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Dedication 

To an endangered pursuit: an unbiased quest for knowledge 



Abstract 

The measurement of performance can be viewed at vastly different levels of 
complexity. Performance can be defined as the difference between what is deemed 
possible to achieve relative to the organisation's goals and what is actually achieved. 

This implies that the standard of performance must be in terms of the organisation's 
goals and what is possible. The measurement must connect actions undertaken in a 
period of interest with their immediate and long-term outcomes. The concept of 
measuring changes in value to determine performance is thus proposed, where value 
is normally expressed as the net present value of future cash flows. 

Traditional measures have been found to ignore this fundamental requirement, 
leading to an inability to account for lags between harmful actions and their effects. 
This link is critical to pursuing logical approaches to the management of the 
maintenance system. It is missing from all currently advocated maintenance 
performance measurement approaches. The use of ratios to measure performance, 
whilst promising a catalogue of measures to be used and benchmarked, does not 
allow appropriate standards of performance to be determined. 

Key to the measurement of performance is the establishment of a standard based on 
established goals. The subjective nature of the process of goal determination has 
been found to limit the possibility for objectivity in performance measurement. 
Similarly the perceived level of control of the subject system over the organisation's 
goals establishes the boundaries of the search for performance measures. 

The measurement of performance in terms of changes in value accommodates these 
concerns. It also introduces some difficulties and constraints on measurement 
approaches. Determination of future operating requirements, changes in use, failure 
behaviour given a particular set of actions, and the organisations perception of risk 
are some of the variables that prove difficult to quantify. Each has a significant 
impact on the definition of the standard of performance. Nonetheless decisions, and 
so decision quality, depend on estimates of these future events. Performance 
measurement must be concerned with likely outcomes of current decisions and so 
with prediction of future outcomes. 

Although the fundamental basis for performance measurement has been identified, 

practical approaches to its determination must be found. Based on the establishment 
of fundamental equations for value-based performance measurement, frameworks for 
two new measurement approaches have been established and their practical 
application explored. The systems-auditing approach concentrates on the alignment 

of maintenance system activities with the organisation's goals. The relative 

performance of these activities is established as a surrogate for performance in terms 
of value. The approach calls for the comparison of the current approaches to 

individual functions with alternatives. This introduces the search for alternatives as 

an integral part of performance measurement. It fits with a quest for improvement. 

A second new approach to performance measurement has been labelled the event-

analysis approach. It focuses on understanding the impact of specific actions on the 



value of the organisation. Alternate actions are considered in terms comparing future 

values. The standards set are the best known actions given the situations arising 
during the period. Both new approaches focus on a standard of performance related 

to what could be achieved as opposed to achievement of a budget or benchmark. 

The new approaches have been applied, allowing establishment of their nature and 
applicability. They establish a high scientific rigour to the measurement of the 
performance of management systems, including in particular maintenance 
management systems. Both new approaches will benefit from detailed modelling of 
the maintenance process. 

ii 



Acknowledgments 

Linda, Lauren, Melanie, Kate, and Roger, for support, patience and sacrifice and for 
forgetting that the old patriarchal society values are no longer in vogue. 

Fred and Eleanor Dwight, my mother and father for sacrificing much for me. 

My wider family and friends for constantly reminding me that I had started 
something that needed to get done. 

Professor WMJ Geraerds who inspired me and gave me confidence to push into the 
unknown. 

Professor Giinter Arndt for his assistance in seeding and organising the diversity of 
ideas, his advice and suggestions, motivation in the face of futility and perseverance 
despite seeming hopelessness. 

The members of the International Foundation for Research in Maintenance, IFRIM, 
who are one of the only groups in the World pursuing a 'theory of maintenance'. 

Tony Kelly for introducing me on the discipline of maintenance management. 

Derek Riley who got the whole thing started. 

The many many people from BHP Steel, and the organisation itself, for their, and its, 
support of this work and of m y career as an engineer and academic. 

The University of Wollongong: for blind faith and support of the discipline of 
maintenance management. It is hoped that blind faith and maintenance management 
will not be so closely linked as a result of this work. 

The Australian Government: this work forms part of a PhD conducted under a Post-
Graduate Industry Research Award sponsored jointly by the Australian government 

and B H P Steel. 

iii 



Contents 

i. Abstract i 

ii. Acknowledgments iii 

iii.Contents iv 

iv. Figures x 

v. Tables xi 

vi. Definitions and Corresponding Symbols Uses xiii 

vii.Nomenclature xviii 

1 Introduction 1 

1.1 The Performance Measurement Problem 1 

1.2 The Maintenance System 1 

1.3 Importance of Connection between Organisation and Maintenance System 3 

1.4 Research Outlook for Maintenance Management 4 

1.5 Scope for the Present Research 5 

1.6 Approach to the Problem 5 

2 Review of Maintenance Research 7 

2.1 The Maintenance System and Its Management 7 

2.2 Reliability Theory 7 

2.3 Maintenance Performance Measures 9 

2.3.1 General review 9 

2.3.2 Combination of indices 11 

2.3.3 Consideration of situation 12 

2.3.4 Overall equipment effectiveness 15 

2.3.5 Life-cycle profit 16 

2.3.6 Presentation style issues 16 

iv 



2.3.7 The performance-to-motivation link 17 

2.3.8 Benchmarking 18 

2.3.9 Summary of issues 19 

2.4 Performance Reporting in Accountancy 20 

2.4.1 Income reporting 20 

2.4.2 Consideration of value 22 

2.5 Organisational Theory and Performance Definition 24 

2.6 Selection of an Area of Research 27 

3 Performance Measurement Requirements 28 

3.1 Introduction 28 

3.2 Definition of Performance 28 

3.3 Definition of the Maintenance System 30 

3.4 Purpose of Measuring Performance 30 

3.5 Characteristics of the Performance Measurement Activity 32 

3.5.1 Nature of the activity 33 

3.5.2 Level of activity 34 

3.5.3 Impact of failure and associated activities 34 

3.5.4 Failure attributes 36 

3.5.5 Exploration of action impacts 37 

3.5.6 Action execution quality 41 

3.5.7 Elements of failure attributes 41 

3.6 Nature of Measures in Current Use 44 

3.6.1 Examination of some measures proposed 44 

3.6.2 T P M measures 46 

3.6.3 Auditing and PIA 46 

3.7 Problems with Absolute Measures and Redundancy 47 

3.8 Assumed Maintenance System Control Levels 50 

v 



3.9 A Case for N e w Approaches 53 

3.10 The Research Problem 56 

4 Conceptual Framework for Performance Measurement 57 

4.1 Value Measurement 57 

4.2 Value Definition 59 

4.2.1 The role of expectation 60 

4.2.2 Risk aversion and discount rates 60 

4.2.3 New knowledge 61 

4.2.4 Recognition of changes in value 62 

4.3 Required Measurements and the Issues Involved 63 

4.4 Systems View of Value Measurement 64 

4.4.1 Effects of inputs and outputs 64 

4.4.2 Illustration of input and output value flows 66 

4.4.3 Problem with effectiveness 70 

4.4.4 Combining all changes in value 70 

4.4.5 Criticism of the systems view 71 

4.5 Event Analysis Approach 72 

4.6 System Auditing Approach 75 

4.7 Markov Analysis Approaches 77 

4.8 System Simulation Approach 77 

4.9 Interesting Issues in Value Measurement 79 

5 The New Approach I: Based on Systems Auditing 82 

5.1 A Methodology 82 

5.1.1 Performance definition considering auditing 82 

5.1.2 Reasons for exclusion of design and operation activities from the 

maintenance system 85 

5.1.3 Significance of contributors to failure attribute behaviour 86 

vi 



5.1.4 Determining the contribution of failure attributes, Crel FA. 86 

5.1.5 Identifying activities impacting on failure attributes 89 

5.1.6 Diversity in system activities 90 

5.1.7 Case for a deductive approach 90 

5.1.8 Coefficient of influence 92 

5.1.9 Relative performance of system activities 94 

5.1.10 Overall performance 95 

5.2 Summary of the Method 95 

5.3 Illustration of the Audit Methodology 96 

5.4 Further Considerations 100 

5.4.1 Interlocking and interrelated nature of system performance 100 

5.4.2 Practical determination of relative contributions 100 

5.5 Comments on the Approach 101 

5.6 Repeatability 102 

5.7 Further Work 102 

6 The New Approach II: Event Analysis 103 

6.1 Purpose of Event Analysis 103 

6.2 Description of Event Analysis 103 

6.3 Events and Actions 104 

6.3.1 Events 104 

6.3.2 Action sets and probabilistic events 106 

6.3.3 Transition from one action set to another 107 

6.3.4 Dealing with revenue 108 

6.3.5 Action efficiency and effectiveness 108 

6.3.6 Primal Events and Action Sets 109 

6.3.7 Generic gestation time behaviour 110 

vii 



6.3.8 Generic event properties 110 

6.3.9 Ex-post approach and the period of measurement 110 

6.4 Examples 112 

6.4.1 Detailed examples for the deterministic case 113 

6.5 Probabilistic Events 116 

6.5.1 Ex-post considerations 116 

6.5.2 Implications for analysis, consistent units 119 

6.5.3 Approach to the calculation of ex post value 119 

6.5.4 Existing conditions at the beginning of the period 120 

6.5.5 Time horizon for analysis of value 121 

6.6 Example of Horizon Problem: Underground pipe replacement 122 

6.7 Techniques for Managing the Effort Required to Use Event Evaluation.. 125 

6.8 Combination of Events and Shared Resources 125 

6.8.1 Additional points on event analysis 126 

6.9 Framework for Event Analysis 126 

6.10 Sensitivity analysis 127 

6.11 Comparison of event analysis and systems audit approaches 127 

6.11.1 Comparing approaches 128 

7 Use Within Industry of the Approaches Developed 131 

7.1 Case-study selection 131 

7.2 Use of the Systems Auditing Philosophy: A Case-Study 131 

7.2.1 The situation 131 

7.2.2 Initial approach 132 

7.2.3 Auditing approach to this situation 134 

7.2.4 Comparision with the event analysis approach 143 

7.3 Use of the Event Analysis Philosophy 143 

viii 



7.3.1 The situation 143 

7.3.2 Primal events and associated action sets 145 

7.3.3 Time Horizon 145 

7.3.4 Theorised impact of preventive maintenance suspension 145 

7.3.5 Measuring longer term value changes 148 

7.3.6 Appropriate models for task selection and interval determination 149 

7.3.7 Results 150 

7.3.8 Comparison with the systems audit approach 150 

8 Conclusion 152 

8.1 General Comments 152 

8.2 Frameworks for two new approaches 153 

8.3 Principles for Performance Measurement 153 

8.4 Benchmarking 154 

8.5 Further Work 154 

9. References 156 

Appendix 1 Project Issues 164 

Appendix 2 Publications 169 

ix 



Figures 

Figure 2-1 A View of the Maintenance System 7 

Figure 2-2 Example of Technique Advocated by Mann( 1983,233) from 
Claire(1977) 12 

Figure 3-1 Relating Failure-Attributes, Maintenance-System-Characteristics 
and Action-Impacts with Measures of Performance 43 

Figure 3-2a Levels of Performance Measurement Dependent on the Perceived 
Control over the Maintenance System 52 

Figure 3-3b Levels of Performance Measurement Dependent on the Perceived 
Control over the Maintenance System 53 

Figure 4-1 Illustration of Value Flows Associated with a System 64 

Figure 4-2 Possible Relationship Between Input Magnitude and Effectiveness 70 

Figure 4-3 Illustration of the Process of Obtaining a Standard of Performance 
Based on what is Achievable 73 

Figure 4-4 Logic for Collection of Data for Use in the Event Evaluation 
Approach 74 

Figure 4-5 A Basic Methodology for the Use of a System Dynamics Model 79 

Figure 5-1 Illustration of the Position of Equipment in Relation to the 
Organisational Objectives 83 

Figure 5-2 Elements of Influence Connecting the Maintenance System to 

Business Goals 83 

Figure 5-3 Illustration of Some of the Basic Processes in the Systems Audit 

Approach 85 

Figure 6-1 Graphical Representation of a Deterministic Event 105 

Figure 6-2 Properties of a 'Deterministic' Primal Event and Associated Action 

Properties 109 

Figure 6-3 Comparison of Different Event and Gestation Times 115 

Figure 6-4 Probabilistic Nature of Events Related to a Particular Action, A2 116 

Figure 6-5 Possible Trends in Action Cost-Drivers as a Function of Time 124 

Figure 7-1 Process of Developing Measures at Failure Activity Level 134 

x 



Figure 7-2 Indication of the Magnitude of Improvement Possible in Each 
System Activity 142 

Figure 7-3 Availability Trends for Entire Fleet and Sample Group 147 

Figure 7-4 Failure Trends for Entire Fleet and Sample Group 148 

Tables 

Table 3-1 'Levels of Activity' within a Firm(Based on Anthony et 
a/,1989,5-28) 35 

Table 3-2 Failure and Action Consequences Related to Possible Failure 
Attributes 40 

Table 3-3 Examples of suggested performance indices 45 

Table 3-4 Levels of Performance Measurement 51 

Table 5-1 Failure Attributes 87 

Table 5-2 Determining C^FA, 89 

Table 5-3 Generic Maintenance System Activities 91 

Table 5-4 Illustrative Calculation of C„i SAk FA, 97 

Table 5-5 A List of Possible States for System Activity 'Feedback from 
Operations' 99 

Table 6-1 Properties Relevant to an Event and Associated Action Sets Ill 

Table 6-2 Event analysis examples 114 

Table 6-3 Possible outcomes of using both new approaches to maintenance 

performance 128 

Table 7-1 Summary of the Drivers of Repair Work Required on the Slab-
Caster and the Implications for the Direct Cost of Maintenance 133 

Table 7-2 Establishment of Possible Organisational Goals for the Slab-

Caster 135 

Table 7-3 Association of Particular Failure Attributes with Organisation 

Goals 136 

Table 7-4 Tabulation of Relative Contributions of Failure Attributes to 

Organisation Goals, Leading to the Determination of Overall 
Contributions 137 

xi 



Table 7-5 Determination of the Contribution of the Overall Maintenance 

System to Business Success through Establishment of the 
Relative Contributions of System Activities to the Failure 
Attributes ..138 

Table 7-6 Identification and Rating of Possible Options for the Conduct of 
the System Activities Established as being Relevant to 
Performance 140 

Table 7-7 Mix of Preventive Task Types 144 

Table 7-8 Examples of Detailed Information Required to Determine the 

Existence of Longer Term Value Changes 149 

xii 



Definitions and Corresponding Symbols Uses 

Term 

action 

Symbol Definition Section 

action set, best A * 

activity 

audit 

CF 

CMS 

cash flow 

coefficient of 

influence of 
the 

maintenance 
system 

coefficient of CrelSAk 
influence of a 
system activity 

condition 

A n expending of the organisation's 
resources. " A state or process of doing 
something. (Oxford Dictionary) The basic 
types of maintenance action are: inspection, 
servicing, replacement, repair. Other action 
types are planning, preparation and 
evaluation. 

The best known response to the known 
output requirements for the system 

In general the identification of an activity, 
often also termed a function, is an 
undertaking of an organisation as part of its 
overall system of providing a product or 
service. The conducting of the activity m a y 
or m a y not be the responsibility or role of a 
particular person or functional group. 

A methodical review of the activities or 
processes that make up a system of work, 
focusing on the intrinsic capability of the 
activities as opposed to, but not necessarily 
excluding, attempts to measure inputs and 
outputs of the system. 

The monetary value of transactions made 
during the period 

The total influence of the maintenance 
system on the organisation's success 

The overall correlation between the 
performance of a particular system activity, 

or element, SAk, and the organisation's 

success, 

The state of a technical system relative to its 

ability to perform its required function. 

4.5 and 5 

4.1 

5.1 
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discount rate fy The rate at which real cash flows are 

converted to a value at the time of interest. 

It reflects the weighted cost of capital which 
in turn represents the acceptable level of 
risk. 

The value generated by an input action, / or 4.4.1 
output action, O, divided by the actual direct 
amount of resources expended. It will 
normally be expressed in monetary terms. 
Note: The expected increased future 
production and reduced maintenance cost is 
relative to the expected value if the expected 
outcome of the action had not been achieved 
at that point of time. 

efficiency r/7, r\0 The actual resources, normally expressed as 4.4.1 
a cost, consumed in conducting an input or 
output action divided by some standard 
amount, being the lowest cost thought 
achievable for the task. 

event F/ When referring to a technical system it is 6.3.1 
something that happens to a technical system 
that causes a change in its performance. 
This could be a failure, change in condition 
or a result of a maintenance action. It is an 
action that is observable from the 
perspective of the technical system, an action 
applied to the technical system. 
Alternatively, the occurrence of 
circumstances that cause a reduction in 
system potential output 

ex-ante This is used to define an implied evaluation 
of income based on future wealth or 
intangible assets, ie. "subjective goodwill -
and not.. .the gain in monetary and physical 
assets on hand." Barton( 1974,672) 

expense £, The expense associated with action or event 4.1 

i, 

effectiveness e,, e0 

xiv 



ex-post This is used to define an evaluation of 

income based on tangible assets. It is taken 

here to indicate that the performance 
measurement activity considers the 

occurrence of external events that occurred 
during the period under review were known 
about. They do not affect performance per 
se. 

failure 
attribute 

failure 
behaviour 

FA, 

function 

input 

input, future 
best known 

life-cycle 

The attribute of an action and its associated 
technical system failure that has a potential 
impact on the organisation's success 

The characteristics of the mechanism of 
failure exhibited by a technical system or of 
a component of a technical system. 
Characteristics include the hazard and 
reliability functions and failure-predicting-
property characteristics. 

This is strictly an activity allocated to a 
particular person or group of people eg. The 
function of the planning group is to carry out 
the activities of work identification and work 
planning. It is also used to refer to system 
output requirements or reasons for being as 
in 'intended function': eg. The function of 
the device is to propel a certain object 500 
metres at a speed of at least 500 km/h. 

Normally an action aimed at increasing the 
value of the technical or maintenance 
system. 

The anticipated, normally best known, future 
input actions from time, t on. 

The phrase pointing to the phases in the life, 

typically of a system or technical system. 
The phases are the acquisition, use and 

disposal phases, although these can be 
further broken down depending on the 

purpose of the categorisation. It may be 

more grammatically correct simply to 

replace the term 'life-cycle' by 'phases in the 

life'. 

4.4.1 

maintenance 

concept 

The set of maintenance rules and specified 

maintenance actions for a technical system. 

Note: It is often referred to as maintenance 
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plans or strategies. 

maintenance 
problem 

maintenance 
system 

maintenance 
system 

management 

organisation's 
success factor 

output O 
expected 

performance 

performance 
measurement 

primal event 

revenue R, 

The circumstance requiring the design and 

management of a maintenance system 

those activities in an organisation that apply 
resources to control actual technical system 
behaviour, given the operations undertaken 
and the configuration of the technical 
system, with the aim of achieving the goals 
of the organisation 

Commonly referred to as maintenance 
management: 

The activities associated with attempts to 
influence the performance of the 
maintenance system 

The attributes of the organisation that 
determine its success in meeting its goals. 
This particularly includes the drivers of cost 
and value of its products. 

the expected future outputs 

the level to which a goal is attained 

the quantitative or qualitative measure or 
indicator that communicates performance 

basic failure-mode 

the revenue associated with action or event 

i 

4.4.1 

4.1 

system 
element 

A specific component of the system. 
identifies the actual sub-system that 
performs a particular activity. 

It 

technical 
system 

Software and hardware elements of the total 

system. Often referred to as the equipment, 
the plant, the physical assets,. 

It explicitly excludes the maintenance 

system and the operations system which are 

other important elements of the total system 

as identified by Blanchard (1990) 
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value 

value realised V, 

value realised, y* 
best 

value lost V, 

expected return from future activities, 

utilising the current means of operation 

is the value realised. This is equivalent to 4.1 
the cash flow, CF, during the period 

(t-U). 

the estimated best possible change in value 4.1 
in the period t - 1 , t , calculated ex-post 

is the future value lost and represents the 4.1 
loss of future cash flow in real terms 
compared with the known best value change, 

during the period (t -l,t). 

xvii 



Nomenclature 

T e r m Section Equation No. 

A* action set, best 4.5 and 5 

CF cashflow 4.1 Equation 4-7 

CMS coefficient of influence of the maintenance 
system 

CrelFAi the relative contribution of failure attribute / 
to the overall organisation's success 

Crei FA 0Gj the relative contribution of failure attribute / 5.1 
to organisation goal/ 

CrelOGj the relative contribution of organisation goal 
j to the overall organisation's success 

Crel SAk coefficient of influence of a system activity 5.1 

CrelSAk FA: the relative contribution of system activity k 5.1 
to failure attribute /. 

F( expense 4.1 

EA(A) the standard cost, or expense, of activities 6.3.2 
associated with action set A 

EA,(tt) the standard cost, or expense, of activities 
required to transfer from one action set to 

another 

EF(A) the standard cost, or expense, of an event 6.3.2 

associated with action set A, it is a 
probability function times an expected cash­

flow 

F(. event/ 6.3.1 

FA, failure attribute 

/ input 

j* input, future best known 4.4.1 Equation 4-12 

Equation 5-3 

Equation 5-3 

Equation 5-2 

Equation 4-7 
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o 

PSAk 

R, 

SPSAL 

output expected 4.4.1 

VA 

VF 

AVL 

AW 

v;(t) 

O) 

the performance in each maintenance system 5.1 
activity 

revenue 4.1 

standard of performance for system activity 5.1 
k. 

the point in time identifying the end of the 
period for which a performance 
measurement is required. 

expected transition or lead time associated 
with establishing a new action set. 

The value associated with a particular action 
set, A. The element of this that is normally 
relevant to the maintenance system is 
represented by the expenses associated with 
preparatory or preventive activities 
associated with the relevant action set: ie 
EA(A) 

the value of events, normally failures, 
associated with the relevant action set. The 
relevant element of this is the expenses 
incurred by the event: ie EF(A) 

Change in value of the system given input 4.3, 4.4.1 
action /; 

value lost 4.1 

Change in value of the system given output 4.3,4.4.1 
action Oi 

the best known value that can be realised, 4.1 

during the period (t - l,f). 

the best available future value at time t 4.1 
obtained by considering the opportunities 
existing at time t (ie. as viewed at the time) 
identified by the subscript. 

the best available future value at time t 4.1 
obtained by considering the opportunities 
existing at time t-\. 

Equation 4-12 

Equation 5-1 

Equation 4-7 

Equation 5-1 

Equation 4-10 
Equation 4-12 

Equation 4-1 

Equation 4-9 
Equation 4-11 

Equation 4-1 

Equation 4-2 

Equation 4-2 
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V,l, (r -1) the best available future value at time t - 1 4.1 Equation 4-3 
obtained by considering the opportunities 
existing at time t - 1 . 

Vr value realised 4.1 Equation 4-1 

V* value realised, best 4.1 Equation 4-3 
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