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1 ABSTRACT 
 
This thesis describes an investigation of the possibility to apply a maintenance 
concept originally developed for the industry, on software maintenance. Today a 
large amount of software development models exist but not many of them treat 
maintenance as a part of the software life cycle. In most cases maintenance is 
depicted as an activity towards the end of the software life cycle. The high cost 
ascribed to software maintenance motivates for improvements. 
 
The maintenance concept TQMain proposed in this thesis distinguishes from other 
maintenance concepts by its use of preventive, predictive and proactive maintenance 
strategies. TQMain uses a common database to store real-time data from various 
departments and uses it for analyse and assessment to track the development of 
deviations in the condition of the production process and product quality at an early 
stage. A continuous cyclic improvement of the maintenance strategy is reached by 
comparing the data from the real-time measurements with data from the database. 
The ISO/IEC Software engineering – Product qualities is used as a source of empiric 
data to conclude that the correct quality characteristics are used for identifying 
software product quality and its characteristics and compare them with the 
characteristics of industrial product quality. 
 
The results presented are that in the conceptual outline of TQMain measures are 
obviously not the same as in software maintenance, but the aspect of product quality 
is common for both. The continuous cyclic improvement of the product quality that 
TQMain features together with the aspect of detecting potential failures before they 
occur would, judging from the conceptual outline of TQMain be applicable on 
software maintenance. 
 
Keywords: TQMain, software maintenance, software product quality, proactive 
maintenance. 
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3 INTRODUCTION 
 
This section clarifies the background of the thesis and what it aims to achieve. In 
addition, the target group is defined, delimitations, purpose and objectives are 
explained and the outline is presented. 

3.1 Background 
 
I was told that: “you are mixing apples and pears in the same basket!” and “you can 
never compare the quality of an industrial outcome with the quality of a software 
system…” But I say that in maintenance I can compare models that are being used to 
support the continuous quality improvement. The PDCA (Plan-Do-Check-Act) cycle 
is used in various engineering disciplines and so are various quality standards from 
ISO (International Standards Organisation) but adjusted to the discipline. TQMain 
(Total Quality Maintenance) is founded on the PDCA cycle and so are various 
software system development models (RUP-Rational Unified Process, XP-eXtreme 
Programming, DSDM-Dynamic Systems Development Method). In both aspects, 
saving of data is very important in every respect, used for calculations of various 
maintenance aspects on machinery or finding faults in software. 
 
Some industrial concepts and techniques have evolved from the mechanical/technical 
industry to become a concept/technique in software development. Engineering 
prototyping is one example of a development technique that begun in the industry 
and now applies on software terminology. The Deming cycle (PDCA, 2005-04-17) is 
another example of a model first used in the industry and subsequently in the 
software engineering discipline. 

Software development models (and standards, e.g. ISO/IEC 14764 and IEEE 1219) 
are well documented using numerous recognized methods, techniques and tools. 
Some software development models even have software maintenance built into the 
system (e.g. object-oriented, structured and software reuse techniques). The software 
maintenance models have not been studied and analysed to the same degree as 
software development models. The attention paid to the development of tools and 
environment, adapted to the special characteristics of the software maintenance 
process has been significantly low. 
 
However, recently there has been a lot of attention on software maintenance. The 
reason for this is the significant economic importance it has on the information 
technology Polo and Macario (2002) states. Kajko-Mattsson (2001) argues that 
another reason for the attention on software maintenance could be to sort out the 
disorder of the preventive software maintenance area. Vaidyanathan et al. (2002) 
mean that some research is for the purpose of introducing models for preventive 
software maintenance for operational software systems to counteract the “software 
ageing” phenomenon. 
 
Obviously the software maintenance research area has reached the point of 
understanding the importance of preventive, predictive and proactive maintenance 
and starts to put some considerable effort into this particular area. In the industry 
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preventive maintenance is performed at failure or predetermined time intervals, 
predictive maintenance is performed when symptoms of failure appear and proactive 
maintenance is carried out before the symptoms of failure, i.e. attending to the cause 
of a potential failure. 
 
There are many methods, models and techniques for developing and maintaining 
software and they cover various areas and aspects of the developing or maintenance 
process. A desirable thing would be a concept that covers it all and support the 
software maintenance so that the software system would work in a cost-effective 
manner and support vital software maintenance decisions, not risking downtime and 
crashes. The potential failures will be discovered before they become actual failures. 
A predictive and proactive approach for maintaining the software. 
 
Today this concept exists in the area of industrial maintenance with corresponding 
methods, techniques and strategies. The name of the concept is Total Quality 
Maintenance (TQMain), developed by Professor Basim Al-Najjar, Växjö University. 
 
TQMain is a concept that takes maintenance one step further and makes use of 
preventive, predictive and proactive maintenance. TQMain uses real-time data 
acquisition and analysis by support from an expert system, to detect potential failures 
and damage development in machinery and maintain the quality of the 
manufacturing process and the product.  

3.2 Problem discussion 
 
According to literature and research articles most of software maintenance is 
performed on a best practice basis. People that are usually in software development 
or novice perform maintenance. The methods, models, measurements, tools, 
techniques and metrics used in software maintenance constitutes a jungle for 
maintenance people and even if they can access all helpful equipment, they are likely 
not to use it. Software systems will need more and more maintenance as time goes by 
but maintenance staffing is decreasing. Quoted from Pigoski (2002); “Unfortunately, 
few organizations use a standard methodology. Every organization does it 
differently. Most organizations do not “trust” parametric models. However, the only 
other approach, use of experience and “sound judgment,” seldom has any substance, 
and, thus, is not accepted at the upper management”. There are two questions to be 
answered: 
 

• Will TQMain provide a solution for software maintenance with respect to 
preventive, predictive and proactive maintenance? 

 
• Is the concept of TQMain applicable to software maintenance with respect to 

the conceptual outline? 

3.3 Objectives 
 
The main objective is to identify a possible quality maintenance approach (i.e. Total 
Quality Maintenance), which can be applied to and improve the reliability and 
structure of the software maintenance process and quality of the software product in 
a predictive and proactive manner in real time. This thesis work aims at investigating 
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the possibility of comparing an industrial maintenance concept with a software 
maintenance concept with the following objectives: 
 

1) Investigate in what aspect the concepts of maintenance can be compared, i.e. 
industrial maintenance and software maintenance. 

2) Extract the information within identified common parts to be examined in 
detail. 

3) Compare the information gained in the systematic approach of this research 
supported by the structure and factors of quality of the ISO/IEC standards. 

 
The thesis objective is thus not to implement the concept of TQMain but to account 
for the result of the investigation. 
 
The expected result from the thesis work is that the foundation of the maintenance 
concepts are comparable (i.e. TQMain is applicable to software maintenance) and for 
future implementation. Further, potential results could be an improved maintenance 
process to software development in aspect of environmental condition, operation and 
quality control.  

3.4 Delimitation 
 
Given the limited time of the thesis work the research will be of limited extent from 
software maintenance models, techniques and tools point of view. Only the most 
common and frequent concepts will be discussed. 
 
The qualitative data will be gathered by literature studies and kept on a conceptual 
level without any implementation or testing (that is for the future). 
 
The quality system ISO has a standard for software quality (SS-ISO/IEC 9126:2001), 
divided in four parts of which two will be used in this thesis. The reason for using 
only the two parts is both economical and what was available within departments 
concerned. 
 
The quality system ISO 9001:2000 has a standard for software maintenance that 
would perhaps have been helpful in finding specific software maintenance aspects 
and variables. However, due to the very high cost of the ISO standards documents, 
this thesis will only deal with the ISO 9001:2000 content extracted by other authors. 

3.5 Outline 
 
Chapter 4 is accounting for the method used in this thesis. Chapter 5 and 7 describe 
the performed pre study containing relevant information that aims at giving the 
reader an understanding of the depth and extent of the three scientific fields 
compared. In chapter 6 an investigation of an existing and accepted standard for 
software product quality is used for the purpose of validating a correct use of 
characteristics. The analysis and discussion is performed in chapter 8 followed by the 
conclusion in chapter 9. 

3.6 Target group 
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The target audience for this thesis is software maintainer, researcher, system 
administrator, student or teacher of computer science. 
 

3.7 This thesis contribution 
 
This thesis contribution is: 
 

• Identification of what distinguishes TQMain from other maintenance 
concepts. 
 

• Identification of in what aspect the concepts of maintenance can be compared 
(i.e. industrial maintenance (TQMain) and software maintenance (ISO/IEC)).  
 

• An account for the area of the conceptual outline of TQMain that is common 
with and could be compared with corresponding area of software 
maintenance is (i.e. the product quality). 

 

3.8 Other approaches 
 
CMMI (Capability Maturity Model Integration) developed by SEI (Software 
Engineering Institute) is a well-known model for software process improvement. It is 
mentioned in this thesis (chapter 5.9 and 6.1) as a cognizance of that there are highly 
developed models that could have been used for comparison in this thesis. The 
chosen model for this thesis is however ISO/IEC 9126:2001 (Software product 
quality) and not CMMI because of the authors previous familiarity with ISO 
standards and also because of the availability within departments concerned. 
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4 RESEARCH METHOD 
 
In this chapter the chosen methodology for this thesis is declared.  
 
The research method used for this thesis is qualitative with a hermeneutic approach, 
because in this context the subject is not investigated before. This thesis is using 
suggested guidelines for the hermeneutic approach and as the qualitative method 
states; “The result could be a new aspect of a problem”, Thurén (2004). The problem 
to be studied was first identified and the purpose of the thesis was formulated and 
questions expressed. The method for data collection was secondary data in shape of 
books, articles and the Internet. 
 
The thesis comprises three main phases. First an orientation of the main area and 
performed development is done with relevant study and techniques. Then the 
supporting area is accounted for in order to function as a reliable source for 
validation, answering the question – “am I using the right item at the right occasion?” 
Finally the target area, similar to the main area is given an account of.  The approach 
for the method of drawing conclusions is abduction because the thesis starts and ends 
with theory, Forskningsmetodik (2006-02-28). Then the empirical data, i.e. the 
standard ISO/IEC 9126:2001 is used as a support to validate that this thesis 
investigates what it intended to investigate. 
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5 SOFTWARE MAINTENANCE 
 
This chapter consists of a theoretical reference framework of software maintenance. 
Research and theoretical views relevant for the thesis are presented as the base for the 
analytical study. First, I will give a description of software maintenance basics. Then 
some definitions, techniques, tools and concepts that are relevant for this thesis will 
be introduced and help to motivate for further research. This approach is meant to 
motivate for, and give the reader some understanding of the extensive area of 
research and more detailed information of the target research area.  

5.1 Software product 
 
It will be a reasonable starting point to describe what a software product actually is, 
and give the reader a repetition of knowledge or perhaps new information. 
 

 
According to Sommerville (1996) a software product is; software systems delivered 
to the customer with documentation that describes how to install and use the system, 
sometimes combined with required hardware. Sommerville describes two main 
groups of software products: 
 

• Generic products; independent systems produced by developing 
organisations and sold to customers on the public market. A generic software 
product could be a system for the personal computer, where the producer 
develops the product specification. 

• Special products; a system ordered by a specific customer. The software is 
specially made for the customer. Special software products could be 
computerised operating system and system of control in embedded systems. 

 
Galin (2004) describes the features of a software product as: 

• Product complexity; could be measured in millions of possible operational 
modes (that needs to be correctly defined and developed). 

• Product visibility; defects in a software product are invisible. 
• Product development and production process; the three phases in 

development and their contribution to detection of defects; 
o Production development; this is where a software prototype is 

developed and available for reproduction. 
o Product production planning; in this phase where copies of the 

software product are made there is no opportunity of detecting 
defects. 

o Manufacturing; is the same as copying the software product. It does 
not give an opportunity either for detecting defects in the software. 

 

Software product: The complete set of computer program, procedures and 
associated documentation and data intended for delivery to a user, (ISO/IEC 
9000-3). 
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The points above could be put in a relation to corresponding features of industrial 
products, see 7.1 (Industrial product). 
 
The uniqueness of the software development process is summarised by Galin 
(2004) as invisibility of the product and the product possessing high complexity 
compared to industrial products and that the opportunity to detect defects (“bugs”) 
are limited to the development phase of the software product. 

5.2 Software product quality 
 
Software quality impacts development costs, delivery schedules, and user 
satisfaction. Because software quality is so important, the meaning by software 
quality will be explained. 
 
Fenton (1991) states a fundamental principle of software engineering: 
Good internal structure → Good external quality, meaning that good internal 
structure leads to good external software quality with more reliable and maintainable 
code. The internal structure has internal attributes that can be measured, e.g. 
documents (with important internal attributes) produced at various phases in the life 
cycle. These documents could be specification documents containing complexity of 
the underlying problem, length and functionality of the software or design documents 
containing level of coupling between modules in the software, cohesion, reuse and 
information flow. The understanding of internal attributes is important with respect 
to understanding software failures that depends upon incorrect development. To 
measure the internal attributes is also the only way to be able to make accurate 
predictions about the external quality of the software (i.e. without running it). 
External quality is about how the software behaves while executed. 
 
The following definitions of software quality which were accomplished by different 
authors (see below), was put together by Jones (1996): 

• Achieving high levels of user satisfaction, portability, maintainability, 
robustness and fitness of use, (B Boehm). 

• Conformance to user requirements, (P Crosby). 
• Striving for excellence in reliability and functions by continuous 

improvement in the process of development, supported by statistical analysis 
of the cause of failure, (W E Deming). 

• Achieving excellent levels of fitness for use, conformance to requirements, 
reliability and maintainability, (W Humphrey). 

• The absence of defects that would make software either stop completely or 
produce unacceptable results. Defects can be traced to requirements, to 
design, to code, to documentation or to bad fixes of previous defects. Defects 
can range in severity from minor to major, (C Jones). 

• Software quality means being on time, within budget and meeting user needs, 
(J Martin). 

• High levels of user satisfaction and low defect levels, often associated with 
low complexity, (T MacCabe). 

• Low defect levels, adherence of software functions to user needs and high 
reliability, (J Musa). 

• High levels of user satisfaction and adherence to requirements, (B Perry). 
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Software quality: The totality of characteristics of an entity that bear on its ability to 
satisfy stated and implied needs, (ISO/IEC 9126:2001). The entity is described as a 
software product in ISO/IEC 14598 (from the list of terms and definitions in 
ISO/IEC 9126:2001-1). There are two parts in the definition of a software product in 
ISO/IEC 9126:2001-1: totality of characteristics the concept of quality can be broken 
down to a number of factors, e.g. reliability, maintainability and portability. The 
other part, stated and implied needs indicates that we can not assume that the product 
specification is complete and correct, meaning that there can be some parts missing 
that are not specified but still of concern for the customer. If there is some obscurity 
about the implied needs, this is a source for future changes, maintenance. 
 
 
Galin (2004) lists four software components that are important in software 
development process and maintenance services for software quality: 
 

• Computer programs (code); activates the computer to perform the required 
applications. 

• Procedures; defines the order in which programs are performed, the method 
employed and person responsible for the activities that need to be performed 
for applying the software. 

• Documentation; for developers, users and maintenance personnel. 
Requirements reports, design reports, program descriptions, users manual, 
programmers’ software manual (information about the code, structure and 
tasks of each software module). 

• Data necessary for operating the software system; parameters, codes and 
name lists that are specific for the user to be able to operate the software. 
Standard test data is also essential to make sure no changes in the code or 
software data have occurred and to find the data malfunctions. 

 

5.3 Software quality measurement 
 
“You cannot control what you cannot measure.”… is a statement made by Tom 
DeMarco, extracted from Fenton (1991). A clear objective or goal is a must for 
measurement activities, which will determine what entities and attributes that must 
be measured. According to Fenton (1991), managers need to measure the quality of 
the software product to be able to compare different projects and make predictions 
about future ones. For this thesis, the more important need is to establish baselines 
and set reasonable targets for improvement. The engineers need to measure the 
attributes of existing software products and processes to make prediction about future 
ones. He lists three important examples for this: 
 

• Measures of size of specifications can be used to predict size of the target 
system. 

• Measuring the structure of the design documents can predict future 
maintenance “blackspots”. 

• Measuring reliability during testing can predict the reliability of software in 
operation. 
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Fenton (1993) describes three classes of entities in software;   
 
• Processes; any software related activities. 
• Products; artefacts, deliverables or documents that derives from the 

processes. 
• Resources; the items that are inputs to processes. 
 

Within each class he describes internal and external attributes where internal 
attributes can be measured only in terms of the process, product or resource itself, 
e.g.; for specification documents – length, functionality, modularity, reuse, 
redundancy and syntactic correctness. For formal designs and code – structuredness 
(of control and dataflow), module coupling and cohesiveness. 
 
External attributes can be measured in consideration of how the process, product or 
resource relates to its environment, e.g.; reliability, understandability, 
maintainability, usability, integrity, efficiency, testability, reusability, portability and 
interoperability. 
 
It has become important to measure attributes belonging to the software during 
software development to get some level of understanding of if the systems 
requirements are complete and if the systems design is of good quality and the code 
is ready for testing. The developer does this. The project manager will, to be able 
to decide when the system is ready to deliver and if it stays within the limits of the 
budget, measure various attributes on the process and product. Finally the customer 
(who decides if it meets their requirements and if the product is of high quality) 
measures the software product. Maintenance personnel need to be able to evaluate 
the software product in order to see what needs to be upgraded and improved. 
 
Software quality measurement requires careful planning and data collection. Data 
is one of the most important components in software maintenance. First because data 
is necessary to run the program, secondly to be able to find the malfunctions 
(changes in code or data) by using standard test data. In many cases a rough measure 
of overall software quality is desirable and according to Fenton (1991) the data 
needed may already be collected routinely and not causing project overheads or need 
for extra resources. However, a narrow view of software quality (e.g. number of 
defects recorded over size) is not normally satisfactory but it provides a basis for 
general monitoring of quality changes and baselining (a baseline describes the usual 
or typical result in an organisation or category in a measurable way (Pigoski (2001)). 
Note that a defect in software may not always lead to a failure. 

 

5.4 McCalls quality factors - the fundamentals of ISO 
9126 

 
It is easy to get confused in the jungle of factors that constitute the quality of 
software. However, the majority of the theories of quality factors frequently recur 
with several researchers. The quantity of identified quality factors seems to be the 
difference. Ohlsson (1997, s.27) made a summary of quality factors: 
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McCall, 1977 Boehm, 1978 Bowen, 1985 Murine, 1983 Others 
Correctness  Correctness Correctness Correctness 
Reliability Reliability Reliability Reliability Reliability 
Efficiency Efficiency Efficiency Efficiency Efficiency 
Usability Human 

engineering 
Usability Usability Usability 

Integrity  Integrity Integrity Integrity 
Maintainability Understandability Maintainability Maintainability Maintainability
Flexibility Modifiability Flexibility Flexibility Flexibility 
Testability Testability  Testability Testability 
Portability Portability Portability Portability Portability 
Reusability  Reusability Reusability Reusability 
Interoperability  Interoperability Interoperability Interoperability
  Survivability  Survivability 
   Intraoperability Safety 
  Expandability  Manageability 
    Functionality 
    Supportability 
Table 1. Quality factors, Ohlsson (1997). 
 
 
The model McCall suggested 1977, with eleven factors for software quality is an 
example of a premature model based on his theory of three aspects that he sees as the 
essential thing in quality. The three aspects are operational qualities, capability of 
going through changes and capability of adapting the software to new environments. 
 
 

 Figure 1. Quality model, based on theory by McCall (1977). 
 
 

Correctness Efficiency Usability Integrity Reliability 

Maintainability 
Flexibility 
Testability 

Portability 
Reusability 
Interoperability 
 

Product revision 

Product operations 

Product transition 
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• Product operations treat factors like software correctness, reliability, 
efficiency, integrity and usability. 

• Product revision (the ability to adjust software to new environment), 
consider software maintainability, flexibility and testability (i.e. to make sure 
that the functionality of the software is as intended). 

• Product transition (the ability to go through changes), consider how difficult 
it is to transfer the software between various environments, i.e. portability, 
and if software can be reused and if it works together with other systems, i.e. 
interoperability. 

 
According to Ohlsson (1996), the above mentioned quality factors are the 
foundation of ISO/IEC 9126 Software engineering - Product quality, the standard 
that gathers all factors for the software product quality. Pressman (2000) says that the 
quality factors of ISO/IEC 9126 are valuable when performing an indirect measuring 
and as a foundation for a checklist to evaluate the quality of a software product. 
 

5.5 The categories of software maintenance 
 

In order to keep the systems running smoothly some maintenance activities are 
needed and identified by the Software engineering - Software maintenance part of 
the ISO/IEC as: 
 

• To maintain control over the day-to-day functions of the system. This is 
called the corrective maintenance and is the modification of a software 
product performed after delivery to correct discovered problems. 

• To maintain control over system modifications is called the adaptive 
maintenance and is the modification of a software product performed after 
delivery, to keep a software product usable in a changed or changing 
environment. 

• To perfecting existing acceptable functions is called perfective maintenance 
and is the modification of a software product after delivery to improve 
performance or maintainability. 

• To preventing system performance from degrading to unacceptable levels is 
preventive maintenance (time-based maintenance), which is the 
modification of a software product after delivery to detect, and correct latent 
faults in the software product before they become effective faults, i.e. to 
prevent failures. According to Pfleeger (2001) the preventive maintenance 
may include the addition of type checking, the enhancement of fault handling, 
or the addition of a “catch-all” statement to a case statement, to make sure the 
system can handle all possibilities. Preventive maintenance is also when a 
programmer or code analyser takes action to correct potential faults that have 
not yet become failures. Understood from Figure 2 (Maintenance time effort 
distribution), 4% of the total maintenance time effort is devoted to the 
preventive maintenance by the maintainers. The numbers in the figure (Figure 
2) originates from a survey done by Lientz and Swansson (1981). 

 
An additional two maintenance activities are predictive and proactive 
maintenance, however not identified in ISO/IEC.  
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• Predictive maintenance is described as an identification of the risk factor, 
i.e. when the number of failures would become excessive, but in software it is 
a very new area for research, Humphrey (Internet 2005-12-15), Polo & 
Macario (2002). 

• Proactive maintenance is about detecting and corrective actions aimed at the 
causes that lead to failures. Proactive maintenance advocate rejuvenation 
which involves stopping running software and cleaning its internal states, 
garbage collection, flushing operating system kernel tables, reinitialising 
internal data structures and hardware reboot, Humphrey (Internet 2005-12-
15). 

 
According to the ISO Standard on software maintenance: 

• Adaptive and perfective maintenance can be classified as enhancements 
and 

• Corrective and preventive maintenance can be classified as corrections. 
 
____________________________________________________________________ 
 
 
          
 

____________________________________________________________________ 
Figure 2. Maintenance time effort distribution Pfleeger (2001). 
 
 
Figure 2 (Maintenance time effort distribution) demonstrates the distribution of the 
reasons for maintenance activities on software (software already produced and in 
operation). A somewhat old example of the relations of the software maintenance 
activities but still applicable. However, maintenance time effort is still growing:  

• Perfective – this is where the greatest work load is, 50% 
• Adaptive – this is the second greatest work load, 25% 
• Corrective – had a work load of 21% 
• Preventive – was only 4% 

The research was made by Lientz and Swanson (1981) on nearly 500 organisations 
with software systems. 
 

Perfective 50%

Adaptive 25%

Corrective 21%

Preventive 4%
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5.6 Definition of software maintenance 
 
Software maintenance is about working with ageing software. One method to fight 
the software product ageing is to improve the maintainability. Maintainability is 
about how easy it is to modify the software (i.e. correct errors, improve or adapt the 
software to environmental changes of the software, make changes in the 
requirements and other documentation). If the software cannot be understood, the 
maintenance personnel will have a tough time performing corrective, adaptive, 
perfective and preventive maintenance. The cost of failing to build in maintainability 
into a software system is very high and the maintainability has to be continuously 
maintained as the system evolves. Some researches claim that maintainability is a 
feature of preventive maintenance that deals with reengineering, restructuring and 
redocumentation (Kajko-Mattsson (2001), Grubb (2003)). 
 

• Reengineering is about improving the understanding of the software system 
or/and improving the software system itself, i.e. improving the quality of the 
software system. It could be actions like restructuring of the code or even a 
total redesign and redevelopment. Reengineering starts with reverse 
engineering (understanding the present design of the system) of a legacy 
system, then a new system is created and the functionality and data from the 
older system are intact. 

• Restructuring is a means of reorganisation of software system to make it 
more maintainable without changing behaviour, a renovation. 

• Redocumentation is the recovery and recoding of software comprehension. 
Since software comprehension is the most expensive part of software 
maintenance, redocumentation is the key to software maintainability 

 
Other reasons for maintenance requirements: 
 

• Code deterioration: e.g. when a global variable is added to a program it can 
lead to failure. 

• Refactoring: Refactoring is a part of software maintenance that does not fix 
bugs or add new functionality to the software program. Refactoring involves 
improving the code understandabililty and maintainability for the future, by 
changing its structure and design 

 
Corrective and perfective maintenance are more frequent than adaptive and 
preventive maintenance but still if the preventive maintenance could be emphasised 
the economical aspect would be notable according to Kajko-Mattsson (2001). 
Preventive maintenance is an activity during which we attempt to prevent an 
unnecessary change in the future. Scheduled maintenance is a cost-effective way of 
conducting preventive software maintenance today. 
 
Software systems will age because of frequent changes; the architecture of the 
software system gradually gets undermined and the software system grows in size 
and complexity (due to memory bloating and leaking, file-locks, data corruption, 
storage space fragmentation and accumulation of round-off errors). Maintainers will 
have difficulties in understanding the changing software system and that is 
demanding and costly, (Kajko-Mattsson (2001), Vaidyanathan et al. (2002)). Also 
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there are two types of ageing of software that are associated with preventive 
maintenance; 
 

• Software product ageing (i.e. degradation in software code and 
documentation quality by frequent maintenance) and 

• Software process execution ageing (i.e. degradation in performance or brief 
failures in continuously running software), (Kajko-Mattsson, 2001). 

 
 
Software rejuvenation refers to a proactive maintenance technique that will 
prevent software ageing. The software in operation will be stopped at intervals, the 
internal state cleaned and then restarted. This will cause an overhead (i.e. resources 
like processing time, “costs” and storage space that are spent without being a part of 
the process).  
 
 
According to Pfleeger (2001) software maintenance is considered to be: 
 

• “Any work done to change the system after it is in operation”.  
 
The definition described in the Encyclopaedia of software maintenance (2002) 
is:  

 
• “Software Maintenance is the totality of activities required to provide 

cost-effective support to a software system. Activities are performed 
during the pre delivery stage as well as the post delivery stage. Pre 
delivery activities include planning for post delivery operations, 
supportability, and logistics determination. Post delivery activities include 
software modification, training, and operating a help desk.” 

 
The TickIT guide describes the purpose of software maintenance with references to 
ISO 9001:2000 as: 
 

• “To enable software system to continue to meet users’ business needs by    
correction of faults, improvement, enhancement and/or migration to new 
environments. To retire software at the end of its useful life.” 

 
IEEE Standard for software maintenance 1219, described by Encyclopaedia of 
software maintenance (2002), has the definition of software maintenance: 
 

• “Modification of a software product after delivery to correct faults, to 
improve performance or other attributes, or to adapt the product to a modified 
environment.” 
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The ISO/IEC international standard for software maintenance (extracted 
from ISO/IEC information technology-software life cycle processes) has the 
definition of software maintenance: 

 
• “Software product undergoes modification to code and associated 

documentation due to a problem or the need for improvement. The objective 
is to modify existing software product while reserving its integrity” 

 

5.6.1 Lehman’s laws 
 
Grubb (2003) says that Lehman’s laws describe principles common to all large, live 
software systems. Over a period of 20 years, Lehman investigated the theory of 
software evolution and maintenance. The result is to this moment; Lehman’s eight 
laws of software evolution: 
 

1. Law of continuing change; says that software systems must be continually 
adapted or they will not satisfy the user. 

2. Law of increasing complexity; says that as a system evolves, its complexity 
will increase unless work is done to maintain or reduce it. If changes are 
made with no thought to system structure, complexity will increase and make 
future change harder. 

3. Law of self-regulation; says that a software system (e.g. industrially 
produced E-type software (see 5.7 (The types of software systems and their 
relation to maintenance)) implemented within the context of a wider 
organisation are affected of the wider organisation objectives and goals. 

4. Law of conservation of organisational stability; says that the average work 
rate in an E-type process tends to remain constant over periods of system 
evolution. 

5. Law of conservation of familiarity; says that the average incremental 
growth of systems tends to remain constant or decline. The more changes 
required the harder to understand the requirements. This affects the quality 
and progress of the change. 

6. Law of continuing growth; says that functional capability must be 
continually increased over a system’s lifetime to maintain user satisfaction. 
This law is closely related to the first law. E-type system growth is driven by 
feedback from its users because constraints in the requirements will result in 
future demand for change. 

7. Law of declining quality; says that the system quality will appear to decline 
because the changing world will invalidate the assumptions that the system is 
built on. 

8. Law of feedback systems; says that evolution processes are multi-level, 
multi-loop and multi-agent feedback systems and feedback plays a role in all 
the laws. 

 

5.6.2 Software error, faults and failures 
 
As widely used software systems are enhanced (adaptive and perfective 
maintenance, see 5.5.4) to meet new needs, latent problems can be exposed and a 
trivial-seeming defect can truly become dangerous, (Humphrey, internet 2005). Most 
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of the small defects have trivial consequences but a small percentage can cause 
serious problems. Which ones of the defects that will cause a serious problem there is 
no way to know, therefore all defects must be treated as potentially serious defects. 
 
Even the smallest defect in a software program can cause serious problems. A 
simple error in a remote part of a large system could be disastrous and are the most 
frequent sources of trouble says Humphrey (internet 2005). The problem is that as 
systems become faster, more complex and automatic the catastrophic failures are 
increasingly likely and potentially more damaging. 
 
So, what is a failure then? – I consulted Galin (2004) and found the detailed 
explanation of software error, fault and failure. He explains a software error as a 
grammatical error (by the programmer) in the code or a logical error in performing 
the client’s requirements. A software fault is if or when the error causes improper 
functioning of the software. The errors does not always affect the software 
functionality as a whole, it might be neutralised by subsequent code lines. The 
software fault becomes a software failure when the software user tries to apply the 
specific, faulty application or when the combination of conditions necessary to 
activate the fault occurs. 
 

5.6.3 The nine causes of software errors 
 
The reason to look at reasons…hm, I mean the reason to look at causes for different 
software errors is that it is very interesting that knowledge of several of the causes 
for software errors exist. A lot of tools and techniques to support the repair exist. 
This chapter provides a basic view of how Galin (2004) defines the causes of 
software errors: 
 

1. Faulty requirements definition; usually prepared by the client and could be 
e.g. incorrect, incomplete definition of (or absence of vital) requirements, too 
many requirements (unnecessary). 

2. Client-developer communication failures; from misunderstandings between 
client and the developer when the requirements are discussed and 
documented. 

3. Deliberate deviations from software requirements; is when the developer 
reuses a module and not analysing it enough with respect to the new 
requirements. It could also be when the developer decides to omit some 
functions due to lack of time or budget, or perform unapproved changes on 
the software. 

4. Logical design errors; are introduced to the system when the requirements 
are formulated in the shape of erroneous algorithms (e.g. in boundary 
conditions, sequencing, software system states, concerning computerised 
reactions to illegal operation of the software). 

5. Coding errors; made by programmers for the reason of misunderstanding of 
the design requirements, linguistic errors in the programming language, and 
errors in the development tools or in the data selection etc. 

6. Non-compliance with documentation and coding instructions; is when the 
development department has its own documentation and coding standards. 
Can cause errors when a code module from non-complying development 
team will be coordinated with a code module from another development 
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team. The new member of a development team encounters difficulties to 
understand the work of the non-complying work. 

7. Shortcomings of the testing process; can leave errors undetected or 
uncorrected and are caused by incomplete test plans, failure to report and 
document errors and faults, not correcting the faults promptly due to 
inappropriate indications of the reason to the fault, incomplete corrections of 
errors (due to time pressure or negligence). 

8. Procedure errors; is if the activities in each step of a process are executed in 
the wrong order or in a way that is not correct. 

9. Documentation errors; in the design documents, in the documentation 
integrated in the software or in the user manual. Could be missing software 
functions, too many functions in the documents that do not exist in the code 
or errors in the explanations and instructions. 

 

5.6.4 Pre and post delivery maintenance activities 
 
Pigoski (2002) extracts the maintenance activities from ISO/IEC Software 
engineering – software maintenance and presents the pre delivery phase and post 
delivery phase. 
 

• The pre delivery phase is when the process implementation activity occurs. 
The maintainer establishes plans and procedures (at an early stage of the 
software life cycle) that will be used during the maintenance plan. Procedures 
for receiving, recoding and tracking modification requests and/or problem 
reports are developed. In addition, the configuration management interface 
towards the organization is established. 

• The post delivery phase starts with the problem and modification analysis 
activity and ends with software retirement. First the maintainer tries to 
understand the problem and to develop a solution for that problem. Then the 
maintainer develops and tests the modification of the software (input to this 
activity is analysis work from previous stages and output is a new software 
baseline). The next step is for the maintainer to make sure that the software 
product is correct by using pre defined (by ISO/IEC Information technology – 
software life cycle processes) supporting processes, i.e. quality assurance, 
verification and validation supporting processes, how to do it should be 
documented by the maintenance plan. The software will probably have to 
adapt to a new environment due to that the computer system will evolve. 
When the system is replaced or no longer useful it will be retired in an 
orderly way. 

 
Software Quality Assurance is a systematic, planned set of actions necessary to 
provide adequate confidence that the software development process or the 
maintenance process of a software system product conforms to established functional 
technical requirements as well as with the managerial requirements of keeping the 
schedule and operating within the budgetary confines (Galin, 2004). 
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5.7 The types of software systems and their relation to 
maintenance 

 
Pfleeger (2001) separates software systems into three types of software to 
explain why maintenance is necessary. The three categories explain how the 
software system relates to the real world: 
 
• S-system, the solution is acceptable if the specifications are correct, it has a 

specific problem to solve. This system is static and is not affected if the real 
world is subject to change. An example could be a system that performs a 
calculation, where a multiplication of lets say two numbers will result in one 
specific answer, no matter what happens to the real world. 

 
• P-system, here the solution is acceptable if the results make sense. The 

requirements of a P-system are based on approximation and the solution 
depends in part on the interpretation of the analyst who generates the 
requirements. An example is a system to play chess, the problem can be 
specified but the calculation of all possible moves and their consequences to 
determine the next move is impractical or impossible. 

 
• E-system is embedded in the real world and changes as the real world does. 

The problem to be solved by an E-system cannot be specified completely but 
has to be judged by its behaviour under actual operating conditions. An 
example is a system that predicts a country’s economic health is based on a 
model of how the economy functions. 

 
In an S-system a problem is completely defined and unlikely to change but if it 
performs unacceptably it is usually because it addresses the wrong problem. A P-
system is an approximate solution to a problem and may require change as deviations 
and omissions are identified and modification can occur during all stages of 
development. E-systems use abstractions and models to approximate a situation and 
the problem can also change. It may be required that characteristics can be built into 
the E-system to accommodate change, it is likely to change continually. 
 
Activity from which initial change results Artefacts requiring consequent change 
Requirements analysis 

 
Requirements specification 

System design Architectural design specification 
Technical design specification 

Program design Program design specification 
Program implementation Program code 

Program documentation 
Unit testing Test plans 

Test scripts 
System testing Test plans 

Test scripts 
System delivery User documentation 

Training aids 
Operator documentation 
System guide 
Programmer’s guide 
Training classes 

Table 2. Examples of change during software development Pfleeger (2001). 
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5.8 Maintenance cost 
 
According to Pigoski (2002), over 50% of the software maintainer’s time is spent (in 
order to perform corrections and enhancements) on understanding the program 
and that productivity can be improved vastly if this process is improved 
 

Further Pigoski (2002) demonstrates that corrective software maintenance represents 
only 20% of the total maintenance effort. The remaining 80% is for enhancements, 
i.e. the adaptive and perfective categories of maintenance. The opinion is that 
maintenance costs are too high because of the concept that maintenance is only 
“fixing bugs or mistakes”, but that is the small part of software maintenance (20%). 
Pigoski also implies that another reason for the high software maintenance cost is 
that the needed items are seldom included initially in the development phase because 
of schedules or monetary constraints but are deferred until the operation-maintenance 
phase. 

Koskinen (2003) put together a table of results from various studies of maintenance 
costs. He says that the relative cost for maintaining software and managing its 
evolution now represents more than 90% of its total cost 
  
Year Proportion of 

software 
maintenance 
costs 

Definition Reference 

2000 >90% Software cost devoted to system 
maintenance & evolution / total 
software costs 

Erlikh (2000) 

1993 75% Software maintenance / information 
system budget  
(in Fortune 1000 companies) 

Eastwood (1993) 

1990 >90% Software cost devoted to system 
maintenance & evolution / total 
software costs 

Moad (1990) 

1990 60-70% Software maintenance / total 
management information systems 
(MIS) operating budgets 

Huff (1990) 

1988 60-70% Software maintenance / total 
management information systems 
(MIS) operating budgets 

Port (1988) 

1984 65-75% Effort spent on software maintenance / 
total available software engineering 
effort. 

McKee (1984) 

1981 >50% Staff time spent on maintenance / total 
time (in 487 organizations) 

Lientz & 
Swanson (1981) 

1979 67% Maintenance costs / total software 
costs 

Zelkowitz et al. 
(1979) 

Table 3. Proportional software maintenance costs for its supplier. 
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The issue of documentation needs a considerable attention says Pigoski (2002) 
because of the cost to obtain maintenance documentation. Automation of 
documentation is a step in the right direction, but more effort has to be put in to 
analysing empirical data to determine the cost-effectiveness of massive amounts of 
documentation that is required for maintenance effort. 
 

5.8.1 Control the costs 
 
Impact analysis can be useful to help control maintenance costs. It is about 
evaluating all the risks associated with the change of the software, including 
estimates of effects on resources, effort and schedule.  
 
Outdated documentation, improperly or incompletely patched software, poorly 
structured design or code, artefacts that do not conform to standards may result in 
increasing complexity, increasing time for developers to understand the code that is 
to be changed, increasing side effects that the change may have in other parts of the 
system.  
 
Of cause, there are quality models and measures described in various publications. 
Fenton (1991) suggests two: Boehm’s quality model and the FCM model (Factor 
Criteria Metric). These models are based on that there are high-level important 
quality factors of software products (e.g. reliability, maintainability etc.). The high-
level factors are determined by lower level criteria (e.g. accuracy, modularity etc.). 
Criteria (i.e. metrics, the actual measures) are presumed to be easier to measure than 
factors. In these models the relationship between the factors and their relevant 
criteria are depicted and therefore the factors can be measured by the dependent 
criteria (metric). This way of thinking (measurable criteria and factors) was the 
foundation of the IEEE Computer Society’s; Standards for a software quality metrics 
methodology. 
 
Pfleeger and Bohner (1990) (referred to by Pfleeger (2001)) describe a model of 
software maintenance that includes measured feedback. It is an interesting approach 
for measuring the impact of a proposed change to decide what the risks are and 
weigh various options.  Figure 3 (Software maintenance activities), depicts the 
activities executed when a change is requested. The arrows with text coming from 
the rectangles pointing down, represents the measurements with information that can 
be used for decisions about when and how to make a change.  
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Consistency

NEW SYSTEM

 
 
____________________________________________________________________ 
Figure 3. Software maintenance activities, Pfleeger and Bohner (1990). 
 
Risk management is closely related to preventive maintenance according to Kajko-
Mattsson (2001). In the activity of preventive maintenance we try to prevent 
unnecessary changes in the future. It is about trying to look ahead and identify future 
risks (unknown problems) and prevent them from happening. Today it is performed 
on a scheduled basis. 
 

5.9 Software maintenance models 
 
There are a great number of models for software development. In this thesis I will 
just demonstrate one for the visual understanding of the placement of maintenance in 
a general software life cycle model. According to the traditional view of the software 
life cycle, maintenance is something that is done towards the end of the software life 
cycle. An example of a software development model would be the waterfall model: 
____________________________________________________________________ 
 
 
 
 
 
 
 
 
 
 
____________________________________________________________________ 
Figure 4. The waterfall model. 
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Pigoski (2002) says that new development approaches (prototyping, incremental 
and spiral models) still need maintenance. Development continues after delivery of 
software and it is still subject to corrective and preventive maintenance and may be 
subject to perfective and adaptive maintenance. Systems are being fielded more 
quickly and the systems are modified quickly to accommodate user requirements. 
 
Some software development models even have maintenance built into the system 
(e.g. object-oriented, structured and software reuse techniques). It has been suggested 
as a preventive maintenance method to use a good programming style or to write 
reusable software. Good structure (programming style) can reduce the impact of 
change and result in a lower rate of failures and thereby reduce maintenance costs. 
Reused software is well tested and the efficiency of corrective maintenance 
increases, Kajko-Mattsson (2001). 
 
In a research made by Pigoski (2002) the maintenance models from the 1970s are 
similar, and still are. Each model has in general three stages:  
 

• Understanding the software 
• Modifying the software 
• Revalidating the software 

 
In the 1980s, software maintenance models started to be classified in two families: 
 

• The process oriented model; the main emphasis is on the activities and the 
order of the activities performed in the maintenance process. 

• The organizational/business oriented model; the main focus is on the 
activities performed in the maintenance process and the flow of information 
between the processes. The model also shows the organizations or people 
involved at the various stages of the maintenance process. 

 
Pigoski (2002) highlights three software maintenance models in his research: 
 

• The Taute maintenance model; is easy to understand and shows that 
maintenance is a cyclic process and starts with a change request and ends 
with the successful operation. Then it starts all over again with another 
request for change. This model does not address the predelivery activities of 
maintenance. 

• IEEE Standard for software maintenance; this standard suggests an iterative 
process (i.e. managing and executing software maintenance activities) that 
starts when planning for software development begins. Corrective, perfective, 
adaptive and emergency are the maintenance types that are to be identified in 
the first phase of this maintenance model. 

• ISO/IEC Software engineering – software maintenance; this standard is a 
suggestion of a software maintenance process includes planning as a part of 
it. The maintainer should be involved in the maintenance process before the 
software product is delivered.  

 
CMMI (Capability Maturity Model Integration) is the name of a software 
development model that appears in many situations when searching for information 
of software development and maintenance (e.g. Humphrey, internet 2005-12-15). It 
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is widely accepted in software maintenance and describes corrective, perfective, 
adaptive, emergency and preventive maintenance as the five types of software 
maintenance. This approach does not treat preventive maintenance by means of 
predictive and proactive maintenance. 
 

5.10 Measuring maintenance characteristics 
 

Software metrics is identified in Bauer (1999) as something that formally measures 
certain properties of a software project by mapping them to numbers (or other 
symbols) according to well-defined, objective measurement-rules. According to 
Pigoski’s (2002) investigation of software metrics, applying metrics is something 
that would lead to a better understanding and increased predictability of the software 
process (e.g. understand the presence of a particular defect). It takes about three 
years to collect and analyse data before enough information for trends are available. 
The software life-cycle costs are growing and metrics is a part of a strategy for 
maintenance that is needed. The measurement technology is still immature and 
validation of metrics is still a major issue. 
 
Implementation of a metrics program will always cause a resistance from people 
because they do not like to be measured. First the organisational goals are 
determined and then the organisation can decide what metrics to collect to satisfy 
organisational needs. The cost for implementing a metrics program is high (5-15% of 
software process cost).  
 
According to Bauer (1999) software metrics are divided into four categories: 
 

1. Complexity metrics: describes how much effort has to be spent by a 
software engineer to understand, write or modify a piece of software – code 
that is difficult to read and understand is considered as complex. Metrics are 
used to estimate the complexity since measuring complexity directly is not 
possible. 

2. Coupling metrics:  when one class invokes a method or access variables 
from another class, the class depends on the other class, i.e. one class is 
coupled to another. 

3. Cohesion metrics: describes how closely the entities of a class (such as 
attributes and methods) are related. Classes with low cohesion often represent 
violations to a flexible, extensible or reusable design. Good object-oriented 
design styles usually require that classes have high cohesion, since they 
should encapsulate concepts that belong together. 

4. Inheritance tree metrics: shows the relationships between objects and also 
the allowance for some reuse for existing classes. The various metric values 
of this category can show how many classes that will be affected in an 
inheritance relation (super-class and sub-classes). 

 
The software measures that are common to all efforts are size, effort, schedule and 
quality. Software measures could also be divided in areas of complexity, 
understandability, maintainability, cost estimation, software staffing, maintenance 
request number/status and enhancement number/status, computer resource utilisation, 
fault density, software volatility, discrepancy report open duration, break/fix ratio, 



Total Quality Maintenance 
__________________________________________________________________________ 

  27

software reliability, design complexity and fault type distribution. 
 
Pigoski’s (2002) advice is to focus on a few key characteristics when measuring the 
software and not measure everything. It is better to use a few measures that are well 
understood rather than many measures that are not.  
 
In an interview with Swanson (1995), he claims that not only software systems 
should be maintained but also the user knowledge of particular systems, Kajko-
Mattsson (2001). 
 
MTTR (Mean Time To Repair) is the average time it takes to fix a fault in the 
software and to be able to measure it. Pfleeger (2001) lists a few points of 
information that could be used to calculate where (i.e. in what subsystem) to find the 
highest frequency of faults and according to that plan for the preventive 
maintenance: 
 

• The time at which the problem is reported 
• Any time lost due to administrative delay 
• The time required to analyse the problem 
• The time required to specify which changes are to be made 
• The time needed to make the change 
• The time needed to test the change 
• The time needed to document the change 

 
Some more useful measures could be: 
 

• The proportion of total change implementation time to total number of 
changes implemented 

• The number of unresolved problems 
• The time spent on unresolved problems 
• The percentage of changes that introduce new faults 
• The number of components modified to implement a change 

 
Pfleeger (2001) means that the above measures can give an illustration of the 
maintenance degree of activity and effectiveness of process. All points above can be 
summarised as external view of maintenance. 
 
Of cause there are also internal attributes affecting maintainability since the more 
complex the code, the more effort required to maintain it. Measures of internal 
attributes to predict maintenance quality could be: 
 

• The cyclomatic number (Pfleeger (2001), defined by McCabe (1976)) is a 
metric that measures the number of linearly independent paths through the 
code. i.e. a measurement of how many independent paths that have to be 
tested to cover all possible paths. If the cyclomatic number gets larger after a 
change in the code, the change should be rethought. For the maintainer this 
number gives an indication of how much there is to understand before 
initiating a change in the code. The cyclomatic number will increase (and 
other complexity measures as well) as the system evolves says a prediction of 
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Lehman’s second law of software evolution (5.6.1 Lehman’s laws). 
• LOC, Lines Of Code is a measure of the size of a component. 
• Number of operators and operands. 
• Depth of nesting. 
• Fan-in and fan-out, metrics for estimating maintenance complexity 

(coupling) by quantifying the interactions between modules. Fan-in is the 
number of modules that call a given module and fan-out is the number of 
modules that are called by a given module. Modules with large fan-in and 
fan-out indicate poor design 

• Classification tree analysis, a statistical technique that can identify probable 
measures that can predict the interface errors that can occur during 
maintenance. 

• Gunning’s Fog Index is a measure for readability of textual products. 
 
More about internal and external attributes is to be found in chapter 6.3 (The 
ISO/IEC quality definition). 
 

5.11 Maintenance techniques and tools 
 
This chapter will illustrate a detailed list of techniques and tools for debugging 
software. Debugging the software is about finding errors in the code and correcting 
them. Debugging is performed in software development and after a change in the 
code (i.e. corrective, adaptive, perfective and preventive maintenance, 5.5 (The 
categories of software maintenance)). Freeman et al. (2002) group the tools and 
techniques of debugging software in development environments as follows: 
 

• Familiarisation; tools to help understanding the source code by analysing it 
statically and without executing the code. This could be as simple as a pen 
and a paper and drawing of the program structure (e.g. flow charts, hierarchy 
charts etc.), listings that describes the program (e.g. metrics systems, 
compilers, linkers etc.). A sophisticated editor or a browser can also be 
helpful in understanding the code (i.e. locating some aspects or generate 
views of historic and dynamic and static information about the source code). 

• Stabilisation; can be an input control in shape of test case input from a file 
(that is reliable and also repeatable) or an interpreter for debugging programs. 

• Localisation; the installation of instrumentation for measuring the results of 
the experiment to find bugs. The instrumentation will find and report the 
bugs. There is a long list of available techniques for localisation of bugs, e.g. 
print statements (simplest and oldest, embedded print statements in the source 
code), snapshot (shows the contents of the structure), allocation logging (a 
routine like macros for dynamic memory allocation), integrity checks 
(instrumentation for monitoring hidden resources that can be violated, a 
pointer pointing at the wrong space), various kinds of breakpoint debuggers 
(interactive control of program execution and support dynamic investigation 
and modification of memory), profilers (reports execution activity 
distribution over code body) etc.,  and also some supporting logging devices 
for hardware. 

• Test evaluation/management; Could be a file comparison tool that 
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highlights differences from prior runs or a macro editor that is configured to 
look for certain kinds of patterns in data. 

• Special problems; for using the tools and techniques when debugging 
software in development environment arise when dealing with embedded 
systems, real-time systems or parallell environments. There is a lot to write 
about this topic, but for this thesis’ objectives the complex special problems 
of this area will not be accounted for.  

 
Automated maintenance tools are a good support for helping to maintain the 
software and to work in an automated environment is essential for the maintenance 
organization. Some examples of automated maintenance tools could be, Pigoski 
(2002), Pfleeger (2001): 
 

• Text editors, preventing errors when duplicating text and tracking the 
changes relative to a baseline (describes the usual or typical result in an 
organisation or category in a measurable way) file stored in a separate file. 

• File comparators compares two files and report the differences. 
• Compilers and linkers checks the code syntax and points out the faults. 

Links the code with the other components needed for running the program. 
Some linkers also note subroutine, library and macro calls and even track the 
version numbers of each of the required components. 

• Automated test tools to assist in regression testing (i.e. the test performed 
after a change, corrections or enhancements in the program). 

• Trouble report/enhancement tracking database to track the efforts of the 
maintenance organisation, if the process is to be improved. 

• Configuration management tools to provide for source code control and 
software library functions. 

• Auditing tools to assist security and auditing functions. 
• Performance monitors to verify that the software product meets 

performance specifications. 
• Source code analysers to provide a graphical view of the source code. 

 

5.12 The maintenance database – keeping track of changes 
 
SCM stands for software configuration management and is about the control of 
software changes throughout the whole software life cycle to ensure correctness and 
completeness of software configuration items according to Pigoski (2002). All 
people involved (customers, developers and users) will make sure that the system 
change (correction or enhancement) is handled and documented correctly. The SCM 
needs automated tools and all relevant documentation should be updated with 
information like: 
 

Synchronization, when was the change made? 
Identification, who made the change? 
Naming, what components of the system were changed? 
Authentication, was the change made correctly? 
Authorization, who authorized the change to be made? 
Routing, who was notified of the change? 
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Cancellation, who can cancel the request for change? 
Delegation, who is responsible for the change? 
Valuation, what is the priority for the change? (Pfleeger (2001), suggested  

  by Cashman and Holt (1980)). 
 
A database is needed to store the maintenance information essential for tracking 
proposed and implemented changes. According to Pigoski (2002) the minimum 
required information in a database for maintenance data is: 
 

• Date of submission (presentation of the change request) 
• Originator (initiator) 
• Type of problem 
• System 
• A one-up annual number (the best annual number) 
• Priority 
• Description of the problem/proposed enhancement 

 

5.13 Summary of chapter 5 
 
This chapter has discussed various aspects that concerns software and software 
maintenance. Firstly the meaning and features of software product and software 
product quality is explained from views of different researches. For this thesis the 
ISO/IEC 9126:2001 identification of software product quality is used. Software 
metrics and measuring software to be able to understand and control the behaviour of 
software is important and a lot of research is going on for the moment. The use of 
quality factors (i.e. correctness, maintainability, efficiency etc.) are varying a bit 
between researchers and one approach is declared to be the foundation for the quality 
standard ISO/IEC 9126 Software engineering – product quality. 
 
A definition of software maintenance reveals a (seemingly) never-ending software 
evolution in past, present and future in the laws of Lehman. The categories of 
software maintenance (corrective, adaptive, perfective, preventive, predictive and 
proactive) are explained and so is the difference of error, fault and failure. Predictive 
and proactive software maintenance appears to be immature, but ripe for research.  
The reasons for causes of software errors are accounted for to give an idea of where 
to find most of the errors. Different types of software systems need maintenance in 
different ways depending on their relation to the real world. 
 
The maintenance cost is high, research shows a maintenance cost of >90% of total 
software cost. Development models and maintenance models exist and introduced 
are ISO/IEC Software engineering – software maintenance as support for further 
discussion. Measuring software maintenance and associated metrics is described on 
the face and a brief introduction to maintenance techniques and tools to give a view 
of the huge area for this thesis. 
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6 ISO 9126 – SOFTWARE PRODUCT QUALITY 
 
This chapter will introduce the standard of ISO that defines software product quality 
in a more or less detailed way. The information extracted from the chosen ISO 
standard (ISO/IEC 9126:2001) will be useful in identifying some characteristics, 
variables, attributes etc. These characteristics are investigated in matter of how ISO 
relates to maintenance of software and if the various characteristics can be used to 
support the mapping of software maintenance to TQMain. 
 

6.1 Software improvement models 
 
Quality systems (or SPI, Software Process Improvement models) like ISO and CMM 
(Capability Maturity Model) and SPICE are for the manufacturing process’ 
correctness and are the most established standards in practice. CMM pays regard to 
that there is a close relationship between the quality of the software product and the 
quality of the software processes. CMM is therefore a model that makes 
organisations devote attention to software process improvement (maturing the 
process) and it will subsequently improve the quality of the product. CMMI 
(Capability Maturity Model Integration) is a model for assessing the ongoing 
improvement in the software development process of an organization, earlier 
mentioned in chapter 5.9 (Software maintenance models) of this thesis. CMMI is 
specifically intended for the assessment of the software development process. 
CMMI helps integrate traditionally separate organisational functions, set process 
improvement goals and priorities, provide guidance for quality processes, and 
provide a point of reference for appraising current processes. The ISO SPICE 
(Software Process Improvement and Capability Determination) standard is the most 
widely used international software process assessment model, O'Regan (2002). 
 
ISO and IEC (the International Electrotechnical Commission) have established a 
joint technical committee; ISO/IEC JTC 1. This joint committee works within 
information technology and the international standard ISO/IEC 9126-1:2001, 
Software engineering – product quality Part 1; Quality model was prepared by this 
committee. This standard is a revision of, and partly replaces its precursor ISO/IEC 
9126:1991, Software product evaluation – Quality characteristics and guidelines for 
their use.  
 

6.2 The ISO/IEC software product quality 
 
The introduction of ISO/IEC 9126-1:2001 implies that “comprehensive specification 
and evaluation of software product quality is a key factor in ensuring adequate 
quality” and that this can be achieved by defining appropriate quality characteristics, 
taking the purpose of usage of the software product into consideration.  
 
The quality of the software product can be evaluated and specified in different ways 
according to ISO/IEC, e.g. acquisition, requirements, development, use, evaluation, 
support, maintenance, quality assurance and audit of software. 
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Quoted from ISO/IEC 9126-1:2001; “The requirements for software product quality 
will generally include assessment criteria for internal quality, external quality and 
quality in use, to meet the needs of developers, maintainers, acquirers and end users.” 
 
In ISO/IEC 9126-1:2001 software product quality can be evaluated by measuring: 
 

• Internal attributes; typically static measures of intermediate products (i.e. a 
product of the software development process that is used as input to another 
stage of the software development process, in some cases it is an end 
product). 

• External attributes; typically by measuring the behaviour of the code when 
executed. 

• Quality in use attributes. Quality in use is defined as; the extent to which a 
product used by specified users meets their needs to achieve specified goals 
with effectiveness, productivity and satisfaction in specified context of use. 

 

6.3 The ISO/IEC quality definition 
 
To achieve quality in use, adequate external behaviour is necessary and to achieve 
adequate external behaviour (i.e. a combination of functionality, reliability, usability 
and efficiency), suitable internal attributes of the software are essential. 
 
ISO/IEC 9126-1:2001 describes a two-part model for software product quality: 
 

• Internal quality and external quality; which specifies six characteristics for 
internal and external quality.  

• Quality in use; which is the combined effect for the user of the six software 
product quality characteristics, specified by four quality in use characteristics. 

 
Quality in use is defined as “the user’s view of the quality of the software product 
when it is used in a specific environment and a specific context of use. It measures 
the extent to which users can achieve their goals in a particular environment, rather 
than measuring the properties of the software itself”. User can be any type of 
intended user (e.g. maintainers) with different requirements, i.e. specific goals with 
effectiveness, productivity, safety, satisfaction and measures of software product 
quality characteristics.  
 
The software quality improvement is in ISO/IEC 9126-1 (clause 5.1 Approaches to 
quality) described as a chain reaction: 
The quality of the process in the software life cycle → helps to improve product 
quality → product quality helps to improve quality in use → → → evaluating quality 
in use → gives feedback to improve a software product → evaluating a software 
product → gives feedback to improve a process. 
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____________________________________________________________________ 
Figure 5. The software quality improvement in ISO/IEC 9126-1. 
 

6.4 Internal and external quality as defined in ISO/IEC 
9126-1 
 

In ISO 9126-1:2001, six characteristics that are further divided into 
subcharacteristics (however not below the level of subcharacteristics) of software 
quality are defined in a quality model. Every characteristic and subcharacteristic can 
be measured by its internal attributes (that determines capability of the software). 
The external attributes of the characteristic and subcharacteristic can also be 
measured (it determines the capability provided by the system containing the 
software). 
 
The characteristics and subcharacteristics provide a consistent terminology for 
software product quality, and are applicable to every kind of software, including 
computer programs and data contained in firmware. The documents of ISO/IEC 
9126-1:2001 does not say anything about how to measure the characteristics and 
subcharacteristics. 
 
In ISO/IEC 9126-1:2001 the definition of a metric is “the defined measurement 
method and the measurement scale”. 
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6.4.1 Functionality 
 
Characteristic;  
The capability of the software product to provide functions, which meet stated and 
implied needs when the software is used under specified conditions. (ISO 9126-
1:2001, 6.1). This is about WHAT software does to fulfil needs (other characteristics 
are more about how and when it fulfil needs). Functionality can be measured 
externally for a system operated by a user.  
 
Subcharacteristic; 

• Suitability: 
The capability of the software product to provide an appropriate set of 
functions for specified tasks and user objectives. (ISO 9126-1:2001, 6.1.1). 
The subcharacteristic suitability affects the subcharacteristic operability. 

• Accuracy: 
The capability of the software product to provide the right or agreed results or 
effects with the needed degree of precision. (ISO 9126-1:2001, 6.1.2)  

• Interoperability: 
The capability of the software product to interact with one or more specified 
systems. (ISO 9126-1:2001, 6.1.3). Not to be confused with replaceability.  

• Security: 
The capability of the software product to protect information and data so that 
unauthorised persons or systems cannot read or modify them and authorised 
persons or systems are not denied access to them. (ISO 9126-1:2001, 6.1.4). 
A quality in use characteristic that also holds for data in transmission.  

• Functionality compliance:  
The capability of the software product to adhere to standards, conventions or 
regulations in laws and similar prescriptions relating to functionality. (ISO 
9126-1:2001, 6.1.5)  

 

6.4.2 Reliability 
 
Characteristic; 
The capability of the software product to maintain a specified level of performance 
when used under specified conditions. (ISO 9126-1:2001, 6.2). Software does not 
wear or age so influence of the reliability comes from faults in requirements, design 
and implementation. 
 

6.4.3 Usability 
 
Characteristic; 
The capability of the software product to be understood learned, used and attractive 
to the user, when used under specified conditions. (ISO 9126-1:2001, 6.3). A user is 
an end user as well as an indirect user (dependant on the software) and usability can 
be affected by functionality, reliability and efficiency. 
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Subcharacteristic; 
• Understandability: 

The capability of the software product to enable the user to understand 
whether the software is suitable, and how it can be used for particular tasks 
and conditions of use. (ISO 9126-1:2001, 6.3.1). This will depend on the 
documentation and first impressions given by the software.  

• Learnability: 
The capability of the software product to enable the user to learn its 
application. (ISO 9126-1:2001, 6.3.2). Suitability for learning is about how to 
formulate a dialogue between the user and the system.  

• Operability: 
The capability of the software product to enable the user to operate and 
control it. (ISO 9126-1:2001, 6.3.3). Operability may be affected by 
suitability, changeability, adaptability and installability.  

• Attractiveness: 
The capability of the software product to be attractive to the user. (ISO 9126-
1:2001, 6.3.4). This could be an attribute like the use of colour and nature of 
the graphical design. 

• Usability compliance: 
The capability of the software product to adhere to standards, conventions, 
style guides or regulations relating to usability. (ISO 9126-1:2001, 6.3.5).  

 

6.4.4 Efficiency 
 
Characteristics; 
The capability of the software product to provide appropriate performance, relative 
to the amount of resources used, under stated conditions. (ISO 9126-1:2001, 6.4).  
Resources can be other software products, the software and hardware configuration 
of the system, and materials (e.g. print paper, floppy disks). 
 
Subcharacteristics; 

• Time behaviour: 
The capability of the software product to provide appropriate response and 
processing times and throughput rates when performing its function, under 
stated conditions. (ISO 9126-1:2001, 6.4.1).  

• Resource utilisation: 
The capability of the software product to use appropriate amounts and types 
of resources when the software performs its function under stated conditions. 
(ISO 9126-1:2001, 6.4.2).  

• Efficiency compliance: 
The capability of the software product to adhere to standards or conventions 
relating to efficiency. (ISO 9126-1:2001, 6.4.3). 

 
 

6.4.5 Maintainability 
 
Characteristics; 



Total Quality Maintenance 
__________________________________________________________________________ 

  36

The capability of the software product to be modified. Modifications may include 
corrections, improvements or adaptation of the software to changes in environment, 
and in requirements and functional specifications. (ISO 9126-1:2001, 6.5)  
Subcharacteristics; 

• Analysability: 
The capability of the software product to be diagnosed for deficiencies or 
causes of failures in the software, or for the parts to be modified to be 
identified. (ISO 9126-1:2001, 6.5.1)  

• Changeability: 
The capability of the software product to enable a specified modification to 
be implemented. (ISO 9126-1:2001, 6.5.2). Implementation includes coding, 
designing and documenting changes and also that if the software is to be 
modified by the end user, changeability may affect operability. 

• Stability: 
The capability of the software product to avoid unexpected effects from 
modifications of the software. (ISO 9126-1:2001, 6.5.3)  

• Testability: 
The capability of the software product to enable modified software to be 
validated. (ISO 9126-1:2001, 6.5.4)  

• Maintainability compliance: 
The capability of the software product to adhere to standards or conventions 
relating to maintainability. (ISO 9126-1:2001, 6.5.5) 

 

6.4.6 Portability 
 
Characteristics; 
The capability of the software product to be transferred from one environment to 
another. (ISO 9126-1:2001, 6.6). Environment may include organisational, hardware 
or software environment.  
 
Subcharacteristics; 

• Adaptability: 
The capability of the software product to be adapted for different specified 
environments without applying actions or means other than those provided 
for this purpose for the software considered. (ISO 9126-1:2001, 6.6.1). 
Adaptability may affect operability if the software is to be adapted by the end 
user. It also includes scalability of internal capacity (e.g. screen fields, tables, 
transaction volumes, report formats, etc.). 

• Installability: 
The capability of the software product to be installed in a specified 
environment. (ISO 9126-1:2001, 6.6.2). Installability can affect the resulting 
suitability and operability if an end user installs the software. 

• Co-existence: 
The capability of the software product to co-exist with other independent 
software in a common environment sharing common resources. (ISO 9126-
1:2001, 6.6.3) 

• Replaceability: 
The capability of the software product to be used in place of another specified 
software product for the same purpose in the same environment. (ISO 9126-
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1:2001, 6.6.4). Replaceability is so important that it has been introduced as a 
subcharacteristic of its own that may include attributes of both installability 
and adaptability. Replaceability is used in place of compatibility in order to 
avoid possible ambiguity with interoperability.  

• Portability compliance: 
The capability of the software product to adhere to standards or conventions 
relating to portability. (ISO 9126-1:2001, 6.6.5)  

 

6.4.7 The ISO/IEC measurement definition 
 
Ways to evaluate measurements according to ISO/IEC 9126-1:2001; 
 

• Direct measurement; is when the measure of an attribute does not depend 
upon a measure of another attribute. 

• Indirect measurement; is when the consequences of the items are measured, 
e.g. a process evaluated by the measures of its products or the product 
evaluated by metrics from quality in use. 

• Early stage; (in development) is when process and resources can be 
measured. The intermediate products (specifications, source code etc.) can be 
measured and with its internal metrics the values of the external metrics can 
be predicted. 

• Evaluation of software products; only faults originating from requirements, 
design or implementation and causing failures will be inspected. 

• Evaluation of the system; to find the failure in the system all parts of the 
system has to be inspected, i.e. hardware, software, human etc. 

 

6.5 Summary of chapter 6 
 
This chapter is the ”glue” between the contents of chapter 5 and 7 in this thesis. The 
reason for that is that the well-known and widely accepted standard (ISO/IEC 
9126:2001) for software product quality is examined to a level where some accepted 
characteristics are identified and described. Those characteristics are then used as a 
good support and as a consistent terminology when the software maintenance (i.e. 
software product quality) and industrial maintenance (i.e. industrial product quality) 
is compared in chapter 8.  
 
ISO/IEC 9126:2001 describes internal quality, external quality and quality in use. 
The software quality improvement model is also described to a certain level. Most of 
the effort in this thesis was put into the investigation of the terminology for software 
product quality, i.e. the characteristics: functionality, reliability, usability, efficiency, 
maintainability and portability. 
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7 TOTAL QUALITY MAINTENANCE 
 
This chapter describes the concept of Total Quality Maintenance. Research and theoretical 
views relevant for the thesis are presented. First I will give a description of industrial 
maintenance basics and terminology. Then the concept of TQMain is explained at a 
conceptual (not technical) level. 

7.1 Industrial product 
 
The meaning of ”software product” was identified in chapter 5.1 (Software product) 
and this chapter starts with an explanation of the corresponding “industrial product”. 

 
 
Galin (2004) describes the features of an industrial product as: 

• Product complexity; could be measured in a few thousand operational 
modes (a combination of different machine settings). 

• Product visibility; defects in industrial products are visible during the 
manufacturing phase (e.g. one part missing from a product is easy to se). 

• Product development and production process; the three phases in 
development and their contribution to detection of defects; 

o Production development; this is where an industrial prototype is 
developed, checked, tested and available for reproduction. 

o Product production planning; in this phase the production process and 
tools are designed and prepared (a new production line) and there is 
an opportunity of detecting defects due to that the product is inspected 
again. 

o Manufacturing; at this phase failures of industrial products can be 
detected due to that quality assurance procedures are applied. 

 
The points above could be put in a relation to corresponding features of software 
products, see 5.1 (Software product). 

 

7.2 Industrial product quality 
 
Opening the book of quality by Bergman and Klefsjö (2001) the first statement 
reaching my eyes is: 
 
“Quality is when the customer comes back and not the product.” 
 
A managing director of a small business stated this. As a customer you make 
judgement not only of the separate product but also of the general picture of the 

Product: “Something that can be offered to the market to satisfy a need or 
wish”, (Kotler and Armstrong, 1996). Historically a product has been identified 
as a physical object, but now also services are included in the concept. 
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experience from the organisation that produce or market the product (Bergman and 
Klefsjö (2001)). Five perspectives of the conception of quality is emphasized: 
 

• Transcendent; comes from Platon’s vision of beauty, that quality can not be 
specified but is something that one will identify when experienced. “Quality 
lies in the eye of the observer”. 

• Based on the product; quality is measurable and precise and determined 
upon measures or characteristics of the product, i.e. an objective, inherent 
characteristic of the product. 

• Based on the user; quality is judged by the customer. 
• Based on the production; is about the compliance of tolerance and 

requirements in the production. It is a matter of technology and that improved 
quality means less cassation. 

• Ad valorem (based on value); quality is defined in relation to expense and 
price, i.e. a high quality product has the desired characteristics at an 
acceptable price or desired performance at an acceptable expense. 

 
The five points above are originally discussed by D.A.Garvin (in the article “What 
does product quality really mean?”) and a brief explanation of the points, to reach the 
very interesting conclusion, was done by Bergman and Klefsjö (2001);  
 
“An organisation can not have one single view of the concept of quality, but various 
approaches are required for various departments of the organisation”. 
 
Bergman and Klefsjö (2001) enumerate eight quality dimensions of a product (i.e. 
industrial product): 

• Reliability; how failures, faults and errors are dealt with. 
• Performance; e.g. speed, effectivity, efficiency, length of life, size. 
• Maintainability; how easy it is to detect, locate and correct a fault. 
• Environment friendliness; how the product affects the environment (e.g. 

exhaust fumes, recyclability) and how the aspect of environment is 
considered during production. 

• Appearance; e.g. design, colour. 
• Correctness; the product should be without faults and defects (at the time of 

purchase). 
• Security; the product must not cause any damage to persons or property, or 

that the product gives a satisfying protection for damage. 
• Durability; that the product can be used, stored and transported without 

deteriorating or being damaged. 
 

7.3 Definition of industrial maintenance 
 
This chapter is devoted to the various terminology and aspects of industrial 
maintenance. A short description of selected theory is given and may come in handy 
for the understanding of this vast area of science through this thesis. 
A failure is defined in the British Standards Institute (maintenance glossary) as; “the 
termination of the ability of an item to perform its required action”, meaning the 
machinery. 
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Maintenance, according to Al-Najjar (1997), is; “the combination of all technical 
and administrative actions, including supervision actions, intended to monitor, 
control and retain an item, machine or process in, or restore it to, a state in which it 
can perform a required function”. This is of cause from an industrial point of view. 
 
The software maintenance aspects were identified in chapter 5.6 (Definition of 
software maintenance) and this chapter starts with an explanation of the 
corresponding “industrial maintenance aspects” as described by Al-Najjar (2001). 
 
Just like software maintenance (and software product quality), deviations in 
industrial product quality can be detected and lead to a need for different approaches 
of maintenance activities on the machinery like: 
 

• Corrective approach; is also called breakdown approach and is when the 
product is manufactured (perhaps also delivered) and then a deviation in 
quality of the product is discovered. Therefore, the product quality problem is 
taken care of after manufacturing, causing big losses for the organisation. 

• Preventive approach; is meanwhile the product is manufactured, quality 
tests are performed according to a time schedule or after a fixed amount of 
produced items. Different charts from various samplings of quality measures 
will show whether the quality of the product is within acceptable limits. The 
cause of the quality deviation will be eliminated earlier than (if compared 
with) corrective approach, Al-Najjar (2001). Preventive maintenance is about 
regular maintenance according to a schedule rather than the machine’s true 
condition that will perform a periodic component replacement according to 
Maintenance resources (internet, 2005-04-17). 

• Predictive approach; is when real-time measurements (CM, Condition 
Monitoring) of the product quality and machine condition is used to detect 
the reasons for deviations in the product quality and machine condition. This 
is done during manufacturing each product and uses the activities required to 
discover and eliminate (in a predictive and proactive manner) quality 
deviation reasons in both product and machinery, as for the TQMain concept 
that could involve an integrated VBM (Vibration Based Maintenance) policy, 
Al-Najjar (2001). This is about detecting the warning signs of damage or 
deviations once they have already begun with techniques like monitoring of 
vibration, heat, alignment etc. 

• Proactive approach; is when the maintenance is concentrating on the causes 
of the deterioration of the machine instead of the symptoms, a micro view of 
the machine damage, getting to the root of the problem. Monitoring and 
correction of failing root causes (e.g., contamination). Proactive maintenance 
is about finding and eliminating the sources of faults, and extend the life for 
the machinery and; 

1) Making repairs when often nothing is broken,  
2) Accommodating failure as routine and normal, and  
3) Preempting crisis failure maintenance  

- all of which are characteristics of the predictive/preventive approach. While 
effective to a certain degree, neither preventive nor predictive maintenance is 
equipped to detect the most common and serious failure reason: In the 
industrial maintenance, contamination seems to be the biggest problem 
according to a very interesting example of industrial proactive maintenance, 
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(Maintenance resources, internet 2005-04-17). Therefore, an implementation 
of a control program (a routine monitoring program) is suggested (e.g. 
lubrication fluids, hydraulic fluids, gear oils, and transmission fluids).  

 
This can be put in comparison with corresponding approaches for software 
maintenance, chapter 5.5 (The categories of software maintenance). In industrial 
maintenance there are distinct concepts as follows: 
 
Failure-Based Replacement Maintenance 
This concept is sometimes called breakdown maintenance. In the Failure-Based 
Replacement Maintenance (FBR) concept, maintenance is not performed while the 
machine is still running. When there is a machine failure, then the maintenance is 
performed. In this maintenance concept there is no information of past, future and 
present machine status. A lot of spare parts and an expert have to be available to be 
able to repair the machine quickly in case of failure. This strategy is to be used when 
the case of machine failure, repair-cost and repair-time is of less concern and no 
other maintenance technique is applicable, Al-Najjar (1997). 
 
Preventive Maintenance 
In Preventive maintenance (PM) a component of the machinery is replaced either on 
predetermined time intervals or at failure. If the predetermined time interval is up, 
the component is replaced even if it still works satisfying. The predetermined time 
intervals can be calculated from calendar time or component running time. Al-Najjar 
(1997) describes that in PM different policies that can be categorised as: 
 

• Calendar time-based replacements 
• Age replacements 
• Block replacements, a set of components are replaced at predetermined time 

intervals and also if one component fails between the planned replacements it 
will be replaced. 

• Inspection-based replacements 
• Opportunistic replacement 

 
Condition Based Maintenance 
Condition-Based Maintenance (CBM) may be a computer-controlled strategy of 
maintenance performed when there is a need for maintenance indicated by the values 
of the parameters in condition monitoring, (Al-Najjar, 1997).  
Temperature, vibration, shock pulse measurement (SPM), pressure and acoustic 
emission are examples of measurements that can present the condition of the 
machine. If the measurements and their patterns are analysed, it will give important 
information of the machine condition, e.g. a potential failure. The predetermined 
parameters will show when an unacceptable vibration level is reached (i.e. just 
before the machine failure). Here comes the good part and I quote Al-Najjar (1997); 
“VBM can also indicate deviation of a product quality early by the early indications 
of the machinery status. Vibration spectral analysis provides a basis for identification 
of failure mechanisms, failure causes and failure modes for most types of faults in 
rotating and reciprocating machines”.  
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Reliability Centred Maintenance 
Reliability-Centred Maintenance (RCM) was originally a method developed for the 
airline industry and later also used in other industries (e.g. process and chemical) to 
plan for maintenance. Failure Mode and Effective Analysis (FMEA, is a structured 
and systematic method for identifying thinkable failure modes and determine their 
effects or consequences) is used to systematically partition a machine and extract 
information about components of a machine construction and identify significant 
components, their failure modes and then select the appropriate maintenance action 
for respective component. In RCM a reliable failure data bank is needed, however 
hard to obtain, as components are usually replaced before failure. 
 
Total Productive Maintenance 
TPM (Total Productive Maintenance) increases maintenance activities without 
increasing the costs. TPM avoids the high costs by involving all functions in creating 
a solution; adequate planning of support requirements for the machines, adequate 
consideration of the reliability of the machines, capability of the relationship of 
maintainability to machine design and good design of logistic support capability. The 
basic goals for TPM are: to prevent the problems, to eliminate the waste and to have 
a collective responsibility (the development work is of everybody’s concern). The 
implementation of TPM is carried out in a few steps; eliminate the six big losses 
(losses due to downtime, speed losses and losses due to defects), develop a 
maintenance program, develop a scheduled maintenance program for the 
maintenance department, increase the skill of maintenance personnel and operators, 
develop an equipment management program, Katila (2000). 
 
I quote Katila (2000) because of his way to place maintenance on a level with 
quality: “it can be said, that the maintenance and the quality are two different 
features of the same issue. So, that the maintenance is long-termed quality control. 
The maintenance is concentrating on the machine, processes and slow trends, 
meanwhile the quality control is dealing with tools, wear-off and the management of 
fast changes”. 
 
By maintenance cost Al-Najjar (1997) means all the costs caused by the 
maintenance policy, e.g. instruments, monitoring systems, personnel, training, data 
gathering, repair, spare parts, storage etc. 

7.4 The fundamental idea and the definition of Total 
Quality Maintenance 

 
The economic advantage of integrating maintenance with the production programme 
into a complete market-oriented system has been given more attention recently as 
well as the importance of using a feedback system (to use for improving the quality), 
(Al-Najjar and Alsyouf (2000a, 2000b), Al-Najjar (1996)). The main objectives of 
Total Quality Maintenance (TQMain) is to assure high quality products or services 
at competitive prices and also to enable the user to maintain and improve the 
technical and economic effectiveness of process elements continuously. TQMain can 
also detect failure causes and potential failures in order to interfere when it is 
possible to arrest or reduce machine deterioration rate before the product 
characteristics are unacceptable and the machinery not able to perform the required 
action. In this section the possibility of the concept of TQMain for continuous 
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improvement, for applying to the software maintenance will be analysed. 
Companies are advised to engage in condition-based maintenance and not only on 
time-based maintenance due to that equipment failure would result in losses or high 
repair costs. Al-Najjar (1997) writes about how it started at a Japanese company, 
Yamagata NEC, who instituted a condition-based maintenance in order to predict 
machinery state and handle problems occurring between two regular inspections in 
time-based maintenance. Everything, except maintenance, is integrated in CIM 
(Computer Integrated Manufacture) and research in international journals on JIT 
(Just In Time), KANBAN and MRPII (Manufacturing Resource Planning) reveals 
almost total absence of maintenance planning. CIM, JIT, KANBAN and MRPII are 
philosophies for production/manufacturing organisation. 
 
TQMain supports not only the machinery but all the elements constituting a 
manufacturing process, e.g. production/operation, environmental condition, 
personnel, methods, material, quality control. Identifying and “eliminating” quality 
deviations and failure causes at early stages, and extensive use of data feedback is the 
suggested methods to achieve continuous improvements and to assure high quality 
products according to Al-Najjar (1996). 
 
Al-Najjar (1996, 2000) motivates maintenance by highlighting some heavy costs for 
industrial maintenance and economic losses due to machine downtime. Total 
Quality Maintenance is a condition based maintenance concept, based on making 
intensive use of real-time data acquisition and analysis to detect causes behind 
deviations in the product quality and machine condition.  
 
That an implementation of TQMain can be carried out easily, if the integration is 
achieved gradually and expanded after each successful extension, is a conviction of 
Al-Najjar (1996). First the backbone activity (i.e. the activity that plays the central 
role in improving the whole process) is identified and then the selection of the 
activities to accomplish the integration can be decided based on the importance, 
criticality and cost-effectiveness impact of each element on the process. For the 
TQMain implementation Al-Najjar describes, vibration-based maintenance as the 
backbone activity, but he also emphasizes that TQMain is not limited to the 
integrated activities in that article (i.e. programs for production/operation, quality 
control, environmental condition, material and operator experience).  
 

7.5 Why apply TQMain? 
 
From studying results in various articles concerning TQMain (e.g. Al-Najjar and 
Alsyouf (2000a), Al-Najjar (1996)) the conclusion of underlying motive for TQMain 
in the industry would be; 
 
“Manufacturing systems become more and more complex and the availability and 
reliability of the manufacturing system is vital. By integrating all parts of the 
manufacturing process (e.g. machine load and speed, operator, costs, quality control, 
environmental conditions etc.) and its data into one database, utilising continuous 
data feedback and VBM, TQMain enhances the performance-efficiency, availability 
and quality rate of the manufacturing system (i.e. the OEE, Overall Equipment 
Effectiveness, explained in 7.6.2 (Maintenance measuring variables)). Most research 
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focus on tool CM, process monitoring, the using of methods (e.g. ANN Artificial 
Neural Networks) to integrate and interpret data from sensors etc. The technical 
aspect is discussed”.  
 
Intelligent techniques are presently being used in manufacturing systems where 
data from various sensors are processed to predict machine tool wear and life.  In 
general gathered information is treated individually and separated from the rest of 
plant IT and according to Al-Najjar (1996), it does not give an accurate result of the 
state of machines, manufacturing processes and product quality. TQMain takes not 
only these factors in to consideration, but also the economic evaluation in to 
consideration and is therefore pioneering work. The TQMain concept implies that the 
assessment of the condition of the machinery could be made better if other 
information than just maintenance is considered. 
 
The TQMain concept applies on manufacturing business and the model for the 
activities is depicted in Figure 6 (Correlation between integrated activities). 
 
____________________________________________________________________ 
 

 
____________________________________________________________________
Figure 6. Correlation between integrated activities, Al-Najjar (1996). 
 

7.5.1 The TQMain difference 
 

Al-Najjar and Alsyouf (2000) also describe what characterises TQMain and 
distinguish it from other maintenance concepts (RCM; Reliability Centred 
Maintenance and TPM; Total Productive Maintenance) and that is the: 
 

• Real-time measurements (of the essential monitoring parameters of the 
machine condition and manufacturing process, technical and economical 
data) saved and continuously updated in a common database. 
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• Proactive maintenance, which means to intensively use the real-time data to 
analyse and detect causes for deviations in product quality and machine 
condition, and also to track the development of damages at an early stage. 

• Continuous cyclic improvement, meaning that consulting and comparing 
the database history with the new data the maintenance policy could be 
improved (suggested here is VBM; Vibration Based Maintenance, a 
condition-based maintenance). 

 
VBM (Vibration Based Maintenance) is used in industrial maintenance as a means 
for data gathering about the machine condition. This is a CBM (Condition Based 
Maintenance) that can identify failure causes, modes and mechanisms. The quality of 
the industrial product and the condition of the machinery and tools are in close 
relation and therefore if deviations in measurements of either one of them are 
detected, maintenance can be carried out on time. This is predictive and proactive 
maintenance and is a characteristic for TQMain. 

 

7.5.2 The TQMain model 
 

The concept of TQMain is founded on the PDCA-cycle (Plan-Do-Check-Act) also 
called the Shewhart cycle or the Deming cycle, which is a continuous quality 
improvement model with a logical sequence of four repetitive steps for continuous 
improvement and learning, meaning that one should act as soon as failure is detected 
or before; when significant deviations in the condition-based indications are 
observed) and the leading idea is to monitor all elements that participates in the 
manufacturing process (machine condition as well as personnel and methods etc.). 
The model demonstrates suggested elements to be monitored for the manufacturing 
process. 
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____________________________________________________________________      
Figure 7. The TQMain model. 
 
 
In TQMain one fundamental issue is to realize that the ability to manufacture items 
within specified tolerances or other quality limits, depends on several factors rather 
than only machinery condition. Al-Najjar (1997) summarises the basic elements of 
the manufacturing process as: 
 

• Manufacturing machines 
• Monitoring and maintenance policy 
• Environmental condition 
• Operating and maintenance staff 
• Manufacturing methods and procedures 
• Quality control methods and procedures 
• Material 
• Managerial functions such as spare parts stores 
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• Purchasing and marketing 
• Service such as lubrication and screw tightening 
 

Those basic elements of the manufacturing process (see Figure 7 (The TQMain 
model)) indicate the condition of the process, i.e. the machinery and therefore also 
the quality of the product. 
 
. 
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7.5.3 The TQMain database 
 
 

_________________________________________________________________________ 
Figure 8. An example of data exchange between process elements, Al-Najjar (2001). 
 
 
A common database can be utilised to identify the actual reasons behind damage 
initiation and development and to avoid their recurrence, e.g.; 
 

• The usual operation 
• Repair quality 
• Replacement quality 
• Operator’s misuse 
• Faulty design in the machine 
• Harsh operating conditions 
• Harsh environment conditions 
• Replaced component quality, (Al-Najjar (2001)). 
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Al-Najjar (1996) also implies that maintenance is getting more attention lately by 
integrating it with the production programme and into a complete market-
oriented system and make use of a feedback-system in order to improve productivity, 
quality, reliability, designs etc. He emphasizes the importance of data acquisition 
and a well working analysis system for the data that is intended for the common 
database. He also highlights that the collected data will be gathered (from various 
departments) in the database without duplication and without someone erasing or 
changing the data by mistake. The example he points out is depicted in Figure 8 (An 
example of data exchange between process elements) showing how a program for 
condition-based maintenance is integrated and also for operation/production, quality 
control and environmental control. 
 

7.6 Measuring maintenance characteristics 
 

If the product characteristics as well as the process elements are monitored, the 
process state can be evaluated. Technical and statistical analysis is very useful and 
effective in order to identify the failure causes and their frequencies. The 
identified frequencies can then be used to monitor the machine condition and product 
quality and accordingly the element causing the failure, says Al-Najjar (1997). By an 
appropriate selection of manufacturing process elements (see figure 7 (The TQMain 
model)) the best product quality can be distinguished. All elements that are 
participating or influences the manufacturing process should be monitored. 
 
TQMain is originally a concept developed for industrial manufacturing systems, the 
focus of monitoring can be on one or more of; 
 

• The tool (state of wear, cooling) 
• Product (geometry and dimensions, surface features and roughness, 

tolerances, metallurgical damage) 
• Machine (performance and/or condition monitoring by using for example 

temperature, acoustic emission and vibration) 
• The process itself (chip formation, temperature, energy consumption) 
 

7.6.1 Data/information for continuous improvement 
 

Al-Najjar and Alsyouf (2000) implies that in order to accomplish continuous 
improvements (for high quality products) in manufacturing industries, extensive use 
of data feedback is necessary. It would help and benefit the user if getting reliable 
data (information) on: 
 

1. Detection of deviations in the state of a tool, component, machine, process, 
production, production cost and product quality at an early stage. This can 
reduce (or arrest) the speed of damage development. 

2. The level (vibration level) at which it is most cost-effective to change 
components suffering from deterioration. 

3. The deterioration rate that is acceptable for not causing any unexpected 
failures during lead-time (the time between detecting a potential fault and 
action to repair it). 
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4. Detection of potential failures and prediction of remaining useful working 
life. 

5. The condition-dependent failure rate of the component during the lead-time. 
6. Identification of failure mechanisms, failure causes and failure modes. The 

accuracy of prognosis and diagnosis can be improved. 
 

7.6.2 Maintenance measuring variables 
 
To highlight the difference between software and industrial maintenance measuring 
variables, a few methods are mentioned. Just as an example of monitoring methods 
in the industry, explained in Al-Najjar and Alsyouf (2000a). Direct monitoring 
methods can be sensing techniques, e.g.; 
 

• Optical measuring technique. 
• Radioactive measuring technique. 
• Proximity sensors measuring technique. 
• Electrical resistance measuring technique. 

 
Indirect monitoring methods (used by the majority of techniques) can be used for 
on-line measurements, e.g. cutting forces, acoustic emission, temperature, vibration, 
spindle motor current, power, surface finish, cutting condition, torque, strain and 
snapshot images of the cutting tool. 
 
Al-Najjar (1996) declares that the required information (e.g. environmental 
conditions, true rpm, quality control data etc. for a vibration-based program) either is 
available in other programs in the plant, however not easily accessible, or can be 
collected. In many cases data are collected and stored at considerable expense, but 
never used, or discarded automatically and routinely before useful analysis has been 
done. Therefore, a database for a wider range of information is required for effective 
diagnosis and prognosis of machinery condition. 

 
In TPM (Total Productive Maintenance), the effectiveness of the maintenance is 
measured by OEE (Overall Equipment Effectiveness). OEE is the availability 
(including preventive down time), speed (actual production rate / theoretical 
production rate) and quality (1-proportion defective). 
 
In TQMain Al-Najjar uses a modified version of OEE (Overall Equipment 
Effectiveness) called OPE (Overall Process Effectiveness). OPE is an expanded 
version of OEE and calculates over a whole process and not only a single machine. 
The OPE might be different for one machine in different processes. As Sherwin 
(2000) puts it: ”the OPE measure relates to the machinery system’s capability to 
make the product or provide the service rather than just the properties of individual 
machines”. Now it gets complex:  
 
OPE = {1- #Stoppages / Repair time * Loading time} * {1- (#Minor stoppages / 
Minor repair rate + Time lost to reduced speed operation) / Operating time} * {1- 
(defectives made just after stoppages + defectives made when process was in control 
+ defectives due to assignable QC causes) / Total # made}. 
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Savings can be evaluated by e.g. reduction in downtime, saving in spare part 
consumption and reduction in the capital investment, or by availability, 
manufacturing cycle time, production rate and quality rate, which are measures that 
are more technical. Al-Najjar (2001) claims that a common database is essential 
when data from the various plant activities will be collected and analysed. This will 
ease the identification and elimination of both product quality deviations and 
failure causes at an early stage and keep the quality within its specified limits for 
longer and in more time to plan the eventual repairs. He suggests CM (Condition 
Monitoring) to get information about the failure behaviour. Al-Najjar specifically 
highlights VBM (Vibration Based Monitoring) parameters, that according to his 
research (1997), has a relationship with quality and has been used (in some cases) to 
control product quality. 
 

7.7 Summary of chapter 7 
 
A thorough investigation and declaration of industrial maintenance is performed in 
this chapter. All aspects are not covered, for obvious reasons the techniques and tools 
cannot be explored and besides, it is not relevant for this thesis.  
 
Firstly the meaning and features of industrial product and industrial product quality 
is explained. Then the quality dimensions of industrial products are declared, which 
will be used for comparison with corresponding quality characteristics in software 
product quality. The industrial maintenance is more advanced in the area of 
predictive and proactive maintenance than software maintenance, but the evolution 
of industry has been going on for a much longer time than software maintenance. 
The same terms for maintenance approach as in software maintenance are used: 
corrective, preventive, predictive, proactive and breakdown approach. Compared to 
software maintenance the additional approach is breakdown and missing approaches 
are adaptive and perfective. 
 
To get a grasp of industrial maintenance concepts and put TQMain into its original 
environment, some industrial maintenance concepts are accounted for: Break Down 
Maintenance, FBR, PM, CBM, RCM and TPM. They all have good features and 
some include activities from the organisation (plant). However, these concepts are 
compared with TQMain and clearly, features like real-time measurements of 
important parameters, proactive maintenance, a continuous cyclic improvement and 
an economic evaluation of maintenance are what distinguish TQMain from other 
maintenance concepts. 
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8 ANALYSIS AND DISCUSSION 
 
In this chapter the analysis of the theories described in chapter 5, 6 and 7 will be 
presented and discussed. The analysis and discussion is supposed to clarify the 
purpose of this thesis and lead to a conclusion that will be presented in chapter 9. 

 

8.1 Introduction to the analysis 
 
I am conscious of the fact that the areas are different and that they may not be 
directly comparable. Therefore, to be able to make a comparison that treats 
equivalent areas in TQMain (a concept for industrial maintenance) and software 
maintenance, the following steps where considered: 
 
Industrial maintenance: 
(1) Machines are manufactured/produced and organised (production line) → (2) 
machines in operation are manufacturing products → (3) machines deteriorate and 
generate vibrations etc. → (4) deterioration leads to need for maintenance of 
machinery for reasons like: 
 

• Corrective approach (correct product quality after delivery) 
• Preventive approach (to prevent product quality deviations while still in 

production by taking test samples) 
• Predictive approach (to predict, discover and eliminate product quality 

deviations while the item is still in production)  
 

Software maintenance: 
(1) Software development when the software is developed/produced → (2) software 
in operation provides services for the user → (3) the need for maintenance activities 
on the software for reasons like: 
 

• Corrective (correct faults/bugs in software systems)  
• Perfective (improve software systems) 
• Adaptive (adapt software systems to new technology) 
• Preventive (preventive maintenance to avoid failure in software system) 

 
To be able to compare maintenance activities in TQMain (having maintenance in 
step 4, concerning the machines that produce/manufacture the quality products) with 
the maintenance activities in software (having maintenance in step 3, not concerning 
the process that produces/develops the software but the software in operation) two 
different levels have to be studied.  
 

8.2 Software maintenance versus industrial maintenance 
 
Maintenance will always be necessary because of damage and defect initiation. The 
eight laws of Lehman’s (i.e. Lehman’s laws of software evolution) are interesting in 
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the aspect of time. If a period of 20 years of research in the past results in laws that 
describe that software system will change in various ways, the software systems will 
very likely continue to change in the future, even if new development approaches 
(prototyping, incremental etc.) are used. One thing is for sure, and that is that 
software system requirements and/or its environment will change continually (e.g. E-
system) over time and are subject to maintenance. A built-in concept for maintaining 
these systems to accommodate change would be desirable. 
 
A concept for maintenance on machinery is compared with maintenance on 
software, both delivers quality products; 
 

• Machines delivers quality products and 
• Software delivers service in the shape of data and information handling 

beneficial to the company. 
 
In industrial maintenance it was said that maintenance is a long-termed quality 
control (machine, processes and trends) and the quality control is dealing with tools, 
wear-off and management of fast changes. 
 
A pertinent description of software maintenance is “Any work done to change the 
system after it is in operation”. User knowledge, as well as knowledge of the system 
must also be maintained. 
 
Software itself (i.e. the code) does not wear out or deteriorate as machinery and tools 
do. Software evolution is faster than the evolution of machinery. Software is ageing 
faster than machinery, but that has to do with the evolution and not the software 
itself. Software ageing and machinery ageing is not comparable. Techniques and 
knowledge of maintenance of machinery has evolved over a considerably longer 
period of time than software maintenance. Presently software evolution is faster than 
machinery evolution and judging from research on software maintenance, it is still 
escalating in cost and research efforts. Software maintenance evolution needs a faster 
reaction to keep pace with the software evolution. Software products of two types 
described in chapter 5.1 (Software product) -generic products and special products, 
do age as a consequence of frequent changes. Associated with maintenance are 
different types of ageing like: 
 
 Software Machinery 
Product Software product ageing – 

degradation in code and 
documentation 

Producing bad quality products –  
Means that the machinery and tools 
are deteriorated 

Process Software process execution ageing 
– degradation in performance 

The machine deteriorates – 
producing bad quality products 

Table 4. Types of ageing. 
 
There are a lot of automated software maintenance tools for software maintenance, 
e.g. Configuration Management-tools, text editors, compilers etc. The techniques and 
tools for industrial maintenance are obviously not the same. Techniques and tools 
from the different areas can thus not be directly compared but the product quality 
characteristics can to some extent, i.e. the internal attributes (internal quality) of 
software product and industrial product. 
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Chapter 5.6.3 (The nine causes of software errors) provides an interesting foundation 
for discussion. If the causes of the software errors are known, that is a good 
starting point for maintenance concepts to be able to pick desired measurements. 
The causes of software errors include: faulty requirements, communication failures 
(the human factor), developer not stick to the requirements specification, logical 
design errors (i.e. algorithms), coding errors, variations in coding and documentation 
standards, shortage of testing the software, the wrong order of process execution and 
finally errors in documentation. 
 
In TQMain other information than just maintenance is considered, e.g. the economic 
evaluation is also considered, as well as personnel, quality control and methods etc. 
To integrate maintenance into the complete market-oriented system and use a data 
feedback system is proven to result in an economic advantage for the industrial 
organisation. The approach is condition-based maintenance, meaning that a slight 
change of the machine condition can lead to that a potential failure is discovered. 
 
The software maintenance costs are still going up. Research results present that 
about 90% of total software costs are dedicated to maintenance (see Table 3 
(Proportional software maintenance costs for its supplier)). That should motivate for 
a new software maintenance concept that will not only take corrective, perfective, 
adaptive and preventive maintenance into consideration, but also predictive and 
proactive maintenance and economy, by using real-time measurements and 
continuously cyclic improvement. I am suggesting the concept of Total Quality 
Maintenance. 
 

8.3 Software product quality versus industrial product 
quality 

 
From facts presented in section 5 (Software maintenance) and 7 (TQMain) of this 
thesis the basic differences of the product of the two (completely different) fields; 
software and industry, can be summarized as: 
 

• The product complexity is higher in software products – industrial products 
are less complex.  

• The defects of software products are invisible – the defects of industrial 
products are visible.  

• The product development and production process are different whereas 
defects in software products can only be detected in the development phase 
(out of the three phases; product development, product production planning 
and product manufacturing) - defects in industrial products can be detected in 
all phases. 

 
The above statements are describing the development phase. This statement by Galin 
(2004) is contradictory to what this thesis claims concerning maintenance during the 
entire life cycle of the system. The way it could be interpreted is though that it is 
dealing with the production process (i.e. development and copying of the software) 
and not the maintenance phase when the software is executed. 
 



Total Quality Maintenance 
__________________________________________________________________________ 

  55

It can be said about both software product and industrial product that good 
internal structure leads to good external quality, meaning that the internal 
structure has internal attributes that can be measured and demonstrate the external 
quality. Good external software product quality could be a more reliable and 
maintainable code and good external industrial product quality could be a good 
machinery condition (and therefore a good product).  
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During the pre-delivery phase (i.e. at an early stage of the software life cycle) in 
software maintenance, plans and procedures for maintenance are established. In the 
post-delivery phase the maintainer will try to understand and solve a problem, run 
some tests of the modification of the software, use pre-defined supporting processes 
(e.g. ISO/IEC standards) to make sure that the software product is correct. The 
supporting processes are quality assurance, verification (are we building the system 
in the correct way?) and validation (are we building the correct system?). 
 
____________________________________________________________________ 

 
____________________________________________________________________ 
Figure 9. TQMain analyse. 
 
 
The concept of TQMain is in this thesis divided and analysed to areas as depicted in 
Figure 9 (TQMain analyse). Rectangle number 1 demonstrates that in TQMain all 
the basic elements of the manufacturing process are considered. In rectangle 
number 2 and 3 the data gathered in rectangle number 4 is analysed and calculated 
and deviations and failure causes in product quality and process quality (i.e. 
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machinery and tools) are identified. The product characteristics as well as the process 
characteristics are measured and evaluated. TQMain makes intensive use of real-time 
data and a DSS (Decision Support System) like an expert system will then suggest 
how to make an improvement and provide data feedback to the manufacturing 
process to realize the improvements. Technical and statistical analyses are useful 
methods to identify the failure causes and their frequencies. This takes place in the 
rectangle number 5 and then it starts all over again from the rectangle number 1 
for continuous improvements of quality in products and machinery. Rectangle 
number 6 is the common database for data from all plant programs. 
 
What distinguish TQMain from other maintenance concepts are the underlined 
terms from the paragraph above: 
 

• Real-time data; to use for analysing and detecting causes for deviations in 
product quality and machine condition, and to track the development of 
damages at an early stage, i.e. proactive maintenance  

• Continuous improvements; a cyclic method for never-ending improvements 
of the maintenance policy by comparing data from real-time measures with 
data from the database, i.e. continuous cyclic improvements. 

• Common database; this is the place to store the real-time data from all 
measured elements, saved and updated continuously without duplication and 
risk for anyone changing it, a common database. 

 
The three circles in the model of TQMain, Figure 9 (TQMain analyse), are a wider 
perspective of the fundamental theory of TQMain, the PDCA-cycle. It shows the 
continuous cyclic improvement of quality, plan and do is the manufacturing process 
with chosen data to be gathered. Test and check is the result of data gathered from 
product quality and process quality measures. The data is analysed and calculated 
and in the last blue circle, act, the improvement suggestion is carried out to the 
manufacturing process. 
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The flow of information  
The data flow from the data quality “area” is depicted as four different arrows (i.e. 
flow of information). This part is extracted below from the TQMain model (Figure 9, 
TQMain analyse): 
__________________________________________________________________ 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
__________________________________________________________________ 
Figure 10. A closer analyse of TQMain. 
 

1) The data about process elements leads to the common database. 
2) Characteristics (data) of the product and process that also leads to the 

common database. 
3) Characteristics (data) of the product and process that leads to some analyse 

and calculations of the best distribution of quality taking time and process 
elements into account. 

4) Again, characteristics (data) of the product and process leads to analyse and 
identification of causes behind deviations in quality. 

 
TQMain and in particular the rectangle surrounding the blocks of “Measurements 
and information” and “Statistical process control”(see Figure 10 (A closer analyse of 
TQMain)), gives an idea of the kernel of TQMain and a good starting point for 
investigating TQMain versus software maintenance: 
 

 

1 2
3

4

 
The quality of industrial products and the quality of service given by 

software in use. 
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A chain reaction of improving software product quality was described in a 
similar, cyclic way to the TQMain model (see Figure 9 (TQMain analyse)) in 
ISO/IEC 9126-1:2001; 
 
The quality of the process (i.e. execution of the software) in the software life cycle 
helps to improve the software product quality, if the quality of the process is good 
that is. Software product quality helps to improve quality in use (i.e. effectiveness, 
productivity and satisfaction). Evaluating quality in use gives feedback to improve 
the software product and evaluating a software product gives feedback to improve a 
process. Now, we are back to where we started and at first glance it seems very 
similar to TQMain. But, TQMain will have the extension of doing all this in a 
proactive way by using organisation-wide data and real-time measurements that are 
saved to the common database and continuously consulted and compared. This is 
what distinguishes TQMain from existing software maintenance concepts. 
 
Data sources for 
software 
maintenance 
 
 
 

Software quality 
improvement 
according to 
ISO/IEC 
9126:2001 

Industrial quality 
improvement 
according to 
TQMain 

Data sources for 
TQMain 
 

 The software 
product quality is 
improved 

 Product quality 
helps to improve 
quality in use. 

Quality in use: 
Effectiveness, 
productivity, 
satisfaction. 

Evaluation of 
quality in use 

5 The failure 
causes and 
frequencies are 
identified. A 
technical and 
statistical analysis 
together with DSS 
and R-T data 
suggests how to 
make 
improvement. 

Real-time data 
and historical 
data are compared. 
Data are analysed 
and assessed and a 
solution is 
suggested. 

 Feedback from 
quality in use helps 
to improve 
software product 

4 All data is 
gathered from 
product 
characteristics and 
process 
characteristics. 

Data about 
product and 
process to the 
database and to 
assess and 
analyse. 

Product quality: 
Functionality, 
reliability, 
usability, 
efficiency, 
maintainability, 
portability. 

Evaluation of the 
software product 

2 & 3 analyse and 
calculation of data. 
Evaluation of 
industrial product 
and process 
quality. Deviations 
and failure causes 
in product quality 
and process quality 
are identified. 

Product quality: 
Reliability, 
maintainability, 
performance, 
environment 
friendliness, 
appearance, 
correctness, 
security, durability.
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 Feedback from the 
software product 
helps to improve 
the process 

 The process of 
software lifecycle 
produce quality 
product, i.e. 
service 

1 Basic quality 
elements of the 
manufacturing 
process are 
monitored and 
measured. 

Data about process 
elements. Input 
data from the 
database, 
production and 
organisation. 

Table 5. Comparing cyclic improvement in TQMain and ISO/IEC 9126:2001. 
 
Analysing the cyclic model of TQMain with the cyclic software quality improvement 
as described in ISO/IEC 9126:2001, TQMain appears to take more data into 
consideration when performing maintenance and maintaining a good quality 
product. Both models in Table 5 have a cyclic improvement methodology, but 
TQMain also compares real-time measurements with historical data and enables 
detection of trends and deviations in real time. It also acts on the causes of deviation 
initiation and not just failures. The right column of Table 5 (data sources for 
TQMain) reveals an extensive gathering of organisation-wide data compared with 
the left column (data sources for software maintenance) for software quality 
improvement. 

8.4 ISO/IEC quality characteristics versus industrial 
quality dimensions 

 
ISO/IEC 9126:2001 emphasise the importance of internal attributes, external 
attributes and quality in use attributes when software product quality is to be 
evaluated. The internal attributes are static measures from an intermediate product 
or an end product. External attributes are measures from the behaviour of the code 
when executed. Finally the quality in use attributes are measures of effectiveness, 
productivity and satisfaction when software product is used in its intended 
environment. The external behaviour is defined by a combination of functionality, 
reliability, usability and efficiency to get a measure of quality in use. The internal 
quality and external quality is specified by six characteristics; functionality, 
reliability, usability, efficiency, maintainability and portability. In ISO/IEC 
9126:2001 the given metrics to measure the internal attributes are not complete. It 
is more of a recommendation and the user of the standard may add, omit or modify 
metrics. The six characteristics of software quality are divided in several 
subcharacteristics. 
 
As for measures in the industrial maintenance, they are obviously not the same as 
for software maintenance. Attributes for measuring products in the industry could be 
dimensions and tolerances etc. Processes can be measured by temperature and 
energy consumption etc. Vibrations (CM) are a frequently mentioned measure for 
predicting when the most cost-effective level is for changing a component (i.e. just 
before a failure and before defect products are produced).  
 
The data needed for quality measurements in both software product and industrial 
product are already collected (perhaps not all data but enough to give a rough 
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measurement) routinely and not causing project overheads or need for extra 
resources. 
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In table 6 (Comparison of quality characteristics), the characteristics of product 
quality (software and industrial respectively) are compared in a way that is easy to 
grasp. This general picture does not provide the solution of the implementation of 
TQMain on software maintenance. The techniques and tools from the two areas 
(software product and industrial product) cannot be compared, the quality 
characteristics can to some extent. Take a look: 
 

Terms of Quality  Explanation in 
industrial products 

Explanation in 
software products  

Functionality  
Product provide functions 
stated in requirements and 
also implied needs 

Reliability How failures, faults and 
errors are dealt with 

Product maintain specified 
level of performance 

Usability  
Product is understood, 
learned, used and attractive 
to the user 

Efficiency  
Product provide appropriate 
performance relatively the 
amount of resources used 

Maintainability A measure of how easy it is 
to detect and correct a fault  

Capability of product to 
perform corrections, 
improvements and 
adaptations  

Portability  
Capability of product to be 
transferred between 
different environments 

Performance Product effectivity, 
efficiency, useful life etc. 

Software has this in 
efficiency and reliability 

Environment 
friendliness 

Product influence (e.g. 
pollution) on environment 

Code will hardly pollute the 
air…hrm. 

Appearance Product design, colour etc. Software is invisible 

Correctness Product without faults and 
defects 

Software has this in 
maintainability, efficiency, 
reliability and functionality 

Security Product not cause damage 
to person or property 

Software is not likely to 
cause this kind of physical 
damage but the “security” 
subcharacteristic exists (i.e. 
to protect data integrity) 

Durability 
Product can be used, stored 
and transported without 
deteriorating 

Software does not 
deteriorate 

  Table 6. Comparison of quality characteristics. 
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Within some of the characteristics for software product quality, there are some 
subcharacteristics. The subcharacteristics might be one or more of the characteristics.  

8.5 Predictive and proactive maintenance 
 
Maintenance categories that are used in software: 
Predictive maintenance is described as a condition-based form of maintenance, 
monitoring symptomatic conditions. In software if trends and symptoms of faults are 
analysed, a correction might be performed and the fault can be eliminated before it 
becomes a failure.  
Proactive maintenance is about detecting and corrective actions aimed at he sources 
of failure. Software is being stopped at intervals to cleaning its internal state and then 
restarted. 
 
Maintenance categories that are used in industry: 
A predictive approach is when measurements detect a fault before it becomes a 
failure and the reason for deviations in product and process quality is discovered and 
eliminated.  
The proactive approach is when the maintenance is concentrating on the causes of 
the wear of the machine and getting to the root of the problem instead of the 
symptoms. Proactive maintenance is about finding and eliminating the sources of 
faults, and extending the life of the machinery and also to make repairs when often 
nothing is broken. 
 
Corrective and perfective software maintenance is more frequent than adaptive and 
preventive maintenance, but research claims that a bigger portion of preventive 
maintenance could improve the economical aspect. Scheduled software 
maintenance and software rejuvenation has been suggested as a cost-effective way 
to implement preventive maintenance presently because it prevents or at least 
postpones the occurrence of failures, Kajko-Mattsson (2001). I believe that if a 
bigger portion of effort is put into predictive software maintenance (and even one 
step further to proactive software maintenance), the other maintenance activities will 
decrease. Using the concept of TQMain and continuously save valuable real-time 
data, analysing and consulting database history would support the maintainer to 
understand patterns in software behaviour.  
 
Improving the maintainability is one method to fight the software ageing. 
Maintainability is a characteristic of preventive maintenance that deals with 
reengineering, restructuring and redocumentation. It is a predelivery activity. 
 
Existing models for software maintenance include activities performed in the 
maintenance process and flow of information between processes. Some models 
include the organisation or people involved and some include the predelivery 
activities, e.g. object-oriented, structured and software reuse techniques to build the 
maintenance into the system as a method for preventive maintenance. One model 
investigated for this thesis evaluated the risks (i.e. unknown problems). The risk 
management is explained to be closely related to preventive maintenance. By its 
continuous cyclic improvement strategy, TQMain can predict when to maintain the 
software in a predictive and proactive means.  
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If the software complexity and increasing size (from frequent changes) could be 
easier understood by the maintainers, it would save time and effort and the software 
architecture would remain well structured. A common database to save and 
continuously update the data from all measured elements, updated meaning 
improving process and product data by analyse and calculations. These are the 
subjects that distinguish TQMain as a predictive maintenance concept different from 
other maintenance concepts.  
  
The quality of the software product has to be measured and compared to be able to 
make predictions about future projects. It takes about three years to gather and 
analyse data from software maintenance projects to be able to use the data 
successfully in future projects to predict e.g. size of system, software structure and 
reliability. There is not a lot of research on predictive maintenance on software and 
definitely not a lot of research done on proactive software maintenance (I cover 
myself against what I don’t know and what I did not find during this thesis). 
 
____________________________________________________________________ 

____________________________________________________________________
Figure 11. The concept of TQMain on software maintenance. 
 
Figure 11 depicts a conceptual outline of TQMain applied on software maintenance. 
It is not a complete specification but uses the terminology from this thesis. The 
“quality product” (dashed line) is extracted from “software in operation” and 
represents the quality of the service given by software in operation. 
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9 CONCLUSIONS 
 
This chapter summarises the conclusions drawn from the analysis sections. 
 
To make the conclusion well agreed with the questions introduced to be answered, 
hereby, the problem discussion is brought here from the introduction. 
 

 
Trying to understand the software is challenging for the software maintainer. It takes 
time and effort. Other well-known and widely accepted concepts for software 
maintenance or software development models with built in maintenance exist. They 
do, however lack the ability to accomplish a predictive and proactive maintenance. 
Using the maintenance concept of TQMain and continuously monitoring and saving 
valuable real-time data in a common database, not duplicated or risking a mistake 
like erasing or changing valuable data. Analysing and consulting database history 
would support the maintainer in understanding patterns in software and its behaviour.  
 
Internal and external attributes are measured and evaluated when a measure of 
quality is desirable. This applies to the maintenance model of ISO/IEC as well as 
TQMain. 
 
Preventive maintenance is performed on a scheduled basis and deals with 
reengineering, restructuring and redocumentation. 
 
Since predictive maintenance is about finding the faults before they become 
failures, the real-time measurements of various attributes, saved and continuously 
updated in a common database for a continuous cyclic improvement would improve 
the maintenance policy for software maintenance. The predictive aspects are in 
consulting and comparing the database history with the new data, discover patterns 
using a decision support system, just like TQMain accomplish. Since TQMain also 
takes economical and organisational aspects in to the calculation, economical 
efficiency (concerning software maintenance) that is important for the organisation 
can be predicted. 
 
Proactive maintenance is getting a lot of attention in the industrial maintenance. In 
software maintenance it is still a premature area of research. Only one technique was 
suggested in the literature review, rejuvenation. Rejuvenation will however cause 
some overhead because the software in operation is stopped at intervals, the internal 
state cleaned and then restarted. Proactive maintenance can be carried out with 
support from TQMain by intensively using real-time data to analyse and detect 
causes for faults in software product quality and also to track the development of 
failures at an early stage during operation, i.e. without generating unavailability of 
the software and maybe the whole production process using the software. The 

Problem discussion 
 
Will TQMain provide a solution for software maintenance with respect to 
preventive, predictive and proactive maintenance? 
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continuous cyclic improvement of the measures will be saved and continuously 
updated in a common database to be used for comparing the new data with the 
database history. 
 
If the quality of the software is planned for during the predelivery phase, using 
available techniques like object-oriented, structured programming and software 
reuse, debugging tools, measuring various software metrics and organisational 
measures (e.g. personnel and economy) and save all data to the common database it 
would provide a basis for the continuous cyclic improvement. Then, new data from 
an ever changing software system (like an E-system type of system) will be 
continuously gathered, analysed and compared with the data history in the 
common database. 
 
Techniques and tools for software maintenance exist (e.g. risk management and 
object-orientation), a lot of basic reasons for various faults are identified, and a lot of 
research on software metrics is going on for the time being… all of it waiting for to 
be used in the concept of TQMain. 
 
 

 
 
The implementation of TQMain can be performed gradually, e.g. starting with the 
static measures of the internal attributes that identify the quality of the software (i.e. 
the backbone activity) and continue to expand with measures of economy etc. 
Maintaining the quality is the kernel of TQMain, in the industry that is product 
quality as well as process quality, in software it is the software product quality, i.e. 
program, procedures and documentation. 
 
The characteristics of industrial quality and software quality are obviously not the 
same. As for software quality (according to the well known and widely accepted 
standard ISO/IEC 9126:2001) the six characteristics are; functionality, reliability, 
usability, efficiency, maintainability and portability. For the industrial quality the 
characteristics are the eight quality dimensions; reliability, performance, 
maintainability, environment friendliness, appearance, correctness, security and 
durability. Comparing the software and industrial quality characteristics would then 
show that reliability and maintainability are the only two that are the same. Further 
studies indicate that software quality characteristics have some subcharacteristics. 
Some of the subcharacteristics can be derived from other characteristics within 
software quality characteristics and some are stand-alone subcharacteristics. The 
stand-alone subcharacteristics are sometimes the same as characteristics of industrial 
quality characteristics (e.g. the industrial characteristic “performance” is a 
subcharacteristic in the software characteristic “efficiency”) 
Investigating the flow of data and information in the model of TQMain it shows that 
data and information about the process elements (i.e. various measures of personnel, 

Problem discussion 
 
Is the concept of TQMain applicable to software maintenance with respect to the 
conceptual outline? 
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material, methods etc.) flows to the common database – that would correspond to the 
characteristics (factors) for internal (input from the database), external and quality in 
use attributes in software. Various data and information of the industrial product (i.e. 
the quality characteristics of the industrial product) flows directly to the database – 
that would correspond to the quality characteristics of the software product. The 
same data and information also goes through analyse and calculation of the 
distribution of quality, i.e. by using a decision support system.  The new values then 
flow to the common database.  
 
 

 
 

1) Investigations of maintenance in software and maintenance in industry lead to 
product quality with corresponding definitions as the comparable aspect. 

2) ISO/IEC quality characteristics versus industrial quality dimensions for 
use within a maintenance concept was extracted and examined. 

3) A systematic comparison of the ISO/IEC quality characteristics versus 
industrial quality dimensions was made. Then a part of TQMain was 
examined in detail to investigate the possibility to apply the software quality 
characteristics on TQMain. 

 
 
 

And the objectives: 
 

1) Investigate in what aspect the concepts of maintenance can be compared, 
i.e. industrial maintenance and software maintenance. 

2) Extract the information within identified common parts to be examined in 
detail. 

3) Compare the information gained in the systematic approach of this 
research supported by the structure and factors of quality of the ISO 
standards. 
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10 FUTURE RESEARCH 
 
I believe that the reader noticed that the area studied in this thesis is huge, vast, 
enormous and full of details, all of it waiting to be further investigated. Research of 
software metrics, predictive and proactive maintenance is going on at the moment.  
This thesis contributes with an overview of software maintenance versus a proposal 
of a concept for maintenance that originates in industry, i.e. TQMain. 
 
The database is an important constituent of TQMain that needs more research 
attention. Aspects of technicalities as well as aspects from the point of view of 
content and the use of it are suggested for more thorough investigations. 
Measurements of attributes needed for the maintenance activities also claims further 
research. 
 
As a starting point, the area in which software maintenance and the concept of 
TQMain are comparable is identified as the product quality, meaning that the quality 
product area of TQMain (see Figure 7 (The TQMain model)) and its measures to 
identify a quality product is comparable to the software quality characteristic.  
Suggestion for future research is to do a more thorough investigation of the product 
quality characteristics and other elements effecting the product quality according to 
TQMain. Identifying more characteristics and elements that the software 
maintenance process are composed of and adjust TQMain to that.  
 
Finally, I would find it very interesting to carry out an implementation of TQMain in 
parallel with an existing maintenance concept for a comparison in a real mode. 
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