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Abstract

Availability-based contracts which provide customers with the use of assets are increasingly offered as
an alternative to the purchase of an asset and separate support contracts. The cost of servicing a durable
product is addressed by Through-life Costing (TLC). Providers are now concerned with the cost of
delivering outcomes which meet customer requirement using combinations of assets and activities via
Product Service System (PSS). This paper addresses the question: To what extent are the current
approaches to TLC methodologically appropriate for costing the provision of advanced services,
particularly availability, through a PSS? A novel methodology for TLC is outlined addressing the
challenges of PSS cost assessment to the ‘what?’ (cost object), ‘why/to what extent?’ (scope and
boundaries), and ‘how?’ (computations). Qualitative methods provide a preliminary understanding of how
the actions undertaken within the boundaries of the enterprise system enable or hinder service delivery.
The principles of Input-Output Analysis are used to produce a mathematically treatable counterpart of the
qualitative PSS representation which preserves the system structure. The research provides clarity for
those costing availability in a performance-orientated contractual setting and provides insight to the
measures that may be associated with it. Whilst seeking to ensure generality of the findings, the
application of TLC examined here is limited to a military aircraft platform and subsystems.
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1 Introduction
Through-Life Costing (TLC) has its roots in defence procurement practices and has been

extensively applied across several fields (Korpi and Ala-Risku, 2008). Typically, TLC begins with the
identification of a long-life asset such as a building, aircraft, a piece of equipment, or one of their
constituent parts. With the asset acting as the centre point, a one-off appraisal of the disbursements
associated with its acquisition and existence over a time span is carried out (Dhillon, 2010). TLC
often involves the designer forecasting how much alternative product concepts should cost as a
direct consequence of their features, focussing upon those related to inherent reliability (Newnes et
al., 2008). A common assumption in TLC is that the distinction between the Original Equipment
Manufacturer (OEM) and its customer’s responsibilities for product acquisition and ownership is
clear-cut and therefore so are the cost items of concern (Chen and Keys, 2009). Such logic reflects a
business context in which the OEM’s responsibility is to design and manufacture a product, whilst
equipment failure when with the customer provides an additional revenue stream for the OEM after
sales and support service. The ‘product and support’ business model incentivises a ‘throw it over the
wall’” approach with respect to the customer, and is detrimental to product reliability (Caldwell and

Settle, 2011).

There have been attempts to challenge the established business model described. With
reference to military equipment, it has long been noted that allowing the purchaser’s viewpoint to
be represented only when contractual reliability requirements are specified does not ensure a
satisfactory final deliverable per se (Perrigo and Easterday, 1974). Integrated Logistic Support (ILS)
emphases the ability of a weapon system to deliver the output for which it is designed (Galloway,
1996). Long-term service agreements incentivise the usability of an asset while covering all or most
of the costs associated with support activities (BS EN IEC, 2009). In particular, availability-based
contracts aim to guarantee that an asset performs its function when called upon to do so, and
typically uses the ratio between satisfactory operations to downtime as a metric (Jazouli and
Sandborn, 2011). Availability-based contracts are increasingly used by engineering OEMs. For
example, Rolls-Royce Plc.’s move from selling aircraft engines to selling the availability of its engines
has been has been acknowledged as a success story that “...could offer lessons for Britain’s other
industries” (The Economist, 2011). Similar agreements are also re-shaping the approach to procuring
industrial machinery (Hypko et al., 2010), and the development of infrastructure projects through

Public-Private Partnerships (Sharma and Cui, 2012).

Page 1



©CO~NOOOTA~AWNPE

An advanced service sustains the customers’ core business processes and the service delivery
system enabling the customer to attain specific beneficial outcomes becomes just as important as
the offering itself (Ng et al.,, 2011; Baines and Lightfoot, 2013). This construct is a knowledge-

intensive socio-technical system referred to as Product-Service-System — PSS (Meier et al., 2010).

An OEM transforming to a service provider is concerned with the cost of delivering a result
through a PSS (Tukker and Tischner, 2006), for example agreed availability or other performance
levels over time. TLC often includes complementary non-monetary performance metrics such as the
availability of an item (Ntuen and Moore (1985) provide an early overview). However, attention is
placed on a stand-alone product unit and its reliability features which it is assumed, once designed-
in, will hold indefinitely. How a product instance operates, fails and is restored to operation is
typically described by means of time distributions. Essentially, for modelling purposes the product
unit is stripped of its broader delivery, use and support context. Neely (2005) illustrates that
performance is attained through a business’s actions, their effectiveness (the extent to which
customer requirements are met) and efficiency (how economically the resources are utilised). From
this perspective the cost of performance is not designed into a product, rather, it is the cost of doing
something ‘right’ from the customer’s point of view (e.g. delivering value ‘in use’ through an
outcome — see Ng et al. (2011)), or dealing with the consequences of failing to do so. As such, cost is

contained in the flow of work through the organisational system (Seddon et al., 2011).

When dealing with advanced services, in particular availability, provided via PSS academic
literature focuses exclusively on the cost of the in-service stage of an individual durable product,
without questioning and enriching substantially the overall methodology of TLC. Datta et al. (2010)
provide extensive discussion and a framework, but suggest combinations of existing cost estimation
techniques for use at a particular product-accompanying service lifecycle stage. Huang et al. (2012)
analyse these techniques and identify the challenges of adapting them for the purpose of service
cost estimation. In both cases TLC is not presented as an autonomous methodology but is the result
of the application of different cost estimating techniques. The distinction between methodology and
technique is relevant. Methodology is concerned with ‘thinking about how to think’, guiding the
intellectual process of choosing concepts and deciding how they might be structured, whilst
techniques are well-defined ways of ‘going about’ a problem: like cookbooks, if followed will

produce a defined outcome (Wilson, 2001).

The purpose of the research presented in this paper is twofold: first to ascertain whether and to

what extent the TLC literature provides sufficient methodological foundation in the case of costing
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an advanced service delivered by a PSS, particularly availability; and second to outline a
methodology for TLC, addressing the challenges of PSS cost assessment related to the ‘what?’ (cost
object), ‘why/to what extent?’ (scope and boundaries), and ‘how?’ (computations and metrics). In
line with the principles of formal conceptual definitions in operations management (Wacker, 2004),
the expected benefit of this research is to avoid that empirical work develops around an ill-defined

concept of TLC in availability contracting.

The remainder of this paper is structured as follows. Section 2 presents the research questions
and strategy. Sections 3 summarises the state-of-the-art in TLC. Section 4 identifies the challenges of
costing advanced services provided through a PSS, and analyses the TLC literature accordingly. In
section 5 the findings are discussed and a methodology of TLC outlined. Section 6 summarises the

contribution and limitations of this research and links to future work.

2 Research questions and strategy
This paper answers the following research questions:

RQ1: To what extent are the concepts and structures embedded in the prevailing
approaches to through-life costing appropriate for costing the provision of advanced

services, particularly availability, through a product-service-system?

RQ2: How should the intellectual processes of through-life costing for use in product-

service-systems look like?

The research strategy followed to address the research questions is shown in Figure 1, and can

be summarised in two main steps:

(1) Provide analysis and synthesis of an extended body of literature on TLC at the interface
between key fields — management, design and engineering. Both narrative (tables) and meta-
synthesis are used to enable comparison between strands of literature which are
heterogeneous in terms of methodologies and concepts (Tranfield et al., 2003).

(2) Build on the identified aspects of providing advanced service through a PSS which are a
challenge for TLC to set guidelines which stimulate the intellectual process of analysis (Wilson,

2001), and provide directions for future research (Webster and Watson, 2002).
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Figure 1 Research strategy flowchart

Figure 2 gives an overview of the composition of the 128 items on TLC reviewed in the first step.
The contributions were retained based on the insight they provide into TLC methodology in terms of
concepts (theory and frameworks), models (computational structures and metrics) and state-of-the-
art (survey and review). Works on TLC within environmental management have been largely
excluded due to their specific methodological issues (Settanni, 2008). Finally, applications in which
TLC is merely mentioned e.g., to make generic claims on savings associated with particular product

designs, were not included.

References have been accessed via keyword searches of librarian services (IEEE Xplore, EBSCO),
management and engineering publishers’ databases and web-based resources (NATO Research and
Technology Organisation, RAND Corporation, and the Management and Accounting Web). The
literature features a heterogeneous terminology — the approach being labelled alternatively as e.g.,
Life Cycle Costing (LCC), Whole-life Costing (WLC), Total Cost of Ownership (TCO). Hence, the search
was initiated with the keywords “life” and “cost”, and then refined using “availability” or
“performance”. Whilst no date restrictions have been applied it was noted that the literature on TLC
up to the early 1980s was covered extensively (Gupta and Chow, 1985). Each reference is considered

as a potential source, which facilitates the identification of the earliest works.
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Figure 2 Overview of reviewed items: (a) by source type, research type and year; (b) by discipline, and application.

In order to provide focus in terms of case studies reviewed, preference has been accorded to
applications of TLC in defence and aerospace — be it whole military aircraft platforms or their
subsystems, aero-engines and avionics. This choice takes into account the range of applications
already reviewed (Korpi and Ala-Risku, 2008). In addition there is empirical evidence that availability
and performance-based contracts are becoming more frequently employed in the chosen sector. For
example, the UK Ministry of Defence (MoD), is seeking a substantial move away from traditional
support arrangements with industry by means of whole-aircraft availability contracts (Elford, 2011).

However, the choice of applications reviewed serves as a lens to focus, and the generality of this

research’s findings is not restricted to these applications.
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3 State-of-the-art

State-of-the-art in TLC includes 27 works, either investigating the extent to which it has been

implemented in specific sectors or geographical contexts (Table 1), or literature reviews (Table 2).

TLC is still perceived by industry as an unfamiliar, poorly understood, infrequently implemented
concept. Even in defence where TLC originated, it is felt that better knowledge of TLC would increase
its use (Tysseland, 2008). TLC use appears easier for organisations that are customer focussed, have
adequate Information Systems already in place and are seeking competitive advantage (Dunk, 2004).
By contrast, TLC deployment is hindered by use in tendering and aggressive bargaining as a tool to
exploit commercial situations (Nicolini et al., 2000). Resistance to TLC can be internal to an
organisation. Examples include engineers lacking cost consciousness, or developing private cost
systems in response to those operated by accountants that they believe are inaccurate; and top

managers focusing on sales prices rather than through-life costs (Shields and Young, 1991).

Literature reviews tend to focus on concepts and methodologies that are specific to domains
such as Reliability Availability and Maintainability (RAM) engineering, environmental management,
and engineering design. A common assumption is that understanding of TLC is homogeneous across
the literature and that the computational aspects are well-known (Christensen et al., 2005). Hence,
comparison between TLC studies is often based on whether specific cost items are included or not,
regardless of major methodological heterogeneities — see Durairaj et al. (2002); Waghmode and
Sahasrabudhe (2011). Few works recognise that computational mechanisms and metrics vary
depending on the purpose of each specific study (Sherif and Kolarik, 1981); that many applications
are not founded on previous discourse; and that methods adopted have a strong context-specific

nature (Korpi and Ala-Risku, 2008).
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Table 1 Diffusion and implementation of TLC

Reference Areas covered Method(s)
Issues with Issues with .
Concept . L . . . Action
. . concept and implementation in Sector(s) Geographic context Survey Literature Delphi
investigated . . research
technique industry
(Assaf et al., 2002) LCC . . Construction Saudi Arabia . .
(Cinquini and Tenucci, 2010) Lec (npt . Manufacturing Italy .
exclusively)
(Dunk, 2004) LcC . Manufacturing Australia . .
Manufacturing (incl.
(Ellram, 1995) TCO . . electronics, and defence  not specified . .
aviation)
(Ferrin and Plank, 2002) TCO . Manufacturing; Service; United States .
Government
(Jackson and Ostrom, 1980) LCC . not specified United States .
LCC . .
(James, 2003) (Environmental) . Food packaging Australia .
(Lindholm and Suomala, 2002) LCC . . not specified Finland .
(Nicolini et al., 2000) WLC (not . Defence and United Kingdom .
exclusively) Construction
(Olubodun et al., 2010) LCC . Construction United Kingdom .
(shields and Young, 1991) LCC . AerospaFe and United States and . .
electronics Europe
(Tysseland, 2008) LCC . Defence Norway .
(Xu et al., 2012) Lec (n.Ot . not specified United Kingdom . .
exclusively)
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Table 2 Reviews on TLC

General contribution Domain-specific contribution
32 s |8 1= 5 g
° v %) o - S ¢ > ) c
L5 S 2 o c 9 S5 ® | 585 £ 3 © = 9] o
g ¢ g E S35 Soe |28 (858 83 |8EF| =% | £8
S E s o &g S£%|888|285| 5 |[S888| &5 S E
Reviews of literature

(Asiedu and Gu, 1998) LCC, CET . .

(Christensen et al., 2005) LCC . . .

(Dhillon, 1981) LCC .

(Durairaj et al., 2002) LCC .

(Erkoyuncu et al., 2011b)’ CET . . . .

(Geissdorfer et al., 2009) LCC .

(Goh et al., 2010) LCC . . .

(Gupta and Chow, 1985) LCC .

(Kaenzig and Wiistenhagen, 2010) LCC Multiple

(Keller et al., 2014) CET . Aerospace o

(Korpi and Ala-Risku, 2008) LCC Multiple . .

(Ntuen and Moore, 1986) LCC .

(Sherif and Kheir, 1982) LCC Defence

(Sherif and Kolarik, 1981) LCC . Multiple

Research works with extensive literature review"

(Cheung et al., 2009) CET .

(Curran et al., 2004) CET, LCC . Aerospace .

(Datta and Roy, 2010) CET . .

(Dhillon, 2010) LCC Multiple .

(Hunkeler et al., 2008) LCC (environmental) o Multiple

(Settanni et al., 2011) LCC .

(Waghmode and Sahasrabudhe, 2011) LCC

"Refers to TLC indirectly as the cost of the in-service stage of a product.
" Also included in other tables.
CET = Cost Estimating Techniques
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4 Literature exploration and analysis
Research on TLC consists of 101 publications, including conceptual (26.7%) and quantitative

works (73.3%). Only 17.8% of the reviewed references refer explicitly to a business model based on

availability or performance-based contracting.

The exploration and analysis of current research on TLC is structured around the challenges the
concept of PSS may pose to the ‘what? (cost object), ‘why/to what extent?’ (scope and boundaries),

and ‘how?’ (computations and metrics) of TLC, as shown Figure 3.

RQ1
To what extent are the
prevailing approaches to TLC
appropriate?

Findings

Challenge 2:
Purpose, boundaries
and scope (Why/to
which extent?,

Challenge 1:
Appropriate cost
object(s) (What?)

Challenge 3:
Computations and
metrics (How?)

H
Literature H
H

TLC methodological
background

Figure 3: Challenges posed by the concept of PSS to TLC

Advanced services
provision through a
PSS

Each of these aspects is discussed in separate subsections. The reviewed publications have been

individually summarised in the Appendix using tables (Table A.1 to Table A.6).

4.1 Cost objects (What?)

A cost object is “...any item, such as products, customers, departments, projects, activities and so
on, for which costs are measured and assigned” (Hansen and Mowen, 2003). From this definition,

the unit of analysis for assessing cost can equally be:

e A process, that is, an entity delivering a range of products or services (e.g., an assembly line, a
flight operation or mission); or
e A stand-alone instance of product or service exhibiting certain characteristics (e.g., an

assembled fighter jet, a target struck), or even an instance of time (e.g., a fiscal year);
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A process can be described as a structured collection of interrelated purposeful actions, or
operations, aimed to produce a result of value to internal or external customers. It does so by
engaging the services of means (inputs) to achieve ends (outputs) under certain operating conditions
and over a time interval. Figure 4(a) shows this process structure, and how it replicates at different
levels of aggregation. A process’ input is referred to as resource to denote a capability acquired from
outside the process’ boundaries to pursue a course of action (Hansen and Mowen, 2003). A process’
output is referred to as outcome to denote some final level of accomplishment resulting from an
endeavour (Doost, 1996). Heijungs (2001) provides an extensive discussion, and Aguilar-Saven
(2004) an overview of process representation techniques. Figure 4(b) shows cost categories
associated directly and exclusively with a standalone instance, without indication of how the means
involved result in intermediate and final ends. This indication is missing also in Figure 4(c) where cost

categories and output volumes are aggregated over an instance of time.

Placing focus on ‘inputs’, ‘outputs’ or ‘outcomes’ determines what the relevant cost information
is. For illustrative purposes, consider the tactical unmanned air vehicle (UAV) program described by
Hoyle (2013). Focusing on the program’s inputs emphasises the amount of money expected to be
spent on equipment and support over the next financial years (say, £160m). However, annual
expenditures only express the acquisition of a ‘potential’ capability to pursue a particular course of
action, not what is achieved by that spending (Anagboso and Spence, 2009). Focusing on the
program’s outputs emphasises the result of the acquisition process (e.g. 54 UAVs procured at
£0.34m each). An UAV acquired only represents the means to achieve an end. Analysis of the service
outcome (e.g., to deliver target acquisition and reconnaissance services) reveals that the release-to-
service procedure for the UAV is still pending, and that an interim arrangement (worth £61.3m) was

needed to provide capability via the lease of a different type of UAV.

These alternative views on cost objects lead to the identification of the first challenge:

Challenge 1: What is the appropriate cost object when costing an advanced service delivered

by a PSS?
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Product, service, process and system are intertwined concepts. Sampson (2012) highlights that
service is better defined with reference to the work of a process, than by subtracting features from
the concept of a product. Batista et al. (2008) suggest that the general principles and characteristics
of systems can be applied to the understanding and management of service processes. Thenent et
al. (2012) discuss technological knowledge, or detailed process understanding, as the foundation to
capture the interplay rather than exacerbate the differences between services and the physical
artefacts involved in a PSS. Finally, in the field of design, the technical representation of the PSS
usually contains indications about the potential functions delivered by the technical system, the
interaction between different actors, functionalities and the flows of events (Kim et al., 2011). A PSS
cannot be identified with a stand-alone product, service, or process. Rather, a PSS is a specific type
of delivery system aiming to meet a service demand (Wang et al., 2013). This is summarised in the

following proposition:

Proposition 1: There is no single appropriate cost object. A PSS is a system potentially

involving multiple, interconnected and interacting cost objects simultaneously.

Using this proposition and the cost objects identified previously and summarised in Figure 5, the

literature on TLC was analysed. Figure 6 shows the results of this analysis.

Product
Standalone
. ervice

Enterprise

{delivery system)

Figure 5 Dimensions for the analysis of TLC literature related to the cost object.

In eight of the reviewed cases the reference unit of analysis was a delivery system (the
enterprise), but none examines a PSS. Only two of them are not conceptual works, whilst the
remainder are often in fields that are adjacent to TLC, such as Supply Chain Costing (Schulze et al.,
2012). Even when activities are explicitly mentioned, for example to refer to the configuration of the
maintenance logistics support organisation (Kiang, 1979) or to a company’s value chain (Clinton and
Graves, 1999) they serve as cost categories, rather than autonomous cost objects, structured

through explicit logical relationships within the enterprise.
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The analysis confirms that TLC models deal with one cost object at a time and assume that all
the relevant costs are directly related to that object (Emblemsvag, 2003). In 92.1% of the cases
considered, objects were typically one or more of the following: a product unit; a design instance for
a product platform or family; an instance of product-related service; an instance of time over which
the ‘genopersistation’ of a product supposedly occurs. The term genopersistation was introduced by
Dean (1993) to aggregate the actions of bringing forth, sustaining, or disposing of a product. Also,

product and service instances are usually related through a product features only, without otherwise
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interacting. This aspect of TLC modelling is illustrated in Figure 7 through an IDEFO diagram (NIST,
1993).

A service instance in TLC can be generalised as the result of either an utilisation or a sustaining
event. In the utilisation case, a service is quantified in terms of a product fulfilling its intended
function. For example, an utilisation occurrence may engage the services of a specific military
aircraft expressed as a number of missions, sorties or flight hours per aircraft (Roskam, 1990). A
service rendered by a sustaining event is typically expressed through a one-to-one correspondence
with a failure, that is, the inability of an asset utilisation occurrence to render its service — see, for
example, Sandborn (2013). The cost of a support service instance is then typically multiplied by the
frequency of occurrence of the service over a time-span. An instance of service is a cost object in
17% of cases, none of which deals with utilization events. Three of these references identify a PSS
with an instance of support service. Expenditures related to utilisation events are typically
considered aggregately over a product life-span, and then ‘normalised’ by the amount of service
output (e.g., flying hours) recorded over the same period (Hitt, 1997). In this situation,
corresponding to that depicted in Figure 4(c), the service output serves as an allocation base rather

than as a cost object.

An instance of time is a cost object in most cases (88%), and the only object in ~50% of cases.
Typically, this occurs for investment appraisals where the common assumption is that the monetary
value of individual products and services is known and can be associated directly with a time-span.
This also occurs in half of the reviewed items concerned with availability-based contracts. For
example, Feldman et al. (2009) focus on the time interval over which a socket (an installation
location for an avionic Line Replaceable Unit — LRU) is subject to a certain support regime, whilst the

cost of individual LRUs, sockets, or maintenance interventions is given.

Finding 1: TLC deals with one cost object at a time, be it an instance of product, service or
time. The cost of a PSS tends to be identified with the monetary outflows accumulating over

a time-span, namely the time a stand-alone asset is with the user.
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4.2 Viewpoint (Why/to what extent?)

A cost object’s cost is calculated for a purpose and is set within a scope. The combination of scope

and purpose defines the viewpoint adopted in calculating that cost.

If the purpose is the strategic management of costs, insight is required to create or sustain a
competitive advantage within a specific industrial setting by looking both ‘inward’” and ‘outward’ to
an organisation’s suppliers, customers and competitors. The advantage sought tends to relate to
efficient resource usage, increased value delivered to the customer and strategic positioning in the
marketplace through exploitation of the activities contributing to customer value realisation
(Cinquini and Tenucci, 2010). The scope of the analysis is framed in terms of activities undertaken
both within the individual firm’s value chain and with suppliers upstream and customers

downstream (Hansen and Mowen, 2003).

Another purpose is should-cost estimating, that is the generation of a one-time cost estimate
independent of specific organisational and industrial settings. It applies when the relationship
sought with other actors is of an arm’s length type as opposed to a strategic alliance (Ellram, 1996).
A typical example is an organisation assessing the fairness of the price a supplier charges by
independently calculating a product’s should-cost. Another example is the comparison of competing
product designs, where a cost estimate has to be generated in the absence of a profound
understanding of the product, the methods of manufacture/processes and relationships between
processes (Roy, 2003). In this case, knowing cost in absolute terms may not be the main aim, rather,
relative accuracy is sought (Sandborn, 2013). The scope of a should-cost estimate may extend
beyond the time a product is purchased by a customer, without reliance on insights into value

creating activities within and beyond the four walls of the organisation.

The second challenge identified concerns the diversity of purpose and scope in calculating a cost

object’s cost:

Challenge 2: What is the purpose of costing an advanced service delivered by a PSS? What

are the scope and boundaries of the analysis?

Underlying a PSS is typically an intent to benefit from long-term strategic alliances. An advanced
service provider is concerned with monitoring and managing interlinked activities spanning across
organisations which continuously meet contracted levels of performance. Upstream, there is a need
to align and interact with the supply network. Downstream, the ability to achieve contracted results

is subject to the contribution of resources and activities by the customer and the provider, making
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the boundaries between them more fluid (Ng et al., 2011). The purpose of a PSS may be shared by a
diverse network of stakeholders undertaking a complex offset of interdependent activities within the
virtual boundaries defined by the concept of enterprise (Purchase et al., 2011). Identifying the
service-delivering activities and their linkages is necessary in order to adequately address service

uncertainty (Erkoyuncu et al., 2011b).

Proposition 2: The scope of a PSS covers interlinked activities performed within and across
the organisational boundaries, since the purpose of a PSS is to exploit strategic alliances on a
continuous basis. It is also inter-temporal, since the impact of decisions on the state of the

PSS at subsequent times has to be considered.

To address this proposition and the purposes and scopes previously identified, the literature on

TLC has been analysed according to the dimensions shown in Figure 8.

Alternatives comparison
(relative accuracy)
Cost forecast
(absolute accuracy)

Figure 8 Dimensions for the analysis related to the viewpoint challenge

Table 3 shows different standpoints of “life-cycle” taken in the TLC literature when defining the
scope of analysis. A life cycle can be the time-span a product exists — be it the time a unit of product
is with the customer; the overall duration of a provider’s involvement over that product; or the time
a product platform or family is sold in the market. Another view is that an engineering system
progresses through its life-cycle through the actions, performed and managed within the
organisations involved. These actions should be expressed in terms of their outcomes, relationships
and occurrence (BS ISO/IEC, 2002). Aligning these standpoints is challenging, especially in the
absence of explicit links between the activities performed at the enterprise level, which involve

multiple products and services simultaneously, and an individual unit of product existing over time.
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Table 3 Concepts of life cycle and repercussion on TLC scope and purpose

Nature of the life cycle Standpoint TLC scope TLC purpose
Temporal sequence Physical sequence
Inter- Time-span a product unit is with the Customer’s Acquisition N/A Expand the owner’s cost analysis
temporal customer (consumable life) over time, beyond the moment a
“Use T durable good is purchased.
Sustainment
End-of-life treatment
Duration of the producer’s involvement over Overlapping customer-provider’s Use N/A Expand the producer’s cost
a single product unit (consumable life) Sustainment analysis beyond the moment a
End-of-life treatment product unit is sold.
Duration of the producer’s involvement over Provider’s Design (conceptual to detailed) N/A Expand the producer’s cost
a product platform (revenue-generating life) _Manufacture analysis over time, for the
Sustain duration of its involvement with
Retire/dispose of a product unit.
Time-span a product platform (or family, Marketing’s Introduction N/A Monitor and manage costs and
brand) is in the market Growth profitability as they evolve while
Maturity a product platform or product
Decline family is in the market
Interlinked Linear chain of physically linked steps related | Value chain’s N/A Raw materials extraction Extend cost dimension beyond
activities to a single product unit without any temporal | (product’s, if organisation-neutral) Intermediate goods production the individual organization

specification

Final goods production
Logistics and distribution

Utilisation
Sustainment
End-of-life treatment

through the physical and
information flows concerning a
product, as defined by inter-
organisational relationships. The
product perspective is
independent from specific
economic actors and the
relationships between them.

Derived from literature (Emblemsvag, 2003; Hansen and Mowen, 2003; Hunkeler et al., 2008; Seuring and Goldbach, 2002). “N/A”: not applicable.
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Figure 9 shows that TLC is mainly employed for should-cost estimation purposes (85% of cases),
which is physiological in a ‘product and support’ business model. Typically, the aim is to convince the
customer of the superiority of one product design over another. This is achieved by showing that a
purchasing behaviour that requires higher immediate disbursements will result in savings for the
customer while owning, operating and maintaining the product over time. Typical examples include
energy-efficient eco-innovations (Kaenzig and Wiistenhagen, 2010) and high-reliability assets like
Prognostic Health Monitoring-equipped avionics (Jazouli and Sandborn, 2011). Those works
addressing the need to identify and exploit internal and external linkages between activities within
TLC are mostly conceptual (66.7%). Also in terms of practical implementation, TLC is the least

popular amongst strategic cost management tools (Cinquini and Tenucci, 2010).

Most of the items reviewed identify a life cycle with reference to one unit of product and the
time-span such a unit is with the user (60.4%). The producer and market viewpoints on life cycle
feature, respectively, in 22.8% and 7% of works. From these viewpoints, a firm is concerned with a
product as a platform rather than as a unit. A market viewpoint typically links to a products’ sale
volumes, and it has been used also to address the cost ramifications of obsolescence for an
electronic product unit (Prabhakar and Sandborn, 2012). Finally, a scope defined in terms of
interlinked activities (15% of cases) is less frequently associated with the concept of TLC than it is
with adjacent strategic cost management approaches, namely Supply Chain Costing (SCC) and Inter-
Organisational Cost Management (IOCM) - see Seuring and Goldbach, (2002). Dean (1993) suggests
replacing the concept of life cycle in TLC with that of genopersistation to highlight the actions
performed rather than the temporal phases. Circa 5% of works conceptually combine time and
value-chain based life cycle concepts to show that activities grouped under different life cycle stages

are carried out concurrently at different times within the enterprise, as in Clinton and Graves (1999).

Finding 2 TLC is a one-off, should-cost estimation exercise undertaken by the buying or the
selling organisation independently. Its scope tends to be determined as the time-span a
product unit exists, rather than the actions performed within the enterprise, their outcomes,

relationships and occurrence.
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Figure 9 Purpose and scope of TLC: (a) quantitative research; (b) conceptual research

4.3 Computations (How?)

From a computational viewpoint, cost assessments differ in terms of cost modelling rationale,

underlying concept of cost and use of non-monetary metrics.

The cost modelling rationale determines how the link between a cost object and its cost is

established. Building on previous work (Curran et al., 2004) the following categorisation is proposed:
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. Cost inference: a cost object’s cost is a dependent variable with the propensity to be
statistically related to the attributes characterising an instance of such an object.
Following the rationale that the forecast generation is from past outturns, cost inference
models require historical records for the dependent and independent variables involved,
making no explicit connection to the company-specific processes;

e (Cost attribution: causal understanding is developed prior to the cost estimate by relating
an output to the input quantities that are, or must have been, consumed for the output
to be achieved. Within cost attribution models, money serves as a meta-language,
providing a value representation of the quantified flow of goods and services within the

enterprise (van der Merwe, 2007).

Cost attribution models are sometimes criticised for being unable to allow for those costs that
cannot be identified at the time of making a cost estimate. Cost inference models, by contrast,
sacrifice causal explanation facilities assuming that unforeseen costs can be captured if past outturn

costs are addressed in aggregate (Pugh et al., 2010).

The understanding of what is ‘cost’ can also vary (Cooper, 1990):

e Spending models identify cost with a measure of disbursement (cash outflows or
expenditures) necessary to acquire resources. Such a measure is related directly and
exclusively to a specific cost object (one unit of product, one fiscal year etc.). Cost
inference models, as well as some cost attribution models exhibit a spending orientation.

e Resource consumption models understand cost as a measure of how the services of the
resources acquired are engaged to attain some level of accomplishment of the enterprise
as a whole. Any aspect affecting the flow of goods and service within the enterprise is

relevant, even if it does not directly and immediately affect cash flows or expenditures.

Finally, monetary values may be assigned to cost objects through metrics having an operational
focus: non-monetary metrics. Expressions like ‘cost drivers’ and ‘cost estimating relationships’ are
very common in both literature and practice, but are often a source of confusion (Stump, 1989).

Taxonomy of such metrics is difficult so a possible logical grouping is the cost object they identify:

e Design-related metrics establish equivalence between a platform-level design and its
quantifiable characteristics through continuous variables such as weight and reliability,

categorical variables and technometrics (Coccia, 2005);
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e Unit-related metrics establish equivalence between a unit of product or service and its
inputs. Typical examples include direct materials and labour (Hansen and Mowen, 2003);

e Time-related metrics establish equivalence between a time-span, the amount of inputs,
and one or more product or service outputs. For example, an aircraft fleet fuel
consumption and the hours flown in a calendar year;

e Process-related metrics quantify the outputs supplied and inputs demanded by each
process operating within the relevant boundaries, whereby any process’ outputs may be

inputs to any other process, for example material and energy flows (Moller, 2010).

Design, unit, and time-related metrics mostly rely on technical knowledge, that is, knowledge
about a specific technical system, how it operates and fails (Veldman et al., 2011). Process-related
metrics rely on technological knowledge, as they emphasise an externalised understanding of the
relationships between the inputs and outputs of a transformation operated the internal structure of

which is only partly known (Bohn, 1994).

Differences in cost modelling rationale, underlying concept of cost and use of non-monetary

metrics lead to the identification of the third challenge:

Challenge 3: What are the computational aspects of costing an advanced service

delivered through a PSS? What are the metrics involved?

The unresolved debate opposing cost inference and cost attribution models, and the metrics
deemed relevant in each, has been extended to the specific case of a PSS (Huang et al., 2012).
However, cost attribution models based on resource consumption have been invoked in the service
industry where the performance and cost of business processes, especially those experienced
directly by customer, is crucial for competitive differentiation (Edwards, 1999). These models would
allow a formalised representation of the functions and entities delivering value to the customer

through human activities and product behaviour through a PSS (Kimita et al., 2009).

Whilst it is recognised that successful service delivery requires measures focused on outcomes,
cascaded throughout the service delivery system, when it comes to availability most research relies
on product-related metrics such as Mean Time Between Failure, and Mean Time To Repair (see for
example (Baines and Lightfoot, 2013)). These metrics are recurrent in the maintenance performance
literature (Simdes et al.,, 2011) but provide little insight into how reliability and availability

improvements can be achieved in managing the maintenance process (Smith and Mobley, 2007).
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Finally, for computational purposes the relevant metrics can be associated with uncertainty.
Uncertainty is associated with something not known with certainty, as opposed to the unknown and
is intertwined with a state of loose cause-and-effect relationships that includes both fuzziness and
ambiguity (Emblemsvag, 2011). A probabilistic approach to uncertainty can only address situations
characterised by an ambiguity which is due to conflicting beliefs about mutually exclusive
alternatives. This uncertainty is said to have an aleartory nature and is identified with inherent
variability quantified in terms of consequences and likelihood through absolute counting (Goh et al.,
2010). Non-probabilistic approaches such as possibility and subjective probability theory can address
fuzziness and other, nonspecific ambiguities. However, most of the identified sources of uncertainty

in delivering such services as assets’ availability have aleatory nature (Erkoyuncu et al., 2011b).

The above said can be summarised in the following proposition:

Proposition 3: Costing an advanced service delivered through a PSS is a problem of
attributing the value of means to the economic activities carried out for the ends to be
achieved. Cost results from the interplay between monetary and non-monetary metrics, and

uncertainties thereof.

In considering this proposition and the computational aspects previously identified (Figure 10),
the literature on TLC has been analysed. Excluding conceptual works, computational detail is
undisclosed or disclosed but not replicable in 72% of the quantitative works, confirming that the

methods used in TLC are often unsatisfactory (Korpi and Ala-Risku, 2008).

] Cost attribution

Cost inference

ml Monetary metrics

Spending

Resource consumption

Design-related

— -t Unit-related

s NON-monetary metrics| Time-related

Process-related

Approach to
uncertainty

Figure 10 Dimensions for the analysis related to the computations challenge
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The computational approaches employed in TLC can be identified as combinations of the aspects

discussed above. These are illustrated in Figure 11 and described in Table 4. For example, a Cost

Breakdown Structure is identified in Figure 11 through the coordinates ‘spending’ as underlying

concept of cost, ‘attribution’ as modelling rationale, and ‘unit-related’ as non-monetary metrics.

Non-monetary metrics

Design and unit-related (given & fixed) -

Design-related (given & fixed) -

.4 Genetic cadsal
Process-related - : el
_Means-ends costing . piapilily-based CEG
Design-based unit-related -~ .
.Combined assessmerﬁ ofcoét I
Design-based time-related ~ - : BRI
.| Btatistical inference of ...
cigtzase Base Reasoning
: I

-@.Acco_unmg.appméch" l

R : Cost Eireak;juwn

..
Time-related (given & fixed) - Structure (CBES)

~ Cash flow analysis

Unit-related (given & fixed) - - .

e
Spending

Attribution -
Inference
Mone (cost is given)  Resource consumption

Underlying concept of cost

Cost modeling rationale

Figure 11 Computational approaches to cost assessment

Table 4 Computational orientation in TLC

Computational
approach

Description

Cost breakdown
structure (CBS)

Hierarchical decomposition of the direct unit cost of any of the cost objects identified in Figure 7,
developed through unit-related metrics which are fixed and given, see for example, Hunkeler et
al. (2008).

Genetic causal
approach (Gen)

Like a CBS, it is based on a cost attribution rationale. However, the unit-related metrics are
expressed analytically as a function of design-related metrics, for example based on principles of
statistical inference (Curran et al., 2004).

Accounting approach

A CBS relating an instance of time with some input and output quantities through time-related

(AA) non-monetary metrics that are fixed and given (Hitt, 1997).
Reliability-based CBS Establishes correspondence between an instance of time and time-related metrics such as the
(REL-CBS) occurrences of product-sustaining events. These metrics are expressed analytically as a function

of logistic variables (failure rates, Mean Time Between Failures etc.) which are specific to a
product design (see for example (Sandborn, 2013)).

Statistical cost
inference (S1)/
Case-Based Reasoning
(CBR)

Although the specific techniques vary, a cost object’s cost is estimated comparatively according
to the similarity and differentiation of a number of like cases for which the same cost is known
(see for example (Kilpatrick and Jones, 1974)). The cost figure of interest is obtained by adjusting
an existing case’s known cost (Case Base Reasoning — CBR, e.g., (Romero Rojo et al., 2012)).

Means-ends costing

Combines a notion of cost as resource consumption orientation with a cost attribution rationale
and process metrics. Handles multiple types of product and service simultanously. Examples
include Activity Based Life Cycle Costing (AB-LCC) (Emblemsvag, 2003), and Input-Output Life
Cycle Costing (Settanni and Emblemsvag, 2010).

Combined assessment
(CA)

Simultaneously employ more of the above, for example a cost breakdown structure and
statistical cost inference (Cheung et al., 2009).

Cash flow analysis (CF)

The relevant monetary metrics are movements of cash or cash equivalents either given or
derived directly with reference to a specific time-span (e.g., £/year, kWh/year x £/kWh etc.).
Aggregation over time typically involves discounting (Hansen and Mowen, 2003).
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Figure 12 shows the combinations of computational approaches in the reviewed literature. Only

7.9% of the total cases were classified as means-ends TLC models, 5.9% of which are conceptual.

Amongst quantitative works, the main contribution is Activity-based Life Cycle Costing (Emblemsvag,

2003). Claims about Activity-Based Costing (ABC) are made in 20% of cases which either disclose no

computational details (Prabhakar and Sandborn, 2012) or consist in fact of a direct cost breakdown

(Kayrbekova et al., 2011). The remaining 92.1% (97.3% of quantitative TLC models) focus on a

concept of cost as a measure of spending rather than of resource consumption, drawing on the

‘direct variable’ cost encountered only because an asset is being built or used (Fiorello, 1975). Within

these studies one or more of the following cost objects is assessed separately:

A time-span: it may be directly associated with cash flows that are given (12.9%), or
inferred statistically or via Case Based Reasoning (7.9%). Alternatively, it is broken down
into given amounts of inputs (18.8%), see for example Hunkeler et al. (2008), and
outputs (4%) used for cost normalisation. For reliability-based TLC models (42.7%) the
breakdown consists of the number of occurrences of product-sustaining events over a
time-span. Finally, a combined assessment is used in 4% of cases, none of which are
quantitative;

The cost of designing and developing a product platform is considered in 4% of cases, 3%
of which through statistical inference or Case Base Reasoning and 1% through Cost
Breakdown Structure (CBS);

The cost of a product unit is assessed in 30.7% of cases. Of these, 45.2% employ CBS;
6.5% a genetic causative approach; 19.4% statistical inference; 9.7% Case Base
Reasoning; and 19.4 % (mostly conceptual) a combined assessment.

The cost of an individual product-sustaining service is assessed in 15.8% of cases. Of
these, 56.3% use a CBS, for example Kayrbekova et al. (2011). A service CBS approach
has also been suggested to deal with a PSS in the context of availability contract (Datta
and Roy, 2010); 12.5% use Case Base Reasoning, for example, Romero Rojo et al. (2012)
propose a model of avionic obsolescence cost for use in PSS contracts, in which the base
cost of resolving an obsolescence issue must be known; the same number of cases
features statistical inference, and combined assessment. Only one reference applies the

genetic causal approach to service cost estimation (Early et al., 2012).

Page 25



OCoO~NOUITAWNE

25.00%

20.00%

15.00%

10.00%

5.00%

(product sustainment)

Product unit
Product platform

Time interval

Cost of a stand-alone instance Cost of a stand-alone instance Meansiends cos

Availability or performance-based Design, manufacture and service/sell spare
contracting
mA/C m A/C subsystems - avionics m A/C subsystems - engines m A/C subsystems - other
HConsumer equipment M General applicability model B Human Resource B Manufacturing/testing equipment
= Microelectronics m Military equipment  Multiple mn.s - not specified

Transportation system

(a)

25.00%

20.00%

15.00%
10.00%
e I
- EEEE N
Gen - - ‘ CBS - - - - - - - - -

Service
(product sustainment)
Product unit - - - CA - CBS - CA CBS

Product platform

Time interval - CF REL - AA CA CBS CF REL
Cost of a stand-alone instance Cost of a stand-alone instance Means-ends
costing
ity or performance-based contracting Design, manufacture and service/sell spare

mA/C mA/C subsystems - avionics mConstruction mGeneral applicability model mManufacturing/testing equipment mMicroelectronics m Military equipment

(b)

Figure 12 Combination of computational approaches in TLC: (a) Quantitative research; (b) Conceptual research.
Abbreviations: see Table 4

A variety of non-monetary metrics amongst those mentioned earlier in this section can be
involved in a TLC study. Figure 13(a-c) shows the metrics used directly in cost computation. Process-
related metrics are not shown since they are only used in two of the cases reviewed for the purposes
of means-ends costing. Platform-level metrics, which include reliability and maintainability metrics,
feature in 75.7% of the cases; time-related metrics feature in 85.1% of cases normally relate to
support occurrence; unit-related metrics in 33.8%, 48% of which concern direct inputs per unit of

product-sustaining service.
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Figure 14(a) shows complementary non-monetary metrics that may be derived from some of the
primary metrics or obtained separately from TLC. For example, in Alonso et al. (2007) environmental
performance metrics obtained through a Life Cycle Assessment are combined with TLC without
otherwise overlapping. Similarly, equipment efficiency (Heilala et al., 2007) cost effectiveness
(Blanchard, 1992), and affordability (Bankole et al., 2011) are obtained from the juxtaposition of

separately determined cost and technical performance metrics related to an asset.

Availability features explicitly as a derived metric in 24% of cases. Availability is typically derived
from design-related reliability (uptime) and maintainability (downtime) measures. These metrics are
then used to solve optimization problems in parallel with TLC, such as: “given a specified level of
asset availability, minimize the total cost of buying spare parts”; and “given a certain amount of
money for buying spare parts, maximize the availability of the asset” (Ntuen and Moore, 1986). In
4% of cases, specific to the context of availability or performance-based contracts, availability

concerns spare inventories and backorders, see for example Nowicki et al. (2008).

In the field of reliability engineering, a TLC model for an asset that operates and fails in
unpredictable manner is also stochastic, the times to failure and to restore to operation being
described by probability distributions that are known or knowable (Ntuen and Moore, 1986). Figure
14(b) shows that 47.3% of cases adopt a probabilistic approach to uncertainty; only two studies refer
to subjective probability (Erkoyuncu et al., 2011a; Emblemsvag and Tonning, 2003); the remaining
cases are deterministic. None of the reviewed cases address epistemic uncertainties by means of
imprecise probability as suggested by Goh et al. (2010). Random event generation, mainly product-
sustaining events, features mostly stochastic processes (12.2%) and discrete event simulation
(21.6%). Agent based modelling has also been suggested in the context of availability-based
contracts (Roy and Erkoyuncu, 2011). However, the proposed model is not illustrated in detail,

despite significant additional methodological complexities.

Finding 3 Current approaches to TLC directly and immediately assign a measure of spending
to an individual instance of product, service or time through non-monetary metrics
expressing technical knowledge about the product. Uncertainty is addressed in terms of time

distributions describing how an asset operates, fails and is restored to operation.
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5 Discussion and TLC methodology outline
The challenges and findings from the previous section are summarised in Table 5 highlighting the

potential gaps. The cost of providing an advanced service, for example availability, through a PSS is
the cost of either doing something ‘right’ from the customer’s point of view (hence delivering value
‘in use’ through an outcome), or dealing with the consequences of failing to do so. This requires a
formulation of cost assessment as a problem of attributing the value of means to the economic
activities carried out for the ends to be achieved. By contrast, current approaches to TLC do not deal
explicitly with the attribution problem, rather, performance (for example, availability) and cost are
properties designed into an asset. This promotes a partial view in which individual cost objects are

stripped of their context, and the analysis is then carried out assuming all things being equal.

Rejecting a partial view requires a conceptualisation of TLC which assesses cost as an emergent
property of the context within which multiple, potentially interacting products and services are
designed and delivered simultaneously. From a modelling perspective, this requires a consistent and
transparent representation of that context so that the interrelated consequences of changes in

context can be translated into appropriate cost metrics (Field et al., 2007).

Few attempts have been made to question and substantially enrich the overall approach to TLC.
Prasad (1999) discusses through-life performance metrics at a conceptual level, showing that the
analysis should extend beyond the individual product item and also beyond the individual
organisation’s boundaries. Lindholm and Suomala (2007) recognise the importance of understanding
maintenance and utilisation activities to improve “cost consciousness” i.e., awareness of the cost
implications of the actions taken, after a purchase decisions is made. They advise using TLC in a
continuous manner for cost monitoring. However, their focus is placed only on direct costs.
Emblemsvag (2003) provides an activity-based approach to TLC. By identifying key value creating
activities within and across the organisational boundaries, the approach addresses interdependence
and avoids focussing on isolated ‘pockets’ of performance (McNair, 1990). However, the aspects
related to reliability engineering are not addressed in-depth. Another approach, Total Cost of
Ownership (TCO), addresses all the costs of doing business with specific suppliers with the aim of
removing inefficiencies while maintaining or enhancing effectiveness (Ellram, 1996). Mévellec and
Perry (2006) suggest avoiding lack of transparency in TLC by highlighting the interrelations between
the costs incurred within the network of partners involved in enabling the customer to use the

services of a product. However, no computational counterpart is provided.
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Table 5 Summary of challenges, findings and gaps

Challenges

Propositions about costing advanced services
provided through a PSS

Findings about TLC methodological background

Potential gaps

Challenge 1: What is the appropriate cost
object when costing an advanced service
delivered by a PSS?

Challenge 2: What is the purpose of
costing an advanced service delivered by
a PSS? What are the
boundaries of the analysis?

scope and

Challenge 3: What are the computational
aspects of costing an advanced service
delivered through a PSS? What are the
metrics involved?

Proposition-1: There is no individual cost
object. A PSS is a system potentially involving
multiple, interconnected and interacting cost
objects simultaneously.

Proposition 2: The scope of a PSS is cross-
organisational and inter-temporal. Its purpose
is to exploit strategic alliances on a continuous
basis.

Proposition 3: Costing an advanced service
delivered through a PSS is a problem of
attributing the value of means to the economic
activities carried out for the ends to be
achieved. A specific cost object’s cost results
from the interplay between monetary and non-
monetary metrics, and uncertainties thereof.

Finding 1: TLC deals with one cost object at a
time, be it an instance of product, service or
time. The cost of a PSS tends to be identified
with the expenditures accumulating over the
time-span a stand-alone asset is in-service.

Finding 2: TLC is a one-off, should-cost
estimation exercise undertaken by the buying
or the selling organisation independently. Its
scope tends to be determined as the time-span
a product exists, rather than the actions
performed, their outcomes, relationships and
occurrence.

Finding 3: Current approaches to TLC directly
and immediately assign a measure of spending
to an individual instance of product, service or
time through non-monetary metrics expressing
about the product.
Uncertainty is addressed in terms of time

technical knowledge

distributions describing how an asset operates,
fails and is restored to operation.

Gap 1. TLC is not methodologically
equipped to deal with a system, specifically
socio-technical systems.

Gap 2: TLC cannot

consciousness which requires continuous

support  cost

monitoring of how cost and performance
evolve as a course of action is undertaken,
relevant

within and across the

organisational boundaries.

Gap 3: TLC per se does not allow answering
the question which costs are to be
attributed to which activity. Rather, the
application of such models as availability-
based TLC requires that the question has
been already answered in such a way that
the model can be entirely expressed in
terms of technical knowledge about an
individual product.
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Although not working on cost assessment, Heijungs (2001) proposes a methodology to deal with
the attribution problem based on a consistent analytical representation of an economic process as
the building block, and rules to determine how processes are to be clustered into systems of
economic activities. Settanni et al. (2010; 2011) outline an analogous approach to introduce a whole
system view in the computational structure of TLC. Building on such an approach, a methodology of

TLC for use in PSS can be conceptualised as four steps shown in Figure 15 and described below.

Knowledge Integrated

elicitation system and
and system cost
visualization modelling

Functional
unit
identification

Scope and
boundaries
definition

e Acquire key points of  Value-delivering flow
knowledge (PSS) model;
* Map means-ends » Equivalent (virtual)
relationship cost flow model
“Soft” system domain ‘ “hard” system domain |

Figure 15 Proposed methodology of TLC for advanced services delivered through a PSS

5.1 Functional unit identification
PSS is an open system so the first step is to identify what constitutes the exogenously imposed

demand for the system’s deliverables. The delivery system’s quantified performance in fulfilling its
identified functions is called a functional unit. Originally developed in the field of Life Cycle
Assessment (LCA), the term functional unit denotes the service which is expected to be rendered by
a final consumption process (BS EN ISO, 2006). Analytically, a functional unit (e.g., passenger
transportation for 1x10® km) must translate into one or more modes of realisation of the service-

delivering flow (e.g., 1x10° km car-driving; 1x10® km train journey etc.).

Availability can be thought of in terms of providing a result of value to a final customer. For
example, BAE System defines an available aircraft as one which is “...on the apron in a fit state for
the men and women of Air Force to fly” (BAE Systems, 2009). However, formulating the appropriate
functional unit is not straightforward, since availability — be it instantaneous, steady-state or mean
availability (BS EN, 2009) — is typically thought of in terms of attributes designed into a product at
the design phase, rather than in terms of a service-delivering flow. To overcome this, Settanni et al.
(2013) suggest pooling individual top-level items (whole aircraft or LRU), or sub-items, as stocks of

equivalent flyable hours (sorties, cycles etc.) through a common fictitious metric called ‘capability
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units’ so that the flows through the PSS to the exogenous demand can be thought of in terms of

demand and supply of capability units, rather than individual items.

5.2 Scope and boundaries definition
The definition of boundaries and scope of the analysis draws a distinction between what is

exogenous and what is endogenous to the system (width) and clarifies the level of granularity in
examining what happens within those boundaries (depth). Phenomena taking place outside the
defined boundaries are deemed exogenous to the system, hence uncontrollable and subject to

forecasting rather than decision making (Makridakis et al., 1998).

Valerdi et al. (2009) discuss the use of boundaries to clearly define the enterprise as a ‘system’
which extends beyond traditional organizational or inter-departmental boundaries. The aim is to
assist researchers in identifying the appropriate scope of their respective research and to assist

practitioners in bounding problems and identifying critical issues.

Within the defined boundaries a system progresses through its life cycle as the result of actions,
performed and managed by people in organizations; hence a system’s life cycle stage can be
modelled in terms of the processes involved, their outcomes, relationships and occurrence (BS

ISO/IEC, 2002).

5.3 Knowledge elicitation and visualisation
Knowledge about an engineering system spans across multiple, interrelated domains (Bartolomei

et al.,, 2012): functional (what the system does to achieve its objectives); process (current and
perspective technological knowledge defined as detailed understanding of activities performed
within or by the system); technical (architectural/physical entities needed to carry out the system
functions or those used by the stakeholders); and social (human contribution and relationships
between human elements of the system). Situations involving socio technical system, and hence
human activity systems, are likely to be ill-defined, because complex and messy. In these situation
emphasis is on building a defensible intellectual constructs to be used to represent such situation

through a conceptual model, for example via Soft Systems Methodology (Wilson, 2001).

Qualitative methods are used for the elicitation of the necessary knowledge to formally represent
a delivery system, in particular a PSS. Interviews are particularly suitable in applications concerning
cost and performance estimation, where the key points of knowledge required involve not only what
is done but also how and why (Naylor et al., 2001). Visualisation through pictures and diagrams then
facilitates communication to achieve a shared understanding among a larger group about the same

problem domain (Conklin, 2006). For example, an IDEFO diagram produces a structured
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representation of the activities or processes within the modelled system or subject area, depicting
how they interrelate and operate. This can be used to provide a common “baseline” for
communication across individual organisational units (National Institute of Standards and
Technology, 1993). The Functional Resonance Analysis Method (FRAM) is an approach developed for
accident investigation and risk analysis, providing insight into why and how socio-technical systems

normally succeed and occasionally fail (Hollnagel, 2012).

5.4 Integrated system and cost modelling
The application of qualitative methods provides an understanding of how the actions

undertaken within the boundaries of the enterprise deliver advanced services, such as availability.
The application of quantitative methods provides a mathematically treatable counterpart of the
qualitative system representation, preserving the system structure in terms of dependencies and
interdependencies. TLC is then conceptualised as a value representation of the system of interest.

The necessary information has a dual nature (van der Merwe, 2007):

e A guantitative model of the flow of goods and services highlighting interlinked means,
processes and ends within defined boundaries; and
e A corresponding value representation of these means-ends relationships, with monetary

metrics serving as a meta-language to express the flow of goods and services.

One way of dealing analytically with this information is through Input-Output Analysis (I0A). IOA
is a method originally developed for modelling the operation of an economic system in an integrated
way. The building blocks can be as aggregated as whole industrial sectors within national economies,
or as granular as individual processes within an enterprise. Applications of IOA outside
macroeconomics include for example production-inventory systems modelling (Grubbstrom and

Tang, 2000), costing (Boons, 1998) and life-cycle perspective (Settanni et al., 2011).

5.4.1 Basic input-output cost modelling
An input-output model is an operational-type model which enables a systematic understanding

of the functioning or malfunctioning of the system being modelled. It is used for tracing the sources
of trouble and deciding what action could be taken (Leontief, 1986). To establish a system blueprint
each economic activity (process, sector etc.) within the system is represented by a vector describing
in quantitative terms the relationship between the inputs absorbed and outputs produced. The
interdependence among activities is then described by simultaneous equations expressing the
balances between the total input and output of each commodity and service provided and used

during a reference time interval.
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For illustrative purposes, Figure 16 shows the relationships between two streamlined processes,
both pictorially as orientated arcs and analytically as tables that can be treated mathematically as
matrices or vectors. For example, proceeding from left to right in Figure 16(a): a 1 X 2 vector of
exogenously acquired inputs b = [b; b;]; a 2 X 2 matrix of inputs that are supplied by some
process within the boundaries and employed by some process within the same boundaries

_ Y11 U12

= [y, uzz]; a 2 X 2 matrix of the outputs delivered by each process operating within the

V11

boundaries V = [v21

v
v;ﬂ, having the activities’ primary outputs as diagonal elements and their
secondary outputs, if any, as off-diagonal elements; and a 2 X 1 vector of final exogenous demand
y= BZ] The elements of each matrix are recorded with respect to their quality (steel, energy, etc.)

and quantity (kg, MJ, etc.). Analytically, these dimensions define the basis of a linear space. Also, the
guantitative flows are expressed either in relation to a time span specified for the whole economic
system (for example, one year) or in relation to the operating time of each economic activity
individually considered (for example, one hour or any time a run takes). The latter case is known as

‘activity level analysis’ whereas the former as ‘commodity flow accounting’ (Heijungs, 2001).

Settanni et al. (2011) employ activity level analysis to formulate a TLC model with environmental
extensions. Like basic IOA, the model involves two sets of simultaneous equations, respectively, in
physical and monetary terms. The first set performs a ‘demand-pull’ analysis to determine, for each
economic activity operating within the system, the activity levels that equate supply and demand —
both intermediate and final — for all the goods and service flows. Using the matrix notation

introduced earlier for illustrative purposes:
Vs=Us+y—-> (V-U)s=y->s=(V-U)"ly (1)

S11 ... . . . . .
where s = [s ], if it exists, is a non-negative column vector of activity levels; Vs is the gross
2

output; Us is the total intermediate input demand; (V — U)s is the net output of the economic
system; the superscript “—1" denotes matrix inversion. A final demand y is feasible if it does not
exceed the net output for a feasible activity vector s. Background on the computational aspects of
IOA can be found in Raa (2005). An economic system in which each economic activity functions by
absorbing output of other activities directly and indirectly will only be able to sustain itself whilst
delivering to final demand if each subsystem contained in it is capable of doing so too: “...if even one
of them cannot pass the test, it is bound to cause a leak that will destroy the sustainability of the

entire system” (Leontief, 1986).
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Figure 16 From diagrammatic to input-output representation of a system: (a) dependent processes; (b) interdependent
processes; (c) independent processes. The term “commodity” indicates flows and funds of goods and services

Page 36



©CO~NOOOTA~AWNPE

Another set of simultaneous equations attributes monetary values to the quantitative flow of
goods and services by equating the unit value of each activity’s output and the total outlays incurred

in the course of its delivery:
p(V8) = p(US) + (wb8) » p=v(V-U)~! (2)

where p = [P1  DP2], if it exists, is a non-negative row vector of monetary worth per unit of each
activity’s output; § is a matrix having the elements vector s on the diagonal and zeros as off-diagonal
elements; p(VS) is the monetary worth of the output flow through the system of interest
corresponding to an activity level s; p(US) is the monetary worth of the corresponding input flows
transferred-into each activity from other activities operating within the system; bs is the amount of
exogenously acquired means; w is the unit monetary worth of the externally purchased input (in
the case of more such inputs, a matrix B rather than vector b, and a row vector w rather than a
scalar w is used); v = wb is often referred to as the ‘value added’ to the transactions occurring

between activities within the system’s boundaries.

5.4.2 Input-output representation of a traditional TLC
The two sets of equations discussed above provide a flexible conceptualisation of TLC, which

arranges otherwise sparse computations in a concise way. Intricate systems of economic activities,
as well as more traditional TLC models can be accommodated. For example, a simple cash flow
analysis concerning an asset worth 10 k£, the utilisation and sustainment of which occurs over 40
years and involves only a recurring expenditure of 100£/year at a discount rate of 5% can be
represented as two dependent activities (Figure 16(a)): “acquire asset” and “use/sustain asset”.

These are hollow processes, that is process specifications that add no information to the system,

Acquired asset (units)

. . hat the relevant matri r
Asset after 40 years existence (units) 50 that the relevant matrices read

defined on the linear space

_J0 1 o _ 10 . L .
U= [0 0], V= [0 1 andy = [1] Most of the information in this case concerns the external

1 0

purchases recorded in matrix B = [0 10

0], the columns of which are defined on the linear space

[ Asset (units) and the associated prices @ = [1,000 17.1], where w, is the

annual uniform payment (£)]’
present worth of an annually recurring uniform amount of 1£ over 40 years at 5%. This leads to

p = [1000 2,715.9], the element p, being commonly referred to as the asset’s through-life cost.

5.4.3 Dynamic input-output model of a PSS
The input-output economic system discussed above does not explicitly consider the temporal

hierarchy of economic activity. The analytical treatment of timing aspects is critical since time lag in

delivery is typically part of availability-based contracting. Settanni et al. (2013) suggest modelling a
Page 37



PSS evolving over time analogously to an input-output production-inventory system to account for
interdependencies (Grubbstrom and Tang, 2000). However, product items are seen as ‘stocks’ of
potential capabilities to pursue a certain course of action. Hence, they are expressed in terms of a
measure of the service that they are expected to render, as discussed in section 5.1. The analytical

treatment of time is analogous to a dynamic input-output model with temporally distributed
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activities (Raa, 2005). This is described below through an example, and illustrated in Figure 17.
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Figure 17 Example of two temporally distributed, dependent processes: (a) diagram; (b) tables
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Consider two dependent processes, A and B, like those in Figure 16(a), over a discrete time
horizont = 1,---,3 . The exogenous demand may trigger any process at any time. This is shown on

the rightmost side of the diagram in Figure 17(a), from top down. Formally, this demand is denoted
i s 4

by non-negative vectors y; =[ 1], Y- =[ 2], and y; =[ ?;] as shown in Figure 17(b). By
Vi V2 V3

assumption, the amount of output delivered by one run of each process is instantaneously usable at
the time of delivery, and it is the same irrespective of when the processes are triggered. In Figure

17(a) this is shown by placing the process blocks along the main diagonal. In Figure 17(b) the output
. . _ _ v _ V11 V12 .
is expressed through the matrices V;(0) = V,(0) = V3(0) =V = [v21 Uzz]' The zero in brackets

indicates that each process’ output is immediately put to use. The time of delivery is indicated as a
subscript. Matrix V is the same as in section 5.4.2. For illustrative purposes, lead times 84 = 1 and
05 = 2 are assumed. This means that one run of process A demands a certain amount of inputs one
time unit prior to the delivery time, whilst one run of process B requires inputs to be present two
time units in advance. This time lagging applies equally to the demand of inputs provided internally
by A and B, and to the demand of inputs acquired exogenously. In the presence of positive lead
times, the flow of goods and services between processes is distributed over the time horizon as
shown in the upper-right part of the diagram in Figure 17(a). The corresponding temporally-
distributed matrices are shown in Figure 17(b). Matrices U,(—1) = U3(—1) = U8(-1) =

U X1 uq,x0 . L .
[ 11 12 represent the amount of internally supplied inputs that must be present 1 time

unit prior to delivery at times 2 and 3. The lead time is indicated in brackets with a minus sign. The

time of delivery is indicated as a subscript. Matrix U is the same as in section 5.4.2, and it is
manipulated through vector §(—1) = [é] to ensure that U,(—1) and Uz(—1) have zero elements

except for process A, the lead time of which is equal to 1 time unit. Applying the same reasoning, the

amount of internally supplied inputs that must be present 2 time units prior to delivery at time 3 is

u; X0 upx1

denoted by the non-negative matrix U3(—2) = U6(—2) = [u %0 1w x1
21 22

]. In the same way,

vectors b,(—1) = b3(—1) =[b; X1 b, X 0] represent the demand of exogenously acquired
inputs 1 time units prior to delivery at times 2 and 3, and vector b3;(—2) = [by X0 b, x 1]
represent the same demand 2 time units prior to delivery at time 3. Vector b is the same as in

section 5.4.2.

Reading Figure 17 row-wise (left to right) one can see that at each time period 1) the available
output consists of the sum of inventories that are present at the beginning of that period, plus the

deliveries from the processes that are triggered in that time period; 2) the required input consists of
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the sum of the instantaneous internal demand (that enables deliveries at the current time), the
time-lagged internal demand (that enables deliveries at future times), and the current exogenous
demand. Each process must therefore operate at some non-negative activity level in order to align

output to demand, considering that the excess output is carried over to the next time period. The

0
T

inventory at the beginning of the planning period are represented by vector r(0) = [ 10] and must
2

1 2
be known, whilst the final inventories at the end of each time period, r(1) = [7‘11]’ r(2) = [rlz] and
L 2

3
T
r(3) = [ 13] must be determined along with the activity levels.
)

Generalising to n activities, each with lead time 6; (j = 1...n), a temporally-distributed version

of equation (1) is formulated as follows:

max{6;--6,}

r(t — 1) + V,(0)s(t) = Z Uy (—D)8(t +7) +y, +1(t) (3)

=0
where t = 1,2,--,T; Upy(—7) = U(t)8(—7) is the temporally-distributed input structure matrix
[06.7]

obtained by multiplying the generic element of the matrix U(t) by vector 6(—1) = 59,-,1 ; 691._1 is

SOn,r
the Kroneker symbol, taking values 69].'7 =1 if ; = t and 0 otherwise. In principle, the entries of
U(t) can be different at each time t. Vectors r(t — 1), r(t), s(t + 1), s(t), and y; denote,
respectively, beginning inventory, final inventory, activity levels, future activity levels and exogenous

demand at each time t. Developing equation (3) for t = 1,2, -, T one obtains:

(1)1
s(2)
Z,(0) Z,(1) .. Z,(T—1) —I 0 : v, — r(0)
Z,(0) Z,(T-2) 1 -1 s(D| _ y2 5
: r(1) s
| 0 Z,(0) 0 1 —1l|r@) yr
_r(:T)_
R 5| _ (4)
Z @] [r] d

where I is an identity matrix and O a null matrix of appropriate dimensions; Z;(0) =

[V:(0) —U:(0)] for t=0 and Z;(—p) = [-Upr(—7)] for 0 >t = max{0, --- 6,}, as shown in
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the example in Figure 17. Given this temporally distributed representation of the system’s operation,
the problem is to find the lowest integer activity levels at each time satisfying the condition that the
inventory levels carried over time are non-negative. This can be formulated as a multistage, mixed-

integer linear programming problem:

minimizez=1-s+0-r
subject to:

¢ ollil=[ol ”

s = integer
s=0;r=0

where 1 and 0 are, respectively, a unity vector and a null matrix of appropriate dimensions. Since
a process cannot deliver its output unless there is time for doing, it is necessary to define for each
time 1 < t < max{6, --- 6,,} a diagonal matrix D, having as its generic elements djj =1if6; < tand

zero otherwise, and then post-multiply it with matrix Z;(0). The result is used to define the matrix of

Zl(O)Dl cee 0
constraints F = : : 0
0 Zmax{91~~~9n}(O)Dmax{91~~~9n}
. N N . _[9207. _
Figure 18 shows an application for the same example in Figure 17 if r(0) = 170], yi =
07. _7071... _13007._1600 07 , _J0 8007 , _ . .
[85]’ y2 = [80]'Y3 = [65 ], V= [ 0 200], U= [0 0 ], b =[600 0]. Multiple solutions

could be obtained due to the inherent nature of the optimisation problem. Additional constraints

may help refine the desired result.

From a conceptual viewpoint, the above mentioned approach can be seen as one possible way of
realising integrated Maintenance Resource Planning aiming to effectively align the capacity of the
sustainment process, also in terms of spares inventories, to the demand of sustainment tasks to be
performed over time (Bruggeman and van Dierdonck, 1985). From a computational viewpoint
alternative approaches, in particular the use of z-transforms (Grubbstrém and Ovrin, 1992), can be
more effective for the mathematically literate, yet less practical to implement in a business context

using, for example, spreadsheets.
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Figure 18 Numerical example with two temporally distributed, dependent processes

6 Conclusion
This paper has investigated the extent to which current approaches to TLC provide sufficient

methodological foundations for estimating the cost of delivering advanced services such as
availability through a product-service-system. The main motivation to undertake this research has
been to provide a well-defined concept of TLC for use in contracting for availability. Too often, ‘faith’
that a candidate product technology alone will reduce cost is the result of a lack of descriptive and
analytical power in the cost analysis (Davis et al., 2003). Avoiding such shortcomings is particularly
important in the context of PSS, since what counts is neither the individual asset nor service, but the

socio-technical system delivering results of value for the customer.

The methodological challenges for the prevailing approaches to TLC within a context where
advanced services are offered through a PSS have been identified and assessed through a systemic
review of the public domain literature. TLC is an enduring concept for which authors tend to assume
is methodologically homogeneous across the literature. This assumption only becomes obvious
when the literature is examined from multiple domains. Due to methodological heterogeneities and
terminological ambiguities (e.g., for terms such as cost, cash flows, and expenses; cost drivers and
CERs; ‘system’ and PSS; processes; and life cycle) the methods adopted in the reviewed literature on
TLC provide very limited support for those engaged in through-life cost estimation for PSS. Current

debates around the estimation of the through-life cost for providing a service centre on the
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adaptation of established product cost estimation techniques, with a restrictive interpretation of the
concept of life cycle. As a consequence cost estimation for a PSS is reduced to estimating the cost of
the in-service phase of a durable product, not the cost of a socio-technical system delivering results

of value.

From the evidence in the literature a methodology of TLC for use in a PSS has been formulated

which addresses the main challenges as follows:

e Cost object (What): the proposed methodology is grounded on a representation of a PSS as a
socio-technical ‘system’ delivering value in-use, and preserves its structure in order to handle
multiple interacting cost objects simultaneously.

e Scope and purpose (Why?/To what extent?): the proposed methodology shifts emphasis
from one-off should-cost estimating to through-life cost consciousness, enabling a systematic
understanding of the functioning of the system being modelled as a basis to decide what
action could be taken. It allows consistently expanding the boundaries of the analysis beyond
the “four walls” of the individual firm to improve the visibility of end-to-end operations.

e Computations and metrics (How?): the proposed methodology formally and transparently
addresses the interplay between monetary and non-monetary metrics. Reciprocal influences
between multiple outcomes delivered by a system of purposeful activities are taken into
account through a structure in which the relevant metrics and uncertainties thereof can be

conveniently organised and simultaneously treated analytically.

In particular, it is recognised that qualitative methods must be employed to provide an
understanding of how the actions undertaken within the boundaries of the enterprise enable or
prevent the delivery of advanced services through a PSS. Quantitative methods must offer a
mathematically treatable counterpart of a qualitative PSS representation, preserving the system
structure in terms of dependencies and interdependencies. The principles of IOA originally
developed in macroeconomics provide a suitable foundation for dealing analytically with a system of
interdependent economic activities expressed as both monetary and non-monetary information,
without requiring a priori commitment to a specific modelling language or a specific Information

System to be already in place.

The proposed methodology of TLC emphasises aspects that could be better exploited if the
estimate of the cost of an advanced service delivered by such a system is integrated, from a
computational perspective, with by a model of the operation of the delivery system itself — the PSS.

However, some caveats are necessary:
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e In the literature, ‘activities’ or ‘processes’ often serve as cost categories, whilst ignoring the
logical relationships between them from an analytical viewpoint. Hence, invoking
approaches such as Activity Based Costing in TLC is not sufficient per se to guarantee that

the nature of PSS as a socio-technical system is adequately addressed.

e The proposed methodology best operates under contractual conditions that encourage
transparency and clarity of mutual commitments. Nicolini et al. (2000) outline the limitations
of implementing strategic-orientated approaches to cost in contexts where a lack of trust
and transparency is deep-seated within the industry’s culture and practices. The move
towards availability contracting should provide the cooperative environment which is

necessary for approaches such as TLC to work (Goldbach, 2002).

e To achieve cost reductions beyond the possibilities of individual organisations within the
enterprise, information asymmetry between the customer and the provider regarding the
relationship between the specifications established by the former and the resulting costs at

the latter, should be reduced (Cooper and Slagmulder, 2004b).

The research presented in this paper strengthens the concept of TLC as a cost engineering and
management practice by addressing some of the ambiguities and inconsistencies of current
approaches in terms of boundaries and scope, metrics and cost objects involved. This provides a
foundation for future research on TLC that is capable of effectively directing the attention of the
decision maker towards the enabling conditions for the successful provision of such an advanced

service as availability through a PSS.

Appendix
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Table A.1 Conceptual research on TLC - Availability/Performance-based business model.

Abbreviations: see Table 4

References

Delivery system (Enterprise)
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Cost object P P
s Stand-alone instance costing
cope
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Inter-temporal | Activities . Unit Product-support
5 family
= E=
o r) 17
T < o
£ 8 |8 e = S
s | 2 3 By 213 £ 8
]
S| B | Ele=|2E|S &y S|a.] o £ S
o o S |a<c|a glo g|l9 < 55| < ] ]
2 = o |=o|l=E|le G|l g |22 ¥ < 2 n
E|l 58| 8 |gs|lygc|owo®w| 3|55 | © S | @
2 3 3 '55'53ﬁ33-§ 2 53| 2 Y § 3 »n 1~ n n c o« 0 c o«
£ < o 155|535 e|2%| E |58 E © o @ < _ = a a @ _ o @ @ _ @ <
a a =1 Eln a a t o < %

Gueravzory | o] | | | | felel | | | [ el | [} [ | | [ | | [ | [ ] ][] | ]

(Huang et al., 2012)

(Roy and Erkoyuncu,
2011)

(Bankole et al., 2011) ° ° °
(Datta and Roy, 2010) ° ° ° ° °
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Table A.2 Conceptual research on TLC — “product and support” business model. Abbreviations: see Table 4

References

(Mirghani, 1996)

Delivery system (Enterprise)

|
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. Viewpoint Computations
Cost object P P
s Stand-alone instance costing
cope
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Table A.3 Quantitative research in TLC - Availability/Performance-based business model. Abbreviations: see Table 4
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S Stand-alone instance costing
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5 ) X Service
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(Kim et al., 2007)
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Table A.3 (continued) - Quantitative research in TLC - Availability/Performance-based business model

(Cont’ed) Non-monetary metrics Uncertainty
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Table A.4 Quantitative research in TLC — “product and support” business model — aerospace applications. Abbreviations: see Table 4

References

Cost object

Viewpoint

Computations

Delivery system (Enterprise)

Stand-alone instance

Purpose

Scope

Inter-temporal

activities

Stand-alone instance costing

Time span

Product

Platform/
family

Unit

Service

Product-support

ITime interval

Product platform
Service (product

Product unit
utilisation)

Service (product
sustainment)

management
Should-cost

Strategic cost
estimate

Duration of producer
Time in the market

ITime with user
involvement

\Value chain
Network

Means-ends costing

REL-CBS

CBS

IAA

SI

CBR

CF

CA

SI

CBR

CBS

CBS

Gen

S

CBR

CA

CBS

Gen

SI

CBR

CA

Aircraft

(Fielding, 1999)

(Fiorello, 1975)

(Khan and Houston,
2000)

(Marks and Massey,
1981)

(Roskam, 1990)

(Stump, 1988)

(Suwondo, 2007)

Aircraft subsystems

(Blackwell and Hausner,
1999)

(Brode, 1975)

(Cheung et al., 2009)

(Curry, 1993)

(Davis et al., 2003)

(Debardelaben et al.,
1997)

(Feldman et al., 2009)

(Hitt, 1997)

(Kiang, 1979)

(Killingsworth and Jarvaise,
1990)

(Kilpatrick and Jones,
1974)

(Schor et al., 1989)

(Seger, 1983)

(Tuttle and Shwartz,
1979)

(Curran et al., 2007)

(Curran et al., 2004)

(Xu et al., 2008)
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Table A.4 (continued) - Quantitative research in TLC — “product and support” business model — aerospace applications

(Cont’ed)

Non-monetary metrics

Uncertainty

Primary

Derived

Program/

Organisation-

level features

Platform-level

features

Unit-level metrics

Product Service

Time-related

metrics

IAvailability

Effectiveness

Cost

Other

Probabilistic

Subjective

Random event generation

[Stochastic
process

Simulation

IAgent Based
Modelling

Aircraft

(Fielding, 1999)

(Fiorello, 1975)

(Khan and Houston, 2000)

(Marks and Massey, 1981)

(Roskam, 1990)

(Stump, 1988)

(Suwondo, 2007)

Aircraft subsystems

(Blackwell and Hausner, 1999)

(Brode, 1975)

(Cheung et al., 2009)

(Curry, 1993)

Davis et al., 2003)

(Debardelaben et al., 1997)

(Feldman et al., 2009)

(Hitt, 1997)

(Kiang, 1979)

(Killingsworth and Jarvaise, 1990)

(Kilpatrick and Jones, 1974)

(Schor et al., 1989)

(Seger, 1983)

(Tuttle and Shwartz, 1979)

(Curran et al., 2007)

Curran et al., 2004)

(Xu et al., 2008)
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Table A.5 Quantitative research in TLC — “product and support” business model — non aerospace applications. Abbreviations: see Table 4

References

Cost object

Viewpoint

Computations

Delivery system (Enterprise)

Stand-alone instance

Purpose

Scope

Inter-temporal

activities

Stand-alone instance costing

Time span

Product

Platform/

family Unit

Product-support

Service

ITime interval

Product platform
Service (product

utilisation)
Service (product

Product unit
sustainment)

management
Should-cost

Strategic cost
lestimate

ITime with user

Duration of producer|

involvement
[Time in the

market

IValue chain
Network

Means-ends costing

REL-CBS

CBS

IAA

SI

CBR

CF

CA

SI

CBR
CBS
CBS
Gen
SI

CBR

CA

CBS

Gen

S|

CBR

CA

C products

(Hatch and Badinelli, 1999)

General applicability

(BS EN, 2005)

(Emblemsvag, 2003)

(Fabrycky and Blanchard, 1991)

(Mueller, 2009)

(Oner and van Houtum, 2010)

(Reimann and Hugq, 1993)

(Wu and Longhurst, 2011)

Human resource

(Dahlén and Bolms;jo,
1996)

Manufacturing/test
equip.

(Chen and Keys, 2009)

(Degraeve et al., 2005)

(Folgado et al., 2010)

(Gitzel and Herbort, 2008)

(Heilala et al., 2007)

(Hwang, 2005)

(Kayrbekova et al., 2011)

(Kleyner and Sandborn, 2008)

(Lycette and Lowenstein, 2011)

(Ntuen, 1985)

(Rhee and Ishii, 2003)

(Sachdeva et al., 2008)

(Settanni and Emblemsvag,
2010)

(Waghmode and
Sahasrabudhe, 2011)
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Table A.5 (continued) - Quantitative research in TLC — “product and support” business model — non aerospace applications

(Cont’ed)

Non-monetary metrics

Uncertainty

Primary

Derived

Program/

Organisation-

level features

Unit-level metrics

Platform-level

features

Product

Service

Time-related

metrics

IAvailability

Effectiveness

Cost

Other

Probabilistic

Subjective

Random event generation

[Stochastic
process
Simulation
IAgent Based
Modelling

C products

(Hatch and Badinelli, 1999)

(BS EN, 2005)

(Emblemsvag, 2003)

(Fabrycky and Blanchard, 1991)

(Mueller, 2009)

(Oner and van Houtum, 2010)

(Reimann and Hugq, 1993)

(Wu and Longhurst, 2011)

Human resource

(Dahlén and Bolmsjo, 1996)

Manufacturing/test equip.

(Chen and Keys, 2009)

(Degraeve et al., 2005)

(Folgado et al., 2010)

(Gitzel and Herbort, 2008)

Heilala et al., 2007)

(Hwang, 2005)

(Kayrbekova et al., 2011)

(Kleyner and Sandborn, 2008)

(Lycette and Lowenstein, 2011)

(Ntuen, 1985)

(Rhee and Ishii, 2003)

(Sachdeva et al., 2008)

(Settanni and Emblemsvag, 2010)

(Waghmode and Sahasrabudhe, 2011)
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Table A.6 Quantitative research in TLC — “product and support” business model — military equipment and other applications. Abbreviations: see Table 4

References

Cost object

Viewpoint

Computations

Delivery system (Enterprise)

Stand-alone instance

Purpose

Scope

Inter-temporal

activities

Stand-alone instance costing

Time span

Product

Platform/

family Unit

Service

Product-support

ITime interval

Product platform

Product unit

Service (product

utilisation)

Service (product
sustainment)

management
Should-cost

Strategic cost
estimate

ITime with user
Duration of producer|
involvement

[Time in the
market

IValue chain
Network

Means-ends costing

REL-CBS

CBS

IAA

SI

CBR

CF

CA

SI

CBR
CBS
CBS
Gen
SI

CBR

CA

CBS

Gen

S|
CBR

CA

Microelectronics

(Park and Seo, 2004)

(Prabhakar and Sandborn,
2012)

(Sandborn, 2013)

(Skwirzynski, 1983)

Military equipment

(Blanchard, 1992)

(Burridge and Coyle, 2003)

(Emblemsvag and Tonning,
2003)

(Lindholm and Suomala,
2007)

(Ryan et al., 2013)

Multiple

(Dhillon, 2010)

(Hunkeler et al., 2008)

Not specified

(Marais and Saleh, 2009)

Transport

(Alonso et al., 2007)

(Jambulingam and Jardine,
1986)
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Table A.6 (continued) - Quantitative research in TLC — “product and support” business model — military equipment and other applications

(Cont’ed) Non-monetary metrics Uncertainty
Primary Derived Random event generation
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(Burridge and Coyle, 2003) .
(Emblemsvag and Tonning, 2003) . . .
Lindholm and Suomala, 2007) . . .
(Ryan et al., 2013)

(Dhillon, 2010)
(Hunkeler et al., 2008)

(Alonso et al., 2007)
(Jambulingam and Jardine, 1986) . . .
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