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Foreword

The region around Siegen has many metalworking enterprises (e.g., Gontermann-
Peipers GmbH) and machine builders (e.g., Achenbach Buschhütten GmbH). The
metal working enterprises belong mostly to the class of Small- and Medium-sized
Enterprise (SME) that caters to automotive and machine builders. Due to glob-
alization, these enterprises are facing stiff competition, especially over costs, from
the developing world, like Brazil, India, and China. Additionally, these enterprises
have to adhere to stringent requirements imposed by their customers and
government regulators. For instance, an enterprise has to support traceability of
components so that the costs incurred to a supplier during a recall are minimized.
Hence, these enterprises need to enhance their existing monitoring and control of
manufacturing processes in order to maintain their competitive advantage.

According to this context, management and control of an enterprise can be
hierarchically classified into different levels—strategic, tactical, operational, and
resource. Additionally, an enterprise can be viewed from different scientific per-
spectives—management science, control engineering, and information science.
These levels as well as perspectives are crucial for the monitoring and control of
manufacturing processes. The research focus at Business and Information Systems
Engineering (BISE) is on Enterprise Integration (EI), Real-Time Enterprise (RTE),
and Performance Measurement Systems (PMS), especially closing the feedback
loop across different enterprise levels in real-time.

There exist numerous concepts (e.g., Event-Driven Architecture (EDA), RTE),
technologies (e.g., Manufacturing Execution Systems (MES), Complex Event
Processing (CEP)), methodologies (e.g., Resource Consumption Accounting
(RCA)), and standards (e.g., IEC 62264, VDI 5600) that address particular issues
in the aforementioned research areas. Subsequently, a reference architecture has
been developed to integrate and adapt the concepts, technologies, methodologies,
and standards at BISE. The architecture encompasses numerous components that
elaborate on realizing EI, accomplishing traceability, and performing product
analysis, among others.

Manufacturing enterprises employ real-time operational metrics (see VDMA
66412 and ISO 22400) for monitoring and control of manufacturing processes. The
same enterprises have issues computing the financial metrics, which are mostly
computed offline. Thus, the reference architecture details financial metrics that
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are close to the shop floor and its computation in real-time. Furthermore, a
performance positioning chart has been envisioned that links the financial and
operational metrics in real-time, which provides crucial inputs for decision making
to plant managers and supervisors.

The reference architecture has been implemented and validated in Ohm &
Häner Metallwerk GmbH & Co. KG., a sand casting foundry. The foundry was
commissioned in October 2008 and has a state-of-the-art production line supported
with numerous automated machines. The implemented system and its function-
alities are available to enterprise members based on their roles and responsibilities
to monitor and control the production line, especially in real-time.

This book at the crossing of several sciences like business administration,
engineering, and information systems may contribute to further understanding and
development of the concept of financial and operational metrics, and their linkage
in real-time to manufacturing enterprises.

Siegen, April 2014 Manfred Grauer
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Preface

Today’s manufacturing enterprises cater to multiple customers with necessary
competencies—capabilities and capacity. These enterprises must adhere to low
volume and high mix production schedules, i.e., mixed model production, espe-
cially to fulfill the objectives of Just-in-Time (JIT), and kanban, among others.
These enterprises are facing ever-increasing pressure from internal and external
environments to maintain their competitive advantage. For instance, enterprises
are internally facing increasing pressure to manufacture complex products with
high quality, reduced lead times, low cost, and low quantity, and at the same time,
increased shareholders’ profitability. Likewise, the enterprises’ external business
environment is highly competitive, volatile, and driven by uncertainties.

To overcome these concerns, manufacturing enterprises need to reinforce their
existing monitoring and control of manufacturing processes with the aspirations to
achieve a higher degree of transparency, flexibility, and adaptability. In this
regard, manufacturing enterprises initiate continual improvement programs.
Additionally, decision making is a complex task requiring the right information, at
the right time, and in the right context.

Numerous performance measurement systems have been elaborated, especially
from a strategic perspective, to satisfy the aforesaid requirements. These systems
highlight the importance of non-financial or operational metrics, and linking the
financial and operational metrics, among others. However, enterprise members
have varying requirements related to performance metrics depending on their roles
and responsibilities. The financial reports are generated according to the enterprise
reporting cycle, and contain financial jargon, which is difficult to interpret by plant
managers. Likewise, accountants have a challenging task to consolidate the real-
time operational metrics into financial reports.

The financial and operational metrics are two sides of the same coin—both are
essential for monitoring and control of manufacturing processes. In contrast to
operational metrics, research to compute the financial metrics in real-time has not
garnered the required attention, which has resulted in inadequate linkage of
financial and operational metrics in real-time. Subsequently, enterprises will have
issues in measuring the effectiveness of process improvement programs, and the
decision making will not be based on facts.

The book presents a reference architecture that has been developed at the
Business and Information Systems Engineering (BISE), University of Siegen to
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enable enterprise integration. An integrated enterprise can be considered a building
block toward partially realizing the above stated aspirations. The building block
shall be fostered to accomplish the computation of financial and operational
metrics in real-time. The financial metrics considered are more meaningful from
the shop floor perspective. Furthermore, the concept of linking financial and
operational metrics in real-time is elaborated with an aim to provide a compre-
hensive view of an enterprise. The reference architecture and the concepts of
metric computation and their linkage are based on interdisciplinary fundamentals,
technologies, and standards.

x Preface
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Abstract

Today’s manufacturing enterprises cater to multiple customers with necessary
competencies—capabilities and capacity. They must adhere to low volume and
high mix production schedules. Nevertheless, these enterprises are facing ever-
increasing pressure from internal and external environments to maintain their
competitive advantage. To overcome these concerns, a manufacturing enterprise
needs to reinforce its existing monitoring and control of manufacturing processes,
with aspirations to achieve a higher degree of transparency, flexibility, and
adaptability.

Decision making is a complex task requiring the right information, at the right
time, and in the right context. Furthermore, enterprise members have varying
requirements depending on their roles and responsibilities. Numerous performance
measurement systems have been elaborated to satisfy the aforesaid requirements.
These performance measurement systems stress the importance of financial and
non-financial/operational metrics. The financial reports and corresponding finan-
cial metrics are generated according to the enterprise reporting cycle (i.e., offline),
and contain financial jargon, which are difficult to interpret by plant managers.
Likewise, accountants have challenging tasks to consolidate the real-time opera-
tional metrics into financial reports.

The financial and operational metrics are two sides of the same coin—both are
essential for monitoring and controlling manufacturing processes, but from dif-
ferent perspectives. Research to compute and link the financial and operational
metrics, especially, in real-time, has not garnered the required attention. The
presented research attempts to integrate the enterprise across different enterprise
levels and departments, which can be considered as a building block toward
partially realizing the stated aspirations. The building block will be fostered to
accomplish the computation and linkage of financial and operational metrics in
real-time, and to provide a comprehensive view of an enterprise.

Keywords Complex event processing � Managerial accounting � Manufacturing
execution systems � Performance measurement � Resource consumption
accounting
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Chapter 1
Introduction

Manufacturing enterprises, especially those categorized as Small andMedium-Sized
Enterprises (SMEs), play an important role in the economy and society. These enter-
prises need to constantly innovate to sustain their competitive advantage. However,
they are facing threats from internal and external environments. Subsequently, it is
crucial tomonitor and control theirmanufacturing processes; to this end, performance
measurement plays an important role.

1.1 Motivation

Today’s enterprises are internally facing an increasing pressure to manufacture com-
plex products with high quality, reduced lead times, low cost and small lot size, and
at the same time increase shareholders’ profitability. The product portfolio offered by
the enterprises has broadened, i.e., through variety and customization [109], with the
introduction of build-to-order, engineer-to-order, one-of-a-kind or mass customiza-
tion strategies. Consequently, the product lifespan has been drastically reduced [109].
This has forced the enterprises to design modular products, which can be used across
different product variants [43], with an attempt to realize high volume and low mix
production schedules.

Likewise, the enterprises’ external business environment is highly competitive,
volatile and driven by uncertainties [127, 141]. Customer preferences, desires and
loyalty to products are changing rapidly (see ISO 9000 [127]). The government
regulatory and standards bodies impose stringent legislations and legal regulations
that are difficult to comply with, and these legislations and regulations often change
according to the whims and fancy of a selected few people or a selected small group.
Additionally, the availability of raw material and the corresponding cost is subjected
to a lot of volatility and unpredictability. The enterprises in the developed world

S. Karadgi, A Reference Architecture for Real-Time Performance Measurement, 1
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2 1 Introduction

are facing stiff competition from enterprises in the developing countries. Finally, the
political indecisiveness and instability amplifies the previouslymentioned volatilities
and uncertainties.

The above challenges lay emphasis on the enterprises to achieve a greater
degree of transparency, flexibility and adaptability in their manufacturing processes
[220, 97]. This necessitates enterprises to initiate continual improvement pro-
grams [139], especially incremental, and/or if necessary innovative improvements
[172]. Process improvement programs consist of “all the strategies, policies, goals,
responsibilities and activities concerned with the achievement of specified improve-
ment goals” (see ISO/IEC 15504-1 [129]). Subsequently, performance measurement
within and across an enterprise is vital to monitor and control the success and effec-
tiveness of process improvement efforts [170].

1.2 Problem Description

During the era of mass production, the set of performance metrics mainly pointed to
financial metrics, especially the unit cost of a product, that are computed according
to enterprise reporting cycle, i.e., offline. Traditional accounting techniques were
employed to derive these metrics [14]. These techniques assigned direct costs and
allocated aggregated indirect costs based on a pre-determined allocation rule [25].
Subsequently, these metrics had their own share of drawbacks. For instance, it was
hard to distinguish between the profitable products and the ones that are incurring
losses [25].

The operating scenarios of enterprises have changed internally and externally
during the last decades. For instance, direct costs shrank, indirect costs increased
drastically, and the product portfolio has more variants [109]. As a result, the tra-
ditional performance metrics were inadequate to monitor and control the manufac-
turing processes [211]. Numerous Performance Measurement Systems (PMSs) have
evolved, which stress the importance of financial and non-financial/operational met-
rics, and the alignment of financialmetrics and operationalmetricswith the enterprise
objectives [12]. Overall, these systems provide a comprehensive view of an enterprise
to sustain competitive advantage.

Along with the advances in PMSs, the tradition accounting techniques have
evolved from pure allocation of costs to trace and assign costs based on causal rela-
tionships [25]. In this regard, the notable accounting techniques are Activity-Based
Costing (ABC) [25] and Resource Consumption Accounting (RCA) [225]. Headway
has also been made to calculate the operational metrics in real-time [141]. Research,
with support from standards and nonprofit organizations, has been carried out exten-
sively in isolation; this has resulted in the standardization of operational metrics, such
as production Key Performance Indicators (KPIs) (see ISO 22400-2 [125], VDMA
66412-1 [150], VDMA 66412-2 [151], VDMA 66412-3 [152]) and Supply Chain
Operations Reference (SCOR) KPIs [146].

The progress in development of financial metrics and operational metrics has
been carried out in complete isolation and is diverging. The operational metrics are
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indispensable for operators, supervisors and managers, among others. These enable
them to react promptly to the situations on the shop floor [140]. Similarly, financial
metrics are crucial for Chief Executive Officers (CEOs), Chief Financial Officers
(CFOs) and accountants, and so forth. These metrics are necessary for planning
and controlling of enterprise strategies and objectives [140]. These financial and
operational metrics can be considered as lagging and leading metrics respectively
based on the trends to compute them [17].

The operationalmetrics are treated as leadingmetrics as they are computed in real-
time or online [139], which enable to take necessary reactive or proactive actions to
minimize deviations fromplanned values/objectives, and support future planning and
decision making based on facts. Manufacturing Execution Systems (MES) support
in automated collection and aggregation of process data, computation of operational
metrics, and timely display of operational metrics to enterprise members to initiate,
if necessary, suitable actions [141]. Subsequently, this assists to realize a real-time or
online monitoring and control of manufacturing processes employing shorter closed
loop feedback cycle. In comparison to the offlinemonitoring and control of manufac-
turing processes, this will result in around 10–20 % improvements in performance
via increased throughput, reduced cycle time and improved quality, and so forth
[119, 141, 187].

On the contrary, the financial metrics are considered as lagging metrics as they
are calculated according to the enterprise’s reporting cycle, i.e., offline [84]. The
computed metrics are delivered late, i.e., performance evaluation, and planning and
decision making processes are temporally delayed and will not be based on facts.
Consequently, this will lead to realizing a sluggish closed loop feedback cycle [98].
The aforementioned improvement associated with the real-time or online monitoring
and control of manufacturing processes can be enhanced if the closed loop feedback
cycle consists of real-time financial metrics. Furthermore, the real-time financial
metrics must be linked with the corresponding operational metrics in real-time, and
plant managers and supervisors have access to these metrics in reasonable amount
of time, especially in real-time.

The requirements of different audiences are contradictory [140]. For instance, the
operational metrics are communicated as an index, which represents efficient and
effective use of raw materials and resources, among others [140, 197]. Accountants
have difficulties to consolidate these operational metrics. Likewise, the financial
metrics are expressed using currency that is extremely aggregated and conceals the
operational details [140]. Furthermore, the financial metrics, in most of the cases,
cannot be easily traced to products and productions orders. In short, the audiences’
requirements and their interpretation make it difficult to link and align the financial
and operational metrics [11].

Research to link financial and operational metrics, especially in real-time, has
not garnered the required attention [226]. MESA1 (Manufacturing Enterprise Solu-
tions Association) Metrics Working Group has identified linkage of financial and

1 For more information, refer to http://www.mesa.org.

http://www.mesa.org
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Fig. 1.1 Computation of performance measurement, i.e., financial and operational metrics, using
real-time process data from the shop floor and corresponding context information from enterprise
applications, especially from the Enterprise Resource Planning (ERP) System

operational metrics in real-time, as one of the challenges yet to be realized [140].
Few attempts have been made to integrate the contradicting metrics. For instance,
the concept of Dynamic Performance Measures (DPMs) was introduced to measure
the financial and operational metrics, and to connect the shop floor with the strategic
level of an enterprise [113, 114, 115]. Nonetheless, the information and details are
scare regarding DPMs.

1.3 Structure of the Research

The financial and operational metrics are two sides of the same coin—both are
essential for monitoring and controlling manufacturing processes. A resource is
an entity that is common between the financial and operational metrics [141]. A
resource has well defined processing capabilities and throughput capacities (see IEC
62264-1 [121]). These capabilities and capacity of a resource are employed during
the execution of manufacturing processes generating process data in real-time.



1.3 Structure of the Research 5

The process data provides awareness about different enterprise entities including
products, resources and production orders, customers, and so forth. Likewise, enter-
prise applications, especially Enterprise Resource Planning (ERP) System, store
context information or transactional data about enterprise entities [11, 175]. The
acquisition of process data in real-time and the corresponding transactional data can
be used to simultaneously compute the financial and operational metrics in real-time,
as depicted in Fig. 1.1. Consequently, a comprehensive view of an enterprise can be
presented to different audiences, convert the lagging financial metrics into leading
financial metrics, and link the financial and operational metrics in real-time.

A reference architecture has been developed at the Business & Information Sys-
tems Engineering (BISE), University of Siegen to enable Enterprise Integration (EI)
and address the aforementioned issues.An integrated enterprise can partially enhance
existing monitoring and control of manufacturing processes within and across the
enterprise boundary, with aspirations to achieve a higher degree of transparency,
flexibility and adaptability. The integrated enterprise needs to be exploited and fos-
tered to accomplish the functionality of real-time performance measurement, i.e.,
computation of financial and operational metrics.

The remaining part of the presented research is structured as follows. Chapter 2
elaborates constraints and goals of the presented research. The reference architecture
and the methodology for realizing real-time performance measurement involve dif-
ferent fundamentals, technologies and standards, which are presented in Chap. 3. The
reference architecture and the envisaged methodologies are elaborated in Chap. 4.
The reference architecture has been validated in an industrial scenario, as discussed
in Chap. 5. Finally, Chap. 6 presents the conclusion and identifies future activities.

http://dx.doi.org/10.1007/978-3-319-07007-0_2
http://dx.doi.org/10.1007/978-3-319-07007-0_3
http://dx.doi.org/10.1007/978-3-319-07007-0_4
http://dx.doi.org/10.1007/978-3-319-07007-0_5
http://dx.doi.org/10.1007/978-3-319-07007-0_6


Chapter 2
Research Description

The previous chapter laid down the basic road map of the presented research. This
chapter builds on the previous chapter, and elaborates the constraints and goals of
the presented research. In the presented research, different time notations are used.
Section 2.1 presents these notations and their meaning. Based on the previously
mentioned descriptions, Sect. 2.2 elaborates the constraints and goals of the presented
research. Finally, a summary of the chapter is presented in Sect. 2.3.

2.1 Time: Classification and Definition

In recent years, different technologies and computing power have made advances
by leaps and bounds. The technologies and computing power can be employed in
numerous ways. Nevertheless, there are different definitions of time that influence
the meaning and outcome of the aforementioned technologies and computing power.
These definitions of time are defined from the perspective of how the systems respond
to situations and user interactions.

A real-time system is defined as a “system which is required by its specification
to adhere not only to functional requirement, but also to temporal requirements,
often also called “timing constraints” or “deadline” [199]. A real-time system is
characterized by speed—rate of execution of intended tasks, responsiveness—ability
of the system to adjust to the external changes in the environment and remain alert to
incoming events, timeliness—ability of the system to reactwithin the time constraints
or deadlines, and graceful adaption—ability of the system to adjust to the internal
changes in workload and resource availability [36].

Real-time systems can be classified as hard and soft real-time systems [99]. A hard
real-time system has to produce a response to a situation before a specified deadline,
usually in a matter of a few milliseconds or less and without human intervention
[99, 199]. For the computer science community, a real-time system is a hard real-time
system. The response is mostly concerned with maintaining the safety of operators,

S. Karadgi, A Reference Architecture for Real-Time Performance Measurement, 7
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and resources, among others [99, 199]. Furthermore, a hard real-time system is
located very close to its environment and is tightly coupled with it [99].

A soft real-time system responds to a situation in seconds or more, and can miss
the deadline, i.e., the response can arrive after the deadline [99, 199]. The response
time is in the order of a few seconds or more [99]. Additionally, the deadline missed
by the system is not critical and operators or users can intervene in the working of
the system [99]. A soft real-time system is also known as an online system [99]. In
contrast to an online system, an offline system consist of processes that are executed
over a prolonged period of time (e.g., days, weeks) and is idle most of the time
waiting for inputs.

Nevertheless, the manufacturing community does not classify the time precisely
the way the computer science community does. For instance, some manufacturing
enterprises consider real-time if response happens within a minute or less [141].
Rather, the manufacturing community uses real-time, soft real-time and online
interchangeably. Subsequently, the presented research also does not distinguish
among real-time, soft real-time and online, rather real-time and offline terms are
appropriately used.

2.2 Research: Constraints and Goals

Manufacturing enterprises can be characterized based on employee count, plant lay-
out, manufacturing processes and production quantity, among others. Likewise, per-
formance measurement is a broad field. The presented research considers specific
enterprises and attempts to address the requirements of performance measurement
concerning the chosen enterprises. In addition, the presented research focusses on
processes internal to a manufacturing enterprise as the enterprise has more influence
to enhance its internal processes. Consequently, the following paragraphswill outline
the research constraints and goals based on the problem described in Sect. 1.2.

2.2.1 Manufacturing: Enterprises, Processes and Taxonomy

The presented research is concerned with manufacturing, and its processes and
activities leading to the manufacture of physical products, i.e., discrete products,
in discrete industry. Manufacturing is defined as “the application of physical and
chemical processes to alter the geometry, properties, and/or appearance of a given
starting material to make parts or products; manufacturing also includes the joining
of multiple parts to make assembles products” [62].

The manufacturing enterprises referred to here can be represented by suppliers,
SMEs and area or site of a bigger enterprise that deals with the manufacturing rather
than assembling. The presented research is limited to the manufacturing of prod-
ucts, which can be a crucial strategy for SMEs. Here, a product refers to a physical

http://dx.doi.org/10.1007/978-3-319-07007-0_1
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Fig. 2.1 Schematic representation of an automated machine along with the material flow and the
corresponding information flow, adapted from [47]

Fig. 2.2 Simplified view of a manufacturing process along with its inputs and outputs, adapted
from [62]

individual work unit and not to the assembly of components. These enterprises con-
sidered in the presented research rely on automated machines to improve cycle time,
reduce manufacturing lead time, improve product quality, and so forth [62]. An
automated machine can be schematically illustrated as shown in Fig. 2.1.

The automatedmachines encompass different degrees of automation—fully auto-
matic and semi-automatic devices [173]. Furthermore, human intervention is required
for the control of semi-automatic and manual devices [173]. Nonetheless, the pre-
sented research is concernedwithmachines that are able to providemanual/automatic
feedback of manufacturing processes. The feedback can be as simple as denoting the
completion of a manufacturing process to a complicated one describing the manu-
facturing process with the actual process parameters employed.

The conversion of rawmaterials into (semi-)finished products is realized by aman-
ufacturing process, as illustrated in Fig. 2.2. In contrast to manufacturing processes,
there are business processes to manage customers’ orders, billing and so forth.
In either case, the business and manufacturing processes should consist of value-
added activities [37], and should be part of the value-chain [184]. These processes
can be belong to discrete, batch processing, and continuous industries [63], and
logistic domain (see IEC 62264-3 [123]). A manufacturing process is supplied with
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product definition information, which specifies the required materials, products and
subassemblies; describes the instructions to carry out the manufacturing process; and
identifies resources to be employed (see IEC 62264-1 [121]). This information can
be part of production routings, manufacturing Bill of Material (BOM) and Bill of
Resources (BOR) in discrete industry or recipes in batch processing industry.

Finally, the plant layout of manufacturing enterprises would contain all possi-
ble types of resource layouts and material flows, especially in the case of SMEs.
The plant layout is dictated by the production variety, production quantity [62]
and product specification. There exist numerous plant layouts—fixed-position,
process/functional, cellular and product [62]. Nevertheless, the presented research
can be employed for different plant layouts.

2.2.2 Enterprise Entities and Identification

Monitoring andcontrollingofmanufacturingprocesses is indispensable for sustaining
a competitive advantage. However from a monitoring and control engineering per-
spective, the manufacturing processes are imprecise and intangible, which is mainly
due to way enterprise members interpret and execute these processes. Thus, it is
essential to monitor and control the underlying tangible enterprise entities of manu-
facturing processes. Resources, manufacturing operations, production/work orders,
production schedules, raw materials, products, and quality, among others are a few
of the enterprise entities that can be really monitored and controlled.

Nonetheless, it is necessary that the enterprise entities are uniquely identifiable
to realize monitoring and control by tagging/labelling them. The unique Identifica-
tion (ID) and the underlying tagging/labelling can be done virtually or physically
using enterprise determined procedures or available standards1 and guidelines. For
instance, a barcode label containing ID can be physically glued onto a product that can
be read using the barcode reader attached to the operators’ terminals along the down-
stream processes. Likewise, an automation device can assign a virtual unique iden-
tification to enterprise entities, especially (sub-)products and raw materials, which
can be communicated with its upstream and downstream machines.

2.2.3 Enterprise Perspectives

Amanufacturing enterprise can be viewed fromdifferent perspectives—management
science, control engineering and computer science. Nonetheless, there exist addi-
tional perspectives (e.g., functional and infrastructure), which are considered under
previously mentioned three perspectives. These perspectives are essential to address

1 For more information, refer to GS1 at http://www.gs1.org and Association for Automatic Identi-
fication and Mobility at http://www.aimglobal.org.

http://www.gs1.org
http://www.aimglobal.org
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the challenges existing in the enterprise’s internal and external environments, and
to assist different enterprise members in performing their duties. The management
science perspective is concerned about the health of an enterprise in the short-,
medium- and long-term. This might involve strategic planning and the management
of operations, and so forth [39].

The strategic plans and objectives are realized by executing the business and
manufacturing processes. Here, the strategic plans and objectives are rolled down
to the shop floor [109]. Likewise, the feedback in terms of performance metrics is
rolled up to topmanagement after the execution of manufacturing processes [109]. In
this regard, the management science perspective should be assisted with the control
engineering perspective as presented by the (control) engineering community. The
feedback loops are based on the concepts of cybernetic controls to monitor and
control the manufacturing processes [32, 112, 207], especially by comparing the
actual performance metrics and the planned enterprise objectives.

Additionally, the computer science community has proposed the computer
science perspective, which is crucial for both the management and control engineer-
ing perspectives. This perspective provides necessary information for monitoring
and control, and subsequent decision making. Here, an enterprise employs differ-
ent enterprise applications, like the ERP System, Supply chain Management (SCM)
System and Customer Relationship Management (CRM) System.

The monitoring and control of manufacturing processes based on multiple feed-
back loops stress the importance of financial and operational metrics [112, 207].
Thus, the control engineering perspective is the focus of the presented research, and
elaborates methodologies to compute financial and operational metrics during the
execution of manufacturing processes. However, it does not address the decision
making, i.e., action or reaction component (see Sect. 2.2.6).

2.2.4 Performance Metrics

Manufacturing enterprises are influenced by internal and external situations. How-
ever, the enterprises are in a position to effectively control their internal situations
[109]. The performancemetrics vary from enterprise to enterprise in a specific indus-
try as well as from industry to industry, especially concerning discrete and batch
processing industries. Thus, the research addresses the computation of basic financial
and operational metrics internal to a manufacturing enterprise, especially concerning
manufacturing processes, in real-time. On the other hand, the research does not delve
into selection of performance metrics and PMS.

2.2.5 Linkage of Financial and Operational Metrics

Today’s manufacturing enterprises compute operational metrics in real-time. In
contrast, the financial metrics are calculated offline, which presents a snapshot
of a manufacturing enterprise at a particular instant in time. The manufacturing
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enterprise with a stable high volume and low mix production schedules can afford to
use the lagging financial metrics to monitor and control the manufacturing processes.
In the aforementioned situation, themanufacturing enterprises are in a position to link
the operational and financial metrics. For instance, Overall Equipment Effectiveness
(OEE), an operational metrics, can be linked to financial metrics (e.g., profitabil-
ity) [213].

On the contrary, the manufacturing enterprises are mainly represented by suppli-
ers/SMEs that adhere to low volume and high mix production schedules, and would
like to employ leadingmetrics tomonitor and controlmanufacturing processes. In this
situation, many of the operational metrics cannot be easily aggregated/transformed
and linked with financial metrics, i.e., requires huge effort and many assumptions to
assign information to production orders. Subsequently, aggregation of operational
metrics might result in deceptive financial metrics.

The presented research attempts to compute the financial and operational met-
rics in real-time from the acquired real-time process data and link them, resulting
in the conversion of lagging financial metrics into leading financial metrics. For
instance, the improvement steps introducedon the shopfloor should increase the oper-
ational efficiencies and effectiveness, and instantaneously suitable changes should be
observed in the financial metrics. Likewise, any managerial decision should suitably
influence the financial as well as the corresponding operational metrics.

2.2.6 Performance Management

Performance management should complement performance measurement, and is
crucial for sustaining competitive advantage. Performance management is identified
as “systematic, data-oriented approach to managing people at work that relies on
positive reinforcement as the primary means to maximize performance” [80]. Like-
wise, performance management, according to IEC 62264-3 [123], is defined as “the
collection of activities that systematically capture, manage and present performance
information in a consistent framework. This includes utilizing corrective actions to
affect operational improvement.” The presented research attempts to compute finan-
cial and operational metrics in real-time, and present a comprehensive view of a
manufacturing enterprise.

Nonetheless, enterprise members need to initiate corrective actions, if necessary,
when the manufacturing processes deviate from the planned objectives as indicated
by the financial and operational metrics. In addition, the computed metrics can be
used to provide feedback to upstreamprocesses, like engineering and sales.Overall, it
is necessary to realize multiple performance feedback loops [109], especially within
and across the enterprise boundary.

The corrective actions can be reactive or proactive [59]. Furthermore, these actions
can be fully automated, semi-automated, ormanual.However, it is beneficial to have a
semi-automated approach inwhich few types of actions are automated and remaining
actions are initiated by enterprise members. For instance, the action component can
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also be partially automated based on an event processing paradigm (see [157]).
Likewise, improvement, either incremental or innovative, can be initiated to enhance
the processes. Apart from the process corrections, efforts might be needed to invest in
training of employees to realize higher performance.However, the presented research
is concerned with the quantification of financial and operational metrics in real-time,
and does not deal with the performance management and the corresponding action
components, training of employees, and so forth.

2.3 Summary

Manufacturing enterprises need tomonitor and control theirmanufacturing processes
to sustain a competitive advantage. In this regard, performance measurement and
management are crucial. Since the mid-1980s, several PMSs have been elaborated.
These systems have emphasized the importance of financial and operational metrics,
alignment of financial and operational metrics with the enterprise objectives, and
inclusion of stakeholders, among others. Nonetheless, PMS are seen from a strategic
perspective and do not elaborate about selection and computation of performance
metrics. Subsequently, the presented research attempts to address the performance
measurement component of PMS.

Section 2.2 elaborated research constraints and goals based on the problems asso-
ciated with performance measurement presented in Sect. 1.2. The research goals can
be summarized as following:

• computation of financial and operational metrics internal to amanufacturing enter-
prise in real-time;

• linkage of financial and operational metrics in real-time.

http://dx.doi.org/10.1007/978-3-319-07007-0_1


Chapter 3
Fundamentals, Concepts, Technologies and
Standards

The previous chapter delineated the constraints and goals of the presented research
work. The goals should fulfill the criteria of a good PMS—comprehensive, causally
oriented, vertically integrated, horizontally integrated, internally comparable and
useful [17]. Subsequently, it is crucial to exploit inter-disciplinary fundamentals,
technologies and standards. The following content is based on extensive literature
review of books, journal articles, conference articles, standards, and whitepapers,
and interaction with numerous experts.

The chapter is structured as follows. Section3.1 introduces an enterprise. An
integrated enterprise is crucial to manage its external and internal challenges. Thus,
Sect. 3.2 elaborates enterprise engineering, modeling and integration. Section3.3
introduces MES, a tool for realizing vertical integration, and monitoring and con-
trolling manufacturing processes. Next, the state-of-the-art in performance measure-
ment is described in Sect. 3.4. The concept of event processing is introduced in
Sect. 3.5, which can be exploited to compute real-time performance metrics neces-
sary to monitor and control the manufacturing processes. Finally, a summary about
various fundamentals, technologies and standards is presented in Sect. 3.6.

3.1 Enterprise

An enterprise is defined as “one or more organizations sharing a definite mission,
goals and objectives to offer an output such as a product or service” (see ISO 15704
[124]). The presented research focusses exclusively on products and subsequently,
the terms manufacturing enterprise and enterprise will be used interchangeably. An
enterprise has a well identified “set of functions that carry a product through its entire
life span from concept through manufacture, distribution, sales and service” [228].
Furthermore, the enterprise has to deal with its suppliers, and satisfy its internal and
external customers, shareholders and stakeholders.

S. Karadgi, A Reference Architecture for Real-Time Performance Measurement, 15
Progress in IS, DOI: 10.1007/978-3-319-07007-0_3,
© Springer International Publishing Switzerland 2014
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Fig. 3.1 Hierarchical classi-
fication of an enterprise into
different levels, adapted from
[56]

An enterprise operates in a highly constrained environment. For instance, an
enterprise has to adhere to various government laws and regulations that deal with
the products (e.g., food safety and traceability [178]) and environmental concerns
(e.g., emission of carbon dioxide by light commercial vehicles [179]). In addition,
an enterprise has to address social responsibilities that are defined in its Corporate
Social Responsibility (CSR) objectives (see ISO 26000 [126]).

An enterprise needs a consistent decision making mechanism, enhanced flexi-
bility, and increased transparency, supported with necessary context information to
address the aforesaid challenges. Subsequently, an enterprise can be hierarchically
classified into different levels, as illustrated in Fig. 3.1. This classification is not
always valid and depends on myriad factors, like employee count, enterprise type,
and process structure.

The strategic level is concerned with monitoring and defining the enterprise’s
long-term objectives, which are rolled down to the subordinate levels [109]. Next, the
tactical level is concernedwith the (tactical) planning toward realization of objectives.
Finally, the operational level manages and controls the plans, which in-turn interacts
closely with the manufacturing processes located on the resource level. The resource
level is supported with numerous resources, consisting of (automated) machines,
materials, automated guided vehicles and labors, and so forth. The feedback, i.e.,
performance metrics/reports, of executed manufacturing processes are aggregated
and communicated back to the higher enterprise levels [109]. The feedback is used
by higher management levels to make amendments to the existing objectives and
employed as inputs to define new objectives.
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Nonetheless, the aforementioned enterprise levels are associated with distinc-
tive characteristics and requirements, which necessitate viewing the enterprise from
different perspectives—management science, control engineering and computer sci-
ence. The management science perspective is indispensable for managing an enter-
prise, which has number of characteristics and requirements [56, 58, 81, 97, 103,
109, 140, 154, 183], as depicted in Fig. 3.2. Here, an enterprise can be hierarchically
classified into top, middle and supervisory management levels [56, 103], with clear
definitions of roles and responsibilities.

The management science perspective should be supported with a mechanism to
monitor and control the manufacturing processes. In this regard, the (control) engi-
neering community has presented a control engineering perspective of an enterprise,
which complements the management science perspective, as illustrated in Fig. 3.3.
This perspective leads to multiple feedback loops based on the concepts of cyber-
netic controls for realizing the monitoring and control of processes [32, 112, 207].
Furthermore, this perspective has certain characteristics and requirement (see [97,
109, 230], IEC 62264-1 [121], IEC 62264-3 [123], VDI 5600 Part 1 [148]).

In the presented research, the monitoring and control of manufacturing processes
will adhere to the multi-part IEC 62264 standard, which is further based on the con-
cepts of system theory (see Annex F of IEC 62264-1 [121]). IEC 62264 logically
classifies an enterprise into a functional hierarchy consisting of five levels. Level
0 represents manufacturing processes supported with numerous resources. These
processes are monitored using a number of sensors at Level 1. The processes are
controlled manually or automatically with the assistance of supervisory control sys-
tems at Level 2. These levels have a narrow view of an enterprise and processes,
i.e., aim to keep the processes under control. However, Level 4 and Level 3 have
wide views of an enterprise, i.e., need to manage multiple orders, and customers,
and consider future activities, and so forth. The activities of Level 4 are establish-
ing basic plant production schedule and capacity planning, among others whereas
Level 3 is concerned with the activities such as dispatching of production orders and
production performance analysis.

The enterprise activities, like decision making, can be complex and spread across
different enterprise levels, and depend upon the quantity and quality of context infor-
mation. Subsequently, the computer science community has presented the computer
science perspective of an enterprise. This perspective consists of different character-
istics and requirement [56, 68, 97, 173, 230], as illustrated in Fig. 3.4. The different
enterprise levels are supported with numerous systems. The tactical level is sup-
ported with enterprise applications such as the ERP System, CRM System and SCM
System. Similarly, the activities of the operational level are performed using theman-
ufacturing management systems, such as MES. Finally, the resource level contains
resources, sensors and special terminals, which can be used to maintain the stable
state of manufacturing processes using applications like Supervisory Control and
Data Acquisition (SCADA), and Human Machine Interface (HMI).

The top management is mainly concerned with the health and progress of the
enterprise [13]. Thus, top management relies heavily on the financial reports, and
follows Generally Accepted Accounting Principles (GAAP) to generate external
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Fig. 3.2 Management science perspective of an enterprise alongwith its characteristics and require-
ments, adapted from [56, 103] and et al.
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Fig. 3.3 Control engineering perspective of an enterprise along with its characteristics and require-
ments, adapted from IEC 62264-1 [121], IEC 62264-3 [123] and et al.
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Fig. 3.4 Computer science perspective of an enterprise along with its characteristics and require-
ments, adapted from [68, 173] and et al.
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financial reports [25]. This is crucial to satisfy its stakeholders, legal regulations,
government legislation, financial institutes, customers, and so forth [25]. In addition,
the financial reports are used to derive financial metrics [25]. Overall, the external
financial reports and the corresponding financial metrics provide a retrospective view
of an enterprise. In contrast, other management levels rely on the operational metrics
to monitor and control the manufacturing processes. However, it is necessary to
employ managerial accounting techniques to derive financial metrics that are critical
for middle and supervisory management [25].

3.2 Enterprise: Engineering, Modeling and Integration

An enterprise’s internal and external environments are rapidly changing due to rea-
sons mentioned previously. Furthermore, an enterprise operates as an element of
a multi-site enterprise, extended enterprise, or virtual enterprise [162]. Thus, it is
necessary to have efficient and effective process management, integration and coor-
dination, and consistent decisionmaking within different enterprise levels and across
enterprise boundary.

Since the early-1990s, research has been carried out in the area of enterprise
engineering to overcome the previous mentioned requirements [117]. Enterprise
engineering is concerned with the “set of methods, models and tools that one can
use to analyze, to design and to continually maintain an enterprise in an integrated
state” [117]. Furthermore, enterprise engineering constitutes enterprise modeling
and enterprise integration. Enterprise modeling is a prerequisite for realizing an
integrated enterprise [53].

3.2.1 Enterprise Modeling

Enterprise models is defined as “abstraction of an enterprise domain that represents
enterprise entities, their interrelationships, their decomposition and detailing to the
extent necessary to convey what it intends to accomplish and how it operates” (see
ISO 19439 [128]). Furthermore, enterprise modeling has to be carried out to develop
enterprise models (see ISO 19439 [128]).

The modeling can contain different views (e.g., function, information, resource,
organization) of an enterprise (see ISO 15704 [124], ISO 19439 [128]) and various
levels of details (e.g., coarse grained) [161]. For instance, ARIS (ARchitecture for
integrated Information Systems) Toolset supports modeling of business processes
based on the concept of ARIS House, which is divided into control, product/service,
data, function and organization views [191, 192]. Likewise, Integrated Definition
for Function Modelling (IDEF) is used to graphically model processes or complex
enterprise systems [2].
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Fig. 3.5 Different integration levels within an enterprise starting with the physical integration on
the lower level, proceedingwith the application integration and finally realizing business integration,
adapted from [51, 162]

Enterprise modeling will constitute reference and partial models that can be
applied across numerous enterprises, and particular models that can be used for
a specific enterprise [100]. These models are used to characterize the different life-
cycle phases of an enterprise’s activities/processes (see ISO 15704 [124]).

3.2.2 Enterprise Integration

Enterprise Integration (EI) can be identified as the ability to “provide the right infor-
mation at the right place and at the right time and thereby enable communication
among people, machines and computers and their efficient cooperation and coor-
dination” [101]. EI concerning a single enterprise, i.e., inter-enterprise integration,
can be widened to include integration encompassing multiple enterprises, i.e., intra-
enterprise integration [162].

EI has to address different levels of integration within an enterprise [51, 162],
also known as enterprise information integration [51]. These levels of integrations—
physical, application and business are elucidated in Fig. 3.5. The supreme goal of an
enterprise is to realize business integration [162]. This goal can be fulfilled starting
with the physical integration on the lower level, proceeding with the application
integration and finally realizing business integration [162]. Nonetheless, in reality,
EI will remain an elusive vision because of continual changes in the enterprise’s
environment, such as technologies, government legislation and enterprise strategies,
among others [162].

Research has been carried out to use different architectures, standards and models
to realize an integrated enterprise. For instance, Fig. 3.6 illustrates integrated enter-
prise system framework reference architecture. As stressed earlier, an enterprise can
be classified into different hierarchical levels. Hence, EI of a single enterprise needs
to address the integration within and across different enterprise levels. Subsequently,



3.2 Enterprise: Engineering, Modeling and Integration 23

Fig. 3.6 Integrated enterprise system framework reference architecture depicting horizontal and
vertical integration, and different (enterprise) systems, adapted from [68]
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EI can be split into horizontal integration to address the integration of different sys-
tems within an enterprise level and vertical integration to confront the integration
challenges across different enterprise levels, as displayed in Fig. 3.6.

3.2.2.1 Horizontal Integration

The horizontal integration at the tactical level has received enormous attention, which
is represented as Enterprise Application Integration Infrastructure in Fig. 3.6. The
integration between applications during the early days of application integration
was legacy point-to-point integration, which was complex when introducing new
applications and managing the existing integration [72, 136]. By the late-1990s, the
situation started to changewith the introduction of EnterpriseApplication Integration
(EAI) [72, 136].

Enterprise applications, such as ERP Systems, CRM Systems and SCM Systems,
communicate using the hub-and-spoke method of application integration supported
by EAI [136]. The Service Oriented Architecture (SOA) paradigm is suitable for
realizing the horizontal integration of different enterprise applications [72]. Further-
more, PAS 1074 [144] describes the data standard and process to initiate exchange of
data among ERP Systems, and the coordination across multiple enterprises to man-
age production orders. The exchange of information is critical to support business
networks with the aim to serve customers employing (business) processes within and
across the enterprise boundary [175].

The horizontal integration at the remaining enterprise levels has received the least
amount of attention. For instance, the development of STandard for the Exchange
of Product model data (STEP) led to the possibility of a manual transformation of
product related data among different engineering support systems [51], especially
among Computer Aided Design (CAD) Systems and Product LifecycleManagement
(PLM) Systems. The manufacturing environment is about a complex interaction of
processes and their corresponding resources [200]. Consequently, the physical inte-
gration of resources is extremely vital, as illustrated by Shop FloorDevice Integration
Infrastructure in Fig. 3.6. However, the physical integration is still far from realiz-
ing a solution similar to the EAI solution. Nonetheless, there exists vendor specific
point-to-point based integration among automated machines on the shop floor.

3.2.2.2 Vertical Integration

The vertical integration across different enterprise levels is indispensable to
realize EI. Nonetheless, vertical integration has its own set of issues—semantics
and temporal, because of the characteristics and requirements of different enterprise
levels (see Figs. 3.3 and 3.4).

The semantic vertical integration gap exists while exchanging data among differ-
ent enterprise levels [67, 176]. The data model can be employed to overcome the
semantic gap. This model can be defined in different ways—defining a data model
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prior to the exchange of data, defining only a meta-level structure of the data model
before data exchange, and defining a dynamically accommodated data model during
data exchange [162, 176]. In addition, ontologies have been recommended to define
the semantics [162]. Overall, standardization activities have taken place to address
the issues of data sharing [22].

Enterprise levels are associated with different decision and reaction time hori-
zons, which lead to temporal vertical integration gap [98, 176]. MES provides
the capability to deliver the information about the shop floor to the managers on
tactical levels in real-time [98, 177]. In other words, MES enables to overcome
the temporal vertical integration gap by aggregating data from heterogeneous data
sources or applications associated with different time horizons, and provides a closed
loop feedback between enterprise applications and resources on the shop floor [98,
177]. This can be addressed by exploiting the system theory, automatic control and
automation engineering, especially by integrating the event-driven and time-driven
components [164].

The interface between enterprise applications on the tactical level and MES
located on the operational level has received considerable attention [161, 162].
IEC 62264-2 [122] has defined the necessary interfaces between the tactical and
operational levels for discrete industry. Furthermore, Business to Manufacturing
Markup Language (B2MML) contains necessary XML (eXtensible Markup Lan-
guage) schemas to enforce the aforesaid interfaces [136], with an intention to over-
come the semantic vertical integration gap. Likewise, IEC 61512-2/ISA-88 defines
interface between tactical and operational levels for batch processing industry,
and there exist corresponding XML schema known as Batch Markup Language
(BatchML) [185].

Nonetheless, as mentioned previously, the interface between the operational level
and resource level is not well defined. Numerous equipment manufacturers have
employedObject Linking andEmbedding (OLE) for Process Control (OPC) commu-
nication specifications to connect their controllers with theMES [142]. Furthermore,
The Association of German Engineers(VDI) guideline VDI 5600 Part 3 [149] has
attempted to address these issues by standardizing the data content to be exchanged
among automated machines on the shop floor and MES, and vice versa in a discrete
industry scenario. In reality, there exist various communication protocols, control
devices and their programming languages, and manufacturing processes, among
others that need to be addressed with specific solutions.

Research has been carried out to realize vertical integration based on the SOA par-
adigm, which is a de facto standard underlying EAI. The European-funded projects
SIRENA and SOCRADES aim to exploit the SOA paradigm to integrate hetero-
geneous resources located at the resource level with business processes at the tac-
tical level [79, 203]. Furthermore, Gartner has introduced two concepts that are
interconnected. Firstly, the Service-Oriented Architecture in manufacturing (SOAm)
approach has been introduced that considers themanufacturing requirements of SOA
[136]. Secondly, the Manufacturing 2.0 reference model is presented based on the
SOAm approach and the IEC 62264 [50, 136]. Here, Manufacturing 2.0 “leverages
service and collaboration based architectures for manufacturing—right first time and



26 3 Fundamentals, Concepts, Technologies and Standards

on-demand—across dynamically reconfigurable sensor and mobile worker enabled
supply networks” [50].

3.2.2.3 Architecture and Standards

ISO/IEC/IEEE 42010 [130] identifies architecture as “fundamental concepts or prop-
erties of a system in its environment embodied in its elements, relationships, and in
the principles of its design and evolution.” The definition of architecture expresses
a number of ideas—“fundamental or unifying system as a whole,” “conception of a
system,” “understood in context,” and “not merely the overall structure of physical
components that make up a system” (see ISO/IEC/IEEE 42010 [130]).

EI has received extensive attention, which has led to the development of vari-
ous reference architectures, and standards. By the mid-1990’s, several EI reference
architectures had been developed in isolation addressing certain requirements of
an enterprise (see ISO 15704 [124]). These reference architectures, like Computer
IntegratedManufacturingOpen SystemArchitecture (CIMOSA), PurdueEnterprise-
Reference Architecture (PERA), GRAI Integrated Methodology (GIM), contributed
in the development of Generalized Enterprise-Reference Architecture and Method-
ology (GERAM) (see ISO 15704 [124]). Later on, GERAM was standardized as
ISO 15704—Requirements for Enterprise Reference Architecture and Methodolo-
gies (see ISO 15704 [124]).

Likewise, standardization work has been carried out to define reference, particular
andpartialmodels based on ISO15704 [124]. For example, IEC62264 [121] defines a
reference model for discrete industry. The standardization activities have been spear-
headed by standardization bodies, like International Standardization Organization
(ISO), International Electro-technical Committee (IEC), and European Committee
for Standardization (CEN). In addition, research institutes and nonprofit organiza-
tions provide guidance and support to establish standards.

The aforementioned standards guide in realization of an integrated enterprise.
Nonetheless, they do not mention realization in terms of technologies. There exist
in different technologies that assist to realize and maintain an integrated state of an
enterprise. The modeling of an enterprise from different viewpoints can be consid-
ered as a first step in realizing an integrated enterprise. Furthermore, the concepts of
MES and event processing need to be exploited to realize an integrated enterprise,
especially its abilities to realize a closed loop feedback between enterprise applica-
tions and resources on the shop floor in real-time. In short, the integrated enterprise
provides a foundation to compute real-time performance measurement necessary to
monitor and control the manufacturing processes.
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3.3 Manufacturing Execution Systems

Manufacturing enterprises have invested in manufacturing management systems to
enhance their operation execution [132]. The manufacturing management systems
have evolved fromMaterial Requirement Planning (MRP) in the late-1960s to Man-
ufacturing Resource Planning (MRP II) in the early-1980s to ERP in the early-1990s
[132]. In addition, CRM Systems and SCM Systems have evolved along with MRP
II Systems and ERP Systems [132].

Enterprise applications, like the ERP System, are mostly transactional systems,
i.e., operating in offline mode [97]. These systems are mostly concerned with plan-
ning and other administrative functionalities, and real-time reactions to events are not
offered by these systems [159]. In addition, as mentioned in Sect. 3.2.2, temporal and
semantic integration gaps exist between the planning systems located at the tactical
and resources levels. To overcome these shortcomings, MES was introduced in the
early-1980s, which tried to take a few of the responsibilities of planning systems of
tactical level and control systems of resource level.

Since the early-1990s, MESA International, a worldwide nonprofit community,
has been involved with the development and promotion of Manufacturing Execution
Systems (MES1), and guiding standards organizations. MESA defines MES as “sys-
tems that deliver information that enables the optimization of production activities
from order to launch to finished goods” [138]. Likewise, MES is defined as “infor-
mation systems that reside on the plant floor between the planning systems in offices
and direct industrial controls at the process itself” [135].

MES supports different functionalities. The functionalities of the MESA MES
model are shown in Fig. 3.7 and described as follows [133, 137]:

1. Product Tracing and Genealogy: This functionality provides support in associ-
ating the collected data with identifiable products and production orders. The
data acquired can be related to a machine operator, machine parameters and
quality inspection, among others. Apart from using the data to monitor the
manufacturing processes, the data can be used to perform forward and back-
ward traceability.

2. Resource Allocation and Status: The resources should be monitored to check
their status—idle, production, and maintenance; this is necessary to sched-
ule/dispatch new production orders. Further, the history of resource can be
recalled, especially the production order allocated and status (e.g., unavailable).

3. Performance Analysis: The executed manufacturing operations need to be ana-
lyzed and display up-to-the minute performance results via dashboards, e-mails,
and other means. Additionally, in-depth analysis needs to be performed to ana-
lyze the completed production order at the end of the shift to calculate perfor-
mance and identify abnormalities.

1 MES is also known as Manufacturing Operations Management (MOM), especially with the
introduction of IEC 62264-3 [123]. Nevertheless, the presented research will use the term MES
only.
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Fig. 3.7 Listing of MES functions, and their relationships with different systems, adapted from
[133]

4. Process Management: The aforementioned outcome of performance analysis
can be used to manage manufacturing processes. For instance, the abnormalities
identified can be used to enhance the existing production routings. In addition,
the functionality supports monitoring and control of manufacturing processes
by responding automatically and/or alerting machine operators whenever an
exception occur.

5. Data Collection/Acquisition: The functionality provides an interface to collect
process data from control systems, either manually or automatically. The data
can be stored as records associated with the product. The stored data can be
exploited in multiple ways, as described in other functionalities.

6. Quality Management: Real-time management and analysis of product quality is
necessary to identify any deviations, which in turn should influence the current,
upstream and downstream processes.

7. Labor Management: The functionality provides the status of personnel (e.g.,
education qualifications). Nonetheless, it is mainly concerned with personnel
attendance and tracking of main and support activities performed by personnel,
which are critical for cost accounting.

8. Dispatching Production: The sequence of products through its production rout-
ing is managed by this functionality. In addition, it has to monitor resources,
which might require assistance of other functionalities, and subsequently adapt
the production sequence.

9. Controls: The functionality includes managing the numerous control systems
(e.g., Distributed Control System (DCS) and Open Control System (OCS)),
especially available on the shop floor.
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Fig. 3.8 Mapping of MESA MES model [133, 137], VDI 5600 Part 1 [148], and IEC 62264
[121–123] on different enterprise levels, adapted from [145]

10. Logistics: The functionality, as part of inventory management tasks, involves
managing the movement of raw materials, Work-in-Progress (WIP) and finished
products.

VDI defines VDI 5600 Part 1, especially for the German speaking community, for
the introduction of MES in discrete industry [145]. VDI 5600 Part 1 is based on the
MESA MES model and maps the aforementioned functionalities into 8 MES tasks.
Furthermore, these tasks are mapped onto business processes and sub-processes (see
VDI 5600 Part 1 [148]). Overall, the different MES standards and models cannot be
mapped completely as there are differences in their functionalities [145], as illustrated
in Fig. 3.8.

Nonetheless, the de factoMESstandard is IEC62264—EnterpriseControl System
Integration. Instrumentation, Systems and Automation Society (ISA) has developed
the multipart IEC 62264 standards, which are based on the initial MESA model
and functionalities, and subsequently have been enhanced with the data model and
activity model (see IEC 62264-1 [121]). IEC 62264 is also known as ISA-95 or
ANSI/ISA-95. In addition, Purdue Reference Model (PRM) has also influenced the
IEC 62264. IEC 62264 presents a reference model in accordance with ISO 15704
(see IEC 62264 [121, 123]).

MES has manifold advantages. In many industries (e.g., automotive, food and
pharmaceutical) traceability is absolutely necessary to satisfy the stringent legisla-
tions and legal regulations. Product tracing and genealogy assist in the realization
of this requirement. In addition, real-time monitoring and control of manufacturing
processes can be achieved that contributes in reduced cycle time, lead time, andWIP
[134]. Furthermore, MES supports the attainment of increased quality and efficiency
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and effectiveness of manufacturing process. The previously mentioned improvement
can be around 10–20% in comparison to monitoring and controlling processes with-
out MES [119, 187]. Overall, MES support process improvement efforts, especially
by revealing what is happening.

3.4 Performance Measurement

Performance measurement within and across different enterprise levels is critical
to monitor and control of manufacturing processes. Researchers, practitioners, stan-
dards organizations and nonprofit organizations highlight the importance of financial
and operational metrics.

The financial and operational metrics can be computed using the process data
generated at the resource level along with the necessary financial information. In this
regard,DPMswas introduced tomeasure the operational performance, and to connect
the resource level with the higher levels of an enterprise [113, 114]. The concept of
DPMs was to combine operational performance measurement and accounting, and
compute the cost per unit product in real-time using the data acquired directly from
resources, sensors and input devices [115]. The researcher introduces the real-time
accounting phrase, but lacks details for wide-spread adoption of DPMs.

3.4.1 Performance Measurement Systems

Since the mid-1980s, extensive research has been carried out in the area of perfor-
mance measurement and management [49]. The research has emphasized the impor-
tance of financial and operational metrics, alignment of financial and operational
metrics with the enterprise objectives, and inclusion of stakeholders, among others.
The following paragraphs present a brief background of PMS, and its characteristics.

3.4.1.1 Background

Post World War II, the market was branded as a seller’s market, which was mainly
because of high demand for products [109]. Enterprises employing mass produc-
tion strategies, selling products with marginal quality at high prices and longer lead
times, and so forth were the characteristics of the seller’s market [109]. The finan-
cial metrics were derived through traditional accounting techniques [12]. The tradi-
tional performance metrics were adequate to realize the necessary economic scale of
production [220].

Around the 1980s, the internal and external operating scenarios of enterprises
started changing. The internal environment was transformed for the better with the
introduction of management concepts like Just-in-Time (JIT) [109]. The external
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environment began to change, especially challenging the existing business practices.
This resulted in a shift from a seller’s market to a buyer’s market. Thus today’s
enterprises have a bigger product portfolio with shorter life spans to address the
buyer’s market [109].

The traditional financial metrics were insufficient to manage the changes in the
external and internal environments [211]. Firstly, these metrics solely concentrated
on internal processes with the objective of minimizing the unit cost of a product and
variance [14, 116]. Secondly, managers had a retrospective view of an enterprise
as the financial metrics were derived offline (e.g., monthly, and quarterly) [109],
and hence these metrics are considered as laggards [17]. Next, the metrics did not
provide any valuable insight into the processes that can be used as inputs for decision
making and process improvement programs, among others [14]. Finally, the financial
metrics greatly encouraged the achievement of short-term objectives, did not guide
in the realization of the enterprise’s strategic, and favored local optimization of
processes [102].

The aforesaid drawbacks of financial metrics and the new operating scenarios
of an enterprise were addressed with the elaboration of new PMSs. PMS is identi-
fied as the “set of metrics used to quantify both the efficiency and effectiveness of
actions” [12, 14]. The systems include Performance Pyramid System [109], Balanced
Scorecard [85], Performance Prism [12, 169] and European Foundation for Quality
Management (EFQM) Excellence Model [40], among others. The PMSs have been
adapted in various enterprises [49, 186, 211].

A PMS provides a comprehensive view of an enterprise. Also, research has been
extended to foster a collective PMS that includes all enterprises along the supply
chain, i.e., in a collaborative setting [8, 16]. However, a PMS does not elaborate about
the realization nor does it suggest which performance metrics should be employed,
i.e., PMSs are purely considered from a strategic viewpoint [12].

3.4.1.2 Characteristics of Performance Measurement Systems

Numerous characteristics associatedwithPMSshavebeen identified [24, 49, 54, 171].
For instance, the desirable features of PMS are: derived from strategy, clearly defined
with an explicit purpose, relevant and easy to maintain, simple to understand and use,
provide fast and accurate feedback, link operations to strategic goals, and stimulate
process improvement initiatives [71]. Likewise, the characteristics of a PMS are as
follows: strategy alignments, strategy development, focus on shareholders, balance,
dynamic adaptability, process orientation, depth and breadth, causal relationships,
and clarity, simplicity and accuracy [49].

The aforementioned listed characteristics of a PMS can be summarized to define
the criteria of a good PMS, which can be identified as comprehensive, causally
oriented, vertically integrated, horizontally integrated, internally comparable and
useful [17]. The comprehensive criteria stress the importance of balanced metrics,
which is mentioned in various PMS literature. Next, the performance metrics should
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Fig. 3.9 Representation of different types of performance metrics using onion analogy and the
relationship among them, adapted from [180]

be modeled to define the causality that assists to navigate, i.e., drill-down or drill-up,
and to determine the root causes for performance deviations [17].

The metrics across different enterprise levels should be linked, i.e., vertically
integrated, and at the same time themetrics at a particular level should be linked along
the manufacturing processes, i.e., horizontally integrated [17]. Further, the metrics
should be internally comparable among different metrics, which support decision
making by enabling to carry out sensitivity analysis [17]. Finally, the metrics should
be useful and trustworthy [17] and install a sense of confidence among the enterprise
members in a PMS [204].

Apart from the aforementioned characteristics and criteria of PMS, it is nec-
essary to address the issues of timeliness of computed metrics. The data quality is
characterized bymultiple attributes—accuracy, completeness, consistency, and time-
liness [11]. These attributes have to be given equal weightage during the computation
of metrics. Nonetheless, timeliness stands out among the attributes that define the
usefulness of data and its computed metrics. The metrics should be computed and
presented to enterprise members within a given time frame. Otherwise, the presented
metrics do not serve any purpose.

3.4.2 Performance Metrics: Types, Characteristics and Validation

An enterprise employs numerous performance metrics, which depend upon objec-
tives, enterprise level, and enterprisemembers’ roles and responsibilities.Henceforth,
metrics, measurements and indicators are used interchangeably. These performance
metrics can be classified as Key Result Indicators (KRIs), Result Indicators (RIs),
Performance Indicators (PIs) and KPIs, which can be related using an onion analogy,
as illustrated in Fig. 3.9. In most of the cases, the performance metrics employed in
an enterprise are simply known as KPIs [180].

The outermost layer of the onion consists ofmultipleKRIs [180]. These indicators
are periodically computed for a longer period of time—week, month, or quarter, i.e.,
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backward looking, and indicate if the enterprise is moving in the right direction to
realize its planned objectives [180]. The set of KRIs is useful to top management.
Thus, financial metrics can be classified as KRIs. Overall, KRIs can be characterized
as a closed loop feedback cycle with long cycle times [180]. Next are numerous RIs
and PIs. RIs indicate what has been done whereas PIs will inform what has to be
done [180].

KPIs exclusively focus on critical indicators that will indicate the current and
future direction of an enterprise to realize its planned objectives [180], i.e., forward
looking and predictive [141]. KPIs are computed regularly—event-driven, minute,
hour, shift, or day, and indicate how to significantly increase the performance [180]
via suitable process improvements and optimization (see IEC 62264-3 [23]). Over-
all, KPIs can be judged as closed loop feedback cycle with short cycle times for
operational influence of manufacturing processes (see VDI 5600 Part 1 [148]).

At a given time, enterprise members’ can handle only a few metrics [12]. In
addition, enterprise members associated with a specific level and department require
a unique set of performance metrics. In any given circumstance, the performance
metrics must be aligned with the planned/strategic objectives. Accordingly, it is
suggested to employ a performance metrics mix in the following ratio: 10 KRIs,
up to 80 RIs and PIs, and 10 KPIs [180]. In reality, short-term and medium-term
objectives of an enterprise keep on evolving to address its internal and external
challenges [13]. Consequently, it is necessary to profile the existing performance
metrics mix, and revise it to reflect the current situations and anticipated situations
[13, 109].

The aforementioned different types of metrics can be tagged as actionable or
reportable metrics [141]. Actionable metrics denote those metrics that need to auto-
matically generate responses from a system (e.g., MES) or inform concerned enter-
prise members of situations to initiate a corrective action in a timely fashion [141].
For instance, send an e-mail to managers and supervisors about the manufacturing
situation when a performance metric crosses its predefined lower or upper threshold
limits. Likewise, reportable metrics are used to communicate the trends as reports
[141]. According to their description, KPIs and a few PIs can be categorized as
actionable metrics whereas the remaining PIs, RIs and KRIs can be classified as
reportable metrics.

Today’s systems generate voluminous amounts of (raw) data (see IEC 62264-3
[123]). The probability of getting lost in the data is high. Consequently, it is necessary
to classify the data and the correspondingmetrics in a hierarchicalmodel, and identify
the dynamic interplay of factors influencing the performance metrics [209]. Overall,
the hierarchy model assist in root cause analysis by performing navigation, i.e., drill-
down or drill up.

3.4.3 Production Performance Analysis and Operational Metrics

Non-financial metrics are crucial. These metrics can be related to customers (e.g.,
customer satisfaction index [109]), logistics (e.g., delivery item accuracy [146]) and
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production (e.g., cycle time [109]), and so forth. In the presented research, emphasis
is on the operational metrics.

According to IEC 62264-3 [123], production performance analysis is one of the
core functionalities of MES, which is defined as “the collection of activities that
analyze and report performance information to business systems.” The production
performance analysis is supported by quality performance,maintenance performance
and inventory performance analyses (see IEC 62264-3 [123]). Apart from beenmade
available to enterprise members (e.g., operators), the metrics are communicated to
enterprise applications (e.g., ERP System) for product cost accounting (see IEC
62264-1 [121]).

There exist different standards and reference models that guide the establishment
of aforesaid performance analysis and computation of corresponding operational
metrics. Furthermore, different software vendors assist in determining a subset of
operational metrics, either as a part of MES or as a standalone system [189]. In
addition, many equipment suppliers provide software tools to support the activities
of production and maintenance performance analysis.

The operational metrics include resource utilization, resource availability, cycle
time, production schedule attainment, production variability and procedure effi-
ciencies, among others [123, 133]. However, OEE has gained tremendous popu-
larity, especially in discrete industries, among researchers, enterprise members and
MES software vendors. As a quantitative tool, OEE is an index encompassing three
factors—availability, performance and quality [153] and provides a comprehensive
view of a single resource. The previously mentioned factors are associated with six
big losses—breakdowns, setup and adjustments, small stops, reduced speed, startup
rejects and manufacturing rejects [153]. These losses must be identified and elimi-
nated to improve resource effectiveness [153].

A manufacturing enterprise will have multiple resources arranged in different
configurations (e.g., series, parallel) and interact with each other [70, 167]. The
concept of OEE for a single resource has been extended to determine plant-wide
OEE [165]. For instance, production equipment effectiveness can be determined
by employing straight or weighted average of OEEs of individual resources [165].
Likewise, research exist to determine Overall Factory Effectiveness (OFE), Overall
Line Effectiveness (OLE), and Overall Throughput Effectiveness (OTE) [70, 165,
167, 168, 174].

Nonetheless, OEE and other aforesaid performance metrics have shortcomings
in the long run. OEE is appropriate for use in discrete industry that adheres to high
volume and low mix production schedules [33, 165, 189]. OEE is indispensable
during the initial stages ofmanufacturing [197]. In order to reduce the six large losses,
the enterprise might face other issues [197]. For instance, enterprise members might
miss training tomaintain high availability of resources [197]. Further, high utilization
indicates that the resources are not available for other tasks, like maintenance [197].

The OEE score conceals the information about production orders, product
complexity, costs, and so forth from decision makers [153, 197]. Moreover, the
score does not suggest improvements and probability exists tomisinterpret the scores
[153]. The shortcomings of OEE and OTE, among others can be realized by provid-
ing enterprise members with multiple operational metrics. In addition, the enterprise
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Fig. 3.10 Classification of accounting techniques and their purpose, adapted from [25]. The clas-
sification has been extended to include Environmental Management Accounting (EMA)

members should be supplemented with financial metrics [229], especially, highlight-
ing the cost effectiveness of manufacturing processes [159]. Thus, this will enable
to link the financial and operational metrics in real-time.

3.4.4 Product Cost Accounting and Financial Metrics

IEC 62264-1 [121] lists the functions of product cost accounting as part of Level
4 and interacts with the functionalities of MES, especially with production control
functionality. These functions include reporting cost objectives for production, cal-
culating and reporting total production costs, and so forth. Product cost accounting
function is carried out with the support of accounting module of an ERP System (see
IEC 62264-1 [121]), may be, in interaction with a CRM System and a SCM System.
Similarly, there is also a possibility to perform product cost accounting and financial
metrics using standalone cost accounting systems [201].

Financial metrics are indispensable for enterprise members belonging to strategic
and tactical levels of an enterprise, which helps to identify the health of an enterprise
[13]. The financial metrics can include earnings per share, price per earnings ratio,
operating profit margin, Return on Assets (ROA), Return on Investments (ROI),
among others [13, 55, 109]. Nonetheless, in the presented research emphasis is on
manufacturing and related aspects of financial metrics.

The chapter is organized as follows. Section3.4.4.1 defines cost, lists different
types of cost and explains cost behavior. The accounting techniques can be classified
into financial and managerial accounting, as illustrated in Fig. 3.10. This classifi-
cation can be further augmented with the environmental management accounting.
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Subsequently, financial-, environmental management- and managerial-accounting
are elaborated in Sects. 3.4.4.2, 3.4.4.3 and 3.4.4.4 respectively.

3.4.4.1 Cost: Definition, Types and Behavior

Cost is defined as “the monetary value of resources used or sacrificed, or liabilities
incurred, to achieve an objective, such as acquiring or producing a good or performing
an activity or service or making resources available but not using them” [74]. The
cost term has been prefixed with different names/adjectives; a few of these costs in
the context of presented research are listed.

1. Actual cost is the cost incurred, treated as past or historical cost [69]. Actual
cost assists to compute the actual costs incurred which are more realistic and
might be useful in short-term [84]. On contrary, the incurred costs are difficult
to compare with the costs from different period of time.

2. Standard cost is “a carefully determined cost of a unit output” [69]. This cost
is established for a given period and updated by considering outputs for a given
time interval [84]. This cost assist to compare costs incurred during different
period of time [84].

3. Direct cost represents “costs that can be specifically identified with an output”
[74].

4. Indirect/overhead cost is stated as “costs of resources that are jointly or com-
monly used to produce two or more types of outputs, but cannot be specifically
identified with any individual output or traced to a given cost object in an eco-
nomically feasible way” [74].

5. Fixed cost is identified as “costs that remains unchanged in total for a given time
period, despite wide changes in the related level of total activity or volume” [69].
Similarly, it can be defined as “costs that do not vary with the volume output”
[201].

6. Proportional cost is the “costs that vary with the volume of consumer output”
[201]. This cost is based on the principle of responsiveness [225].

7. Variable cost is the “cost that changes in total in proportion to changes in the
related level of total activity or volume” [69]. In contrast to proportional cost, this
cost is based on the principle of variability, i.e., the total cost varies in accordance
to total volume [225].

8. Unit cost is “computed by dividing total cost by the number of units” [69].

The costs incurred are assigned to cost objects [25, 74], which represent
enterprise entities that need to be monitored and controlled. The cost object or cost
information is composed of fixed costs and/or variable/proportional costs, which
can constitute assigned direct costs and allocated indirect costs. From a manager’s
viewpoint, it is indispensable to highlight the cost behavior, especially, the fixed and
variable/proportional costs [69].

Cost behavior can be stated as “determining how inputs (and hence their costs)
change with changes in output. Cost may increase proportionally with increasing
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activity (the usual assumption with variable cost), or it may not change (a fixed cost)”
[74]. The cost behavior is influenced by the way the resources are acquired [69]. For
instance, the cost of a resource owned by a manufacturing enterprise can be treated
as a fixed cost. Likewise, the costs associated with renting a resource can be treated
as variable costs.

3.4.4.2 Financial Accounting

Financial accounting (FA) provides a retrospective view of an enterprise. It is mainly
concerned with the external reporting that adheres to the laws and regulations of
various government regulatory bodies [73]. An enterprise, in most cases, follows
accounting standards, like GAAP [25]. Furthermore, the external financial reports
are generated following enterprise reporting cycle [84]. Overall, FA provides a tool
to check the health of an enterprise regularly, which assists in gaining confidence of
financial institutes, customers, shareholders, and so forth.

Nonetheless, FA and its external reports are inappropriate as inputs for planning
and decision making by production managers. The external reports are passed to
managers, i.e., employing the top-down approach, who must be capable of under-
standing the jargon of financial terms and statements [84]. The reports are delivered
late, well past the completion of the accounting period [84], i.e., the decisions will
not match the current manufacturing situations. The reports are highly aggregated,
which makes it difficult to recognize the source of problems, and profitable and non-
profitable products, among others [84]. Additionally, the upstream processes (e.g.,
product development) receive misleading product cost information [84]. Overall, the
managers find these reports inapt for planning and decision making.

3.4.4.3 Environmental Management Accounting

Environmental Management Accounting (EMA) is identified as one of the compo-
nents of environmental accounting, defined as the “management of environmental and
economic performance through the development and implementation of appropri-
ate environment-related accounting systems and practices” [73]. EMA is concerned
with the identification, collection, analysis and use—the physical flow of materials,
energy and water, and the associated monetary information [73].

DIN EN ISO 14051—Material Flow Cost Accounting (MFCA) has been
introduced to complement EMA [117]. MFCA is based on the principle of mate-
rial balance. MFCA assists in tracking the quantified flows and stocks of materials
and energy within an enterprise. Additionally, the costs associated with the material
flows and stocks are also quantified.MFCA is suitable to enterprises involved inman-
ufacturing as well as service. Furthermore, the concept of MFCA can be extended
to include all the enterprises across the supply chain.

Nonetheless, MFCA has certain limitations. MFCA data collection is carried for
a specified time period (see DIN EN ISO 14051 [117]). In the author’s opinion,
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MFCA is highly useful during the initial stages of manufacturing, where the values
can be used as feedback to optimize the upstream processes by identifying wastes,
and design constraints, among others. Likewise, MFCA is highly suitable in the
scenario of mass production.

3.4.4.4 Managerial Accounting

Managerial Accounting (MA) is also referred asmanagement accounting ormanage-
rial cost accounting that attempts to address the shortcomings of FA. According to
Federal Accounting StandardsAdvisoryBoard (FASAB),managerial (cost) account-
ing is defined as “the servant of both budgetary and financial accounting and reporting
because it assists those systems in providing information. Also, it provides useful
information directly to management” [46]. Apart from integrating with FA systems,
MA needs to be integrated with other enterprise applications [46].

Managers as well as concerned (front-line) employees require both financial and
operational information for internal decision making in a timely fashion. The deci-
sion making can be related to production planning and budgeting, initiating process
improvement programs, training and learning, what-if analysis, and future invest-
ments, and so forth [25, 73, 84]. This information can be basically summarized into
quality, time and cost [84], which are highly interconnected. MA attempts to address
these requirements, especially from the cost perspective. Subsequently, MA attempts
to provide accurate and reliable cost information about the utilization of resources
that have monetary value [26, 46]. MA should also provide a platform to investigate
the cause-and-effect relationships between inputs and outputs of past and present
manufacturing processes, and simulate future manufacturing scenarios [26].

Cost measurement, i.e., collecting cost data and assigning costs, tends to be chal-
lenging, especially in scenarios where low volume production and high mix produc-
tion schedules are employed, products with varying complexity are manufactured,
and new processes are frequently introduced [25, 84]. Collecting cost data is split
into financial and operational data collections, which are combined to generate cost
information [25]. Likewise, cost assignment methods “traces the consumption of
“source” expenses (i.e., cash outlay expenditures) to a destination (i.e., cost object)
that is of interest to management” [25].

The cost assignment, according to FASAB, employed in MA should follow
certain assignment preferences [46], as illustrated in Fig. 3.11. Firstly, directly
tracing costs to products based on the (actual) consumption. For instance, materials
and (sub-)products costs can be directly traced to the products. Secondly, costs
should be assigned to products based on cause-and-effect relationships between
resources/operations, and products or between inputs and outputs [46]. For example,
labor and energy costs can be assigned to products based on cause-and-effect rela-
tionships after the actual consumption. Finally, allocating accumulated indirect costs
should be applied proportionally to products based on a predefined cost allocation
rule [46].
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Fig. 3.11 Illustration of different cost assignment preferences, adapted from [46]

Operational data and financial data are two sides of the same coin; they influence
the characteristics, including accuracy, reliability, and timeliness, of cost informa-
tion. MES and accompanying standards place high importance on operational data
collection from the resource level. In the same way, numerous accounting techniques
have evolved. International Federation ofAccountants (IFAC) has identified a costing
levels continuum maturity model [75]. In the following paragraphs, a few important
accounting techniques are elaborated. Nonetheless, enterprises need to employ mul-
tiple accounting techniques to manage their business and manufacturing processes.

Job-Order Costing and Process Costing

Job-order costing and process costing are the managerial accounting techniques that
can be placed at the beginning of the costing levels continuum maturity model [75].
Further, an enterprise can employ both job-order and process costing, i.e., hybrid
costing [69].

The costs are accumulated in job-order costing for a specific quantity of prod-
ucts that are processed on different resources and are uniquely identifiable [188].
Job-order costing is also known as job costing [69] and project accounting [75]. Job-
order costing is initiated after the receipt of the customer’s order [188]. The material
requisition cards, direct labor time ticket and predetermined overhead rate associated
with products are used to determine the costs [188]. In most of the cases, quantity
is usually a single unit (e.g., construction of a special purpose machine) [69]. Nev-
ertheless, job-order costing can also be employed to measure costs of identical units
of a distinct product [69, 188].

In contrast, process costing is used to calculate costs of products manufactured
in a continuous process through a series of manufacturing activities [188]. Process
costing is also referred to as lean accounting [75]. Here, the costs are measured
periodically for processes, rather than products [188]. The manufactured products
are identical, i.e., units require the same input, technology and effort [188], and
are produced in high volume [69]. Since costs are measured for processes, process
improvement programs can be initiated to improve the product quality and process
performance, and subsequently, reduce the costs [75].
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Fig. 3.12 Activity-Based Cost Management (ABC/M) framework, adapted from [25]

Activity-Based Costing

Activity-Based Costing (ABC) was an important step forward to address the short-
comings of tradition accounting techniques. ABC concentrates mainly on activities
performed in an enterprise [182]. An activity is identified as “work performed by
people, equipment, technologies, or facilities” [35]. Since the mid-1980s, extensive
research has been performed on ABC. Consequently, Activity-Based Cost Man-
agement (ABC/M) framework has been developed [25], as shown in Fig. 3.12. In
layman’s language, resource costs are assigned to activities depending upon the con-
sumption of resources by the activities, and these activity costs are reassigned to
cost object (e.g., products, processes) based on cause-and-effect relationships and
proportional use of activities [25, 35].

ABC/M framework consists of the process view and the assignment view along
horizontal and vertical directions respectively [25]. The activities are horizontally
linked as processes and sub-processes along the process view that are necessary to
fulfill the requirements of production orders [25]. The cost assignment view consists
of three cost drivers: resource; activity and cost object, and two assignments: resource
cost and activity cost [25]. A resource driver “trace expenditures (cash outlay) to
work activities” [25]. It quantitatively measures the amount of a resource used by an
activity [25, 84]. Furthermore, resource cost assignment is used to link a resource
and the activities performed by it [25].
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Likewise, an activity driver “trace activity costs to cost objects” [25]. For example,
machine hours, production runs, maintenance hours, setup hours are activity drivers.
It quantitatively measures the output of an activity [84]. Furthermore, the activity
cost assignment is employed to assign activity costs to a cost object based on the
consumption of an activity [25, 35]. Finally, the cost objects can be combined along
the horizontal process view via cost object drivers, which are identified as “trace cost
object costs to other cost objects” [25].

The ABC System can be employed in an enterprise manufacturing heterogeneous
mix of products—standard and custom products, low volume products, high volume
products and mature products, among others [84, 182]. Nonetheless, it has not been
adapted widely, primarily because of its complexity [182, 183, 201]. The definition
of activities and associated cost drivers, in most cases, is subjective based on the
enterprise members’ role, responsibility and experience [201]. Furthermore, manag-
ing the activity list is expensive and difficult as themodel size increases exponentially
[84, 201]. Consequently, it is absolutely necessary to trade off the accuracy of the
generated cost information against the effort to maintain the ABC System [84].

Additionally, ABC Systems consider all costs as variable [182, 183, 201], which
might be useful for the long-term planning decisions [182]. Nonetheless, the cost
information might be irrelevant in the short-term [182]. Furthermore, ABC fails to
differentiate the behavior of fixed and variable costs on excess capacity [182], which
hinders performance analysis, and planning and decision making. Finally, the ABC
concept is a unidirectional step-down approach, i.e., costs flow from resources to
activities to (final) cost objects [201]. Accordingly, fully burdened resource costs,
i.e., true interrelationships between senders and receivers of activities, and resources
are not realized [201].

Time-Driven Activity-Based Costing

ABCwas an important step in overcoming the drawbacks of traditional cost account-
ing. Nonetheless, there are inherent issues with ABC as previously mentioned.
The aforementioned ABC was simplified by employing time-based activity drivers
[75]. This simplified ABC concept is known as Time-Driven Activity Based Cost-
ing (TDABC) [82, 83]. TDABC requires two input parameters for an activity—the
capacity cost rate of supplying a resource and the capacity usage of the resource by
products, service and customers, which are multiplied to derive the cost information
[82, 83].

TDABC has several advantages in comparison to ABC. TDABC stresses rough
accuracy instead of precision [82]. Using two input parameters, the model size of
TDABC tends to increase linearly in comparison with ABC [83]. However, TDABC
canbe employed in an enterprisewith highly repetitive transactions and fewer indirect
costs [75].
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Fig. 3.13 Resource and
process view of Resource
Consumption Accounting
(RCA), adapted from [225]

Resource Consumption Accounting

The shortcomings of ABC that impede the decision making process have been
addressed with the introduction of Resource Consumption Accounting (RCA).
RCA stresses the importance of resources, the nature of costs and a quantity-based
approach to cost modeling [156]. RCA encompasses a resource and process view of
costs [201], as depicted in Fig. 3.13. The resource viewprovides robust functionalities
to analyze the resources’ capacities and their costs [201]. In this regard, RCA is based
on Grenzplankostenrechnung (GPK) or marginal planned cost accounting. GPK has
been successfully employed since the late-1940s by manufacturing enterprises in
German speaking countries and German companies [202, 201, 225].

RCA stresses the importance of the process view to manage the activities and
complement GPK [225]. The process view incorporates the best practices of ABC
[201, 225]. The concept of activities is applied in a limited and disciplined fashion
to avoid the complexity of activity models [225]. Similarly, the cause-and-effect
relationships assist in tracing the flow of resource outputs and their costs [225].

RCA technique is built around recourses and not activities [225]. The capacity,
capabilities and costs reside in resources [225]. The resources with similar char-
acteristics and outputs, among others, are grouped together in a resource pool [93,
225], as depicted in Fig. 3.14. Furthermore, the cause-and-effect relationships are
realized by resource drivers and activity drivers. In contrast to ABC, these drivers
are quantity-based indicating quantity of resource (pool) output consumed, with the
understanding that costs follow quantity [201]. In contrast to quantity-based assign-
ment, value-based assignment is the allocation of costs as ratios or percentages for
consumed resources/activities [201]. In addition, the costs are tagged as primary and
secondary costs [182].
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Fig. 3.14 Schematic
overview of Resource Con-
sumption Accounting (RCA),
adapted from [224]

The primary costs originate in a resource and are assigned to the corresponding
cost objects [182]. Likewise, secondary costs are assigned to a resource that orig-
inates from another resource [182]. Furthermore, these costs are modeled as fixed
and proportional costs [93, 182, 201, 225]. Here it is important to note that there
is difference between variable and proportional costs (see Sect. 3.4.4.1). The mod-
eling of aforesaid costs depends upon relationship between resource inputs and its
outputs [225].

The fixed costs are computed based on the theoretical capacity of a resource pool
and are not assigned (purely) based on the consumption of resource outputs [182,
201]. Furthermore, the fixed costs will exist as long as the resource is available [93].
In contrast, proportional costs are assigned based on the consumption of resource
outputs [182]. Likewise, there are quantities that can be treated as fixed and propor-
tional [201]. Overall, the aforementioned costs and quantities alongwith the resource
output quantity are used to derive the resource unit rate, as illustrated in Fig. 3.15.

RCA stresses the importance of the inherent nature of cost [93, 155]. This initial
nature of cost is reflected in primary fixed and proportional costs, which are incurred
at a resource [93]. Likewise, the changing nature of cost is reflected in secondary fixed
and proportional costs during the consumption of resource outputs [155]. Overall,
the interrelationships between resources and the corresponding quantity flows, i.e.,
underlying nature of costs, are crucial.

RCA presents managers with detailed and accurate information about resource
quantity consumption with the ability to carry out variance analysis at the resource
level [94]. This assists inmanaging planned and theoretical capacity [182], especially
the identification of excess/idle capacity. For instance, analysis of secondary, fixed
and proportional costs assist in making decisions on outsourcing of manufacturing
activities [93]. Furthermore, RCA assists managers by providing predictive resource
planning capabilities [75], by simulating different planning scenarios. Finally, RCA
has been integrated with ERP Systems, especially SAP R/3 [201].

Nonetheless, there are shortcomings with RCA that are comparable with ABC
drawback [182]. RCA introduces new levels of complexity [93, 182]. For instance,
the managers have problems initially in classifying the fixed and proportional costs
for a resource pool [182].
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Fig. 3.15 An example depicting the calculation of resource output unit rate in Resource Consump-
tion Accounting (RCA) by considering primary and secondary expenses, and fixed and proportional
quantity and costs, adapted from [201]

3.5 Event, Event-Driven Architecture and Event Processing

Artificial Intelligences (AI) techniques have been used to solve complex problem.
These techniques are composed of different subareas—expert systems, and neural
networks, amongothers [18]. Expert systems standout amongAI techniques andhave
been employed to solve real-world problems in manufacturing, medical diagnosis,
banking and so forth [18]. These systems are expensive to build and require high
initial effort [18]. On the contrary, these systems are easy to maintain and use [18].

The Rule-Based System (RBS) is a type of expert system [1, 18]. Numerous inter-
ference engines have been developed to provide answers/predictions/suggestions to
incoming questions by inferring the knowledge base [1]. The knowledge base is
modeled as rules, usually as if-then statements [18], which are acquired from human
experts and analytical techniques. Nonetheless, RBSs do not have the capability to
handle temporal reasoning [118], which is a significant hurdle in realizing real-time
monitoring and control of manufacturing processes. Subsequently, the concepts of
Event-Driven Architecture (EDA) and Event Processing (EP) have to be exploited
to overcome the previous limitations of RBS.

3.5.1 Events: Definition and Aspects

Events are ubiquitous, which can be defined as “anything that happens, or is contem-
plated as happening” [108], i.e., represented as change in state [212]. An event is also
known as a notification when the event has corresponding data to describe it [166].
Similarly, a notification is treated as a message when it is shared with other compo-
nents of EDA via a communication channel [166].The computer science scientists
perceive events in totally different ways and define them as “object that is a record of
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Fig. 3.16 Different components of Event-Driven Architecture (EDA), adapted from [212]

an activity in a system” [106], which can be processed by computer systems [108].
An event object encompasses three aspects:

1. Event form indicates the data associated with an event and are also known as
an event attributes [108]. The data can be a combination of simple and complex
data types, and timestamps [108], which can originate from multiple sources
[212].

2. Event significance denotes an activity/operation and the corresponding data asso-
ciated with the activity is represented by the event form [106].

3. Event relativity describes the relationships with other events [106].

In manufacturing scenarios, an event form can be represented by manufacturing
activity parameters (e.g., temperature and spindle speed), event significance denotes
manufacturing activity (e.g., milling), and event relativity identifies the relationship
of a manufacturing activity with the product and production order.

3.5.2 Event-Driven Architecture

Event-Driven Architecture (EDA) can be defined as “an architectural style in which
components are event driven and communicate by means of events” [108]. It con-
tains different architectural elements necessary to broadcast an event immediately to
all the interested receivers—human and (semi-)automated systems [160, 212]. Fur-
thermore, identification, broadcasting, processing and utilization of events can be
realized employing different components—event producer, event consumers, event
processors, event reactions and messaging backbone, as illustrated in Fig. 3.16.

Event producer is a component inwhich the events originate and are responsible to
publish events [166, 212]. Event producers take different forms [212]. For example,
event producers can be software programs or temperature sensors in a machine.
Further, the event contains data that might or might not originate at event producers
[212]. Finally, the events are pushed to multiple event listeners [212] and the event
producers are unaware of event listeners [166]. Event listeners receive only subsets of
events in which they are interested [212]. Event listeners can also be event producers
[166]. Apart from listening to a subset of events, event listeners should be capable
of analyzing the incoming events [160, 212].
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Fig. 3.17 Representation of possible relationships between events based on time, causality and
aggregation, adapted from [3, 106]. Here, ts and te denote start time and end time of an event

The analysis of the incoming events will be handled by the event processor [212].
The outcomes of an event processor are event reactions [212]. The event reactions
vary from event type to event type, which can be a combination of do nothing, dis-
playing warning messages, initiating pre-defined actions, and triggering new events.
The aforementioned components of EDA communicate via a messaging backbone
[212], communication mechanism [166], or an event channel [108]. The messaging
backbone encompasses multiple hardware components, software modules, network
protocols and messaging formats [212].

3.5.3 Event Relationships: Time, Causality and Aggregation

Events are triggered randomly, which necessitates establishing relationships between
events to realize real-time monitoring and control of manufacturing processes. There
exist different types of relationships between events, which are possibly based on
time, causality and aggregation [106], as depicted in Fig. 3.17.

EDA stresses the importance of time and provides capability to handle tempo-
ral reasoning. Consequently, there are different temporal relationships, as shown
in Fig. 3.17. To realize temporal reasoning and for other processing purposes, it is
mandatory for each event to have timestamps, which are based either on the clock
of the event producer or event processors [106]. There exist different semantics to
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Fig. 3.18 Illustration of overlapping sliding window that assist to realize temporal relationships
between events, adapted from [20]

represent timestamps of an event [222]. Firstly, point-based time semantics would
assign only a creation time to an event by its event producer or event listener [222].
Secondly, it is possible for an event, especially time consuming, to have interval-
based time semantics [222], i.e., event can have start time ts and end time te. Finally,
point-interval-based time semantics represent an event with a creation timestamp
and also assigns duration, especially to handle the clock’s uncertainty and network
delays [222].

A window operator is essential to detect temporal relationships [21, 223] and
provides a historical snapshot for finite length of timeunits [20]. There exist numerous
types of window operators [20]. The sliding window operator can be demarcated as
window length of n time units and advanced by m time units [20]. The sliding (or
rolling) window operator can be further classified as an overlapping or as a disjoint
sliding window [20]. An overlapping sliding window operator shares its portion of
the new window with the old window [20], as illustrated in Fig. 3.18. In contrast, the
new window and old window do not share any portion of the window in a disjoint
sliding window [20].

Causality is defined as a “dependence relationships between activities in a system”
[106]. In contrast, the events are considered as independent events if relationships
cannot be established between events [106]. Likewise, aggregation is employed to
transform low level events to high level events [106]. The subsets of attributes of low
level events are members of high level events [106].

3.5.4 Event Types, Event Hierarchy and Event Cloud

The events can be classified based on event creation, which is subjective [108]. To
begin with, a simple event is defined as “an event that is not viewed as summarizing,
representing, or denoting a set of other events” [108]. In contrast to simple events, a
complex event is defined as “an event that summarizes, represents, or denotes a set
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Fig. 3.19 Simplified view depicting event abstraction hierarchy, adapted from [21, 106]

of other events” [108]. The complex events can be further categorized as derived and
composite events based on the methods employed to create these events [108].

A derived event can be defined as “an event that is generated as a result of applying
a method or process to one or more other events” [108]. For instance, derived events
can be generated by performing mathematical computations on events. Likewise,
the absence of an event in a given time interval after arrival of a specific event can
be considered as a derived event [108]. Similarly, a composite event can be stated
as an event “that is created by combining a set of other simple or complex events
(known as its members) using a specific set of event constructors such as disjunction,
conjunction, and sequence” [108].

In general, the simple and complex events differ according to the level of infor-
mation made available by these events for decision making. An event abstraction
can be defined as the “relationship between a complex event and the other events
that it denotes, summarizes, or otherwise represents” [108]. There exist thousands
of isolated simple events with low abstraction levels in a system, which most of the
time do not make any sense [21, 106]. The simple events need to be aggregated into
abstract events with higher abstraction levels, as depicted in Fig. 3.19. These events
represent several activities/events that are triggered at different times [106], i.e., sup-
port temporal reasoning. Consequently, fewer events with higher event abstractions
are available for interpretation [107].

Event patterns are necessary to create events with higher abstraction levels [21,
106, 108]. An event pattern is defined as “a template containing event templates, rela-
tional operators and variables” [108]. For instance, an event pattern can be described
to select all transportation start events.

Simple events are associated with the lowest abstraction level, i.e., Level 1 [106].
Likewise, complex events can be associated with higher abstraction levels i.e., Level
2 and higher [106]. Furthermore, the events are hierarchically arranged according
to their abstraction level—Level 1, Level 2 and so forth, which is known as event
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Fig. 3.20 Event cloud containing all events in a system, adapted from [21, 106]

hierarchies [21] or event abstraction hierarchies [106]. The event hierarchies establish
vertical causality relationships between events across different abstraction levels
[106]. In contrast, horizontal causality determines relationships between events in a
particular abstraction level [106].

Numerous different types of events are detected by event consumers [108]. The
sequence of incoming events is known as event stream [21], as depicted in Fig. 3.20.
An event stream is defined as a “linearly ordered sequence of events” [108], which
are usually arranged according to arrival/creation time and causality [21, 108]. Fur-
thermore, different types of events along with their relationships and abstractions are
available in an event cloud for processing [108].

3.5.5 Event Processing Agents and Networks, and Complex
Event Processing

Event processing is characterized by event capture, event analysis and event response
based on sense-analyze-respond paradigm [21], as illustrated in Fig. 3.21. Event
processing can be defined as “computing that performs operations on events, includ-
ing reading, creating, transforming, or discarding events” [108]. Here, event proces-
sor and event analysis are synonyms of event processing (see Sect. 3.5.2). Similarly,
Complex Event Processing (CEP) deals with complex events [108].

Event patterns, mentioned previously, are critical for realizing event process-
ing, which are encoded in a software module as Event Processing Agents (EPAs)
[45, 106]. EPA can be stated as “an entity that processes event objects” [108]. EPAs
have the capability to perform different computations on events, like filtering, aggre-
gating and deleting event patterns [106, 108] or filtering, matching and derivation
[45]. The aforementioned EPAs can be organized into networks and communicate
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Fig. 3.21 Overview of different components of event processing, which is based on the sense-
analyze-respond paradigm, adapted from [21, 218]

with each other using the event channel to form Event Processing Networks (EPNs)
[45, 106, 108], which assist in the realization of horizontal and vertical causality
[106]. Furthermore, EPNs can be nested and recursive to represent the complex
manufacturing processes.

The aforesaid event patterns and the corresponding EPAs are defined using Event
Processing Language (EPL) that can be interpreted by the event processing software
[45, 106, 218]. EPL can be defined as “a high level computer language for defining the
behavior of event processing agents” [108]. There exist different language styles—
stream oriented, rule-oriented and imperative/scripting [45, 218]. Nonetheless, each
vendor uses a specific language style and there exist no standard language style [218].

Stream-oriented languages are used to identify event patterns from event streams,
which the exploit database’s Structured Query Language (SQL) [107, 218]. Subse-
quently, SQL-based language style is referred to as Continuous Query Languages
(CQL) [5, 107]. Likewise, rule-oriented languages are identical to the production rule
or business rule definition, i.e., if-then notation [218]. Here, the rules are constructed
using event-condition-action notation [181, 193].

As mentioned previously, there exist numerous event producers and event con-
sumers. Accordingly, (complex) event processing needs to have necessary input
adapters and output adapters that will assist in interpreting the incoming and for-
matting the outgoing events respectively [218]. Event processing software loads the
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EPAs and EPNs into computer memory and processes the incoming events from the
event cloud. Event reactions are described as the (re-)action to be taken whenever an
event pattern is matched or a predefined situation is detected [108]. These reactions
are defined in event pattern rules [106] or event pattern triggered reactive rules [108].
In most cases, the reactions create new events with higher abstraction levels and/or
invoke predefined methods.

3.5.6 Event Processing in Manufacturing

Most of the vendors of event processing software focus on financial trading, telecom-
munication and other related industries [218]. Nevertheless, many vendors specify
manufacturing as one of the industry focuses [218]. In reality, event processing in
manufacturing has not been adapted extensively.

An extensible event-driven manufacturing systemwas elaborated [233]. This sys-
tem was built on the MES platform with a tight integration between the enterprise
control level and the manufacturing level, and used CEP engine to manage events.
However, the underlyingMES platform is unclear (e.g., data collection) as is the case
study. Likewise, a unified event management system based on the publish/subscribe
paradigm was conceptualized to deal with primitive and complex events for moni-
toring and controlling manufacturing processes [222]. The system is based on EDA
and positioned at the manufacturing control level and integrates real-time data from
the manufacturing level.

In contrast to research, event processing has been adapted by commercial MES
vendors, especially FORCAM [119] and System Insights [210]. FORCAM’s event
processing capabilities are unclear as well as the underlying event processing soft-
ware. However, System Insights employs either JBoss Drools Fusion or EsperTech
Esper as the underlying event processing engine [219]. In addition, few event process-
ing vendors focus on manufacturing/production. For instance, TIBCO Business
Events are employed to optimize the supply chain [147].

3.6 Summary

A manufacturing enterprise requires performance measurements, which consider
both financial and operational metrics. The calculation of operational metrics has
been realized in real-time. However, the financial metrics are calculated according
to a certain enterprise’s reporting cycle and are considered as lagging metrics.

The computation of operational metrics in real-time and the transformation of
lagging financial metrics to leading financial metrics require inter-disciplinary fun-
damentals, technologies and standards. Subsequently, these inter-disciplinary fun-
damentals, technologies and standards have been elaborated in the current chapter.
Furthermore, the timeline and inter-relationships among inter-disciplinary funda-
mentals, technologies, and standards are illustrated in Fig. 3.22. In short, most of the
above activities have been performed in isolation and with a narrow perspective.
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Fig. 3.22 Timeline and relationships among different fundamentals, technologies, and standards



Chapter 4
Real-Time Performance Measurement in
Manufacturing

Chapter 3 imparted the necessary foundation to address the research goals. A
reference architecture will be presented to address the goals, and reinforce the exist-
ing monitoring and control of manufacturing processes. The content of the current
chapter is partially based on authors published articles in international conferences
and journals [57, 60, 61, 86–89, 158]. The chapter is organized as follows. Section 4.1
describes an overview of the reference architecture for realizing EI and real-time per-
formance measurement. The architecture encompasses multiple components, which
are elaborated from Sects. 4.2–4.8. Finally, Sect. 4.9 concludes with a summary.

4.1 Reference Architecture: Overview

The previously mentioned issues with the performance measurement (see Chaps. 1
and 2) can be addressed using different inter-disciplinary fundamentals, technologies
and standards. Thus, it is indispensable to list and link the previously elaborated inter-
disciplinary fundamentals, technologies and standards to elaborate the reference
architecture for real-time performance measurement.

Research is carried out at Business and Information Systems Engineering (BISE),
University of Siegen to enable EI, which can be considered as a basic building block.
The basic building block is exploited to address the previously mentioned goals, and
to reinforce the existing performancemeasurement. This has resulted in development
and implementation of a reference architecture that is loosely based on the concept
of MES, and considers different characteristics and requirements of a manufacturing
enterprise.

The reference architecture encompasses numerous components, as illustrated in
Fig. 4.1. The architecture attempts to realize many of the functionalities of MES
and further augmented with additional functionalities, like event processing and
managerial accounting. Overall, these components can be seen as indispensable for
the establishment of closed loop monitoring and control of manufacturing processes.
These components are briefly described as follows:

S. Karadgi, A Reference Architecture for Real-Time Performance Measurement, 53
Progress in IS, DOI: 10.1007/978-3-319-07007-0_4,
© Springer International Publishing Switzerland 2014

http://dx.doi.org/10.1007/978-3-319-07007-0_3
http://dx.doi.org/10.1007/978-3-319-07007-0_1
http://dx.doi.org/10.1007/978-3-319-07007-0_2


54 4 Real-Time Performance Measurement in Manufacturing

Fig. 4.1 A reference architecture for real-time performance measurement and its components

1. The resources on the shop floor are arranged in different configuration. These
resources use different standards and proprietary communication protocols to
communicate with other resources and manufacturing management systems, and
these protocols are determined by the resource vendors. Subsequently, data col-
lection, at the bottom, provides a modular approach to manage the heterogeneous
communication protocols of resources and delivers process data in real time.

2. The real-time process data delivered by data collection is handled by data aggre-
gation. The real-time process data is assigned to suitable enterprise entities along
with the corresponding transactional data from enterprise applications, especially
from the ERP System. This data would be referred to as integrated process data,
which is managed simultaneously in two ways. Firstly, the integrated data is
stored in a process database, which is used for offline analysis. Secondly, the
sub-set of integrated data is employed to realize tracking of enterprise entities in
real-time. Tracking is prerequisite for real-time monitoring and control of manu-
facturing processes that can be achieved by employing the state-of-the-art event
processing techniques. Subsequently, dispatching control data to achieve planned
objectives of a manufacturing enterprise. Additionally, tracking information can
be employed to determine real-time operational and financial metrics.

3. Numerous process visualization clients communicate with data aggregation
based on client-server architecture that employs both publish-subscribe and
request-reply mechanisms. The clients provides interfaces, considering the roles
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Fig. 4.2 Tasks for realizing the reference architecture for real-time performance measurement,
adapted from [158]

and responsibilities of enterprise members, to display real-time process data and
tracking information, and to support traceability of enterprise entities, among
others.

The reference architecture for real-timeperformancemeasurement andunderlying
real-time monitoring and control of manufacturing processes can be successfully
realized by employing additionally tasks, as shown in Fig. 4.2 and listed as follows:

1. Process analysis, modeling and (re-)design are indispensable for monitoring and
controlling business and manufacturing processes. EI related standards highlight
the importance of process analysis andmodeling. Hence, it is necessary from time
to time to optimize the processes employed to adapt to the internal and external
environments.

2. Datamodel based on available standards, andData FlowDiagrams (DFDs) among
different resources and Information Technology (IT) Systems have to be created,
which assist in the understanding and effective use of the acquired real-time
process data, and support root-cause analysis, among others. In addition, it might
be required to generate different types of charts depending upon the functionality
and problem.

3. Knowledge of real-time monitoring and control of manufacturing processes is
(tactically) embedded in the integrated process data, which is stored in a process
database. Knowledge Discovery in Databases (KDD) can be employed to deter-
mine new knowledge. Additionally, structured interviews with domain experts
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can be useful to identify new knowledge, validate new knowledge derived using
KDD techniques and update the existing knowledge.

These additional tasks can be positioned around manufacturing processes. Fur-
thermore, these tasks are unique to a manufacturing enterprise and need to be carried
out regularly, however, perhaps not sequentially.

4.2 Process Analysis, (Re-)Design and Modeling

Manufacturing enterprises continually evolve/transform for manifold reasons. For
instance, an enterprise adapts best practices or good operating practices (e.g., Good
Manufacturing Practice (GMP) in pharmaceutical) available in its area of compe-
tences. Likewise, an enterprise needs to address the changes in its external environ-
ments. The changes can be incremental, discontinuous, organizational, anticipatory,
and reactive [19]. Nonetheless, the manufacturing processes executed physically,
and the virtual processes that are part of enterprise applications and manufacturing
management systems should be in sync and mapped, which is a strict prerequisite to
successfully realize real-time monitoring and control of manufacturing processes.

Subsequently, process analysis and (re-)design are indispensable. Process analy-
sis assists in knowing the current/AS-IS situation and suitably (re-)act to address
problems, gaps and changes. It deals with decomposition of functions/activities,
and construction of logical models of processes and identification of data necessary
for the execution of functions [29]. Process analysis can be accomplished by using
methods such as questionnaires, structured interviews, observation and auditing doc-
uments [19].

In the presented research, processes are viewed from wider sense, which might
involve business and manufacturing processes. Business process is defined as a “set
of logically related tasks performed to achieve a defined outcome” [34]. Today, these
processes are heavily supported by IT Systems and managed as part of business
process management [19], and further implemented as services based on SOA con-
cepts [105].Business processes are relatively easy to re-design to adapt to incremental
changes [19].An enterprise requiring radical transformation to address discontinuous
changes must follow the techniques of Business Process Reengineering (BPR) [19].

On the contrary, manufacturing processes are difficult to re-design to address
changes via reconfigurability, which is separated into logical/soft and physical/hard
reconfiguration [41, 42, 227]. The logical reconfiguration is related to process plan-
ning activities, which can be accomplished through re-routing, re-scheduling, re-
planning, and/or re-programming [42]. Likewise, the physical reconfiguration is
associated with physical reconfiguration of shop floor resources [42]. In either case,
the reconfiguration is necessary due to dynamic changes in product development,
process planning, investment in new resources, and/or disruptions on the shop floor.

Process modeling, nonetheless, depends on process analysis and assists in
significantly enhancing the outcome of process (re-)design. It provides a compre-
hensive understanding of processes that are employed in an enterprise [2]. However,
process modeling is a time consuming activity and effort is required to maintain
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the process models. Overall, process models are starting points toward successfully
implementing IT Systems, especially related to enterprise applications and manufac-
turing management systems, including the aforementioned reference architecture.

Several modeling languages and methodologies are available to model processes
[2], like Event-driven Process Chain (EPC). These modeling languages focus on
tangible inputs and outputs. The outcomes of process modeling are (flow) charts,
diagrams and dictionaries [29]. Overall, EI related standards have stressed the impor-
tance of modeling, which is indispensable during the realization of interoperability
and integration of different IT Systems.

4.3 Data Modeling

Today’s manufacturing resources are complex; several inputs are required by these
resources during the execution of manufacturing processes. In addition, enormous
amounts of data are generated on the shop floor by resources in real-time indicating
product positions, error messages, and timestamps, among others. Hence, it is nec-
essary to rely on previously mentioned process models and furthermore, construct
data models and DFDs.

Data models help to comprehensively understand the manufacturing processes,
enhance monitoring and control of manufacturing processes, and support interop-
erability and integration across different enterprise levels. Data models have been
standardized across numerous manufacturing processes and manufacturing types.
These standard data models alone are not sufficient, but need to be augmented to
suite the existing environment, in terms of IT Systems and resources, of a manufac-
turing enterprise.

The computer science community represents the data model, especially in a hier-
archical structure, with necessary attributes and methods, and preferably modeled
using Unified Modeling Language (UML) notation. Likewise, Entity Relationship
Diagrams (ERDs) provide a high-level view of enterprise entities and their relation-
ships, without considering the underlying attributes and methods [9]. For example,
Fig. 4.3 schematically illustrates different enterprise entities and their relationships,
which is necessary to realize tracking and traceability functionalities [38].

The data model provides a static structure of enterprise data. In contrast, DFDs
reveal the interdependencies by depicting information flow among enterprise entities,
mainly between IT Systems and resources, either in isolation or in combination [92].
In addition, DFDs can also assist in identifying the input and output information
of manufacturing processes [9]. There exist different methods and techniques to
illustrate data flow between enterprise entities [2]. To address the complexity of
machines and IT Systems, DFDs are modeled in hierarchy levels [9]. Coarse-grained
DFD, i.e., Level 0, can depict an overview of machines on a shop floor and their
intercommunication may be denoted by primary key. Likewise, Level 2 and Level 3
DFDs provide detailed information about a specific process and machine.

Similar to DFDs, Sankey diagrams have been widely used to represent economic
value of energy and material flows [195, 196]. Sankey diagram was introduced more
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Fig. 4.3 An example of an Entity Relationship Diagram (ERD), adapted from [38, 190]

than 100 years back by Irishman Riall Sankey to measure the energy efficiency of a
steam engine [195]. In Sankey diagrams, the flow is represented by arrows and its
width denotes quantity of flow [195], expressed either as a number or percentage.
These diagrams assist in identifying inefficiencies or losses, and potential savings in
terms of cost and material, which are based on the input-output balance [195].

Furthermore, IEC 62264-2 [122] is the de-facto standard for discrete industry
to define data interface between enterprise applications, especially the ERP System
and manufacturing management systems, particularly MES. Furthermore, the data
interface has been codified as XML and is available as B2MML. Similarly, PAS
1074 [144] describes interface, as an XML structure, between ERP Systems and
MES for managing production order across multiple enterprise.

4.4 Data Collection and Integration of Resources

There is a proverb “you reap what you sow,” which brings data and its quality dimen-
sions into the foreground. There exist different types of data that can be associated
with the enterprise entities characteristics or description of enterprise entities, process
parameters employedby themanufacturingprocesses, and so forth [38]. Likewise, the
dimensions of data quality are represented by accuracy, completeness, consistency,
and timeliness [11]. Nonetheless, the collection of process data from resources on
the shop floor and the adherence to data quality dimensions is not straightforward
for numerous reasons.
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4.4.1 Background

Today’s manufacturing resources mostly accommodate Programmable Logic Con-
trollers (PLCs) with dedicated terminals. In the case of manual operated resources,
special terminals are made available to the operators of these resources with an inten-
tion to assist bi-directional communication between resources, and manufacturing
management systems and enterprise applications. These terminals assist operators by
providing/selecting necessary inputs (e.g., resource parameters) before the execution
of manufacturing processes and later support operators to provide manual feedback.
For instance, special terminals are supported with input devices like barcode read-
ers and RFID readers, to identify enterprise entities necessary for the execution of
manufacturing processes. Some of these inputs represent planned manufacturing
performance, which are known as TO-BE values in the presented research.

The process data, including events, generated by a resource is highly specific
to the executed process activity (i.e., operation) and depends upon the measurement
capabilities of the resource. The process data representation associatedwith a process
activity does not adhere, most of the time, to any standards, but constrained by
machine vendors. A resource can trigger alarms and messages informing its status,
products and other enterprise entities. In addition, the operator terminals assist in
manually monitoring and controlling the manufacturing processes. In the presented
research, the process data, product positions, alarms andmessages, and feedbacks are
represented as AS-IS values, which denote the actual manufacturing performance.

The process data generated by resources is made available to downstream and
upstream resources, andmanufacturingmanagement systems by employing different
techniques. In many cases, be-spoke solutions are employed to share data between
resources andmanufacturingmanagement systems.Nevertheless,OPChas been used
as the de facto standard to share the process data with themanufacturingmanagement
systems. OPC is “open connectivity via open standard” [143]. OPC Foundation
supports the development and adaption of OPC standards to achieve connectivity
among resources and systems to ensure interoperability [143].

OPC is based on client-server architecture [111]. Subsequently, there can be mul-
tiple OPC servers andOPC clients in amanufacturing enterprise. In addition, anOPC
server can act also as an OPC client and vice versa. A PLC has a memory, where
the PLC program and process data can be stored [64]. Furthermore, the process
data can be accessed directly or indirectly, by addressing the corresponding memory
location [64]. It is the responsibility of the OPC server, on behalf of OPC clients, to
communicate with the PLCs for reading data from or writing data to PLCs [111].

The resources on the shop floor are supplied by multiple vendors. Each vendor
implements communication interfaces based on a combination of standards and pro-
prietary network/communication protocols, as illustrated in Fig. 4.4.Most commonly
used communication protocols on the shop floor are MODBUS,1 PROFIBUS,2

PROFINET2 and Ethernet. Subsequently, OPC can be mapped onto PLC employing

1 For more information, refer to http://www.modbus.org.
2 For more information, refer to http://www.profibus.com.

http://www.modbus.org
http://www.profibus.com
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Fig. 4.4 Communication among different manufacturing resources and IT Systems employing
standard and proprietary communication protocols

different communicationprotocols [142]. Furthermore,OPChasbeenwidely adopted
by resource vendors [143] and there are a number ofOPC software vendors, including
Matrikon3 and Softing.4

Nonetheless, there are different resource vendors who rely on a proprietary
communication interface. For instance, writing to a shared file on a networked com-
puter. Likewise, a resource interacts by sending process data by employing raw socket
communication protocol. In addition, there can be be-spoke solutions to address a
specific requirement on the shop floor. Overall, different communication interfaces
will create hurdles in achieving interoperability and integration between resources
and manufacturing management systems.

4.4.2 Methodology

Data collection functionality is considered as one of the importantMES functionality
that feeds process data to other MES functionalities. Process analysis, (re-)design
and modeling, and data modeling are fundamental. The collection of process data
from the shop floor is influenced by the results of previously mentioned analysis and

3 For more information, refer to http://www.matrikon.com.
4 For more information, refer to http://www.softing.com.

http://www.matrikon.com
http://www.softing.com
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Fig. 4.5 Architecture of the data collection component

modeling. Furthermore, the collected process data impact the downstream processes
of the reference architecture, like computing financial and operational metrics.

As part of reference architecture, modular data collection architecture has been
designed to overcome the aforesaid drawbacks, as shown in Fig. 4.5. The archi-
tecture contains different layers: (i) the protocol layer at the bottom to initialize
the communication protocols employed by the resources; (ii) the acquisition layer
acquires selected process data delivered by the resources; (iii) the distribution layer
communicates with external components and makes the process data available for
these external components; and (iv) the configuration layer initializes the previously
mentioned layers.

A PLC is identified as a small special purpose industrial computer [10, 64], which
can be found in most of the new resources, and home automations, among others.
Subsequently, data collection from the PLC is detailed out. A PLC is identified
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Fig. 4.6 Representation of a data item and data block in the PLC memory of a resource, adapted
from [64]

Fig. 4.7 Physical view of a resource and the corresponding logical view of data in the PLC, the
OPC server and the data collection component

uniquely by an IP (Internet Protocol) address, which will be allocated to access it
and its memory within the enterprise communication network. A PLC has input and
output modules that are used to control the manufacturing process activities [64].
The PLC programs can be programmed outside using computers and copied into the
PLC’s internal memory that can be used to manipulate input and output modules,
and thus the resource behavior [64].

A PLC supports elementary data types (e.g., integer, Boolean, real) and complex
data types (e.g., string, array, structure) [64]. The process data of different data types
can be randomly stored across the PLC’s internal memory. However, in most of the
cases, process activity information is stored together in a data block encompassing
multiple data items, as illustrated in Fig. 4.6. The process data, i.e., consisting of
data items, can be accessed directly or indirectly using memory addresses [64]. The
access information can be obtained from the concerning resource vendor.

The data block and data items of PLC are first mapped onto the OPC group and
OPC items of the OPC Server respectively, as depicted in Fig. 4.7. Furthermore,
OPC group and OPC items of the OPC Server are mapped onto data groups and
process items respectively in the data collection component. A data group represents
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Fig. 4.8 Illustration of different communication patterns between client and server

a certain process activity (e.g., surface grinding) performed by a resource. Likewise,
a process activity is identified by multiple process parameters (e.g., spindle speed,
temperature) employed during its execution, termed as process items and clustered
under a data group.

The OPC Server maintains a copy of internal memory of the PLC [111]. The OPC
Server communicates with the PLC based on client-server architecture with the OPC
Server as client and PLC as server. Subsequently, there are different communication
patterns to access the process data from the PLC. Henceforth, process data and
process items are used interchangeably. The use of a certain communication pattern
depends upon numerous combinations of criteria—process activity, network band-
width, and resource vendor, among others. Computer science has identified different
communication patterns between client-server, as illustrated in Fig. 4.8. These pat-
terns are listed below:

1. Request-Driven: In client-server architecture, a client initiates a request for data
from a server and waits for a reply from the server [21, 166]. The server processes
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the request anddispatches a reply to the client [21],whichwill be processed further
by the client. The reply can constitute a simple data set or complex data structure.

2. Time-Driven: Also known as polling, a client initiates a request for data at a
specified time [21] or at a pre-defined duration. However, the main drawback
of time-driven communication is that the data is requested even when the data
has not been modified. Nonetheless, in some situations it is necessary to have
time-driven communication to monitor and control the manufacturing processes.

3. Subscription-Driven: In the case of a stable process, it is sufficient to know when
there is a change in process data. A client subscribes to a server for data and
the server maintains a subscription list [166]. On modification of the data, the
server notifies the new data to all the subscribed clients [166]. Subsequently,
subscription-driven communication can be used to automatically publish the data
on its update.

4. Isochronous-Driven: Today’s resources are complex in that they require several
inputs to execute the manufacturing processes. In addition, enormous amount of
process data are generated during the execution of the manufacturing processes,
which are stored in the internal memory of PLCs as data blocks. In these situ-
ations, it is not optimal to acquire individual process data employing the afore-
said communication patterns. Subsequently, isochronous-driven communication
can be employed using two steps. Firstly, subscription-driven communication
is used only for subscribing to a data that is considered as a primary key. Sec-
ondly, request-driven communication is employed to request necessary data block
whenever the client receives a modified primary key.

The process items delivered should have certain sets of attributes—meaningful
name, value, unit, memory location, timestamp and quality of acquired data. Like-
wise, data groups should have certain attributes. Furthermore, the PLC should be
uniquely identifiable in the enterprise network by providing the name, identification
number and IP address. The aforementioned information can be defined in an XML
based configuration file.

The configuration file, in addition, contains the communication pattern to be
employed to access the process items, protocol details necessary to interact with
resources, and any pre-processing to be carried out on the data of process items. For
instance, resource communication using a shared file mechanism needs to define the
location of the file and details about phrasing. Likewise, filtering and cleaning of
process items with bad quality can be carried out before they are distributed by the
data collection component.

The configuration file containing aforementioned information is forwarded to the
configuration layer (see Fig. 4.5). The configuration layer is mainly concerned with
initializing the other layers of data collection. The protocol layer lists all the different
types of communication protocols that can be used to acquire process items from
different resources in a manufacturing enterprise. The underlying systems and tech-
niques of the protocols are initiated and launched by the protocol layer. Furthermore,
new protocols can be added because of the modular design of the data collection
architecture. The aforesaid information and protocol are mapped by the acquisition
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layer, which is in charge of acquiring only the data described in the configuration
file.

Acquiring process items is not an end in itself. The acquired process items can be
made available to different systems via interfaces and the communication is handled
by the distribution layer. This layer is also initiated by the configuration layer. The
implemented data collection can act itself as anOPC server and client simultaneously.
Likewise, Windows Communication Foundation (WCF) interfaces based on .NET
Framework can also be made available. In either case, the interfaces can be extended
to include new ones.

4.5 Data Aggregation and Enterprise Integration

The previously mentioned XML based configuration file is used by the data aggre-
gation component of reference architecture to subscribe to the process data from the
distribution layer of the data collection component via the WCF interface. The con-
figuration file, nonetheless, contains additional information related to resources, data
groups and process items, which support the functionalities of the data aggregation
component.

The data aggregation is central component of the reference architecture, as shown
in Fig. 4.9. It is in charge of suitably processing delivered process items with collab-
oration from different functionalities, which are briefly described below:

1. Data—Integration, Storage and Analysis: The real-time process items along with
the concerned data groups are used to retrieve necessary transactional data from
enterprise applications and are integrated. The integrated process data is stored
in the relational database for offline analysis.

2. Tracking: IEC62264 stresses the importance of tracking of enterprise entities. The
subset of process data from integrated process data is employed for tracking. This
subset of process data contains critical control parameters from the perspective
of different enterprise entities and manufacturing processes.

3. Event Processing: The resource controls are programmed to handle many of the
pre-defined events related to resources in hard real-time, but provide little or no
insight from the perspective of manufacturing processes. Subsequently, tracking
information can be considered as simple events, which can be used to realize
real-time monitoring and control of manufacturing processes by employing the
state-of-the-art CEP engine.

4. Operational Metrics: The operational metrics can be computed using dedicated
methods from stored process data at a predefined frequency (i.e., minute, hour,
shift and day). Likewise, the tracking information can be employed to derive
operational metrics in real-time by using CEP engine.

5. Financial Metrics: Along with the necessary financial context, real-time finan-
cial metrics can be computed with the tracking information by exploiting the
techniques of managerial accounting and event processing.
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Fig. 4.9 Simplified view of the data aggregation component of the reference architecture and the
interaction among its components

The collaborative interactions among the functionalities are based on client-
server architecture. These interactions are handled by the communication manager
of the data collection component, which provides request-driven and subscription-
driven communication patterns. Furthermore, the communication manager handles
numerous process visualization clients. These clients provide Graphical User Inter-
faces (GUI) to monitor and control manufacturing processes by enterprise members.

4.5.1 Data: Integration, Storage and Analysis

The integration of real-time process data with the corresponding transactional data
can be employed in numerous ways. In the following paragraphs, the issues sur-
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rounding data integration and storage are presented and later the methodology to
overcome the issues is elaborated. Finally, a short description is presented on data
analysis.

4.5.1.1 Data Integration and Storage

Resources are arranged in different configuration layouts on the shop floor, like
process/functional, product/flow line, fixed position and cellular layouts [63]. Fur-
thermore, the resources within a configuration layout can be linked together [208].
Subsequently, the resources in a configuration layout are treated as islands of automa-
tion and the corresponding generated process data can be considered as an island
of data [206]. Likewise, an island of data exists across different enterprise levels
[27, 206].

Data historian, an OPC Server component, assists in partially addressing the col-
lection of process data from resources and storage of process data into a relational
database [143]. Data historian stores the process data as time-series data, i.e., data is
sorted according to the timestamp of process data, and the individual process items
are stored in different rows. Furthermore, data historian supports long-term storage
and fast retrieval of process data [6].

Data historians have analytic processing capabilities [6]. For instance, they iden-
tify, if any, the deviation in temperature for a given time period. Subsequently, data
historians alone might be sufficient in high volume production and low production
mix schedules. Data historians, nevertheless, have issues surrounding the storage of
process items, especially in low volume production and high mix production sched-
ules. For instance, programming and computation capabilities involved are enormous
to realize traceability functionality and to navigate among enterprise entities. This
is mainly concerned with the number of process items retrieved and subsequent
processing of retrieved rows.

The aforementioned issue of data historian can be addressed by storing multiple
process items listed in a data group along with the necessary transactional data
in process database. The enterprise entities and associated data groups should be
uniquely identifiable, which would constitute a primary key. It is not sufficient to
store the real-time process data alone and merely link it with the transactional data
in the enterprise applications. The transactional data can be revised to match the
existing situations of a manufacturing enterprise. In order to avoid this situation,
the transactional data need to be retrieved from enterprise applications immediately
after the acquisition of real-time process data and stored in process database, and
further couple it with the corresponding real-time process data. The stored data can
be termed as integrated process data. The stored integrated process data can be used
later to perform offline analysis.

The XML based configuration file contains additional information about
process items such as readable name, table and column names for mapping onto
a process database, and unit, among others. In addition, it also identifies if a certain
process item is a primary key or not. Overall, the information provided in the XML
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Fig. 4.10 Sequential diagram depicting arrival of process items, retrieval of transactional data from
the ERP System, integration of process and transactional data, the arrival of trigger condition and
storage of integrated data in the process database

based configuration file is indispensable during run-time of the data aggregation
component and to manage its functionalities.

The data groups are initiated in the data aggregation component based on the
configuration file. As depicted in Fig. 4.10, process items arrive at different times
and frequency, and update the corresponding data group. In addition, transactional
data are retrieved from enterprise applications corresponding to a data group and
update the data group. Based on a trigger condition, which has been pre-defined in
the configuration file, the data group along with the transactional data is processed
for storing it to a process database as a single row. Once the data group is stored, it
is reset and waits for arrival of new process items. Simultaneously, the data group
is forwarded to other functionalities of the data aggregation component for further
processing.

The trigger conditions indicatewhen the integrated process data is stable to store in
a process database. This depends on manifold reasons, like operation performed, and
resource and resource vendors, and so forth. In any case, the resource vendor should
be in a position to inform when the process data are stable for further processing.
There exist different trigger conditions as listed below:

1. onChange trigger condition is valid when a certain pre-defined process item’s
value is modified in comparison with the previous value. Subsequently, the data
group is stored in relation to the process item, which can be treated as the primary
key. As illustrated in Fig. 4.10, the complete data group is stored into a process
database when the value of Process Item 3 is changed.
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2. always trigger condition is used when the data group has to be continuously
committed to a process database on arrival of associated process items. This is usu-
ally the case for short time duration during execution of an operation,which can be
used to plot graphs against time to check any deviations for process compliance.

3. onCondition trigger condition is an extension of the onChange trigger
condition with an additional condition, usually true or false, that a certain pre-
defined process item has changed to a preset value. For instance, a process item
is modified to true and the pre-defined condition is defined as true then the data
group will be stored to a process database.

The list can be expanded to include new trigger conditions. In addition of stor-
ing the integrated process data, the data can be used in different ways to enhance
monitoring and the control of manufacturing processes.

4.5.1.2 Data Analysis

Performance reports, like daily, weekly, monthly, quarterly, half-yearly or yearly, can
be generated for members of higher enterprise levels that can be used for analyzing
different scenarios, and planning and decision making. Likewise, KDD techniques
can be employed on the stored data to derive new knowledge as rules. Furthermore,
the identified rules can be modeled using EPL statements, which can be used to mon-
itor and control manufacturing processes. However, product tracing and genealogy
have received considerable attention, as stressed by MESA MES model [133, 137],
IEC 62264 [121], and VDI 5600 Part 1 [148].

4.5.2 Tracing and Traceability, and Tracking

Manufacturing enterprises need to adhere to various stringent legislations and legal
regulations. For instance, Regulation (EC) No 178/2002 of the European Parliament
places requirements for tracing immediate suppliers and recipients of products [178].
Likewise, Original EquipmentManufacturers (OEMs) lay down severe requirements
on its tier suppliers for tracing products for multiple reasons - quality audit, minimiz-
ing recall cost by identifying the defective products and corresponding customers,
and so forth.

In short, tracking and tracing functionalities are indispensable in supporting previ-
ouslymentioned challenges, and enhance transparency, quality, efficiency and inven-
tory management [96].

4.5.2.1 Tracing and Traceability

Research has been carried out extensively in the area of tracking and tracing, espe-
cially in the area of inventory along the supply chain, and generally referred to
as Track and Trace. Furthermore, various standards and regulatory bodies stress
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Fig. 4.11 Simplified
overview of forward and
backward traceability, adapted
from [91]

the importance of tracking and tracing. Tracing and tracking, nonetheless, are used
interchangeably, but have different meanings in relation to time.

Tracing is considered as an offline process, which uses the stored process data to
pursue/follow enterprise entities through the supply chain [38]. IEC 62264-3 [123]
identifies tracing as “activity that provides an organized record of resources and prod-
uct use from any point, forward or backward, using tracking information.” Likewise,
tracing refers to “storing and retaining the manufacturing and distribution history
of products and components” [38, 90]. Furthermore, tracing “focuses on changing
relations with the production environment, including other components the given
entity may enter a relation with” [91].

The tracing and traceability terms are used interchangeably. Traceability is defined
as “the ability to preserve the identity of the product and its origins or more vividly as
a ‘possibility to trace the history and the usage of a product and to locate it by using
documented identification”’ [214]. Traceability can be employed in two different
ways: forward and backward, as illustrated in Fig. 4.11. Forward traceability iden-
tifies where a particular enterprise entity has been used, i.e., material lot implosion,
and poses questions aboutwhere-used relations [38]. Likewise, backward traceability
identifies the enterprise entities consumed by a particular enterprise entity in consid-
eration, i.e. material lot explosion, and inquiries related to where-from relations [38].

Traceability can be performed on different enterprise entities, like production
orders, products, resources and rawmaterials [96]. These different entities are linked
through different relationships to develop a reference traceability model [38], as
illustrated in Fig. 4.3. BOM, BOR and production routings play an important role
to establish different traceability relationships. Furthermore, the traceability model
presents different ways to navigate between enterprise entities and their attributes
[190]. Furthermore, traceability can be realized at different granularity/resolution
[96, 190]. In general, a traceability resolution can be defined at two levels: the item
level and the batch level [96, 190].

Item usually represents a single product unit, which will be tagged with a unique
identification; the resultant traceability is known as item level traceability. The item
level traceability assists in the precise identification of products that deviate from
the required product specifications. This will considerably minimize the product
recall cost and moreover, assist in improving manufacturing processes. An enter-
prise, nonetheless, should provide item level traceability only when the production
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lot size is small, and products need to strictly adhere to the regulations and standards
[91]. Further, cost and technical challenges, especially in terms of effort and process-
ing capabilities, should also be considered to realize item level traceability [95]. For
instance, the PLC program needs to be modified to support complicated data collec-
tion from resources.

In contrast, a unique ID will be tagged to identical products, i.e., production
lot [190] and the unique ID will represent physical storage area that will con-
tain the identical products. The number of identical products, i.e., lot size, varies
considerably from few products to thousands of products. This unique ID can be
employedwhile performing forward andbackward traceability and the corresponding
traceability is known as batch level traceability. Likewise, the batch level traceability
is used in batch processing industry (e.g., chemical industry), where multiple prod-
ucts are manufactured from bigger input raw materials or (sub-)products. The batch
level traceability can be classified into case and pallet, especially in food processing
industries.

The technical challenges and costs to realize batch level traceability are fewer in
comparison with item level traceability [91]. In most of the situations, the process
data will be time-series data, which can be aggregated over the number of products,
similar to data historian. Furthermore, the batch level traceability can be employed
to check for compliance with the required regulations and standards, product speci-
fications, and improving the manufacturing processes, among others. However, the
major drawback of the batch level traceability is the loss that will incur in terms of
cost and customer dissatisfaction during product recall.

4.5.3 Tracking

Forward and backward traceability are essential for monitoring and control of manu-
facturing processes. The outcome of traceability can be used to enhance the execution
of future manufacturing processes. Subsequently, the previously mentioned concept
of tracing and traceability can be exploited to realize real-time tracking of enterprise
entities.

In contrast to offline tracing, tracking can be considered as a real-time activity
that can be defined as an “act of observing, in most cases, the spatial motion of an
entity” [91]. It is also identified as “gathering andmanagement of information related
to the current location of products or delivery items” [90]. Likewise, tracking is
considered as trailing enterprise entities “through the supply chain and registering any
data considered of any historic or monitoring relevance” [38]. Finally, IEC 62265-3
regards tracking as an “activity of recording attributes of resources and products
through all steps of instantiation, use, change and disposition.”

The concepts of Multi-Agent Systems (MAS) and Holonic Manufacturing Sys-
tems (HMS) have been elaborated to realize flexibility and agility, which are neces-
sary to address the dynamic changes happening around a manufacturing enterprise
[104]. These systems are characterized by autonomy, responsiveness, modularity and
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openness [163]. A complex control system can be split into decentralized control un
its, which is the fundamental idea thatMAS andHMSexploit [221]. The control units
are termed as agents and holons in the case of MAS and HMS respectively [104].
Each control unit is autonomous and attempts to realize its own objectives [104] by
resolving any issues via communication, collaboration and cooperation with other
control units [163].

Prototypical implementations of MAS and HMS are found in research labora-
tories, but not widely accepted by practitioners [104]. Subsequently, the presented
research considers tracking as a subset of previously elaborated concepts of agents
and holons, but without any intelligence or autonomy. The intelligence and autonomy
is realized using the centralized state-of-the-art CEP engine.

Tracking can be performed on various enterprise entities that should be uniquely
identifiable and linked via different relationships (see Fig. 4.3) to realize item-level
and batch-level traceability. Furthermore, the tracking information is managed in the
main memory of a computer. Consequently, it is necessary to address the processing
issues—performance, and memory footprint. In this case, the enterprise entities can
be logically classified into resident entities and transient entities [198].

Resident entities are active in a system over a longer duration of time and are
describedwith fewer attributes [198]. These attributes aremore or less static and only
a few of the attributes are dynamically updated. For instance, resources, and produc-
tion orders can be considered as resident entities where it is sufficient to update only
the number of corresponding products manufactured. In contrast, transient entities
are created, updated and destroyed frequently [198]. Transient entities are described
extensively with numerous attributes [198]. These attributes are dynamically modi-
fied. For example, a product can be considered as a transient entity, which is updated
as and when it is processed on resources.

The job-driven and resource-driven models are described in discrete event sim-
ulation in addition to resident and transient entities respectively [198] [48]. In the
job-drivenmodel, jobs are part of an active system,which contains a separate record in
the active system and a corresponding memory footprint [48]. This job record is cre-
ated at the start of a manufacturing process and thereafter, the record is updated while
moving through different manufacturing process steps. Finally, the job is destroyed
when it departs from an active system. In contrast, resource as in a resource-driven
model is part of the active system processing passive jobs. Therefore, a resource
record contains fewer details (e.g., number of jobs processed) compared to a job
record.

The previously mentioned models have benefits and shortcomings. In the case of
a resource-driven model, execution of the system is fast and uses smaller memory
footprint, which does not change over a period of time [48] resulting in a system
operating at maximum performance [190]. Likewise, a job-driven model assists in
tracking jobs with higher clarity but at the expenses of execution speed and an
exhaustive memory footprint. Nevertheless, job-driven and resource-driven models
or residents and transient entities have to be simultaneously employed to enhance
monitoring and control of enterprise entities.
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Fig. 4.12 Different elements of a tracking object and their relationships

As mentioned in Sect. 3.5, an event is defined as “an object that is a record of
an activity in a system” [106]. Furthermore, an event object is represented by three
aspects: form, significance, and relativity [106]. Subsequently, the tracking object
should encompass the event aspects. Henceforth, tracking information is referred to
as tracking object from computer science perspective, which is almost similar to an
event object. The event significance, event form and event relativity can be mapped
onto operation, tracking object item (also known as attributes) and tracking relativity
respectively, as depicted in Fig. 4.12. In addition, information related to its lifecycle
should be provided, which depends upon the entity type.

It is crucial to analyze the resources, manufacturing processes, and supporting
activities to identify critical control-related process parameters. Subsequently, these
parameters need to bemapped onto the tracking object items. These items are initially
assigned to an operation, i.e., data group, and the operation is finally assigned to
a tracking object. As illustrated in Fig. 4.3, enterprise entities can be related to
other enterprise entities. For instance, the product entity has a relationship with
the associated raw material and production order. Subsequently, tracking relativity
captures the necessary relationships as references between enterprise entities. The
previously mentioned concepts are illustrated in Fig. 4.13.

A tracking object will undergo different phases of the lifecycle—creation, mod-
ification and destruction. A tracking object is created by allocating memory and
modified when the corresponding data groups are created, updated or deleted.
Nonetheless, tracking objects are available in main memory and it is critical to define
termination conditions, especially for transient entities and job-driven model.

The destruction of tracking objects results in removing thememory references and
releasing the corresponding memory. As a consequence, performance is enhanced in
terms of memory footprint and processing speed. The termination conditions can be
specified in numerous ways. To begin with, maximum expected lifespan of tracking
objects can be defined.A (short-term) production plan contains details about quantity,
BOM, production routing, and BOR, among others [205]. The conclusion of the final
processing step in production routing of a product can be considered as a termination

http://dx.doi.org/10.1007/978-3-319-07007-0_3
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Fig. 4.13 Anexample of a trackingobject and its associated trackingobject items, tracking relativity
and lifecycle information

condition. Likewise, workflow associated with a production order and managed in a
workflow management system can also be considered for termination condition.

The previouslymentioned information, like tracking objects items and termination
conditions, needs to be defined in a separate XML based configuration file, similar
to the configuration file defined for use with data collection and data aggregation
components. Timestamps are crucial for processing by downstream components of
the reference architecture. Subsequently, creation and modification timestamps of a
tracking object and tracking object items are also recorded.

Tracking objects are composed of transactional data, subsets of real-time process
data, operation details and references to various tracking objects. Research has iden-
tified different ways to navigate between tracking objects, operation and tracking
object items [190, 214]. These objects can be used to create online reports from dif-
ferent perspectives and can be presented to enterprise members. With the up-to-date
information, enterprise members can proactively perform corrective actions.

4.5.4 Event Processing

A manufacturing resource, especially a resource with PLC, provides mechanisms
to support hard real-time monitoring and control of its operations. Nonetheless, this
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Fig. 4.14 Information flow among data aggregation, tracking, and event processing components
to realize real-time monitoring and control of manufacturing processes

type ofmechanism provides a narrow perspective ofmonitoring and control ofmanu-
facturing operations/activities. Subsequently, it is necessary to have a wider perspec-
tive of monitoring and control of manufacturing processes. Here wider perspective
means invoking numerous proactive and reactive actions to minimize deviations
from planned objectives associated with enterprise entities, like resources, produc-
tion orders, production routings, production schedules, and products. For instance,
increasing priority of a production order as it has not adhered to its delivery deadline
might result in rescheduling of production orders. Subsequently, event processing
and associated CEP can be employed to have a wider perspective of manufacturing
processes, thus realizing soft real-time monitoring and control.

As stated earlier, several inputs are required to define manufacturing processes
and the enormous number of process items is generated by resources. These process
items can be considered as simple events. The data collection component delivers
these process items and the delivery is characterized by frequency and volume. The
frequency at which the process items are delivered and volume of process items
delivered makes the processing of process items/events complicated, i.e., enormous
effort is required to create a bigger picture of manufacturing processes.

To overcome the aforementioned issue, the concept of tracking object is employed.
In short, tracking object is composed of a subset of transaction data and process
items, which are derived from multiple data groups (see Fig. 4.12). Subsequently,
tracking objects are treated as simple events in the presented research, rather than
process items as simple events with the aim to address the process item delivery
issues. These tracking objects are managed by a data aggregation component, which
forwards them to an event processing sub-component as illustrated in Fig. 4.14.

In comparison to MAS or HMS, tracking objects do not have any in-built intel-
ligence, but are abundant with necessary process data and transactional data. The
intelligence shall be realized by employing centralized CEP via EPAs and EPNs.
In the presented research context, CEP is considered as a black box and concerned
with embedding predefined situations, i.e., for situation awareness, into EPAs and
EPNs. Furthermore, the complex interaction among manufacturing processes can be
simulated by linking EPAs to form EPNs.

The importance of creating events with higher abstractions has been stressed in
CEP, rather thanwhat to dowhen a predefined situation is detected.Nonetheless, CEP
provides a rudimentary method that will be called whenever a predefined situation
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is identified. For example, NEsper provides Listenermethod [44]. Subsequently,
this method needs to be enhanced so that it can be capable of dispatching control
objects. The content of a control object, like a message and event triggering rule or
actions, needs to be defined simultaneously while creating its EPA. Additionally, the
control objects should dynamically encompass the triggering events.

The data aggregation component deduces suitable actions based on the content of a
control object. The actions can include triggering events with higher abstraction, and
visualization of predefined messages along with the selected integrated process data
to concerned enterprise members. Likewise, the action can involve making suitable
changes in the control program of a PLC via the data collection component. Nonethe-
less, displaying a message is more prominent and the concerned enterprise members
have to react to bring back the manufacturing processes to a stable condition.

4.6 Real-Time Operational Metrics

Enterprise members, like operators, supervisors, engineers and managers, are inter-
ested in operational metrics. Subsequently, it is indispensable to compute the oper-
ational metrics in real-time to enhance monitoring and control of manufacturing
processes. VDMA66412-1 [150] and the corresponding English version ISO 22400-
2 [125] list about thirty-four operational metrics, especially from the perspective of
discrete industry and automated machines. Nonetheless, these metrics need to be
analyzed and adapted by individual manufacturing enterprises.

Process analysis and modeling is crucial in order to identify operational metrics,
relationships and dependencies between operational metrics, and data required to
compute them. Nevertheless, the presented research does not highlight any specific
operational metrics and elaborate procedures to select operational metrics. Rather,
the research concentrates on different approaches to compute/quantify operational
metrics in real-time.

The necessary equations related to operational metrics are hard coded into (MES)
software resulting in implemented system being rigid and inflexible. Subsequently,
the software code has to be compiled whenever any changes in equations and new
operational metrics have to be included. To overcome the issue of inflexibility of
defining operational metrics in software code, the operational metrics can be com-
puted by employing the syntax of SQL of relational databases and CQL of event
processing. In the former case, the operational metrics can be defined using the syn-
tax of SQL, as depicted in Fig. 4.15. The SQL based operational metrics mostly use
process data from the process database and transactional data from enterprise appli-
cations. Furthermore, the SQL based approach can be exploited to compute complex
operational metrics.

Nevertheless, the SQL based operational metrics have to be computed periodi-
cally to simulate near real-time computation of operational metrics. Furthermore,
the database queries can be time consuming influenced by the complexity of the
operational metrics and its corresponding data requests. Consequently, the usage of
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Fig. 4.15 Structured Query Language (SQL) based definition of operational metrics

Fig. 4.16 Continuous Query Language (CQL) based definition of operational metrics

SQL based operational metrics should be invoked with a higher update rate or less
frequent.

In contrast, the syntax of CQL can be employed to measure operational metrics
in real-time on the incoming tracking objects, and enriched with historical process
data and transactional data. Subsequently, a dedicated CEP engine capable of inter-
preting CQL statements needs to be employed to compute the operational metrics.
An example of CQL based operational metrics definition is illustrated in Fig. 4.16.
The syntax of CQL is similar to the syntax of database query, but the data is available
in the main memory [44]. Subsequently, the computations of operational metrics
will be fast. Nonetheless, the CQL based computation of operational metrics can be
employed to determine straightforward operational metrics in real-time, especially
problematic to create and manage the EPL statements necessary for computing com-
plex operational metrics.

The operational metrics need to be adaptable. Accordingly, the aforementioned
SQL based and CQL based operational metrics definitions can be stored in an XML
based definition file, which provides amechanism to realize the required adaptability.
These definitions are initiated and loaded into the operational metrics component of
data aggregation and used along with the aforesaid data to compute the operational
metrics, as depicted in Fig. 4.17. An editor needs to be made available to manage,
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Fig. 4.17 Schematic illustration of operational metrics components of the reference architecture

i.e., create, modify and delete, the operational metrics definitions, and when changes
occur, the definitions should be reloaded into the operational metrics component.

The conflicting requirements of enterprise members necessitate the use of both
SQL based and CQL based operational metrics definitions, i.e., SQL based and CQL
based computation complement each other. Also, the definitions of CQL based and
SQL based operational metrics definitions are similar except for their type and update
rate (see Figs. 4.15 and 4.16).

After computation, the operational metrics will be forwarded to the data aggre-
gation component. Subsequently, the computed operational metrics will be used
in numerous ways. Firstly, the operational metrics are forwarded to all subscribed
process visualization clients for displaying those using visual elements, like charts
and gauges. The process visualization clients also consider the roles and responsibil-
ities of the enterprise members. Secondly, the operational metrics are analyzed by the
event processing component. This component is in charge of aligning the enterprise
processes according to the planned objectives. Finally, the performance measures
will be stored in the process database for creating reports.

Operational metrics are crucial to monitor and control manufacturing processes
by enterprisemembers, like operators, supervisors, engineers andmanagers. Further-
more, the aforementioned approaches can be used to compute operational metrics
in (near) real-time. Nevertheless, operational metrics should be complimented with
financial metrics, especially in real-time, for certain enterprise members like man-
agers. Furthermore, these operational and financial metrics should be linked and
aligned with the enterprise objectives.

4.7 Real-Time Financial Metrics

Financial metrics are crucial for enterprise members, including managers, CEOs and
CFOs, for carrying out performance analysis, and subsequent planning and decision
making. From the context of financial metrics, performance analysis, and planning
and decision making are used instead of monitoring and control. Furthermore, there
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Fig. 4.18 Manufacturing operations management model as shown in IEC 62264-3 [123]. The
enterprise-control system boundary has been extended in the presented research by partially includ-
ing product cost accounting in the manufacturing control level

exist numerous techniques and systems to compute thefinancialmetrics. For instance,
Return on Quality (RoQ5) and ROA, and so forth are a few of the financial metrics.

IEC 62264-1 [121] presented a functional control model, which identifies the
functionalities of manufacturing control or Level 3 and enterprise control or Level 4
(see Fig. 3.3). In addition, the detailed flowof information between the functionalities
of manufacturing control and selected flow of information between manufacturing
control level and enterprise control level are also presented in IEC 62264-1 [121]
and IEC 62264-3 [123], as shown in Fig. 4.18. Nevertheless, the current subchapter
will focus on the information flow of production performance and production cost
objectives between production control and product cost accounting.

According to IEC 62264-1 [121], the production performance information flow
from production control to product cost accounting is related to the actual consump-
tion of rawmaterials, labor hours, energy and resources (i.e., AS-IS values). Further-

5 ROQ is the ratio of increase in profit to cost of quality improvement programs [216].

http://dx.doi.org/10.1007/978-3-319-07007-0_3
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more, the information can be identified with products, co-products and scrap. In this
regards, IEC 62264-2 [122] provides necessary interface to successfully implement
the information flow. The product cost accounting is involved with the computation
of total product costs, reporting on production costs and setting future cost objectives
(i.e., TO-BE values).

The product cost accounting functionality is part of Level 4 and supported by
ERP System, may be in coordination with other enterprise applications, like SCM
System. These systems are capable of computing extensive product costs across
the entire supply chain, value chain, value network, or business network [175]. The
outcomeof product cost accounting is further aggregated to derive numerousfinancial
metrics. Overall, the financial metrics are highly aggregated, i.e., operational details,
product and production complexity, and production disturbances, among others are
suppressed or not highlighted.

These financial metrics are calculated offline according to the enterprise’s report-
ing cycle. The computed metrics are delivered late, and the performance evaluation,
planning anddecisionmaking processes are temporally delayed.At the end, decisions
taken will not match the current manufacturing situations. This scenario gets highly
complicated when a manufacturing enterprise adheres to low volume production and
high mix production schedules [84].

Thus, it is necessary to have a narrow perspective of product cost accounting at
the manufacturing control level to accurately compute, especially in real-time, costs
surrounding manufacturing in contrast to the broader perspective of ERP systems
towards product cost accounting. Subsequently, the enterprise-control system bound-
ary has to be extended to partially include product cost accounting, as illustrated by
the long dash dot line and shaded area in Fig. 4.18. The costs surrounding manufac-
turing considered in the presented research are manufacturing cost, cost leakage and
cost inefficiency. These costs can be assigned and tracked/traced to products, pro-
duction orders and resources. Moreover, these costs can be used to calculate suitable
financial metrics at higher level.

4.7.1 Resource: Costs, Capacity, and Assignment Levels

According to IEC 62264-1 [121], a resource is identified as an “enterprise entity that
provides some or all of the capabilities required by the execution of an enterprise
activity and/or business process,” which is dependent on its availability. A resource
can be represented by a collection of enterprise members, (automated) machines,
and raw materials, and so forth. Furthermore, a resource can be characterized by
its capabilities and capacity (see IEC 62264-1 [121]). The capability of a resource
can be defined as “ability to perform actions, including attributes on qualifications
and measures of the ability as capacity,” which is more a functional and qualitative
concept (see IEC 62264-1 [121]).

In contrast, capacity is identified as a “measure of the ability to take action, a
subset of a capability,” which is a quantitative concept expressed in relation to time
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(see IEC 62264-1 [121]). Likewise, the capacity of a resource is the “maximum
output or producing ability of a resource, a person, a process, a factory, a product,
or a service” [35] [82]. The capacity can be defined as available number of machine
hours, available number of labor hours, and number of customer orders that can be
handled, among others. Furthermore, the practical/rated capacity of a resource can
be classified into committed, available and unattainable capacity, which can also
indicate resource availability (see IEC 62264-3 [123]).

In addition to the aforementioned characteristics, a resource has certain monetary
value. This monetary value will be, mostly, assigned or allocated to products and
their production orders as costs that will be based on the use of resource capabilities
and capacity to execute the production orders. Likewise, the costs should also be
assigned to the management, such as managers, during non-utilization of resources,
like non-use, especially helpful during make or buy decision [93]. Hence, it is crucial
to determine resource rate accurately, which is highly influenced by the supplied
practical capacity of a resource [84] and the resource cost of supplying capacity
[83]. Finally, resource rate can be expressed as a ratio of resource cost to supply the
practical capacity to the supplied practical capacity of a resource [83].

4.7.2 Resource Cost

In amanufacturing enterprise, it is absolutely necessary to determine the resource cost
accurately, which influences the subsequent analysis and decisionmaking. Resource,
especially machine, cost should be composed of project cost, the physical machine
cost and planned maintenance cost during its useful life [113]. In many cases, the
resource costs are simply lifted from the accounting ledger. Nonetheless, there are
different ways to calculate the resource costs.

A resource can be either owned or rented, which results in calculating the resource
cost differently. Subsequently, an enterprise use depreciation recorded by their
accountants in their accounting ledger when the resource is owned by the enterprise
[83]. Nonetheless, the enterprise attempts to improve the accuracy of the resource
cost [83]. In this regard, an enterprise can use replacement cost depreciation [83,
110] or cost of capital methods [83] to determine the resource costs. Finally, organi-
zations, like International Accounting Standards Board (IASB6) lay down guidelines
for calculating the resource costs, especially from a financial accounting perspective.

Likewise, a resource can be represented by employee/operator/labor, energy and
raw-material. Because of the impact of globalization, the cost and availability of
raw-materials and energy vary. This will have an undesirable impact on performance
analysis, and planning and decision making because of the difficulty in comparing
the past performances. Subsequently, the use of standard cost is proposed instead of
actual cost over a period of time [84].

6 For more information, refer to http://www.ifrs.org.

http://www.ifrs.org
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In any case, the aforementioned cost details can be accessed from a process
database and/or ERP System. These cost details need to be stored according to the
accounting techniques that will be employed. For instance, RCA requires fixed and
proportional costs associated with a resource for computing costs. Likewise, ABC
needs only variable cost for calculating different costs. In addition, the cost associated
with the raw-materials, and finished and semi-finished products need to be computed,
may be on-the-fly, and stored in the process database and/or ERP System.

4.7.3 Resource Capacity and Assignment Levels

A resource rate is calculated from the accounting ledger, which is historical in nature,
i.e., computed at the end of the enterprise reporting cycle [84]. In addition, the
capacity utilization, especially excess capacity, is not considered while calculating
the resource rate, whichmight lead to inaccurate cost assignments [84]. Furthermore,
the previously mentioned situations, especially excess capacity, might lead to a cost
death spiral in an enterprise by increasing the resource rate whenever excess capacity
is encountered [84].

The supplied capacity, i.e., practical capacity, of a resource denotes that capacity
can be used to fulfill production orders without “creating unusual delays, forcing
overtime work, or requiring additional resources to be supplied” [84]. Initially, man-
agers can estimate the practical capacity of resources as a percentage of rated capac-
ity of a resource [82, 84]. For instance, machines are available around 80–85% of
weekly working hours and the remaining time is used for maintenance and handling
scheduling fluctuations [82].

Nevertheless, it is absolutely necessary to classify the resource utilization into
productive, non-productive and idle/excess to enhance performance analysis, and
decision making [25, 35]. Likewise, the costs need to be assigned to different cost
hierarchy levels [25, 84]. Additionally, the cost assignment preference (see Fig. 3.11)
should be combined with the cost hierarchy levels, which support enhanced perfor-
mance analysis, and planning and decision making. In short, it is crucial to make
the costs associated with excess capacity and non-productive capacity visible to
management [25, 84].

There exist different cost hierarchy levels—unit, batch and business sustaining
[25, 84]. The costs associated with performing an activity on every individual unit
of product is termed as unit-level costs [84]. The direct costs associated with raw
material, energy, labor and resource that can be traced to products are treated as
unit-level costs. In contrast, there are activities that need to be performed at the
batch-level [25, 84]. For example, resource setup and processing a production order
are performed independent of number of product units in the production order [84].
These costs need to be assigned to batch-level costs. Both the unit-level and batch-
level costs can be related to products, production orders, and customers, and so forth
[25]. In addition, these costs adhere to cause-and-effect relationships [25].

http://dx.doi.org/10.1007/978-3-319-07007-0_3
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Apart from the aforementioned activities, there are activities that are performed on
a wide range of enterprise entities that encompass multiple products, and customers,
among others [25]. For instance, employee training, brand building exercises, and
maintenance are activities that cannot be associated with a particular product or
customer. The costs associatedwith these activities need to be assigned to the business
sustaining costs [25], which do not adhere to cause-and-effect relationships as there is
no relationship between business sustaining costs and products [25, 84]. The business
sustaining costs can be further classified into product sustaining, brand sustaining,
and channel sustaining, among others [84].

4.7.4 Effort and Accuracy

The issues surrounding the effort to collect the data necessary for accounting and the
accuracy of accounting outputs have been stressed [25, 84]. It is noted that the effort
increases drastically to improve the accuracy of accounting outputs after a certain
level [25]. Subsequently, it is necessary to have a trade-off between effort to collect
data and accuracy of accounting outputs, which can be supported with the selection
of suitable types of activity drivers [84].

Transaction drivers are used to assign costs independent of an activity, like setup
[84]. These drivers are easy to manage but can result in reduced accuracy of account-
ing output [84]. Transaction drivers assume that an activity (e.g., processing a produc-
tion order) requires the same number of inputs [84]. Next, duration drivers consider
the amount of time taken to execute an activity [84]. For instance, production orders
can be charged according to the time consumed to perform the setups. Subsequently,
the duration drivers are more accurate than transactional drivers, but are expensive
to realize [84].

Finally, intensity drivers consider the complexity of the activity to be performed,
which involves assigning extra cost [84]. The accounting output resulting from uti-
lization of intensity drivers results in the most accurate, but on the other side they are
the most expensive to implement [84]. The aforementioned drivers can be employed
to realize the cost assignment based on causal relationships.

4.7.5 Manufacturing Cost, Cost Leakage and Cost Inefficiency

The cost of a product has been classified, as depicted in Fig. 4.19. About 70 % of
the cost of a new product is decided/committed during the engineering stage, i.e.,
product development and process planning [23]; the engineering stage accounts for
15 % of the total product cost [65]. Furthermore, the manufacturing cost contributes
to about 40 % of the selling price of a product, which is composed of direct and
indirect costs.
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Fig. 4.19 Classification and distribution of product cost, adapted from [26, 62]

Fig. 4.20 Schematic illustration of product cost and profit - before and after initiation of process
improvement programs, adapted from [217]

A manufacturing enterprise might employ a cost advantage strategy or differen-
tiation advantage strategy to sustain its competitive advantage [55, 184]. In either
strategy, it is essential to reduce the costs incurred duringmanufacturing, and increase
the profit, as illustrated in Fig. 4.20. Subsequently, enterprisemembers should be con-
stantly looking for opportunities to identify wastes [109]. This is highly critical for
suppliers and SMEs, who have minimal influence on the product design and supply
products according to the quoted price. Furthermore, a manufacturing enterprise has
a higher possibility to efficiently managing its internal environment in comparison
to its external environment [109]. Consequently, the presented research is concerned
with the manufacturing processes and the corresponding costs surrounding manu-
facturing.
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Fig. 4.21 Simplified view of various cost assignments and their flow for an activity using Sankey
diagram notations, adapted from [87]

4.7.5.1 Manufacturing Cost

The manufacturing cost contributes considerably to the overall product cost and
influence the profit. Furthermore, the manufacturing cost would have been estimated
based on planned/budgeted values, which is particularly true in the case of suppliers
where the cost would be reflected in the quotation sent to its customers, i.e., the
price negotiated with its customer. Subsequently, the enterprise needs tomanufacture
products with the aim to keep the manufacturing cost below the stated value in the
quotation.

Nevertheless, managers are not in a position to determine the manufacturing cost
accurately and especially, in real-time. Moreover, the identification of profitable
and not-profitable customer/product is hard. Overall, a manufacturing enterprise has
opportunities to reduce the manufacturing costs by enhancing the manufacturing
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processes, only if these values are made available to the managers and concerned
enterprise members along with the operational metrics within an appropriate time-
frame, preferably in real-time. In addition, the accurate cost information can provide
feedback to sales department and other upstream processes to calculate future quotes
accurately or renegotiate the existing contracts.

A manufacturing activity consumes different types of inputs—labor, machine,
energy, (sub-)products, raw material and consumables (see Figs. 2.2 and 4.21).
According to IEC 62264-1 [121], consumables are identified as “resources that
are not normally included in bills of material or are not individually accounted for
in specific production requests.” The transaction driver approach can be employed
to derive the manufacturing cost after execution of an activity, which will rely on
planned/budgeted values. On the contrary, the activity inputs, like raw materials, can
be directly traced to products based on the actual consumption. Additionally, some of
the activity inputs, such as labor and energy, can be assigned to the product based on
the causal relationships after the actual consumption. Thus, this will satisfy the con-
cept of intensity driver. Overall, it is necessary to maximize the exploitation of cost
tracing and cost assignments to enhance the accuracy of the cost objects, especially
products and production orders. In addition, the manufacturing cost can also consist
of indirect costs (e.g., rent, training), which can be allocated based on a predefined
rule. However, the indirect costs are not considered in the presented research.

The consumption of the inputs can be measured accurately because of the incor-
poration of suitable sensors and other technologies. These inputs are made available
in the machine’s PLC or provided through special terminals. Furthermore, these val-
ues are acquired by the data collection component and included as part of product
tracking objects. Likewise, the necessary information related to labor (like roles,
responsibility, and cost) can be obtained from the payroll software or from ERP Sys-
tem. Furthermore, the standard costs of consuming the inputs need to be accessed
from the suitable process database, ERP Systems, and/or predefined locations. Sub-
sequently, it is possible to compute the direct costs by processing product tracking
objects in CEP engine. The EPL statements need to suitably incorporate the logic of
cost tracing and cost assignments.

Figure 4.21 illustrates the computation of manufacturing cost at a manufacturing
process activity. However, in reality, a product ismanufactured by routing the product
through different manufacturing process activities as defined in its production rout-
ing. The product tracking object is created after execution of the first process activity
and subsequently updated after execution of different associated process activities.
The manufacturing cost incurred at each process activity needs to be calculated and
accumulated to derive the overall manufacturing cost associated with a product. Con-
sequently, the EPAs associated with each manufacturing process activity need to be
linked to EPNs representing the production routing of the concerned product, i.e.,
realize horizontal causality of event processing.

On a similar line, the outcome of a manufacturing activity can also constitute
scrap, which can be identified as “residual material that results from manufacturing
a product” [69]. This scrap needs to be further processed for various reasons. For
instance, usable materials can be retrieved from the scrap that can be consumed later

http://dx.doi.org/10.1007/978-3-319-07007-0_2
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during manufacturing, i.e., recycling. Likewise, government laws and regulations, in
some instances, impose stringent guidelines for disposing of scrap.

Subsequently, processing of scrap/waste and the associated costs should be suit-
ably assigned to products. Nonetheless, this is a tricky issue as it depends upon
the underlying recycling/disposal processes employed by the manufacturing enter-
prise. In addition, there will be issues associated with quantifying the scrap. In many
instances, the scrap is accumulated over a period and later processed/sold, which
is reflected in the accounting ledger [69]. Subsequently, predefined rules need to be
employed to determine the costs to be allocated to products based upon a combination
of inputs, activity and planned scrap.

The aforementioned processing of tracking objects will result in the computation
of manufacturing cost of products at the unit level. These costs need to be aggregated
to its production order tracking object at the batch level. Thus EPAs and EPNs
should be linked to realize vertical causality of event processing. In addition, there
are certain activities, like setup, that cannot be assigned to individual products but
rather to a production order, as depicted in Fig. 4.21. In reality, the time consumed
and corresponding cost of setup are assigned to non-productive or operating loss [25].
Because of advances in manufacturing design and technology, the setup activities
can be performed quickly or offline during the manufacturing against a production
order, i.e., simultaneously during the manufacturing.

The concept of Single-Minute Exchange of Die (SMED) from Toyota’s produc-
tion system was developed to reduce waste and realize rapid changeover to next
production order [231]. Similarly, multiple setups related to different production
orders can be performed beforehand on automated machines without stopping the
execution of the current production order. In any case, the resource executing a setup
activity can signal start and stop, and the corresponding timestamp can be included
as part of machine or production order tracking objects. Furthermore, suitable EPAs
need to be created to replicate the logic of transaction driver, duration driver, or
intensity driver to assign setup costs to production orders.

4.7.5.2 Cost Leakage and Cost Inefficiency

Quality is identified as the “degree to which an inherent characteristic fulfills require-
ments” [80, 127], which has influence on revenue generated and costs incurred [77].
Manufacturing enterprises strive to achieve higher quality, but these enterprises face
numerous obstacles to realize higher quality. Thus, there are costs associated with
achieving (higher) quality and loss/lack of quality. The loss/lack of quality and the
corresponding costs are not properly computed, recorded and tracked. This will hin-
der performance analysis, and planning and decision making.

The manufacturing resources are not efficiently used [52], which can be mainly
attributed in realizing the higher quality of products or lack of resource reliability.
For instance, higher quality is realized by employing extra cycle time in addition to
planned cycle time [52]. Additionally, the unscheduled maintenance can contribute
to the inefficient utilization of resources [52].
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Fig. 4.22 Classification ofCost of PoorQuality (COPQ) according to Prevention-Appraisal-Failure
(PAF)model, adapted from [79, 194]. The internal failure costs are further classified into cost leakage
and cost inefficiency in the presented research

The concepts and procedures have been elaborated to address the aforementioned
issues. The corresponding cost is labeled asCost of PoorQuality (COPQ) [79].COPQ
is identified as “the costs that would disappear in the organization if all failures were
removed from a product, service, or process” [79], which are usually expressed as
a percentage of manufacturing cost, sales, total costs and so forth [194]. The term
COPQ is also referred to as cost of quality [28] or poor-quality cost [66].

There exist different COPQ models [194, 216]. The most notably model is the
Prevention-Appraisal-Failure (PAF) model categorizing quality costs as prevention,
appraisal, and internal and external failure costs [194, 216], as illustrated in Fig. 4.22.
Likewise, the process cost model, especially, focuses on processes and classifies the
quality costs either as a cost of conformity or a cost of nonconformity [4]. Fur-
thermore, there are Crosby’s model, the opportunity or intangible cost model, and
the ABC model [216]. In any case, extensive literature is available to assign differ-
ent activities associated with quality costs to the previously mentioned categories
[66, 81].

The prevention and appraisal costs can be figured out from the enterprise’s
accounting ledger [66]. The external failure costs are difficult to estimate as they
might also include loss of future sales and customers. Likewise, the computation of
internal failure costs is also not straightforward. In reality it is extremely difficult
to determine accurately the COPQ and accounting systems do support the compu-
tation of COPQ [28, 81, 232]. Similarly, the process data and financial information
is scattered across different departments and levels of an enterprise. The intensity of
drawbacks associated with computation of COPQ is amplified when the manufactur-
ing enterprise employs low volume production and high mix production schedules.
Subsequently, most of the costs are purely estimates [81], which are subjective based
on the enterprise members’ role, responsibility and experience.

The presented research attempts to compute internal failure costs in real-time.
The cost associated with the loss of quality and inefficient use of resources can be
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labeled as cost leakage and cost inefficiency respectively. These costs can be further
categorized under internal failure costs, as illustrated in Fig. 4.22.

4.7.6 Cost Leakage

Products are, sometimes, manufactured with a lack of quality, which will result
in rework and spoilage. The spoilage and rework costs are difficult to compute
accurately, and further assigning and tracing these costs to products and production
orders cannot be realized. The difficulty increases tremendously if themanufacturing
enterprise employs low volume production and high mix production schedules.

Rework is defined as “action on a nonconforming product to make it conform
to the requirements” (see ISO 9000 [127]). Likewise, rework is identified as “units
of production that do not meet the specifications required by customers but which
are subsequently repaired and sold as good finished units” [69], i.e., rework will
result in adhering to requirements of a product including functional requirements of
a product. On contrary, repair is defined as “action on a nonconforming product to
make it acceptable for the intended use" (see ISO 9000 [127]). Thus, repair may not
fully satisfy the product requirements, but might satisfy functional requirements of
a product. Moreover, the repaired product, if possible, can be sold at reduced price.
Subsequently, repair is considered as spoilage as it is difficult to compute the repair
cost and predict the value added to the enterprise in the current research.

Rework can be seen in different ways and subsequently, influence the allocation
of rework costs. Rework costs are assigned to a production order when the rework is
induced because of certain requirements of a production order [69]. The rework costs
are allocated to production orders as manufacturing overhead when the rework can-
not be traced to specific products [69]. Finally, the rework costs are noted in the
accounting ledger as losses when the rework is abnormal [69], i.e., costs cannot be
traced.

Spoilage is recognized as “units of production-whether fully or partially
completed-that do not meet the specifications required by the customer for good
units and that are discarded or sold at reduced price" [69]. Furthermore, spoilage is
classified as normal or abnormal [69]. The spoilage arising even if the production
process is efficiently executed is termed as normal spoilage [69]. This issue can be
addressed during production planning by increasing suitably, preferably according
to a given predefined rule, the number of products to be manufactured for a given
production order. Likewise, spoilage occurs because of process execution errors,
and resource breakdowns, among others, which is termed as abnormal spoilage [69].
Abnormal spoilage can be avoidable and controllable by training operators, schedul-
ing maintenance, and so forth [69].

Nonetheless, these aforementioned spoilage are treated differently from a finan-
cial accounting perspective. For instance, the cost associatedwith the normal spoilage
is evenly distributed to good products [69]. Likewise, the costs associated with
the abnormal spoilage are recorded into the accounting ledger under losses [69].
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This will definitely impose constraints to identify profitable and loss making prod-
ucts/customers.

A production routing identifies different manufacturing process activities needed
to be executed sequentially to realize a product [62]. Hence, quality issues can be
identified after execution of a process activity, which again depends if the quality
inspection is performed or not. In this regard, fall-off ratio, an operational metrics,
has been identified to address the reduction in quantity after each process activ-
ity (see ISO 22400-2 [125], VDMA 66412-1 [150], VDMA 66412-3 [152]), but
are difficult to interpret by the accountants. The non-confirming products are not
processed at the later process steps and subsequently, the non-confirming products
have a different completion status along production routing. Nevertheless, the afore-
mentioned spoilage costs do not differentiate between the quality issues occurring
at the first, intermediate or last process step. In addition, detailed feedback to the
upstream departments, such as design and sales, is missing.

The loss of quality, represented by spoilage and rework, has been associated with
the non-productive of resources [25] [84] and operating losses [52]. Non-productive
encompasses inefficient utilization of a resource capacity whereas the operating loss
encompasses time spent for setups, adjustments, producing spoilage and performing
rework [52]. The operational metrics for computing non-productive or operational
losses, like OEE and fall-off ratio, are mostly represented as indices that hide the
complexity, product details, andproductionorder details, amongothers. Furthermore,
these values are aggregated over a time period and can represent multiple products
and production orders. Nonetheless, these metrics can be transformed into costs
and derive financial metrics [213]. These financial metrics, may be valid for high
volume production and low production mix schedules, are vague and cannot be fully
employed for performance analysis and decision making.

Spoilage, in most cases, are identified with waste with some value. For instance,
spoilage can be sold at a low-price price as seconds [69]. Likewise, spoilage can
be transformed into its initial raw material [69]. However, spoilage are accumulated
over a period of time that cannot be tracked to any specific production orders and in
some instances to products. Hence, the cost recovered from disposal and cost saved
from recycling appears incorrectly in the accounting ledger. Overall, the performance
analysis and decision making is hindered because of the previously mentioned rea-
sons associated with the handling of spoilage and rework, and the associated costs.

According to Merriam-Webster dictionary, a leak is defined as “to enter or escape
through an opening usually by a fault or mistake” [131]. The scrap and rework do
not add any value to a manufacturing enterprise; rather the costs associated with the
time and efforts invested to produce poor quality products are leaked. Hence, it is
necessary to manage spoilage and rework costs in a different way. Subsequently, the
cost associated with the scrap and rework can be included under cost leakage. The
cost leakage needs to be computed in real-time and tracked from the perspective of
different enterprise entities, especially production orders and resources, to initiate
suitable process improvement programs.

Quality inspections are necessary to identify good products, rework products, and
spoilage. These inspections are guided by the product specifications and manufac-
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turing processes. In addition, quality policies of a manufacturing enterprise influence
the quality inspections performed. In some instances, quality inspection is performed
after execution of every process activity, and in other instances, quality inspection is
carried out after execution of a few process activities. Likewise, quality inspections
can be performed on a few randomly selected products employing Statistical Process
Control (SPC) or they can be performed on all products. In the presented research,
quality inspection is performed for all products at different stages of manufacturing
processes.

Figure 4.23 illustrates the process of assignment of spoilage and rework costs to
cost leakage. In the case of spoilage, the accumulated manufacturing cost needs to
be assigned to cost leakage that will be further aggregated to the business sustaining
level. The spoilage can occur at different stages in manufacturing processes. Sub-
sequently, only the manufacturing cost of the current process activity and previous
successfully executed, if any, process activities need to be assigned to the cost leakage.

Likewise, quality inspections can reveal flaws in products that can be rectified
by reworking with additional process activities. Nevertheless, calculating the rework
costs is a complicated issue that depends upon the process activities employed for
rectifying the underlying flaws in the products and the management policies toward
rework. Subsequently, rework costs can be accurately calculated after rectifying the
flaws, which might hinder performance analysis and decision making. Subsequently,
the different types of possible flaws must be properly identified and classified in
general and specific to different products. Moreover, each flaw must be defined with
attributes (e.g., severity) that assist in performing offline analysis and instantiating
process improvement programs. In addition, financial related information, such as
resource details, time required and cost that would be incurred to rectify a flaw, has
to be defined in a process database.

The product tracking object contains information about the executed process activ-
ities including the quality feedback. Thus, product tracking objects can be processed
in the CEP engine to compute costs and the computed costs can be assigned to
manufacturing costs or cost leakage based on the quality feedback. The necessary
assignment logic has to be codified in EPAs and suitably create EPNs. In the case
of rework costs, the EPAs need to access the process database that contains infor-
mation about rework classification and corresponding expenses to rectify the flaws.
Furthermore, the cost leakage is aggregated to the business sustaining level.

The cost leakage is primarily critical from a production order perspective and
secondarily important from a resource perspective. Subsequently, reports of different
types can be generated and presented tomanagers and supervisors, and so forth along
with the operational metrics. Overall, the performance analysis and decision making
can be enhanced.
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Fig. 4.23 An example demonstrating the assignment of spoilage and rework costs to cost leakage.
The spoilage and rework are determined via quality inspections at different process activities

4.7.7 Cost Inefficiency

Cost leakage is highly indispensable from the perspective of production orders. Nev-
ertheless, there are several costs that are incurred during execution of processes both
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internal and external to a manufacturing enterprise. These costs can be represented
by the inefficient utilization of stated resource capacity, lousy material handling,
deficient delivery of services [194], and loss of goodwill [31].

These costs have been termed as hidden costs, intangible costs and invisible costs,
and so forth [28, 31, 52, 232], for the following reasons. The computation of these
costs has received the least attention [52, 194]. The available accounting systems do
not support the computation of these costs [28 ,232]. Furthermore, these costs do
not appear adequately in the accounting ledger [232], as the values are estimated by
quality managers and quality data collectors [194]. Also, there is no motivation to
calculate this cost by the manufacturing enterprises [194].

Consequently, the monitoring and controlling of manufacturing processes as well
as performance analysis and decision making is hampered [66], which will be based
onoperationalmetrics.Nonetheless, the presented research attempts to compute these
costs with exclusive focus on manufacturing processes and corresponding inefficient
use of resources. The internal inefficiencies encompass resource downtime, longer
cycle time, small stops, adjustments, and reduced speed, among others [232]. The
cost associated with internal inefficiency is labeled as cost inefficiency (see Fig. 4.22)
in comparison to the hidden cost that covers the entire supply chain.

The availability of a resource can be classified into productive time, non-
productive time and idle time [25], as illustrated in Fig. 4.24. Furthermore, the
non-productive time should be converted into idle time through process improve-
ment programs [25]. This extra idle time should be converted to productive time
by scheduling new production orders [25]. Nevertheless, the collection of afore-
mentioned time is done according to enterprise reporting cycles. This procedure
might be sufficient for high volume production and low mix production schedules.
Subsequently, it is necessary to have a timeline of resource availability, as illustrated
in Fig. 4.25.

In comparison to the research on hidden cost, enormous amounts of research have
been carried out surrounding OEE. Furthermore, OEE has been extensively adapted
by manufacturing enterprises and is a standard module provided by many MES soft-
ware vendors. The underlying fundamentals of OEE can be exploited to determine
the cost inefficiency. OEE is composed of availability, performance and quality ele-
ments [15]. Additionally, the six big losses have been identified associated with these
elements—breakdowns, setup and adjustments, small stops, reduced speed, startup
rejects and manufacturing rejects, as illustrated in Fig. 4.26 [153]. These losses need
to be identified and eliminated to improve productivity [153].

The first four big losses are related to time that increases non-productive time of a
resource. The down time loss is composed of breakdown, and setup and adjustment
losses [153]. Breakdown signifies the time spent on unscheduled maintenance, and
rectifying tooling failure, among others [153]. Similarly, setup and adjustment indi-
cates time lost because of changeover, material shortage, and operator shortage, and
so forth.

The speed loss encompasses small stops and reduced speed [153]. Small stops
comprise blocked sensors, cleaning [153], blockage of downstream processes, and
starvation fromupstreamprocesses [15], and so forth.Likewise, reduced speedoccurs
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Fig. 4.24 Classification of resource availability, adapted from [25]. Furthermore, the transformation
of non-productive time to idle time and idle time to productive time is also depicted [25]

Fig. 4.25 Graphical representation of resource availability over a time period

Fig. 4.26 Elements of Overall Equipment Effectiveness (OEE) and the six big losses, adapted
from [153]

mainly because of combination of reasons, such as operator inefficiency, equipment
wear [153], complex products, and specifications, among others.
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Fig. 4.27 Schematic illustration of differences between planned and executed cycle time

In the presented research, setups are considered as part of productive time for
reasons stated previously whereas the remaining three losses are considered as non-
productive, which can be taken into account for deriving the cost inefficiency. These
down time losses indicate a major stoppage of a resource, which occurs for consider-
able time [153] and can be tracked manually and/or automatically. Subsequently, the
down time loss situations should bemade available by the operator by turning suitable
knobs on the resource or by using the special terminal attached to the resource.

The small stops, in many cases, can be tracked efficiently, especially in the case
of resources with PLC. Otherwise, the small stops will be aggregated across differ-
ent products and production orders, which might hinder performance analysis and
decision making due to lack of accuracy. The resource vendor should identify and
classify the necessary small stop events, and make these events available in the PLC
of a resource. In contrast, it is difficult to keep track of the reduced speed by oper-
ators. Subsequently, the actual cycle time can be compared with the planned cycle
time to determine the extra cycle time taken to manufacture a product, as illustrated
in Fig. 4.27. The actual cycle time can be determined using the timestamps of the
manufactured product. In some scenarios, the actual cycle time might be lower than
the planned cycle time. In this case, the actual cycle time can be used to compute
only the manufacturing cost. This concept can be also applied to the adjustment
losses. The planned cycle time and other information associated with a product can
be queried from the corresponding production order.

The aforementioned data associatedwith non-productive can be acquired from the
PLC of a resource or through a special terminal attached to a resource. The acquired
data can be further used to create product and resource tracking objects. In addition,
production order tracking objects are also created and made available. In any case,
the tracking objects should have necessary timestamps. These tracking objects can
be processed by a CEP engine by employing suitable EPAs and EPNs to determine
the non-productive time and further computing cost inefficiency. The EPL statements
of EPAs need to implement the logic of computing cost inefficiency and assigning
the same to the business sustaining level.

As mentioned in Sect. 3.4.4.4, there exist different accounting techniques to com-
pute and assign costs, most prominently ABC and RCA. ABC considers all costs

http://dx.doi.org/10.1007/978-3-319-07007-0_3
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incurred during manufacturing as variable costs [182]. Hence, it is an inaccurate
technique to compute the cost inefficiency. On the contrary, RCA is a promising
accounting technique that employs fixed and proportional cost to compute and assign
different types of costs. Subsequently, RCA needs to be employed to compute cost
inefficiency. The necessary total cost consisting of fixed and primary costs is assigned
to products as a manufacturing cost based on causal relationships. The remaining
non-productive time is converted to cost inefficiency by employing only fixed cost.
The necessary financial information can be obtained from a predefined location—
ERP System and/or process database.

The cost inefficiency is indispensable primarily from the perspective of resources.
Nevertheless, the cost inefficiency can be also viewed from the perspective of pro-
duction orders. Overall, different types of reports can be generated and presented to
enterprise members along with the operational metrics. The cost inefficiency com-
puted in real-time can be used proactively to initiate a suitable process improvement
program. Likewise, the cost inefficiency can be employed to analyze capacity uti-
lization and perform make-buy, i.e., outsourcing decisions (see [93]).

4.7.7.1 Performance Positioning: Linkage of Financial and Operational
Metrics

PMS have stressed the importance of aligning enterprise objectives with perfor-
mance metrics [49, 109]. Additionally, the employed operational and financial met-
rics should be balanced [49, 109]. Similarly, enterprise members can manage to sys-
tematically understand and react to only a few metrics at a given time [12]. Finally,
the metrics must be computed and presented to enterprise members in real-time to
enhance monitoring and control of manufacturing processes.

The aforementioned requirements induce constraints that are challenging to real-
ize in manufacturing enterprises. Nevertheless, methodologies have been elaborated
in previous sub-chapters to compute the operational and financial metrics using
transactional data and real-time process data. However, these metrics are computed
in isolation, and may be, presented side-by-side. Consequently, the presentation and
interpretation of these metrics by enterprise members are not comprehensive.

To overcome the abovementioned issues, a methodology of performance posi-
tioning is presented. Performance positioning, analogous to global positioning sys-
tem, attempts to link the financial and operational metrics on a predefined chart,
as illustrated in Fig. 4.28. Furthermore, the financial metrics can be aligned with
the enterprise objectives. The plotted chart will assist enterprise members in under-
standing their current situation and assists in initiating suitable process improvement
programs, and decision making, and so forth. Quality (e.g., quality ratio [125]) and
throughput are the operational metrics considered for the chart. Throughput can be
defined as “volume of output generated by a resource in a specific period of time”
[138]. The operational metrics is not only restricted to throughput and quality; rather
the metrics should be suitably selected corresponding to overall productivity and
quality. Likewise, the chart encompasses cost leakage and cost inefficiency as finan-
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Fig. 4.28 Performance positioning chart generated by plotting throughput and cost inefficiency,
and quality and cost leakage

cial metrics. Finally, performance positioning can be created for enterprise entities,
such as resources and production orders, and for a given time range.

The values of the aforesaid metrics can be classified as high, medium and low
by employing predefined rules based on comparison of the actual values (i.e., AS-IS
values) with the planned production and cost objectives (i.e., TO-BE values) of a
production order that are received by the production control module of Level 3
from the product cost accounting module of Level 4. It can be sufficient to plot the
chart, either, by using quality and throughput, or cost leakage and cost inefficiency.
Moreover, there exist inverse relationships between quality and cost leakage, and
throughput and cost inefficiency. However, it is necessary to combine the plots to link
the financial and operational metrics and cross check the accuracy of the computed
metrics.

The classification of metrics’ values lead into nine boxes, as depicted in Fig. 4.28.
The lower left box in the chart indicates the worst scenario—low quality attained
and corresponding higher cost leakage, and low throughput with matching higher
cost inefficiency. This might be a situation, especially, with the manufacturing of low
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Fig. 4.29 Selected scenarios of generating performance positioning chart

volume and complex products during the initial stage ofmanufacturing. Likewise, the
upper right box suggests the best scenario—high quality attained and corresponding
lower cost leakage, and higher throughput with tallying low cost inefficiency. This
might be a situation with medium/high volume and relatively simple products and
stable manufacturing processes.

The quality and cost leakage, and throughput and cost inefficiency will be plotted
in one of the boxes. Furthermore, interpreting the chart is vital to initiate suitable
process improvement programs. The plotting can be done in different ways. For
instance, Fig. 4.29 illustrates two scenarios to plot and interpret the performance
positioning chart. These scenarios, especially, highlight the previously mentioned
best and worst situations.

Performance positioning provides a comprehensive view of the shop floor by
linking the operational and financial metrics in a single chart. Subsequently, man-
agers and supervisors, among others can suitably commence process improvement
programs to realize the performance of the best case as indicated on the upper right
corner of the performance positioning chart. Nevertheless, the performance position-
ing has certain limitations. For instance, the chart assists in identifying the current
manufacturing situation, but does not make any suggestion about improving the cur-
rent situation. Likewise, the classification of ranges is highly subjective because it is
influenced by quality policies of a manufacturing enterprise.

4.8 Process Visualization Client

The process visualization client assists enterprise members in real-time monitoring
of manufacturing processes. In addition, it supports various offline tasks to carry
out performance analysis. For these tasks, the client needs to consider the enterprise
member’s roles and privileges.

The process visualization client is based on server-client architecture with data
aggregation component as server, as illustrated in Figs. 4.1 and 4.9. Furthermore,
the clients, in comparison to the server, are thin clients with the aim to visualize
process data employing numerous graphical elements (e.g., charts, gauges), reports,
and tables. In addition, the client handles user interactions. The functionalities of the
clients are listed below:
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1. Visualize real-time process data along with the necessary transactional data, i.e.,
production order details;

2. Selection and display of different operational metrics and financial metrics;
3. Highlight events and alarms derived from the event processing component of the

data aggregation component;
4. Interfaces for offline analysis of historical process data, such as traceability;
5. Administrative tools for configuring different components of the reference archi-

tecture.

Overall, the process visualization client provides different functionality to realize
real-time monitoring of manufacturing processes.

4.9 Summary

PMS have identified different dimensions/characteristics, such as strategy align-
ment, balance, and dynamic adaptability [49]. However, these dimensions are diffi-
cult to realize in manufacturing enterprises. Additionally, it is more challenging to
achieve in manufacturing enterprises employing low volume production and high
mix production schedules.

A reference architecture encompassing numerous components has been presented.
The architecture encompasses the following components: (i) the data collection
component for integrating physical resources located on shop floor; (ii) the data
aggregation component for relating transactional data with real-time process data
from different MES levels; (iii) the data aggregation component facilitates tracking
of enterprise entities; (iv) real-time control of enterprise processes using the CEP
component and subsequently dispatching control data to achieve strategic objec-
tives of a manufacturing enterprise; and (v) the process visualization clients provide
interfaces for displaying real-time process data, tracking information, and support
forward and backward traceability of enterprise entities. In addition, steps are elabo-
rated to enable the aforementioned architecture. The steps include analysis, modeling
and (re-)design of manufacturing processes, creation of data model and DFDs, and
knowledge identification.

The presented research elaborates methodologies to calculate operational and
financial metrics in real-time, especially by exploiting the functionalities of event
processing. The operational metrics can be computed by employing the syntax of
SQL of a relational database and CQL of event processing. These metrics are com-
puted, mostly, as part of MES.

In contrast, the financial metrics are computed by enterprise applications, such as
ERP Systems, especially by product cost accounting module. Thus, it is proposed in
the presented research to utilize some of these functionalities of product cost account-
ing of ERP Systems to MES and make the necessary metrics available to enterprise
members on the shop floor in real-time. Thus, the quality of products and efficiency of
resources are crucial for the success of a manufacturing enterprise. Subsequently, the
concepts of cost leakage and cost inefficiency are elaborated. Furthermore, method-
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ologies have been presented to compute these costs. In addition to utilizing these
cost for real-time monitoring and control, the computed costs can be used for offline
performance analysis and provide detailed feedback to the upstream processes, like
design and sales.

Nevertheless, the computedmetrics need to be linked to enable real-timemonitor-
ing and control of manufacturing processes. Subsequently, performance positioning
chart has been devised to link the financial and operational metrics. The cost leakage
and cost inefficiency are considered for the financial metrics whereas the operational
metrics considered are quality and throughput. The values of the previously men-
tioned metrics are used to identify the position of the manufacturing situation. This
information can be used to initiate process improvement programs.



Chapter 5
An Industrial Case Study, Implementation
and Evaluation

Sand casting is one of the oldest manufacturing processes that use expandable molds
to manufacture complex metal products [30]. The metal can constitute most of exist-
ing ferrous and non-ferrous alloys [30]. However, majority of the metal products
are made from aluminum, and ductile and gray cast iron [7]. In Germany, there are
around 600 foundries employing roughly 87,000 employees with molten metal capac-
ity exceeding 4.8 million ton/year [7]. Consequently, Germany takes first and fourth
position in Europe and World respectively in the manufacturing of metal products
employing sand casting [7].

Sand casting assists in manufacturing products with complex shapes and sizes,
but the use of expandable molds has impact on throughput and quality [30]. Hence,
it is necessary to monitor and control the sand casting process. The previously elab-
orated reference architecture has been implemented and evaluated in an aluminum
foundry in Drolshagen, Germany. Subsequently, the foundry and the sand casting
process are introduced in Sects. 5.1 and 5.2 respectively. Section 5.3 elaborates the
implementation of different components of the architecture. The evaluation of the ref-
erence architecture is carried out in Sect. 5.4 against measurable and non-measurable
criteria. Finally, Sect. 5.5 presents as short summary.

5.1 Foundry Profile

Ohm & Häner Metallwerk GmbH & Co. KG1 is a foundry located in Olpe-
Friedrichsthal and Drolshagen, Germany. The foundry employs more than 400
employees, and supplies aluminum alloy castings ranging from 20 g to 2,000 kg to
automotive OEMs, machine builders, and so forth. Furthermore, sand casting and per-
manent mold casting techniques are employed. Ohm & Häner supports its customer’s

1 For more information, refer to http://www.ohmundhaener.de.
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management concepts, including kanban and JIT. Finally, Ohm & Häner is capable of
adjusting its manufacturing environment to facilitate different lot sizes—one piece,
medium series and large series.

The previously elaborated architecture has been implemented and validated for
the foundry in Drolshagen, which was commissioned in October 2008. The foundry
has a state-of-the-art production line supported with numerous automated machines.
The castings composed of different aluminum alloys can range from 500 g to 60 kg
with the mold box size 700 mm× 630 mm. Furthermore, the foundry has a maximum
capacity to handle 10,000 ton/year of molten metal and employs around 22 employees
per shift.

The day-to-day planning and manufacturing activities of the aforementioned
foundries are supported with numerous software applications, such as MAGMA
SOFT, CATIA V5, ProE and STARCAST. In the presented research context, the
foundry use RGU OPTI V72 as an ERP System. RGU OPTI V7 is a specialized
ERP System for foundries that extensively support casting processes. It encom-
passes numerous functionalities, including production planning, sales, purchasing
and material management. In addition, the production orders and associated produc-
tion plans and inspection plans are managed in the RGU OPTI V7. The underlying
database of RGU OPTI V7 is an Oracle Database 10g.

5.2 Sand Casting Process

Casting can be identified as “a process in which molten metal flows by gravity or
other force into a mold where it solidifies in the shape of mold cavity” [63]. Casting
is one of the oldest manufacturing techniques employed to create metal products
[63]. Furthermore, casting is employed to manufacture components with complex
geometries, and very large/bulky components, and so forth [63].

Sand casting is one of the important casting processes [63], that employs expand-
able sand molds to manufacture complex metal products by pouring the majority
of the available alloys [30]. Figure 5.1 illustrates the necessary features and terms
employed to define a sand casting technique [30, 63]. Sand casting is employed at
Drolshagen plant and is restricted to different aluminum alloys.

The sand casting process has been well researched and documented involving the
following activities:

1. Patterns consist of an external shape of the product to be cast, and are made
of wood, plastic and metal [63]. Patterns are made available prior to the com-
mencement of manufacturing of products against a given production order.

2. (Sand) cores are necessary to achieve the internal shape of the product. The cores
are manufactured using dies and sand mixture. The sand is prepared according
to a recipe stated in the production order. If required, the cores are assembled to
form a complex internal shape.

2 For more information, refer to http://www.rgu.de.

http://www.rgu.de
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Fig. 5.1 Cross-sectional view of a sand casting along with its features and terms, adapted from
[30, 63]

3. Drag and cope are molded by packing different types of sand around the pattern
in molding machine [30]. These sands shall be prepared according to the recipes
stated in the production order [63].

4. A gating system consisting of a pouring cup, sprue and gate are created in the
cope [63]. A part of the gate and runner are part of the pattern. The cope might
contain a riser that acts as a reservoir of molten metal to account for casting
shrinkage [63].

5. Quality inspections, mostly visual, are carried out on cope and drag. Cores or
core assembly and chills are set in the drag when both the drag and cope have
confirmed to the required specifications, otherwise the drag and cope are disposed
as waste. Chills assist in solidification of castings [63]. Now, the drag and cope
are clamped and the clamped mold is now available for the molten metal to be
poured [30].

6. The necessary metals are melted in a furnace to attain the required temperature,
and treated, if necessary, to achieve the specifications stated in the production
order [30]. Furthermore, different quality tests are performed.

7. The molten metal is shifted to a ladle and poured into the clamped mold, i.e.,
clamped cope and drag [30].

8. The casting and sand are separated in the knock out operation. Then, the casting is
cooled for the specified amount of time in the cooling chamber [30], as mentioned
in the production order.

9. Next, operations, such as core removal, surface cleaning, trimming, quality
inspection and coding, are carried out [63].

10. Finally, operations, like surface grinding, heat treatment and machining, are
performed based on the product specifications.
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The elaborated sand casting process has been adapted at Drolshagen plant, as
illustrated in Fig. 5.2. As mentioned earlier, the sand casting process is well docu-
mented. However, the underlying resources influence productivity as well as losses.
The sand casting process is categorized into different areas and supported with auto-
mated machines. The production line is considered as the main or master process,
which controls the productivity of the upstream and downstream processes. The
main process is supported with sand mixing, core shooting and melting processes,
which can be generally termed as supporting processes. In addition, there are pre-
processing and post-processing/secondary activities, which are carried out at Olpe-
Friedrichsthal plant. For instance, material purchasing, and pattern making, and so
forth can be combined under pre-processing activities. Likewise, the product spec-
ification that might dictate metal treatment and grinding operations, among others
are considered as post processing activities.

The casting defects (e.g., misruns, cold shuts) are well documented. Nevertheless,
the probabilities of having casting defects are high. The casting quality is influenced
by a combination of factors—pattern, molten metal temperature and sand, among
others. In addition, the humidity of the air is critical for aluminum alloy casting.
Subsequently, it is indispensable to monitor and control the aforementioned sand
casting processes to increase productivity and decrease losses.

5.3 Implementation

The aforementioned foundry encompasses different characteristics of manufacturing.
The foundry adheres to low volume production and high mix production schedules.
The molds/castings are considered as discrete that are physical moved and sequen-
tially operated by different automated machines located along the production line.
Thus, the production line can be viewed as a flow line production that follows the
First In, First Out (FIFO) principle. Finally, the molten metal and sand are prepared
according to a pre-defined recipe and managed as part of batch processing, iden-
tical to processes in chemical industries. These characteristics present numerous
challenges that impede the realization of real-time monitoring and control of sand
casting processes in the foundry. Nonetheless, attempts are made to implement and
evaluate the reference architecture in the foundry.

The reference architecture has been implemented using Microsoft Visual Studio
IDE (Integrated Development Environment) and .NET framework 4.0. The process
data is stored in an Oracle Database 10g and visualized as charts and gauges using
Nevron3 libraries. The different components of the reference architecture are based on
client-server architecture and communicate through a WCF interface. Furthermore,
many of the components are implemented as Windows Services. The following
paragraphs elaborate on the implementation of the reference architecture.

3 For more information, refer to http://www.nevron.com.

http://www.nevron.com
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Fig. 5.2 Sand casting process employed at Ohm & Häner, Drolshagen. Some of the pre-processing
and post-processing activities carried out Ohm & Häner, Olpe-Friedrichsthal are also shown
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5.3.1 Process Analysis and Modeling

EI within and across different enterprise levels can be considered as a building block
toward partially realizing monitoring and control of manufacturing processes. Fur-
thermore, this building block can be exploited to support enterprise performance
measurements. Subsequently, horizontal integration of different resources located
on the shop floor and vertical integration of data across different enterprise levels are
considered in the Drolshagen plant.

Process analysis and modeling of business and manufacturing processes is crucial
for realizing the aforementioned integration. The processes employed in the Drol-
shagen plant are considered for analysis. Subsequently, structured interviews were
carried out with the plant managers, plant supervisors, and quality engineers to com-
prehensively understand and model the business and manufacturing processes. The
processes were modeled using ARIS4 framework as EPCs.

The aforementioned modeling provides a coarse grained view of different
processes employed in a manufacturing enterprise. Hence, it was necessary to analyze
and model manufacturing resources and associated processes, especially with a focus
on automated machine interfaces and information flow between resources. Likewise,
information flow between RGU OPTI V7 and automated machines is considered for
analysis and modeling.

Data models were created by referring to manuals of resources, interacting with
resource vendors and structured interviews with the plan managers and plant supervi-
sors. Figure 5.3 presents a coarse grained data model of the manufacturing processes
employed in Drolshagen plant. Likewise, DFDs are created to capture the dynamic
interaction among different manufacturing processes and the underlying automated
machines and enterprise applications. The DFDs aid in relating different enterprise
entities. Furthermore, process analysis assists in identifying the trigger conditions
required to acquire process data and associate the data with the corresponding
enterprise entities.

5.3.2 Data Collection

The previously mentioned processes are supported with highly automated resources,
which need to be horizontally integrated. Subsequently, these resources are defined
in an XML based configuration file. The data collection component has been imple-
mented based on OPC DA Framework .NET and uses numerous Application Pro-
gramming Interfaces (APIs) from Softing’s OPC Classic Toolkit.5 In addition, the
implementation covers additional protocols, such as sockets and file servers. These
implementations assist in accessing process data from different sources, which is
based on the predefined communication pattern in the configuration file. For instance,

4 For more information, refer to http://www.softwareag.com.
5 For more information, refer to http://www.softing.com.

http://www.softwareag.com
http://www.softing.com
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Fig. 5.3 Coarse grained data model of a sand casting process employed at Ohm & Häner, Drol-
shagen. Also, approximate number of process parameters collected is shown

a molding machine uses an isochronous communication pattern, in which the data
group is requested when the mold number is incremented. Finally, the data collection
component provides a WCF interface for subscribing to real-time process data.

5.3.3 Data Aggregation

The main functionality of the data aggregation component is to integrate the trans-
actional data from RGU OPTI V7 with the real-time process data from automated
machines. Furthermore, the molding machine is the master of the production line.
On pattern changes, the production order details are assigned to the pattern. Subse-
quently, the production order ID is stored with the mold produced along with the
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other process parameters. Likewise, production order ID is also made available along
with the core.

The data aggregation component subscribes to the data collection component
and uses the XML based configuration file. Based on the communication pattern,
the process data are delivered to the data aggregation component. Subsequently, the
process data, i.e., AS-IS values, is combined with the corresponding transactional
data, i.e., TO-BE values, from the RGU OPTI V7. This integrated data is stored in the
Oracle Database 10g. Furthermore, the process data is published via WCF interface
to all the subscribed process visualization clients. Additionally, the integrated data
is used in numerous ways.

5.3.3.1 Tracking

The tracking component subscribes to the data aggregation component for the inte-
grated data. Numerous enterprise entities are considered for tracking, as listed in
Fig. 5.4. Furthermore, these entities are tracked at suitable traceability resolutions
and processed either as transient or resident entity types. Furthermore, termination
conditions are exclusively defined for tracking objects. For instance, mold tracking
object are removed from the main memory after 180 min after creation. Likewise,
production order tracking objects are made available in the memory for a day after
creation, i.e., after the pattern change.

The tracking object items and relativities are also defined in the XML based con-
figuration file. Furthermore, the necessary information for managing the tracking
objects is defined in the configuration file. The tracking component is implemented
as a Windows Service that subscribes via WCF interface to the data aggregation com-
ponent for integrated data and returns back tracking objects. The tracking objects
are used in numerous ways. The process visualization client provides an interface
to visualize the tracking information associated with enterprise entities, as depicted
in Fig. 5.5. In addition to presenting the critical process parameters as part of track-
ing information, the tracking information also contains creation and modification
timestamps that are critical for manual control of manufacturing processes. This
information is updated if any of the listed tracking objects are updated and termi-
nated. In addition, the tracking objects are forwarded to the event processing and
operational metrics component.

5.3.3.2 Real-Time Monitoring and Control

There are many situations on the shop floor that go undetected leading to reduced
productivity and increased losses. For instance, pouring molten metal with the wrong
specifications into a mold in comparison with the associated production order of the
mold. Subsequently, real-time monitoring and control of manufacturing processes is
absolutely necessary to avoid moving away from the set goals.
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Fig. 5.4 Enterprise entities considered in foundry for realizing tracking and traceability, and the
corresponding traceability resolution and processing type

Structured interviews have been carried out with the plant manager, plant super-
visor and quality engineers to identify situations that are critical for executing the
casting processes in an efficient manner. These situations are modeled as EPAs with
the underlying EPL statements. Furthermore, the EPAs are connected to form EPNs
that define complex situations. The EPAs and EPNs are loaded into the event process-
ing component and are employed to process the incoming tracking objects. The event
processing component uses NEsper for .NET as a CEP engine [44]. In comparison
to CEP engines available for a Java platform, there exist very few CEP engines to
support the .NET platform. According to the market overview of CEP engines con-
ducted by [218], there exist three out of twenty one CEP engines that have interfaces
to .NET platform of which two are commercial.

The control objects are dispatched to the data aggregation component for further
processing upon detecting predefined situations, i.e., context awareness. The control
objects are defined along the EPAs. These control objects have numerous attributes
(e.g., priority) and these attributes are assigned values from the tracking objects that
are used to detect the situations. The control objects, in most of the situations, are
forwarded to process visualization clients by the data aggregation component for
displaying warnings. In some situations, it is possible to modify the values in the
PLC of the automated machine. For example, the pouring machine can be blocked
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to avoid pouring molten metal into the mold when the molten metal specifications
do not match the specification associated with the production order of the mold.

Figure 5.6 illustrates an EPL statement describing the pouring of molten metal
with incorrect specification into molds, as described previously. In addition, Fig. 5.6
also presents a screenshot of warning messages displayed in the process visualization
clients that are derived from the online control objects. The screenshot, especially,
displays warning messages related to pouring of molten metal with incorrect specifi-
cations (see warning messages with Priority or Priorität 2 in Fig. 5.6). The detection
of predefined situations and display of messages are done in real-time that supports
to monitoring and control of manufacturing processes.

5.3.3.3 Traceability and Data Analysis

Traceability and data analysis are crucial for analyzing past performance and decision
making, especially with the intent to initiate suitable process improvement programs.
The implementation of the reference architecture provides different ways to navi-
gate among enterprise entities, as shown in Fig. 5.7 with shaded area being the most
frequently used navigation. This navigation supports forward and backward trace-
ability. The traceability can be carried out using the interfaces provided in the process
visualization client.

Nevertheless, traceability is not sufficient for effectively carrying out past per-
formance analysis and decision making. Subsequently, numerous (historical) data
analysis functionalities specific to foundries have been provided. For instance, prod-
uct analysis functionality is used to analyze production orders for a given time range
and assist in identifying golden and bad run, as mentioned in IEC 62264-3 [123].
Figure 5.8 presents an output of product analysis in the process visualization client,
which displays planned cycle time, actual cycle time, and so forth. Likewise, prod-
uct analysis can be complemented with the functionality to analyze the production
schedules for a particular day, as depicted in Fig. 5.9. This will assist in identifying
factors influencing the outcome of production schedules that result in a golden or
bad run. For instance, identifying certain combinations of production orders that will
lead to a golden run of a certain production order.

A report is dispatched via e-mail to the plant manager, plant supervisors and
quality engineers every day at 05.00 a.m. The report contains different data analysis
about the previous day that will be the basis for the daily discussion/meeting at
07.00 a.m. attended by the plant manager, plant supervisors and quality engineers.
In addition, the team uses traceability functionality surrounding molten metal to
perform root cause analysis to identify influencing factors that lead to good and bad
performance. Additionally, the team exploits different data analysis functionalities
to carry out root cause analysis. Overall, the outcome of the root cause analysis is
used to initiate suitable process improvement programs.
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Fig. 5.7 Traceability navigation employed at Ohm & Häner. The shaded area is the most often
used traceability navigation

5.3.4 Operational Metrics

The aforementioned data analysis should be strongly supported with operational
metrics. The reference architecture introduced SQL based and CQL based methods
to flexibly define and compute the operational metrics in real-time. In the imple-
mentation, the SQL based definitions of operational metrics have been used more
frequently (see Fig. 5.10) in comparison to CQL based operational metric defini-
tions. Nevertheless, the CQL based operational metrics definitions have been tested
by defining suitable EPAs and processing mold tracking objects.

Additionally, time and quality analysis is performed, which leads to the compu-
tation of OEE, as shown in Fig. 5.11. As mentioned earlier, the molding machine
is thought of as the master of the production line in the Drolshagen plant. In the
case of time analysis, the cycle time to produce molds is classified into different
time ranges. For instance, the molding machine cycle time is classified into 0–1,
1–2 and 2–5 min, which are considered as productive time. Likewise, cycle time
greater than 5 min representing lunch break, blockage and so forth is considered
as non-productive. These classifications of productive and non-productive time are
necessary for deriving OEE. Similarly, the average cycle time and average planned
cycle time is also presented. The quality analysis provides detailed information about
molds produced, molds poured, and mold rejected, among others. Finally, the trend
in OEE is also displayed in the process visualization client. Overall, the operational
metrics present a real-time picture of the foundry.

The real-time operational metrics are made available to managers, supervisors,
quality engineers and operators along the production line. Subsequently, suitable
corrective actions can be initiated in a timely fashion. For instance, the operators on
the molding machine have access to the operational metrics of the pouring line and
vice versa. This can be used to minimize the blockage and starvation of the molding
machine and the pouring line respectively by manually rescheduling the production
orders.
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Fig. 5.10 Screenshot show-
ing the output of operational
metrics calculation in process
visualization clients that are
described using the SQL based
definition of operational met-
rics (in German)

5.3.5 Financial Metrics

The previous implementation was carried out during a three-year bi-lateral project
between Ohm & Häner and University of Siegen. In contrast, the research on financial
metrics elaborated in Sect. 4.7 was carried out at University of Siegen, which was
an extension of ideas and results of the bi-lateral project. Furthermore, a prototype
was implemented to validate the elaborated concepts of financial metrics.

The prototype emphasis on quantification of financial metrics, especially
manufacturing cost, cost leakage and cost inefficiency. These computed metrics can
be presented to managers and concerned members in real-time for (manual) mon-
itoring and control of manufacturing processes. These metrics can be processed in
event processing component of the reference architecture to determine critical situa-
tions in real-time, which provides mechanism to realize speedy and early diagnostics
functionalities.

The prototype has not been integrated into the previously implemented system at
Drolshagen. Nevertheless, the financial metrics can be presented side-by-side with
the operational metrics for offline analysis, which are helpful during root cause analy-
sis. For instance, the product analysis reports shown in Fig. 5.8 can be enhanced by
including the curves for manufacturing cost and cost leakage. Similarly, the OEE
trend displayed in Fig. 5.11 can be made more meaningful by superimposing the
cost inefficiency curve. The following paragraphs elaborate the prototype imple-
mentation.

The molding machine and its certain activities are considered, and suitably simu-
lated to validate the concepts of financial metrics elaborated in Sect. 4.7. The molding
machine is complex with two sub-automated machines that can be programmed to
manufacture cope, and drag respectively. In addition, quality feedback about the cope

http://dx.doi.org/10.1007/978-3-319-07007-0_4
http://dx.doi.org/10.1007/978-3-319-07007-0_4
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and drag are provided before they are clamped. The previously mentioned scenario
has been simulated, as illustrated in Fig. 5.12. Nevertheless, rejection of a cope will
automatically lead to rejection of its corresponding drag, and vice versa. Addition-
ally, the manufacturing of cope and drag requires numerous inputs—sand, energy,
labor, and so forth. Nonetheless, only sand consumption with different types of sand
(e.g., premium) is used to compute the costs.

Section 3.4.4.4 presented a few important accounting techniques. RCA technique
is selected for the prototypical implementation in comparison to ABC for the fol-
lowing reasons: RCA overcomes the shortcomings of ABC (see [93]); RCA uses
the logic of cost follows quantity, which is crucial for performance analysis (see
[201]); and RCA splits the total cost into fixed and proportional costs, which are
indispensable for determining cost leakage and cost inefficiency.

Figure 5.13 illustrates the computation of fixed and proportional costs for molding
machine. The illustration is based on many assumptions and the values are fabricated,
but in reality, these costs should be decided based on structured interviews with
plant managers, accountants and other concerned members. Likewise, the costs are
calculated for different types of sand, which are considered as secondary costs from
the perspective of molding operation. These fabricated primary and secondary costs
are stored in Microsoft® SQL Server® 2008 R2 database.

EPAs along with the underlying EPL statement are created. Furthermore, these
EPAs are connected to create EPNs that will replicate the logic of different cost
assignment preferences, especially cost tracing and cost assignment. Figure 5.14
illustrates an example of EPL statement that assigns different input costs to drag.
EPNs and their underlying EPAs and EPL statements are loaded into the NEsper
CEP engine. The mold tracking objects contain information about the consumption
of raw materials and the causal relationship with the molding machine via the cycle
time, as illustrated in Fig. 5.12. In addition, the production order tracking objects
contain planned values and relativity to its concerned mold tracking objects.

The cycle time can be computed by considering the timestamps of the molding
operation available in the mold tracking objects. However, the cycle time is consid-
ered as one of the input in the prototype. Subsequently, the mold tracking objects are
processed to compute manufacturing costs in the NEsper CEP engine by employing
the previously loaded EPNs and EPAs. Furthermore, the EPL statements access the
fixed and proportional costs from the Microsoft® SQL Server® 2008 R2 database.
Finally, the manufacturing costs are aggregated to the concerned production order
defined by the production order tracking object, as illustrated in Fig. 5.15.

The mold tracking object also contains information about the quality feedback,
which will be provided later along the production line due to the construction of the
molding machine and production line. In the current case study, the quality of the
mold, i.e., cope or drag, is assumed to have the required specifications. Thus, the man-
ufacturing cost, initially, is computed and aggregated to the production order. Upon
the receipt of quality feedback, if necessary, the manufacturing costs are reassigned
to cost leakage. Furthermore, the cost leakage can be aggregated according to the
production orders for creating suitable reports, as depicted in Fig. 5.15.

http://dx.doi.org/10.1007/978-3-319-07007-0_3
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Fig. 5.13 Computation of fixed and proportional costs of molding machine by considering different
inputs and expenses. Furthermore, the resource output is considered for only 8 h and the values are
fabricated. In reality, the inputs, expenses, and resource output need to be arrived at by consulting
the plant manager, accountants and other concerned members

Fig. 5.14 An example of an EPL statement depicting the assignment of different input costs to
their corresponding lower mold or drag

Since a prototype has been developed considering only the molding machine, the
cost leakage does not include rework costs. This is mainly for the following reasons.
Firstly, the molds cannot be reworked and can be identified only as good or bad.
Secondly, the castings are inspected during the trimming operation at the end of the
production line, and are classified as good, bad, or rework. Furthermore, suitable
flaw types are assigned to the castings, especially for bad and rework castings.

The current cycle time can be computed using two successive mold tracking
objects or it can be part of the tracking object. In the prototype, the cycle time is part of
the mold tracking object. Furthermore, the production order tracking objects contain
the planned cycle time. Thus the extra cycle time taken to produce the mold can be
considered as unproductive and used to calculate cost inefficiency. Subsequently, the
EPL statements can access only the fixed cost to operate the molding machine as
the remaining costs to manufacture the mold would have been already assigned to
the production order or cost leakage. Similar to cost leakage, the cost inefficiency
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Fig. 5.16 An EPL statement to identify if the actual manufacturing cost of a production order has
exceeded its planned manufacturing cost

can be categorized according to the production orders to create suitable reports for
performance analysis and decision making, as depicted in Fig. 5.15.

The previously mentioned computed costs can be aggregated to compute higher
financial metrics, and can also be stored in the process database for offline analysis.
For instance, the product analysis reports can be made more revealing by including
curves for manufacturing cost and cost leakage. Similarly, the OEE trend can be
made more expressive by superimposing the cost inefficiency curve. Additionally,
the computed costs can provide feedback to the upstream processes (e.g., sales and
design) that can used to enhance the process execution in future.

Apart from the offline analysis, the computed costs and the financial metrics can
be used for real-time monitoring and control of manufacturing processes, i.e., provide
mechanisms to realize speedy and early diagnostic functionalities. This is especially
required if the manufacturing enterprise supporting JIT or kanban management con-
cepts, and the products have to be delivered to its customers on a regular basis. The
manufacturing performance, traditionally, would be communicated to ERP System,
which would then compute the manufacturing and other related costs. These costs
would be communicated to the plant managers and others based on enterprise report-
ing cycle. Based on these costs, process improvement programs might be initiated.
However, these costs are delivered late and substantial changes would have happened
on the shop floor that would contradict with the current manufacturing situations.

The aforementioned situations can be avoided if the computed costs can be utilized
to detect predefined situations as they happen by employing event processing. This
will lead to analyzing the situation and implementing corrective actions within a rea-
sonable amount of time. For instance, the production order can encompass planned
manufacturing cost (see Fig. 5.12). A situation can be defined that will identify if the
actual manufacturing cost has exceeded the planned manufacturing cost by employ-
ing an EPA and its underlying EPL statement, as illustrated in Fig. 5.16. The EPA can
be loaded into the NEsper CEP engine, and analyze the actual manufacturing cost of
production orders as an when it gets updated against the planned manufacturing cost.
If the situation is detected, suitable warning message can be displayed, as shown in
Fig. 5.15. Additionally, e-mails and SMS can be sent to concerned enterprise mem-
bers, i.e., plant manager and supervisors. Overall, different situations can be defined
considering manufacturing cost, cost leakage and cost inefficiency.

The prototype validates the concept of financial metrics, especially the computa-
tion of manufacturing cost, cost leakage and cost inefficiency, elaborated in Sect. 4.7.
Additionally, the prototype demonstrates the identification of predefined situations
that will assist in speedy and early diagnostic that are crucial for real-time mon-

http://dx.doi.org/10.1007/978-3-319-07007-0_4
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itoring and control of manufacturing processes. However, the prototype does not
demonstrate the integration with the operational metrics and various data analysis
functionalities of the implemented system in Drolshagen.

5.3.6 Performance Positioning

The performance positioning chart requires both operational and financial metrics.
However, the operational metrics have been computed using the actual shop floor
data, and have been extensively employed in the Drolshagen plant. In contrast, the
financial metrics, especially cost leakage and cost inefficiency, have been computed
using fabricated values, with the aim to demonstrate that the previously elaborated
concepts can be put into practice. Hence, it is not possible to create the performance
position chart.

5.4 Evaluation

The aforementioned implementation, excluding financial metrics and performance
positioning, has been evaluated against measurable and non-measurable criteria. The
measurable evaluation criteria in a manufacturing enterprise are related to cycle time,
setup time, planning time, and so forth [159]. Likewise, transparency, flexibility,
and adaptability, among others are a few of the non-measurable evaluation criteria.
Nevertheless, it is difficult to evaluate the previously elaborated implementation.

The Drolshagen plant was commissioned in October 2008 with a single shift.
The second shift was introduced in February 2011. Similarly, the implementation of
the reference architecture started in September 2009 and was completed in March
2012. The analysis was considered for March 2011 and January 2012, where the
manufacturing was carried out in two shifts. Hence, the collected process data was
analyzed from the perspective of cycle time and throughput, which are considered
as measurable evaluation criteria. It was observed that the average cycle time was
reduced by 17.6 % in January 2012 in comparison to March 2011. In addition, the
throughput increased by 17.1 % and the corresponding production time reduced by
3.3 %. The collected process data was incomplete to support setup time, planning
time, and so forth as measurable evaluation criteria.

Likewise, the implemented architecture was evaluated for non-measurable eval-
uation criteria, especially transparency. The traceability functionality along with
the visualization of real-time process data, historical process data and numerous
reports renders a comprehensive view of the Drolshagen plant. This view can be
accessed by plant manager, plant supervisors, quality engineers and operators with
some restriction based on employee roles and designation. Thus, transparency of
manufacturing processes is enhanced.
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The aforementioned improvements are not only due to the implementation of the
reference architecture; rather they are to numerous other reasons, such as enhance-
ment in processes employed after analysis of historical process data. Overall, the
implemented reference architecture supports different steps of the Plan-Do-Check-
Act (PDCA) cycle. PDCA cycle or Shewhart cycle or Deming wheel is an important
management tool to perform root cause analysis and to initiate process improvement
programs [78]. Likewise, the implemented reference architecture assists different
management strategies and tools especially lean production, like Total Quality Man-
agement (TQM), and Define-Measure-Analyze-Improve-Control (DMAIC) of Six
Sigma (6σ).

The evaluation has been exclusively performed for the implementation carried out
at Drolshagen, i.e., the evaluation does not cover the financial metrics. The evaluation
of financial metrics can be carried out when the financial metrics component has been
implemented and integrated with the operational metrics in Drolshagen.

5.5 Summary

Ohm & Häner Metallwerk GmbH & Co. KG is an aluminum foundry operating
in Germany. Ohm & Häner commissioned an aluminum foundry in Drolshagen in
October 2008 and has a sand casting production line supported with state-of-the-art
automated machines. The Drolshagen plant employs 22 employees per shift and has
capacity to handle 10,000 tons of molten metal per year. Furthermore, the production
line is flexible enough to handle different lot sizes—one piece, medium series and
large series.

The reference architecture encompassing different components has been imple-
mented and evaluated in the aforementioned Drolshagen plant. In addition, process
analysis and modeling have been carried out to assist the implementation of the archi-
tecture. The implementation is being extensively used by the plant manager, plant
supervisors, quality engineers and operators to carryout monitoring and control of
manufacturing processes.

Finally, the reference architecture has been evaluated against measurable and
non-measurable evaluation criteria. For instance, the cycle time has been reduced
considerably. Likewise, the transparency has increased mainly because of the com-
prehensive view of the shop floor. Nonetheless, these improvements have resulted
from combination of factors, (e.g., real-time monitoring and control of manufacturing
processes, data analysis to determine anomalies in the processes) and subsequently,
will help to initiate process improvement programs.



Chapter 6
Conclusions and Future Work

Manufacturing enterprises are facing increasing pressure from the internal and
external environments to realize and sustain their competitive advantage. Subse-
quently, monitoring and control of manufacturing processes is crucial. In this regard,
performance measurement within and across different enterprise levels is indispens-
able. Thus, operational metrics are critical for the employees on the shop floor where
as the financial metrics are indispensable for top management.

PMS stresses the importance of the previously mentioned metrics being aligned
and balanced, among others. Nevertheless, enormous amounts of research have been
carried out related to these metrics, but in isolation. The operational metrics are
computed in real-time whereas the financial metrics are computed according to
enterprise’s financial reporting cycles, i.e., offline. Furthermore, these metrics are
not linked in real-time, which hampers monitoring and control of manufacturing
processes. The horizontal integration of different resources on the shop floor and tem-
poral/semantic vertical integration of different applications across different enterprise
levels can be considered as a building block to partially overcome the aforementioned
issues.

In the presented research, a reference architecture based onMES concepts encom-
passing different components has been envisaged to realize these integrations and
additionally support numerous functionalities to realize monitoring and control of
manufacturing processes. This architecture relies extensively on analysis and mod-
eling of manufacturing processes, which need to be performed from time to time to
keep the physical processes and previously modelled processes, if any, in synchro-
nization.

The resources on the shop floor implement numerous standard and proprietary
communication protocols. The data collection component contains these protocols
in a modular technique that enables communication and collect process data in real-
time. The real-time process data is forwarded to the data aggregation component,
which facilitates the realization of the horizontal integration of resources from the
perspective of products and production orders. In addition, vertical integration of data
across different enterprise levels is also realized by integrating the real-time process

S. Karadgi, A Reference Architecture for Real-Time Performance Measurement, 125
Progress in IS, DOI: 10.1007/978-3-319-07007-0_6,
© Springer International Publishing Switzerland 2014
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data on the fly with the corresponding transactional data from the ERP System. The
integrated data provides complete context information to carryout different tasks
that support the realization of real-time monitoring and control of manufacturing
processes.

The integrated process data is stored in the process database that can be employed
for realizing forward and backward traceability, and data analysis. In contrast, the
integrated process data is also employed to create tracking objects in real-time.
The tracking objects represent enterprise entities that can be actually monitored and
controlled. Furthermore, the tracking objects incorporate only a subset of integrated
process data that are critical for monitoring and control. The tracking objects are
treated as events and processed in the CEP engine to detect predetermined situations.
These situations are modeled as EPAs with underlying EPL statements and loaded
into the CEP engine.

The stored process data can be employed to compute operational metrics using
an SQL based definition of operational metrics. In this case, the defined metrics
can be complex and the computation might be time consuming as multiple database
queriesmight be required. In contrast, theCQLbaseddefinitionof operationalmetrics
provides a mechanism to compute the operational metrics in real-time by processing
the tracking objects in the CEP engine. However, the metrics defined should be
simple and straightforward. Likewise, the tracking objects can be processed in the
CEP engine to compute the manufacturing cost of products and production orders,
cost leakage and cost inefficiency. The EPL statements employed should reflect the
logic of cost tracing and cost assignment. The previously mentioned costs can be
basis for computing different financial metrics.

The aforementioned operational and financialmetrics can be linked and visualized
using a performance positioning chart. The chart considers throughput and cost
inefficiency, and quality and cost leakage. Furthermore, the values can be classified
into low, medium and high, which can be performed by comparing the computed
values with the planned values made available with the production order by the ERP
System.

The reference architecture has been implemented in an aluminum foundry as part
of three-year bi-lateral project between Ohm&Häner and University of Siegen. The
foundry employs automated machines along the production line, uses ERP System
and adheres to low volume and high mix production schedules. The architecture has
been used by the employees to monitor and control the casting processes, and to
suitably initiate changes in the processes. The cycle time has reduced by 17.6 % and
throughput has increased by 17.1%. Likewise, the transparency ofmanufacturing has
increased tremendously; this cannot be measured. These improvements are partially
due to the availability of operational metrics in real-time and increased transparency.
The computation of financial metrics was (prototypically) demonstrated using fab-
ricated values as it was not envisioned during the 3-year project. Subsequently, the
creation of a performance positioning chart is also hindered.

Performance positioning provides a concept to link and visualize the financial
and operational metrics in real-time. Furthermore, performance positioning is intro-
duced briefly. Research has to be further carried out to enhance the description,
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creation, and interpretation of performance positioning so that can be adapted by
manufacturing enterprises. IEC 62264 lays down the guidelines for MES in discrete
industry. Likewise, multi-part IEC 61512 standard defines procedures for MES in
batch processing industry [185]. This is also highlighted by discrete and process
tracks in MES Conference held along the sideline of Hannover Trade Fair [120]. The
previously described concept and computation of operational and financial metrics
and creation of performance positioning chart can be extended to batch processing
industry.

Tracking objects contain control related information about numerous enterprise
entities, which are stored in the main memory of a computer. Furthermore, the con-
cept of tracking objects is partly based on the concepts of agents and holons of
MAS and HMS respectively. Subsequently, the concept of tracking objects can be
exploited to realize real-time scheduling or dynamic scheduling. The scheduling can
involve a combination of a mathematical model and heuristic algorithms, and exploit
past/historical schedules to determine new schedules.

The computation of a carbon footprint has gained considerable importance to
determine the Greenhouse Gas (GHG) emissions produced by an activity, especially
across the product’s lifecycle [215]. Manufacturing enterprises can initiate suitable
correctivemeasures to reduceGHGemissions,which can also be part of theCSR.The
tracking objects can be used to determine the carbon footprint in real-time, especially
from the perspective of manufacturing. Furthermore, attempts can be made to link
the carbon footprint with the performance positioning.
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