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Abstract 
Mapping the technical and financial effectiveness of a production is crucial for 
making cost-effective maintenance decisions. But, a successful mapping cannot be 
achieved without a well-structured database including all relevant data required for 
this task. The problem addressed in this paper is how to identify the relevant variables 
and performance measures that should be monitored for achieving cost-effective 
maintenance decisions that enhance company’s business? The main result achieved is 
a model for identifying relevant data required for accurate problem tracing and 
localisation within maintenance and production processes using a top down approach. 
The potential of applying the model is examined in a case study including databases 
of two commercial software programs developed for maintenance. The main 
conclusions are integration of IT and data resources within the enterprise is needed for 
developing a holistic view of the production process and a well-formulated and 
documented procedure of data identification will ensure that the data can be traced 
back to root sources and in this way we can support the work of continuous cost-
effective improvement by eliminating root causes of problems at an early stage.  
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1. Introduction 
In the past, the survival of a manufacturing companies was mainly connected to how 
much merchandise it was able to push into the market. This situation has changed and 
today's strategies imply cost minimisation and differentiation and the ability to use 
available resources in a cost-effective way. The focus on customer needs puts great 
demand on the production system to meet the goals of high product quality, 
production safety and delivery on time at a competitive price, Al-Najjar (1997). 
Manufacturing industries realise the importance of monitoring and following up the 
performance of a production process by using financial and technical indicators. It 
establishes a bridge between the operational level in terms of e.g. productivity, 
performance efficiency, quality rate, availability and production cost, and the strategic 
level expressed by the company’s profit and competitiveness. In general, company’s 
business can be influenced by many factors such as the maintenance policy, 
production method and procedures, quality system, organisation, personnel 
competence and training level. It is not enough to focus on one or two of these factors 
in order to develop a holistic approach when mapping the production process in a 
cost-effective way, Al-Najjar (1996). The problem addressed in this paper is; how to 
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identify the relevant variables and performance measures that should be monitored for 
achieving cost-effective maintenance decisions that enhance company’s business? 

A well recognised data set for each type of decision will ensure that decisions 
made are based upon relevant and representative data. Further, by considering 
relevant data from relevant working areas such as maintenance policy, production 
method and procedures, quality system, organisation, personnel competence and 
training level, cost-effective maintenance decisions can be achieved effectively. The 
development of information technology (IT) in the past decades has enabled complex 
decision-making in rapid and easy manner and storage possibilities of large amount of 
data.  

In the paper, a literature survey is done, see Section 2, to highlight whether the 
problem addressed is studied before or not and to explore the researches done on the 
related topics. In Section 3, a theoretical frame work introducing definitions of the 
most important keywords (data, information and knowledge) being utilised by this 
study, integration of IT systems and principles for developing an industrial database. 
The top down analysis model is developed and discussed in Section 4. A case study, 
which includes databases of two maintenance-used software programs, for verifying 
the potential of applying the model is presented in Section 5, which is followed by the 
results and conclusions in Section 6. 
 
2. Literature survey 
A literature survey was conducted in order to cover recent researches that have been 
done within the area of the problem addressed in this paper. Following article 
databases were be considered in our three step-survey: Elsevier, Emerald, Proquest 
and IEEE. The keywords that have been used in the first step-survey, which had its 
focus on the technical part were: problem tracing, problem localisation, database, data 
identification model, decision-making and maintenance. The output of the survey was 
ten relevant papers. In order to cover the area of IT and its integration aspect we 
conducted the second step-survey using the following keyword: data integration, 
information systems integration and IT systems integration. The third step-survey 
focused on joining the following keywords: maintenance, production, business, 
strategy/strategic, productivity and competitiveness with IT, information systems, 
information systems integration and IT systems integration in different combinations. 
The output of the second and the third step-survey was about 100 papers.  

The main result of the first step-survey was that no articles dealing with the 
identification of relevant data for accurate problem tracing and localisation and 
decision-making were found. Dwight (1999) presents a model for determining 
maintenance performance based on a top down approach; the systems auditing, where 
the performance of the maintenance system is measured against a standard "ideal" 
system but where the different activities also are judged by their relative importance 
for the system. He introduces a new model, which can be applied in maintenance 
decision-making and promotes the value measurement approach, i.e. translating 
technical issues into financial terms.  

Maintenance has recently been considered as an activity contributing efficiently to 
the companies' strategic objectives in profitability and competitiveness. The 
awareness of maintenance as a strategic factor within a company is established in 
literature, see for instance Riis et al. 1996, Al-Najjar (1996), Murthy (2002), Tsang 
(2002), Swanson (2003), Al-Najjar & Alsyouf (2004), Alsyouf (2004). The 
connection between operational and strategic corporate needs is important otherwise 
the various activities within the company cannot be compared or valued. This has 
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been addressed by many authors in different contexts e.g. Pintelon & Van Puyvelde 
(1997), Al-Najjar et al. (2001), Miraglia et al. (2002), Otto & Kotzab (2003) showing 
the need of measurement systems and performance indicators to estimate the impact 
of operational activities on the strategic level.  

In contemporary research we can note the trend towards more integration of both 
administrative and industrial automation of IT systems, see for instance Long et al. 
(1998), Kang & Golay (2000), Herzog et al. (2002), Gordon (2002), Xu et al. (2003) 
and Vojdani (2003), where for example Weber & Pliskin (1996) show that IT systems 
integration has a positive effect on company performance effectiveness. Until 
recently, these systems have been separated, but the trend is now moving towards 
integration of technical systems and administrative systems, see for example Dahlfors 
& Pilling (1995), Gordon (2002), Herzog et al. (2002), Bratthall et al. (2002) and 
Kjaer (2003). The need to integrate IT with business objectives and corporate strategy 
is a commonly addressed topic in literature; see for example Holland & Light (1999), 
Segarra (1999), Szirbik & Jagdev (2001) and Sarshar et al. (2002). Many authors 
realise that investments in IT have a positive correlation with profitability and 
competitiveness, e.g. Johnsson (1999), Kini (2002), Dedrick et al. (2003). On the 
other hand, IT systems fail to meet the demands of their users, Whittaker (1999), 
Bennet et al. (2000) and Evgeniou (2002). Whittaker (1999) and Bennet et al. (2000) 
shows the importance of including disciplines such as law, business and economics in 
software engineering and IT projects in order to achieve the objectives expected. 
Evgeniou (2002) pinpoints the current problems today's companies face in IT system 
integration: either suffering from lack of information visibility across the enterprise 
due to insufficient integration or suffering from information inflexibility due to 
enforced information centralisation and standardisation such as in an ERP system. In 
worse case, the ambition to integrate all enterprise IT systems will result in enterprises 
that are enforced to adapt to the underlying logic of the IT system and not the other 
way around. IT integration would therefore better be driven by the strategic goals of 
the business, Evgeniou (2002).  To be able to show the impact of maintenance on the 
production and on strategic level, data from various IT systems serving different 
working areas relevant to maintenance and possibilities to process the data are 
needed. But today’s IT systems for maintenance purposes are mainly administrative 
and restricted to maintenance budget control, Pintelon et al. (1999).  
 
3. IT integration and cost-effective maintenance decisions: Theoretical 
framework 

3.1 Definitions 
Cost-effective decisions can be achieved by integrating, analysing and effectively 
utilising relevant data, information, databases and knowledge. The terms data, 
information, databases and knowledge have been defined and interpreted differently 
in literature. In this section we discuss the terms briefly and define them. 

Blanchard (1998) relates cost-effectiveness to system effectiveness that could be 
expressed in terms of e.g. availability, dependability or performance, depending on 
the specific system mission and to the total life-cycle cost. Li & Brown (2004) 
considers maintenance cost-effectiveness as the combination of maintenance tasks 
that can achieve the best reliability within a limited financial budget while Al-Najjar 
(1997) expresses it as the long-term benefit of a specific maintenance policy. The 
cost-effectiveness of a maintenance policy can be determined by comparing the 
economies output before and after the investment done for improving the performance 
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of the maintenance policy in question, Al-Najjar (1999). In this paper, following 
definition is used: Maintenance cost-effectiveness is a measure of how much the 
invested capital in the considered maintenance policy is economically beneficial in 
the long term.  

In literature, there is no clear agreement about the difference between data and 
information. Some authors see data as holders of information in some way, for 
instance expressed as "known facts that can be recorded and that have implicit 
meaning", Elmansri and Navathe (2003) or as "facts that have meaning in the user's 
environment", Hoffer et al. (2002). Other authors define data as symbols without 
meaning, Curtice et al. (1981), Flensburg & Friis (1999). Flensburg & Friis (1999) 
regard information as data put in syntax, i.e. in a structure, while Hoffer et al. (2002) 
defines information as "data that has been processed in such a way that it can increase 
the knowledge of the person who uses it".  

In this paper, data are defined as: The abstract description of a set (or sets) of 
measurable variables from relevant working areas in an enterprise. This is because we 
recognise that the symbols (data) need an origin of some art, i.e. variables. While 
information is defined in this paper as: The output that is drawn from data based upon 
their contents with respect to a particular environment, i.e. with respect to the 
processing aspect and perspective.  

The root source for data is different sets of measurable variables defined and 
measured in activities during the business processes. The values of these variables 
vary in time periodically or randomly, see Figure 1. If we combine two or more units 
of data, we soon may get unlimited ways of interpreting them into information. 
Further, one unit of data provides the basis for many units of information. For 
example, the symbol 46 could for instance denote the temperature warning-limit of a 
process, the number of defective items produced in one week or the minimum time 
length of a product to be assembled. To be able to determine the meaning of a symbol 
it must always appear with a definition that indicates the type or unit, Curtice (1981).  
One difference between data and information as the terms are defined in this paper is 
the inherent degree of usefulness of the two terms. Data holds low extent of 
usefulness, as it must be interpret and put into syntax before it becomes information. 
Information holds higher extend of usefulness, but it is not the same as knowledge. 
Nakkiran et al. (2003) regard knowledge as the human expertise stored in a person’s 
mind, gained through experience, and interaction with the person’s environment. The 
authors' definition of knowledge is: Relevant information able to be utilised for 
making relevant decisions through applying logical inference for updating human 
understanding.  

One can see that the possible complexity and subjectivity influences the level of 
usefulness the term holds. Variables and data are seen as objective facts while 
knowledge is connected to human mind and becomes more subjective. According to 
Hoffer et al. (2002) and Elmansri and Navathe (2003) a database is a collection of 
related data. Data integration is a term closely connected to databases, where 
Lenzerini (2002) defines it as "the problem of combining data residing at different 
sources and providing the user with a unified view of these data". This is expressed in 
a slightly different way by Boucelma et al. (2002): "a goal to construct a global 
description of the data coming from a multitude of heterogeneous sources". In this 
paper the term database is defined as: An organised collection of related sets of 
measurements (data). While data integration is defined as: The integration of 
heterogeneous relevant data resources on a descriptive homogenous level with respect 
to a particular perspective serving special aspects.  
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Figure 1. Relation between measurable variables, data, information and knowledge 
 

Data integration means that data can be stored, processed, analysed, interpreted, 
combined and accessed at demand in an easy way. Cost-effective maintenance 
decisions are dependent of analysing and effectively utilising relevant information 
reached by using relevant and high quality data. Data quality is dependent upon 
factors such as accuracy, timeliness, consistency, completeness, relevancy and fitness 
for use, Fisher & Kingma (2001). Information sharing, i.e. supplying relevant, easily 
accessible, timely and high quality data to right persons for supporting decision 
making is one of the driving forces behind IT systems integration today, Toussaint et 
al. (2001), Evgeniou (2002), Boucelma et al. (2002). Although commonly used in 
literature, the terms information technology integration and information systems 
integration are not defined by the various authors. In this paper information 
technology systems integration is defined as: Structural integration of IT systems, 
mainly computerised systems, including hardware, software and communication 
media used for information handling and ways of interactions between or union of 
these systems.  

3.2 IT systems integration development in a strategic perspective 
Integration of IT systems as well as the connection between IT systems and business 
needs has been discussed ever since the use of IT systems emerged in companies 
some 40 years ago, Bennet et al. (2000). Three or four decades ago, computers were 
used to automate already existing routines and to take advantage of the enormous 
information storing and retrieving capacity of computers. This is in order to reduce 
the administrative costs mainly in form of reduced work force, Persson et al. (1981). 
The automation was specific for one function or department and resulted in different 
IT systems for different tasks that could not interact, see for instance Mullin (1989).  

As the companies became more computerised in the 70s and 80s, the demands for 
co-ordination of these computerised routines arose in order to reach competitive 
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advantages through reduced lead times and higher productivity by better planning and 
follow up. The driving force of the co-ordination phase was to enable communication 
between sub-systems and modules, realised by the use of middleware, Tuunainen 
(1998), Chi & Wolfe (1999). The concepts of relational database management and 
distributed database management that emerged in the 70s and 80s separated the data 
from the information technology and was the first big step towards more integrated 
data resources, Persson et al.  (1981).  

The importance of the corporate knowledge grew, as the economy changed from 
production centred to customer centred in the 80-90s, Kelly et al. (1997), Dahlbom 
(1997). To gather and distribute important information to the right persons at the right 
time became necessary, as well as networking with external parts, such as customers 
and suppliers. These challenges, together with the globalisation of businesses, made 
IT system integration necessary, Holland & Light (1999), Chattopadhay (2001). A 
wish to integrate not only corporate data, but also information resources, provided the 
basis of today’s business wide IT systems, for instance the enterprise resource 
planning (ERP) systems, manufacturing planning systems (MPS) or enterprise asset 
management (EAM) systems, Nikolopoulos (2003). In parallel with the development 
of integrated business administrative IT systems, development of computer 
technology in production resulted in for example robotics, programmable logic 
controllers (PLC) and supervisory control and data acquisition (SCADA) systems, 
Gordon (2002). Today, integration of administrative and automation IT has become 
an important issue on the corporate agenda, in order to reach cost effective decisions 
on all levels of the organisation, see for example Dahlfors & Pilling (1995), Bratthall 
et al. (2002). 

Easy accessible high quality data make the selection of the best combination of the 
factors required for achieving the highest profit easier. But, criteria and procedures for 
this selection are necessary, as well as for the data collection, according to the 
following reasons:  
• It is not enough to base maintenance decisions on technical or organisational 

feasibility or cost minimisation alone, but it should be based on cost-effectiveness. 
The most cost-effective maintenance decision is the one that gives highest benefit 
per amount of resources invested. 

• Maintenance decisions should be based upon facts and without high quality 
relevant data it would be impossible to achieve cost-effective decisions. The 
quality of the output is directly affected by the quality of the input in the process 
and the quality of the process itself. The way to assure cost-effective maintenance 
decisions is to assure the quality of input data and of the decision making process 
itself. 

• Optimisation of the production process with respect to only one or two of the 
process essential elements (subsystems) such as maintenance or quality can in 
many cases be misleading. Every decision made is therefore necessary to be 
related to the corporate goals and strategies. 

3.3 Principles for developing an industrial database 
This section presents five principles recognised by the authors for developing an 
industrial database, which enables effective tracing of the basic causes behind 
deviations in the monitored performance measures and cost-effective maintenance 
decisions.  
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I. Principle one; Identification of the variables that will be measured, 
monitored and saved should be achieved by using backward analysis.  

II. Principle two; The data gathered should be able to provide a possibility for 
developing a reasonable holistic view for rapid technical and economic 
mapping of the situation at need. 

III. Principle three; The database should not be too big to enable easy 
management of the data and make it cost-effective. It should primary focus 
on the most essential measurable variables that can provide possibility for 
covering relatively wide spectrum of the situation contents. 

IV. Principle four; It should be build up based on providing possibilities for 
applying a cost-effective continuous improvement. This is why it is rather 
important to design it with respect to flexibility and changeability.  

V. Principle five; It should acquire a dynamic interface with the user enabling 
the company to enhance its content and structure at need. 

In most cases, when developing an industrial database the connection to the full 
decision making process is disregarded. Measuring, monitoring, mapping and 
following up maintenance performance are, in many cases, not defined as important 
maintenance activities that should be considered when developing the IT applications. 
Principle one where a top down approach is promoted ensures that the measurable 
variables needed for measuring, monitoring, mapping, following up performance and 
preparing decision material are available in the database and further, directly 
connected to one or more of the process’s or company’s objectives that should be 
achieved. Data must be gathered in such a way that they reflect as much as possible 
the true situation in hand representing technical, organisational and economic 
perspectives in a holistic manner. Principle two promotes the use of data from 
different sources for creating the holistic view.  

While using different data sources, the data gathering must be filtered in a way that 
the decision making process is not based upon too much data as principle three 
declares. Large amount of irrelevant data slows down the decision making process 
and makes the process of tracing root causes hard and maybe confused. Also, lack of 
or inconsistent data lower the quality of decisions. Instead, the database should be 
based upon a minimum relevant data needed for solving the most important problems, 
see principal three. Principles number two and three emphasis the application of a 
reasonable way to utilise IT integration.  

IT systems are, in general, developed based on the specification provided by the 
customer. The inquiries of customers, even in the different company’s departments, 
are different and usually concern which functionality that should be considered in the 
IT application, which in turn directly affects the set of measurable variables to include 
for achieving the desired functionality resulting in specialised databases. When the 
software is developed in-house, it often leads to great heterogeneity regarding data, 
information and technological solutions. Off-the-shelf software such as computerised 
maintenance management systems (CMMS) and ERP systems uses an approach 
where standardised data structures are enforced onto the business, and to be able to 
suit every customer, the data content will be either huge or too restricted. The 
information standardisation may also lead to a terminology that the users do not 
recognise and to an IT system that will not be utilised in full extent. Both situations 
are unsatisfactory; therefore a solution on data integration level rather than on IT 
integration level would be the most suitable for an industrial database. Different 
heterogeneous data sources can in this way be used to create a homogenous, common 
database for specific needs without changing the structure of the root source, keeping 
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the ability to trace back to the root sources. This common database connected to a 
decision support system (DSS) or to an integrated DSS module in the current CMMS 
provides the basis for cost-effective decision making.  

In general, the company's internal and external environment undergoes changes 
during the lifetime of the company’s database. To ensure that the database meets the 
requirements and has the ability to adjust itself to support improvements continuously, 
it is important to design the database and its applications with respect to flexibility 
and changeability as promoted in principle four. Otherwise the database could be out 
of date already when it’s taken into use and further improvement work within the 
application area will be disabled. IT alone cannot ensure a cost-effective maintenance 
decision, as long as it is humans that will make the final decision. It is therefore 
essential that the human interaction with the IT tools is enabled according to principle 
five. This would for example allow for reducing the uncertainty in a situation where 
some essential information is lacking when simulating different situations. In 
accordance with principles four and five, possibilities to enhance the common 
database without changing the application software, or the other way around, are 
needed. An object-oriented module based system architecture using web-based 
applications and distributed database management would give us the opportunity to 
achieve this objective.  
 
4. Top down analysis for identifying maintenance relevant data 

4.1 Maintenance data analysis process 
In this paper, identifying relevant data is considered a structured process, where 
prerequisites such as business goals, strategies and objectives, working procedure for 
decision-making and the maintenance tasks to be performed all affect the final choice 
of the data and data sources required. If decisions and activities carried out on a work 
task level are not based upon the overall objectives of the company business stated on 
the strategic level, the risk of doing things with less efficiency or effectiveness is not 
small. The maintenance activity that is done somewhere in the production process 
might be appropriate to solve an immediate problem, but not necessary being the most 
cost-effective one. Therefore, the starting point of top down analysis approach of 
maintenance data is the corporate strategic goals.  

The major strategic goals of vast majority of companies would be to gain more 
market shares and higher profitability, but the way of reaching these goals could 
differ. Therefore, the corporate goals are decomposed into objectives and strategies 
for the different processes such as production and maintenance processes. The 
objectives of the production process in a paper mill could be defined as producing 
high quality paper in the most cost-efficient way while a nuclear power plant stresses 
more the safety aspect. Promoting safety does not necessarily mean neglecting the 
dimension of cost-effectiveness. The same level of safety could be achieved using 
different approaches and each may result into different impacts on the company's 
business cost-effectiveness. In this paper, the role of maintenance is considered to be; 
to maintain the quality of all the essential elements that contribute in the production 
process to achieve high quality products that are delivered on time at a competitive 
price. Achievement of maintenance objectives can be recognised using different 
measures such as availability, productivity, safety, quality and savings in the 
production cost.  

To ensure a correct mapping and assessment of the situation, relevant data must 
then be determined from the total sets of data available. The relevant data can be 
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collected from the production process and other relevant processes in the company. 
Technical data can be collected directly from the machines and work orders, financial 
data can be found in corporate IT systems while other data might not be found in any 
computerised systems and should be picked directly from the production process. The 
relevant data are analysed at need, such as when one or more variables exceed 
predetermined warning levels. Based upon the analysis, the actions will be taken in 
order to reinstate the production into the desired state. The results of the maintenance 
analysis must always be compared with the maintenance objectives to assure that 
correct decisions were made, i.e. feedback. Feedback in the maintenance analysis 
process can be utilised for comparing the data that have been used with the 
requirements stated in the maintenance strategies, policies and procedures to ensure 
data quality and that the correct sets of data were used. Also, it can be used for 
justifying maintenance objectives achieved with the company’s goals.   

4.2 Top down analysis model for identifying maintenance relevant measurable 
variables 
In Figure 2, a top down analysis model for identifying relevant measurable variables 
required for monitoring and following up the development of the state of a production 
process with respect to strategic objectives is presented. The model consists of four 
phases divided into eight distinct steps, where a continuous arrow shows the direction 
of procedure and a dashed arrow the flow of data.  

A decision defined in phase 1, i.e. whether stop the production or not, is based 
upon strategic objectives within safety, production, life cycle cost, quality or 
maintenance or any combination of the objectives. This decision is dependent of the 
real time assessment of the condition of the elements constituting the production 
process and therefore problem diagnosis and evaluation of the situation at the 
component, equipment or process level is necessary (Phase 2). But, it cannot be done 
effectively without monitoring and collecting relevant technical, financial and 
organisational data, which are included in phase 3. In order to make an accurate cost-
effective maintenance decision, accurate warning and action limits should be 
established properly based upon past data and statistical tools, Al-Najjar (1997). 
When proper performance measures (indicators) are identified, suitable data for 
estimating these measures will be easily identified (Phase 4). A common database for 
this purpose should be established and data sources identified to provide the database 
with actual data. Finally, the specific measurable variables and data gathering policy 
defining when, how and where these variables should be measured can be defined 
effectively. By defining the measurable variables, tracing back the root source of each 
decision can be achieved easily. If suitable measurable variables are not found for the 
specific data, other sources and/or measurements must be defined. 

In Figure 3 the top down identification procedure is put into a context that explains 
what is needed before starting each step of the identification procedure (prerequisites), 
the expected results of various step (results) and reasons behind taking any step in the 
procedure (motivations). For each step in the procedure, there are prerequisites in 
form of control documents on corporate or business activity level, tools and 
knowledge, which are needed for performing the step. The quality and amount of 
relevant prerequisites at hand will directly affect the result gained of each step. The 
results are formulated in the shape of lists containing the output from each step. The 
output from one step lays the ground for continuing into the next step.  
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Step 4: Identify relevant key measures for 
following up the development easily

Step 5: Define the measures’ acceptable and 
rejectable limits

Step 3: Monitor specified technical and 
financial key measures

Step 1: Define cost effective maintenance 
decisions with respect to the enterprise objectives

Phase 1: Decisions at process 
level with respect to strategic 
objectives

Phase 3: Follow up at working 
areas’ levels, e.g. production, 
quality, machine condition and 
costs,  with respect to the 
strategic objectives 

Step 2: Make diagnose, prognosis and prediction 
to evaluate the situation when it is necessary, 
e.g. at deviations or regularly

Phase 2: Diagnosis, prognosis 
and prediction  at component, 
equipment and process level

Step 8: Identify relevant measurable variables

suitable 
variables 
not found

Phase 4: Relevant data 
gathering

Step 6: Identify suitable data sources for the 
common database

Step 7: Define measuring policy

Phases Steps

 
Figure 2. Process phases and steps of identifying relevant measurable variables  
 

For example, the outcome from the identification step number two (Make diagnose 
and evaluate the situation) for instance will be a list of the possible problems that may 
arise at component, machine or higher level influencing production and demands. A 
decision to stop a machine can be based upon the condition of a component in 
machine, but can also be based upon production process level related to productivity 
and efficiency of the process, product quality or production costs. When the possible 
problems are identified, we can move to next step for identifying relevant 
performance measures/indicators required for monitoring the problems in question. 
For getting a broader understanding of why to conduct the steps defined in the 
procedure, the motivation of each step is presented in the rightmost column. Step two 
(Make diagnose and evaluate the situation) is for instance important for identifying all 
reasons behind the problems on a root cause level. This will ensure that correct 
actions will be taken that reduces or eliminates the true problem and not only the 
effects or symptoms of a problem. 
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8) Identify relevant measurable 
variables

7) Define data gathering policy

6) Identify suitable data 
sources for the database

4) Identify relevant performance 
measures

5) Define the acceptable and 
rejectable limits

3) Monitor specified technical 
and financial performance 
measures

2) Make diagnose and 
evaluate the situation

1) Take cost effective 
maintenance decisions with 
respect to the strategic goals

Measuring and 
analysis policy, 
monitoring system

Maintenance and 
production nume-
rical objectives 

Identification procedure ResultPrerequisite

Technical, 
financial, 
organisational and 
managerial 
understanding and 
considerations

Maintenance 
competence, 
goals and strategy

Corporate, 
production and 
maintenance 
general strategic 
goals

Information 
strategy: what, 
where and how to 
measure and keep?

List of relevant decisions 
within related working 
areas

List of possible 
problems/problem causes 
on process, equipment or 
component level  that 
demand decisions

List of deviations in the 
state of the components, 
equipment or process

List of warning and 
action limits for each 
key measure

List of relevant key 
measures

List of data sources: 
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Figure 3. Model for identification of relevant measurable variables with prerequisites, 
results and motivations for various steps 
 
5. Case study 
In this section we introduce a case study, which aims to: 

1) Investigate the possibilities of finding technical and financial data required for 
cost-effective decisions within the available IT applications in maintenance. 

2) Analysis of the design and size of the databases with respect to the principles 
stated in Section 3.3.  

The databases of a computerised maintenance management system and an asset 
management module in an ERP system were chosen as study objects. The two objects 
represent different approaches for providing the maintenance organisation with IT 
support. The CMMS has specialised on maintenance data requirements in a 
standalone application with small interference with other IT systems, while the asset 
management module is one of many modules within the ERP system, which in turn 
has an aim to support all activities within the company.  Both objects are based on the 
relational database model and are implemented in Microsoft (SQL) Server/Microsoft 
Access and Oracle Application Server respectively, where SQL stand for Standard 
Query Language. The designs of these two databases are representative for the IT 
systems that are used for such purposes but the actual structure of the databases are 
not directly accessible. Therefore reverse of the data structure was conducted in order 
to recreate the structure of theses databases. Reverse engineering is the process of 
taking something apart, e.g. a database, and analyzing its work in detail. In this paper, 
this was made by studying the forms and reports available in the application software 
to recreate the structure of the underlying logic. The logical database structures are 
presented in Figure 5 and 6 and a description of the notation used in the models is 
found in Figure 4. All attributes were named according to the data found in the 
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applications, while the entity names have been set by the authors to describe the set of 
attributes in the most proper way.  
 

ENTITY #2
ENTITY #1

Attribute #1

Attribute #2

…

Attribute #n

Attribute #1
relation1 M

Relational
attribute #1

Cardinality denoting
the participation of
entities within a
relation.

1 = single
participation and
M or N = plural
participation.

 
Figure 4. Notation used in the logical database models 
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Figure 5. Study object CMMS 

5.2 Analysis of data content 
The applicability of these two databases for relevant technical and financial decisions 
within maintenance was tested by using two maintenance performance measures: the 
direct maintenance costs per produced quality item (DCQ) and losses due to non-
utilisation of the fixed cost because of production performance disturbances (NPD). 
These performance measurements were chosen due to their structure, where both 
technical and economic data are needed in order to assess them.  

DCQ is a measure of the direct maintenance costs measured per quality products 
produced by the process. DCQ expressed by Eq(1) is a measure for displaying 
technical and economic impact of a maintenance policy on production process 
effectiveness. It is measured by the cost paid for maintaining the process capability 
and effectiveness may influence the quality rate. Maintenance direct cost is 
decomposed into following: 
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cS = Spare parts costs 
cM = Man hour costs 
cO = Overheads (including depreciation of maintenance equipment and consumed 
material)  
cOUT = Outsourcing costs 
 
DCQ is calculated as: 
 

( )
( )RP

cccc
DCQ OUTOMS

−
+++

=  (1) 

 
where 
 
P = Total amount of produced items and  
R = Amount of rejected items. 
 
NPD expressed by Eq(2) displays the losses due to the non-utilisation of the fixed cost 
because of production performance disturbances due to failures, unplanned but before 
failure replacements (UPBFR) and short stoppages, Al-Najjar and Alsyouf (2004), 
which mostly could be regained by eliminating the root causes behind the problems. 
The losses of UPBFR are in many cases equal to (or a little less than) to the economic 
losses due to failures. Failures and other stoppages can, in general, be reduced by 
applying more efficient maintenance policy. NPD is assessed as: 
 

( )
P

FSUPBFRF

t
tttc

NPD ∑ ∑ ∑++
=   (2)  

where 
 
cF  = Fixed operation costs 
tUPBFR  = Duration of UPBFR  
tS  = Duration of failure 
tF  = Duration of short stoppage 
tP = Planned operation time. 
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Figure 6. Study object ERP system 

5.2.1 Analysis of the computerised maintenance management database 
• Direct maintenance costs per produced quality item  
The CMMS database contains some attributes to register maintenance direct costs (cS, 
cM, cO and cOUT). For cS only the purchase prise is available. The additional costs arise 
due to transport and inventory-keeping expenses are excluded. This is why it is not 
representative. cM is assessed using the attribute “Time consumption” for different 
jobs (in the JOB entity) and the hourly rate of the personnel, found in the PERSON 
entity. The distinction of cO and cOUT is not available separately, but both are 
registered as "Other work costs" in the JOB entity. There are no entities dealing with 
production in the CMMS database. Thus, total production P and rejected items R 
cannot be found in the CMMS. To be able to calculate DCQ, production related data 
must be gathered from elsewhere. The maintenance cost data provided by the CMMS 
is covered in few attributes that makes the traceability very low. 
 
• Losses due to non-utilisation of the fixed cost 
Only one attribute supporting the assessment of NPD is found in the CMMS database: 
the downtime of an object (machine or equipment) when a maintenance job is 
performed. This attribute is found in the JOB entity. As these data are connected to a 
maintenance job, the duration of short stoppages are most likely not included though. 
Full data coverage to assess the production performance inefficiency is therefore not 
reached. Fixed operations costs and planned operation time is not to be found in the 
CMMS database. Assessing NPD is not possible by using the CMMS alone. Further, 
as long as the data required for categorising different stoppages into failures, UPBFR 
and short stoppages are not completely available, the possibility of eliminating the 
root causes and preventing their reoccurrence is low.  
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5.2.2 Analysis of the asset management module database 
• Direct maintenance costs per produced quality item  
All direct maintenance costs could be collected from the ECONOMY entity for work 
orders, where the following cost factors are connected to the work orders: personnel, 
material, external expenses (outsourcing) and fixed price costs. The latter cost type is 
triggered if a job has a fixed internal price. Man-hour costs cM could be also assessed 
through the attributes "Execution time" (in WORK ORDER) and the "Hourly rate" of 
ROLE and DEPARTMENT. Spare parts costs cS could be assessed more thoroughly 
using other attributes in the database, as spare parts costs are registered in the PART 
entity as price and additional purchase costs are found as a relational attribute to 
PART and SUPPLIER. Regarding total production P and rejected items R, we found 
them as relational attributes to the relation OBJECT produces PRODUCT. Data 
needed to assess DCQ is thus available. 
 
• Losses due to non-utilisation of the fixed cost 
 Fixed operating costs cf and planned operation time tp could be calculated by using 
attributes in the OBJECT entity. There are no attributes for capturing the lower 
performance efficiency in form of tUPBFR, tS and tF. Only stoppage types and amounts 
are recorded in the EVENT entity and the relational attribute connected to EVENT 
and OBJECT. To be able to calculate NPD, data about stoppage duration must be 
gathered from elsewhere. 

5.3 Analysis of design and size 
In chapter 3.3 five principles for developing a relevant database were presented by the 
authors. In this section, the structure of the databases of the case study will be 
analysed with respect to these principles.  
 
• Principle I: Use of backwards analysis 
The objects of study were commercial software that are designed and developed to 
suit different kind of users. Data provided in the databases of these software 
applications are therefore not customised with respect to the strategic objectives of 
various companies. This means that regardless of what strategy for data identification 
was used, top down or bottom up, the data set does not fully suit the specific user of 
the application. The use of backwards analysis enables a thorough tracking of root 
causes of problems, which is partly lacking in the studied databases. The data found in 
the databases were in some cases aggregated or confused with other data. One 
example of this is man-hour costs cM used for calculating DQC. In the ERP asset 
management module the value of man-hour costs could be assessed by using at least 
two sources of data; 1) by calculating cM using the attributes "Execution time" in 
WORK ORDER and the "Hourly rate" of ROLE and DEPARTMENT or 2) by 
collecting personnel costs from the ECONOMY entity for work orders. The first 
enables a deeper traceability to root sources than the second one. In general, the 
traceability is rather low, especially in the CMMS database. This makes tracing back 
to root causes harder than if more detailed data is available. 
 
• Principle II: Holistic view 
The CMMS is designed for maintenance, but concentrates upon the operational 
decisions of planning, executing and following up of maintenance activities alone. 
This gives a narrow operational view of maintenance without exploring its impact on 
the subsystems and working areas that are affected or affecting maintenance. Parts of 
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the basic maintenance economic data are provided, but technical data is lacking. The 
asset management database holds a broader perspective and contains entities and 
attributes from other areas, such as production and quality. It gives a better coverage 
of maintenance technical and economic data. The ERP system is not designed 
specifically for maintenance purposes, which results in confusing attribute names as 
standardised corporate wide terminology is used.  
 
• Principle III: Complexity 
The CMMS database is simple in its design, while the asset management module 
database is data intensive, making it hard to grasp the full data content. In this study 
the database complexity is reflected in the entity and attribute amount of the two study 
objects. The entity and attribute amount of the ERP module is about three times as 
high as in the CMMS showing that the CMMS is less complex than the asset 
management module.  
 
• Principle IV: Flexibility and changeability 
The CMMS developer offers two database management system choices to their 
customers, one based upon Microsoft SQL Server and one on Microsoft Access. The 
latter choice restricts the amount of connected users to about ten, while the larger 
application handles unlimited amount of users. The ERP database management 
system is designed for unlimited amount of users. The two applications could thus 
serve the same amount of users. Both databases are relational, giving the same 
possibilities for future changes. The ability to make changes in the design could be 
reflected by the amount of relationships that exists between the entities, implying that 
the possibility that a change in the design will affect other parts of the database rises 
with the number of interrelationships that exists between the entities. We noticed that 
the asset management database consists of about 50% more relationships than the 
CMMS, suggesting that the asset management database has a less flexible design.  
 
• Principle V: Dynamic interface 
In the CMMS, the interface is designed with user friendliness in mind making it easy 
to understand and use. The possibilities to interact with the database for a normal user 
are low but an experienced IT user can access the underlying database directly for 
making changes or to reach data sources. The asset management module is hard to 
navigate without the use of personalised views. It is build with flexibility in mind and 
provides higher grade of changeability than the CMMS interface. The database is not 
directly accessible without special software though, giving low possibilities to interact 
with the data source. 

5.4 Results of the case study 
The CMMS covers parts of the basic maintenance related technical and economic 
data, but lacks production related data. The asset management module contains 
maintenance specific data as well as data about e.g. production and quality, 
supporting a more holistic view of maintenance as a concept. None of the databases 
studied could provide the data needed to assess the two performance measurements 
chosen, DCQ and NPD. The problem may be much bigger if we consider other 
performance measures such as overall equipment effectiveness (OEE) and impact of 
better process effectiveness on maintenance cost, see Al-Najjar et al. (2004). Further, 
the data found in the databases were in some cases aggregated or confused with other 
data in the example measures of DCQ and NPD. If a more accurate assessment of e.g. 



 17

spare parts costs were made, we would include damage costs due to bad transport and 
inventory handling expenses. The current structures of the databases are not allowing 
such a level of detail, which means that full tracing back to root data sources is not 
possible. Even if data would be available, the applications are not prepared to assess 
DCQ and NPD or similar maintenance performance measures automatically. The 
procedure to manually localise and collect data and then assess performance measures 
would be time consuming for a maintenance engineer to perform. The CMMS has a 
restricted area of application focusing on operational maintenance management. This 
combined with restricted data content makes it hard to use the CMMS alone as basis 
for monitoring production and maintenance and follow up their development in real 
time. The strength of the CMMS is its relative low complexity and high flexibility 
allowing experienced users to access and change the data content. The asset 
management module is data intensive with the positive effect that a more accurate 
description of maintenance performance can be reached. The size of the ERP database 
and the standardised, not maintenance specific, terminology makes the database 
structure inflexible and complex though. 

 
6. Results and conclusions 
The most important result that has been achieved in this study is the development of a 
model for identifying relevant data required for accurate problem tracing and 
localisation within maintenance and production processes using a top down approach. 
The top down approach ensures that decisions made on the operative activity level are 
considering the corporate strategic goals. Real time measurements, or at least proper 
measuring frequency of the relevant variables are required for effective mapping, 
monitoring, control and evaluation of the production process. This makes the 
detection of the deviations from the company's business goals at an early stage 
without big financial losses easier. In most cases, the data planned to be gathered 
cannot be used effectively and clearly for linking the technical inputs with financial 
outputs. 

Most industries use standardised software for maintenance management such as 
the situation in the case study discussed by this paper. This often results in 
inflexibility due to enforced information standardisation and centralisation and data 
contents that either will be huge (and not necessarily relevant) or too restricted with 
respect to the real need of the different working areas. Further, the data provided in 
the both cases are not identified with respect to the company’s strategic objectives.  

By applying the model of top down analysis for identifying maintenance relevant 
data, the data identification process itself and not the data contents is necessary to be 
standardised and structured. The model is data source insensitive. It shifts the focus of 
the quality aspect from just data level to both data and data collection level. The 
performance measures will therefore not be chosen depending on what the IT 
applications can provide in first hand, but upon what is needed for cost-effective 
assessment, monitoring and following up maintenance performance. If the data 
collection and analysis process is determined by applying the strategic corporate goals 
that are decomposed, e.g. into technical, financial and organisational goals, the 
understanding of what, when and why to measure will grow effectively and 
continuously. This will also lead to better understanding of the performance measures 
used and the types of data that are needed as input. If data are lacking, of poor quality 
or not accessible in the correct level of details, alternative ways of assessing the 
performance measures must be found. To be able to do this, integration of both 
technical, financial and administrative IT resources is needed, but to avoid rigid and 
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centralised information structure standardisation, the integration would be on data 
level instead of on IT system level. By combining the database content of technical 
and administrative IT systems an almost full coverage of data could be achieved. This 
distributed database connected to a flexible maintenance decision support tool would 
provide support for cost-effective maintenance decisions that fulfils company's 
strategic goals for higher profitability and better competitiveness. 

The main conclusions drown are; integration of IT and data resources within the 
enterprise is needed for developing a holistic view of the production process. A well-
formulated and documented procedure of data identification will furthermore ensure 
that the data can be traced back to root sources and in this way we can support the 
work of continuous cost-effective improvement by eliminating root causes of 
problems at an early stage. 
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