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Abstract

Many manufacturing organizations have used different measures and measurement systems

to determine their performance. Yet, one can improve only what one can measure.

Performance measurement is indispensable and is a requirement to identify the issue,

troubleshoot, and improve the production system. There are various types of performance

measurement systems (PMS) presented in the literature and some of them are commonly

used, for example, the balanced scorecard. However, there is little experience of

performance measurement in research organizations and only 0.5% of publications are

related to performance measurement systems. More specifically, the type of research

organization referred in this study is established to provide affordable and convenient

access to R&D expertise, facilities, and tools to facilitate rapid adoption of advanced

manufacturing technologies to enhance the competitiveness of the U.S. workforce. In this

research, a review of the existing literature (between 1995 and 2017) is undertaken to

determine the building blocks of a PMS to build a conceptual model for designing PMSs.

Based on the findings, the following four components were identified as the building blocks

of conceptual model for designing PMS: 1) vertical integration, 2) horizontal integration,

3) cause-and-effect relationship, and 4) daily management system reporting framework.

Based on the conceptual model a PMS was designed for assessing the throughput of a

manufacturing case study identified in a research organization. A simulation model of

the manufacturing case study was developed to validate and test the effectiveness and
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shortcomings of PMS. The conceptual model developed in this research is not limited to

research organizations, it can be applied and tested in industries.
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Chapter 1

Introduction

1.1 Introduction

The world is changing rapidly, and it is important to note that the industrial sector is

growing drastically, and every industry is striving to improve its position to become world

class [21]. To survive in such a competitive environment, the industrial organizations

must assess their existing position, strengths and weakness [5, 18, 23, 29, 19, 25]. This

significantly provides opportunities to recognize problems in their system, take corrective

actions before it escalates, and operate more effectively [2, 5]. Although many industries

discuss process improvement, and other similar terminologies, most of them do not have

an integrated approach for assessing their performance on a daily basis. To facilitate this

improvement plan, performance measurement systems (PMSs) play a significant role and

assist organizations in achieving their goals and objectives.

According to literature [4, 2, 16], an effective PMS enables an organization to assess

whether goals are being achieved and facilitate the improvement of the organization by

identifying their position, clarifying goals, highlighting areas requiring improvement, and

facilitating reliable forecasts. Therefore, to put in a nutshell, effective PMS enables an

organization to align its process level performance with management level goals [4, 16].
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Having stated todays dynamic industrial environment and defining the expectations of an

effective PMS, it is essential to learn the limitations of existing PMS models and adverse

impacts of not having a proper PMS model.

The literature presents numerous limitations of existing PMS models and impacts an

industrial organizations experience when they do not have a proper PMS [6, 17, 16, 18, 23,

28, 31]. Some limitations are, even though there are a few approaches to design PMSs that

use a huge set of measures placed in hierarchical fashion, a majority of the measures are

outdated and inconsistent with the company’s goals [11, 13, 17, 16, 29]. Also, using a large

set of measures often creates difficulty in understanding the overall picture. Therefore,

what is missing in the existing approach is integration between the measures. To support

this statement, literature [11, 13, 17, 16, 29, 28] highlight the fact that the firms do not

have effective PMS that has the ability to integrate and align the necessary performance

measures and most of the time fail to identify the correct measures. In conclusion, this

is a serious problem and a comprehensive list of adverse impacts for not having a proper

PMS is given below:

(A) Poor current state assessment [11, 13, 17, 16, 29] - Assessing the current state

performance is the fundamental requirement for any industry that is planning a

move towards continuous improvement. Performance measurement is the language

of progress from current state and provides a sense of where we are and more

importantly where we are going. Hence, if the PMS is not properly designed, the

current state assessment becomes even more challenging and often hinders the path

to improvement.

(B) Difficulty in defining the goals & objectives [11, 13, 17, 16, 29]- If challenges

exist in understanding the cause and effect relationships of a PMS, the target

outcomes become unclear. Goals and objectives have to be developed based on

defined target outcomes. Therefore, the organization will experience lack of strategic

focus. Alignment and strategy deployment becomes a challenge and PMSs have
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demonstrated to be a good tool for communicating a companys plan of action

throughout the organization by aligning the goals and objectives throughout the

organization. It is an essential operational element in order to persuade the

organization towards improvement, manage progress and direct the effect towards

defined goals and objectives.

(C) Lack of understanding of cause and effect relationships [11, 13, 17, 16, 29] - If one

cannot assess the current state performance, it is even more challenging to learn

the relationship between different performance measures that exists in the PMS. The

PMS includes both cost related, and non-cost related measures and it is indispensable

to establish relationship between those metrics. Linking together and integrating all

the individual measures (determinants and results) becomes an increasingly complex

problem for any organization.

(D) Proactive decision-making is not possible [11, 13, 17, 16, 29] - One of the most

important strengths of an organization is to make proactive decisions compared to

reactive decision-making. Following the sequence of impacts mentioned above, if the

strategy is not deployed properly, there will be no control over the process. In such a

chaotic environment, there will be no clarity of who is responsible for specific results

and it is impossible identify the issues in the system. As a consequence, proactive

decision-making to prevent the system from failure and directing towards achieving

the target becomes a difficult task. Innovation & Process improvement will not occur.

Finally, if a PMS is not designed properly, there will be no scope for innovation and

learning. According to literature, innovation and learning serves as the foundation for

process improvement initiatives in an organization. The growth of an organization

completely depends on its ability to continuously improve and sustain. Therefore,

PMS acts as a trigger and feedback control loop for process improvement if they are

designed appropriately [11, 13, 17, 16, 29].
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Therefore, in conclusion, PMS plays a critical role in the growth and development of

an organization. Having a well-defined PMS leads the organization towards continuous

improvement . In contrast, a poor PMS will definitely have an adverse effect on the

system, as well as the organization. So, the focus of this research will be to develop a

conceptual model for designing PMS framework and evaluate it using a manufacturing

case study. In the next section, various concepts that has been developed for designing

PMS and most important things to consider while developing a PMS conceptual model

will be discussed in detail.

1.2 Gaps Identified in Existing PMS Models

There is little experience of PMSs in research organizations, only 0.5% of publications are

related performance measurement systems [23]. To date there is no common perception

for an ideal performance measurement system framework in literature, though many

approaches have been developed [1]. With this context and considering this as a

starting point, this research focuses on reviewing the existing PMS models developed for

manufacturing industries.

Even though there exists a scant work on PMSs, there are few models that should

be studied to understand the basic concept and logic used for designing PMSs. Through

literature review seven predominant models for designing PMSs have been identified. Each

of these models have a unique approach, and it is to be noted that the design of PMS models

has evolved over the years. The following sections present a brief overview of those seven

models:

1.2.1 Balanced Scorecard (BSC)

This is the most popular models both in literature and practice and serves as a base for

major performance measurement systems that are in practice today [11, 9, 17, 2, 22, 1, 15,
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5, 30, 4, 16, 29, 10]. The aim of this approach is to provide a balanced view of performance

to the management using the measures related to four perspectives and they are as follows:

• Financial Perspective -Organizations ability to make profits (e.g. return on capital)

• Customer Perspective -Survey customers to gather their opinion on products/service

• Internal Process Perspective -Define key processes that are critical for organizations

success (e.g. product development process)

• Innovation and Learning Perspective -Organizations ability to develop and adopt

continuous learning techniques

Performance measures in each of these perspectives are linked to different goals of the

organization. It is to be noted that 60% of the fortune 1000 companies in the United

States of America have used the Balanced Scorecard approach to assess the performance

of their organization. However, the Management Tools and Trends Survey showed

that in 2008 53% of the organizations used this approach for tracking performance,

and the prediction for adopting this approach by the end of 2009 was expected to be

69%, but it was found that 51% of the organizations were not satisfied with the BSC

approach. Supporting this information, another survey revealed that BSC approach

provided moderate satisfaction with 37.2% of respondents rating BSC as this approach did

not meet the expectations. Major limitations of the BSC approach include; it emphasized

more on financial measures in comparison with non- financial measures, the performance

measures are not multidimensional, and the performance measurement system is not

proactive in nature.

1.2.2 Performance Pyramid System

This model has a pyramid structure consisting of four levels [11, 29] . Those levels show

the links between organizational objectives, strategy and operations. The objectives at the
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top level are a translation of a companys vision statement. This system uses a top-down

approach. The limitation of this measurement system is that it aims to measure only

the customer satisfaction and operational measures. To a certain extent, it also supports

the relationship between the different performance measures of a process. Therefore, this

system does not provide a comprehensive performance report for the organization and

because of its very limited focus, identifying the critical areas in the system becomes a

huge challenge.

1.2.3 Integrated Performance Measurement System

This system serves as a resource of information which enables efficient and effective

functioning of the process [11]. This PMS model is designed based on two major

requirements:

1. Integrity

2. Deployment

The model consistes of four levels:

1. Corporate Level

2. Business Units Level

3. Business Processes Level

4. Activities Level

The PMS focuses on five main factors, and they are stakeholders, control criteria,

external measures, improvement objectives and internal measures. This type of classifica-

tion facilitates definition of the most appropriate type of performance measures, which are

classified into internal, external, capability and learning measures. The internal dimensions

are used to monitor the production process, and the external dimensions are used to
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monitor the companys position in the market. The limitations of this model are, there

exists very limited focus on the employee perspective and learning & growth perspective.

Moreover, the relationship between the level and various performance measures are not

established properly.

1.2.4 Process Performance Measurement System (PPMS)

The main idea of PPMS is that evaluating process performance helps to identify

the problems and provide scope for improvement before the problem escalates [18].

Additionally, this model is developed to satisfy two major requirements and they are as

follows,

1. The measurement system should focus only on the process and not on every aspect

of the organization, and

2. The measurement system should evaluate both qualitative and quantitative aspects

of the process [18].

This system provides detailed information on performance of a process [11]. The expected

benefits of this system include information on current performance of process, highlighting

areas of weak performance, and assessing the impact of corrective actions taken to improve

the process. Similar to the integrated performance measurement system, this PMS model

has limitations related to employee perspective and learning and growth perspective.

Also, focusing only on the process does not provide a comprehensive report regarding

the performance of an organization.

1.2.5 Performance Prism

This is a three-dimensional model which aims to measure the performance of the entire

organization [11, 15]. Generally, a three-dimensional prism represents the architecture of

the model, and each face of the prism relates to a specific area of analysis:
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1. Stakeholder satisfaction - refers to the key stakeholders and their respective needs

2. Strategies - refers to the strategies required to satisfy needs of stakeholders

3. Process - refers to the identification of critical processes needed to execute the

strategies

4. Capabilities - refers to the determination of capabilities needed to run a process

efficiently

5. Stakeholder contribution - refers to the inputs required from stakeholders to enhance

capabilities

The limitations of this model includes the following, even though this model considers many

important items that a PMS should consider, the people based focus and measures related

to the same are less, and does not establish any relationship between the performance

measures. Similar to the previous models, there is limited focus on the learning & growth

aspect of the organization.

1.2.6 Leinonen’s Model

The journal paper cited as reference for this model does not provide the details of the actual

Leinonen’s model which can be used for designing a performance measurement system [28].

However, the journal paper presents a case study which aims to design a PMS for research

organizations and most importantly, the Leinonen’s model is used for designing the PMS.

Accordingly, this model comprises of seven phases and they are as follows;

1. Defining strategy

2. Describing the process

3. Identifying the success factors

4. Defining measures for all the levels in the system and

8



5. Propose reporting system

The fourth and the fifth phase have two sub phases and hence it is comprised of seven

phases. This model is focused on identifying the critical success factors that determine the

success of an organization. Additionally, this model is divided into hierarchical levels and

follows a top-down approach. Even though this model lists the various phases for designing

and developing PMSs, it does not explicitly state how the performance measures in each

level are aligned to the overall goal of the organization. Also, this approach does not

consider the importance of establishing cause-and-effect relationship between performance

measures.

1.2.7 Cambridge Approach

This model is quite different when compared to the other models and its main aim is

to systematically integrate operations strategy [8, 24]. It is a completely process-based

approach. This model presents a systematic procedure to generate performance measures

consistent with process or operations objectives and produces a strategy for implementing

the system into practice. The underlying concept of this model is to develop a framework

for organizing a set of features and function that an operations strategic management

system should develop is proposed. The main features of this model are as follows:

1. Establish organizational learning capability as an important outcome of system,

2. Understand company’s operations process dynamics and develop a strategy based on

dynamic capabilities, and

3. Reinforce continuous learning and improvement.

In conclusion, from the overview seven PMS models discussed above, it is evident that there

is no comprehensive approach for designing a PMS. One common feature identified in all

the seven PMS models is that, every system is vertically integrated based on hierarchical
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levels. But, identification of critical factors, establishing cause-and-effect relationship, and

implementing a daily management system for sustainment are either partially present or not

present in the existing PMS models. The Figure 1.1 summarizes the design requirements

of an effective PMS and compares them against the existing PMS models.

Figure 1.1: Comparison with existing models

1.3 Problem Statement

According to literature [20, 17, 14, 15, 18], no single PMS can serve the needs or purpose for

any organization for all time. The PMS should be dynamic in order to assess the current
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status of an organization, reflect the requirements/needs, quickly adapt improvement plans

and predict outcomes. Also Bititci [3] states that, the priorities and criticalities of measures

in a PMS will keep changing as the companies are operating in a dynamic environment,

and the existing PMS models fail to recognize these changes early in order to alarm

abnormalities, shift priorities and exhibit a proactive behavior. Supporting this statement

De Lima [8] states that, a PMS can be proactive in nature only when it is able to control the

cause (leading indicators) and results of operations (lagging indicators). Then it is possible

to assess the relationship between the indicators and develop a predictive approach for the

entire PMS. In [27] it is mentioned that, there is no PMS model that explicitly suggests

a mechanism to project upstream the existing relationship between goals & objectives

(higher level) and operational level (lower level) performance measures. In [4], the author

explicitly says that, the existing PMS models are focused more on what to measure, with

less emphasis placed on why to measure and how to measure. Therefore, the managers

have reached a decision about what has to be measured but need clarity on establishing

relationships and implementation of the PMS. If the strategy and measures are aligned,

it becomes easy for the processes to review their performance measures (actual) against

strategic goals (targets) which has proved to be very useful for management to track and

sustain improvement. In conclusion [6], the following points from the literature have been

identified as important and the PMS model should address them clearly in order to build

an effective PMS (currently these requirements are not addressed properly, and it is a

problem):

1. Clearly translate what the customer and stakeholder goals and objectives are to

management level (higher level) [8],

2. Define critical factors and strategies for achieving those higher level goals and

objectives [27],

3. Non-cost measures should be included in the PMS and they should be able to provide

fast feedback [3],
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4. Consistently align the goals and objectives with operational level process, implement

the strategy, track changes and facilitate strategic decision-making [4],

5. Finally, the existing PMS should have the ability to kindle continuous improvement

and not just be used to oversee certain performance results[6].

Therefore, it is important to state the hypothesis based on whether this research has

been carried out. The Figure 1.2, lists the problems related to current PMS design and

proposes a hypothesis to overcome the issue that will be validated and tested in this

research.

1.4 Approach

Having identified the problem in the previous section, this section explains the approach

undertaken for tackling the same. The major parts of approach are as follows:

1. Empirical Investigation : In this section, rigorous understanding of existing PMSs

and the negative impact of not having a proper PMS was gained through practical

project experience and lean training programs.

2. Theoretical Investigation : After gaining the practical issues, the existing literature

related to designing, implementing, and validating PMSs was collected and reviewed.

This literature review was helpful to understand, what has been already done and

what the scope for future PMS models is.

3. Problem Identification : In this section, the information/findings obtained from

empirical investigation and theoretical investigation were compared to understand

the gaps in the system.

4. Propose Conceptual Model : Based on the gaps identified, a conceptual PMS model

was proposed that aims to bridge the existing gaps in the system. The conceptual
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Figure 1.2: Problem Statement & Proposed Hypothesis
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model was developed based on four main requirements. They will be discussed in

detail in Chapter 3.

5. Method for Application & Testing

• Develop Throughput Based PMS Framework : After the conceptual PMS model

is designed, it has to be validated. Based on the conceptual model, a PMS

framework was developed to assess the throughput of a manufacturing case

study.

• Validate via Case Study : A simulation model of the manufacturing system case

study was developed using ProModel simulation software. Sensitivity analysis

was incorporated to create and test various scenarios. The scenarios were

designed to analyze the impact of flow, variation, and disruption on overall

throughput of the system.

1.5 Scope

• Applies to a research based manufacturing organization established to provide afford-

able and convenient access to R&D expertise, facilities, and tools to facilitate rapid

adoption of advanced manufacturing technologies to enhance the competitiveness of

the U.S. workforce.

• Data is collected in three different ways (observation, interviews, and historical

records) and it is simulated for 2 years to collect reliable synthetic data used for

analysis.

• The system defined takes different set of entities, equipment and surroundings into

consideration.
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Figure 1.3: Thesis Roadmap
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• The methodology is proactive and transferable and could be applied to any

manufacturing industry.

1.6 Limitations

• Measures related to cost and learning and innovation will not be analyzed in detail.

Instead general suggestions related to them will be provided based on the overall

performance of the system.

• The case study will not be assessed in terms of PMS maturity model because the

details regarding IT services / Database capabilities are not available, and the

maturity model requires that information. But a PMS maturity model is proposed

in Chapter 3 for reference.

1.7 Structure of Thesis

In the following four chapters, the methodology to design a manufacturing PMS based

on the three main dimensions is described and following that a case study is presented to

test the application of this research. Chapter 2 follows a specific literature review process

and provides a detailed literature review in the field of PMSs, different PMS models, main

dimensions of PMSs and challenges involved in designing PMS for a manufacturing process.

Chapter 3 explains the methodology followed to develop conceptual PMS model. Following

that, Chapter 4 discusses the application conceptual PMS model to a manufacturing

industry. Based on the model a PMS framework for manufacturing process is developed

and validated through a case study (simulation model). Chapter 5 summarizes the research

findings, benefits, shortcomings and scope for further research.
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Chapter 2

Literature Review

2.1 Introduction

In this section, the results obtained through literature review about design of PMS for

SMEs are discussed. An organized literature review approach has been described in Figure

2.1. The keywords used for the literature study are shown below:

• Important Design Requirements for Performance Measurement System

• Characteristics of Performance Measurement System in Small and Medium sized

Enterprises (SMEs)

• Existing Performance Measurement System Models/ Frameworks in Manufacturing

Sector

• Factors Influencing the Design of Performance Measurement System

The literature study was done with the following online literature databases:

• Business Source Complete

• Google Scholar
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• IEEE Xplore

• Science Direct

• Scopus

• Web of Science

Figure 2.1: Literature Review Process

Within the literature review, 36 scientific sources, directly related to the area of

research, were identified, which were written between 1995 and 2017.

2.2 Building Blocks of Performance Measurement

System

Simultaneously, information on required major dimensions for designing an ideal PMS

were gathered through literature and finally, three main dimensions 1) vertical integration

[22, 2, 16, 11] 2) horizontal integration [2, 22, 11, 10] and 3) cause-and-effect relationship

[6, 20, 27, 16] were identified. Then the seven PMS models were compared with the three

main dimensions required for designing an ideal PMS. This process provided in-depth

information on the existing need to design PMS based on the three main dimensions. The

ideal methodology proposed to design PMS is a combination of Balanced Scorecard [11, 9,
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17, 2, 22, 1, 15, 5, 30, 4, 27, 10, 16, 29], Leinonens Model [28], Cambridge Approach [8, 24],

Performance Pyramid System [14], and System Decomposition Approach [10] respectively.

The second part of the research was to illustrate the application and validation of

the proposed methodology to design PMS using a case study. Simulation is a widely

used effective tool for detailed process analysis because it has the ability to evaluate the

impact of process changes and new processes in a computer model environment through the

creation of what-if scenarios. Simulation is also promoted to enable the examination and

testing of decisions prior to implementing them in the real environment [14]. Therefore, a

simulation model of the manufacturing process (case study) was developed using ProModel

Simulation software. Then the proposed methodology was used to build a PMS for the

manufacturing process case study. Sensitivity analysis was performed in the simulation

model to showcase the effect of each element in the manufacturing process. The inputs

and outcomes of the manufacturing process were tracked and evaluated using the PMS

at each level and provides a final report of whether the strategic goal of the system was

met or not. The performance of each metric, process bottleneck, resource utilization, areas

of weak performance, the cause and effect of variation were represented using the KPI

alignment chart, KPI trend analysis chart, and cause-and-effect analysis chart. In Chapter

3 and Chapter 4 these charts will be discussed in detail. This method of representation

not only provided performance of each metric in detail, but also listed the root causes of

failure and possible directions for improving the process design [2]. However, there is no

PMS framework that explicatively incorporates any mechanism for identifying, quantifying

and projecting upstream the existing relationship between performance indicators [27]. To

be specific, the recent models are designed particularly for evaluating a certain aspect of

an organization whereas, the previous models considered assessing the whole organization

through a single PMS. Modern frameworks have addressed the underlying conceptual issues

but have rarely addressed the practicalities of measurement in ways that add value to

practitioners [23]. Further work is needed to explore the scope for improvement in existing

conceptual frameworks, which can be translated and tailored to fulfill the unique needs of a
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manufacturing company, especially at the operational level. The proposed framework aims

to address the improvement opportunities identified in the above-mentioned PMS models.

The major concerns that can be inferred through literature review that have to be taken

into account while designing PMS are the following:

• PMS framework should allow the enterprise to identify casual relations between

outcome and factors in a consistent manner, and help in making proactive decisions

[12].

• Measures should be derived from strategy [4].

• An effective PMS should consist of strategic-level, tactical-level and operational-level

performance criteria used to evaluate the capabilities and operations performance.

It should provide feedback and reflect the need for improvement in the areas with

unsatisfactory performance [9].

• Manufacturing executives and managers find it dicult to design PMS to monitor and

track the performance of their organizations because the literature tends to offer them

only broad guidelines. To facilitate the practical operationalization of these broad

guidelines, the gap between the practices, the theoretical approaches and frameworks

found in the literature must be reduced [13].

• With the help of PMS, organizations should have strong sensitivity to the changes,

could forecast and manage the opportunities and factors which may influence

organizations strategic target [17].

• Manufacturing PMS should exhibit a direct cause-and-effect relationship, not a

correlation relationship [20].

• The current PMS system does not give information about the causes. The

information is not available to the managers [27].
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• The measures should link between strategy, execution, and value creation [23].

• A good PMS should be related to manufacturing strategy, include non-financial

measures, vary between locations, change over time, be simple and easy, give

feedback, and aim to teach rather than monitor. It should be comprehensive, casually

oriented, vertically integrated, horizontally integrated, internally comparable and

useful [22].

• A modern PMS should support a process-oriented view. PMS does not provide a

solution to improve a process. A PMS guides a process in a proper way, identifies its

weakness, and helps to evaluate its impact on the process.

• It is necessary to interconnect the characterization of the relationship between

performance measurement and strategy in a PMS [16].

Therefore, the above points, collected from the literature, serve as a base in developing a

methodology for designing PMS. Information discussed above can be classified into three

main requirements and they are as follows:

• Vertical Integration - Hierarchy levels (strategic-level, tactical-level and operational-

level)

• Horizontal Integration - System Decomposition (value added time, non-value-added

time, co-efficient of variation, reliability of people, reliability of material, reliability

of equipment, reliability of schedule)

• Cause-and-effect relationship - Leading & Lagging Indicators

• Daily Management System Reporting Framework

The eight models discussed in this section are compared with the three main dimensions

to identify the gap that exists in the designing PMS for manufacturing organization.

Moreover, the PMS design proposed is limited to a specific manufacturing process and
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focus is more on the operational level. The three main dimensions identified through

literature review will be explained in detail in Chapter 3 along with the steps to design

the PMS that bridges the gap between theoretical frameworks and practical challenges.

Although, a specific approach was defined in Chapter 1 and major requirements were

identified in the previous section, it is very important to compare the findings with existing

literature. According to this research, unique aspects of the approach are the building

blocks listed for designing a conceptual model and method defined for validation and

testing. They are as follows;

1. Conceptual Model - Major Requirements

• Vertical Integration

• Horizontal Integration

• Cause-and-Effect Relationship

• Daily Management System Reporting Framework

• Method for Application & Testing

2. Develop a throughput-based PMS framework using the conceptual model

• Apply it to a manufacturing case study simulation model

• Test the impact of flow, variation, and disruption using sensitivity analysis

• Track and report the performance of the system using daily management system

(reporting framework)

The Figure 2.1, Figure 2.2, Figure 2.3 and Figure 2.4 below compares the existing

literature against vertical integration, horizontal integration, cause-and-effect relationship

of the conceptual model developed in this research. The Figure 2.5 compares the method for

validating and testing the proposed model with existing literature. From the comparison,

it is evident that, the approach followed in this research is unique. Most importantly, the
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PMS developed to evaluate the throughput of the manufacturing case study and validating

the same using a simulation model makes this work stand out from other contributions

that are related to this area of research.

Figure 2.2: Comparing the existing literature against Validation, Testing, Implementa-
tion & Sustainability Plan
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Figure 2.3: Horizontal integration
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Figure 2.4: Cause and Effect relationship
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Figure 2.5: Maturity Model
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Figure 2.6: Validation and Testing
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2.3 Summary

In summary, this chapter provided in-depth information regarding the existing work related

to designing PMSs in manufacturing organizations identified through various journal

articles. Based on the findings, there have been various frameworks proposed for PMS

design, out of which seven of them serve as a base for other PMS models. Also, through

this literature review, four requirements have been identified as major requirements for

designing PMSs. Based on the main requirements, a conceptual PMS design methodology

is proposed in the next chapter.
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Chapter 3

Methodology

3.1 Introduction

In todays dynamic environment, designing a sound performance measurement system

is a challenging and evolving task as mentioned in Chapter 1 and Chapter 2. More

specifically, PMSs designed for the purpose of manufacturing systems are much less [20, 1]

and manufacturing executives and managers struggle to design and implement performance

measurement systems to monitor and track the performance of their organizations. The

literature tends to offer them, mostly, broad guidelines but provides very limited practical

examples / case studies [13]. To facilitate the practical operationalization of these broad

guidelines, the gap between the practice, and the theoretical approaches and frameworks

found in the literature, must be reduced [13]. Therefore, based on the findings from Chapter

2, the main objective of this chapter is to explain the main requirements of performance

measurement system (PMS) identified through literature review and propose a conceptual

model that bridges the exiting gaps. Therefore, the key deliverables of this chapter are as

follows:

1. Main Requirements of PMS

2. Daily Management System - Reporting Framework
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3. Conceptual Model & Design of Throughput Based PMS Framework

4. Performance Measurement System Maturity Model

Whereas, the next chapter (Chapter 4) presents a PMS framework developed based on

the conceptual model, apply it to a case study (simulation model) in order to validate and

test the effectiveness of proposed PMS model.

3.2 Building Blocks of Conceptual Model

Through literature review it is evident that very few PMS models exists. But there is

abundant work available regarding the requirements of designing an effective PMS. Also,

one more significant observation from the literature review was that, the majority of the

PMS models considers only the financial measures and there are very few models that

consider the non-financial measures while designing PMSs. Only recent models suggest

that financial measures alone cannot assess the overall performance, non-financial measures

must be included when evaluating the performance of an organization. The requirements

of an effective PMS are as follows:

• Vertical Integration

• Horizontal Integration

• Cause-and-Effect Relationship

• Daily Management System Reporting Framework

These requirements will be explained in detail in the following sections along with the

conceptual framework proposed for developing throughput based PMS framework based

on the conceptual model.
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3.2.1 Vertical Integration

Definition: The vertical integration of a performance measurement system is defined as the

alignment of overall goals and objectives with different levels in the organization. According

to this model, the organization is divided into three hierarchical levels (strategic, tactical,

and operational) that link the activities at every level to the overall goals and objectives

of the organization. In a nutshell, vertical integration aligns the goals, objectives, their

respective initiatives, and accountability at each level.

Purpose: The purpose of vertical integration in a performance measurement system is

to translate the needs of the customer and stakeholder into goals and objectives. Clearly

define the objective(s) for each level, establish linkage between the levels and align them

with the overall goal(s) of the organization.

In Chapter 1, the problem statement emphatically specifies that PMS should have the

ability to translate the customer and stakeholder needs into definite goals and objectives.

In other words, goals and objectives should be obtained from the needs of the organization.

Therefore, by vertically integrating the PMS based on hierarchical levels, it helps to link the

firms strategy to operating decisions [9, 8, 4]. Most importantly, this helps to support the

alignment with strategy for each level. Also, the vertically integrated (hierarchical) models

are characterized by cost and non-cost performance measures present at different levels

[26, 7]. Therefore, a comprehensive process-based performance measurement conceptual

framework with three hierarchical levels is constructed. The first level is the strategic level,

second level is the tactical level, and third level is the operational level [23, 13, 7]. Each of

these levels are described below in detail.

Strategic Level

This is the top level and represents corporation vision and strategy [30]. They are designed

with the entire organization in mind and begin with an organizations mission. The main

objective of this level is to translate the needs of the customer and stakeholder into defined
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goals and objectives. The next step is to prioritize the activities and identify the critical

components. These critical components can certainly have a negative impact on the overall

performance of the organization if they are not properly identified and addressed.

Tactical Level

This is the second level which represents the key drivers that are required to transform the

goals and objectives into strategies [30]. The strategic level specifies the needs, but tactics

involve the actual steps needed to achieve them. Tactics are drivers for implementing

strategy. This level supports the strategic goals and objectives developed in the top level

and defines the drivers for achieving the top level goals. This level is significant in bridging

the gap between the management level and shop floor level. Because, this level aligns the

goal of the organization with the shop floor level metrics based on the critical components

identified in the system.

Operational Level

From the literature review, the design of PMS should have a strong focus on operational

aspects since they are critical for the success of a manufacturing organization [11]. At

the operational level, real-time performance measurement information presented in a

meaningful and actionable way, is critical to stimulate performance improvement on the

production layer [2]. Therefore, the system has to be further decomposed into a set of

interrelated processes. Process mapping techniques play an important role in identifying

a system and map the different processes present in it. This level regulates the day-to-day

output relative to schedules, specifications, and other aspects. The main scope of this level

is to streamline the process to work as quickly and eciently as possible. Perfect systems

do not exist, and every system generates some form of waste. However, to improve the

overall system performance, one should focus on identifying, prioritizing and fixing the
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Figure 3.1: Vertical Integration

bottleneck of the system. Moreover, operational level metrics should monitor and control

the operational eciency [23].

3.2.2 Horizontal Integration

Definition: The horizontal integration of a performance measurement system is defined as

the decomposition of each level with respect to its critical components. For a Strategic

level, the critical components are internal process, quality, cost, service; for a tactical level

the critical components are assessing the impact of flow, variation, and disruption; for an

operational level the critical components are obtained from the operational level processes,

and their respective measures related to value added time, non-value added time, variation

in the process outcomes, people, material, equipment, and schedule are defined.
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Purpose: The purpose of horizontal integration in a performance measurement system

is to understand the process in terms of its critical factors and resources accountable for

the same; this helps to develop measures specific to those defined critical factors in order

to track the performance of each critical component in the system and at each hierarchical

level.

The performance of the overall system depends on its processes and, subsequently, the

operations involved in each process. A highly detailed and decomposed system is an asset

as it gives very specific information on critical components of the system [18]. One main

function of PMS is to collect, process and deliver information on performance of various

resources of a system [16]. According to literature, each process is represented by four

critical resources [10]. Therefore, performance of the system is based on its ability to deal

with those four critical resources in addition to other major critical components of the

PMS. If one can address the four critical resources (listed below) within an organization,

the probability of achieving the expectations of the stakeholders will be enhanced to a

greater degree.

People

This refers to the workforce required to make any system function [10]. It is the most

important link of the entire system. If we take a manufacturing system as an example,

the designs of the workstations are improved according to ergonomic standards, employee

morale is increased by a variety of measures, and employees are involved in decision-

making. Also, literature shows that, organizations are focused more on the process related

outcomes in comparison with the employee related outcomes [30]. It is to be noted that,

PMSs have mainly been used as a managerial tool to assist the organization in motivating

performance, implementing the organizational strategy, and achieving customer-oriented

outcomes. If organizations can address the concerns of their employees and improve the

quality of life of employees [4], they are more willing to assist in the achievement of
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organizational goals and hence, it is very important to place greater emphasis on the

measurement of employee-related outcomes.

Material

Materials include raw materials, works-in-process (WIP), and finished goods. The

availability of supplies at workstations assures effective use of the resources available

to process the materials [10]. Bottleneck in a process is a sign of poor planning, and

results in lower performance. High availability of supplies is required to avoid the

unfavorable events (e.g. downtime) and thus overcomes bottleneck in the process. Removal

of these bottlenecks usually follows a PDCA (Plan-Do-Check-Act) cycle. An efficient

manufacturing system should have less work-in-process. It reduces disruptions in the

process and enhances reliability of the system. The PMS will be prone to failure if these

requirements are not properly followed.

Equipment

Equipment includes all types of machines (predominant or back up) used to process mate-

rials in the manufacturing systems. Middle-management usually focuses on maintenance

of the equipment because it is directly related to the equipments reliability [10]. It is

important to note that, the capacity of equipment plays a significant role in achieving

the target production. Also, over utilization of the equipment leads to equipment failure.

Therefore, any interruption due to equipment failure, will directly affect the effectiveness

of the system, and ultimately impacts the customer satisfaction.

Schedule

Scheduling refers to the ability to predict the requirement, strategize the plan of action and

schedule the activities accordingly [10]. An important aspect of scheduling is assigning the

required resources. The process begins to function only when the scheduling is complete.
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Figure 3.2: Horizontal Integration

If the scheduling is not done properly, it affects the productivity of the system and leads

to unwanted disruptions in the process. The system performs effectively, if the scheduling

is correct, assuming the worst case there are chances of system failure if scheduling goes

wrong. If the system fails, it reflects a strong negative impact on the PMS. Therefore,

the four components discussed above are very critical to any system. If any one of these

critical components fail, it has a significant negative impact on the PMS. Therefore, it is

important to horizontally integrate the PMS and develop performance measures related to

these four critical components with respect to the nature of process.

3.2.3 Cause-and-Effect Relationship

Definition: The cause-and-effect relationship of a performance measurement system is

defined as the ability of the performance measurement system to track the (leading/lagging)

indicators that lead to the (positive/negative) outcomes at any stage of the process.

Purpose: The purpose of establishing a cause-and-effect relationship in a performance

measurement system is to track the behavior of metrics in the system, understand the

impact of one metric on the other within the same level and between the hierarchical

levels.
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The cause-and-effect relationships between objectives could be explicated and managers

would have additional decision-making information. There is not any performance

measurement system framework that explicatively incorporates any mechanism for identi-

fying, quantifying and projecting upstream the existing relationship between performance

indicators. This research can objectively find and establish a cause-and-effect relationship

between performance indicators defined within a performance measurement system and

then project them upstream towards the strategic level of the performance measurement

system, then becoming a management support tool providing additional information to

decision makers [12, 27]. It is apparent that in a given performance measurement system

there are various case-and effect relationships in place which are driven by the system

and which ensure that the measures employed become self-fulfilling, which means that you

get what you measure [7]. The general approach for designing performance measurement

systems is based on measuring input and output and yet there is another main dimension to

consider [20]. Also, a performance measurement system is characterized by the mixture of

two types of performance measures. They are leading (cause) and lagging (effect) indicators

respectively [15]. The leading indicators are performance drivers in the operational level.

Also, leading indicators can be referred to as the operational inputs to the process.

Whereas, the lagging indicators can be referred to as core outcomes or measurable

effects in tactical and have a serious impact on the strategic level of the performance

measurement system. A balanced performance measurement system should have a mix of

outcome measures (lagging indicators) and performance drivers (leading indicators) which

yield a cause-and-effect relationship [10]. Lagging indicators are derived from the business

objectives in order to represent the company performance according to their business goals.

The lagging indicators report on how well an organizations strategy worked within a specific

time period. In a process-based performance measurement system, it is significant to

provide a balanced view of the manufacturing performance by capturing both the leading

and lagging performance measures.
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Leading Indicators

In the conceptual framework, the leading indicators are referred to as the performance

indicators and are present in the process level. Performance indicators (PIs) are the

fundamental set of indicators defined for a process. These indicators include the input

provided for each process. The strategies formulated in the management level are applied

on these indicators because these indicators serve as input to the manufacturing system.

The PIs are referred to as leading indicators.

Lagging Indicators

In this conceptual framework, the lagging indicators are referred to as key performance

indicators and are present in the system level. Key performance indicators (KPIs) are

derived from the fundamental performance measures of a process. They are very useful to

collect information on day-to-day activities and progress of a process. These indicators are

very helpful to set strategies for achieving the objective of an organization. The frequency

of measurement differs based on the nature of the indicator, but they are mostly collected

on a daily basis. Establishing a cause-and-effect relationship by linking the performance

measures (Leading Indicators: Performance Indicators (PIs) & Lagging Indicators: Key

Performance Indicators (KPIs)) within and between different levels of the performance

measurement system.

3.3 Daily Management System Reporting Frame-

work

Industry reports and research indicate that while the organizations get a reasonable

understanding on how to design an effective PMS, they struggle to realize its usage.

Most importantly, the illustrations showcased in this section are developed based on

Maine Medical Centers Operational Excellence Department Daily Management System
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Figure 3.3: Cause-and-Effect Relationship

Framework, and the all credit goes to their department and team. Therefore, managers in

such organizations, find it difficult to onboard all the employees, implement and use the

PMS. For serving this purpose, daily management system reporting framework will be

regarded as,

1. A disciplined, daily process of gathering data and assessing performance of KPIs in

real-time.

2. The assessment is done with the intent to take immediate actions that correct the

performance issues not just an information sharing session.

3. This creates a culture of seeing and solving daily issues in a quality and timely manner

Continuous Improvement.

A daily management system reporting framework has to have three major components,

and they are listed below:

1. KPI Alignment Chart To align the goals and objectives

2. KPI Trend Analysis Chart To visually look at the data for critical processes
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3. Cause-and-Effect Analysis Chart To explain the cause-and-effect relationship

In the next sections, the major components of the daily management system reporting

framework will be discussed in detail. Also, the template for each of the components will

be illustrated in this chapter.

3.3.1 Types of Performance Measures Based on Reporting

Frequency

Before discussing the major components, it is important to understand how the perfor-

mance measures have to be classified based on how frequently they are reported. All the

performance measures do not have to be reported to every employee in the organization.

It is more appropriate to report a defined set of performance measures that applies to each

level of the organization. The Figure 3.4 given below classifies the performance measures

depending on how frequently they are measured and reported to the employees in various

levels of the organization, it also provides the characteristic of each measure and lists the

support tools for analyzing each measure.

3.3.2 KPI Alignment Chart

The main purpose of a KPI alignment chart is to align the higher-level goals and objectives

with the operational level KPIs. The KPI alignment chart consists of the following

important information,

1. What is the goal of the system?

2. What is the strategy followed to achieve that goal?

3. What is the critical element that drives the system?

4. What is the KPI used to measure the impact of driver in the system?
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Figure 3.4: Types of Performance Measures
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Figure 3.5: KPI Alignment Chart

5. What is the target of the system?

6. What is actually achieved by the system?

3.3.3 KPI Trend Analysis Chart

The main purpose of this KPI Trend Analysis chart is to visually display the impact of

critical factors on key performance indicators. These charts can be color coded in order to

easily understand what is going on in the system and create warning signals if there are
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Figure 3.6: KPI Trend Analysis Chart

any abnormalities in the system. Following are the main characteristics / significance of

using KPI trend analysis charts as part of daily management system reporting framework:

1. Highlight the trend of KPIs over time

2. Provide information of whether the goal was achieved or not on a daily basis

3. Helps to understand what the total contribution of that particular KPI is and how

much is through to the next level and how much is wasted in the system
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Figure 3.7: Cause-and-Effect Analysis Chart

3.3.4 Cause-and-Effect Analysis Chart

The main purpose of using a Cause-and-Effect Analysis chart is to list down all the

cause that is related to not achieving the goal of the system. Following are the main

characteristics / significance of using a cause-and-effect analysis chart as part of the daily

management system reporting framework:

1. List all the causes for missing the goal

2. Track the number of days the goal was missed with respect to each cause

3. Identify the main causes for missing the goal

4. Perform root cause analysis to identify the root cause for missing the goal
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Figure 3.8: General Overview of Conceptual Model

3.4 Conceptual model & Design of Throughput Based

PMS Framework

3.4.1 Conceptual Model

The previous sections have discussed in detail about the major components of a PMS. Based

on that, this section illustrates the conceptual model of a PMS. The major deliverable of

this section is to layout a model that puts together all the information / components

discussed earlier. Then, using that conceptual model, develop a throughput based PMS or

evaluate the performance of a manufacturing system.
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Figure 3.9: Conceptual Model in Detail
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3.4.2 Design of Throughput Based PMS Framework

Based on the conceptual model discussed above, a PMS to evaluate the throughput of a

manufacturing system had been developed and illustrated below. This throughput based

PMS will be evaluated using a manufacturing case study (simulation model) in the next

chapter. It is important to note that, the concepts discussed in this throughput based

PMS framework has been derived from existing literature. The daily management system

reporting framework will be illustrated later in the next chapter (Chapter 4), but the PMS

framework is given below.

The PMS illustrated above is vertically integrated based on the hierarchical levels

and they are as follows: Strategic Level This level identifies the needs of customers and

stakeholders. Based on the needs identified, they are translated into goals and objectives.

The goals and objectives focus on the following areas:

1. Internal Process

• Throughput measures the average output of a production process per unit time

• Work-in-process measures the total inventory between start and end points of

a routing

• Cycle time measures the average time from when a job is released into a station

or line when it exits

2. Quality

• Percentage of products with correct quality measures the total percentage of

output that meets the required quality

• Percentage of reject measures the total percentage of output that does not meet

the required quality

3. Cost
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• Total maintenance cost measures the sum of planned (preventive) and un-

planned (corrective) maintenance cost

• Cost of assets replaced measures the total cost of replacing the assets due to

planned and/or unplanned maintenance

4. Service

• Percentage of orders delivered on-time measures the total percentage of orders

completed and delivered on time

• Percentage of orders pending measures the total percentage of orders that has

been delayed and not completed on time

5. Learning & Innovation

• Major improvement plans measures the total number of improvement plans or

improvement projects implemented annually

• Employee training/education measures the number of hours employee spends

on training/education related activities

In the throughput based PMS, the goal of the manufacturing system is to produce certain

units of final product on a yearly basis. Therefore, the areas that should be focused is

internal process. The other areas will have a greater impact on the overall performance

of the manufacturing system if the internal process is not performing well. Each of the

above areas are measured using a set of performance measures. Since, they are all outcome

measures, they are defined as lagging KPIs. Often, higher-level management is focused

on the performance of lagging KPIs because they summarize the overall performance of

the organization. These higher level KPIs are impacted heavily by the strategy defined

in the tactical level and performance of processes in the operational level. The outcome

measures defined in the strategic level can be compared against the benchmarks or targets

to understand the gaps in the system and identify the scope for improvement.
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Figure 3.10: Strategic Level Throughput Based PMS Framework

In the next level, which is the tactical level, plan of action has to be developed for

achieving those goals and objectives defined in the strategic level. Also, it is important to

identify the critical factors / drivers that drive the system and has the ability to have a

negative impact on the performance of the system if they are not properly addressed in

this level. The managers are usually responsible for identifying these critical factors and

develop a plan of action to measure and reduce its impact. The critical factors identified

in the manufacturing system are as follows:

1. Impact of Flow

• Value added time

• Non-value added time

2. Impact of Variation

• Co-efficient of variation in arrival
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• Co-efficient of variation in process time

3. Impact of Disruption

• Reliability of people

• Reliability of material

• Reliability of equipment

• Reliability of schedule

The impact of flow, is characterized by the percentage of value added time and non-

value-added time. The main purpose of considering the impact of flow, is to reduce any

unnecessary flow in the manufacturing system. Also, improvement plans should focus

on converting the non-value added time into value added time. Next is the impact of

variation, it is characterized by the co-efficient of variation in arrival and process time.

The variation in arrival of material to any workstation of the manufacturing system can

largely impact the outcome of the process. Equally important is the variation in process

times, if there is a significant variation in process time, the subsequent process will have

a greater negative impact, and the overall performance of the system will not meet the

expectations. Following the impact of variation, it is important to consider the impact of

disruption. Disruption is characterized as any unplanned event in the system and it is often

related to four major components in the system and they are people, material, equipment,

and schedule respectively. If any one of these components have any disruption issue,

then the system will more likely stop functioning. Therefore, it is essential to list down

the performance measures that can track the reliability of the four critical components.

Therefore, in conclusion, if these three critical factors flow, variation, and disruption are

not under control, the overall performance of the manufacturing PMS will not achieve its

target. Also, if the relationship between the leading and lagging KPIs are not established,

it is hard to track the area of lower performance, and as a result there will be no trigger

for continuous improvement.
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1. Value added time

• Raw process time

• Time for internal setup

2. Non-value added time

• Material move time

• Material waiting time

• Time for external setup

3. Co-efficient of variation in arrival

• Arrival rate of material

• Batch size

4. Co-efficient of variation in process time

• Raw process time

• Time for internal setup

• Time for external setup

5. Reliability of people

• Number of workers available

• Man hours available

• Man hours absent

6. Reliability of material

• Percentage of material arriving with correct quantity

• Percentage of material arriving with correct quality

51



• Percentage of material arriving at correct location

• Percentage of material arriving in correct frequency

7. Reliability of equipment

• Failure rate of equipment

• Mean time to failure

• Mean time to repair

8. Reliability of schedule

• Total planned maintenance hours

• Total unplanned maintenance hours

• Shift length

Finally, the daily management system reporting framework will be developed for the

operational level KPIs. Because, the operational level KPIs have to be reported and

tracked on a daily basis. In order to achieve the target, set the higher level, the shop-floor

level KPIs have to be improved. They are often referred to as leading KPIs, because,

the performance of these KPIs serve as the foundation for assessing or predicting higher

level performance. Hence, establishing relationship between the lower level leading KPIs,

and higher level lagging KPIs is significant to predict the overall performance of the

manufacturing system. In the next chapter (Chapter 4), using sensitivity analysis various

scenarios will be developed to assess the impact of flow, variation and disruption and their

interactions will be studied using the KPIs at different levels and visually represented daily

management system reporting framework.
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3.5 Assessing the Throughput Based PMS Using

Maturity Model

The Table 3.1 assesses the throughput based performance measurement system using the

maturity model discussed in Table 3.2. This clearly relates the building blocks of conceptual

PMS with the appropriate maturity level based on the deciding criteria and also lists the

reasons for assigning that level of maturity.

Definition: A performance measurement system maturity model is defined as the

level wise evolution of performance measurement based on the given dimensions (such

as system which provides the scope of measurement, data collection, storage of data,

communication of performance results, use of performance measures, and quality of

performance measurement processes) at each level.

Purpose: The purpose of a PMS maturity model is to assess the growth and

development of PMS over time. The maturity model highlights the areas of PMS that

should be improved in order to build a more robust PMS. Tracking the maturity of PMS

will significantly impact the overall performance and culture of the organization

3.6 Summary

In summary, the conceptual model for designing PMS has been proposed based on the

following requirements,

• Vertical Integration

• Horizontal Integration

• Cause-and-Effect Relationship

• Daily Management System Reporting Framework
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Figure 3.11: Assessment of Throughput Based PMS Using Maturity Model
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Figure 3.12: Performance Measurement System -Maturity Model
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Figure 3.13: Performance Measurement System -Maturity Model
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This conceptual PMS model has the ability to provide comprehensive and timely

information on the performance of the organization. This information thus obtained can

be used to:

• Align the management level goals and objectives with all the levels of the organization

• Identify critical factors that contribute to the success of the organization

• Communicate goals and current performance of a manufacturing process directly to

all the levels in an organization

• Establish relationship between the leading KPIs (determinants) and lagging KPIs

(results)

• Track the current performance and identify the process bottlenecks

• Track changes and make proactive decisions

• Stimulate continuous improvement activities rather than simply monitoring opera-

tions

In the next chapter, this conceptual model is applied to a case study and evaluated using

a simulation model.
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Chapter 4

Case Study

4.1 Introduction

In the previous section, the conceptual model was presented, and based on that model a

PMS framework for assessing the throughput of a manufacturing system was presented.

This section evaluates the throughput based PMS framework by applying it to a

manufacturing case study. The identity of the manufacturing company discussed in this

case study has been protected. Initially, the section begins to explain the pilot study

performed to identify and map the various stages of a process. A simulation has been

developed to recreate the exact manufacturing process in a computer in order to perform

sensitivity analysis (create different types of what if scenarios).

4.2 Pilot Study

The manufacturing process has six sub-processes. For the purpose of safety, the

exact names of the sub-processes are nor revealed. Instead, the six sub-processes are

named as Process-1, Process-2, Process-3, Process-4, Process-5 and Process-6 respectively.

Information regarding these six processes were collected through one-on-one interviews

58



Figure 4.1: Case Study - Overview

with lab personnel (interviewed two to three key employees in each lab) responsible for

each process and also through production summary. Each interview took approximately

one to two hours. Then using the data thus gathered, a value stream map was generated

for the current state to analyze each process in detail. It is important to observe that the

production process is extremely broad and has many sub-processes involved at each stage.

Therefore, one value stream map was insucient to analyze the entire process. Instead, a

value stream map for the overall process along with a value stream map for each sub-

process was developed. Value stream mapping the current process helped to analyze each

sub-process in detail and provided better insight on process bottleneck.

4.2.1 Data Validation

Simulation is an effective tool to assess the performance, visually track the changes and

identify the bottleneck in the system. It provides detailed process analysis, due to its

potential to estimate the effect of process variations and new processes in a computer
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Figure 4.2: Case Study - Value Stream Map
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background by creating what if scenarios [17]. This tool has the ability to predict the

impact of process parameter variations in the system. The sensitivity analysis will provide

a proactive approach and helps to manage the critical resources of any system [22]. The

simulation model has four main components:

1. Locations,

2. Entities,

3. Arrival, and

4. Process

Locations include all the physical points that are related to the manufacturing process.

In this simulation model, each machine is considered as a location. Entities include

the various intermediate forms that a product can be transformed before it becomes

the final product. Arrival refers to the frequency at which the material arrives at each

location for being processed at that particular location. Process refers to the sequence

in which the manufacturing system works. The value stream map plays a significant role

in providing required data for the variables corresponding to these four main components

of the simulation model. Also, the model is validated by comparing the output obtained

from simulation model with the data presented in the value stream map for each of the

six main processes. Simulation is an effective tool to assess the performance, visually

track the changes and identify the bottleneck in the system. It provides detailed process

analysis, due to its potential to estimate the effect of process variations and new processes

in a computer background by creating what if scenarios [14]. This tool has the ability to

predict the impact of process parameter variations in the system. The sensitivity analysis

will provide a proactive approach and helps to manage the critical resources of any system

[30].

The list of variables/ operational parameters identified in the case study are given

below:
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Figure 4.3: Case Study - Simulation Model
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• Process Time

• Cycle Time

• Yield

• Batch Size

• Time/Batch

• Effective Input/output

• Number of Personnel

• Number of Shifts

• Schedule

4.3 Sensitivity Analysis

This section is dedicated to understand the impact of flow, variation, and disruption

through sensitivity analysis. The best case scenario developed for this case study does

not consider the impact of flow, variation, and disruption. This model was designed only

to understand the requirements of resources in order to achieve the annual target. It is well

known that a perfect system does not exist. There is always some kind of waste generated

by the system. The root cause(s) of waste has to be identified, then countermeasures have

to be designed, which then leads to implementation of proposed countermeasure(s) (similar

to PDSA cycle). Therefore, it is a process of continuous improvement and there is always

scope for improvement. The variables of best case scenario are changed and its impact on

the overall performance of the system is analyzed.

The following scenarios were created and compared against the result of best case

model.
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Figure 4.4: Performance Measures Identified in the Case Study

Figure 4.5: Case Study -Best Case Scenario Data
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Figure 4.6: Process Parameters for Best Case Scenario

1. Best Case Scenario

2. Scenario 1 -Impact of Flow Model

3. Scenario 2 -Impact of Variation Model

4. Scenario 3 -Impact of Disruption Model

4.3.1 Best Case Scenario

The best case scenario serves as the base model for all other scenarios. The results

obtained from the best case scenario are compared against the results of flow, variation,

and disruption models. As mentioned above, the best case scenario does not consider

any type of flow, variation, and/or disruption issues. It is assumed to be a perfect

system, which in reality does not exist. This scenario is designed to predict the process

parameters and resources required to achieve the annual target. The resources refer to labor

availability, equipment availability, raw material supply, scheduling capabilities, capacity

of each process, as well as others. This scenario is a perfect scenario, which does not

generate any type of waste. But in reality, such systems do not exist. Following images

illustrate the throughput based PMS and presents the daily management system reporting

framework to document, track, and compare the results over time.
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Figure 4.7: Best Case Scenario -KPI Alignment Chart
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Figure 4.8: Best Case Scenario -KPI Trend Analysis Chart

Figure 4.9: Best Case Scenario -Cause-and-Effect Analysis

67



Figure 4.10: Process Parameters Modified for Scenario 1

4.3.2 Scenario 1 : Impact of Flow Model

In this scenario, major parameters that impact the flow of a process are changed. Through

literature, it has been identified that flow can be broken down based on value added time

and non-value added time. The value added time is assessed using the raw process time,

and time for internal setup. Internal setup time is considered as a value added time,

because this type of setup can be performed without stopping the process. The non-value

added time is assessed using the material wait time, material move time, and external setup

time. External setup time is considered as the non-value added time, because the process

has to be stopped in order to complete the setup. Having identified all the parameters

related to value added time and non-value added time, in this scenario 1, the values of

these parameters are changed depending on real case scenario values. The results obtained

from this scenario are compared against the results of best case scenario. Through this

sensitivity analysis, the possible bottlenecks that arise due to impact of flow in the system

are determined. This helps to predict the critical process parameters and resources required

to achieve the annual target. Following images illustrate, the throughput-based PMS for

scenario 1 and presents the daily management system reporting framework to document,

track, and compare the results over time.
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Figure 4.11: KPI Alignment Chart Image -Flow Model
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Figure 4.12: KPI Trend Analysis Chart -Flow Model

Figure 4.13: Cause-and-Effect Analysis Chart -Flow Model
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Figure 4.14: Process Parameters Modified for Scenario 2

4.3.3 Scenario 2 : Impact of Variation Model

In this scenario, major parameters that impact the variation of a process are changed.

Through literature, it has been identified that variation can be broken down based on co-

efficient of variation in arrival and co-efficient of variation in process time. The co-efficient

of variation in arrival is assessed using the arrival rate and batch size. The co-efficient

of variation in process time is assessed using the raw process time, internal setup time,

and external setup time. Having identified all the parameters related to value co-efficient

of variation in arrival and co-efficient of variation in process time, in this scenario 2, the

values of these parameters are changed depending on real case scenario values. The results

obtained from this scenario are compared against the results of best case scenario. Through

this sensitivity analysis, the possible bottlenecks that arise due to impact of variation in the

system are determined. This helps to predict the critical process parameters and resources

required to achieve the annual target. Following images illustrate, the throughput-based

PMS for scenario 2 and presents the daily management system reporting framework to

document, track, and compare the results over time.
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Figure 4.15: KPI Alignment Chart Image -Variation Model
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Figure 4.16: KPI Trend Analysis Chart -Variation Model

Figure 4.17: Cause-and-Effect Analysis Chart -Variation Model
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4.3.4 Scenario 3 : Impact of Disruption Model

In this scenario, major parameters that impact the disruption of a process are changed.

Through literature, it has been identified that disruption can be broken down based on

the reliability of four critical components of any process. They are reliability of people,

reliability of material, reliability of equipment, and reliability of schedule respectively. The

reliability of people is assessed using number of workers available, man hours available,

and man hours absent. The reliability of material is assessed using percentage of

material arrived with correct quality, percentage of materials arrived with correct quantity,

percentage of materials arriving at correct location, and percentage of materials arriving on-

time. The reliability of equipment is assessed using the failure rate of equipment, mean time

to failure, and mean time to repair. The reliability of schedule is assessed using the total

planned maintenance hours, total unplanned maintenance hours, and shift length. Having

identified all the parameters related to the reliability of four critical components (people,

material, equipment, and schedule), in this scenario 3, the values of these parameters are

changed depending on real case scenario values. The results obtained from this scenario are

compared against the results of best case scenario. Through this sensitivity analysis, the

possible bottlenecks that arise due to impact of disruption in the system are determined.

This helps to predict the critical process parameters and resources required to achieve

the annual target. Following images illustrate, the throughput based PMS for scenario 3

and presents the daily management system reporting framework to document, track, and

compare the results over time.

4.4 Conclusion

The outputs obtained from each scenario were compared against the best case scenario

results. It is obvious that, the outputs of scenario 1 - flow model, scenario 2 - variation

model, and scenario 3 - disruption model, are not equal to or above the output produced by
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Figure 4.18: Process Parameters Modified for Scenario 3

the best case scenario. The difficulty explained in theory or literature has been overcome

by this conceptual model based PMS framework for assessing the throughput of the system.

It is significantly proved that alignment of higher level goals and objectives with the

operational level activities are definitely possible. The leading indicators responsible for the

decrease in production of output (lagging indicators) can be easily tracked for each scenario

through the cause-and-effect relationship. Using this relationship, the bottleneck in the

process can be determined easily. Also, the daily management system reporting framework,

clearly depicts the real-time scenario of the manufacturing system and highlights the areas

that are not performing very well along with the causes of failure. Therefore, this model

has the capability to trigger the development of improvement plan, and transform into a

continuously improving system.
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Figure 4.19: KPI Alignment Chart Image -Disruption Model
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Figure 4.20: KPI Trend Analysis Chart -Disruption Model

Figure 4.21: Cause-and-Effect Analysis Chart -Disruption Model

77



Figure 4.22: Comparison of Simulation Model Outputs
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Chapter 5

Conclusion

5.1 Introduction

This chapter summarizes the key findings of the thesis work. It discusses the contribution

to performance measurement system in manufacturing industries, the limitations of the

study, an assessment, and suggestions for future improvements. The main idea of the

thesis was to develop a manufacturing performance measurement system to understand

the relationship of various activities and their alignment with the goal of the organization.

Following an intensive literature review, the main dimensions to design a manufacturing

performance measurement system was developed.

5.2 Methodological Contribution

Performance measurement system is about linking the objectives of each level with the

overall goal of the organization. It helps in modeling a proactive system. The contributions

of this research are as follows:

• This thesis work developed a robust framework based on both practical and

theoretical foundations.
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• The model guides industries on how to define performance measurement system

depending on the manufacturing process

A conceptual model for designing PMSs using main dimensions identified through literature

was developed. Based on the conceptual model, a throughput based PMS framework

was developed and validated using a case study. A simulation model was developed

and sensitivity analysis was performed to understand the impact of flow, variation and

disruption was validated using the PMS. The design of a manufacturing performance

measurement system proved to be very logical in connecting the goal/objectives of each

level, and understanding the cause-and-effect relationship of every performance measure

defined in the manufacturing system.

5.3 Practical Usage

The thesis has an important role to play in most industries. Traditionally, there is

an abundance of existing literature on the benefits of using performance measurement

systems; there is no single comprehensive tool for the management to develop performance

measurement system. This proposed methodology could be that tool. Potential uses for

the methodology include the following:

• A methodology for the identification of the leading & lagging indicators.

• A versatile methodology which can easily be extended to other areas of the plant and

to other plants.

• A proactive methodology that anticipates risky scenarios and provides indications to

mitigate the associated risks and prevent them from becoming adverse.
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5.4 Direction for Future Work

The thesis emphasized the main dimensions of a manufacturing performance measurement

system. Also, the proposed methodology was validated using a manufacturing case study.

The model could be applied to any industry depending on the scenario. Future research

could focus on the following areas:

• The existing model is developed only for the internal process related functions, but

it could be extended for other departments like human resources, safety & risk

management, etc.

• A performance measures dashboard can be created for updating the active/closed

key performance indicators. The data collection and/or data representation could

be made easy by using KPI board that consists of the letter chart, run chart, and

pareto chart.
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[5] Butzer, S., Schötz, S., Petroschke, M., and Steinhilper, R. (2017). Development of

a performance measurement system for international reverse supply chains. Procedia

CIRP, 61:251–256. 1, 5, 19

[6] Cochran, D. S., Arinez, J. F., Duda, J. W., and Linck, J. (2001). A decomposition

approach for manufacturing system design. Journal of manufacturing systems,

20(6):371–389. 2, 11, 12, 18

[7] Daniels, R. C. and Burns, N. (1997). A framework for proactive performance

measurement system introduction. International Journal of Operations & Production

Management, 17(1):100–116. 31, 37

[8] de Lima, E. P., da Costa, S. E. G., and de Faria, A. R. (2009). Taking operations

strategy into practice: developing a process for defining priorities and performance

measures. International journal of production economics, 122(1):403–418. 9, 11, 19,

31

83



[9] De Toni, A. and Tonchia, S. (2001). Performance measurement systems-models,

characteristics and measures. International Journal of Operations & Production

Management, 21(1/2):46–71. 4, 18, 20, 31

[10] Fernandes, K. J., Raja, V., and Whalley, A. (2006). Lessons from implementing

the balanced scorecard in a small and medium size manufacturing organization.

Technovation, 26(5-6):623–634. 5, 18, 19, 34, 35, 37

[11] Garengo, P., Biazzo, S., and Bititci, U. S. (2005). Performance measurement systems

in smes: A review for a research agenda. International journal of management reviews,

7(1):25–47. 2, 3, 4, 5, 6, 7, 18, 32

[12] Gibbons, P. M. and Burgess, S. C. (2010). Introducing oee as a measure of lean six

sigma capability. International Journal of Lean Six Sigma, 1(2):134–156. 20, 37

[13] Gomes, C. F., Yasin, M. M., and Lisboa, J. V. (2007). The dimensionality

and utilization of performance measures in a manufacturing operational context:

Organizational change implications. Cross Cultural Management: An International

Journal, 14(4):286–306. 2, 3, 20, 29, 31

[14] Han, K. H., Kang, J. G., and Song, M. (2009). Two-stage process analysis using the

process-based performance measurement framework and business process simulation.

Expert Systems with Applications, 36(3):7080–7086. 10, 19, 60

[15] Hon, K. (2005). Performance and evaluation of manufacturing systems. CIRP Annals-

Manufacturing Technology, 54(2):139–154. 4, 7, 10, 19, 37

[16] Hudson, M., Smart, A., and Bourne, M. (2001). Theory and practice in sme

performance measurement systems. International journal of operations & production

management, 21(8):1096–1115. 1, 2, 3, 5, 18, 19, 21, 34

84



[17] Hwang, G., Han, S., Jun, S., and Park, J. (2014). Operational performance metrics in

manufacturing process: Based on scor model and rfid technology. International Journal

of Innovation, Management and Technology, 5(1). 2, 3, 4, 10, 19, 20, 60

[18] Jonsson, P. and Lesshammar, M. (1999). Evaluation and improvement of

manufacturing performance measurement systems-the role of oee. International Journal

of Operations & Production Management, 19(1):55–78. 1, 2, 7, 10, 34

[19] Kueng, P. (2000). Process performance measurement system: a tool to support

process-based organizations. Total quality management, 11(1):67–85. 1

[20] Mathur, A., Dangayach, G., Mittal, M., and Sharma, M. K. (2011). Performance

measurement in automated manufacturing. Measuring business excellence, 15(1):77–91.

10, 18, 20, 29, 37

[21] Medori, D. and Steeple, D. (2000). A framework for auditing and enhancing

performance measurement systems. International Journal of Operations & Production

Management, 20(5):520–533. 1

[22] Mettänen*, P. (2005). Design and implementation of a performance measurement

system for a research organization. Production Planning & Control, 16(2):178–188. 4,

18, 19, 21, 60

[23] Neely, A., Gregory, M., and Platts, K. (1995). Performance measurement system

design: a literature review and research agenda. International journal of operations &

production management, 15(4):80–116. 1, 2, 4, 19, 21, 31, 33

[24] Neely, A., Mills, J., Platts, K., Gregory, M., and Richards, H. (1996).

Performance measurement system design: Should process based approaches be adopted?

International journal of production economics, 46:423–431. 9, 19

[25] Neely, A., Mills, J., Platts, K., Richards, H., Gregory, M., Bourne, M., and

Kennerley, M. (2000). Performance measurement system design: developing and testing

85



a process-based approach. International journal of operations & production management,

20(10):1119–1145. 1

[26] Nogning, F. L. and Gardoni, M. (2015). Performance double prism: A performance

measurement system for exploration and exploitation innovations in manufacturing smes.

In Industrial Engineering and Operations Management (IEOM), 2015 International

Conference on, pages 1–10. IEEE. 31

[27] Rodriguez, R. R., Saiz, J. J. A., and Bas, A. O. (2009). Quantitative

relationships between key performance indicators for supporting decision-making

processes. Computers in Industry, 60(2):104–113. 11, 18, 19, 20, 37

[28] Striteska, M. (2012). Key features of strategic performance management systems in

manufacturing companies. Procedia-Social and Behavioral Sciences, 58:1103–1110. 2, 8,

19

[29] Tangen, S. (2004). Performance measurement: from philosophy to practice.

International journal of productivity and performance management, 53(8):726–737. 1, 2,

3, 5, 19

[30] Tung, A., Baird, K., and Schoch, H. P. (2011). Factors influencing the effectiveness of

performance measurement systems. International Journal of Operations & Production

Management, 31(12):1287–1310. 5, 19, 31, 32, 34, 60

[31] Xia, L. X. X., Ma, B., and Lim, R. (2007). Ahp based supply chain performance

measurement system. In Emerging Technologies and Factory Automation, 2007. ETFA.

IEEE Conference on, pages 1308–1315. IEEE. 2

86



Vita

Vijayakrishnan Poondi Srinivasan was born in Chennai, India on February 3, 1993. He

completed his Bachelors degree in Mechanical Engineering in 2014 in Chennai, India.

He joined his Masters degree in Industrial and Systems Engineering at the University

of Tennessee, Knoxville. He joined as Graduate Research Assistant in the Center

for Advanced Systems Research and Education (CASRE). Vijayakrishnan is currently

completing his Masters degree in Industrial and Systems Engineering in Spring 2018.

87


