responsible for the development of innovative solutions and the staff
practically implementing them in enterprises. The tasks realised within the
Strategic Programme are directed at the development of educational curricula and
technologies facilitating the growth of competencies and qualifications and
promoting professional and educational mobility of advanced technologies
specialists directly participating in the creation of innovative solutions within the
Strategic Programme as well as final end users of these solutions. Realised tasks
additionally aim at the development of the project of the system for human
resources development within Polish enterprises specialising in innovative
activity. Their objective is to share the knowledge, forming the basis for the design
of support directions in the range of minimisation of competence gaps the
personnel have in the area of knowledge transformation and technology transfer.
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Conclusions
The nationally undertaken systematic action for the support of research
development and the practical application of research results are manifested in
the consideration of foresight results at the time of the generation of strategic
R&D directions to be realised, inter alia, in the form of strategic research
directions. Effective application of results of foresight projects on national,
sectoral, and corporate levels requires the correlation of their subject matters
and realisation methodologies. The results of foresight projects should be
incorporated into strategic programmes covering the subjects of innovative
product and process solutions and including necessary system tasks supporting
knowledge transformation and technology transfer. Practical application of
developed solutions is enabled by the application of methods and tools allowing,
among others, the assessment of developed solutions in the aspect of their
commercial and implementation capabilities.
The experience of the authors of the article gained in the realisation of
numerous research programmes, i.e. multiyear and strategic programmes,
indicates the importance of these types of activities. The development of any
innovative solutions faces a number of substantial, technical and organisational
obstacles that may be the result of the necessity of developing novel solutions,
coping with tight deadlines, organising effective and dynamic cooperation
between the R&D sector and the industry, etc. However, currently, the most
difficult problem to overcome is the transferring of research results into
economic practice. Thus, the effective realisation of strategic programmes and
the practical application of their results require the consideration of system
solutions supporting knowledge transformation and technology transfer.
Interrelation between the process of technology development and system
solutions supporting it is one of the features of the currently realised “Innovative
Systems of Technical Support for Sustainable Development of Economy”
Strategic Programme in which strategic national directions, future research
directions selected with foresight projects and the potential of institutions
realising it are all taken into consideration. Tasks related to systems support
undertaken within the Programme aim at supporting practical applications of the
results of the programme and creating and developing cooperation networks
between the R&D sector and the industry, which is facilitated by the design of
organisational and informational platforms. Realisation of tasks in the area of
knowledge transformation and technology transfer contributes to effective
dissemination, commercialisation, and implementation of technological and
organisational results of the Programme.
Scientific work executed within the Strategic Programme “Innovative
Systems of Technical Support for Sustainable Development of Economy” within
Innovative Economy Operational Programme.
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Systemowe uwarunkowania wspomagania rozwoju i komercjalizacji innowacyjnych
rozwiązań technologicznych

Streszczenie
W artykule zaprezentowano systemowe podejście w odniesieniu do prowadzenia działań
stymulujących rozwój i komercjalizację innowacyjnych rozwiązań technologicznych wsporagających zrównoważony rozwój gospodarki. Za kluczowe uznano typowanie i korelację
przyszłościowych kierunków badań oraz tworzenie strategii działania na poziomie mikro i makro.
Zaproponowano rządowe programy strategiczne jako skuteczną formułę realizacji badań w wytypowanych dziedzinach. Wskazano na potrzebę uwzględniania w programach strategicznych, obok
zagadnień dotyczących rozwoju innowacyjnych rozwiązań produktowych i procesowych, działań
ukierunkowanych na zapewnienie wsparcia systemowego umożliwiającego transfer opracowanych
rozwiązań do gospodarki. Zaprezentowano przykład efektywnego powiązania tego typu zagadnień
w realizowanym programie strategicznym.
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Summary
In the small scale, turbines and bearings are a source of specific problems connected with
securing stable rotor operation. Two kinds of high-speed micro-turbines of electric power of about
3 KW with multistage axial and radial rotors supported on foil bearings have been accepted. The
scope of the present article is limited to the discussion of the dynamic characteristics of the
selected design. The properties of the rotor combined with slide bearings (foil bearings in this
particular case) were taken under investigation. Analysing the dynamic state of the domestic power
plants requires qualitatively novel research tools. It turned out that the situation is possible that
the rotor, after losing its stability, stabilises again when the rotational speed increases. This is a
phenomenon determined by the author as “multiple whirls.”
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Another topic discussed in this paper is an assessment of the influence of a random character
of certain input data, in this case, changes of external excitations of the system. This problem is
related to the “heuristic models” often placed in opposition to widely used algorithmic models.

Introduction and research tools
The counterparts of large power turbines in distributed generation are small
steam turbines or micro-turbines (CHP) that operate in an organic Rankine
cycle (ORC) using low-boiling agents. Micro CHP units dedicated for
individual households of total heat capacity up to 20kWt and electric power up
to 4kWe are currently being designed at IFFM PAS. Safe operation of these
machines brings new challenges for designers, operators, and research workers.
The operation of a turbine at rotational speed of an order of several thousand
rev/min, small external loads and small dimensions of the entire machine create
serious problems with keeping stable operation of the system and securing
relevant durability of its particular elements. Of particular importance here are
the bearings, which should secure stable and safe operation of the entire
machine. Numerous novel solutions are proposed in the form of low-friction
polymer bearings, foil bearings, or various types of gas bearings. This means
operating conditions in which a real vibroacoustic threat for these machines can
have place. As we can see, analysing the dynamic state of the domestic power
plants requires qualitatively novel research tools.
The MESWIR computer code, based on nonlinear models of complex
system rotor-bearings, was applied in research. Theoretical models, basic
equations, and the system itself have already been presented at several
conferences and in publications [1, 2, 3]. Therefore, having a limitation on
length and having other aims, the MESWIR series code will not be presented
here in detail. However, it is worth mentioning that the most useful feature of
this system is the possibility of the description of the rotor machine state both in
a linear and nonlinear range by means of the same tool, thereby describing new
vibration forms at the transition of the stability limit. The description capability
of bearings of a complex geometry of oil clearance including foil bearings is
also important. The MESWIR code was experimentally verified both at the
research stand and using real systems such as large power turbo-sets [1].
Objects of investigations
The idea of building micro turbines for low-boiling agents ORC, which
ensures small dimensions of devices and easiness of servicing, has become
attractive. Unfortunately, it is obtained at the cost of a high rotational speed of
the rotor approaching 100 000 rpm. Thus, the main problem becomes ensuring
the stable operation of the device within the entire rotational speed range of the
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rotor. This type of device is most often coupled with boilers supplied with
renewable energy sources.
A concept of such micro-power plant developed in the IFFM PAS in
Gdansk is shown in Fig. 1 [4, 5, 6]. Essential elements of the micro turbine
constitute slide bearings of special characteristics ensuring a high stability of the
system.
The rotors are supported on foil bearings (Fig. 2) in which a low-boiling
medium from the micro-power plant thermodynamic cycle was used as the
lubricating agent. The medium was assumed to be delivered in liquid form to the
bearing interspace. The deformation of the set of foils, caused by the pressure in
the lubricating space of the bearing, was analysed using the code ABAQUS,
along with complementary codes worked out to transfer the data between this
code and the MESWIR series codes [6]. The analysis of the bearing operation
took into account the interaction between the medium that lubricates the bearing
and the set of foils.
Typical values of the possible unbalancing of a rotor disc (as an excitation
force) were assumed as well as some parametric values of the damping of the
foil bearing bush and supporting structure (from the material data sheets).

Fig. 1. Object of testing. Micro turbine developed in the IFFM PAS in Gdansk (3 KW of Power)
and MES discretisation. Single-stage radial-axial turbine for low-boiling medium ORC
and a rotational speed up to 100 000 rpm [4, 5, 6]
Rys. 1. Przedmiot badań. Mikroturbina opracowana w IFFM PAS w Gdańsku (3 kW) oraz
dyskretyzacja MES. Jednostopniowa turbina promieniowo-osiowa dla cieczy niskowrzącej ORC
obracająca się z prędkością 100 000 obr/min [4, 5, 6]

60

J. Kiciński

Fig. 2. FEM models of foil bearing elements (a – sleeve, b – bump foil,
c – top foil) [6]
Rys. 2. Modele FEM elementów łożyska (a – obudowa, b – folia sprężysta, c – folia ślizgowa [6]

Phenomenon of multiple whirls
The calculation results in the form of amplitude–speed characteristics
within the speed range up to 100 000 rpm are presented in Fig. 3.
Attention is focused on the unique operation of bearing No. 1 (at the disc)
and bearing No. 2 (free end). While bearing No. 1 is stable within the entire
range of rotational speeds, bearing No. 2 exhibits two characteristic zones of
exceptionally high vibration amplitudes exceeding 70% of the bearing
clearance.

Fig. 3. Amplitude – speed characteristics of the rotor from the micro turbine (shown in Fig. 1)
calculated for the relative vibrations of a journal and foil-bearing bush. Illustration of the multiple
whirl phenomenon in bearing No. 2 (repeated processes of formation and decaying of high
amplitude zones caused by a hydrodynamic instability)
Rys. 3. Charakterystyki amplitudy w funkcji prędkości wirnika dla mikroturbiny pokazanej
na rys. 1, obliczone jako względne drgania czopa i folii. Ilustracja „wirów wielokrotnych”
w łożysku nr 2 (powtarzające się procesy powstawania i zanikania stref drgań spowodowanych
niestabilnością hydrodynamiczną)
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To identify this phenomenon and to exclude common resonance, the shape
of relative displacement trajectories of the journal and bearing bush in these
zones were analysed. The calculation results for the entire first zone and the
transition are presented in Fig. 4.

Fig. 4. Displacement trajectories of journal of bearing No. 1 and 2 calculated for the first high
amplitudes zone (25 000 rpm) and in the transient period (50 000 rpm). Image of the first
hydrodynamic ‘whip’ in the trajectory – 2 phase markers FM (upper right-hand side trajectory).
Broken line indicates deformations of the bearing inner foil
Rys. 4. Trajektorie ruchu czopa łożyska nr 1 i 2 obliczone dla pierwszego zakresu wysokich
amplitud (25 000 obr/min) i w zakresie przejściowym (50 000 obr/min). Obraz pierwszego
hydrodynamicznego „zawirowania” ruchu – 2-fazowe markery FM (prawa górna strona
trajektorii). Przerywana linia wskazuje odkształcenie folii ślizgowej łożyska

Analysis of Fig. 4 explicitly indicates that the displacement trajectory of
bearing No. 2 at a rotational speed of 25 000 rpm (the first zone of high
amplitudes) has features characteristic for the expanded hydrodynamic
instability, which is called “whip.” In this case, the “whip” means a developed
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form of whirls of a lubricating medium within the lubrication clearance. This is
pointed out by double shaft rotations (a vector of external excitations) falling to
one full precession, which creates 2 phase markers (FM) on the trajectory. This
means that the same positions of the excitation force vectors (horizontally to the
right: TAL = 0, 360 and 720 degrees) correspond to different positions on the
journal trajectory within the bearing clearance.

Fig. 5. Pressure distribution calculated for various positions of phase markers within a zone of
multiple whirls for the same position of the excitation force vector (horizontally to the right, it
means for TAL = 0 and 360 degrees)
Rys. 5. Rozkład ciśnienia obliczony dla różnych pozycji znaczników fazy w zakresie
występowania zawirowań dla tych samych pozycji wektora siły nacisku (pozycja pozioma
w prawo oznacza TAL = 0 lub 360 stopni)

However, the most unexpected observation is that, after the system has
exceeded the first zone of hydrodynamic instability (the first ‘whip’), the system
returns to a stable operation of bearing No. 2 (a typical situation, in which one
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phase marker on the trajectory corresponds to one rotation of the excitation
vector). The situation remains a stable one up to the rotational speed of
approximately 65 000 rpm. After the system has exceeded this speed, a rapid
instability (‘whip’) occurs again followed by a subsequent calming down.
If we assume a stiff bearing bushing, we are unable to model the
phenomenon. This allows to assume that variable deformations of the foilbearing bushing (corresponding to the turbine rotational speed increase) are
responsible for this process.
The phenomenon of multiple whirls has been quite often observed in
practice by exploitation service of large power plants. Small oil whirls were
formed and then disappeared on one of the recorded bearings, and this did not
cause any instability of the entire system.
A zone of multiple whirls is very interesting from the point of view of the
hydrodynamic pressure distribution. This is illustrated in Fig. 5.

Fig. 6. Examples of experimental verification: bifurcation of turbocharger rotor. The interrupted
sub-harmonic frequencies are closed to the multiple whirl phenomena (from Bernard Schweizer,
University of Kassel, Germany)
Rys. 6. Przykłady weryfikacji: bifurkacje wirnika turbosprężarki. Nieciągłości częstotliwości
harmonicznych są zbliżone do częstotliwości występowania zjawiska zawirowań (z Bernard
Schweizer, University of Kassel, Germany)
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In Fig. 6, we can find an example of experimental verification of multiple
whirl phenomena taken from investigations of a small turbocharger rotor. We
can consider these phenomena as very close to the bifurcation process well
known in physics.
Fig. 7 presents the summary of considerations regarding the multiple whirls
phenomena in the form of schematic drawing.
Stochastic variability of input data in heuristic modelling of rotors
A classic, traditionally applied, approach to the state modelling of various
kinds of machines is the algorithmic approach, i.e. the one in which, for the
known set of input data, we obtain the same, precisely repeatable, set of output
data (results). This is the obvious consequence of the calculation capability of
computers and the applied programmes. However, this type of ‘traditional’
research tools, often highly advanced and applicable in practice, are not able to
correct the already introduced data nor to modify the assumed model depending
on external conditions during the calculation procedure in progress.

Fig. 7. Multiple whirls phenomena in the form of schematic drawing.
Rys. 7. Schematyczne przedstawienie zjawisk wielokrotnych zawirowań

Meanwhile, natural phenomena and a human nature (and thereby objects
created by it) are of a heuristic character, which means possible feedback
occurance in processes, intrinsic data, and the previously assumed methodology
of state assessment corrections. It also means the necessity of taking into
account influences of various errors and the uncertainty of input data, which is
often done intuitively – Fig. 8.
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It is worth mentioning that a trial of heuristic modelling means the
necessity of having highly advanced ‘traditional’ research tools. The “nonlinear
description” is extremely important, since heuristic models are nonlinear by
nature. Another substantial feature is the possibility of a smooth transition from
the linear to nonlinear description while applying the same research tools (the
Superposition Principle cannot be used in this case) – Fig. 9.

Fig. 8. Heuristic modelling as a contrast to algorithmic one
Rys. 8. Porównanie modelu heurystycznego do modelu algorytmicznego

Fig. 9. Heuristic modelling in rotor dynamic. Two main reasons
Rys. 9. Model heurystyczny dynamiki wrzeciona. Dwie główne przyczyny
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In consideration of the above, the MESWIR series code was applied in
investigations [1]. Figure 10 presents the object used in tests as well as the
concept of random changes of external excitation forces acting on a rotor disc.
The randomness of changes was assumed (random-number generator was
applied) although within limits +/-∆P in proportion to the basic value P.
Calculations were performed for different ∆P values to simulate various
possible situations (e.g.: displacement of rotating masses, influence of magnetic
fields, etc.).

Fig. 10. Object of investigations: twin-support, symmetric rotor of a shaft diameter of 0.1 m, disc
diameter 0.4 m, shaft length 1.4 m and a mass of 179 kg. Classic, cylindrical slide bearings
lubricated by machine oil were used. The stochastic variability of an external excitation force
within limits +/-∆P = 20% in proportion to the constant (basic) value P was assumed
Rys. 10. Przedmiot badań: podwójne podparcie, symetryczny wirnik wału o średnicy 0,1 m,
średnica dysku 0,4 m, długość wału 1,4 m o masie 179 kg. Zastosowano klasyczne, cylindryczne
łożysko ślizgowe smarowane olejem. Stochastyczna zmienność wektora siły nacisku zawierała się
w przedziale +/-∆P = 20% w stosunku do stałej wartości przyjętej siły P
A = f (n) ; x =1

A = f (n) ; x =1
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Fig. 11. Displacement trajectories of the rotor centre – within a stable operation range – calculated
for the constant excitation force (basic) P (part A) and for the randomly changing – within limits
+/-∆P = 20% (part B) shown at the background of the rotor amplitude-frequency response [7]
Rys. 11. Trajektorie ruchu środka czopa łożyska w warunkach stabilnej pracy obliczone dla stałej
siły nacisku P (obszar A) i dla zmieniającej się losowo – w zakresie +/-∆P = 20% (obszar B)
pokazane na tle charakterystyk amplitudowo-częstotliwościowych wirnika [7]

New method of state analysis and diagnostics of power micro-devices

67

External rotating excitation forces, which can randomly change within
limits +/-20% in proportion to the basic value, P, was assumed for the analysis,
Fig. 10. The calculation results for the rotor shaft rotational speed from 300 rpm
to 5550 rpm are shown in Figs. 11 and 12 [7]. The trajectory centre loading of
the rotor by a constant force (basic) – rotating synchronously – is shown for the
comparison on the left-hand side of each figure; whereas, the trajectory of the
rotor loaded by randomly changing force (within limits +/-∆P = 20% in
proportion to the basic force P) is shown on the right-hand side of the figure.
Images of trajectories in co-ordinate systems related to the maximum value of
bearing clearance are placed in the upper part of the figure, while images of
trajectories magnified as much as possible to exhibit clearly the phenomena are
shown in the lower part of the figure.
A = f (n) ; x =1

A = f (n) ; x =1
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Fig. 12. Displacement trajectories of the rotor centre after the system exceeded the stability limit
calculated for the constant basic force P (part A) and for the randomly changing – within limits +/∆P = 20% (part B) shown at the background of the rotor amplitude-frequency response [7]
Rys. 12. Trajektorie ruchu środka czopa łożyska w warunkach przekroczenia granicy stabilnej
pracy obliczone dla stałej siły nacisku P (obszar A) i dla zmieniającej się losowo – w zakresie +/∆P = 20% (obszar B) pokazane na tle charakterystyk amplitudowo-częstotliwościowych wirnika
[7]

The analysis of the figure indicates that the influence of randomly changing
values of the external excitation force is significant in the case of small
rotational speeds of the rotor. When the speed increases, this influence
diminishes, which can be explained by the influence of rotor inertial forces
generally attenuating a time-history. At the very stability limit, a certain increase
in the trajectory disturbance can be observed. However, disturbances caused by
the stochastic variability of input data decay, when the rotor rotational speed
increases, is due to the development of hydrodynamic instability (Fig. 12). This
is rather a startling result, since it could have been expected that such
perturbations – after exceeding the stability limit – would intensify the
instability of the entire system, since it is already unstable. Similar conclusions
were found when investigations were performed for various ∆P values and
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various algorithms of random excitations. Thus, a system defect in the form of
the hydrodynamic instability attenuates to a certain degree the defect caused by
stochastic effects of input data. It is an interesting observation resulting from the
performed research.
Final conclusions
The phenomenon of multiple whirls presented in this paper, found by
advanced computer simulations and performed by means of the experimentally
verified personally designed and commercially available codes, requires further
theoretical and experimental investigations. Experimental investigations in this
field are planned in the Gdansk Research Centre. However, they will be put into
operation only after building the first prototypes of micro-power plants and
relevant testing stands.
Currently, we have only unpublished information that a similar
phenomenon was recognised by means of direct measurements of vibrations at
large power plants.
Preliminary considerations concerning heuristic modelling of rotors are
included in this paper. In such modelling, we took into account the uncertainty
and randomness of the calculation input data and mutual couplings. It was found
that the influence of the stochastic variability of input data decreases after the
system has exceeded the stability limit. This indicates that the defect of the
hydrodynamic instability type can to a certain degree attenuate the defect in the
form of a random scatter of input data.
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Nowe metody analizy stanu i diagnostyki maszyn na przykładzie mikrourządzeń
energetycznych

Streszczenie
W pracy przedstawiony został przykład mikrosiłowni kogeneracyjnej możliwej do szerokiej
aplikacji w tzw. mikrowytwarzaniu energii cieplnej i elektrycznej opartym na źródłach
odnawialnych. Analizowanym urządzeniem jest wysokoobrotowa mikroturbina o mocy zaledwie
kilku KW. Celem pracy nie są jednakże szczegóły konstrukcyjne tak zdefiniowanych urządzeń,
lecz nowe metody analizy stanu dynamicznego i pozyskiwania relacji diagnostycznych. Jak się
okazało, te małe urządzenia o prędkościach obrotowych wirnika od kilkudziesięciu do kilkuset
tysięcy obrotów na minutę stanowią prawdziwe wyzwanie dla badaczy i eksploatatorów. Wiele
tradycyjnych pojęć i metod badawczych, z powodzeniem stosowanych w maszynach większych,
musiało zostać zweryfikowanych. Przy tak wysokich prędkościach obrotowych układ może
przekraczać granicę stabilnej pracy wielokrotnie i dalej bezawaryjnie pracować, może też
samoczynnie się stabilizować w wysokich zakresach prędkości. Mamy tu do czynienia z nowym
zjawiskiem „wirów wielokrotnych” o zupełnie innych, nieznanych dotąd w eksploatacji
symptommach diagnostycznych.
W pracy zaproponowany też został inny sposób matematycznego opisu stanu maszyny
oparty na metodach heurystycznych. Opis heurystyczny jest przeciwieństwem opisu
algorytmicznego i uwzględnia m.in. przypadkowe błędy danych czy autokorekcję modelu
w trakcie obliczeń. Opis heurystyczny jest bliższy naturze człowieka i warto go szerzej rozpropagować w budowie i eksploatacji maszyn. Czy przyjmie się w praktyce? W pracy podane zostały
przykładowe wyniki obliczeń oparte na nowym podejściu odnoszące się do małych urządzeń
energetycznych. To pierwszy krok na tej drodze w badaniach prowadzonych w ośrodku gdańskim
i olsztyńskim.
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Summary
Propositions of modelling vibrations signals of a vehicle drive system in such a way that it
will become an efficient tool of diagnostic mechanical defects are presented in the paper. In order
to fulfil such requirements the model must be easily identifiable. The base model and its measures
are established for a new engine to which the control measurements, performed at definite time
intervals of vehicle operation, are compared. This base model must be actualised after each engine
overhaul and as the casual wear progresses, since the vibration characteristics are – is such cases –
changing. A complicated structural model of the vehicle drive system was given up for the
mathematical description at a high abstraction stage. Since diagnostics is carried out during the
normal engine exploitation, the defect signals must be really ‘strong’. Depending on the place of
recording, the vibration signal can be either cyclostationary or transient. Three methods of
modelling were proposed in the dependence of the tested element and frequency range: the
harmonic series, the parametric model, and the wavelet model. These methods allow the on-board
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diagnostics of the gearbox, main gearbox, differential gear, and triple joints. They make possible
engine fault detection, such as the exhaust valve burning-out, valve clearance change, and the head
gasket defect. These defects are, in general, not detected by the diagnostic system of the modern
OBD engines, since they are masked by the electronic system of the engine control. The diagnostic
method was verified on the example of the vibration signals recorded for the drive system of a Fiat
Punto automobile.

Introduction
The connection between the defects of vehicle drive system and the
vibroacoustic characteristics was proved several times [1-3]. However,
diagnostics on the basis of experimentally found symptoms is costly, since it
requires gathering broad databases and is true for only one investigated object.
A much better method is performing the diagnostics on the model basis [4-6],
however, under the condition that it will be identifiable fast.
During the modelling process of the drive system, the problem of selecting
the abstraction (complexity) degree of the model occurs. Of course, it is possible
to design one global model of the vehicle drive system [7] and expanding it, but
in such case the complication degree will not allow to use it for the on-line (onboard) diagnostics.
Instead of the structural model, which is too complicated, the model of the
vibroacoustic signal propagation – on a very high abstraction level – is proposed
in the presented hereby study. The necessary condition of the proper model
operation is then its accurate formal identification [8]. This model is created in
the adaptive way, which means, firstly, the accelerated model identification,
and, secondly, adjusting the model to the given type of the drive system and its
working time [9]. Designing such a model requires performing a series of
measurements in the selected points of the drive system as well as other
additional synchronising signals during a normal vehicle maintenance, which is
during operation at a steady speed and without abrupt load changes. The base
model takes into account the influence of responses of all elements of the drive
system.
Investigations and results discussion
The results of experimental investigations determine the functionality of
building the proposed ‘block’ model of the drive system and its diagnostic
usefulness. We will now analyse the results of the active experiments performed
on the real object, which was the drive system of a Fiat Punto automobile. Its
technical data are listed in Table 1.
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Table 1. Technical specifications of the vehicle driving line
Tabela 1. Dane techniczne samochodowego układu napędowego
Engine type
Cylinder diameter
Piston stroke
Displacement
Compression ratio
Compression pressure
Maximum power
Maximum torque
Gearbox
Clutch

FIRE 1.2 MPI, gasoline, 4-stroke, 8-valve
70.8 mm
78.9 mm
1242 cm3
9.8
1.15 Mpa
54 kW at 6000 rpm
106 Nm at 4000 rpm
5-gear
Single-plate, dry

The experiments were performed during road tests at constant rotational
speeds and loads with a warm engine (temperature of the cooling liquid: 95oC).
The following signals were recorded:
– Accelerations of the engine head vibrations at the 1st cylinder, in the vertical
and horizontal directions;
– Accelerations of the engine head vibrations at the 4th cylinder, in the vertical
direction;
– Accelerations of the gearbox housing vibrations;
– Accelerations of the clutch shell vibrations;
– Accelerations of the main gear housing vibrations;
– Accelerations of the triple joint housing vibrations;
– Acoustic pressure in the engine compartment;
– Voltage from the sensor of the crankshaft position;
– Voltage from the sensor of the throttle position; and,
– Voltage signal of the 1st cylinder ignition coil.
Accelerations of the engine head vibrations were processed by means of the
Bruel & Kjaer DeltaShear sensors, type 4393 of the frequency range: 0.1–16500 Hz,
resonance frequency 55 kHz and a work temperature from -74 to 250oC, fixed
by a screw joint. The remaining signals of the drive system accelerations of
vibrations, due to the narrower frequency range of the investigated signal, were
processed by means of the Bruel & Kjaer sensors type IEPE No. 4514. Signals
were recorded by means of the portable recording device of the data, Bruel &
Kjaer PULSE type 3560E with the sampling frequency of 65536 Hz.
Signals of approximately 1–minute duration were recorded while driving on
the highway at constant rotational speeds of 2000, 3000 and 4000 rpm, without
abrupt changes of an engine load. Small fluctuations of rotational speeds were
eliminated during further analysis by means of synchronisation and interpolation
operations. Maintaining a constant rotational speed of the engine is essential,
since this parameter strongly influences the vibration amplitude. The load
influence is much less significant [59]. The crankshaft position signal and the
coil signal allowed the identification of engine work cycles, ignition moments,
and timing gear phases.
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Transient processes, being responses for valves closing, are dominating in
the vibration signal recorded during the work cycle. In order to be able to draw
conclusions on the engine on-line state – under various maintenance conditions
– on the grounds of vibrations, the influence of engine work parameters on the
vibration signal should be investigated. The performed investigations indicate
that the most important is the crankshaft rotational speed. This speed increase is
accompanied by the increase of the vibration signal amplitude, especially
components being the responses for valves closing (Fig. 1).

Fig. 1. Instantaneous values of accelerations of the engine head vibrations in the vertical direction,
at a speed of 3000 rpm
CEV – closing of the exhaust valve; CIV – closing of the inlet valve
Rys.1. Chwilowe wartości przyspieszeń drgań głowicy silnika w kierunku pionowym, przy
prędkości 3000 obr/min
CEV – zamykanie zaworu wylotowego; CIV – zamykanie zaworu dolotowego

Signals of vibration accelerations of the remaining elements of the vehicle
drive system are of a quite different character. Those are periodical signals, and
for the constant rotational speed also stationary and ergodic with elements of
random noise.
The spectrum of the vibration signal generated by the gearbox is presented in
Fig. 2. Its main components are trains of harmonics of the crankshaft rotational
speed. This is the broad-band spectrum and the generation of so many
harmonics is related, among others, to the unbalancing and misalignments of
shafts – changing during the drive – as well as to transferring of vibrations
caused by the cyclic operations of engine valves. The successive harmonics
corresponding to operations of next cylinders are visible in the band of lower
frequencies (for the 4-cylinder engine this is the half of the crankshaft
frequency). The next excitation source constitutes the tooth-passing of the
gearbox and the main gearbox and also their harmonics. In the range of low
frequencies (up to the crankshaft rotational frequency f0) the component of the
half-shaft and the components related to operations of individual cylinders are
seen.
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Fig. 2. Average spectrum of gearbox vibrations acceleration:
a) entire measurement range, b) low frequency range
Rys. 2. Uśrednione widmo przyspieszenia drgań obudowy skrzyni biegów:
a) widmo szerokopasmowe, b) zakres niskich częstotliwości

Above analysis of the vibration signal shows that the drive system can be
reduced to two blocks joined by the clutch, which vibrations are recorded for the
needs of diagnostics (Fig.3).

Hec
Engine

Hcg
Couple

Gearbox &
others

Fig .3. Block diagram of the vehicle drive system
Rys. 3. Schemat blokowy systemu napędowego pojazdu

The vibroacoustic signal spectrum of the investigated system observed on the
engine is described by the formula:

Ye ( jω ) = X ee + H ec ( X cc + H cg X g ..w ) +Ψ

(1)

where:

X ee ( jω ) – engine excitation spectrum,
X cc ( jω ) –clutch excitation spectrum,
X g ..w ( jω ) – spectrum of excitation of the remaining part of the system (from
the gearbox to the automobile wheel),
H ec ( jω ) – engine – clutch transfer function,

H cg ( jω )

– clutch – gearbox transfer function,

Ψ ( jω ) – noise spectrum.
This description concerns the linearised model, where all components
formed due to non-linear influences are contained in the noise Ψ. The
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acceleration spectra of the engine and gearbox vibrations in Fig. 2 were divided
into components generated by individual elements of the drive system. 4cylinder internal combustion engine generates several harmonics related to the
f
cyclic operations of a frequency: k w , which is a multiple of the half of the
2
crank shaft rotations frequency f w . The vibration spectrum is then very broad;
whereas, components related to the operation of toothed gears, shafts, half axles,
etc. can be observed on the gearbox. Some of these components are apparently
divided due to their mutual super positioning, e.g. harmonic components of the
crank shaft rotational speed and components of the gearbox toothed wheels (and
their multiples).
Modelling of vibration signal
During the lifetime of the drive system, its vibration characteristics are
changing, the spectrum becomes smeared, new components are added, etc. To
be a universal model, it has to be able to adapt itself for various drive systems
being in various states of wear. First of all, the base model remembered for the
new system must exist. Such a model should automatically update itself after
each repair or change of parts. Finally, it must be determined for the selected
engine rotational speeds, since the vibration characteristics are strongly
dependent on this parameter.
On the grounds of the adaptive base model for the system in good technical
condition, the basic measures of the vibration signal – constituting the reference
in the diagnostic process – are determined.
Train of harmonics

The vibration signal can be considered as polyharmonic and analysed by
means of the Fourier transform, after filtering off the high-frequency
components. In this situation, the signal reconstruction is performed as the sum
of components of the largest amplitudes. Thus, signals of vibrations of shafts,
gears, wheels, etc., can be used for diagnostic purposes.
Let us consider the simple model of a vibration signal of the gearbox for
good and worn teeth (Fig. 4).
The basic dominant aspects of the vibroacoustic signal are the tooth mesh
frequency and its multiples. As the result of the tooth cooperation, the
coefficient of tooth stiffness is changing with time, which causes the formation
of side bands around the tooth mesh frequency and its harmonics (the second
group of spectrum components). When teeth are wearing out and the inter-teeth
clearance is increasing, the amplitude of these components also increases
[10, 11].
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Fig. 4. Worn teeth of the gearbox
Rys. 4. Zużyte zęby koła w skrzyni biegów

The third group of the vibroacoustic signal components of the gear
constitutes the harmonics of the basic frequency (shaft rotational speed).
Numerous observations [12-14] indicate that, as the gear is wearing out, all
production and assembling deviations are increasing these very components.
The gearbox in the automobile works under dynamic conditions of
misalignment and unbalancing; therefore, when the toothed gear is wearing out,
it is increasing the occurrence of the harmonic rotational speed series of the
crankshaft as expected.
The mathematical model of the gearbox is highly nonlinear. Wearing out of
the gearbox causes qualitative and quantitative changes in the time waveform,
the spectrum of vibrations, and acoustic pressure signals. Two various
approaches to the gearbox vibroacoustic signal are possible. Either we can look
for nonlinear model coefficients or we can write the linear model introducing
into it, in an evident way, components related to wear and defects.
As known from investigations, the dominant elements of the signal are the
rotational speed of the crankshaft and its harmonics. The gear mesh frequency
and its harmonics are also integral crankshaft multiplies. The simplest signal
model can be written in the time domain.
n

x(t ) = ∑ Ai sin (2πif w t − ϕ i )
i =1

where:
i – number of the harmonics of the shaft
n – number of the considered harmonics (in this case n=70)
fw – frequency of crank shaft rotations
Ai – amplitude of the ith component
ϕi – phase shift of the ith component
or in the frequency domain:

(2)
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n

X ( f ) = ∑ Ai (if w )

(3)

i =1

In order to perform diagnostics of the gearbox state, the broader frequency
range should be compared. The envelopes of the vibration spectra of the
gearbox in good technical condition and the one with the worn out teeth of the
5th gear are compared in Fig. 5.

Fig. 5. Comparison of harmonics amplitudes: of the base model and determined for the gearbox
with worn out teeth (speed 3000 rpm, 5th gear)
Rys. 5. Porównanie amplitud kolejnych harmonicznych: w modelu bazowym oraz wyznaczonych
dla skrzyni ze zużytymi zębami (prędkość 3000 obr/min, 5. bieg)

Auto Regressive model

Generating the base spectrum and its comparison with the signal spectrum is
the easiest method; however, it is less suitable for diagnostics of valve defects or
head gasket faults. Additionally, if we do not have the recorded waveforms long
enough to obtain the sufficient resolution of the spectrum, the time waveforms
seem more suitable. They require, of course, a synchronisation or synchronous
averaging.
One of the methods of the model determination is the parametric
identification [15, 16].
The Auto Regressive (AR) model is characterised by the lack of the input
signal. In this case, the vibration response is treated as the result of the influence
of a certain non-measurable disturbance ε (k ) , expressed by the following
equation:
n

y (k ) = −a1 y (k − 1) − ... − a n y (k − n) + ε (k ) = −∑ ai y (k − i ) +ε (k )
i =1

(4)
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Number n of time instants is the order of the model.
The AR model is used mainly in case of a non-measurable disturbance
ε (k ) of properties close to a white noise. The drawback of the AR model is the
large number of coefficients necessary for obtaining a sufficiently accurate
description of the output signal.
Before the identification the signal must be properly prepared by:
 removal of constant components and trends,
 filtration in order to select the characteristic frequency range,
 determination of the autocorrelation function or synchronous averaging, and
 decimation.
The methodology of proceedings can be presented for the defective
differential gear (Fig. 6).

Fig. 6. Casual wear of the differential gear
Rys. 6. Naturalne zużycie mechanizmu różnicowego

Thus, let us perform the parametric identification for the time-waveform of
the gearbox vibration signal, in the low-frequency range, of the drive system in
good technical condition. This signal should be prepared by filtering out highfrequencies (higher than three-times the crankshaft frequency) and by
synchronous averaging. Then the autocorrelation function must be determined.
10-times decimation was also applied, since the signal was over-sampled and
the model identification would require too many, rather useless, coefficients.
The model quality assessment is done based on the following indices:
Akaike’s Information Criterion AIC, Final Prediction Error FPE, Fit [9]. On the
bases of the model assessment indices, it can be assumed that the autoregression model of the 4th order is satisfactory. The comparison of the recorded
vibration signal with the AR model output of 4 coefficients a is presented in
Fig. 7.
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Fig. 7. Comparison of the recorded signal (autocorrelation function) for low frequencies and for
the AR model
Rys. 7. Porównanie zarejestrowanego sygnału (funkcji autokorelacji) z modelem AR

The comparison of the residual signals of the base model low-frequency
vibration signal of the gearbox with the signals recorded for the defected
differential gear and triple joint and, are presented in Fig. 8.

Fig. 8. Residual signals determined for the base model low-frequency vibration signal of the
gearbox and the signals recorded for the defective differential gear
Rys. 8. Sygnały resztkowe wyznaczone dla modelu bazowego niskoczęstotliwościowego sygnału
drgań skrzyni biegów i sygnału zarejestrowanego dla uszkodzonego mechanizmu różnicowego

Waelet model

Since wavelet daughters are medium-pass filters the wavelet transform is a
filtering operation, the wavelet transform constitutes the proper tool for the
description of non-stationary signals [17–20]. The methodology of proceedings
can be presented based on the exhaust valve defect in the Fiat engine (Fig. 9).
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Fig. 9. Defective exhaust valve
Rys. 9. Uszkodzony zawór wylotowy

Defects of valves and a head gasket cause the natural intensification of
vibrations and entering into the resonance zone. Regardless of the response
character (damping random vibrations or damping resonant vibrations) the timefrequency analysis, especially the wavelet analysis, provides good results.
The wavelet transform enables the linear signal decomposition by means of
the arbitrary base function characterised by the finished and short interval that
assumes non-zero values. If ψ (t ) is the mother wavelet, then the daughter
wavelet has the following form [21]:

ψ a ,b (t ) =

ψ (t − b )
a

(5)

where:
a – scale coefficient
b – shifting.
By changing parameters a and b, the wavelet family can be formed. The
continuous wavelet transform of function x(t) is determined by the following
equation:

W (a, b ) =

1

a

∫ x(t )ψ a ,b (t )dt
*

(6)

where ‘*’ means a convolution operation.

The results of the wavelet decomposition of the engine vibration signal, by
means of the Daubechies 4 wavelet (db4) [22], are presented in Fig. 10.
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Fig. 10. Continuous wavelet decomposition of vibration signal for: a) good and b) defective
exhaust valve
Rys.1 0. Wyniki ciągłej dekompozycji falkowej sygnału przyspieszenia drgań głowicy: a)
sprawnego, b) uszkodzonego zaworu wylotowego

Figure 10a presents the result of the wavelet vibration analysis for the good
engine. The only meaningful vibrations constitute the response of the system for
closing the inlet valve. The analogous analysis for the defective valve is seen in
Fig.10b. Within the higher frequencies range (lower scales), several transient
components can be noticed. Quite a few components occur for the pseudofrequency of 21 kHz.
The inverse discrete wavelet transform allows for the signal reconstruction
and is described by the following equation:

f (t ) = ∑ ( f ,ψ m , n )ψ m , n = ∑ ∑ d m [n]ψ m ,n
m ,n

m

(7)

n

where:

d m [n] = ( f ,ψ m ,n ) - wavelet coefficients,

ψ m,n – wavelets of the frequency scale coefficients m and displacement in
time n.
On the grounds of wavelet coefficients as a scale coefficient and
displacement in time (or a shaft rotation angle) function, the signal
reconstruction can be performed. Thus, the model identification can be reduced
to the detection of coefficients d m [n] . Since, in case of random signals, there
can be many wavelet coefficients, their compression can be performed taking
into account only ‘the most energetic’. The results of this compression are
shown in Fig.11. After the compression of 64 wavelet coefficients describing
the signal, only 10 of the highest energy were left.
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The wavelet model describes the time-frequency structure of the vibration
signal. For the comparison of the base model and recorded signal, the envelopes
of signals are more applicable (Fig.12).

Fig. 11. Model identification using wavelet reconstruction of the engine vibration response signal
on closing the exhaust valve
Rys. 11. Identyfikacja modelu przy użyciu rekonstrukcji falkowej dla odpowiedzi sygnału drgań
silnika na zamykanie zaworu wylotowego

Fig. 12. Envelopes of the reconstructed signal for the engine work cycle with the good exhaust
valve (base model) and with the defective valve
Rys. 12. Obwiednie zrekonstruowanego sygnału podczas jednego cyklu pracy silnika ze sprawnym
(model bazowy) oraz z uszkodzonym zaworem wylotowym

Conclusions
The diagnostic method of mechanical defects of the vehicle drive system
based on comparing the current vibration signal with the reference model was
proposed. The model is described at a very high abstraction level, close to the
‘black box’ type. It can be applied for the diagnostics of the selected mechanical
defects of subassemblies, however, only under the condition of the proper
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identification of the parameters. Signals of vibrations measured in two places of
the drive system, on the engine head and on the gearbox housing, were used in
the designing of the base model.
The model is adaptive, which means that the diagnostic program obtains the
base model after each change of the drive system element. Later on, the program
compares the recorded and properly processed signal with this model.
The model was designed and verified based on the series of examinations
performed on a real object, which was the drive system of the automobile Fiat
Punto. The fact that this automobile was not new confirmed the applicability of
the method, since, as time goes by, the vibration characteristics of the drive
system are changing and the defects occur years later. This model was also
adapted for the drive systems of Ford Fiesta and Renault Thalia with internal
combustion engines of a capacity 1.4 cm3 of low mileage. Regardless of the
differences in the level of generated vibrations, the character of vibration
waveforms is similar for various engines. In addition, changes in vibration
characteristics generated by the examined defects are of an analogous character.
The proposed model is open for the diagnostics of other defects for which
the vibroacoustic signal is sensitive. This only requires further studies and
program modifications. Obtaining the model as well as the diagnostic procedure
can be performed during normal vehicle maintenance and operation. It requires
the application of the signal processor and memory systems. The proposed
system can constitute a supplement to the existing OBD systems.
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Model sygnału drgań zespołu napędowego pojazdu jako narzędzie diagnostyczne

Streszczenie
W artykule przedstawiono propozycje modelowania sygnału drgań zespołu napędowego
pojazdu w taki sposób, aby był skutecznym narzędziem diagnozowania uszkodzeń
mechanicznych. Aby model spełniał takie wymagania, musi być łatwo identyfikowalny. Dla
nowego silnika tworzony jest model bazowy i jego miary, do których porównywane są pomiary
kontrolne przeprowadzane w określonych odstępach czasu lub przebiegu samochodu. Model
bazowy musi być uaktualniany po remoncie silnika oraz w miarę zużywania się silnika z powodu
zmiany charakterystyk drganiowych. Zrezygnowano ze skomplikowanego modelu strukturalnego
zespołu napędowego pojazdu na rzecz opisu matematycznego na wysokim szczeblu abstrakcji.
Ponieważ diagnozowanie odbywa się w czasie normalnej eksploatacji samochodu, symptomy
uszkodzenia muszą być naprawdę ‘silne’. W zależności od miejsca rejestracji sygnał drganiowy
może być cyklostacjonarny lub przejściowy. Zaproponowano trzy sposoby modelowania
w zależności od badanego elementu i zakresu częstotliwości: ciąg harmonicznych, model
parametryczny oraz model falkowy. Opisane metody pozwalają na diagnozowanie on-board
skrzyni biegów, przekładni głównej, mechanizmu różnicowego, przegubów trójramiennych.
Umożliwiają także wykrywanie uszkodzeń silnika jak wypalenie zaworu wylotowego, zmiana luzu
zaworowego, uszkodzenie uszczelki głowicy, które to uszkodzenia w zasadzie nie są wykrywane
przez system diagnostyczny nowoczesnych silników OBD z powodu maskowania przez
elektroniczny system sterowania silnikiem. Metodę diagnozowania zweryfikowano na przykładzie
sygnału drgań zarejestrowanego dla zespołu napędowego samochodu Fiat Punto.
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Summary
Opto-mechatronic systems enable one to conduct long-term fatigue tests where the
observation of the surface of the specimen and the monitoring of cracking process are required.
The rapid advancement of opto-mechatronic technologies and the functional interaction between
opto-electronic and mechatronic components indicate that design and implementation processes of
opto-mechatronic systems require specific methodology. The presented methodology describes
and considers the interactions between components, particularly inside the vision module. The
design process can be supported by simulation models, databases, decision matrices, and the
method of conducting the implementation maturity assessment of innovative technological
solutions.
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Introduction
Advanced research works in the field of fracture mechanics and fatigue
fracture in structures under mechanical and thermal stresses are often connected
with the long-term monitoring of fatigue crack propagation. Test results,
obtained in this way, allow the assessment of the fatigue life of materials after
the analysis of crack length related to stress intensity [2, 14].
The development of novel mechatronic, opto-electronic and computer
technologies has enabled the creation of machine vision systems. At present, the
term opto-mechatronic system is increasingly used to emphasise the integration
of mechatronic and opto-electronic components in a system and the obtained
synergistic effect of this combination [4]. Applying a vision system, a
mechatronic positioning unit, and software for image analysis and measurement
process control, it is possible to conduct the inspection and monitoring of
fatigue fracture in real-time. Information from scientific and technical
publications indicates that there are presently few solutions that resemble an
experimental setup [5,10]. Examples of measurement apparatus dedicated for
laboratory fatigue tests and offered by specialised manufacturers are the
following systems that use digital image correlation methods (DIC) for the
analysis of surface deformation under loads: ARAMIS GOM mbH [17], Vic-3D
Correlated Solution [16], and Trilion Quality Systems [18]. These systems are
stationary, equipped with a dual-camera vision module of fixed position and
software for image analysing. An example of a system for strain analysing at the
macro- and micro-scale is the Laser grating extensometer LES [8], which is the
result of cooperation between Polish research teams. The main module of the
LES system is the integrated measurement head equipped with opto-electronic
and mechatronic units. Automated systems for fatigue crack monitoring are a
separate group of innovative solutions [7, 8]. Their distinctive features are as
follows: a mechatronic unit for crack monitoring, high measurement resolution
achieved by the reduction of the observation window to the area of the crack tip,
and software for image analysis and crack length measurement.
The unique character of opto-mechatronic systems for fatigue process
monitoring causes is that a suitable design methodology is required, taking into
consideration the high level of measurement and functional parameters, and
adaptability to different environment conditions during testing. Some problems
concerning the design methodology of the apparatus for fatigue monitoring and
crack measurement can be analysed and discussed, based on a review of
published methods and research results in the field of fracture mechanics.
Essential aspects of the design methodology of opto-mechatronic systems are
described in [4], where the following important features of the systems are
presented: the interaction between components, the integrated structure, and the
multi-functionality of the system. As pointed out by author in the monograph,
opto-mechatronic systems are distinguished from other systems by the design
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philosophy seeking intelligent solutions where innovative technologies are
applied. At present, in the designing of opto-mechatronic systems, novel
methods, and software tools are used, including, concurrent engineering [1],
databases [13], and decision matrices [3,15] for solution optimisation.
Monitoring method
The method for monitoring a fatigue crack is based on the inspection of the
surface using a CCD camera and digital analysis of the acquired images. The
objective of image analysis is to detect and identify deformation in a surface
structure typical of cracks. The quality of images depends on the camera sensor
model, the lens type, and the applied lighting method. The vision system is
identified by the working distance, the view area, and optical resolution (Fig. 1).
Optical resolution of the vision system is determined by sensor resolution and
lens features.
Surface of the object

Illuminator
Image transfer

Lens

CCD

Digital image
analysis

Positioning unit of
vision module

Fig. 1. General structure of the vision system
Rys. 1. Ogólna struktura układu wizyjnego

Among various methods of illuminating the sample surface, white light
ring-illuminators are usually applied. Laser diodes emitting structured light are
used for the illumination of the sample during surface inspection in macro-scale.
The analysis of the light deformation on the surface makes the detection of
cracks and crack length measurement easier. The detection of cracks is possible
using advanced algorithms for image analysis. The most often used method is a
digital image correlation method (DIC) based on the displacement analysis of
characteristic points determined on the observed surface [2].
General structure of the opto-mechatronic system
The opto-mechatronic system for fatigue fracture monitoring has a modular
structure that includes a vision module, a positioning module, electronic control
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units, and software (Fig. 2). In this system, the vision module is equipped with a
single camera. It is the most often used solution. It is possible to apply multicamera stereovision systems to create 3D images of the surface [6, 9]. The
vision model is characterised by various parameters. For a CCD camera,
essential parameters typically include trigger time ttr and acquisition time ta. The
captured images {I} are transferred from camera to computer. The lens
parameters (zoom xZ, focus xF, iris XI) can be set by the user manually, manually
using a lens controller, or on the computer. For lighting system control, the
following parameters are used: current supplying the light emitters Ic, trigger
time ttr and exposition time tL. The triggering process of the lighting system and
camera is coordinated. The operating position of the vision module is adjusted
with a positioning module of n-degrees of freedom (n-DOF). In advanced optomechatronic systems, particularly for monitoring the non-stationary physical
processes, electronically controlled positioning modules are used.
Computer
CCD camera

{I}

Zoom
Focus
Iris

Lighting setup

n-DOF
Positioning module

Lens

xZ ; xF ; xI

Controller
Lighting setup

Ic ; ttr ; tL

Controller

x1 ; x2 ; … xn

Loading machine

Software

Positioning module

Controller
GPIB

Lens

Interfaces

ttr ; ta

Communication
Interface

Fl ; x l ; n

Fig. 2. Functional model of the opto-mechatronic system for fatigue tests
Rys. 2. Model funkcjonalny systemu optomechatronicznego wykorzystywanego w badaniach
zmęczeniowych

In the presented system, there is an optical feedback between the camera
and the mechatronic module, and information obtained from optical sensor is
utilised for operating the motion of the vision module. This type of system can
be used in laboratory fatigue tests conducted in a tensile testing machine, as well
as in tests conducted on objects in an operational environment. In the first case,
the communication between the computer and tensile testing machine (GPIB
interface, for example) enables one to control the test execution and generate
measurement data with reference to loads.
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Novel opto-mechatronic systems that are used to conduct the long-term
tests are more often equipped with a network connector, which allows webbased communication with a system. Remote access to a device (telemonitoring)
enables the management of the system and on-line access to the database.
Design and implementation process of the opto-mechatronic system

Prototype
Model
Project
Concept
Requirements specification
Solution idea

Maturity assessment of innovative technological
solutions at consecutive stages

Opto-mechatronic systems for fatigue process monitoring are examples of
designs that incorporate innovative technologies. The main tasks of these
systems include imaging of a surface in macro- and micro-scale, image
processing, and analysis using high-speed algorithms, detection and
identification of deformation in a surface structure, and fatigue crack tracking.
In advanced fatigue tests, the monitoring possibility of fatigue crack processes
with high measurement resolutions is an essential feature. In order to obtain
these features, the innovative solutions, particularly concerning cameras and
computing methods, should be applied. When designing opto-mechatronic
systems, the interdisciplinary character of problem solving, the integration of
components, and the flexibility of the system structure and functionality must be
considered. Furthermore, due to the essential role of optical and opto-electronic
components in a system, the team of designers should include specialists in new
technologies at different stages of the development process.
Implementation

Exploitation

Manufacturing
Project of technology process

Concept of technology
process
Identification of technologies:
− Product technology
− Information technology
− Manufacturing
technology

Withdrawal and utilisation

Fig. 3. Design and implementation process of the opto-mechatronic system using a systems
engineering approach
Rys. 3. Proces projektowania i implementacji systemu mechatronicznego w ujęciu inżynierii
systemów

Concept design of systems and implementation processes are important
fields in systems engineering. Systems engineering employs the systems
approach to the design and development of a system, which includes the
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interaction of the product with the environment during the operational life of the
product [3, 4]. In this perspective, the design process, and the implementation of
the opto-mechatronic system is presented in Fig. 3. Feedback connections
between conceptual design and manufacturing technology design, and the
implementation process indicate that concurrent engineering in system design is
necessary. This means that the design and implementation methodology of optomechatronic systems should consider these relations at successive stages of the
designing process.
Experience gained during the realisation of many research projects in the
Institute for Sustainable Technologies – NIR show that the developed, original
method of conducting the implementation maturity assessment of innovative
technological solutions (SDW) became an important tool to support the design
process [11].
When designing a highly advanced system, the designer should consider the
present levels of technologies that will be needed to achieve the defined
objectives. Examples of this case are opto-mechatronic systems for the
monitoring of dynamic fatigue processes at micro-scale, where a high
measurement resolution and high-speed acquisition and processing and the
analysis of images are required. The designing process can be presented in a
schematic diagram, where all important factors and relations between successive
stages in the process are identified (Fig. 4). At the initial stage, the requirements
for a system should be identified and specified, concerning the functions and
technical parameters. In case of opto-mechatronic systems, this is the essential
stage that determines the system architecture. A deep integration and
interrelationship of components require the application of a concurrent
engineering in designing of system’s modules. For example, the structure of
mechatronic positioning module directly influences the structure of the vision
module, and the hardware and software architecture depends on the camera
type. The design of the vision module is the process where basic components
(cameras, lenses, optical filters, and illuminators) are selected from the offers
available on the market. It is obvious that these products are limited in type,
which causes problems for designers. For example, the appointed CCD camera
imposes the type of communication with a computer. Therefore, the modelling
of the structure of the camera-lens is often difficult because of a small number
of acceptable alternative solutions. Designing the lighting setup is more flexible
because of the possibility of developing one’s own units specifically for the
system, among other things.
The increase in the effectiveness of the designing process is possible by
applying methods that use Multi-Criteria Decision Making (MCDM) [12].
Matrices that present alternative solutions of structures with regard to
determined criteria enable one to identify the discrete set of acceptable
solutions. In the first step, the several components regarding the determined
criteria are identified, i.e. cameras, lenses, optical filters, etc. Matrices of
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components consist of rows with variants of products and columns with criteria.
The set of criteria includes basic significant technical and functional parameters.
The model matrices for determining the camera and lens at the design stage of
vision module are presented in Fig. 5.
Formulation of basic principles for
the system
Identification of environment
conditions during measurements
Identification of measurement
parameters
Specification of construction
parameters

−
−
−
−
−
−
−
−

measurement environment
system exploitation environment
inspection area (measurement range)
measurement resolution
working distance
crack propagation speed expected
measurement frequency
range and speed movements of sample
in reference to camera

− dimensions acceptable
− weight acceptable
− resistance to environment

Identification of costs criteria
for the project

Basic model of a vision module
Identification
of a CCD camera

Basic model of a
mechatronic module

Identification of a
lens

Basic model of a control
setup
Basic model of a software
module

Lighting setup
Verification

Laboratory studies and
experiments

Tests in relevant environment

Verification

Production of modules/Integration of a physical model
Tests of a physical model
Verification

Prototyping
Verification

Implementation
Exploitation

Fig. 4. Schematic diagram of the design procedure of the opto-mechatronic system (view detailed
for a vision module)
Rys. 4. Schemat procedury projektowania systemu optomechatronicznego (szczegółowa
prezentacja dotycząca modułu wizyjnego)
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The <Cameras> and <Lenses> matrices are normalised, and each element
of a matrix represents the value of each alternative with respect to each
specified criterion. Components that fulfil requirements were identified by the
analysis of matrices. The set of selected components was used to build the
<Structure> matrix that returns a short overview of the best combinations of the
camera with the lens. Then, the analysis of this matrix enables one to identify
acceptable solutions. The final selection is executed taking into account the
analysis of solutions, as well as the expert assessment. The method is relatively
simple allowing a fast analysis and decision outcome.

Fig. 5. Example that presents the application of matrices for the design process of a vision module
Rys. 5. Przykład wykorzystania macierzy w procesie projektowania modułu wizyjnego

Considering that concurrent design is used in design methodology, it is
desired and appropriate to apply the multi-criteria decision analysis, where
relations and interactions between components in a system are identified. By the
reason of the variety of cameras, lens and other components, the computer
databases and expert systems are important tools that can significantly increase
the effectiveness of designing the opto-mechatronic systems.
Conclusions and summary
Design methodologies of opto-mechatronic systems applied at present do
not sufficiently consider the unique character of innovative solutions that use
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opto-electronic, mechatronic and computing technologies for fatigue process
monitoring. Opto-mechatronic systems are distinguished from other systems by
extensive synergistic integration, and the structural and functional
interrelationship of components. An example is the feedback loop between the
vision module and mechatronic module that appears in the presented system for
fatigue process monitoring.
The methodology presented in this paper shows and considers interactions
between components, particularly inside the vision module. When designing the
structure of vision module that includes camera, lens, and lighting setup, in most
cases, the simulation and experimental modelling are necessary. The concurrent
designing process of innovative system and manufacturing technology should be
supported by the implementation of maturity assessment conducted at
consecutive stages of solution development. Improvement of the design
methodology of opto-mechatronic systems should take into consideration the
application of the computer base of optical and mechatronic components, and
also the multi-criteria analysis methods.
Scientific work executed within the Strategic Programme “Innovative
Systems of Technical Support for Sustainable Development of Economy” within
Innovative Economy Operational Programme.
References
[1]
[2]

Bishop R.H. (Ed.): The Mechatronics Handbook. CRC Press, 2002.
Boroński D.: Methods of strain and stress analysis in fatigue of materials and structures.
Wydawnictwo Instytutu Technologii Eksploatacji – PIB, Radom, 2007 (in Polish).
[3] Cempel C.: Systems Theory and Systems Engineering – system thinking principles and
applications. Wydawnictwo Instytutu Technologii Eksploatacji – PIB, Radom 2006 (in
Polish).
[4] Cho H.: Optomechatronic: Fusion of Optical and Mechatronic Engineering. CRC Press,
Taylor & Francis Group, 2006.
[5] Díaz F.V., Kaufmann G.H., Armas A.F., Galizzi G.E.: Optical measurement of the plastic
zone size in a notched metal specimen subjected to low-cycle fatigue. Optics and Lasers in
Engineering Volume: 35, Issue: 6, 2001, pp. 325–333.
[6] Garbacz P., Giesko T.: Concept of binocular stereo vision system for inspection of surfaces.
Maintenance Problems 4/2010, s. 193–205.
[7] Giesko T., Boroński D., Zbrowski A., Czajka P.: Detection and measurement of fatigue
cracks in solid rocket propellants. Maintenance Problems 3/2009, s. 75–84.
[8] Giesko T., Boroński D.: Automated machine vision systems for fatigue tests. Maintenance
Problems 3/2003, s. 177–188 (in Polish).
[9] Hügli H., Mure-Dubois J.: 3D vision methods and selected experiences in micro and macro
applications. Two and Three Dimensional Methods for Inspection and Metrology IV (proc.
SPIE), vol. 6382, Issue 10, 2006, p. 209–216.
[10] Ju S. H., Liu S. H., Liu K. W.: Measurement of stress intensity factors by digital camera.
International Journal of Solids and Structures Volume: 43, Issue: 5, 2006, pp. 1009–1022.

T. Giesko

96

[11] Mazurkiewicz A., Karsznia W., Giesko T., Belina B.: Methodology of Technological
Innovations Implementation Maturity Assessment. Maintenance Problems 1/2010, s. 5–20
(in Polish).
[12] Roy B.: Multicriteria methodology for decision aiding. Springer, 1996.
[13] Stark R., Beier G., Wöhler T., Figge A.: Cross-Domain Dependency Modelling – How to
achieve consistent System Models with Tool Support. 7th European Systems Engineering
Conference, EuSEC 2010, Stockholm, Sweden, 2010.
[14] Szala J., Boroński D.: Material fatigue analysis in diagnostics of machines and devices.
Wydawnictwo Instytutu Technologii Eksploatacji – PIB, Radom, 2008 (in Polish).
[15] Van Beek T.J., Erden M.S., Tomiyama T.: Modular design of mechatronic systems with
function modeling. Mechatronics 20 (2010), pp. 850–863.
[16] www.correlatedsolutions.com/
[17] www.gom.com
[18] www.trilion.com

Projektowanie systemów optomechatronicznych do monitorowania procesów destrukcji
zmęczeniowej

Streszczenie
Prowadzenie długotrwałych badań zmęczeniowych wymagających obserwacji powierzchni
próbki i śledzenia procesu rozwoju pęknięcia umożliwiają systemy optomechatroniczne. Wysokie
zaawansowanie technologii optomechatronicznych i funkcjonalna interakcja pomiędzy
komponentami optoelektronicznymi i mechatronicznymi powodują, że w procesie projektowania i
implementacji systemów optomechatronicznych niezbędne jest zastosowanie odpowiedniej
metodyki. Zaprezentowana w artykule metodyka wskazuje i uwzględnia interakcje pomiędzy
komponentami, w szczególności w zakresie modułu wizyjnego. Proces projektowania może być
wspomagany przez modelowanie, bazy danych, macierze decyzyjne i metodę oceny stopnia
dojrzałości rozwiązania innowacyjnego.
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Determining the limits of piping vibration

Key words
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Słowa kluczowe
Drgania dopuszczalne naprężenia, rurociąg.
Summary
This paper presents a method for determining the acceptable limits of piping vibration and
their natural frequency. Acceptance criteria for the vibration values are taken as the limit of the
allowed deformations of the pipeline caused by these vibrations and the limit of stress caused by
these deformations. On the base of document The Pipeline and Compressor Research Councils,
under the title "Controlling the effect of pulsation and Fluid Transients in Piping Systems”
a computer program setting these values based on given piping parameters was developed.

Introduction
Today's industrial systems consist of machines (motors, compressors,
pumps, etc), static equipment (reactors, columns, filters) and pipelines, which
are a kind of "bloodstream" of a company. Maintenance strategies focus
*
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primarily on machines and equipment, leaving out issues related to the operation
of pipelines but as research shows [1, 3], these are elements that are often
damaged the most. These studies indicate that damaged pipelines account for
over 30% of all failures of industrial plants. The three major causes are leaking
seals (22%), corrosion and erosion (21%), and vibration (6%). The first two
causes are commonly known and prevention is described. The vibrations of
pipelines are treated in terms of an unavoidable evil, and actions are mainly
focused on the installation of additional supports. It should be noted, however,
that for every three damages caused by corrosion or erosion, one damage of a
pipeline results from vibrations. In addition, there is still no common guidance
on the limits of vibration, in contrast to machines, where the values are
standardised and widely used [4].
The Chair of Construction, Maintenance of Vehicles and Machines in
University of Warmia – Mazury in Olsztyn developed a procedure and software
to determine the diagnostic relations for pipelines, enabling the determination of
vibration limits values , depending on the length and diameter of pipeline spans,
and to calculate the frequency of the natural frequency of pipelines [2]. This
program was developed based on the content of a document under the title
"Controlling the effect of pulsation and Fluid Transients in Piping Systems."
Developed by The Pipeline and Compressor Research Councils [1].
The method allows one to determine the allowable piping vibration
in various configurations [2]. Criteria for acceptable vibration levels are based
on admissible deformation of the pipeline caused by these vibrations, and the
admissible stress caused by these deformations.
Determination of the permissible vibration takes place in two stages:
1 – The designation of the stress generated in the pipeline, depending on the
strain-induced vibrations; and,
2 – The vibration limit value determination based on the designated stress per
unit displacement (deformation) of the pipeline and the fatigue strength of
the material.
Additionally, the method includes a procedure for the designation of the
natural frequency of vibrations of the pipeline.
Determination of the permissible vibration and natural frequency can be
done graphically, using the appropriate nomogram [1] or digitally, using
developed software.
The presented method is applicable under the following assumptions:
• Pipeline span vibration is occurring at frequencies equal to or less than the
first natural frequency of spans.
• The calculation of the stresses and natural frequencies are made using the
assumed Young's modulus E = 20x10 4 Mpa.
• The span of a pipeline does not contain a concentrated mass, and the weight
of the medium and insulation is negligible.
• The maximum stresses occur at the theoretical maximum bending moment.
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• The span of the pipeline contains only one dimension of the pipe.
6
• Vibration limits are calculated for elongation 100 µ-strain (1/10 percent of

deformation) peak-peak, and stress concentration factor less than 5.
Description of the method
Dynamic stresses arising as a result of transverse vibrations of pipelines are
connected with the dynamic bending moment M.

S=

MD
2I

(1)

where:
S – stress [Pa],
D – outside diameter of pipe [m],
I – moment of inertia of the pipe [m 4],
M – bending moment [Nm .
The bending moment is related to the piping vibration mode shape.

M = − EI

d2y
dx 2

(2)

where:
E – Young's modulus [N/m2],

d2y
– the second derivative of a vibration mode shape.
dx 2
After substituting Equation (2) to (1) we get the following:

S=

− ED d 2 y
2 dx

(3)

Dynamic tension is thus a function of the pipe material, its diameter and the
second derivative form of vibration. The character of vibration depends on the
configuration of the pipeline and boundary conditions.
Example:
y
x

y0
l
Fig. 1 Pipeline model
Rys. 1. Model rurociągu
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For the pipeline shown in Figure 1, the vibration mode shape for the first
mode resonance is a sine wave:

y = y0 sin

πx
l

d2y
π2
πx
=
y
0 2 sin
2
dx
l
l

(4)

(5)

where
y0 – the maximum displacement [m],
l – the length of span [m]t.
The maximum displacement and stress occurs in the middle of the span
(x=l/2):

d2y
π2 π
π2
=
−
y
sin
=
−
y
0 2
0 2
dx 2
l
2
l

(6)

Substituting into Equation (3) we obtain

S=−

π2
ED
( − y0 2 )
2
l

(7)

and after transformation

S Eπ 2 D
=
y0
2l 2

(8)

Assuming that the displacement y0 will be expressed in millimetres, the
diameter of pipe D in millimetres and span length L in meters and assuming a
value of Young's modulus for low-carbon steel E=20x104 MPa we obtain the
following:

S
D
= 0.314 2
y
L

(9)

By introducing the variable K, the coefficient of stress depends on the
configuration of the pipeline.
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S
D
=K 2
y
L

(10)

where, for a simply supported beam as in the example, K = 0.986. The values of
the stress factors for other configuration of the pipeline are shown in the
nomogram.
Calculation of natural frequency spans of pipelines

The frequency of the natural vibrations of pipeline spans is derived from
the frequency dependence of the total.

f =

λk
2πl 2

E

(11)

γ

where
l – length of the span [m],
E – Young's modulus [ Mpa],
Γ – density [kg/m3]
f – frequency [Hz],
k – radius of gyration [m], and

k=

I
A

(12)

where
I – moment of inertia of the pipe [m4],
A – m2 cross-sectional area of the pipeline.
Equation (12) can be transformed into the following form:

d
D 1 + ( )2
D
k=
4

(13)

where
d – internal diameter of the pipe[m],
D – outer diameter of the pipe [m].
For pipes with a diameter greater than 50.8 mm and the size of the pipe
characterised the US system as a "schedule" of less than 160, it is assumed that

k ≅ 0.34 D

(14)
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Substituting Equation (14) into Equation (11) and assuming that the
diameter of the pipeline will be expressed in millimetres and the length of span
in meters, and assuming the value of Young's modulus for low-carbon steel is E
= 20x10 4 MPa and the density of steel is equal to 7800kg/m3, we obtain the
following:

f = 0.274λ

D
L2

(15)

The Lambda coefficients for different piping configurations are shown in
the nomogram [1]. According to ASME standards, maximum allowable
alternating stress intensity for 10 6 cycles for low-carbon steel is equal to 89.6
MPa for the vibrant cycle (zero – peak) and 179.3 MPa for the shuttle cycle
(peak-peak). For Young's modulus E = 20x10 4 MPa, the allowable stress
intensity is equivalent to 433 µ-strain strain (zero – peak) or 866 µ-strain (peak –
peak). Elongation of 100 µ-strain stress is equivalent to 20.7 MPa (peak – peak)
on the fatigue SN curve. Comparing this amount (20.7 MPa) to 179.3 MPa
(peak – peak) for 10 6 cycles, it can be seen that the ratio of these two values is
8.66. This ratio expresses the product of the safety factor and stress
concentration for welded steel pipe. The maximum stress concentration factor is
usually equal to 5. Taking into account this value of the coefficient of stress
concentration, the safety factor is equal to 1.74. Based on analysis of over 400
cases of damaged piping, it was found that damage to the steel, low-carbon
pipelines is rare, if measured dynamic stress level is less than 100 µstrain (peak
– peak). On the other hand, if this level is less than 200 µstrain (peak – peak)
damage occurred frequently.
Taking into account that the increase of elongation equal to 100µstrains is
equivalent to stress equal to 20.7 Mpa, it is possible to estimate the allowable
amplitude of the vibration of the pipeline on the basis of the following formula:

yall =

20.7
[mm]
S/y

(16)

Example of diagnostic relations.
1) For a simple span of the pipeline (Fig. 1) with a diameter D = 48.3 mm and
length L = 5m, the span vibration frequency f = 12 Hz and the maximum
value of vibration in mm peak-peak is 1.7 mm
2) For spans of the same configuration, a different diameter and length
(diameter D = 48.3 mm and span length L = 2.5 m) of natural vibration
frequency f = 48 Hz and the maximum value of vibration in mm peak-peak is
0.42 mm.
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Summary
Even though the vibrations of pipelines are one of the major causes of their
failures, there are no [4, 5, 6] – in contrast to the machinery and equipment –
guidelines for calculating the allowable vibration. This paper presents a
procedure that allows the determination of vibration limit values depending on
the length and diameter of pipeline spans and allows one to calculate the
frequency of free vibrations of pipeline spans. Criteria for acceptable vibration
levels are based on admissible deformation of the pipeline caused by these
vibrations and admissible stress caused by these deformations.
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Wyznaczanie wartości dopuszczanych drgań instalcji rurociągowych

Streszczenie
W pracy zaprezentowano metodę wyznaczania wartości dopuszczalnych drgań instalacji
rurociągowych oraz częstości drgań własnych. Kryteriami przyjęcia danej wartości drgań za
dopuszczalne są przyjęte za dopuszczalne odkształcenia rurociągu spowodowane tymi drganiami
oraz dopuszczalne naprężenia wywołane tymi odkształceniami. Na podstawie materiałów The
Pipeline and Compressor Research Councils, pod tytułem “Controlling the effect of pulsation and
fluid transients in piping systems” opracowano program komputerowy wyznaczający te wartości
na podstawie zadanych parametrów instalacji rurociągowej.
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The measure of the propagation of vibration
for the assessment of damages in a concrete beam
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Summary
The paper considers the possibilities of using the efficiency measure of vibration propagation
as a diagnostic parameter. A measure defined by using recorded test results is proposed and the
method of numerical calculations is shown. Examining an example of the empirical results of a
concrete beam working under bending load and submitted to impact forced vibrations, an effort to
determine the degradation process level is undertaken.
The concept of the propagation measures of vibroacoustical energy is developed on the basic
the observation that, in case of the process variable in time, its energy is proportional to the
integrated (according to time) square of the instant value of amplitude. It is assumed that the
defined measures are inversely proportional to the force of impact. A simple form of notation,
suitable for numerical calculations in the time domain, is proposed.
The proposed measures can be used for performing engineering comparisons based on single
value parameters. According to the results, selective sensitivity to the stage of failure development
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shown by the construction depends to some extend on a proper localisation of points of impact and
vibration recordings.
In conclusion, solving diagnostic problems is possible, if the places of impact and vibration
recording have been correctly located.

Introduction
The materials commonly used in construction are mostly characterised by
anisotropy of their strength qualities: unquestionably higher compressive stress
is more acceptable than tensile, tangential or torsional stress. However, there is
a group of several elements submitted to bending, working under a complex
stress (floor beams, bridge and roof spans, etc.) where the load is transmitted
mostly by the steel profiles and ferroconcrete structures. Everyday the
prestressed concrete becomes more frequently used, and this means that the
concrete submitted to stress by the flexible distortion of steel bars placed within
the concrete mass.
The supporting structures of bridges and roofs undergo, as any technical
objects, exploitation wearing processes. The vehicles used in Poland often carry
excessive loads, which result in the acceleration of the wear processes of the
roads. According to forecasts, either replacement or major repairs of many
bridges will be soon necessary, as well as building new ones. Thus, studies
leading to the formulation of some efficient methods for evaluating and
forecasting technical conditions of these objects are needed.
The methodology consists of registering the acceleration time process of
impact–forced vibrations of a beam, the beam being supported on both ends and
loaded by a static centrally applied force. This makes it possible to apply the
measures of the propagation of vibroacoustic energy developed by the author [1]
and check their potential in evaluating the level of damage development.
The paper develops the ideas of the author presented at the First World
Congress on Engineering Asset Management [2].
The basis of research methodology
In the engineering reasoning, real constructions are usually modelled in a
simplified way. The dynamic models of one or few degrees of freedom are often
considered a satisfactory base for pondering on construction or practical
qualities of machines and devices. However, difficulties appear when the nonlinear component emerges, which is unfortunately the way the technical state of
objects changes [3]. Consequently, diagnostic application of the measures based
on the description of the movement of one degree of freedom is quite limited.
There are different research centres developing methods of forecasting and
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evaluating the technical state of an object and trying to make them both efficient
and well-anchored in the physical bases of analysed phenomena.
The relationship between the technical state of a mechanical system and the
energy dissipated during the performance of its functional tasks has been
observed [4]. It seems sensible then to search for energetic descriptors to be
possibly used in the diagnostics of technical objects. Therefore, we come to the
idea of defining a measure matching simplicity of expression with universal
quality, and simultaneously reflecting the vibroacoustic effect of an input of
determined energy [5].
It is commonly known that the average square value of the amplitude of a
signal variable in time is proportional to the energy of the process characterised
by the signal. We can thus examine the following relationship:

U~

1
T

T

2

∫ ( x ( t ) ) dt

(1)

0

where x(t) represents the variation course of the amplitude of the examined
physical quantity in time, while U is energy, and T is observation time.
Let us try to use the above statement in our pondering on the vibroacoustic
processes. Let us also assume that a description of inputs provoking the
vibroacoustic activity of the technical object is known in the form of F(t). The
measure matching the energy of the observed process with the input quantity,
and called the measure of propagation of vibroacoustic energy, seems to be a
valid solution:
T

∫ ( x(t))
H =

2

0
T

dt
(2)

2

∫ ( F(t))

dt

0

If we replace x(t) by the course of the acceleration of vibrations physically
registered (measured) for an actual point of the technical object a(t), and take
F(t) as the course of the input force for the vibrations, we will be able to talk
about the measure of efficiency of vibration propagation:
T

∫ ( a(t))
Ha =

2

0
T

∫ ( F(t))
0

dt
(3)

2

dt
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The above form is particularly useful while examining the results of
experimental studies when the vibrations of the object are forced by impulse. To
dampen vibrations, it is enough to take the integration time T to be longer than
the time needed for the vibration to disappear and the lower integration limit
established for the moment of impulse input; subsequently, the above quotient
will explicitly reflect the relationship between the energy of vibration movement
and the particular qualities of an actual object.
One of the characteristics of numeric signal processing is operating on
discrete values obtained by the discretization and quantization of an analogue
signal. Then the integrating is replaced by the summation.
N

∑ ( a(i))
Ha =

i =1
N

2

∑ ( F(i))

(4)
2

i =1

In the above relationship, the amplitudes of input force F(i) and vibration
acceleration a(i) correspond to the values of i-th time step. The value of
measurement can be calculated on the basis of a single impulse or a series of
impulses; the only condition is a synchronic processing of both physical
quantities used to define the measure.
Research results
For any of the values of the effectuated load, the impulse inputs and the
vibration response of the object were synchronically recorded using six
accelerometers located as shown in Figure 1 (points 2-7). The vibrations of the
beam were activated using an impact hammer equipped with a force transducer.
The points of impact are marked 1, while the arrows demonstrate the impact
directions. Top values of the impulses of input reached 3-5kN.
Single numerical values of the measures of the efficiency of vibration
propagation were calculated according to the relationship (4) as the average
value coming from a series of 10 subsequent input impulses. The cases of
impact loads in perpendicular directions were analysed separately.
The graphs in the Figures 2 and 3 show the changes in the measurements of
the efficiency of vibration propagation as a function of the static load of a beam,
obtained by processing the changes of input and the variation progressions of
the acceleration of vibration at the fixed points of one of the six accelerators.
During the registration of the vibration signals of the beam under maximum
load, the sensor lead was destroyed, so the graphs illustrating the measured
values for vertical strokes have been prepared for a static load under 40kN.
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Fig. 1. The studied beam: location of accelerometers, point of load application and impulse input
points
Rys. 1. Badana belka z pokazaną lokalizacją akcelerometrów, miejsca przyłożenia obciążenia oraz
punktów pobudzanych impulsowo
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Fig. 2. Changes in the efficiency of vibration propagation for separate measurement points,
horizontal input (Uy)
Rys. 2. Zmiany miar efektywności propagacji drgań dla poszczególnych punktów pomiarowych,
wymuszenie pionowo (Uy)

The highest numerical values for measurements of the efficiency of vibration
propagation were obtained for the measurement points located near the places of
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impact. It seems consistent that structural dampening results in lowering
vibration amplitudes in the places situated within a greater distance from the
source. The load input changes to some extent the way the object is supported;
and in consequence, it explains the maximum without loading and decrease in
the function of loading force.
The changes shown in the graphs have a monotonous character only in
isolated cases which points to their potential diagnostic utility. On the other
hand, there is a lack of an explicit trend in the majority of the graphs that
suggests a need for deeper analysis for application.
Interpreting the graphs and relating them to the state of the object become
easier if we refer to the information that the first visible cracks (break initiation)
were observed under a load of 30kN. In many courses, the local extreme
corresponding to this load can be seen. Quality evaluation makes it possible to
relate the changes of the curve’s shape to the initiation of damage.
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Fig. 3. Changes in the efficiency of vibration propagation for separate measurement points,
vertical input (Ux)
Rys. 3. Zmiany miar efektywności propagacji drgań dla poszczególnych punktów pomiarowych,
wymuszenie poziomo (Ux)

Conclusion
The conclusions based on the experiment indicate the possibility of applying
the efficiency measurements of vibration propagation for exploitation
diagnostics of concrete structures. Structural beams made of pre-stressed
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concrete are being bent under a load more frequently from day to day.
Therefore, considering the information value of the efficiency measurements of
vibration propagation calculated on the basis of vibrations induced by
horizontally oriented impulses, we would suggest further studies.
All of the defects appearing in the exploitation process (plastic deformations,
cracks, fractures, etc.) change the dynamic characteristics of the object;
therefore, attempts to apply the already explained measures for evaluating the
level of wear of concrete structures seem justified. Any damage results in the
modification of the ways of the propagation of vibroacoustic energy, which
necessarily provokes changes in the form of the structural vibrations, and
consequently, a visible change in the numerical value of the measurements of
the propagation of vibrations.
Due the freedom to select the location of the receptors of vibroacoustic
signal (accelerometers) and the application point of inducing impulses, there is
the possibility of directing the measurements towards comparing the properties
of actual elements of studied structures, or their fragments.
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Użyteczność miary propagacji drgań do oceny uszkodzenia belki betonowej

Streszczenie
Referat zawiera rozważania nad możliwością zastosowania miar efektywności propagacji
drgań jako parametrów diagnostycznych. Zdefiniowano propozycję miary wykorzystującej
zarejestrowane wyniki badań eksperymentalnych oraz przedstawiono sposób prowadzenia
obliczeń numerycznych. Na przykładzie rezultatów badań wymuszanych impulsowo drgań belki
betonowej pracującej na zginanie podjęto próbę oceny stopnia zaawansowania procesów
zniszczeniowych.
Do opracowania koncepcji miar efektywności propagacji energii wibroakustycznej
wykorzystano fakt, że energia procesu zmiennego w czasie jest proporcjonalna do scałkowanego
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po czasie kwadratu chwilowej wartości amplitudy. Założono również odwrotną proporcjonalność
do energii impulsu wymuszającego. Zaproponowano nieskomplikowaną postać zapisu dogodną do
przetwarzania przebiegów czasowych amplitud.
Zaproponowane miary nadają się do prowadzenia inżynierskich porównań na bazie
pojedynczych wartości liczbowych. Wybiórcza wrażliwość miar na stopień degradacji konstrukcji
zależy między innymi od lokalizacji przetworników pomiarowych.
Wnioski z badań wskazują na niezłe odwzorowanie początków procesu pękania pod
warunkiem właściwej lokalizacji miejsc pobudzenia i odbioru sygnału drganiowego.
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Summary
The concept of national innovation systems (NIS) appears to be an attractive idea on the
grounds of policymaking, as it is expected to provide straightforward measures to boost a state’s
competitive advantage. This paper presents Israel’s system of innovation with the main trends of
its development, as well as key agents and linkages which shape their relationships. The study
forms the basis for a question of NIS transferability and adaptability, and it demonstrates
considerable limitations of the NIS emulation in different environments and economic settings,
pointing to the evolutionary and country-specific characteristics of the innovation system. The unit
of the analysis has been chosen due to the outstanding achievements of Israel in the field of
innovation, strongly embedded in the unique attributes of the state, hence, being a particularly
illustrative case for the study.
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Introduction
The national innovation system (NIS) can be described as a set of private
and public organisations whose relationships and interactions at the national
level contribute to the development and diffusion of new knowledge which
translates into novel technologies. OECD publication (OECD, 1997) gathers the
most dominant definitions of the NIS developed by the concept creators and
followers. All of them point to organisations’ interconnectedness and
interactions as the engines for technological development, which are central for
the innovativeness of the economy. The NIS concept appears as an attractive
idea on the grounds of policymaking, since it seems to provide a relatively clearcut instrumentation for boosting economic performance and competitiveness.
Thus, in the search for benchmarks, innovation systems of the leading
knowledge-based economies have been widely studied. However, the NIS
concept takes the nation state as a unit, and as such, it indicates that innovation
systems are deeply embedded in the specific conditions of a country.
Taking the innovation system of Israel as a point of reference, this paper
aims to discuss the issue of NIS transferability. It illustrates how the system
arose from the country-specific conditions, as well as market and economic
circumstances, which, timely pinpointed and understood, enabled the design and
implementation of a package of pro-innovation instruments, shape the
relationships among the system actors, and induce adequate financing
mechanisms. The tools employed at the government level pushed the country’s
economy on the innovation path through the emergence of the high-tech sectors,
mainly ICT, which today accounts for 30% of Israel’s total export and 16% of
total business output (Samuel Neaman Institute, 2010). The country is also
aiming to excel in other advanced sectors, including bio- and nanotechnology.
Israel’s outstanding attainments are further reflected in its venture capital
market, which until the recent 2009–2010 global economic crisis raised a
spectacular amount of about $13.3B invested in Israeli start-up high-tech
companies (IVC, 2009; Avnimelech & Schwartz, 2009). Taking into account
venture capital investment as a percentage of GDP, as of 2008, Israel ranked
second with 0.3%, outdistanced only by the United Kingdom (OECD, 2008).
The country has been very dynamic in start-up firm creation, and it is in the
forefront in the number of high-tech companies listed on Nasdaq, following only
the United States. Moreover, despite the difficult geopolitical situation, Israel
managed to attract the large investment of multinational corporations in their
R&D centres, including the biggest players, such as Google, Intel, Microsoft,
HP and others. The country has the highest expenditure on civilian R&D among
OECD members, which reached 4.3% of GDP in 2009 with almost 80% of
R&D financed by the business sector (Samuel Neaman Institute, 2010).
The following analysis of the Israel’s system of innovation and its main
elements is preceded by a brief presentation of a theoretical background of the
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NIS concept evolution and premises. The concluding part discusses the key
organisations and mechanisms which shaped the country’s innovation system
from the viewpoint of their transferability and adaptability to different economic
contexts and environments. The paper is an empirical study, based in a large
part on semi-structured individual in-depth interviews with the key figures of
Israel’s NIS, conducted between April and July 2011.
NIS concept development - theoretical background
The concept of national innovation systems was almost simultaneously
formulated in the 1980s by Christopher Freeman (2003) and Bengt-Åke
Lundvall (2010), and followed by other scholars, such as Richard Nelson (1993)
and Charles Edquist (1999) among others. However, the origins of the concept
can be traced even further back to the OECD’s work related to a system
approach within the framework of the national science polices promotion,
launched in 1960s, though the term itself was not used at that time. Godin
(2009) presents an overview of the OECD’s policy papers that involved the
system approach that underscored institutional and contextual facets of research.
OECD’s view on research system entailed the conviction that research is not an
isolated organism, but it is conducted within a certain institutional context in
which scientific inventions should be applicable to the economic and social
needs. The issue of research results commercialisation by universities was then
raised.
Thus, the development of the NIS concept can be divided into two
interrelated stages – the first one dating from the post-war period until the
1980s, the second one from the 1980s until present (Soon Yim & Nath, 2005).
During the first phase, a direct relationship between research and innovation
was held as a model, with science and technology policies involving direct
governmental support of R&D. The second phase, next to the formulation of the
concept as such, brought a radical change in the perception of innovation. It was
at that time that the shift from the so-called linear model of innovation to a
dynamic and interactive one took place. It is also important to note that the NIS
framework emerged in opposition to the standard economics in that it
challenged its understanding of international competitiveness, which was then
attributed to national wage reduction and devaluing of national currency. As
Lundvall (2007) wrote,
The intention was thus not just to give a new tool to those policy makers
who were in charge of science and technology policy. ... We saw a need for a
different kind of economic theory and also a need for a different perspective on
economic policy where innovation and learning were seen as important
processes behind economic growth and welfare.
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The NIS concept was simultaneously developed in academic and
policymaking circles, because its proponents were both academicians and held
positions in such organisations as the OECD (Sharif, 2006). The term “national
innovation system” was first used by Christopher Freeman in his 1982 paper
prepared for the OECD Ad-hoc Group on Science, Technology and
Competitiveness (Freeman, 2004) and then disseminated in his 1987 book on
innovation in Japan (Freeman, 1987). Freeman referred NIS to Friedrich List’s
concept of “national systems of production” which involves national institutions
and infrastructures and focuses on production forces. Based on it, he questioned
the then-mainstream perception of international competitiveness. He also linked
the need for public financing of the technological infrastructure with the
country’s economic performance. In the early 1980s, the NIS concept was also
being developed by the IKE group at the Aalborg University with the leading
role of Bengt-Åke Lundvall, whose publications used the term “innovation
system” (Lundvall et al., 2002). The Freeman and Aalborg group developed a
broader approach to NIS and innovation itself, which entailed diffusion,
absorption and usage to the innovation process, next to the radical or
incremental innovation per se. Lundvall (2010, 2) defines the system of
innovation as “elements and relationships which interact in the production,
diffusion and use of new, and economically useful knowledge,” which are
rooted or located within a nation state. This version of the NIS concept, in
which firms and their interactions with other firms and with knowledge
organisations are central to the innovation process, and which highlights
knowledge-flow and interactive learning, was further developed into the multichannel interactive learning model (Caraça, Lundvall, Mendonça, 2009), built
on the Kline and Rosenberg’s (1986) chain-linked model. The chain-linked
model questions the linear perspective’s thought that research is the main source
and starting point to innovation. While scientific knowledge may still play its
traditional role of nurturing innovation, the relationship between the two may
well be reversed, because innovation processes and dynamic market forces may
trigger scientific activity. The multi-channel interactive learning model reassesses and complements the chain-linked model by extending institutional
context in which innovation takes place. It adds micro- and macro-environments
to the learning process, where the micro-environment encompasses the agents
who directly influence the firm’s innovative activity, such as suppliers,
distributors, partners, competitors, and the like, who operate within a wider
setting of macro-structures formed by political, social and other forces,
including the education and training system, information infrastructure, science
and technology system, etc. The general idea behind the model is that, although
science is fundamental for innovation, it is not the only source of newknowledge creation and often does not translate easily into commercial
application, whereas interactive learning and firms’ interactions with other
market players seem equally crucial for their innovativeness.
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A narrower approach to NIS, which identified innovation with processes
that firms apply in developing novel products, focused more on the institutional
facet of the system was proposed in a comparative study of innovation systems
compiled by Nelson (1993). In this view the NIS is defined as “a set of
institutions whose interactions determine the innovative performance ... of
national firms.”
Groenewegen and van der Steen (2006) extend the institutionally-oriented
approach to NIS by proposing a layered institutional model which places NIS
within social settings and underscores interconnectedness of institutions (both
formal and informal rules, values and norms), institutional arrangements, and
dynamics of the system. Moulaert and Hamdouch (2006) in their analysis of the
EU RTD Framework Programmes list those which highlight the role of cultural
factors in NIS, further extending the settings in which national innovation
systems are embedded.
The above brief overview of the selected currents in the NIS concept
development in the historic perspective, as well as more recent contributions to
the preliminary idea appear to head in a similar direction. Although various
approaches may stress different facets of the system, what stems from the reassessment of the NIS concept by its first proponents and other scholars’ work is
the emphasis of a complex nature of innovation systems, the role of interactions
between its various agents, interconnectedness of the system’s elements and the
broader environment.
Drawing upon the theoretical background of the NIS concept, what follows
is an attempt to depict Israel’s system of innovation, with the goal to raise the
question of the NIS transferability.
Model of the national innovation system of Israel
As stated before, Israel belongs to the group of countries whose economy is
based on knowledge-intensive sectors that fuel the state’s competitive
advantage. The country has excelled in ICT, but it also aims to dynamically
develop other high-tech sectors, such as bio-, nano-, environmental and medical
technologies. This part of the paper outlines the main forces that stand behind
the Israel’s ability to innovate, which jointly make up the country’s NIS.
Figure 1 presents a model of Israel’s innovation system. It involves the
organisations that appear central to the system’s development, as well as key
processes that influence their relationships. For the sake of clarity and in order
to stress its core, the model has been intentionally simplified in that it does not
incorporate minor players and linkages which, in the view of the author, have
not been critical to the country’s innovativeness. In addition, it is a static
representation, whereas it is also important to underscore the evolutionary
character of the innovation system of Israel. The current state of Israel’s NIS
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can be traced back to the 1990s. However, its origins reach further back, to the
beginning of the state, i.e. 1950s and 1960s. Teubal’s (1993) analysis of the
country’s innovation system delineates its major characteristics and directions in
the period between 1950-80s, i.e. before the turning point in the state’s approach
to its economic performance.
Next to the three main actors, i.e. firms, government and universities, two
additional players – technological incubators and venture capital institutions
have been integrated into the model, due to the substantial part they have played
in the Israel’s NIS. Moreover, within the group of firms four main subgroups
have been distinguished, that is local start-ups, other local firms, R&D centres
of foreign companies, and foreign firms located outside the Israeli market.
Singling out the four kinds of enterprises appears useful to illustrate different
functions they perform in the system and their distinct interactions with other
agents.
It is important to note that in Israeli settings the term “start-up companies”
refers specifically to newly established high-tech firms. They are one of the
most important elements of the country’s economy in terms of its innovative
performance, and they may be recognised as a cornerstone of the Israel’s
innovation system, as opposed to the states where innovation is channelled
mainly through large corporations. “Other local firms” represent other than
start-up companies which deal in high technology sectors or perform R&D.
“R&D Centres of foreign companies” have been marked out in the model, as
they depict another peculiarity of the Israel’s NIS in which R&D centres of
multinational corporations are a particularly welcome form of foreign
investments. Finally, incorporating “foreign firms” in the model is justified in
that it represents extensive connections of the Israeli enterprises with external
markets, including both their export orientation, as well as the quite common
exit path of Israeli start-ups through foreign M&As.
The connections between the NIS agents have been divided into the two
main groups. The first one embraces the processes that might be broadly
referred to as knowledge transformation or technology transfer which involve
both codified and tacit knowledge transfer, as well as the transfer of
(innovative) products, processes and companies.
The most classic knowledge transformation avenue runs from universities
(via their technology transfer companies (TTCs)) to firms through research
result commercialisation. Technology transfer in this context may take a number
of forms, such as licensing, creation of spin-off companies, collaborative
research, and joint ventures. An additional aspect of knowledge flow
encompasses human capital transfer to companies through university graduates,
which is particularly significant in the case of R&D centres of foreign firms that
employ a large number of Israeli university graduates. Another type of
knowledge transformation is embodied in joint R&D cooperation (consortia) of
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commercial enterprises and universities within the framework of a number of
government programmes.

Fig. 1. Model od Israel’s innovation system
Rys. 1. Model systemu innowacji w Izraelu
Source: Author

The model also depicts technology transfer processes in the inter-firm
linkages. They take various forms of collaboration, as well as, especially in the
relationships between start-up and existing local or foreign companies,
acquiring the former by the latter.
The second type of relationships between the NIS agents refers to the
resource flows, involving government funding of university research, as well as
commercial and government investment, the latter taking the form of support
interventions and incentives. Commercial investment involves VCs’ coinvestment in start-up companies through technological incubators, as well as
VC direct investment in start-ups.
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As shown in the Figure 1, Israel’s innovation system demonstrates a
significant degree of interconnectedness between its main agents with a
considerable role of the government in shaping the system. Moreover, it has
been strongly embedded in social, geopolitical, cultural and legal settings that
form a wider environment and a very significant background for the innovationoriented development of the country.
Israel’s NIS creation – a deliberate process
Taking a look at Israel’s innovation system in a historic perspective, it
becomes clear that the system developed as a conscious decision in response to
the variants of settings the state has been operating in, as well as the
identification of its strengths and timely reaction to opportunities, with Israel’s
government as a driving force behind the process. Understanding the
circumstances from which certain mechanisms of the Israel’s NIS arose is
critical to discuss their adaptability.
National innovation systems do not develop as isolated, independent units,
but they are strongly embedded in state’s characteristics and broader social,
political, cultural, financial, legal, education and market ambience. Thus, to
quote Nelson (1993, 518): “nationhood matters and has a persuasive influence”
on NIS creation. The case of Israel is particularly interesting in this realm due to
the specific conditions that have influenced the country’s overall performance,
including its economy. Among the elements of a wider environment the
following appear to have had a considerable impact on the state’s innovation:
the country’s geopolitical situation, social and cultural characteristics related to
entrepreneurship and human capital, military R&D, and R&D law.
Israel has no significant natural resources and it is located in a
predominantly arid area, surrounded by mostly hostile states. Paradoxically,
Israel’s impressive achievements in innovation may be linked to its highly
adverse geopolitical situation dated back to the 1960s. It was at that time that
country’s military R&D emerged as a result of the French embargo on the arms
supply at the time of the 1967 Six-Day War. In consequence, Israel’s
government undertook to develop an independent defence sector, which led to
the accumulation of technical knowledge within defence companies. Military
R&D soon became perceived as the potential that could fuel the whole
economy, and it gave rise to the civilian R&D (Vekstein, 1999).
A small domestic market and the lack of export opportunities to
neighbouring countries played part in the global orientation of Israeli
companies. The necessity of international competition called for innovation of
Israeli products marketed abroad (Avnimelech, 2006).
Israel is an immigrant country, which is believed to translate into the
entrepreneurial spirit of the society, risk taking capabilities, perceiving failure as
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an important element of a learning process, as opposed to its stigmatisation
(Ruohonen and Oy, 2007). Between 1989 and 2001, Israel experienced an influx
of high-educated immigrants from the Former Soviet Union which exceeded a
million people of whom 11,000 were skilled scientists and engineers (Getz and
Segal, 2008). In addition, Israeli society stands out in terms of the human
capital, with 44% of the population aged 25-64 holding tertiary education
degree (Samuel Neaman Institute, 2010).
Finally, legal settings, embodied in the Law for the Encouragement of
Industrial R&D, enacted in 1984, formed the basis for the acceleration of the
high-tech sector development. Although until that time some attempts on the
grounds of economic innovativeness had been made, the primary aim of the
Israel’s economy had been employment creation (Porath, 2006). The Law
considerably extended economic goals to the development of the local
knowledge-based industry and the improvement of the country’s trade balance
(MOITL, 2010).
All of these provisions constitute an important background for the state’s
innovation system.
Venture Capital market

The early 1990s marked the beginning of the era when the innovation
processes in the Israel’s economy speeded up significantly. It was the time when
important measures were taken by the government with the goal to facilitate the
development of high-tech sectors in response to the identified “market failures.”
One of the deficiencies spotted was the lack of the capital market that would
cater to the development of a growing number of start-up companies. Thus, in
1993, an outstandingly successful programme to stimulate venture investment,
Yozma, was introduced. It involved government contribution to the fund of
around 40% (approximately $80M in total) and the option for private investors
to buy out government’s share at the initial price plus some interest.
Several factors add up to the Yozma’s success at the stage of its
conception and operating. First of all, it was proposed by the then Chief
Scientist at the Ministry of Industry and Trade who accurately assessed Israel’s
shortages in the area of capital market and proposed adequate measures to fill in
the gap. Hence, the suggestion came out from the figure “within the system,”
which helped to ensure government approval for the programme
implementation. Secondly, the programme outset coincided in time with a large
immigration, among which there was a substantial number of high-educated
people and specialists; thus, the government sought plans enabling to utilise this
potential. At the stage of Yozma performance, one of the key factors that
contributed to its effectiveness may be described as “good timing,” since the
programme set out right in time for the high-tech boom at the end of the 1990s.
In addition, on the operational level, the fund was established as an independent
government company, which allowed for its flexibility, in such areas as e.g.
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employment policy, ensuring adequate human resources, outside the government
structures.
The initial goal of the programme was to attract U.S. venture capital funds
to Israel. It involved, among other things, personal efforts of the programme
founder to convince some of the leading VCs in the U.S., such as Advent and
H&Q, to invest in the country. The two major obstacles pointed to by potential
investors were locality of the business, as Israel was perceived as a distant
country, and the lack of experience in managing the funds in place. However,
the opinion about the country itself, its human capital, and then-relatively cheap
labour costs were among the arguments that managed to convince American and
European VCs (Erlich, interview, July 11, 11).
Yozma triggered mechanisms that fuelled the innovativeness of the Israel’s
economy by matching the potential of an increasing number of start-up
companies with the high-risk venture financing which had been non-existent
before the programme’s inception. Taking into account the excellent state of the
Israel’s VC market activated in the course of government intervention, it should
be noted that it was considerably challenged by the 2009-2010 global economic
crisis when the VC fundraising fell to almost none. This raises the question of a
cyclical nature of the VC market that may significantly hinder economic growth
of the countries that are predominantly based on this source of innovation
funding. Thus, there is a need to search for alternative forms of capital
investment which would turn out effective also during downturns (Etzkowitz,
2005).
Technological incubators

Technological incubators programme is a government initiative established
in 1991 in order to counteract a market failure defined as the lack of efficient
mechanisms to support early-stage high-risk innovative enterprises.
Technological incubators aim to enhance the creation of new start-up
companies which otherwise would not be set up. Thus, the main idea behind the
programme is the government participation in the risk of establishing innovative
ventures at the seed stage of their development, where other sources of funding
are usually difficult to achieve. Some secondary goals of the programme involve
technology transfer from academia to industry, fostering technological
entrepreneurial culture in the country, and providing deal-flow for VC industry.
The incubators intend to provide full support for start-up companies,
including financing, facilities and infrastructure for their R&D performance,
professional counselling, and connectivity to potential customers (Smoler,
2011). The government’s share in the funding amounts to 85%, the remaining
15% is matched by the incubator, i.e. private investors.
The projects applying to the programme undergo a strict selection process,
based on such criteria as inter alia: innovativeness and uniqueness, early-stage,
high-risk venture, and market and management potential. The assessment of the
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projects is two-fold – due diligence is conducted by the incubator which
recommends selected ventures to the programme authority within the Office of
Chief Scientist of the Ministry of Industry, Trade and Labour, where the second
stage of evaluation is done. The applying companies are required to present a
market analysis of the project, patent search, business plan, as well as
demonstrate management potential, etc.
Until 2002, technological incubators were non-profit entities, whose
shareholders were various private entities, such as municipalities, since one of
the main tasks of the incubators was the development of the regions in which
they operated. In 2002, however, all technological incubators were privatised as
a result of the identification of certain shortages in technical and business skills
of current shareholders, which were believed to hold back the efficiency of the
incubators and success rate of the incubated companies. The introduction of the
new incubator model also involved a change in their financing and allocation of
larger resources into incubated projects and not into the incubator itself, which,
for example, has been reflected in cutting government coverage of the
incubators’ operational costs, with the only exception referring to some
peripheral incubators. Another significant change was proposed in 2011, with
reference to the extension of the incubator’s (franchisee) term from 3 to 8 years,
in order to adjust the ownership period to a more realistic return-on-investment
time (Smoler, interview, June 30, 11).
Although technological incubators are believed to be crucial vehicles for
start-ups creation, two major issues require further consideration. The first one
refers to the incubator’s effectiveness evaluation, which has not been clearly
defined yet. There appears a question whether the evaluation should be done at a
company, incubator, or programme level and what criteria should be employed.
The second problematic area relates to the tendency among shareholders to
lower the incubators’ investment risk, and thus, allocating more resources to the
ICT projects, which are expected to generate revenues in a shorter time-span,
which does not fit the economic objectives of the government.
Academia-industry technology transfer

The emergence of the knowledge-based economy around 30 years ago
induced a change in the role of universities in society and economy. Since
knowledge became an asset of its own, and a tool for innovation-driven
economic development, there appeared growing expectations towards university
market-oriented research performance. These processes were accompanied by
the decrease in public funding of university research, which forced them to seek
additional research funding through the cooperation with industry. As a result,
academia-industry relationships became more institutionalised which has been
reflected inter alia in establishing separate technology transfer units within
universities (Bonaccorsi, Daraio and Geuna, 2010; Geuna and Muscio, 2009).

124

D. Nowak

Universities and other research institutions play a role of the knowledge
infrastructure that in the linear model was believed to be the primary source of
technologies adapted by companies. With the development of the NIS concept,
it became clear that the relationship between science and economy
innovativeness is not necessarily straightforward, and in many cases, a high
level of government funds allocated to university research does not bring
expected results on the grounds of technology commercialisation. Although
university research is still one of the critical bases for novel economically useful
inventions, it has been argued that innovation takes various forms and numerous
manifestations of interactive learning, leading it to take place outside the
academia, as well as that there is a mutual flow of new-knowledge between
research institutions and other market players (Caraça, Lundvall, Mendonça,
2009).
In Israel’s innovation system universities as technology providers have
been ranked high. The appreciation of their role as sources of innovative
developments has been embodied in both government programmes supporting
academia-companies collaboration, as well as universities entrepreneurial
culture and technology transfer companies (TTC), created to commercialise
research results. TTCs, which are fully university-owned but independent units,
exist in all seven public research universities.1 They differ as to the tradition,
size, business model, as well as profitability, but they share the same goal –
bring research outcomes to the market in order to generate revenues for the
university.
Although owned by the universities, the Israeli TTC model involves their
autonomy. They are for-profit companies that operate outside the university
structure. They are independent in human resources policies, and they must
sustain their operations from their own revenues. Most of them employ typical
commercialisation strategies, including licensing, creating spin-off companies,
collaborative research, as well as hybrids of the above. It is worth noting that the
Israeli mechanisms of technology transfer through university spin-off companies
are distinctive in that, in most cases, technology is licensed to a new start-up
firm set up by an external entrepreneur whose role is to develop a company and
draw private investment. Thus, researchers are not directly involved in the
operation of the company, and usually their role comes down to providing
consulting services or holding other non-managerial positions in a limited time
range, which is strictly regulated by the university law. In addition, on very rare
occasions do Israeli universities invest in their spin-off companies. In addition,
they are usually more in favour of the royalty-based commercialisation
strategies than equity. However, in general, the Israeli TTCs’ approach to the
1

These are: Bar-Ilan R&D at Bar-Ilan University, BGN Technologies at Ben-Gurion University of the Negev,
Yissum Technology Transfer at the Hebrew University of Jerusalem, T3 at Technion Israel Institute of
Technology, Ramot at Tel Aviv University, Carmel Haifa University Economic Corporation at University of
Haifa, and Yeda R&D at Weizmann Institute of Science.
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cooperation with business partners and commercialisation agreements shows a
large degree of flexibility.
TTCs provide a full range of services to the university researchers who
wish to market their research results. They evaluate the invention in terms of its
commercial potential, perform patentability checking, manage patenting
process, select commercialisation path, and negotiate and execute
commercialisation agreements. The policies of all universities involve an
incentive scheme to encourage invention disclosure, whose basic form is
inventor’s participation in royalty payments ranging from 30% to 60% (Kenan,
Soffer, Canetti, Naiberg, Oren, interviews).
Government industrial R&D and high-tech sectors support programmes

Apart from the above, government interventions aiming to foster high-tech
sectors development, including technology transfer from academia to industry,
are embodied in a number of support and incentive programmes. They have
been implemented under the Law for the encouragement of industrial R&D with
the goal to leverage the state’s science and technological entrepreneurship. In
most cases, the support mechanisms assume partial government contribution to
the projects, which takes forms of grants or soft loans. Just to list a few, the
interventions involve pre-seed and seed programmes addressed to high-tech
start-ups and provide support at the preparatory stage of the business (Tnufa
programme), help to develop the project to the stage where it will be capable to
attract private investment (Technological Incubators), and mobilise private
investment by providing matching funds to innovative enterprises (Heznek
programme).
An important measure in government direct support of economic innovation
is the Magnet programme that fosters industrial R&D and technological
cooperation between the business sector and academia. It promotes technology
transfer from science to industry (Magneton track), aims to fill in the gap
between basic and applied research in biotechnology and nanotechnology
(Nofar track) and fosters new water technologies (Katamon track) (MOITL,
2011).
Another path in enhancing the country’s technology base are incentives for
high-tech R&D centres of foreign companies under the Law for the
Encouragement of Capital Investment, involving tax benefits and employment
grants, the latter in specific peripheral parts of the country. Besides that, foreign
companies’ subsidiaries established in Israel are entitled to the support within
various government-co-funded programmes. There are however, limitations in
the subsidiary company’s IP transfer abroad, which requires approval of the
Research Committee of the Office of Chief Scientist and compensation for the
obtained grant.
It should be noted that the majority of government incentives are addressed
to high-tech sectors. Only recently has the Israel’s government introduced a

126

D. Nowak

programme directed to the enhancement of R&D and innovation in traditional
industries.
National innovation systems transferability – discussion
The refutation of the standard economics’ approach to international
competitiveness and the emergence of knowledge-based economy elicited the
drive for establishing innovation systems within nation states with the objective
to boost the countries’ economic performance and effectively compete on
foreign markets. On the grounds of policymaking, the NIS concept has been a
particularly attractive measure, however, often used in a simplistic way.
The following are the main characteristics of Israel’s NIS arise from the
preceding outline. Firstly, Israel’s innovation system has been a result of
deliberate actions intended to build the country’s economic strength in specific
high-tech sectors. Moreover, it entails outstandingly high expenditure on
civilian R&D, because it is believed to be the main factor of economic
innovation. Secondly, the role of the government has been central in shaping the
system. The government has triggered a number of market mechanisms, but it is
important to note that it withdrew from its interventions upon the successful
adaptation of the proposed measures by private players. Thirdly, Israel’s NIS
constitutes a complex ecosystem of densely interconnected agents. None of the
elements implemented solely would evoke an effective NIS. And last but not
least, Israel’s system of innovation is strongly embedded in the wider
environment and country-specific conditions, and it evolved over time as a
response to the particular circumstances which shaped the situation of the state.
The study of the Israel’s NIS shows that innovation systems transferability
is markedly limited. It is obvious that neither social dispositions nor cultural
features can be copied to other settings, and they appear crucial in steering
Israel’s innovation system. The country economy’s main asset seems to be hightech start-up companies, whose creation has been driven, among other things, by
the entrepreneurial spirit of the nation. Human capital embodied in a high level
of the society’s education has catered to the innovative nature of the start-ups.
The small size of the country and low power distance have facilitated
cooperation and communication between NIS players, the facet that is not
typical for many states. Technological incubators may seem quite a
straightforward tool to enhance the creation of innovative companies; however,
they will turn out ineffective if the capital market able to invest in risky ventures
is lacking. Emulating Yozma also appears feasible, as many countries have set
up public venture capital funds, as well; nevertheless, the success of the
programme may be also attributed to a good timing of its inception, right before
the high-tech and ICT boom in the world’s economies, a situation which is very
difficult if not impossible to predict. Technology transfer effectiveness of the
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leading Israeli universities’ TTCs is not only a result of their business models,
but also remarkable inventions, recognised by the industrial partners. In turn,
rich invention base results from quality research which is a resultant of many
factors, including education and research policies, R&D funding, etc.
Finally, critical analysis of the Israel’s NIS points to a number of
deficiencies of the system. First of all, an innovation system based on the
development of high-tech sectors has led to the negligence of traditional
industries that employ a majority of the industrial workforce. Moreover, the VC
model of funding new ventures turned out inefficient during the economic
downturn, imposing a considerable threat on the high-tech-based economy. It
has also inhibited the creation of large national companies, due to the nature of
the exits performed by the venture funds, and evoked knowledge flow outside
the country. After all, expectation towards the universities to be economic
innovation drivers raises a question of the role these organisations should play
within the society and the balance between basic and applied research.
Although the analysis of Israel’s NIS shows the limited adaptability of its
elements in distinct settings, what emerges as a useful indication in terms of the
NIS creation is the general approach to fostering innovation in Israel’s economy,
which may be defined as a complexity of the measures employed, continuity of
the innovation-oriented actions over time, and flexibility in the implementation
of given interventions in a response to changing market and wider settings. It
appears that successful systems of innovation, although not free from certain
shortcomings, arise from the country-specific settings, constant market
monitoring and timely reaction to the changes in these two elements, which
enables the implementation of the accurate means.
Appendix
The information included in the empirical part of the paper has been in a
larger part compiled based on the interviews with the following figures:
Canetti Elena, Yissum Technology Transfer, The Hebrew University of
Jerusalem – former VP Business Development, interview held on June 6, 11.
Erlich Yigal, The Yozma Group – Founder, Chairman & Managing Partner,
interview held on July 11, 11.
Kenan Gabi, Bar-Ilan R&D, Bar-Ilan University – CEO, interview held on
June 5, 11.
Naiberg Amir, Yeda R&D, Weizmann Institute of Science – CEO,
interview held on June 6, 11.
Oren Shlomo, Carmel Haifa University Economic Corporation, University
of Haifa – CEO, interview held on June 20, 11.
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Smoler Josi, Office of Chief Scientist at the Ministry of Industry, Trade and
Labour – Technological Incubators Programme Director – interview held on
June 30, 11.
Soffer Benjamin, T3-Technion Technology Transfer, Technion Israel
Institute of Technology – CEO, interview held on July 5, 11.
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Tworzenie narodowych systemów innowacji na przykładzie izraelskiego NSI

Streszczenie
Koncepcja narodowych systemów innowacji (NSI) niejednokrotnie jawi się jako relatywnie
proste do wdrożenia narzędzie służące podniesieniu konkurencyjności kraju. Artykuł prezentuje
system innowacji Izraela, wraz z głównymi kierunkami jego rozwoju, kluczowymi elementami
oraz występującymi pomiędzy nimi powiązaniami. Studium empiryczne izraelskiego NSI jest
podstawą do zarysowania problematyki adaptowalności narodowych systemów innowacji.
Przedstawiona analiza pozwala wnioskować o ograniczonym zastosowaniu rozwiązań wypracowanych w innych krajach w kreowaniu NSI i wskazuje na ich ewolucyjny, wyrastający z unikalnych
uwarunkowań danego państwa charakter. Izrael, ze względu na wysoką innowacyjność gospodarki
oraz specyfikę czynników kształtujących system innowacji, stanowi wyrazistą ilustrację podjętej
tematyki; stąd jego wybór jako jednostki analizy.

