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Abstract— The purpose of this paper is to present a new maintenance maturity assessment method. This method is based on a scorecard, defined in order to assess the capabilities of a maintenance department in terms of organizational, managerial and technological maturity. With this new method it is possible to classify companies into five levels of maturity and create box plots and Ishikawa diagrams to analyse into detail what are characteristics and critical points of each maturity level. In addition, it is possible to evaluate best level companies according to their dimension and /or their sector. The method is, also, directly tested on a sample of 41 Italian companies.
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I. Introduction

The paper aims at investigating the relationship between the introduction of new technologies in maintenance and the enhancement of maintenance quality through the development of maintenance policies. To this end, it is proposed a methodology for maturity assessment, with the primary purpose to analyse how maintenance practices are currently set-up in a given company and, in particular, how much new practices have been developed thanks to the advancement in the use of ICT devices and tools for diagnostics and prognostics. Indeed, the main objective of the methodology is to assign a maturity level reached by a company; the level is calculated according to a predefined scorecard, this enables to define the capabilities of the maintenance department of the company; last but not least, the capabilities are assessed separately according to a maturity assessment of current organization, management processes and technologies of the department. Hence, at the end of the maturity assessment, a maintenance maturity level is assigned, as a synthetic score aggregating the three issues. This approach allows to analytically separate the contribution of the technological part, and new practices subsequently developed thanks to the insertion of new technologies, from other typical leverages related to the improvement of the organisational structure and management processes within. Thereafter, the maturity assessment will be related, at first, to typical leading indicators concerning the level of development of maintenance policies (e.g. man-hours used for condition based maintenance work orders / total man-
hours available) and, later, to a self-audit, done directly by the maintenance manager, to judge the maintenance quality through levels of satisfaction reached for what concern tangible and intangible benefits. Relating the maturity level of a company with the level of development of maintenance policies and the level of satisfaction of the maintenance manager finally helps figuring out how quality of maintenance management is achieved either thanks to new technologies or to leverage more related to organisation, or both. In order to prove the concept proposed by the paper, first empirical results, reached through the Observatory “Technologies and Services for Maintenance” of the School of Management of Politecnico di Milano (www.tesem.net), will be shown; due to the primary target of the yearly research of this Observatory, the empirical analysis will enable to provide a snapshot of the state of the art of maintenance practices, policies and levels of satisfaction, in companies in the manufacturing industry. The picture describing the conceptual model of the research is shown below. The three areas of interest considered in the paper are reported in green. For what regards the maintenance maturity, it is evaluated through three maturity indices (technological, organizational and managerial ones - see the yellow box) and related scorecard.
[image: image10.png]



Fig. 1 Conceptual model of the research
For each question – provided in a questionnaire to calculate the Maintenance Maturity – is assigned a set of possible scores according to such a scorecard. As a rule of thumb adopted in the questionnaire layout, the minimum score is assigned to the answer of a given question representing the worst practice, while the maximum score is assigned to the answer corresponding to the best practice. Aggregating the different answers (and corresponding scores) enables to calculate the Maintenance Maturity. A company is then assessed by using the scores assigned to the different answers it provides in accordance to its actual status of practices. The structure of the paper is briefly described. First of all, a state of the art analysis will show the available maturity assessment methods. The third chapter will provide the theoretical definition of the methodology. Finally, a practical demonstration of the methodology is described and some conclusions are taken.
II. State of the Art in maturity assessment models
The definition of a maturity ranking in maintenance is a well-known topic in literature. The maturity concept, however, is strongly related to what aspects of maintenance management are considered to be the most important for the study; in other words, maturity is not necessarily a holistic indicator, but it can be developed for specific researches, aims or maintenance process areas to investigate. To this regard, some examples on how maturity in the maintenance area is measured are made hereafter; they give and offer some useful suggestions on how to structure the maintenance maturity model.

In [Kajko-Mattsson 2002], a Corrective Maintenance Maturity Model is presented. This model “specifies what a problem management process should look like” and “structures each process into three maturity levels (Initial, Defined, Optimal), where each level offers a different graininess of process visibility”. It is the result of an empirical study conducted on industries offering corrective maintenance of software products.

In [Hauge and Mercier 2003] the scope is to fix a roadmap for introducing Reliability Centred Maintenance. It is based on the Capabilities Maturity Model (CMM) and defines a roadmap constituted by levels that cannot be skipped. Key Practices are defined, too. They represent those activities that, when performed, lead to a set of goals in a specific Process Area; being goals associated to maturity, when a group of goals is reached, the correspondent maturity level is reached in that specific process area.

The PACE framework 2006 proposed by Aberdeen Group is different from the previous one: a pressure on the firm (the maximization of availability, for example) needs some actions (preventive maintenance programs), which can only be implemented thanks to capabilities (real time monitoring) and enablers (CMMS for data storage). According to this framework, a firm can compare its responses to pressures with those given by “Best in class” companies, for a benchmark. The understating idea is that, according to the maturity class and to pressures it is subjected to, a firm may focus on specific objectives to improve its business; according to the specific level reached, a firm can have recommendations on which are the next steps to improve its maintenance performances. Hence, which are the right technologies to introduce, which are the management improvements to aim at and so on. In this sense, this can be classified as a dynamic model: the framework gives not just a score, but suggests an evolution, focusing on possible future maintenance improvements.

In [Cholasuke et al. 2004], a maintenance maturity grid is proposed. It is based on two variables: 

· Good maintenance practices employment: at first, a list of “factors” was retrieved from literature. Each factor represents an area which to work on, in order to achieve a successful maintenance management (examples of factors are information management, spare parts management and human resource management); then, a series of good practices were indicated for each factor (for instance, in reference to spare parts management factor, the use of Pareto diagrams to control stock and the record of cost of spare parts are the good practices that can be employed). On the basis of this list of variables, for each firm a percentage of the employed practices was calculated, with respect to the whole listed; the so obtained measure relies on the horizontal axis of the grid; 

· Benefits gained from maintenance (higher effectiveness of maintenance management): the student-t test of significance was performed to identify those factors, in the previously mentioned list, that actually influence the effectiveness of a maintenance management system; in this way, the factors that can be considered as significantly related to maintenance effectiveness were defined, and, measuring them, a value, for each firm, of the effectiveness gained in maintenance management was obtained; the so obtained measure relies on the vertical axis of the grid.

According to a high/low level of each of the previous variables, a series of possible areas of belonging are defined.
Some remarks can be done from the above examples:

1. A definition of maturity is strictly related to specific aspects that have to be evaluated; for example, when evaluating RCM maturity, only processes regarding RCM management are considered; so, a maturity definition cannot except by that of the specific process areas which closely influence the level reached.

2. In some works, the maturity concept is explicitly related to the graininess of process visibility and to the presence of a good information management.

3. Maturity Levels can be associated to different terms, such as processes, firms, process areas, and so on.

4. To know its own maturity level can be an important information for having suggestions about evolution and possible future maintenance improvements.

CMMI (Capability Maturity Model Integration) is the model we refer to in order to build a maturity assessment system. Its predecessor, the Capability Maturity Model (CMM), was developed by the Software Engineering Institute at Carnegie Mellon University in the late 80’s. CMM distinguishes process areas, whereby each area consists of a homogeneous set of practices, and it was developed for the software engineering process. It bases on the idea that the improvement is made by little steps, rather than by revolutionary changes. It had a great success and, in some cases, its implementation gave great benefits: an industry analysis showed that companies implementing CMM achieved an average of 35% productivity improvements and an average of 39% post- delivery defect reduction. In 2002, the Software Engineering Institute introduced a revised version: the Capability Maturity Model Integrated (CMMI). It covers a range of activities related to software development and engineering; anyway, CMM(I)-based models can be found also in the areas of project management, design, reliability, project reviews and supply chain management. There are two possible representations in the CMMI approach: Staged Representation (SR) and Continuous Representation (CR).

· Staged Representation (SR): 5 Maturity Levels (MLs) are defined, and they are related to the whole activity that must be evaluated; for each of them, a few Process Areas (PAs) are defined, and they have to be improved to reach the specific ML. So, if a generic firm is at level 3 of maturity, it has to improve a set of predefined PAs in order to reach level 4. This means that the CMMI representation provides a predefined roadmap for improvement, in which every stage/ML contains a set of PAs indicating where to focus in order to make company work better.

· Continuous Representation (CR): 6 Capability Levels (CLs) are defined, instead of MLs; a CL represents a measure assigned to a lone PA; in this way, maximum flexibility for firms to choose which processes to point at is provided. The adjective “continuous” means that there are no stages in which to focus on different goals, and procedures to follow are organized in order to support the development of every single PA. In this representation, unlike in staged one, goals are not specifically defined. Here, every process has a different capability level, and the whole of them make up a so-called Capability Profile.
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Fig. 2 Capability profile in CR approach versus Maturity level in SR approach

The main differences between the two representations have been expressed; now, a comparison of their potentials is provided, this can be helpful for making a choice between the two.

· CR offers maximum flexibility for prioritizing process improvements and aligning them with business objectives, while in SR a predefined path must be followed. SR is then more rigid, because it hypothesizes that, to grow up, a firm has a one best way to travel along, and once it has reached a predefined series of goals, then it is able to step up to the upper level. In software engineering processes, there is a proven path (offered by the model) to which refer to, but, in our case (maintenance management), we suppose that there is not a defined maturity roadmap, and actually we do neither know if there is one. Besides, willing this questionnaire to be as more general as possible, it should suit to more than one industrial sector in which firms operate; different sectors bring to different needs to be satisfied, and so different maintenance maturities. Having different maturities, there will be not necessarily a “One Best Way” to improvement.

· SR focuses on organization improvements, while CR gives a more reduced visibility, since it refers to single PAs.

· In CR, less upfront investments might be required to step up a level because the improvements to achieve are referred to a single PA, rather than on a set of PAs involved in a ML.

· In SR, overall results are summarized in a single maturity level, while in CR a capability profile is defined: for each investigated PA, a certain maturity level is reached; the whole of the values obtained by a firm represents a set of maturities; the match between different firms is therefore not done on the basis of a single value, but on a set of values.

Industrial applications of the CMMI standard come from Sarshar et al. 2000. In this work, CMM is used in a different way: here, CMM experience is tried to be borrowed into another research project for the construction industry, called SPICE31; this framework organises the evolutionary steps into Maturity Levels that lay successive foundations for continuous process improvement.

The application of the CMMI theory to the Observatory’s survey analysis is presented in the remainder of the document.

III. methodology
What is used inside the survey analysis is the idea that a level of maturity can be associated to a PA, according on how the processes included in the area are managed. In the present work, a “modified continuous” representation (i.e. modified CR) is proposed, offering both the needed flexibility and a good schema for defining Maturity Levels (MLs) and adapting them to defined PAs in maintenance: the descriptions given below (Tab. 1) constitute the conceptual basis on which to formulate answers associated to different maturity levels (and their related scores), for each question in the survey. The scorecard is so defined.
Tab. 1 The maturity level scorecard
	Maturity Level
	Description

	ML 5
Optimizing
	Process is taken in a TPM-like approach, focusing on process continuous improvement; causes of defects and problems in the processes and technologies are identified, taking action to prevent problems from occurring in the future.

	ML 4
Quantitatively

Managed
	Process performance is measured, and causes of special variations are detected; quantitative analyses are conducted, indeed a good balance is reached between the quantitative and qualitative analysis; process management is fulfilled thanks to organizational responsibilities appointed to proper roles / competences and proper information system support.

	ML 3
Defined
	The process is planned; semi-quantitative analyses are done periodically in order to define good practices; process management depends on some specific constraints regarding the organizational responsibility or/and the information system support.

	ML 2
Managed
	The process is partially planned; performance analysis is mostly dependent on individual practitioners’ experience; process management is affected by some important weaknesses in the organization and/or information system support.

	ML 1
Initial
	The process is weakly controlled, or not performed at all.


Five Maturity Levels (MLs) are defined. We call them “maturity levels” (instead of “capability levels” as in the original literature of CMMI, Continuous Representation approach) according to the following definition, due to Paulk et al.: “A maturity level is a well-defined evolutionary plateau towards achieving mature processes. Each maturity level provides a layer in the foundation for continuous process improvement (…) Achieving each level of the maturity framework establishes a different component in the ‘construction’ process, resulting in an increase in the process capability of the organization.”
A. The scoring theoretical method
Maintenance Maturity is assessed as a synthetic index (MI) using the Maturity Levels. Moreover, the index can be studied in its components:

· Technological Maturity index (TMI) takes into account the support of information systems, ICTs, diagnostic and prognostic technologies, and how they are used;
· Organizational Maturity Index (OMI) refers to all those activities regarding knowledge management, improvement of internal and external relationships, multi skill development;
· Management Maturity Index (MMI) assesses the maturity level reached in the maintenance engineering and management processes (i.e. ranging from designing a good maintenance plan to continuously improving it).

The MLs are used to give a score to each PA. The set of scores obtained by the firm in the different PAs constitute a maturity profile, as in Continuous Representation. At this purpose, for each defined maintenance process, there may be more than one related questions in the survey questionnaire, and, for every question, its related scores. The maturity profile is then summarized into a single number (i.e. the index called MI), representing a holistic maturity level. 

The Maturity Index calculation method can be synthesized as follows. 

· There are three classes of detailed issues (technological, organizational, management processes); each issue is investigated by a different set of questions included in the survey questionnaire; in other terms, each set of questions enable to focus on practices actually run in different process areas, pertaining to a selected issue (either technological, organizational or management).
· Once the questionnaire is filled in, answers can be translated into scores. At this point, the output of the interviewing activity is a set of scores, related to each specific issue. In order to have a unique score referable to an issue, the specific maturity index is then calculated (i.e. TMI, OMI, MMI). These indexes summarize all the scores pertaining to the issue into a unique number. 
· At the end, all these specific maturity indexes are aggregated into the general Maturity Index (MI). This is used for comparing  the companies pertaining to the referring sample.

The following Fig. 3 shows an example of outcome of the maturity assessment of a company: the chart provides both the MI and its component indexes, TMI, OMI and MMI; this enables to have an overview of weak and strong points in terms of maturities actually achieved by the company. In the example, the company is not much mature (ML2 defined) and the technological issue is the less mature (i.e. the weakest point).
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Fig. 3 Maturity profile based on maturity indexes
Apart from maturity profiling by indexes, an in-depth analysis can be also done by breaking down the indexes in a maturity profile of selected process areas. This can be done for each issue, e.g. by identifying process areas pertaining to the technological issue. Doing so, the maturity profile results in a bundle of values that help to identify the strongest and weakest process areas in the issue under concern. See next figure 5 for an example of a maturity profile for selected process areas under the technological issue.
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Fig. 4 Maturity profile of process areas under the technological issue
In this example, the company shows the following bundle of values: a low level for “Maintenance Engineering” and for “Maintenance information management”; a mid to low level for “Failure Diagnostics and Prognostics” (to information management concern, for example, if one would look at the single answers, it would discover that main maintenance functions are supported by Ms Excel / Access, some are not, some/a few are supported by ERP).
B. The scoring practical utilization
This section presents, with more operational insight, the calculation method of the maturity indexes (i.e., the calculation method to obtain results shown in previous figure 3). The calculation method is described in terms of: (i) calculation of Technological Maturity Index; (ii) calculation of Organizational Maturity Index; (iii) calculation of Management Maturity Index and (iv) calculation of (overall) Maturity Index. Furthermore, regarding the maturity profiles of different selected process areas (i.e., as the results shown in previous figure 4), the spreadsheet is set up with a “typical” profile assessment. This is done even tough other in-depth analysis may be configured easily in the spreadsheet, in order to show results on some specific process areas and not others.
1) Calculation of Technological Maturity Index (TMI): TMI is calculated as an arithmetical mean (as total score / number of questions) of the obtained scores for the different questions pertaining to the technological issue, without weighing them. Each question is singularly processed and, thus, assigned the minimum score for the answer representing the worst practice, while the maximum score for the answer corresponding to the best practice; other questions are processed as a group, and assigned a score as a cluster (i.e. clustering procedure
).
2) Calculation of the Organizational Maturity Index (OMI): OMI is calculated (as for TMI) as an arithmetical mean (as total score / number of questions) of the obtained scores for the different questions pertaining to the organizational issue, without weighing them. 
3) Calculation of the Management Maturity Index (MMI): MMI is calculated (as for TMI and OMI) as an arithmetical mean (as total score / number of questions) of the obtained scores for the different questions pertaining to the management issue, without weighing them.
4) Calculation of the Maturity Index (MI): The results are finally aggregated in a maturity profile, giving the correspondent maturity score as the index that can be used to synthetically express the maturity reached by a company. Indeed, in this work, the intent is to go one step further, defining an overall indicator summarizing the results obtained. Two different alternatives may be possible, such as:
1. MI = TMI + OMI + MMI

2. MI = TMI x OMI x MMI

The use of the second formula fits better with the need to reward the firms which implement the concurrent improvement of all the maintenance pillars (Technologies, Management Processes and Organization).
5) Maturity profiling by process areas: The following Tab. 2 shows the selected process areas identified under each issues (technological, organizational, managerial) for maturity profiling by process areas. In the table are shown the questions used as data source for the profiling.
Tab. 2 Maturity issues versus process areas (PAs)

	Maturity issue
	Related questions
	Process areas (PAs)

	Technological
	B4.1, …, B4.16, B2, B7.1
	Maintenance information management

	
	D1, D2, D3.1, D3.2, D3.3
	Failure Diagnostics and Prognostics

	
	B6, E14
	Maintenance Engineering

	Organizational
	E3, E4
	Relations with other company’s functions (production, safety, etc.)

	
	F4
	Maintenance outsourcing

	
	E15
	Maintenance operators empowerment

	
	B3/a, B3/b, E5, E12.1, E12.2, E13
	Maintenance Engineering

	Managerial
	C3, C6, C7, E6
	Maintenance economic scheduling and management

	
	F5, F6
	Information sharing during outsourcing

	
	B1.1, B1.2, B1.3
	Maintenance information storing


The maturity index obtained by the calculation methodology can be, then, analysed in detail both by box plots (for a percentile analysis) and by Ishikawa diagrams (for the analysis of criticalities). The same operation can be performed on the components (technological, organizational and managerial) of the maturity index. Then, for each level of maturity analysed, can be detected best level companies according to their size and / or sector.
IV. demonstration of the methodology

This section provides a brief account of the first results of the survey.

A. The sample characterization
The sample analysed in the survey saw the prevalence of medium and large companies coming from the chemical / pharmaceutical, automotive and mechanical sectors, with a number of maintenance workers between 1 and 20. The maintenance budget of these companies is between zero and one million euros and is generally determined by organizational units to which the maintenance unit refers to or is directly defined by the top management.

B. The state of maintenance practices

Most of the companies analysed in the survey does not present a business unit with maintenance engineering responsibilities and the methodology RCM (Reliability Centered Maintenance) is not known (or not used). From the information systems side, supporting the maintenance management, there is a general lack of complex systems, such as CMMS, and a prevalence of simpler tools, such as spreadsheets and local database. For companies using CMMS, the maintenance plan is not updated or is updated only after the occurrence of important events; analysts are, in general, not involved in a detailed analysis of data collected by specialized software. From the maintenance policies side, the preventive maintenance is mainly defined basing on operators’ experience or the suppliers’ recommendations; the condition based maintenance sees the use of inspections as main asset evaluation method.

C. The perceived quality of maintenance activities

From the operations managers point of view, the contribution of maintenance activities is mainly related to the maintenance / control of production capacity and to the plant availability.

D. The maintenance management processes maturity evaluation
The maturity concept has been introduced to assess the growth / development of a process or process area. The idea goes back to the concepts present in the areas of quality control and total quality management. It is important for judging the maturity reached to improve the quality of maintenance management processes. Processes are not judged basing on:

(i) the amount of maintenance activities carried out

(ii) the goodness of procedures by which such activities are carried out

It considers only how well maintenance activities are structured in terms of industrial practices, management and execution. For this purpose it was built a maturity level scorecard (see Tab.1).
The maturity index can be, then, analysed into detail both by box plots (for percentile analysis), and by Ishikawa diagrams (for the criticality analysis). The same operation is performed on the components of the maturity index (technological, organizational and managerial ones). Then, for each level of maturity, best level companies can be detected according to their size and / or sector.
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Fig. 5 Box plot of companies’ maturity profiles
From the several box plots presented here, is highlighted the characteristic maturity level of the sample. Companies involved in the survey have a general maturity level ML3, due in great part to immature technologies and scarce maintenance management. The organizational maturity, instead, is generally better and stands at ML4.
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Fig. 6 Ishikawa diagram for maturity indexes de-structuration
The Ishikawa diagram can, instead, highlight the different components that make up the maturity sub-indices, identifying the critical elements. ML2 typically sees criticalities in the maintenance personnel empowerment and in maintenance engineering systems. ML3 has, typically, problems in diagnostic and prognostic monitoring systems and in maintenance engineering structures. ML4 has, in general, no particular criticalities.
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Fig. 7 Maturity assessment of best level companies (ML2)

Finally, for each maturity level (the reported case refers to ML2) it is possible to distinguish best level companies according to their size and / or their sector. In this case, SMEs leads the organizational maturity, while the managerial maturity is leaded by large enterprises. ML3 and ML4 are dominated by large companies in both organizational and managerial maturity. From the sectorial point of view, it is not possible to express an opinion, given the limited significance of the considered sample.
V. CONCLUSIONS
The paper presented a new maturity assessment method used to conduct a survey within Italian companies about maintenance policies and practices. The survey questionnaire was developed by the TeSeM Observatory (Technologies and Services for Maintenance) of the School of Management of Politecnico di Milano. Starting from a state of the art analysis in current maturity assessment methods, a new maturity evaluation method was described into detail and tested through a practical demonstration. Results coming from a sample of 41 SMEs and large companies, coming from different sectors, where discussed during a workshop with maintenance managers. A direct interview of the participants, done by a specific questionnaire, demonstrates the goodness of this new method.
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