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Abstract

Today’s highly advanced technological flying platforms, such as aircraft, helicopters and Un-
manned Air Vehicles (UAVs), are characterised by a high degree of complexity. Simultane-
ously, they are used in different operational and mission profiles, and also in multiple oper-
ational environments and geographical settings. In addition, the interaction between major
stakeholders, such as operators and support providers, has been drastically changed by con-
cepts such as Performance-Based Logistics (PBL), where the support providers’ commitment
increases through the offering of availability performance at a fixed price. These changes put
new and stringent requirements on dependability analysis to make efficient use of field data
(e.g. generated by built-in tests, operation and maintenance) to sustain, improve and predict
the availability performance of flying platform fleets. The purpose of the research presented
in this thesis is to explore and describe methodologies and tools for dependability analysis,
modelling and simulation of fleets of complex systems, in order to support improvement de-
cisions throughout the fleets’ whole lifecycle. More specifically, the objective of the research
is to contribute to the development of a tool for modelling and simulation of multiple par-
allel lifecycle phases of complex technical systems in a fleet. The focus is on the assessment
of field data and the extraction and prediction of information for continuous improvement of
subsystem reliability performance, organisational maintenance support performance and fleet
availability performance. The empirical work focuses on the Swedish military aeronautics com-
munity. The data has been collected through interviews, observations, document studies and
archival records, such as recordings of in-flight parameters and maintenance actions. The data
has been analysed to investigate critical aspects, such as the perfect repair assumption, the
appropriateness of decisions about changes of maintenance intervals and of the No Fault Found
(NFF) phenomenon. Through a literature study and practical efforts, this thesis also outlines
and exemplifies methodologies and tools that support dependability analysis of an aircraft fleet.
In addition, modelling and simulation efforts have been made to enable prediction of aircraft
fleet performance and beneficial adjustments of support resources during the fleet retirement
phase. The results act as input to a conceptual model that describes the phasing-in, operation
and retirement of an aircraft fleet. The model aims to identify when it is cost-effective to con-
sider the Remaining Useful Life (RUL) of individual repairable components comprising aircraft
being retired, and utilise these components as spare parts for the aircraft staying in service.
In summary, the performed work indicates that, in today’s context with PBL and excessive
amounts of available data, dependability analysis, modelling and simulation must become more
transparent, traceable and intersubjective.

Keywords: Military Aircraft, Fleet Performance, Availability Performance, Dependability Anal-
ysis, Field Data, Reliability Performance, Maintenance Support Performance, No Fault Found
(NFF).
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Chapter 1

Introduction

A brief introduction of this thesis is given by outlining background, problem area, purpose and
objectives and finally the scope and limitations of the research project.

1.1 Background

Highly capital-intensive systems and associated fleets, such as a military aircraft fleet, have in
most cases very long operational lifecycles and their stakeholders expect them to exhibit the
necessary operational and performance characteristics throughout these long operational life
spans. However, the actual results for the availability of the fleet have often been less than
satisfactory, which has led many to envisage alternative approaches to more effectively sustain
such complex systems and support systems. Among the alternative approaches is Performance-
Based Logistics/Performance-Based Contracting (PBL/PBC) (Kim et al., 2007), whose essence
is to define key system readiness and effectiveness criteria and to contract for threshold values
of these criteria. The emphasis is on contracting for results and readiness levels, and not for
resources as has traditionally been the case. This would represent a transition from telling the
contractors what to do and how to do it, to telling the contractor what to achieve, and then
relying on their knowledge and experience to do it, while having the contractual incentives and
penalty clauses in place to provide the necessary economic motivation, see (Jacopino, 2007) and
(Richardson and Jacopino, 2006).

This is quite a change of philosophy for a support supplier organisation, going from a tra-
ditional business model selling goods, resources and services to a business model based on de-
livering a guaranteed level of performance and system capability, meaning that a supplier has
to guarantee the performance at a specified cost but has more control over all logistics elements.

Hence, with business solutions such as PBL/PBC it becomes increasingly important to ensure
dependability of the whole aircraft fleet and perform availability, reliability, maintainability and
maintenance support analyses based on the often heterogeneous data sets that are generated
during the lifecycles of airborne platforms and their support systems.
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2 Introduction

See Figure 1.1 for what dependability performance consists of and the relations between avail-
ability, reliability, maintainability and maintenance support performance, (Richardson and Ja-
copino, 2006). The five concepts and the relationships between them mentioned in Figure 1.1
are very important metrics when dealing with PBL/PBC. These concepts might be useful as
Key Performance Indicators (KPI) to validate the efficiency of a support solution between a
supplier and a customer.

Figure 1.1: Relationship between three key performance requirements for successful PBL/PBC.
Adapted from IEC 60050(191).

Consequently, it is essential that correct information can be quickly and reliably extracted
from the often ”noisy” and heterogeneous operational data to enable continuous analysis as
decision-support for proactive Life Cycle Management (LCM) during the whole lifecycle, on
the importance of reliability databases and discovery knowledge methods see (Millar, 2008)
and (Painter et al., 2006).

The selection of performance-based contract performance metrics that are related to the speci-
fied outcomes is critical and must be done with care. As with outcomes, metrics should be at the
highest level commensurate with the scope of contracted responsibilities. Emphasis is placed
on keeping the metrics simple, meaningful and easily measurable in order to avoid disputes and
to simplify administrative efforts. System effectiveness is to be assessed and measured with the
selected KPIs and at a frequency agreed between customer and supplier. To avoid any discrep-
ancies and disputes, it is quite necessary that a PBL/PBC contract unambiguously defines the
procedures to be employed in the collection of field data; this part is quite important for both
the supplier and the customer. The selected Key Performance Indicators to be measured and
followed up against a PBL/PBC contract require specific field data. Hence, it is important for
the support supplier to specify field data required to be able to control and analyse the corre-
lations between operational parameters and how they affect the Key Performance Indicators.
For example if a Line Replaceable Unit (LRU) is undergoing a modification programme this
might effect reliability (e.g. failure intensity), maintainability (e.g. repair times) etc., which in
turn might affect system performance at a higher level.
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The assessed effectiveness values will therefore be obtained as a result of the measurements
during the agreed time period and the Key Performance Indicators must be changeable during
the whole lifecycle since the support solutions have different focuses depending on the lifecycle
phases. See Figure 1.2 for different support solutions during the lifecycle.

Figure 1.2: The variation of focus on support solutions through the whole lifecycle.

Thus, from both a customer and a supplier perspective it is very important to continuously
collect data generated during e.g. design, operation and maintenance to continuously improve
the technical platform and its support system during the whole lifecycle.

If a support supplier organisation has several customers with similar but differing technical
systems (e.g. different versions of aircraft, helicopters or Unmanned Air Vehicles) with systems
that might also be dispersed geographically, the importance of contracting the customers to col-
lect the necessary field data in a structured way becomes even more important, see Figure 1.3
for a schematic concept of the PBL/PBC solution for dispersed operational sites of differing
technical systems.

Figure 1.3: A potential Performance-Based Logistic (PBL) scenario for a support supplier with
a central analysis group that continuously evaluates and predicts Key Performance Indicators
(KPI), using systematic methodologies and tools.



4 Introduction

In Figure 1.4 below there is a schematic scenario of a support solution organisation dealing
with one or several customers with divided areas of responsibilities between the customer and
the support provider. Dealing with more than one support solution, the situation becomes
complex quite quickly. As mentioned before there might be differing technical system to deal
with, the systems will probably be in different phases of the lifecycle, the systems will likely be
geographically dispersed and operating in different conditions, there may be a varying extent of
Performance-Based Contracting for each customer, during the lifecycle the systems will undergo
modifications (not only midlife upgrades), the operational profile will vary between customers,
new customers may be added and affect the day-to-day support solution, and so on. All these
factors will influence and complicate the effort to create an efficient support organisation. It
is the supplier’s responsibility to continuously analyse and update the support solution(s) and
make it efficient for all customers, but it is no less important to ensure that the total support
solution is also cost-efficient.

Figure 1.4: Support solution organisation for an aircraft fleet and its different functions, from
repair shops to the forward operating air base.
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A support organisation with several customers needs be to aware of the risk, (Jacopino, 2007),
that one customer’s requirements for a Performance-Based Contract might be contradictory to
another customer’s contracts, and there will be a challenge to find a efficient support organisa-
tion with different ”boundary conditions” for each customer. A simple example could be that
some customers might want to join a pooling concept for rotables while other customers stay
out of a pooling concept.

Due to the fact that the content of a PBL contract varies from customer to customer, it is
crucial for a support supplier to provide flexibility in support solutions adapted to each cus-
tomer’s specific needs and demands. It is also important for the supplier to have the possibility
to offer a customer a large range of support solutions, from a complete undertaking to support
the operation of a complex system to only take responsibility for some minor part of a com-
plete support solution, e.g. responsibility for some specific maintenance level (Organisational,
Intermediate and Depot), see Figure 1.5.

Figure 1.5: Different extents of a support solution to different customers, each colour represents
one customer at a level that has a typical scope of support service, correspond to the colours in
Figure 1.3.

Being able to offer a variety of support solutions of varying scope will increase the competi-
tiveness of a support provider to do business in the international marketplace. This can be
accomplished, through a centralised analysis group with competence in the field of logistics and
maintenance support systems, which applies effective and proactive methodology and tools.
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Furthermore, an efficient support solution is dependent on an analysis function that can follow
up Key Performance Indicators, make predictive analyses of systems performance, forestall po-
tential bottlenecks and come up with suggestions for improvements to increase the efficiency
and hence achieve a lower lifecycle cost. The support supplier as a rule has better knowledge
than the customer about the technical system, and the methodology and tools that are used
for analysis, simulation and modelling. In addition the supplier frequently has access to opera-
tional and maintenance data from several customers, leading to an accumulation of knowledge
that can benefit all customers. An effectivisation of a analysis group can enable more proactive
analysis in near real-time to provide scope for major cost-savings and improved system avail-
ability, while maintaining or improving airworthiness and flight safety.

The function for an analysis group is to be able to use information that is generated during
design, operations and maintenance of complex and geographically dispersed technical systems
in order to generate an optimally efficient support solution for each specific customer, but also
to create a cost-effective overall solution for the support supplier. See Figure 1.6 for an example
dealing with one customer, collecting field data and processing the field data into analysable
format and presenting Key Performance Indicators, the databases in Figure 1.6 for collecting
design, maintenance, operational data might be a mix of ownership from the customer and the
supplier.

Figure 1.6: Collecting and refining field data from a customer to present Key Performance
Indicators and evaluate against a contract.
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Such an analysis group must have capabilities to develop methods and tools within the data-
mining field and to adapt and evolve existing methods for tracking and evaluating the technical
system and associated support systems throughout the lifecycle. This is in order to improve
the analytical support for when predicting and evaluating a variety of support concepts for
military and civilian applications within the aerospace sector, in order to simulate/optimise
various support solutions (support strategies, pooling concepts) throughout the lifecycle, and
not least the ability to track specific units/systems in order to study e.g. fault distributions,
statistical trends, maintenance intervals, proposed modifications, make recommendations for
initial spares procurement and optimising maintenance resources in order to offer cost-effective
support solutions.

Another important function of an analysis group is to specify the information that needs to be
collected during design, operations and maintenance of the main technical system and support
systems in order to be able to deliver factually robust and quality-assured analyses.

There are significant challenges for such an analysis group that must both have detailed techni-
cal knowledge about the systems to be analysed, and the characteristics and limitations of the
data generated, and simultaneously the ability and width of vision to create effective overall
solutions. This requires a high degree of competence in specifying the information needed for
the analyses and to assure the quality of the data as well as in analysing the data to determine
which improvements of the overall support solution that will yield the best effects without any
negative consequences for specific customers.

1.2 Statement of the problem

Both military and commercial operators need to reduce downtime and try to optimise mainte-
nance and support solutions to become more cost-effective. A central problem with maintenance
and support of a military aircraft fleet and other fleets of complex technical systems is to man-
age the ever-increasing information flow and system complexity during the lifecycle of the fleet,
e.g. flight logs, failure reports, action reports, deviation reports and monitoring data generated
during operation and maintenance.

When dealing with complex systems such as military aircraft which require a relatively large
maintenance effort per flight hour, it is important to endeavour throughout the lifecycle of the
system to optimise maintenance in relation to the varying operational conditions during the
lifecycle, see (Cortez et al., 2008). This is due to the fact that the reliability, maintainability
and maintenance support performance directly affects the system availability performance of
the whole aircraft fleet. To know how operations- and maintenance-related decisions will affect
the current and future availability of the fleet is of decisive importance to be able to influence
and improve the capabilities of the entire fleet. By continuously collecting field data generated
during design, maintenance and operations of the system it is possible to track the performance
of the technical system and associated support systems, carry out a programme of continuous
incremental improvements and to discover potential bottlenecks in a timely fashion. In (Mattila
et al., 2008) there is a methodology described to use discrete stochastic simulations to model
how different operational and maintenance scenarios affect the availability of a complete fleet.
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There is a need for software tools to assist in the continuous planning of maintenance and
maintenance resources, and, if possible, to forestall problems and bottlenecks which affect sys-
tem availability. There is also a particular need to develop a methodology and identify necessary
data needed to build a model used to optimise maintenance resources during parallel phase-out
and phase-in of different versions of aircraft, rotables and support equipment, while simulta-
neously ensuring the contracted availability at a reasonable Life Cycle Cost (LCC) and Life
Support Cost (LSC). Such parallel phase-in and phase-out problems are becoming increasingly
challenging and critical due to the long lifecycles and the geographic dispersal of the aircraft
and support systems, and the necessary continuous product improvement of modern aircraft
systems (not only mid-life upgrade) and need to be based on robust analysis, modelling and
simulation to ensure availability performance for as low LCC and LSC as possible.

1.3 Purpose and objectives

The purpose of the research presented in this thesis is to explore and describe methodologies
and tools for dependability analysis, modelling and simulation of fleets of complex systems, in
order to support improvement decisions throughout the fleets’ whole lifecycle.

More specifically, the objective of the research is to contribute to the development of a tool for
modelling and simulation of multiple parallel lifecycle phases of complex technical systems in a
fleet by the:

1. Development of a requirements specification for the tool.

2. Identification of important input and output data to the tool.

3. Identification of important parameters to be included in the tool.

4. Identification of important features of the tool.

5. Identification of possible methodologies and tools for the materialisation of the tool.

1.4 Scope and limitations

The research focuses on the Swedish military aircraft community. The main reason for this
selection is that the research is based on a project financed by the Swedish National Aero-
nautics Research Programme (Nationella Flygtekniska Forskningsprogrammet, NFFP), which
provides economical resources and access to unique empirical material related to highly com-
plex technical and support systems with stringent requirements. It is further believed that the
study of military aircraft can give valuable input to dependability analysis of other complex
technical systems, e.g. within transportation, mining, energy and process industries. Another
implication of the project is that the research focuses on supporting methodologies and tools
for dependability analysis, modelling and simulation and not necessary Information & Com-
munication Technology (ICT), since the latter is covered by a complementary project within
NFFP called ”eMaintenance 24/7”, see (Candell et al., 2009).
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The research focuses on the enhancement from a dependability perspective of the utilisation
of data that is generated throughout the lifecycle of complex technical systems. Hence, the
management of data is intended to support improvements of both the technical system and
its support systems, i.e. with regard to availability performance and its three inherent factors:
reliability performance; maintainability performance; and maintenance support performance.
Therefore aspects of collection, analysis, modelling, simulation and presentation of data and
information for dependability improvements are in focus.

The research focuses especially on the phase-out of a system fleet since new requirements
related to sustainability, environment, operation and economy emphasize actions such as: life
extension of systems; increased reuse and recycling of subsystems and components; as well as
improved management of obsolescence. In addition, the other lifecycle phases have frequently
been covered by earlier research, while the retirement phase of complex technical systems and
their fleets have rarely been studied.

In summary, this work will develop methodologies for a software tool used to optimise mainte-
nance by operational data and to improve and streamline existing methodologies for follow-up
and analysis of the aircraft system and support systems throughout their lifecycles. This will
not only enable better decision-support when preparing and reviewing a variety of business
solutions in both the military and civilian aerospace sector, but will also be applicable in the
energy, mining, process industry and transportation sectors, which also deal with complex
technical systems with long lifecycles.
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Chapter 2

Theory

2.1 Theoretical frame of reference

This chapter presents the essential theoretical framework used in the research work, e.g. system
lifecycle and dependability.

2.2 System lifecycle and logistics

The system lifecycle is the evolution in time of a system-of-interest from conception through to
retirement of the system (ISO/IEC, 2008). System logistics include activities such as planning,
analysis, testing, production, distribution and support related to a system throughout each
phase of the system’s lifecycle, as illustrated in Figure 2.1, (Blanchard, 2004).

Figure 2.1: The system lifecycle and its phases. Adapted from (IEC, 2001) and (ISO/IEC,
2008).

The support stage of a system’s lifecycle starts with the provision of maintenance, logistics and
other support for the system-of-interest during its operation and use (ISO/IEC, 2008).

11



12 Theory

Its objective is to enable continued system-of-interest operation and a sustainable service
through provision of logistics, maintenance, and support services, (ISO/IEC, 2008). Logis-
tic support is a composition of all considerations that are essential and aimed at the provision
of effective and economical support to a system during its whole lifecycle. Integrated Logistic
Support (ILS) can be defined as a disciplined, unified, and iterative approach to the manage-
ment and technical activities which can be expressed as follows: I) define support; II) design
support; III) acquire support; and IV) provide support (DOD, 1986).

Hence, ILS can be viewed as a management function aimed at ensuring that the system ful-
fils the user’s requirements and expectations during the system’s lifecycle. This requirement
fulfilment is not only related to performance, but also to effectiveness and economical aspects,
(Blanchard, 2004).

The cost of logistic support is a major contributor to the Life Cycle Cost (LCC) of a product.
However, ILS is also defined as a management methodology in which all the logistic support ser-
vices required by a customer can be brought together in a structured way and in harmony with
a product. In order to improve the product and its support and minimize the LCC, the objec-
tives of ILS are: integrating of support considerations in product design; developing consistent
support arrangement; providing necessary logistics support and allowing continuous support
improvement. Application of ILS promises benefits for customer and supplier through: meet-
ing customer requirements; better visibility of support costs; increased customer satisfaction;
lower customer support costs; increased product availability and fewer product modifications
due to deficient support, (IEC, 2001).

In order to provide economic support to a system the support elements must be integrated
with other segments of the system. These support elements are: maintenance planning; supply
support; test and support equipment; transportation and handling; personnel and training;
facilities; data; and computer resources, (Blanchard, 2004).

Logistic support includes manpower, personnel, training, technical documentation, spare parts,
packaging, transportation, storage, support resources, disposal and maintenance, (IEC, 2001).

2.3 Dependability

Dependability is a term that encompasses availability performance and its three inherent factors,
see Figure 2.2. Hence, availability performance is a function of both reliability performance and
maintainability performance, which are both inherent characteristics of the technical system.
However, availability performance is also influenced by the maintenance support performance,
which is related to the organisation providing maintenance, (IEC, 2001).
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Figure 2.2: Dependability as an overarching term for availability performance and its three
inherent factors: reliability performance, maintainability performance and maintenance support
performance. Adapted from (IEC, 1990).

One approach that has a positive effect on the availability performance of an item during its
operational life is to cope with the failure process proactively, e.g. by performing scheduled
maintenance to assure a safe and reliable operation at the lowest possible cost. Ideally the role of
these preventive maintenance tasks is to cope with the failure process proactively to eliminate, or
minimise, the impact of failure and corrective maintenance. It also reduces unplanned downtime
leading to irregularities and interruptions in an item’s regular operation. Thus, preventive
maintenance tasks are performed in the belief that they will improve item utilisation, so as to
eliminate waste and reduce LCC.
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2.4 Maintenance programme, tasks and intervals

There are two main maintenance strategies: preventive and corrective, see Figure 2.3. Pre-
ventive maintenance implies proactive activities to avoid possible future problems. Corrective
maintenance, on the other hand, implies reactive activities performed to correct faults. Ex-
amples of corrective and preventive maintenance tasks are: adjustment, calibration, cleaning,
lubrication, refurbishment, repair and replacement, (IEC, 2004).

Figure 2.3: Maintenance strategies and tasks. Adapted from (IEC, 2004).

An aircraft maintenance programme states the methodologies, procedures and resources re-
quired for sustaining the support of an aircraft throughout its lifecycle. Hence, two major parts
of a maintenance programme are the required maintenance tasks and related maintenance task
intervals. The objectives of efficient scheduled aircraft maintenance are to:

• Ensure realisation of the aircraft’s inherent safety and reliability levels.

• Restore the inherent safety and reliability levels when deterioration has occurred.

• Obtain information that is necessary for design improvements of items with inadequate
inherent reliability.

• Accomplish these goals at minimum total cost.
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As the objectives shows, scheduled maintenance as such, cannot correct deficiencies in the in-
herent safety and reliability levels of the aircraft. The scheduled maintenance can only prevent
deterioration of such inherent levels. If the inherent levels are unsatisfactory, design modifica-
tion is necessary to obtain improvement.

Reliability-Centred Maintenance (RCM) and MSG-3 (Maintenance Steering Group) are two
major methodologies for the development of scheduled maintenance programmes. The RCM
analysis consists of questions at two levels. The first level questions are related to the con-
sequences of failures, which aim to classify failures into five different groups, i.e. as evident
failures with safety, operational or financial consequences, or as hidden failures with safety or
non-safety consequences. The second level questions are related to the selection of mainte-
nance tasks to deal with the failures. One example of a classification of possible maintenance
tasks identified by an RCM analysis is: on-condition; rework; discard; and failure finding, see
(Nowlan and Heap, 1978). However, even though the set of tasks identified by an RCM analy-
sis comprise the major part of a scheduled maintenance programme, they are supplemented by
other scheduled tasks that are both so easy to perform and so obviously cost-effective that they
require no major analytical effort. Five common categories of such additional tasks are, see
(Nowlan and Heap, 1978): pre-flight walk-around inspections; general inspections of external
structures; zonal-installation inspections; routine servicing and lubrication; and regular testing
of functions that are used only intermittently by the operating crew.

Scheduled inspections to detect potential failures are commonly termed on-condition tasks,
since they call for the removal or repair of individual units of an item ”on the condition”
that they do not meet the required standard. These tasks can also be classified as preventive,
condition-based maintenance since they are performed before a failure occurs, see Figure 2.3.
These tasks are directed at specific failure modes and are based on the feasibility of defining
some identifiable physical evidence of a reduced resistance to the type of failure in question.
Each unit is inspected at regular intervals and remains in service until its failure resistance
falls below a defined level, i.e. until a potential failure is discovered. Since on-condition tasks
discriminate between units that require corrective maintenance to prevent a functional failure
of the item and those units that will probably survive to the next inspection, they permit all
units of the item to realise most of their useful lives. If on-condition tasks were universally
applicable, all failure possibilities could be dealt with in this way. Unfortunately there are
many types of failures in which the failure mode is unpredictable, not clearly understood or
give insufficient warning for preventive measures to be effective.

The selection of maintenance task is based on the applicability and effectiveness of the mainte-
nance task with regard to the specific failure. A maintenance task is applicable if it eliminates
a failure or reduces the probability of occurrence to an acceptable level, (Hoch, 1990). The
effectiveness of a maintenance task is a measure of the fulfilment of the maintenance task ob-
jectives, which are also dependent on the failure consequences, (Nowlan and Heap, 1978). In
other words, the maintenance task’s effectiveness is a measure of how well the task accomplishes
the intended purpose and if it is worth doing, (Hoch, 1990). For example, an on-condition task
can be considered applicable if a reduced resistance to failure is detectable and the rate of
reduction in resistance is predictable, see (Nowlan and Heap, 1978).
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Furthermore, an on-condition task is effective if it reduces the probability of a critical failure
to an acceptable level or is cost-effective for failures that have operational or economical con-
sequences, (Nowlan and Heap, 1978).

One important part in the development of an aircraft maintenance programme is the deter-
mination of the interval of each scheduled maintenance task that satisfies both the applicability
and effectiveness criteria. The most appropriate interval for each maintenance task should be
selected based on available data and good engineering judgement. In the absence of specific
data on failure rates and characteristics, intervals for systems tasks are largely determined
based on service experience with similar items. However, the information needed to determine
optimum intervals is ordinarily not available until after the item enters operation. The difficulty
of establishing good intervals for maintenance tasks is essentially an information problem that
continues throughout the operating life of the item. A task should not be done more often
than experience or other data suggests since performing maintenance more often than neces-
sary increases the probability of maintenance-induced errors and may have an adverse effect on
reliability and safety. There are mainly five criteria, which an on-condition task must satisfy to
be applicable, (Nowlan and Heap, 1978) and (Moubray, 1997):

1. It must be possible to detect increased failure probability for a specified failure mode.

2. It must be possible to define a clear potential failure condition that can be recognised by
an explicit task.

3. There must be a reasonably consistent time interval between the potential failure and
the functional failure (the P-F interval).

4. It must be practical to monitor the item at an interval less than the P-F interval.

5. The net P-F interval should be long enough to enable proper action to be taken, to reduce
or eliminate the consequences of the functional failure.

These applicability criteria can, together with the failure consequences, be used to determine the
maintenance task interval. Maintenance task intervals are established in terms of the measure
of exposure to the conditions that cause the failure at which the task is directed. Examples of
common usage parameters are: calendar time; flight hours; and flight cycles.
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2.5 Repairable systems

When dealing with repairable systems, maintenance actions take place in response to observed
failures and the system is returned to operation. Failure of repairable systems is described by
point processes, i.e. more than one failure can occur in a time continuum. Discrete events
occur randomly in a continuum (e.g. time) and cannot be represented by a single distribution
function. Examples of these discrete events are failures occurring in repairable systems, aircraft
accidents and vehicle traffic flow past a point. These events are analysed by event series. The
result of system repair can be:

• As-Good-As-New (AGAN).

Maximal repair.

Renewal process.

• As-Bad-As-Old (ABAO).

• In-between AGAN and ABAO.

• Imperfect repair.

Repair of wrong item.

Damage to another item.

When dealing with repairable systems, it is necessary to distinguish between global and local
failure times. Global time failures of a repairable system are measured in global time if the
failure times are recorded as time since the initial start-up of the system, Ti(T1 < T2 < ... < Tn).
Local failure times of a repairable system are measured in local time if the failure times are
recorded as time since the previous failure, Xi(X1, X2, ..., Xn).

The failure intensity of a repairable system is dependent on the local failure time (x) and
the global failure time (t), i.e. λ(x, t):

• λ(x, t) = λ: Maximum repair where x is Independently & Identically Exponentially
Distributed (I.I.E.D.) with the same λ (Homogeneous Poisson Process, HPP).

• λ(x, t) = λ: Minimum repair (Non-homogeneous Poisson Process, NHPP, e.g. Power Law
Process, PLP).

• λ(x, t) = λ: Maximum repair where x is Independently & Identically Distributed (I.I.D.),
but not exponentially distributed (renewal process).

Important to test for, detect and model trends:

• Constant rate of failure.

• Increasing rate of failure (deterioration).

• Decreasing rate of failure (improvement).
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Deterioration means that the times between failures (Xi) for a repairable system tend to de-
crease with increasing age. Improvement means that the times between failures (Xi) for a
repairable system tend to increase with increasing age.

Homogeneous Poisson Process (HPP):

• No trend in the failure data.

• Independent and exponential local (inter-arrival) times, Xi ∼ EXP (λ).

• Stationary point process.

• Events occur randomly at a constant average rate.

• The distribution of the number of events in an interval of fixed length does not vary.

• Poisson distribution function.

• Sequence of Independently & Identically Exponentially Distributed (I.I.E.D.) random
variables.

Non-Homogeneous Poisson Process (NHHP):

• Modelling trends in the failure data.

• Example Power Law Process (PLP).

• Non-stationary point process.

• Events occur randomly, but not at a constant average rate.

• The distribution of the number of events in an interval of fixed length changes as x
increases (e.g. the number of failures increases or decreases).

• The probabilities of events occurring in any period are not independent of what has
occurred in preceding periods.

• Sequence of random variables, which is neither independently nor identically distributed.

Renewal process:

• No trend in the failure data.

• Inter-arrival times, any I.I.D. distribution, Xi ∼ F (X).
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2.5.1 Trend analysis

Analysis of data from repairable systems should follow the order given below:

• Keep the order of global failure times.

• Test for trend and dependence.

• If no trend or dependence present (i.e. Renewal process).

The failure times may be considered as independent and identically distributed
(I.I.D.).

Change order of failure times and use same analysis approaches as for non-repairable
items.

If the local failure times are exponentially distributed, the failure process can be
modelled by an Homogenous Poisson Process (HPP).

• If there is a trend.

• Test a Non-Homogenous Poisson Process (NHPP, e.g. the Power Law Process, PLP).

Figure 2.4 shows a schematic process to follow when dealing with repairable components.

Figure 2.4: An example of a process used for analysing reliability data of repairable items.
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Using graphical or analytical methods to study whether there is a trend in the reliability data
or not, below follow examples of methods used for examine trends in the data.

Graphical methods:

• Scatter plot.

Global failure times, ti, along the horisontal axis.

Cumulative number of failures through time, N(ti)/ti on the vertical axis.

• Duane plot.

Plot the natural logarithm ln(ti) along the horisontal axis.

Plot the ln(N(ti)/ti) on the vertical axis.

Figure 2.5 shows three different trends for a repairable system, the horisontal axis represents
the failure times (ti) and the vertical axis represents the accumulated number of failures though
time, N(ti)/ti. These values are often normalised.

Figure 2.5: Different trends shown for a scatter plot.
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Figure 2.6 shows the similar trends, but in this case the natural logarithm is taken on the failure
times (ti) on the horisontal axis, i.e. ln(ti) and the same on the vertical axis, i.e. ln(N(ti)/ti).

Figure 2.6: Different trends shown for a Duane plot.
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Analytical methods:

Another way besides the graphical methods to examine trends is to perform analytical tests
on the reliability data. There are a variety to select from, two of which are the Laplace and
MIL-HDBK 189, see (Hoyland and Rausand, 1994) and (Cox and Lewis, 1966).

Performing a statistical test to find out whether the observed trend is statistically significant
or just accidental. A number of tests have been developed for this purpose, that is for testing
the null hypothesis:

H0: ”No trend” (or more precisely that the interarrival times are independent and identi-
cally exponential distributed), there is a Homogenous Poisson Process (HPP).

H1: ”Monotonic trend” (i.e., the system is either sad or happy), there is not a Homogenous
Poisson Process (HPP).

Among all the test, the Laplace and the MIL-HDBK 189 will be further discussed:

For the statistical Laplace test L, the null hypothesis H0 is rejected if L < −λα/2 or L > λα/2

where λα/2 is the value that leaves a probability of α/2 in the right tail of the standard normal
distribution.

Large values of L mean that the sum of the failure times are larger than expected, indicating
that the failure times tend to bunch up toward the end of the interval (0, tN ), which indicates
system deterioration. Small values of L mean that the sum of the failure times are smaller
than expected, indicating that the failure times tend to bunch up toward the beginning of the
interval (0, tN ), indicating system improvement. The Laplace test for the case where the system
is observed until N failures (failure truncated) have occurred is the following:

L =

1/(n − 1)
N−1∑

j=1

Sj − SN/2

(SN/
√

(12(N − 1)))
j = 1, 2, ..., N − 1 (2.1)

where S1, S2, ..., SN−1, SN denote the failure times.

For the case where the system is observed until time t0 (time truncated), the test statistics is

L =

1/n
N∑

j=1

Sj − t0/2

t0/
√

12N
j = 1, 2, ..., N. (2.2)
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The statistical MIL-HDBK 189 test 2N/β̂, as for the Laplace test there is one expression for
failure truncated and one for time truncated. As for the failure truncated version the null
hypothesis is rejected if 2N/β̂ < χ2

1−α/2(2(N − 1)) or 2N/β̂ > χ2
α/2(2(N − 1)) where β̂ is,

β̂ =
N

N−1∑

j=1

ln(tN/tj)

j = 1, 2, ..., N − 1. (2.3)

If β̂ = 1 there is no trend and if β̂ < 1 there is happy system and if β̂ > 1 there is a sad system.

And for the case when there is time truncation the null hypothesis is rejected if and only
if 2N/β̂ < χ2

1−α/2(2N) or 2N/β̂ > χ2
α/2(2N) where β̂ is,

β̂ =
N

N∑

j=1

ln(tN/tj)

j = 1, 2, ..., N. (2.4)

2.6 Analysis of maintenance task intervals

There are a number of criteria that can be used to judge the appropriateness of maintenance
task intervals, see (Block et al., 2008b).
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2.7 Genetic algorithms

One method option is to use a genetic algorithm to find an optimal repair strategy. Each
strategy x is evaluated according to a fitness function f(x), see (Melanie, 1996) and (Coley,
2003). The best strategies survive to the next round and are cross-selected with each other
and mutated to give rise to a second generation of repair strategies. Figure 2.7 presents the
principles of a genetic algorithm.

Figure 2.7: Illustration of the principles of a genetic algorithm.

In the evaluation step each chromosome is evaluated according to the fitness function f(x).
The cross-selection step combines two chromosomes (with probability Pc ) to form an offspring.
The probability for a chromosome x to be involved in a cross-selection to form an offspring is
proportional to the support from the fitness function f(x), (Melanie, 1996). With a probability
1−Pc no cross-selection is made and the offspring instead becomes an exact copy of its parent.
In the mutation step the offspring is mutated at each locus (position in chromosome). The
algorithm then restarts from the evaluation step.
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The major steps in a genetic algorithm are as follows; select the first generation and start
with a population of N chromosomes, x1, x2, x3, ..., xN . Evaluate the fitness of each chro-
mosome based upon a fitness function f(xi) and then normalize the fitness function values
f(x1), f(x2), f(x3), ..., f(xN ) to perform a probability distribution Pi according to Equation
2.5.

Pi =
f(xi)

N∑

k=1

f(xk)

i = 1, 2, ..., N, P0 = 0 (2.5)

Create the first population by drawing a random number r from a uniform distribution U(0, 1)
and select the first chromosomes xi that satisfies Equation 2.6.

i−1∑

k=0

Pk ≤ r
i∑

k=0

Pk (2.6)

Repeat the previous step and select another chromosome xj . With a crossover probability cross
over the parents xi and xj to create a child xc, note that if no cross over is performed, the
offspring is an exact copy of the first drawn chromosome xi. Now perform a mutation, with
a probability Pm mutate child xc at each position in chromosome. Place the child in a new
population and replace the old population with the new one.

The crossover will always be done if Pc = 1 and never if Pc = 0. The crossover can be
done in a number of ways. One possibility is to treat the parents as equally important and that
the child xc inherits 50% of the properties from parent xi and 50% from parent xj . Another
variant is to let the child inherit Pi

(Pi+Pj) properties from xi and Pj

(Pi+Pj) properties from xj ,
(Coley, 2003) and (Sanchez et al., 1997).

Now repeat all the steps. The algorithm is stopped when the most fit chromosome xf in
the population achieves a satisfactory fitness value f(xf ) or alternatively when the increase in
the best fitness value between populations becomes insignificant.

2.8 Binary search

Binary Search (BS) can be used in a similar way as Genetic Algorithms when estimating a
stop-repair strategy for repairable units. Binary search is to search an array by repeatedly
dividing the search interval in half. Begin with an interval covering the whole array. If the
value of the search key is less than the item in the middle of the interval, narrow the interval
to the lower half. Otherwise narrow it to the upper half. Repeatedly check until the value is
found or the interval is empty. See Chapter 5 for a description of the binary search method
used when dealing with finding a optimal repair strategy.
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Chapter 3

Research approach and results

This chapter describes the project that the research presented in this thesis is based upon and
the applied research process with its methodological choices.

3.1 Research project

The research presented in this thesis is mainly performed within a research project called ”Ef-
ficient utilisation of customer and product support data” (NFFP4-S4403). This project is
financed by Saab Aerotech and VINNOVA through the Swedish National Aeronautics Research
Programme (Nationella flygtekniska forskningsprogrammet, NFFP). The project ran between
2006 and 2009 and was performed in cooperation between Saab Aerotech and Lule̊a University
of Technology (LTU), see the project specification (Block, 2006) for more information.

The rationale of the project is new and innovative business solutions, such as Performance-
Based Logistics (PBL), where the customer is offered availability performance at a fixed price.
This development requires that the support provider more efficiently exploit the large amount
of data that the utilisation and support of complex technical systems generates and that is
stored in heterogeneous databases and formats. Hence, new Information & Communication
Technology (ICT) (Candell et al., 2009) together with modern methodologies and tools for ad-
vanced analysis, modelling and simulation provide great possibilities to enhance the assessment
compared to traditional approaches. See Chapter 1 (Introduction) and (Block, 2006) for a more
comprehensive description of the background and problem of the performed research.

27
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The research project aims to improve the utilisation of data generated throughout the lifecycle
of complex technical systems from a dependability perspective, see (Block et al., 2008a), (Block
et al., 2008b) and (Block et al., 2009). Hence, the management of data and information is
intended to support improvements of both the technical system and its support systems, i.e.
with regard to availability performance and its three inherent factors: reliability performance;
maintainability performance; and maintenance support performance. Thereby, aspects of col-
lection, analysis and presentation of data and information for dependability improvements are
in focus in the project. Furthermore, aspects of analysis, modelling and simulation are also in
the spotlight, while the contribution of ICT is investigated in a parallel project called eMainte-
nance 24/7 (NFFP-S4401), see the project specifications (Block, 2006) and (Candell, 2006) for
more information.

3.2 Research process

The applied research process is mainly based on the four phases of the research project de-
scribed above (NFFP-S4403). These phases are: feasibility studies, case studies, methodology
development, and finalisation. See Figure 3.1.

Figure 3.1: The four major project phases.

The first phase is intended to explore the research area and perform some detailed feasibility
studies on selected topics. This phase is mainly based on a theoretical study covering aspects
of dependability, system lifecycle, analysis methodologies, and modelling. The results of this
phase are summarised in Chapter 3 (Research approach and results).

The second phase of the project mainly consists of a number of case studies, were some as-
pects of the feasibility studies are applied. Some of the results of this phase are summarised in
the appended papers and Chapter 3 (Research approach and results).

The third phase consists about the methodology development, it mainly consists of the de-
velopment of requirements on a tool for modelling and simulation that supports dependability
analysis of aircraft system fleets throughout their lifecycles. The major result of this phase is
documented in a tool specification that is briefly summarised in Chapter 3 (Research approach
and results).
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The fourth phase is the finalisation of the project, it is summarised in a project report and
this thesis, which both provides a synopsis of the research process, its progress and major out-
comes. In addition, each phase is documented in a number of project documents where further
information can be found.

3.3 Results achieved in different phases

This section describes and presents the main findings of the present research project, which
has been conducted in accordance with the stated purposes and goals mentioned in Chapter
1 to provide a platform and direction for further research and to create prerequisites for the
continuous development of methodologies and software tools. These will hopefully provide sup-
port solutions based on operational and maintenance data to improve and streamline existing
methodologies for follow-up and analysis of the aircraft system and support systems throughout
their respective lifecycles.

The main results presented in this thesis are divided into four parts, which correspond to
the work phases mentioned in Chapter 3 (Research approach and results).

Feasibility Studies: Results are partly found in Chapter 2 (Theory) and the appended papers,
but also in project reports. Results are mostly related to a literature study, intended as a
theoretical foundation for the continued research and to create prerequisites to carry out the
selected case studies.

Case Studies: Starting with an explorative interview session at the Swedish Defence Materiel
Administration (FMV), Saab Aerotech and all the Swedish Air Wings (F7, F17 and F21) to
increase and update the knowledge of perceived problem areas, from analysts of operational and
maintenance data and end users at the Air Force Wings. The main reason to do this survey was
first of all to find problem areas in the ongoing activities that were related to the research topic
and, no less important, to ensure support within the organisation and among key persons who
could be helpful in the process of getting operational and maintenance data for the performed
studies, see the appended papers and Chapter 4 (Case study material).

Methodology Development: Pertains mostly to results obtained during the work of writing a
specification for a software tool to optimise maintenance resources during parallel phase-out and
phase-in scenarios of different versions of aircraft, rotables and support equipment, see Chapter
5 (Fleet Availability and Planning Simulation System - FLAPS). During all the phases some
results have been achieved from special selected studies of hardware that are presented in the
papers, see the appended papers.

Finishing: Finally, the fourth phase is to summarise the more substantial results in the final
report to Vinnova and write this thesis.
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3.3.1 Feasibility studies phase

The purpose with the feasibility studies is to make use of new-found knowledge and methodolo-
gies to test and validate theories on empirical data generated from the design, maintenance and
operation of aircraft and helicopters, etc. The chosen feasibility studies mentioned in Table 3.1
were more or less selected from expertise at Lule̊a University of Technology at the division of
Operation and Maintenance Engineering based on their experience, research and up-to-date
knowledge about the area. Table 3.1 also illustrates which studies haven been applicable in the
different case studies.

Please note that the results of the case study of Neural Network mentioned in Table 3.1 will
not be presented in this thesis due to classification of the used data.

# Feasibility studies Included in case studies
1 Theory of Artificial Neural Networks Yes
2 Theory of Association Rules No
3 Theory of Bayesian Statistics Inference No
4 Theory of Bayesian Networks No
5 Theory of Classification Regressions Trees No
6 Theory of Fuzzy Sets No
7 Theory of Genetic Algorithms Yes
8 Theory of Binary Search Yes
9 Theory of Regression Analysis No
10 Theory of Support Vector Machine No

Table 3.1: Studies done during the feasibility phase of the research project.

3.3.2 Case study phase

To determine suitable subjects for case studies that were to be carried out within the scope
of the research project, a number of explorative interviews were performed with key personnel
in a number of areas, the Swedish Defence Materiel Administration (FMV), the Swedish Air
Force and Saab Aerotech.

One of the main results from the interviews concerns various aspects of the organisation around
the JAS 39 system. By interviewing people in different positions, it has been possible to get a
rather good overall view of the organisation around the JAS 39 system, both the administrative
aspects and actual flight time production. One should also not forget that the valuable contacts
achieved with key persons have been of great help with regard to the collection of empirical
maintenance, operation and monitoring data and other useful information.
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The interviews were kept relatively open-ended since the goal was to get a broad overview of
matters that were considered unsatisfactory from the viewpoint of a variety of system users.
Interestingly, the views on problem areas were rather similar within the Swedish Air Force with
a more or less coherent view being expressed at the different Air Force Bases (Wings F7, F17
and F21). The problems described by the industry are more fragmented and this may be due
to unstructured administrative work which makes it hard to distribute the same information to
everyone concerned, and leads to differing views of what is problematic depending on the actual
work situation. The results from the exploratory interviews are summarised in a hierarchical
order in Table 3.2. The described problem areas in Table 3.2 are quite widespread, and some
of the raised issues are not relevant to our research project and will therefore not be dealt with
further in this thesis. All the issues have however been raised as problems and passed on in
the organisation at Saab Aerotech. Most of the results in Table 3.2 come from the different
Air Wings and since these had a fairly coherent view of the problem areas, their results were
the most frequently raised ones. As has already been noticed, and as shown in Table 3.2, some
studies are included in the research project while other were excluded.

# Problem area Included in case studies
1 Maintenance documentation No
2 Built In Test (BIT) No
3 Data Transfer Unit (DTU) No
4 Electrical Presentation System (EPS) Yes
5 Fuel system No
6 Preventive maintenance intervals Yes
7 No Fault Found (NFF) problem Yes
8 Lack of spare parts No
9 Warning and self protection system No
10 Failure reporting system No
11 Optimise maintenance resources Yes

Table 3.2: Identified problems areas during exploratory interviews.

Four areas were selected from Table 3.2 as being worth further study. The table above was
supplemented by another study to determine whether the failure distribution for repairable
unit changes during the lifecycle, and to what extent the ”perfect repair” assumption really
applies to such units, see (Block et al., 2008a). The case studies in the order that they were
undertaken:

• Perfect repair assumption on rotables during a lifecycle.

• Electrical Presentation System (EPS).

• Preventive maintenance intervals.

• Optimise maintenance resources.

• No Fault Found (NFF).
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Note that the case study ”Electrical Presentation System (EPS)” will not be mentioned further
in this thesis due to it being concerned with classified information.

Three of the mentioned studies resulted in papers, which can be found appended to this thesis.

Paper A

1. It is clear that the simple ”perfect repair” assumption is not immediately applicable to
any of the studied types of hardware.

2. Strangely enough the ”perfect repair” hypothesis fits best for F6400-041244 (Cooling
Turbine), which is a highly stressed mechanical item (Fig.7) while the fit is much worse
for the avionics item F3200-006185 (Radar Transmitter) and for M2344-800110/800510
(Hydraulic Accumulator). The perfect repair assumption for the cooling turbine seems
to be correct for some individual items, while the population as a whole seems to dete-
riorate. A possible explanation for the unexpected trend for the times between failures
for some turbines is that incipient wear-out failures are being caught during preventive
maintenance leaving a residue of unpredictable failures. This would essentially mean that
the preventive maintenance strategy has been successful.

3. For the Radar Transmitter the trend seems very scattered. For items with a large number
of failures early in their lifecycle, repair is ”better than perfect”, i.e. the items become
more reliable after repair.

4. This effect is not seen in items with few failures early in their lifecycle. For these items
”perfect repair” initially seems to be a valid model. However, in many cases repair
becomes ”less than perfect” later in the lifecycle. For the hydraulics accumulator this
trend is even more accentuated and the individual items seem to fall into two distinct
sub-populations with opposite reliability trends.

Paper B

1. The analysis shows that the number of failures recognised during overhaul is larger than
those recognised during inspection. This result can be explained by two interacting
causes. Firstly, the inspections are performed after a shorter operating time than the
overhauls, which results in fewer failures being detected. Secondly, the overhauls are
more thorough than the inspections, resulting in a higher probability of failure detection.

2. The analysis also shows that not every maintenance task interval is appropriate. Nor
is every change an improvement. However, in real life it is not only the number of
failures that should be used as an indicator of appropriateness and improvement. For
example, near the end of the aircraft system’s lifecycle, it is beneficial to stop some types
of maintenance tasks and instead discard the items. This strategy is quite visible in the
performed analysis. Hence, considering the optimisation of maintenance at the end of a
system’s lifecycle the evaluation of applied maintenance task intervals would change.

3. One of the major strengths of this study is the comprehensive empirical material related
to the whole lifecycle of a complex technical system. Hence, the data is a valuable source
for further evaluation of different analysis methodologies and tools.
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Paper C

1. Most NFF events on both organisational and shop levels can be traced back to faults
observed during operation. Hence, tests performed during operation and tests at the two
maintenance echelons should be better aligned with each other.

2. The maintenance actions that contribute most to NFF events on both organisational and
shop levels are related to faults recognised during inspections, checks and evaluations
of recorded in-flight data on the organisational level. Hence, tests within and between
different maintenance echelons should be better aligned with each other and with in-flight
recordings.

3. The NFF share of maintenance events on the organisational level is (when excluding the
removal and replacement of LRUs): 0% (microwave unit); 37% (waveform generator);
50% (receiver unit); and 55% (measurement unit). Hence, on the organisational level
there is significant scope for testability improvement for three of the four item types
studied.

4. The NFF share of maintenance events on the shop level is: 12% (measurement unit);
13% (receiver unit); 18% (microwave unit); and 37% (waveform generator). Hence, on
the shop level there is a scope for testability improvement for all the four item types
studied.

5. For the studied item types the NFF share of maintenance events is larger on the shop
level than on the organisational level; the number of individual items with recurring NFF
events is larger on the shop level than on the organisational level; and the number of
recurrences for individual items is larger on the shop level than on the organisational
level. Hence, even though the use of LRUs is quite effective in returning a system to
operation, it may be rather inefficient overall considering the support effort incurred at
the shop level.

6. Performed modifications of the studied items both improve and worsen the NFF phe-
nomenon. However, it should be noted that the purpose and the impact of performed
modifications can, and must, be evaluated by multiple criteria, of which NFF is only one.
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3.3.3 Methodology development phase

One of the main results of the research project has been to evolve methods and identify data
requirements for the development of a software tool (FLAPS - Fleet Availability Planning and
Simulation System) to be used as decision support for fleet management planning, particularly
when dealing with the phasing-in and phasing-out aircraft versions.

The main purposes of FLAPS are; to find cost-effective repair strategies when phasing-out
an aircraft fleet, find cost-effective spares strategies for aircraft phase-in (building up an air-
craft fleet) and evaluate the system availability for a set of operating aircraft variants during a
parallel scenario of phasing in and out aircraft in a dynamic support organisation, see Figure
5.1 for an example of phasing-in and phasing-out and an aircraft fleet. Questions that FLAPS
is intended to answer include how will the availability vary during phase-in and phase-out of
aircraft versions, how should spare parts and rotables be optimised during this process, and
how large maintenance resources will be required and at which point in time can maintenance
be discontinued and maintenance resources discarded for specific hardware items.

The tool offers different types of analyses such as:

• A function for spares optimisation.

• A function for tuning stop-repair-strategies in phase-out scenarios.

• A simulation analysis (on a fixed spares and repair strategy).

• A sensitivity analysis where input data parameters can be varied.

Figure 3.2: Phasing-in and phasing-out an aircraft fleet.
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The methodologies Genetic Algorithms (GA) and Binary Search (BS) were tested in the
methodology development of FLAPS (Fleet Availability Planning Simulation System), to be
used in the application to find an optimal repair strategy. When phasing out an aircraft fleet,
both genetic algorithms and binary search were tested to examine whether the methodologies
are suitable when estimating the optimal time to stop doing maintenance on rotables because
enough of them have been salvaged during the process of scrapping aircraft. The two method-
ologies can be used to solve the specific problem, but in combination with simulation they tend
to become very computationally intense and time consuming, mostly due to the iterative char-
acter of the simulation methodology. It is possible to improve the methodology by dealing with
groups of components and investigating when maintenance can be discontinued for these units
without impacting availability at system level rather than dealing with individual components
and estimating end of maintenance for each.

3.3.4 Finishing

The summary of the research project ’Efficient Utilisation of Customer and Product Support
data-S4403’ consists of this thesis and the final report to Vinnova.
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Chapter 4

Case study material

This chapter describes the empirical data used for the analyses performed in the case studies.

The empirical material used in this research project is mostly collected from the Swedish military
aircraft system FPL 37 Viggen during its operational life from 1977 to 2006, which essentially
is the whole lifecycle of the system. The data consists of about 330 aircraft and 615,000 flight
hours. The empirical data includes information on all maintenance significant events for the
actual items, i.e. date of delivery, storage time, storage maintenance, installations, failures,
preventive and corrective maintenance, modifications and ultimate discard. These events are
associated with calendar dates and accumulated operating time given as flight hours.

All data concerning FPL 37 Viggen is collected and stored in the old COBOL-based DIDAS
maintenance system. This is quite an old CODASYL database, however all data are contin-
uously mirrored to an SQL-based database (GDU). This arrangement permits complex post-
processing and data-mining despite the limitations of the old DIDAS system. The DIDAS/GDU
system contains comprehensive information on all FPL 37 aircraft and tracked units, which com-
prises most of the aircraft since all important sub-units including most of the aircraft structure
were individually tracked. This allows tracing of all maintenance-significant events throughout
the lifecycle of each item, such as manufacture, installations, removals, modifications, preven-
tive and corrective maintenance and final scrapping and disposal. All events are associated with
dates and number of accrued flight hours, and corrective maintenance actions are almost always
associated with plain text describing the type of fault and the actions taken to correct it, see
Figure 4.1 for an example how information flows from the user to system engineers and analysts.

In addition, the DIDAS system is primarily used as a maintenance planning and scheduling
system, tracking time remaining to maintenance tasks based on calendar time, flight hours
and other operational parameters. The total information that is stored in DIDAS/GDU forms
the foundations to carry out a number of different life data analyses (e.g. statistical trends
and failure distributions, mean time between failures, reliability growth, etc.) for components,
systems and complete aircraft and to use the data to verify and validate models for studying
availability at system level.
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The information in DIDAS is mostly implemented from repair/actions reports and flight logs
written by pilots and maintenance technicians and the maintenance planning part of DIDAS
is implemented according to the maintenance plan for the specific aircraft version. Figure 4.1
presents the information flow from production of flight hours to an output example of field data
used for analysis. The Excel spreadsheet in Figure 4.1 is a screen dump of selected information
from failure reports.

Figure 4.1: Information flow of field data from the FPL 37 Viggen system.
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The field data from FPL 37 Viggen is used to perform case studies of special studies of interest,
see appended papers and Chapter 3 (Research approach and results). Some example of empirical
data taken from DIDAS and used for studies of interest are presented below:

• Number of individuals for a specific component/system.

• Modification times for components/systems.

• Change in the maintenance schedules for components/systems.

• Delivery dates for components/systems.

• Maintenance (preventive/corrective) intervals (operational and calender).

• Information from failure reports.

• Failure times (flight hours and calendar time) of components/systems.

• Storage maintenance of components/systems.

• Information from actions reports for components/systems.

• No Fault Found for components/systems.

• Etc.

The main reason for using data from an aircraft system now out of service is that it provides
empirical data from the entire lifecycle of the aircraft and components, making it possible to
analyse the whole lifecycle perspective and examine special behaviour and trends during the
later part of the lifecycle. This gives interesting results, see (Block et al., 2008a), (Block et al.,
2008b) and (Block et al., 2009). Note that not all the empirical data will be presented in this
thesis due to classification of the collected raw field data.
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Chapter 5

Fleet Availability Planning
Simulation System - FLAPS

5.1 Description of FLAPS

The developed specification for the FLAPS (Fleet Availability and Planning Simulation Sys-
tem) tool consists of complex aircraft scenarios in a changing support organization with varying
aircraft fleet sizes, bearing in mind that the aircraft fleet continuously changes with the phasing
in and out aircraft versions, that new customers can be recruited and affect the day-to-day sup-
port organisation, that international missions start and end (possibly with higher availability
requirements) affecting the maintenance flow and possibly leading to prioritisations that are
different to normal operations, that different operational profiles for different customers will
affect the maintenance organisation with scheduled maintenance, scheduled aircraft modifica-
tions from one version to another, scheduled item modifications and so on. See Figure 5.1 for
potential dynamic scenario with changing conditions for the aircraft fleet.
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Figure 5.1: Dynamic changes in support solution organisation for a military aircraft fleet.
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5.1.1 Spares optimisation for phase-in of an aircraft fleet

During a phase-in scenario, new aircraft are added to the fleet according to a delivery plan,
see Figure 5.2. Appropriate spares packages need to be delivered together with new aircraft to
cover the increased number of failures and planned removals due to more flying hours. Each new
aircraft delivery defines a phase shift P with possible new operational profiles. In Figure 5.2 it
is N different delivery phases.

Figure 5.2: Fleet build up scenario with N delivery phases.

From a spares strategy perspective each aircraft delivery phase Pi can be approximated as a
steady-state scenario where the average utilisation of the aircraft is known per aircraft type.

Two potential optimisation methods are possible here:

• Forward optimisation of spares packages for phases P0, P1, ..., PN−1, PN .

• Backward optimisation of spares packages for phases PN , PN−1, ..., P1, P0.

In a forward spares optimisation the existing stock Si−1 from phase Pi−1 is used as input
when sizing a replenishment stock Ri for phase Pi. The replenishment stock Ri is non-negative
(Ri ≥ 0) meaning that:

Si = Ri + Si−1 ≥ Si−1 (5.1)

Hence the number of spares can never decrease when moving from one delivery phase to the
next. Forward spares optimisation is when the existing stock from one phase is used as input
when optimising the replenishment stock in the next phase. If several stock sites are involved
in the fleet build up scenario an optimal reallocation of existing stock can be necessary before
performing a replenishment analysis.
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Figure 5.3: Forward spares optimisation.

In a backward optimisation the spares stock SN from the last delivery phase PN is dimensioned
first and this imposes a maximum stock restriction when optimising the repairable stock SN−1.
In a situation where the aircraft fleet is complete and will operate for a long time period the
backward approach can be preferred since it focuses on dimensioning an optimal stock for the
last phase complete aircraft fleet and then imposes restrictions when designing the stock for
earlier delivery phases.

Figure 5.4: Backward spares optimisation.
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Backward spares optimisation is where the spares stock for the last phase is optimised first and
then maximum stock restrictions are imposed when optimising the stock for earlier phases.

The optimisation of rotables itself will be done outside FLAPS, for example Opus10 can be
used as a calculation kernel for the optimisation. This is since a number of optimisation func-
tions and facilities such as replenishment analysis and reallocation of existing stock are already
implemented and verified in Opus10. The scenario for the optimisation with all required input
data will be described in FLAPS, this includes e.g. aircraft phase-in schedule. Results gen-
erated in an optimisation kernel are then imported to FLAPS to form part of the simulation
routine to study how availability is affected in the given scenario.

5.1.2 Repair strategy during phase-out of an aircraft fleet

In a phase-out scenario, aircraft are taken out of operation (terminated) according to a time
schedule.

Figure 5.5: A phase-out scenario where aircraft are taken out of operation (terminated).

A number of interesting questions arise when aircraft are terminated:

• What is the effect on aircraft availability given a certain repair strategy?

• Is it possible to save repair costs by stopping repairs of an item type at a certain point
in time and instead using up the existing stock as a buffer?

• What are the costs of re-starting repair facilities if a stop repair decision is wrong?

• What is the effect on aircraft availability if spares from terminated aircraft can be reused?
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These questions are essential in the sense that they pose an optimisation problem. The problem
becomes complex if several item types Item1, Item2, ..., ItemM are considered which depend
on each other. In this case, one needs to find an optimal repair strategy

x = TItem1 , TItem2 , ..., TItemM
(5.2)

that will produce as many flying hours as possible while keeping costs to a minimum. The search
for an optimal repair strategy can be made by either an analytic approach or simulations, but
since the modelled scenarios consist of a large number of parameters, the analytic approach
is impractical, so the methods presented here are based on simulations for evaluating repair
strategies

x1, x2, x3, ..., xN . (5.3)

5.1.3 Repair strategy using genetic algorithms

This explains briefly how genetic algorithms can be applied to find a good stop-repair-strategy
for a set of dependable components in a scenario where an aircraft fleet is being phased out.
In an aircraft phase-out scenario lasting a time period TRD, to find a good estimation of time
TItem to stop repairing a particular component type. TItem is affected by how many items of a
specific type that can be reused from terminated aircraft and also upon the existing item stock
of the specific item.

In phase-out scenarios repair costs can be reduced by stopping repairs of items at a given
point in time. Stopping repairs too early can be expensive if repair resources/facilities need to
be setup again. The challenge is to find a cost-effective stop-repair strategy, see Figure 5.6 for
an illustrative example.

Figure 5.6: A phase-our scenario, using remaining useful life in LRU’s.
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If considering M different component types from a genetic algorithm perspective, a chromosome
x corresponds to a stop-repair-strategy that can be defined as;

x = (TC1 , TC2 , ..., TCM
.) (5.4)

When running the genetic algorithm as described above, the following parameters need to be
defined;

• Determine the number N , i.e. the number of stop-repair-strategies to be run in the
algorithm.

• A start population of stop-repair-strategies x1, x2, x3, ..., xN .

• A fitness function f(x).

• Decide the crossover probability Pc.

• Decide on a mutation probability Pm and a mutation strategy.

The number N of stop-repair-strategies needed for the algorithm to converge is a function of
the number M of component types involved in the strategy search. A sequence of test runs on
typical scenarios should give an indication of how N depends on M .

Since,

TItemi ≤ TRD i = 1, 2, 3, ..., M (5.5)

a natural first stop-repair-strategy is,

x0 = xTR = (TRD, TRD, ..., TRD). (5.6)

Such a strategy should generate a minimum of backorders but at the expense of higher repair
costs (never stop repairing). If the genetic algorithm is started with a population using only
the xTR strategy,

x1 = x2 = x3 = ...xN = x0 = xTR = (TRD, TRD, ..., TRD). (5.7)

the fitness function f(x) only needs to be evaluated once due to the fact that all strategies are the
same. One can then proceed directly to the mutation of the strategies to form a new population.

A mutation xm of a strategy x can be defined as,

xm = x − αTRD(r1, r2, r3, ..., rM ) (5.8)

where α is a step parameter in the interval [0, 1] and (r1, r2, r3, ..., rM ) are random numbers
from,

ri ∈ U(0, 1)i = 1, 2, ...M (5.9)
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The fitness function f(x) is important and must be defined so that it discriminates well be-
tween good and bad stop-repair-strategies. A good stop-repair strategy keeps a good balance
between accomplished mission hours and early stop repair times (saving repairs). One possible
representation of f(x) is,

f(x) = fM (x)fR(x) (5.10)

f(x) = Min(e−cM (M(x)−MRef ), 1) (5.11)

fR(x) =
N∑

i=1

Min(Max(aiRi(x) + bi, cRi), 1) (5.12)

a =
1 − cRi

RMNi − RRefi

(5.13)

b =
RMNicRi − RRefi

RMNi − RRefi

(5.14)

Here MRef is a reference value stating the mission success rate as a value between [0, 1] and
can be obtained by simulating the phase-out scenario with the repair strategy xTR. In the
same way the reference number of repairs RRefi

per item type can be obtained. The minimum
number of repairs limit RMNi can be set to 0 or be set to a positive value if such a value can
be estimated through a separate search.
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5.1.4 Repair strategy using binary search

Another approach is to use a binary search for finding an optimal stop-repair-strategy. This
method is only used if the optimal stop repair time for item type I does not depend on any of
the other item types, i.e. TOpt

Itemi
is independent of TOpt

Itemj
, i �= j where j = 1, 2, ..., M .

The algorithm below describes an item-by-item binary search:

1. Define a time step ΔT = TR.

2. Set i = 1 (the first item).

3. Set x0 = (TItem1 , TItem2), ..., TItemM
= xTR = (TRD, TRD, ..., TRD) and evaluate f(x).

4. Form a new strategy x1 by setting the stop repair time TItemi = 0 in x0. Evaluate f(x1).

5. If f(x1) > f(x0) stop the search and choose strategy to never repair (TItem1 = 0).

6. Update time step ΔT = ΔT/2.

7. If f(x1) > f(x0) go to step 6 otherwise go to step 8.

8. Modify the x0 strategy by setting TItemi := TItemi − ΔT . Re-evaluate fx0 . Stop the
binary search if ΔT and |f(x1) − f(x0)| are small enough otherwise go to step 4.

9. Modify the x1 strategy by setting TItemi := TItemi + ΔT . Re-evaluate fx1 . Stop the
binary search if ΔT and |f(x1) − f(x0)| are small enough otherwise go to step 4.

10. If i < M set i := i + 1 and got to step 3, considering next item.

5.1.5 Input data and data flow

The specification that forms the basis for the FLAPS software tool contains a number of specific
input parameters and a set of mathematical relations, e.g. to find a effective repair strategy for
rotables when phasing-out a aircraft version. To avoid unnecessary duplication of work, two
commercially available software packages Simlox and Opus have been identified as suitable as
a basis for the development of FLAPS, see (Systecon, Accseeed Aug 2009) for a description of
the tools.

Both Opus10, to an even greater extent, Simlox already contain a large number of routines
and input tables that will be needed in the development of FLAPS. Both Opus10 and Simlox
are well-known and widely used software tools in the logistic analysis field, and are therefore
already validated and de-bugged. To achieve the specified functionality in FLAPS a number
of input tables and computation modules will have to be added that are not present in either
Opus10 or Simlox at the present time.
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The intention is to use FLAPS as a separate software tool that uses input data and results
mainly from Simlox but also from Opus10. It will include an external database (SQL-server,
Structured Query Language) where all needed input data and generated results are stored for
each unique scenario. Figure 5.7 and Figure 5.8 illustrate the information flow and analysis,
in the database to the left in Figure 5.7 and 5.8 there are some input data and results from
Opus10 and Simlox. The FLAPS tool would be implemented as a middleware that can present
mainly in table format all the input data necessary to describe scenarios.

Figure 5.7: Information flow between FLAPS and a database consisting of input data and results
from FLAPS and calculations performed by external kernels in e.g. Opus10 and Simlox.

The spares optimisation and simulation of a given scenario can be carried out by external ker-
nels that are triggered from FLAPS. This might be Opus10 for spare optimisation and Simlox
for simulation.

The results produced from the external kernels are fed back to the FLAPS tool for further
analysis and result presentation. The external kernels dealing with spares optimisation needs
to be able to handle costs related to spares optimisation (spare part prices, storages costs etc),
which Opus10 is able to do. The simulation kernel is not required to handle costs but must be
able to produce result data. These analysis facilities exist in Simlox today and can be used for
cost calculations at a later stage within the FLAPS tool itself.
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Figure 5.8: Workflow in the FLAPS tool.

A large amount of input data is needed to analyse operations and maintenance for an aircraft
fleet, see the bulleted list below for some examples of the most important modelling features.

• Aircraft phase-in schedules (fleet build-up).

• Aircraft phase-out schedules (aircraft termination).

• Reuse fraction when terminating an aircraft (per item type).

• System breakdown per aircraft variant.

• Aircraft modification schedule (upgrades).

Some items are removed and not needed anymore and other items are added.

• Item modification schedule.

Failure rate and price can change after a modification.

• Item failure rates and prices.

Failure generation is assumed to be Poisson distributed.

Failure rates can depend on mission type.

Failure rates can differ in preparation phases (before take-off).

Failure rates can depend on the item position in the aircraft.

• Structure of the support organisation, possibly item dependent.
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• Transportation times and costs.

Transports on demands.

Scheduled transports.

Cut-off situations.

• Corrective maintenance (CM).

Turnaround times and associated costs.

Repair fractions.

• Preventive maintenance (PM).

Turnaround times and associated costs.

Multiple PM counters (calendar, operational and mission based).

Related PM tasks (PM counter resets another counter).

Possibility to model PM being triggered by a CM event.

Possibility to model CM being triggered by a PM event (failure detection).

System-dependent PM counters.

Item-dependent PM counters.

PM on stocked items.

PM history of the aircraft.

• Varying operational profiles.

Possible to input almost arbitrary operational profiles down to system type level.

Mission lengths drawn from a user-defined time distribution.

• Stock transfers.

In-between stock position.

From stock position to external source.

From external source to stock position.

• Repair resources.

Repair resources can be connected to repair tasks and a limitation upon the usage of
a repair resource per day can be given.

Possibility to give investment and annual cost for the repair resources.

• Interchangeability.

Alternative items can be set for a specific aircraft item position.

The alternative items can have a priority order.

An initial distribution of alternative items on a given item position can be given.
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An example regarding the last point, if LRU1, LRU2 and LRU3 are interchangeable at a given
item position P in the aircraft, it is possible to state that in the beginning of the scenario,
LRU1, LRU2 and LRU3 cover 70%, 20% and 10% of the item positions respectively (measured
over the initial aircraft population). Alternatively explicit numbers of configurations can be
given.

The whole list of modeling features mentioned below need not be implemented within the
FLAPS itself. It is acceptable if some parts are modelled in external existing tools that FLAPS
has direct access to.
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Chapter 6

Discussion and Conclusions

6.1 Discussion

This chapter summarises the present study, which has been performed in accordance with the
objectives mentioned in Chapter 1 (Introduction). Further, some aspects of the findings will
be discussed. Finally, some suggestions for further research will be presented.

Continuing to develop FLAPS (Fleet Availability Planning and Simulation System) will ex-
pand the set of tools that can be used to support comprehensive maintenance commitments
for complex technical systems such as aircraft, helicopters, UAVs, etc. Developing FLAPS and
identifying necessary information will also improve knowledge about the parameters that need
to be tracked, both by the support provider and the customer in any contemplated PBL/PBC
scenario. It is very important to follow up operational and maintenance-related information
in order to maintain contracted availability for a customer at a minimum cost. To succeed
in this, it is necessary to continuously collect operational and maintenance information from
the technical system and its supporting systems, and to analyse this information to ensure that
both costs and availability are always kept within acceptable limits. This requires both detailed
knowledge of the technical system and overall view of the support solution. Examples might be
how changed maintenance intervals affect failure rates, how the failure pattern of components
and systems change during the lifecycle and to monitor the number and rates of NFF events,
see (Block et al., 2009) for NFF related problems. Following up and evaluating such parameters
will be key concepts in any PBL/PBC since they will be major cost drivers that must be kept
under control and non-compliance may incur penalty clauses.
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Tracked parameters of this type must be traced at a detailed level in order to be useful at a
later stage in a major simulation tool, like for example FLAPS (OPUS10/Simlox) that defines
the efficiency of the complete support solution. It must be emphasised that it is very important
to record operational and maintenance information at quite a detailed level in order to be able
to reliably aggregate the information to system or aircraft level. This is of vital importance to
ensure that reliable and quality-assured analyses of the entire support solution are possible.

It will be a considerable challenge to continue developing FLAPS since optimising mainte-
nance resources in a dynamic support concept is a relatively complex scenario to model, and
the development effort to date has been restricted to creating prerequisites for the mathemat-
ical modelling by evaluating necessary algorithms and identifying the parameters needed for
the computations. A complication likely to manifest itself in the future is a lack of statistically
robust data from both supplier and customer when beginning to use the tool, particularly in
cases where it is to be applied to systems in an early phase of their lifecycle. From a methods
point of view, both genetic algorithms, binary search and ”off-line simulation” seem useful for
finding repair strategies during phase-out of systems, however further development of these
methods is desirable since they are all computation-intensive and time-demanding. The ”off-
line simulation” seems the most promising method when it comes to reducing processing times,
and will therefore be studied further.

A drawback with a genetic algorithm and similar methods is that there is no guarantee of
finding a global optimum. A solution suggested by a genetic algorithm may therefore only be
sub-optimal. This phenomenon is well known in evolutionary biology, where the concept of an
adaptive landscape is used. Such a ”landscape” may contain several ”peaks” of varying heights
but evolution through mutation and selection can only ”locate” such a peak by constantly mov-
ing ”uphill” but not move ”downhill” to ”find” a more distant and perhaps ”higher” peak, see
(Dawkins, 1996). This limitation also applies to genetic algorithms used for technical problems,
though it can to some extent be mitigated by careful selection of the starting conditions.

It is worth noting from the case studies that the perfect repair assumption is by no means
always applicable. It is necessary to study the specific components to verify whether the as-
sumption applies in each specific case. To assume that it is applicable or not based on the type
of component (electronics, mechanical, hydraulics) and the theoretically expected behaviour of
the class of components is not a safe proposition.
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6.2 Conclusions

From the discussion and related to the objectives and research questions presented in this the-
sis, the following conclusions can be made:

It is desirable to continue development of FLAPS (Fleet Availability Planning and Simula-
tion System) in a way that focuses on finding cost-effective solutions for phasing-in and phasing
out aircraft systems, find cost-effective repair strategies when phasing-out an aircraft fleet, find
cost-effective spares strategies for aircraft phase-in (building up an aircraft fleet) and evaluate
the system availability for a set of operating aircraft variants during a parallel scenario of phas-
ing in and out aircraft in a dynamic support organisation. By using the FLAPS software tool it
will be possible to study how availability will be impacted by a parallel phase-in and phase-out
of aircraft and to study whether a more efficient repair strategy can be implemented, and how
spare parts/rotable procurement can be modified to yield a lower lifecycle cost for the entire
maintenance solution.

Thanks to previous efforts in tracking technical systems, aircraft, helicopters and UAVs, there
is a large bank of knowledge and experience within industry (Saab Aerotech) regarding which
parameters need to be tracked, both with respect to airworthiness and to obtain data that is
needed for analysing the viability of suggested improvements to the technical system and associ-
ated support systems. During the progress of the research project, a shift has been underway to
replace maintenance information systems which have been developed in-house and are tailored
for the purpose using a COTS (Commercial Off-The-Shelf) approach, that, almost by definition,
does not fulfil the unique and sometimes critical requirements for tracking military aircraft. In
view of this, it will be necessary to carry out a number of precautions and safeguards to ensure
that vital operational information needed for tracking the aircraft system is not lost or gar-
bled. This is one of the most important of the conclusions that has emerged during the research.

During the research project it has become clear that business solutions like PBL/PBC are
becoming increasingly common. This fact has influenced the research project since this means
that the customers’ information sources are more and more being put at the disposal of the
supplier in order to achieve a improved overview of the system and a more effective use of the
system and associated support systems.

Using a discrete event controlled simulation yields a good overview of a complex technical
system with associated and similarly complex support solutions. A simulation model becomes
very handy when dealing with such complex systems as military aircraft; since the simulation
model gives a considerably better overview of the situation compared to using other forms of
analysis. Another benefit of using simulation is the possibility to study ”what-if scenarios”,
which gives a good idea of the envelope of the model, a good overview and a good insight in
different scenarios.
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Genetic algorithms and binary search are methods that can be used for finding a local optimum
when searching for an effective repair strategy for rotables. A drawback with both these meth-
ods, genetic algorithms and binary search, is that when used together with simulations, the
total process becomes quite computation-intensive and very time-consuming. To use ”off-line
simulation” proved to be a better solution, since this is a less time-consuming method, though
still quite computation-intensive. For optimising spare parts and rotables, both the suggested
methods, forward and backward optimisation of spare packages, have proven practical.

6.3 Further research

Based on the findings in this thesis, there are opportunities for further interesting research.
These include further researching and refining the algorithms needed for the FLAPS (Fleet
Availability Planning and Simulation System) software tool as well as identifying the informa-
tion needed to make FLAPS an effective decision support tool for the lifecycle management of
complex technical systems. There is also potential for continued research and development to
evolve and deploy an effective analysis capability to support handling of complex and extensive
PBL/PBC (Performance-Based Logistics/Performance-Based Contract) solutions reliably and
confidently. Such research applies not only to aerospace-related areas, but also to non-aerospace
fields where extensive and complex technical systems are central to an enterprise, such as en-
ergy, mining, railway and process industry.

Another important area for further studies is the potential synergies between different types of
operational data created during maintenance and operation of complex systems, such as fleets
of military aircraft. Data that has such dependencies should be continuously collected and
analysed in order to detect any potential improvements, in particular with respect to finding
links between maintenance data an data generated by the Built-in Test (BIT) system in the
aircraft and related support systems. By finding correlations between maintenance data and
the built-in monitoring of operating parameters, it may be possible to measure degenerative
processes in sub-units/systems and to detect incipient failures, this in turn, would make it pos-
sible to create a maintenance concept based on CBM (Condition Based Maintenance) which
would probably significantly reduce maintenance costs.

The continued research will take place within the Swedish National Aeronautics Research Pro-
gramme No.5, starting in 2009 and scheduled to continue until approximately 2013. During
this research programme, FLAPS will be developed and implemented in the line organisation
at SAAB to support business solutions such as PBL/PBC. The future research try to find
synergies between different but related types of operational and maintenance data in order to
more efficiently detect degenerative processes and incipient failures at an early stage.
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Abstract – The scope of this paper is to investigate whether
the failure pattern of repairable items changes with
increasing number of preventive maintenance actions, i.e. to
what extent the usual assumption of ‘perfect repair’ is
applicable in the real world. A similar analysis is performed
for repairable items that have been maintained correctively,
in order to determine if the assumption of ‘perfect repair’ is
valid, or if failures followed by corrective maintenance have
any effect on the items’ subsequent failure patterns and
whether it is cost effective to change the corrective
maintenance strategy to a preventive maintenance strategy
instead.

Keywords – perfect repair, maintenance strategy,
repairable item, aircraft.

I.  INTRODUCTION

 Today aircraft maintenance programs are developed
in accordance with the MSG-3 methodology, which is a
Reliability-Centered Maintenance (RCM) approach. An
important part of this methodology is to determine the
criticality of failure, which is based on a combination of
the failure’s consequences (e.g. safety, operation, or
economy) and its frequency. Another important part of the
methodology is to determine the applicability and
effectiveness of maintenance tasks to deal with the failure,
in order to select an appropriate maintenance task. In both
cases assumptions about the characteristics of failure
intensities (e.g. constant, increasing, or decreasing) and
the quality of maintenance tasks (e.g. imperfect or perfect
repair) are made, which strongly affect the resulting
maintenance program. Once an aircraft maintenance
program is launched its effectiveness should be monitored
and evaluated in order to achieve a program that is
continuously improved. One important support to the
development and improvement of an aircraft maintenance
program is reliability analysis.
 Analysis of reliability data is usually based on the
assumption that the times between failures are
independent and identically distributed (i.i.d.) in the time
domain. If the times between failures are identically
distributed, the assumption of ‘perfect repair’ is valid.
Hence, the items are brought back to a state ‘as-good-as-
new’ after each maintenance action. If the times between
failures also are independent of each other a renewal
process can be applied in order to describe the items’
failure pattern. Hence, before any further reliability
analysis is carried out, tests for trends and serial
correlations must be done to check whether the

assumption of i.i.d. for the data sets is contradicted or not.
These tests will guide the continued reliability analysis
and the selection of appropriate models. This in turn can
act as valuable input to aircraft maintenance program
development and improvement.
 In this paper the ‘perfect repair’ assumption is
investigated by an analysis of times between failures for
aircraft items with different maintenance strategies. The
maintenance strategies included in the study are corrective
(failure-based) and preventive (predetermined, i.e.
initiated by operating or calendar time). Also items with a
preventive maintenance strategy that have failed and been
maintained correctively are studied.

II. DATA COLLECTION

The approach is illustrated using field data gathered
during the operational life of the Swedish military aircraft
system FPL 37 Viggen from 1977 to 2006, which
essentially is the whole life-cycle of the system. The data
consists of about 330 aircraft and 615,000 flight hours.
The empirical data include information on all
maintenance significant events for the actual items, i.e.
date of delivery, storage time, storage maintenance,
installations, failures, preventive and corrective
maintenance, modifications, and ultimate discard. These
events are associated with calendar dates and accumulated
operating time given in flight hours.

Since the empirical data comprises a whole life-cycle,
some modifications of the items have been made, and the
maintenance schedule was changed several times during
the items’ life-cycle (1977-2006). Four items with two
different maintenance strategies have been selected for
this study. Two of the items have been modified and
given new part numbers (F3200-006185 that changed to
F3200-012538 and M2344-800110, which changed to
M2344-800510). Hence, during the life-cycle there were
six different items in total. Table 1 shows the number of
each item, which is summarised over the items’ total life-
cycle.

The data is right-hand censored by four processes:
failure, preventive maintenance action (for three of the
items), modification (with following part number
exchange, for two of the items) and discard.

The failures fall into two categories: failures in
service and failures that were detected during preventive
maintenance. For the later type, the time of failure has
been set to the time of maintenance.

Changes in items’ failure pattern during maintenance:
An investigation of the perfect repair assumption

J. M. Block1, P. Söderholm2, T. Tyrberg1
1Saab Aerotech, Ground Support Services, Linköping, Sweden
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Table 1. Description of empirical data.
Military
P/N

Type of
Hardware

No. of
Units

Maintenance
Strategy

F3200-
006185

Radar
Transmitter 138 Corrective

F3200-
012538

Radar
Transmitter 45 Corrective

F3200-
06184

High-
Voltage
Generator

118 Corrective

F6400-
041244

Cooling
Turbine 385 Preventive

Operating time based
M2344-
800110

Hydraulic
Accumulator 303 Preventive

Calendar time based
M2344-
800510

Hydraulic
Accumulator 82 Preventive

Calendar time based

III. METHODOLOGY

 The analysis of repairable items should follow the
logic depicted in Fig.1. In this paper the focus is on
testing the presence of trend in the data, since the scope is
to investigate the assumption of ‘perfect repair’ for
different maintenance strategies.

Figure 1. An example of a process used for analyzing reliability
data of repairable items.

Graphical methods for displaying data from
repairable systems can be used to gain insight into the
data, and also to select a reasonable model. The first step
when analysing data from repairable systems is to check if
there  is  any  trend  in  the  times  between  failures.  That  is,
checking if the times between failures are decreasing or
increasing. A simple, but powerful graphical method is to

plot the global failure time ti along the horizontal axis,
and the cumulative number of failures through time ti,
N(ti), on the vertical axis. A linear relationship indicates
that the system remained stable over the time that data
was collected. In this case a renewal process, or possible a
Homogenous  Poisson  Process  (HPP),  may  be  an
appropriate model if the times between failures are
independent. If the plot shows some curvature, either
concave up or concave down (or possible concave up over
some range of t and concave down over another range)
then a renewal process is not an adequate model. A plot
that is concave down indicates reliability improvement
since the times between failures are larger for large t.  A
concave up plot indicates deterioration since the times
between failures are smaller for large t. [1]

There are several statistical tests that have been
proposed for testing the null hypothesis that the process is
a homogeneous Poisson process (HPP) against the
alternative that there is a monotonic trend. In this paper
the Laplace and the MIL-HDBK-189 tests are applied to
test the assumption of no trend.

The Laplace test has the form according to Eq.1, when
studying items that is observed until a time t0.
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Where n is the number of items and t0 is total time of
the item and Si is the failure times. The value of U is seen
to indicate the direction of the trend, with U <  0  for  a
positive trend and U > 0 for a negative trend.

The military handbook test 189 (MIL-HDBK-189)
has the expression given in Eq.2.
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The value Z is  either  greater  or  smaller  than  the
following:
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For more information about the Laplace and MIL-
HDBK -189 tests, see [1, 2, 3].

IV. ANALYSIS

The first part of the analysis was to sort and filter the data
into an analyzable format. The analysis was then carried
out by a combination of the software programs Matlab
and  Excel.  Most  of  the  data  filtering  was  done  in  Excel
and the actual analysis in Matlab.

To analyze and investigate the assumption of perfect
repair it was necessary to find individual items that had
more than one failure during its life-cycle. The threshold



of ‘enough consecutive failures’ was set to three or more
failures per item. Since two of the studied items (F3200-
006185 and M2344-800100) were modified during the
life-cycle, the failure data for the modified item and the
original item were merged to achieve a complete set of
the failure data during the life-cycle of the item, see Table
2  for  the  number  of  individual  items  that  had  three  or
more failures.

Table 2. Number of individual items with three or more failures.
Military P/N Number of individuals
F3200-006185/012538 82
F3200-006184 13
F6400-041244 58
M2344-800110/800510 18

Since there are so many items that have three or more
failures, it is not possible to present graphs for the trend of
times between failures for all studied items. Therefore, a
selection of interesting graphs is presented for three of the
items. Items F3200-06185 and F3200-06184 have the
same maintenance strategy, i.e. corrective maintenance
(see Table 1).

Fig.2, 3, and 4 illustrate the time between failures for
the Radar Transmitter (F3200-006185). Fig.2 indicates a
negative trend, i.e. that the times between failures
decreases with time.

Figure 2. The time between failures for the Radar Transmitter
F3200-006185 item 60.

Fig.3 indicates a positive trend for another Radar
Transmitter (F3200-006185 S/N 96), i.e. that the time
between failures increases with time.

Figure 3. The time between failures for the Radar Transmitter
F3200-006185 S/N 96.

As mentioned earlier the Laplace and MIL-HDBK-
189 tests were used to analytically check the presence of
any trend in the data, i.e. deciding if the interarrival times
are identically distributed or not. See Table 3 for
numerical values from the Laplace and MIL.HDBK-189
tests  corresponding  to  the  S/N  60  and  96  of  the  Radar
Transmitter F3200-006185, which also correspond to
Fig.2 and Fig.3 respectively.

Table 3. Example of result for the analytical test for the Radar
transmitter F3200-006185.

S/N U-Value Z-Value Positive  Negative
60 1,27823 7,28550 X
96 -1,17640 19,67215 X

The trend of all individuals of item F3200-006185
with three or more consecutive failures resulted in 43
individuals with a negative trend and 39 individuals with
a positive trend (according to the Laplace and MIL-
HDBK-189 tests). Studying the average total operational
time for the 39 individual items with a positive trend it
was around 300 hours greater than for the 43 individual
items with a negative trend. This is probably due to the
‘hangar queen’ effect, i.e. individual items with low
reliability that spend a larger part of their lifetime in the
repair cycle.

Fig.4 shows all the items in the same graph, where it
seems like as if the times between failures are not giving
any specific trend, i.e. neither negative nor positive. This
may be due to the fact that there is no preventive
maintenance performed on this item, see Sections V and
VI (Results and Discussion) for more details of this result.



Figure 4. The time between failures for the Radar Transmitter
F3200-006185 all items.

The Cooling Turbine F6400-041244 has a preventive
maintenance strategy based on operating time (see Table
1). Fig.5 indicates a negative trend for the individual S/N
4110.

Figure 5. The time between failures for the Cooling Turbine
F6400-041244 S/N 4110.

An example of a positive trend for the Cooling
Turbine was found for the individual S/N 4197, see Fig.6.

Figure 6. The time between failures for the Cooling Turbine
F6400-041244 S/N 4197.

The numerical result from the Laplace and MIL-
HDBK-189 tests for the Cooling Turbine and the S/N
4110, 4197 and 4178 are summarized in Table.4.

Table.4. .Example of result for the analytical test for the Cooling
Turbine F6400-041244.

S/N U-Value Z-Value Positive Negative
4110 1,88615 2,45398 X
4197 -0,53771 6,29785 X

Taking all 58 items with three or more consecutive
failures into account in this case yields 43 items with a
negative trend and 15 items with a positive trend
according to the Laplace and MIL-HDBK-189 tests. The
average total operating time for the items that have a
negative trend is 2,150 hours and the average operating
time for the item with a positive trend is 2,358 hours.
Hence, in this case too, items with a positive trend tend to
have longer operating time.

Fig.7 shows the time between failures for the Cooling
Turbine F6400-041244 for all the items in the same
graph. It seems like as if the times between failures are
much more linear than for the Radar Transmitter, see
Sections V and VI (Results and Discussion) for more
details of this result.



Figure 7. The time between failures for the Cooling
Turbine F6400-041244 all items.

Performing  the  same  procedure  as  earlier  for  the
Hydraulic Pressure Accumulator M2344-800110, yield
similar variations in the trends between individual items.
A positive trend is presented in Fig.8 for individual S/N
167 and a negative trend in Fig.9 for individual S/N 446,
while all the item are plotted in Fig.10.

Figure 8. The time between failures for the Hydraulic Pressure
Accumulator M2344-800110 S/N 167.

Figure 9. The time between failures for the Hydraulic Pressure
Accumulator M2344-800110 S/N 446.

According to the analytical Laplace and MIL-HDBK-
189 tests, the values are as given in Table.5.

Table 5. Example of result for the analytical test for the
hydraulic pressure accumulatorM2344-800110.
S/N U-Value Z-Value Positive  Negative
167 -1,33799 14,96002 X
446 1,02778 3,99903 X

Studying all 18 items of the Hydraulic Pressure
Accumulator with three or more consecutive failures,
there are 7 items with a positive trend and 11 items with a
negative trend. In contrast to the other two items, the
average operating time is here longer for the items that
show a negative trend, it differs approximately 316 hours.
This seemingly strange effect is probably due to the fact
that the depot does not normally return repaired items
with short operating calendar times to the operators.
Repairs (corrective maintenance) therefore often include
(premature) preventive maintenance, which in turn
eliminate a future shop visit.

Figure 10. The time between failures for the Hydraulic
Pressure Accumulator M2344-800110 all items.



V. RESULTS

It is clear that the simple ‘perfect repair’ assumption
is not immediately applicable to any of the studied types
of hardware.

Strangely enough the ‘perfect repair’ hypothesis fits
best for F6400-041244 (Cooling Turbine), which is a
highly stressed mechanical item (Fig.7) while the fit is
much worse for the avionics item F3200-006185 (Radar
Transmitter, see Fig.4) and for M2344-800110/800510
(Hydraulic Accumulator, see Fig.10).

For the Radar Transmitter the trend seems to be very
scattered. For items with a large number of failures early
in their life-cycle, repair is ‘better than perfect’, i.e. the
items become more reliable after repair.

This effect is not seen in items with few failures early
in their life cycle. For these items ‘perfect repair’ initially
seems to be a valid model. However, in many cases repair
becomes ‘less than perfect’ later in the life cycle. For the
hydraulics accumulator this trend is even more
accentuated and the individual items seem to fall into two
distinct subpopulations with opposite reliability trends
(Fig 10).

VI. DISCUSSION

A possible explanation for the unexpected trend for
the time between failures for the Cooling Turbine is that
incipient wear-out failures are being caught during
preventive maintenance leaving a residue of unpredictable
failures. This would essentially mean that the preventive
maintenance strategy for this item has been successful.
The perfect repair assumption in this particular case
seems to be essentially correct.
 In  the  case  of  the  radar  transmitter  with  a  pure
corrective maintenance strategy, the differences in times
between  failures  for  the  individual  items  seems  to  be  so
large that it is difficult to see any clear trend. The inter-
arrival times are definitely not exponentially distributed
for the whole studied population, a somewhat unexpected
result for an avionics item.
 The unexpected result for the Hydraulics Pressure
Accumulator could possibly be an artifact due to the fact
that the failure times have been normalized as operating
hours, while preventive interval is based on calendar time.
More study is needed to validate or discard this
hypothesis.

VII. CONCLUSION

The assumption of perfect repair needs to be
validated for each specific type of item. Assumptions
based on the category of physical hardware (e.g.
mechanical item or avionics item) are not always
trustworthy.
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Abstract—In this paper the appropriateness of initial
preventive maintenance task intervals and the improvement
of changed intervals are evaluated. The evaluation criteria
are  partly  derived  from  logic  found  in  the  RCM
(Reliability-Centered Maintenance) methodology.
Empirical data is related to the whole life cycle of the
Swedish military aircraft system FPL 37 Viggen, from 1977
to 2006. The analysis shows that the maintenance intervals
are partly appropriate and that some performed changes are
improvements. These conclusions are strengthened if the
phase-out of the aircraft system is considered, where the
preventive maintenance strategy has been replaced with a
corrective one, in order to achieve cost-effectiveness.
Considering the perfect repair assumption, it seems that the
overhaul tasks essentially bring the items back to a state as
good as new. The performed evaluation mostly considers
when  the  failures  are  recognized,  i.e.  during  operation  or
during maintenance. Hence, aspects such as item
accessibility, personnel skill levels, and maintenance task
intervals for other items are not included in the
evaluation.1, 2
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1. INTRODUCTION

Preventive maintenance is usually applied for complex
systems in order to avoid operational failures, especially
when the failure consequences are critical, e.g. with regard
1
11-4244-1488-1/08/$25.00 ©2008 IEEE.
2IEEEAC paper #1262, Version 3, Updated December 31, 2007.

to safety, environment, or economy. Hence, an important
issue in reliability analysis is to estimate the appropriate
preventive maintenance task intervals and to continuously
update these intervals as more operational data becomes
available, in order to reduce the risk of critical failures
during operation and to achieve cost-effectiveness.

The objective of preventive maintenance tasks is to avoid
deterioration of the aircraft’s inherent reliability and safety
levels. The corrective maintenance tasks’ objective is to
restore the aircraft to an acceptable state. Hence, an
efficient preventive maintenance program includes only
tasks that are necessary to meet the stated objectives, and
no tasks that only increase maintenance costs without a
corresponding increase in protection of system reliability.
At the same time, it is important that a task is not done
more often than necessary. The reason is that excessive
maintenance will increase the risk for maintenance-induced
errors, which may have an adverse effect on the aircraft’s
reliability and safety.

The scope of this paper is to evaluate the appropriateness of
initial maintenance task intervals of repairable items and
the improvement of successive interval changes throughout
a system life-cycle.

2. STUDY APPROACH

The first step of the analysis was to sort and filter empirical
data into an analyzable format. The analysis was then
carried out by a combination of the software packages
Matlab and Excel. Most of the data filtering was done in
Excel and the actual analysis in Matlab.

The major part of the analysis described in this paper is
divided into two steps. First, the assumption of perfect
repair is checked. Thereafter, the maintenance task
intervals are evaluated.

Analysis of Times between Failures

Analysis of reliability data is usually based on the
assumption that the times between failures are independent
and identically distributed (i.i.d.) in the time domain. If this

mailto:jan.block@saabgroup.com
mailto:peter.soderholm@ltu.se
mailto:tommy.tyrberg@saabgroup.com
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is true the assumption of ‘perfect repair’ is valid and the
items are brought back to a state ‘as-good-as-new’ after
each maintenance action. Hence, before any further
reliability analysis is carried out, tests for trends and serial
correlations must be done to check whether the assumption
of i.i.d. for the data sets is contradicted or not. This in turn
can act as valuable input to aircraft maintenance program
development and improvement. An advised methodology
for analysis of failure data from repairable items is
summarized in Figure 1.

Figure 1 – An example of a methodology for analyzing
reliability data of repairable items. Adapted from [1]

A simple, but powerful graphical tool to check if there is
any trend in the times between failures, is to plot the global
failure time ti along the horizontal axis, and the cumulative
number of failures through time ti, N(ti), on the vertical
axis. A linear relationship indicates that the system
remained stable over the time that data was collected. In
this case a renewal process, or possibly a Homogeneous
Poisson Process (HPP), may be an appropriate model if the
times between failures also are independent. However, if
the plot shows some curvature, a renewal process is not an
adequate model. A plot that is concave down indicates
reliability improvement since the times between failures are
larger for large t. A concave up plot indicates deterioration
since the times between failures are smaller for large t.
More information about this graphical tool can be found in
[2].

There are also several statistical tests that have been
proposed for testing the null hypothesis that the process is a
HPP against the alternative that there is a monotonic trend.
In this paper the Laplace and the MIL-HDBK-189 (military
handbook) tests are applied to test the assumption of no
trend. The Laplace test has the form given in Eq. 1, when
studying items that is observed until a time t0.
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Where n is  the  number  of  items, t0 is the total time of the
items, and Si is the failure times. The value of U is seen to
indicate the direction of the trend, with U < 0 for a positive
trend and U > 0 for a negative trend.

The MIL-HDBK-189 test has the expression given in Eq. 2:
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The value Z is either greater or smaller than the following:
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For more information about the Laplace and MIL-HDBK-
189 tests, see for example [2, 3, 4].

Evaluation of Maintenance Task Intervals

The evaluation of the appropriateness of initial
maintenance task intervals and the improvement of
changed maintenance task intervals are influenced by logic
found in the RCM (Reliability-Centered Maintenance)
methodology. See, for example [5, 6].

One assumption of this study is that the selected preventive
maintenance tasks are applicable. Hence, the item’s
reduced resistance to failure is recognizable by inspection,
and there exists a reasonably consistent interval between
initiation and occurrence of failure.

Furthermore, since failure of the studied item has
operational consequences, the effectiveness criterion is that
the task must reduce the risk of failure. Hence, the task
interval is appropriate if the number of non-scheduled
maintenance tasks initiated by reports of malfunction (A
and C in Table 1) is less than the number of failures related
to preventive maintenance tasks (B and D of Table 1, i.e.
both preventive maintenance tasks and non-scheduled
maintenance tasks initiated by the these). Furthermore, a
maintenance task interval change is an improvement if the
share of failures related to malfunction reports out of the
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total number of failures is decreased. The applied criteria
for evaluation of the appropriateness of initial maintenance
task intervals and the improvement of changed
maintenance task intervals are summarized in Table 1.

Table 1. Criteria for using Failure Recognition in the
Evaluation of Maintenance Task Intervals

Number of failures
related to reports of

malfunction

Number of failures
related to inspection or

overhaul
Original
interval

Changed
interval

Original
interval

Changed
interval

Appropriate Improvement

A - B -

Yes:
A – B < 0

No:
 A – B > 0

Not relevant

A C B D Not relevant

Yes:
C/(C+D) -

A/(A+B) < 0

No:
C/(C+D) -

A/(A+B) > 0

Hence, in order to judge the appropriateness of initial and
successive maintenance task intervals, the number of
failures is related to the studied preventive maintenance
tasks. The non-scheduled tasks are initiated by reports of
malfunctions,  which  generally  are  generated  by  the
operating crew. In summary, the studied failures fall into
two main categories: those that are recognized during
operation and those that are recognized during preventive
maintenance execution. For the latter category of failures,
the time of failure has been set to the time of preventive
maintenance.

In addition to when the failure is recognized, there are
several other kinds of events that can be considered when
evaluating the appropriateness of maintenance intervals.
This can be achieved by classifying the level  (high or low)
of different events as indicating the appropriateness of
intervals. In the performed analysis the events have been
classified  based  on  either  the  failure  report  or  a
combination of the failure report and the corresponding
maintenance report. In total 13 event types have been
considered in the performed analysis, see Table 2.

Table 2. Criteria for using Events in the Evaluation of
Maintenance Task Intervals

Event
number

Event
description

High number of
events indicates that

the maintenance
interval is:

Low number of
events indicates that

the maintenance
interval is:

1

Failure recognized
during operation
and resulting in

maintenance

Not appropriate
(too long) Appropriate

2 Failure recognized
during inspection

Not appropriate
(too long) Appropriate

3 Failure recognized
during overhaul Appropriate Not appropriate

(too short)

4 No Fault Found
(NFF) Not relevant Not relevant

5 Inspection and
discard

Not appropriate
(too long) Appropriate

6 Inspection and
adjustment Appropriate Not appropriate

(too long)

7 Inspection and no
action Appropriate Not appropriate

(too short)

8 Inspection with
deferred task Not relevant Not relevant

9 Overhaul and
discard

Not appropriate
(too long) Appropriate

10 Overhaul and
adjustment Appropriate Not appropriate

(too short)

11 Overhaul and no
action

Not appropriate
(too short) Appropriate

12 Overhaul with
deferredtask Not relevant Not relevant

13 Others Depends on event Depends on event

3. EMPIRICAL MATERIAL

The empirical data was gathered during the operational life
of the Swedish military aircraft system FPL 37 Viggen,
from 1977 to 2006. The data is based on about 330 aircraft
with a total of 615,000 flight hours. Available data includes
all maintenance significant events for the items, i.e. date of
delivery, storage time, storage maintenance, installations,
failures, preventive and corrective maintenance,
modifications, and ultimate discard. These events are
associated with calendar dates and accumulated operating
time given in flight hours.

In this study the cooling turbine of the FPL 37 Viggen
aircraft system is studied throughout its complete life cycle.
The cooling turbine is a highly stressed mechanical item,
with the purpose to cool the air to the cockpit and some
avionic items. The cooling turbine has a preventive
maintenance strategy, where the maintenance interval is
based on operating time expressed in flight hours. The two
preventive maintenance tasks related to the cooling turbine
are inspection and overhaul. The inspection is a minor
maintenance action, while the overhaul is a major
maintenance action considered as a perfect repair. The total
number of cooling turbines included in the performed
analysis is 353. See Table 3 for a summary of the studied
item.
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Table 3. Description of the Studied Item

Military P/N Type of
hardware

Number
of items

Maintenance
strategy

F6400-041244 Cooling
turbine 353 Preventive,

operating time
During the life cycle of the cooling turbine the preventive
maintenance program has been changed several times.
These changes have consisted of altered maintenance task
intervals. See Table 4 for a summary of the changes in the
maintenance task intervals for the inspection and overhaul
tasks of the cooling turbine.

Table 4. Summary of Changes in the Preventive
Maintenance Task Intervals of the Studied Item

Inspection interval
(Flight hours)

Overhaul interval
(Flight hours)

Version date of
maintenance

program Old New Old New

25/01/1982 440 410 840 810

18/03/1986 410 425 810 825

10/08/1987 425 450 825 850

24/08/1990 450 475 850 850

30/12/1992 475 500 850 850

28/06/1993 500 500 850 1000

28/01/1995 500 600 1000 1200

11/05/2001 600 600
(discard) 1200 1200

(discard)
The preventive maintenance related to the studied aircraft
is normally executed in accordance with determined
maintenance  cycles.  A  cycle  consists  of  a  number  of
preventive maintenance tasks. The preventive maintenance
tasks can be of different extent and complexity, e.g.
inspection and overhaul. The overhaul is an extensive
preventive maintenance task, after which the item is
considered to be ‘as-good-as-new’. Hence, each overhaul
ends one maintenance cycle and initiates a new for each
individual item. Each maintenance task is designed so that
the item’s usability is ensured to the next task in the
maintenance cycle. One or several maintenance cycles can
be included in the life of an item. See Figure 2 for an
illustration of the concept of maintenance cycle.

Figure 2 – The principle of a maintenance cycle,
initiated and ended by overhaul

4. ANALYSIS AND RESULTS

Times between Failures for the Studied Item

To test the assumption of perfect repair it was necessary to
find individual cooling turbines that had more than one
failure during their life-cycle. The threshold of ‘enough
consecutive failures’ was set to three or more failures per
item.  In  this  case  there  were  58  items  that  had  three  or
more failures.

Figure 3 presents the 58 cooling turbines with three or
more consecutive failures. There are 43 items with a
negative trend and 15 items with a positive trend according
to the Laplace and MIL-HDBK-189 tests. The average total
operating  time  for  the  items  that  have  a  negative  trend  is
2,150 hours and the average operating time for the items
with  a  positive  trend  is  2,358  hours.  Hence,  items  with  a
positive trend tend to have a longer operating time.

Figure 3 – The times between failures for the cooling
turbine

Maintenance Task Intervals for the Studied Item

A summary of the studied maintenance tasks and the
number of related failures for different preventive
maintenance task intervals are summarized in Table 5.

On the left  hand side of Table 5 it  is  seen that  the number
of failures during inspections is quite low (between zero
and 12 failures). The number of failures recognized during
overhaul is relatively large (between five and 95 failures).

Looking at the right hand of Table 5, it is seen that there is
a number of failures that are recognized during operation
and reported as malfunction. The reported failures result in
corrective (i.e. between zero and 120 failures) or preventive

IN

OH

SM2

SM1
ININ

12 Months

24 Months OH = Overhaul
IN = Inspection
SM1= Storage Maintenance 1
SM2 = Storage Maintenance 2

Maintenance Cycle Storage

Maintenance Cycle Operation
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maintenance actions. The preventive maintenance actions
are performed if the failure recognized during operation
occurs close to a preventive inspection (between one and six
failures) or overhaul (between one and 17 failures). Hence,
in these cases the performed preventive maintenance can be
seen as a kind of opportunistic maintenance. The basis for
carrying out such maintenance is that a repaired unit was
not considered fit for issue if it had a remaining operating
time less than than the interval between two major aircraft
checks, which for FPL 37 varied between 200 and 300
flight hours over the aircraft life-cycle.  Based on the
evaluation criteria in Table 1 and the empirical data in
Table 5, the appropriateness and improvement of the
different maintenance intervals are summarized in Table 6.

Table 5. Classification of Failures of the Cooling Turbine

Preventive maintenance task in accordance with
the maintenance program

Non-scheduled maintenance task
initiated by failures recognized during

operation
Inspection Overhaul Inspection Overhaul Corrective

Interval Failures Interval Failures Failures Failures Failures
440 h 6 840 h 28 6 13 19
410 h 4 810 h 63 2 4 19
425 h 1 825 h 5 3 1 9
450 h 0 850 h 41 1 15 58
475 h 12 850 h 95 - 17 52
500 h 1 850 h 31 - 1 0
500 h 4 1000 h 24 2 6 52
600 h 9 1200 h 16 2 3 120
600 h - 1200 h - - - 8

Table 6. Evaluation of the Appropriateness and
Improvement of Different Maintenance Program Editions

Version date of
maintenance program Appropriate Improvement

25/01/1982 No -

18/03/1986 Yes Yes

10/08/1987 No No

24/08/1990 No Yes

30/12/1992 Yes Yes

28/06/1993 Yes Yes

28/01/1995 No No

11/05/2001 No No

According to Table 6, three maintenance intervals changes
are appropriate, while five maintenance intervals are not
appropriate. Regarding improvements, four interval
changes are for the better, while three changes are not
improvements. However, here it should be noted that the
result summarized in Table 6 is based on the criteria in
Table 1, which only consider when the failures are
recognized (i.e. during operation or preventive
maintenance).

Figure 4 illustrates the number of events and items for each
of the five maintenance cycles. It is seen that both the
number of events and the number of items decrease for each
maintenance cycle. Hence, the number of events and the
number of items seem to be positively correlated with each

other. It should be noted that all 353 cooling turbines are
included in the first maintenance cycle, while only one
turbine reached a fifth cycle. It is also seen that the average
operating time for the turbines decrease for each
maintenance cycle despite the fact that the maintenance
intervals were successively increased. This seemingly
paradoxical result is  due to the fact that the total operating
time  of  the  turbines  was  on  the  average  only  about  2000
hours. This means that after the first maintenance cycle an
increasing proportion of the items completing more cycles
will be ones that have for some reason been overhauled
early.

In Figure 5, the number of events for each maintenance
cycle is displayed. The three different events: failure
recognized during operation followed by some maintenance
action (event 1), failure recognized during preventive
maintenance (events 2 and 3), and No Fault Found (event
4) are highlighted. In Figure 5 the number of failures
recognized during preventive maintenance is larger than
the number of failure recognized during operation for
maintenance cycle 1. In maintenance cycle 2, the number of
failures recognized during operation is similar to the
number recognized during maintenance. However, in
maintenance cycles 3 and 4 the number of failures
recognized during operation is larger than the ones
recognized during maintenance. These relationships do not
change if the NFF events are included as failures
recognized during operation, even though they actually not
are confirmed failures. This finding indicates that the
applied maintenance intervals are appropriate in the two
first maintenance cycles, but not in the third and fourth
maintenance cycles. The fifth maintenance cycle is related
to only one item, making it hard to draw any conclusions
about the interval’s appropriateness.

Figure 6 shows mainly the same thing as Figure 5.
However, the events not related to failures have been
removed and the number of events is scaled to 10,000 flight
hours. The figure shows that the number of failures
recognized during operation are higher than the number of
failures recognized during preventive maintenance for
maintenance cycles 3 and 4. Hence, in these maintenance
cycles the maintenance intervals seem to be inappropriate.
It  is  only  in  the  first  maintenance  cycle  that  the
maintenance  intervals  seem  to  be  appropriate,  since  the
number of failures recognized during maintenance is larger
than those recognized during operation. In the second
maintenance cycle the number of failures recognized during
maintenance and operation are almost equal. In the fifth
maintenance cycle only one item is operative, making it
difficult to make any statement about the maintenance
intervals’ appropriateness.
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Figure 4 – Number of events, items, and average operating time in each maintenance cycle

Figure 5 – Number of failures recognized during preventive maintenance and during operation (with following
maintenance action), as well as the number of No Fault found (NFF) and remaining events. The average operating

time for the items in each maintenance cycle is also indicated
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Figure 6 – Number of failures recognized during preventive maintenance and during operation (with following
maintenance action), as well as the number of No Fault found (NFF) events per 10,000 flight hours for each of the five

maintenance cycles

In both Figures 5 and 6 it  is  seen that  the share of failures
recognized during operation increases for each successive
maintenance cycle. Hence, the maintenance intervals seem
to have changed for the worse for each successive
maintenance cycle. At the same time, the items’ average
operating time decreases for each maintenance cycle (see
Figures 4 and 5).

For each maintenance cycle there are also a number of No
Fault Found (NFF) events, i.e. failures recognized during
operation that cannot be verified during subsequent
maintenance. For maintenance cycles 3 and 4, where the
number of failures during operation is larger than the
number of failures during maintenance, the maintenance
strategy can still be considered as appropriate. The reason
is that these maintenance cycles correspond to the
retirement phase of the aircraft system. Hence, Figure 6
illustrates that the maintenance efforts are reduced and that
the preventive maintenance strategy actually has been
replaced by a corrective maintenance strategy in order to be
cost-effective.

Figure 7 illustrates the number of different events for each
of the five maintenance cycles that occurred during the life
cycle of the cooling turbine. In maintenance cycle 1, all
included cooling turbines are new. Maintenance cycles 2-5
are initiated by overhauls (assumed to be equal to ‘perfect
repair’) performed in the previous maintenance cycle, as
described  in  Figure  2.  However,  as  seen  in  Figure  3,  the
assumption of perfect repair is an approximation (there are

some cooling turbines that experience improvement, while
others deteriorate). However, it seems as if the population
of turbines deteriorates with time since the average
operating time decreases with each successive maintenance
cycle (see Figure 4 and 5).

In maintenance cycles 2-3 the top three events are (in
descending order): 7 (inspection and no action), 1 (failure
recognized during operation and resulting in maintenance),
and 3 (failure recognized during overhaul). In maintenance
cycle 1, the top four events are (in descending order): 7, 3,
11 (overhaul without any maintenance action), and 1.
However, the number of events 11 and 1 are almost the
same, which means that the top three events for
maintenance  cycles  1-4  are  similar.  Event  11  is  also  the
fourth most common event in maintenance cycle 2. Event 2
is the sixth most frequent in maintenance cycle 1 (where
event 4, No Fault Found, is the fifth most frequent), the
fifth most frequent in maintenance cycle 2, and the fourth
most  frequent  in  maintenance  cycle  3.  No  Fault  Found
occurs in maintenance cycles 1-3, where it is the fifth most
frequent in maintenance cycle 1 and the sixth most frequent
in maintenance cycles 2 and 3. Since maintenance cycle 5
only includes one item (see Figure 4) it only contains one
type of event, i.e. inspection and no action (event number
7).
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See Table 2 for a description of the different events and a
relation to maintenance intervals, i.e. how number of
events are related to a specific event. Event number 7
(inspection with no action), which is the most common
event in all maintenance cycles, is a minor maintenance
action. The purpose of this maintenance action is to check
if  there  are  any  failures  present.  Hence,  if  no  failures  are
recognized, no action is performed, which means that this
maintenance interval is appropriate. Event number 2
(failure recognized during inspection) is an unwanted
event. Hence, since this event is quite uncommon in all
maintenance cycles, it also indicates that the maintenance
interval is appropriate. It should be noted that events 2 and
7 ought to be negatively correlated, e.g. as in this study
when event 7 is frequent event 2 should be less frequent.

Event number 1 (failure recognized during operation
followed by some maintenance action) is the second most
frequent event in maintenance cycles 2-4 and the fourth
most  frequent  event  in  maintenance  cycle  1.  This  is  an
unwanted event, which indicates that the maintenance
interval is too long. The reason is that these failures have
some kind of operational impact since they are recognized
during operation. In contrast, the failures that are
recognized during inspection and overhaul are probably
hidden failures, not recognizable by the operating crew.

Also  event  number  4  (No  Fault  Found,  NFF)  is  related  to
failures recognized during operation, even though no
failure can be verified at subsequent tests during
maintenance conditions. However, even though NFF is an
unwanted event, it is difficult to know if a NFF event is
caused by a false alarm during operation or the un-ability to
recognize an actual failure during subsequent maintenance
test. Hence, the number of NFF events can give an
indication of the item’s testability and integration of tests at
different maintenance echelons. However, the NFF events
give less information about the appropriateness of
maintenance intervals. That the number of NFF events is
quite low is expected since these events are most common
when dealing with avionics, while the cooling turbine is a
mechanical item. See [7] for more information about the
NFF phenomenon.

Event number 3 (failure recognized during overhaul) is the
third most frequent event in maintenance cycles 2-3 and the
second most frequent event in maintenance cycle 1. The
overhaul is an extensive maintenance action, where it is
expected that present failures should be recognized. Hence,
a high number of this kind of event indicates that the
maintenance interval is appropriate. However, a high
number of event number 11 (overhaul with no action)
indicates that the maintenance interval is too short, where
no failure is recognized while at the same time the risk of
maintenance-induced failures increases.

The number of different events in each of the maintenance
cycles indicates that the maintenance intervals are
appropriate in all maintenance cycles. This result
contradicts the result given in Table 6, where some
maintenance intervals are judged to be inappropriate.
However, looking at Figure 4, it is realized that the applied
maintenance intervals and the formal maintenance
intervals differ. In Figure 7, the applied maintenance
intervals determine the studied maintenance cycles.

However, an examination of Figure 6 leads to a quite
different conclusion. Here it is only in maintenance cycle 1
that the number of events recognised during preventive
maintenance is larger than the number of failures
recognised during operation, indicating appropriate
maintenance intervals. In maintenance cycle 2, the number
of failures recognized during operation is about the same as
those recognized during maintenance. Finally, in
maintenance cycles 3 and 4 the number of failures
recognized during operation is larger than the number of
failures recognized during maintenance, indicating that the
maintenance intervals are too long. In maintenance cycle 5
the number of flight hours is too small to be visible in the
used scale. Here it might be interesting to notice that
Figures 4 and 5 indicate that the items’ average operating
time decreases for every successive maintenance cycle. This
might indicate that the population of items deteriorate with
time.  However,  as  seen  in  Figure  3,  some  individual
turbines improve with time.

Figure 8 illustrates how the number of inspections and
overhauls change with operating time. The applied
inspection and overhaul intervals at about 400 and 800
flight hours respectively are visible as peaks. It is also seen
that the number of inspections and overhauls tend to
decrease with time, which is caused by the decreasing
number of items in operation (see also Figure 4) and also
because the number of out-of-phase maintenance tasks will
inevitably accumulate over time. The figure also illustrates
that  there  are  some  inspections  and  overhauls  at  non-
scheduled times, which usually are triggered by failures
recognized during operation.
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Figure 7 – Number of different events for each maintenance cycle. See Table 2 for a classification of the different
events

Figure 8 – The number of overhauls and inspections plotted against operating hours
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5. CONCLUSIONS

The perfect repair assumption for the cooling turbine seems
to be correct for some items, while the population seems to
deteriorate. A possible explanation for the unexpected trend
for the times between failures for some turbines is that
incipient wear-out failures are being caught during
preventive maintenance leaving a residue of unpredictable
failures. This would essentially mean that the preventive
maintenance strategy has been successful.

The analysis shows that the number of failures recognized
during overhaul is larger than those recognized during
inspection. This result can be explained by two interacting
causes. Firstly, the inspections are performed after a shorter
operating time than the overhauls, which result in fewer
failure occurrences. Secondly, the overhauls are more
thorough than the inspections, resulting in a higher
probability of failure recognition.

The analysis also shows that not every maintenance task
interval is appropriate. Nor is every change an
improvement. However, in reality it is not only the number
of failures that should be used as an indicator of
appropriateness and improvement. For example, at the end
of the aircraft system’s life cycle it is beneficial to stop
some maintenance actions and discard the items instead.
This strategy is quite visible in the performed analysis.
Hence, considering the optimization of maintenance at the
end of a system life cycle the evaluation of applied
maintenance task intervals would change.

There are a number of limitations of the present study. First
of all, the study focuses only on one repairable item of a
complex aircraft system. Secondly, the evaluation of the
appropriateness and improvement of maintenance task
intervals are mainly considering if the failures are
recognized during operation or maintenance, even though
some other events also are considered. Hence, further
criteria related to other items for grouping of tasks into
packages should also be considered.

One  of  the  major  strengths  of  this  study  is  the
comprehensive empirical material related to the whole life
cycle of a complex technical system. Hence, the data is a
valuable source for further evaluation of different analysis
methodologies and tools.

As indicated above, both the strengths and limitations of
this study point towards interesting possibilities for further
research related to the efficient utilization of product and
support data.
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Abstract—No Fault Found (NFF) events are critical and well-
known problems for certain aircraft items. This paper presents a 
study of these events for repairable items with on-condition 
maintenance, based on operational data from a military aircraft. 
Some findings are that: the number of NFF events is influenced 
by item type and number of repairs; most NFF events are 
initiated by faults recognized during operation; and different 
inspections contribute to NFF events. Hence, item design and 
tests at different operational modes and maintenance echelons 
should be better aligned to reduce the number of NFF events. 
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I. INTRODUCTION

Within the aerospace industry, customer demand for system 
dependability has increased. This has led to reliability 
requirements other than the classic requirement of failure rate 
being imposed. Examples of such requirements are “power-by-
the-hour” on the commercial side and Maintenance Free 
Operating Period (MFOP) on the military side. Hence, it may 
not be sufficient to guarantee the failure rate of a product in 
order to meet continually evolving dependability objectives [1, 
2]. This is particularly true if the product suffers from a high 
No Fault Found (NFF) rate [3, 4]. The reason is that NFF 
events have considerable impact on reliability measures, such 
as the Mean Time Between Unscheduled Removal (MTBUR) 
and the Mean Time Between Failures (MTBF) [3]. In fact, a 
reduction of NFF events will have a much greater effect on 
system availability than a corresponding improvement in the 
system’s failure rate [3]. Therefore, it is not acceptable merely 
to treat NFF removals as an unavoidable problem today [4, 5]. 
Due to the criticality of NFF events there are extensive efforts 
to study and control them, see e.g. [3-10]. However, no study 
of NFF events that focuses on the complete operational life of 
items has been found. Hence, this paper aims at contributing to 
knowledge about the NFF phenomenon by a study of aircraft 
items throughout their whole operational life. 

II. THE NO FAULT FOUND PHENOMENON

The NFF phenomenon involves at least two test levels. At 
any test level, a fault may be recognized and localized to an 
item. However, when the item is tested at a subsequent test 
level, the recognition or localization of the fault may be 
unsuccessful, i.e. an NFF event has occurred. This situation 

can occur for a number of reasons. One possibility is that a 
fault has been correctly recognized and localized at the 
preceding level, but attempts to replicate the test results at the 
subsequent level are unsuccessful. Another possibility is the 
fault being incorrectly recognized and/or localized at the 
preceding level. An item can also be classified as Dead-on-
Arrival (DoA) when being originally received from the 
manufacturer or returned to the preceding test level from a 
subsequent test level, at which an NFF event has occurred. 
Items that are recurrently classified as NFF and DoA are 
sometimes called “rogue” items. See [4]. 

III. STUDY APPROACH

The scope of the study presented in this paper is to analyze 
NFF events and their dependence for repairable items with on-
condition maintenance throughout their whole operational life. 
Some aspects considered are related to the studied items, e.g. 
how the NFF phenomenon affect specific types of item, for 
what type of items that these phenomena are frequent, and how 
often NFF recur. Further aspects are related to how the 
phenomena change during the operational life of repairable 
items, e.g. if the problems are more common after repair than 
after the original delivery, if the number of repairs have any 
influence, and what the impact of modifications is. 

The available data essentially reflect the whole operational 
life of the Swedish military multi-role aircraft FPL 37 Viggen, 
from 1977 to 2006. Hence, the data comprise about 330 aircraft 
and 605,000 flight hours. Furthermore, the data contains all 
maintenance significant events for the aircraft items, i.e. 
delivery data, storage times, installations, faults, unverified 
faults, repairs, level of fault recognition (i.e. operation, 
organizational level, or shop level), operational and 
maintenance modes of fault recognition (e.g. in-flight, on-
ground, maintenance task, or in storage), modifications, and 
final discard. All events are associated with calendar dates and 
accumulated operational (flight) hours. 

In this paper, an analysis of four item types related to the 
aircraft radar is presented, i.e. microwave unit (89 items), 
receiver unit (70 items), measurement unit (165 items) and 
waveform generator (103 items). The NFF events for each of 
the four item types are related to one or multiple maintenance 
events at organizational and shop levels by cross-analysis. This 
analysis is supported by standard software tools, such as 
MATLAB and Microsoft Excel. 

Swedish National Aeronautics Research Program (Nationella 
flygtekniska forskningsprogrammet, NFFP) project number NFFP4-S4403 
and Saab Aerotech 
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IV. ANALYSIS AND RESULTS

Initially it is of interest to determine the share of NFF 
events of all maintenance events at organizational and shop 
levels, see Tables I and II. 

When considering maintenance events at organizational 
level from an NFF perspective, it is reasonable to exclude the 
removal and exchange of Line Replaceable Units (LRUs). The 
reason is that the removal and replacement of LRUs mainly 
will impact the NFF rate at shop level. This analysis shows that 
the NFF share of maintenance events for the four item types at 
organizational level is: 0% (microwave unit); 37% (waveform 
generator); 50% (receiver unit); and 55% (measurement unit); 
see Table I. When considering the shop level, the NFF share of 
maintenance events for the four item types is: 12% 
(measurement item); 13% (receiver item); 18% (microwave 
item); and 37% (waveform generator); see Table II. 

The number of NFF events for individual items is also of 
interest to study, since it is related to the phenomenon of 
“rogue” items, see Table III. Considering the organizational 
level and the measurement unit, there are 39 items with one 
NFF event, seven items with two NFF events and two items 
with three NFF events. There are five waveform generators that 
have one NFF event and one item with two NFF events. There 
is one receiver unit with one NFF event and no microwave unit 

with any NFF event. On shop level there are 39 measurement 
units with one NFF event, 17 items with two NFF events, three 
items with three NFF events and three items with four NFF 
events. For the microwave unit there are 24 items with one 
NFF event and six items with two NFF events. For the receiver 
unit, there are nine items with one NFF event and three items 
with two NFF events. Regarding the waveform generator, there 
are 43 items with one NFF event, nine items with two NFF 
events and two items with three NFF events. Hence, the 
number of NFF events for the repairable items decreases for 
each successive fault. However, it should be noted that the 
number of items that are repaired and returned into service also 
decreases for each successive fault. See Table III. 

It is also of interest to determine when faults resulting in 
NFF events at different maintenance echelons are recognized, 
in order to identify test levels that should be better aligned. In 
Fig. 1 and 2, it is seen that the majority of faults resulting in 
NFF events are recognized during operation (denoted by the 
roman numbers I-VI on the horizontal axis). The share of NFF 
events at organizational level (out of all NFF events on this 
level) initiated by faults recognized during operation 
corresponds to 93.2% for the measurement unit (MEI), and 
100% for both the waveform generator (WFG) and the receiver 
unit (REI), while the microwave unit (MWI) has no NFF event 
on the organizational level (see Table I and Fig. 1). 

TABLE I. FREQUENCY OF DIFFERENT MAINTENANCE EVENTS AT ORGANIZATIONAL LEVEL FOR FOUR ITEM TYPES

Organizational level maintenance 
Item type Removal and 

replacement Removal Repair Adjustment Part 
changed

Deferred
item NFF

NFF
share
(%)

Microwave
unit 199 2 0 0 0 0 0 0.00 

Waveform 
generator 176 4 7 0 0 1 7 36.84 

Receiver
unit 115 1 0 0 0 0 1 50.00 

Measurement 
unit 801 6 0 42 1 0 59 55.14 

TABLE II. FREQUENCY OF DIFFERENT MAINTENANCE EVENTS AT SHOP LEVEL FOR FOUR ITEM TYPES

Shop level maintenance 
Item type

Discard Repair Adjustment Deferred item NFF 

NFF
share
(%)

Measurement 
unit 44 658 11 0 94 11.65 

Receiver
unit 7 87 6 1 15 12.93 

Microwave
unit 6 151 7 0 36 18.00 

Waveform 
generator 7 102 0 7 67 36.61 

TABLE III. NUMBER OF NFF EVENTS FOR INDIVIDUAL ITEMS AT ORGANIZATIONAL AND SHOP LEVELS

Organizational level Shop level NFF
events Measurement 

units
Microwave

units
Receiver

units
Waveform
generators

Measurement 
units

Microwave
units

Receiver
units

Waveform
generators

1 39 - 1 5 39 24 9 43 

2 7 - - 1 17 6 3 9 

3 2 - - - 3 - - 2 

4 - - - - 3 - - - 



Hence, the measurement unit is the only item type with 
NFF events at an organizational level that can be linked to 
faults recognized during maintenance actions (denoted by 
letters on the horizontal axis). These actions are: check (K); 
performance check (PK); evaluation of recorded in-flight data 
(URE); and “others” (ÖVR). However, these maintenance 
actions only result in one NFF event (1.67% NFF share) each. 
See Fig. 1. 

The share of NFF events at shop level that can be traced 
back to faults recognized during operation is a majority for all 
item types, even though not as large as when considering the 
organizational level. The share is 60.0% for the receiver unit 
(REI), 66.7% for the microwave unit (MWI), 74.6% for the 
waveform generator (WFG), and 78.5% for the measurement 
unit (MEI). Even though more scattered than for the 
organizational level, the most common maintenance actions 
that result in NFF events on shop level are functional checks 
(FK), performance checks (PK), evaluation of recorded in-

flight data (URE) and “others” (ÖVR). The first three of these 
actions are related to the use of test equipment during 
maintenance at organizational level or recorded in-flight data. 
To further study the events classified as “others” at both 
organizational and shop levels, it is possible to analyze the 
plaintext provided by maintenance technicians and recorded in 
the database. However, this analysis is left for further 
investigation. See Fig. 2. 

In Fig. 1 and 2 it is also possible to identify during which 
operational phases that faults resulting in NFF events are 
recognized. The different phases of operation where faults have 
been recognized are: take-off (I); in-flight (II); landing (III); 
taxiing (IV); transport (V); and readiness (VI). The operational 
phases where faults are recognized and result in NFF events 
are, in descending order: in-flight; take-off; taxiing; readiness; 
landing; and transport. Hence, most faults resulting in NFF 
events are recognized during flight, of which the majority is 
recognized by built-in systems. 
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Figure 1. Number of maintenance events at organizational level versus fault recognition per item type. The NFF events are marked with white colour and the 
other events with black colour. Fault recognition during operation is denoted with roman numbers I-VI and during maintenance with letters. 
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Figure 2. Number of maintenance events at shop level versus fault recognition per item type. The NFF events are marked with white colour and the other events 
with black colour. Fault recognition during operation is denoted with roman numbers I-VI and during maintenance with letters. 



The absence of faults recognized during transport (V), is to 
be expected since the radar would for safety reasons not be 
turned on when the aircraft is being towed. The operational 
phase whose recognized faults result in second most NFF 
events is take-off. The majority of these faults are recognized 
by built-in systems during safety checks at the power-up of 
aircraft systems. 

From a lifecycle perspective it is interesting to evaluate if 
the modification of different item types has improved or 
worsened the share of NFF events, see Tables IV and V. This 
evaluation can be done for the waveform generator and the 
microwave item since they have maintenance events for 
successive modifications. On organizational level, the 
modification impact is the same whether it is based on all 
maintenance events, or if the removal and replacement of 
LRUs is excluded. When considering the waveform generator, 
on both organizational and shop levels, the third modification 
can be seen as a change for the worse since the NFF share 

increases, while the fourth modification can be seen as an 
improvement since the NFF share decreases. From a shop level 
perspective, the fifth modification of the waveform generator is 
for the worse, while the sixth modification is for the better. See 
Table IV. 

For the microwave unit, the modifications have opposite 
impact on the NFF share on organizational and shop levels. 
However, due to the limited number of NFF events on 
organizational level and the additional resources required to 
send items to shop level, it is reasonable to use the impact on 
shop level as the main criterion when judging the success of 
modifications. Hence, for the microwave unit, the second 
modification can be classified as an improvement, while the 
third modification can be classified as a worsening from an 
NFF perspective. In the same way, modifications four and six 
of the waveform generator improve the NFF phenomenon, 
while modifications three and five worsen it. See Table V. 

TABLE IV. FREQUENCY OF DIFFERENT MAINTENANCE EVENTS AT ORGANIZATIONAL LEVEL FOR MODIFICATIONS OF THREE ITEM TYPES

Item type Modification Removal Repair Adjustment Deferred
item 

Part 
changed NFF

NFF
share
(%) 

Grand
total 

Removal 
and

replacement 

NFF
share
(%) 

1 - - - - - - - - - -Measurement 
unit 2 6 0 42 0 1 59 54.63 108 801 6.49 

1 - - - - - - - - - - 

2 0 1 0 0 0 0 0.00 1 47 0.00 

3 1 3 0 0 0 7 63.64 11 83 7.45 

4 3 2 0 0 0 0 0.00 5 5 0.00 

5 0 1 0 1 0 0 0.00 2 33 0.00 

Waveform 
generator 

6 0 0 0 0 0 0 0.00 0 8 0.00 

1 1 0 0 0 0 0 0.00 1 192 0.00 

2 1 0 0 0 0 1 50.00 2 115 0.85 Microwave
unit

3 1 0 0 0 0 0 0.00 1 7 0.00 

TABLE V. FREQUENCY OF DIFFERENT MAINTENANCE EVENTS AT SHOP LEVEL FOR MODIFICATIONS OF THREE ITEM TYPES

Item type Modification Discard Repair Adjustment Deferred item NFF 
NFF
share
(%) 

Grand
total 

Organizational 
level

maintenance 
1 - - - - - - - -Measurement 

unit 2 44 658 11 0 94 11.65 807 102

1 - - - - - - - -

2 0 35 0 0 12 25.53 47 1

3 0 40 0 7 40 45.98 87 7

4 0 6 0 0 1 14.29 7 3

5 1 21 0 0 12 35.29 34 1

Waveform 
generator 

6 6 0 0 0 2 25.00 8 0

1 5 146 7 0 34 17.71 192 1

2 7 87 6 1 15 12.93 116 1Microwave
unit

3 1 5 0 0 2 25.00 8 0



V. CONCLUSIONS

Based on the performed analysis the following conclusions 
can be made about NFF events for the studied items during 
their operational life:   

Most NFF events on both organizational and shop levels 
can be traced back to faults recognized during operation. 
Hence, tests performed during operation and tests at the 
two maintenance echelons should be better aligned with 
each other.

The maintenance actions that contribute most to NFF 
events on both organizational and shop levels are related to 
faults recognized during inspections, checks and 
evaluations of recorded in-flight data on organizational 
level. Hence, tests within and between different 
maintenance echelons should be better aligned with each 
other and in-flight recordings.  

The NFF share of maintenance events on organizational 
level is (when excluding the removal and replacement of 
LRUs): 0% (microwave unit); 37% (waveform generator); 
50% (receiver unit); and 55% (measurement unit). Hence, 
on organizational level there is a significant scope for 
testability improvement for three of the four studied item 
types.  

The NFF share of maintenance events on shop level is: 
12% (measurement unit); 13% (receiver unit); 18% 
(microwave unit); and 37% (waveform generator). Hence, 
on shop level there is a scope for testability improvement 
for all the four studied item types. 

For the studied item types: the NFF share of maintenance 
events is larger on shop level than on organizational level; 
the number of individual items with recurring NFF events 
is larger on shop level than on organizational level; and the 
number of recurrences for individual items is larger on 
shop level than on organizational level. Hence, even 
though the use of LRUs is quite effective in returning a 
system to operation, it might be rather inefficient 
considering the support efforts incurred on shop level. 

The number of individual items with a recurring NFF 
event decreases for each successive NFF event on both 

organizational and shop levels. The reason for this might 
be that “rogue” units are removed from active operation, 
e.g. placed in storage or discarded. 

Performed modifications of the studied items both 
improve and worsen the NFF phenomenon. However, it 
should be noted that the purpose and the impact of 
performed modifications can be evaluated by multiple 
criteria, of which NFF is only one. 
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