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ABSTRACT  

Today’s hyper–competitive worldwide market, turbulent environment, demanding customers, 

and diverse technological advancements force any corporations who develop new products to 

look into all the possible areas of improvement in the entire product lifecycle management 

process. One of the areas that both scholars and practitioners have overlooked in the past is 

Engineering Change Management (ECM).  

The vision behind this dissertation is to ultimately bridge this gap by identifying main 

characteristics of a New Product Development (NPD) process that are potentially associated with 

the occurrence and magnitude of iterations and Engineering Changes (ECs), developing means to 

quantify these characteristics as well as the interrelationships between them in a computer 

simulation model, testing the effects of different parameter settings and various coordination 

policies on project performance, and finally gaining operational insights considering all relevant 

EC impacts.  

The causes for four major ECM problems (occurrence of ECs, long EC lead time, high EC 

cost, and occurrence frequency of iterations and ECs), are first discussed diagrammatically and 

qualitatively. Factors that contribute to particular system behavior patterns and the causal links 

between them are identified through the exploratory construction of causal/causal–loop diagrams. 

To further understand the nature of NPD/ECM problems and verify the key assumptions made in 

the conceptual causal framework, three field survey studies were conducted in the summer of 

2010 and 2011.  Information and data were collected to assess the current practice in automobile 

and information technology industries where EC problems are commonly encountered. 



 

 

 

Based upon the intuitive understanding gained from these two preparation work, a Discrete 

Event Simulation (DES) model is proposed. In addition to combining essential project features, 

such as concurrent engineering, cross functional integration, resource constraints, etc., it is 

distinct from existing research by introducing the capability of differentiating and characterizing 

various levels of uncertainties (activity uncertainty, solution uncertainty, and environmental 

uncertainty) that are dynamically associated with an NPD project and consequently result in 

stochastic occurrence of NPD iterations and ECs of two different types (emergent ECs and 

initiated ECs) as the project unfolds. Moreover, “feedback–loop” relationships among model 

variables are included in the DES model to enable more accurate prediction of dynamic work 

flow.  

Using a numerical example, different project–related model features (e.g., learning curve 

effects, rework likelihood, and level of dependency of product configuration) and coordination 

policies (e.g., overlapping strategy, rework review strategy, IEC batching policy, and resource 

allocation policy) are tested and analyzed in detail concerning three major performance 

indicators: lead time, cost, and quality, based on which decision–making suggestions regarding 

EC impacts are drawn from a systems perspective. Simulation results confirm that the nonlinear 

dynamics of interactions between NPD and ECM plays a vital role in determining the final 

performance of development efforts. 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1  Overview 

New Product Development (NPD) is an entire process from idea generation, through product 

design and manufacturing, and to bringing a new product to the market. On the other hand, 

Engineering Change Management (ECM) refers to a collection of procedures, tools, and 

guidelines for handling modifications and changes to already released product design 

specifications or locked product scope (Terwiesch and Loch 1999; Huang and Mak 1999; 

Bhuiyan, Gatard, and Thomson 2006, Bouikni and Desrochers 2006). While these two processes 

often overlap and influence each other, methodical understanding of the dynamic interactions has 

been scarce in the research community. From a macro organizational perspective, a 

comprehensive assessment that aims to quantify the combined impact of key NPD and ECM 

process characteristics on the performance of development efforts still remains very challenging, 

particularly in a resource constrained multi–project environment.  

The purpose of this dissertation is to systematically investigate the dynamic interactions 

between NPD and ECM within a single firm. The research generalizes and develops a structured 

foundation for simulating the iterations and engineering changes occurred stochastically 

throughout the development process. Thus, it enables the prediction of key project performance 

indicators within a given context and provides useful managerial insights for decision makers 
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who wish to understand how the complexity and uncertainty that is typically associated with 

ECM problems may influence the lead time, cost, and quality of their NPD projects. 

This first chapter gives an introduction of the entire research work by overviewing the 

context in which ECM issues are discussed, defining the research problems that this dissertation 

attempts to address and the purpose of the modeling study, highlighting the research objectives, 

justifying the methodology adopted to achieve them, and lastly summarizing the organization of 

this dissertation.  

 

1.2  The Problems 

Engineering Change (EC) is a fundamental reality in any new product design and 

development environment. However, there is no universally accepted definition of EC either in 

academia or practice. Different process participants, cross–functional stakeholders, and observers 

describe EC differently in order to reflect their own perspectives of the iterations or 

modifications taken place during the product design, development and life cycle.  

From a manufacturing and inventory standpoint (e.g. Hedge, Kekre, and Kekre 1992; Ho 

1994; Balakrishnan and Chakravarty 1996; Wright 1997; Tavcar and Duhovnik 2005; Wänström 

and Jonsson 2005), an EC is defined as modifications to a component or a part after the product 

has entered production. ECM problems are presumably considered to be root causes of unstable 

production schedule, inconsistent bill of material planning or maintenance, and obsolete 

inventories in a shop floor.  
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Several other researchers (e.g. Huang and Mak 1999; Terwiesch and Loch 1999; Bouikni and 

Desrochers 2006) specify ECs as “changes and modifications to the form, fit, or function of a 

product or part after the definition/design is released” from a perspective of engineering design 

disciplines and technical functions. Since the design freeze time of different parts, drawings and 

software are all different, there is no one certain point in time after which informal design 

iterations should be regarded as formal ECs when compared to the previous manufacturing and 

inventory perspective (i.e. beginning of the mass production).  However, ECs are considered to 

appear only in the latter half of the NPD process, most likely in those final stages of the design 

phase and the entire production phase.  

Still others (e.g. Huge 1977; Riviere, DaCunha, and Tollenaere 2002; Eckert, Clarkson, and 

Zanker 2004; Bhuiyan, Gatard, and Thomson 2006), reflecting their interpretations from a 

business viewpoint, will consider “ECM not to be addressed within a particular phase of the 

Product Life Cycle (PLC)”. That is to say, an EC may occur at any point during the whole life 

cycle of a product. This is a far broader way to view any iteration or change from the very 

beginning of an NPD process to the time when the product is actually in use.  

Despite of the above mentioned multiple diverse visions in defining engineering changes, 

there are several common characteristics of ECs that have been confirmed by previous 

theoretical and empirical literature.  

First, ECs can be classified into two main categories (Loch and Terwiesch 1999; Black and 

Repenning 2001; Eckert, Clarkson, and Zanker 2004; Bhuiyan, Gatard, and Thomson 2006):  

1) Emergent EC (EEC) originates from the problems or errors detected from activity 

outcomes (i.e., design data and information) that have already been frozen and formally released 
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to the downstream phase. In this research, EECs are assumed to occur according to a certain 

probability determined by the conceptualized solution uncertainty, which will be discussed later 

in more detail; and  

2) Initiated EC (IEC) requested by sources outside the project’s control such as changing 

market conditions, arising customer requirements, new legislation, or emerging technology 

advances any point along the NPD process in response to the conceptualized environmental 

uncertainty, which will also be discussed in later section.  

Under this classification scheme, design iterations within an NPD process and problem–

induced EECs are very similar, but occur in different situations. Both of them aim at correcting 

mistakes or solving problems through repetitively achieving unmet goals that have been set 

initially. EECs are requested rework to prior activities whose outcomes have already been 

finalized and released to the next phase. However, NPD iterations take place before any design 

information is formally released to downstream phases, and therefore it generally takes less time 

to handle iterations due to both a smaller rework scope and a shorter approval processing time. 

For simplicity, we will use the term “Rework” in this dissertation to refer to both iterations and 

EECs, unless specific distinction is required. From another standpoint, opportunity–driven IECs 

arise from new needs and requirements, which result in the adding of functionality to a product 

(Clarkson and Eckert 2004), or enlargement of the original design solution scope. A formal 

assessment and approval process is desirable in handling both types of ECs due to the associated 

complexity and potential risks (Terwiesch and Loch 1999; Eckert, Clarkson, and Zanker 2004). 

Second, typical companies launching new products follow planned schedules. NPD projects 

are often planned in advance in terms of project specifications (including task schedule, stage 

gate dates, resource allocation, performance measurement, etc.), financial justification, and 
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preliminary market and technical assessment (Brown 1995). However, ECs occur in far more 

random patterns compared with regular NPD activities, and the amount of time and effort 

required for each EC also varies significantly from one case to another. Simple changes to the 

manufacturing specifications of a product component may need just a few days while other 

changes to the outcomes of activities in early design lifecycle stages may cause unexpected 

downstream change propagation, and result in substantial resource consumption, a high EC cost, 

and a long overall EC processing time.  

Third, resources committed to an NPD project are normally pre–determined and stable. That 

is, a certain amount of resources are dedicated to each NPD project as stated by the proposed 

resource planning. However, despite the fact that ECM requires an integrated effort from project 

planning, sales and marketing, research and development, engineering, manufacturing, 

purchasing and inventory control, quality assurance/control, finance, human resources, and 

sometimes even suppliers (Huang and Mak 1999; Bhuiyan, Gatard, and Thomson 2006), there 

are typically no separate cross–functional resources set aside for handling ECs (Huang and Mak 

1999). If there are no additional resources available when an EC Request (ECR) is approved, it 

has to compete for the same resources that have already been assigned to regular NPD activities 

according to priority levels. 

Lastly, besides the above–mentioned primary effects on budget and schedule overruns, the 

nonlinear cause–and–effect relationships among ECs and regular NPD activities also cause 

secondary feedback effects on the scope, uncertainty, productivity and quality of an NPD project. 

Most of them are extensively recorded in literature of Product Development (PD) modeling 

utilizing a System Dynamics (SD) approach from a macro level with high abstraction. For 

example, fourteen secondary impacts of changes in construction development projects were 
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identified by Thomas and Napolitan (1994), including decreased worker productivity, learning 

curve associated with a change, possible out–of–sequence work, increased planning, 

coordination and rescheduling activities,  among others. However, these dynamic secondary 

feedback effects are not generally incorporated into traditional PD process–oriented discrete 

event simulation models that are typically constructed under a lower abstraction level as 

compared with SD. 

In sum, ECM is an important aspect to the success of an NPD project. On one hand, it 

continuously improves products, services, or processes by solving safety and critical 

functionality problems of a product solution and/or reflecting new customer requirements and 

technological advances. On the other hand, it also unexpectedly consumes a considerable amount 

of product development resources, which in turn affects the lead time and productivity of regular 

NPD activities significantly and thus causes scheduling instability and dramatic project cost 

increment.  

Despite its importance, there are only a few analytical models of ECM exist (e.g., Hegde 

1992; Ho 1994; Balakrishinan and Chakravarty 1996; Ho 1997; Barzizza 2001; Bhuiyan et. al 

2006; Lin et al. 2008), yielding inadequate ECM strategies for better PD project performance. 

This research aims to contribute to knowledge on the mutual impacts of ECM and NPD 

processes by designing and implementing a discrete–event simulation model, and applying it to 

investigate different NPD and ECM strategies and coordination policies. 
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1.3  The Context 

ECM problems cannot be studied in isolation. But rather, investigation of ECM reveals that 

problems need to be addressed within a broader context, including the following three principle 

aspects: i) complex systems, ii) current engineering and uncertainty, and iii) rework and change 

propagation. 

1.3.1  Complex Systems 

The stochastic dynamics of Complex Systems have been studied in various disciplines from 

natural sciences (physics, biology, chemistry, etc.), social sciences (sociology, psychology, 

economics, etc.), to interdisciplinary and applied sciences (computer science, engineering, etc.). 

To capture the universal properties of a complex system, we must understand, not only 

qualitatively but also quantitatively, the behavior of its interconnected building blocks, and how 

these parts interact with each other to form a collective macro behavior of the whole (Bar–Yam, 

1997).  Particularly, the complex systems theory has been gradually accepted as an appropriate 

context to fit into the product development and management literature (Yassine and Braha 2003; 

McCarthy et. al 2006; Braha and Bar–Yam 2007; Levardy and Browning 2009).   

A new product is designed and developed via an NPD process through the efforts from a 

group of specialists under dynamic internal and external environment. This dissertation brings 

together the four main elements of complexity associated with design and product development 

(Earl, Johnson and Eckert 2005), namely, product, process, team (/designer), and environment 

(/user), on the decision of how iterations and ECs emerge and thus impact NPD project 

performance, and how should they be effectively managed by applying different coordination 

policies. Figure 1 describes the four main elements of PD project complexity by listing the 

corresponding contributors under each category. Interdependencies among these factors and how 



 

 

they contribute (i.e., whether positively or negatively

time, and high EC cost will be discussed 

causal/causal–loop diagrams.  
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Similarly, a large complex PD process, through which all the stages of a product’s lifecycle 

occur, is itself a complex system involving hundreds or thousands of interrelated or interacting 

activities which transforms inputs into outputs (INCOSE SE Handbook V3.2.2, p. 5). As shown 

in the PD literature, tremendous research effort has been devoted into exploring the complexity 

of PD processes, especially in studying both of the advantages and disadvantages of parallel 

development process (also known as concurrent engineering) or spiral development process 

(which is applied more often in software industry) as compared with the traditional staged (also 

known as waterfall or sequential) development process. Some prior research particularly stressed 

structuring and managing the process through the efforts of minimizing the interdependencies 

among tasks via process sequencing optimization (Smith and Eppinger 1997, Browning and 

Eppinger 2002; Cho and Eppinger 2005). 

Also, multi–disciplinary teams participating in an NPD project are typically composed of 

numerous decision makers from different functional areas (e.g., marketing, engineering, 

manufacturing, purchasing, quality assurance, etc.) with varied skill sets (e.g., degree of 

specialization, depth of knowledge, qualifications, work experience, etc.), responsibilities, and 

authorities working together and contributing to the achievement of the final product solution. 

These teams exhibit another set of complex and non–linear organizational behaviors in 

communication, collaboration, and integration when considering local task decisions as well as 

task interactions in determining aggregate system performance (Loch, Mihm and Huchzermeier 

2003).  

Last but not least, an NPD project interacts with its internal (e.g., simultaneous concurrent 

development of other products within the same organization) and external (e.g., 

customers/market, competitors, suppliers, and other socio–economic factors such as government 
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regulations, etc.) environments throughout the project cycle. The dynamic and sometimes even 

chaotic competitive environmental factors also contribute significantly to the complexity in the 

coordination of NPD projects.   

 

1.3.2  Concurrency and Uncertainty 

Besides the above mentioned four essential ingredients of a complex PD project that will be 

explicitly integrated into the simulation model proposed by this dissertation, two key PD process 

characteristics, concurrency and uncertainty, will also be captured.    

The concept of Concurrent Engineering is characterized by 1) the execution of PD tasks 

concurrently and iteratively, and 2) the cross–functional integration through improved 

coordination and incremental information sharing among participating groups. It has been widely 

embraced by both academia and industry for the well documented advantages of NPD cycle 

acceleration, risk minimization by the detections of design errors in early stages, and overall 

quality improvement (e.g. Ha and Porteus 1995; Loch and Terwiesch 1998; Bhuiyan, Gerwin, 

and Thomson 2004). It is one of the primary process features that are captured and thoroughly 

analyzed by the model framework proposed in this dissertation.  

Complexity drives Uncertainty. Uncertainty is an inherent nature of NPD projects stemming 

from all aspects of complexity associated with efforts creating a new product as discussed above. 

The presence of inherent uncertainty in NPD processes is much greater and, interestingly, much 

more complicated than those in processes of other kinds (e.g., business or manufacturing 

processes), even though the latter also possess certain degree of inherent unpredictability. Types 

of uncertainty in engineering design include subjective uncertainty derived from incomplete 
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information, and objective uncertainty associated with environment (Wynn, Grebici, and 

Clarkson 2011). Moreover, concurrent processing of NPD activities will further increase the 

uncertainty of an NPD project by starting activities with incomplete or missing input information. 

This research explicitly differentiates uncertainty into three types: i) low–level activity 

uncertainty represented by the stochastic activity duration, ii) medium–level solution uncertainty 

that dynamically calculates rework probability, and iii) high–level environmental uncertainty 

captured by the arrival frequency and magnitude of IECs.  

 

1.3.3  Rework and Change Propagation 

Evidences show clearly that excessive project budget and schedule overruns typically involve 

significant effort on rework (Ford 1995; Ford and Sterman 1998, 2003; Reichelt and Lyneis 1999; 

Park and Peña–Mora 2003; Lin et al. 2007; Lyneis and Ford 2007). Moreover, it is claimed by 

Reichelt and Lyneis (1999) that “these phenomena are not caused by late scope growth or a 

sudden drop in productivity, but rather by the late discovery and correction of rework created 

earlier in the project.” In this dissertation, primary features of NPD projects will be transformed 

into a simulation model to study their relative impacts on the stochastic arrivals of Rework (i.e., 

iterations or EECs).  

Rework probability, if included in previous PD process models, is typically assigned a fixed 

number and remains statically along the process. However, it is calculated in this model by the 

dynamic, evolving solution uncertainty that includes important feedback effects from other 

interrelated system variables such as design solutions scope, resource availability, etc. And also, 
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any type of rework is usually discussed on an aggregate level, instead of being categorized into 

iterations or EECs, and even expanded to include IECs by this dissertation.  

A change rarely occurs alone and multiple changes can have interacting effects on the 

complex change networks (Eckert, Clarkson and Zanker 2004). Change Propagation is included 

in this research by considering both of the interdependence of product components/systems and 

the interrelated NPD activities. A complex product usually consists of several interrelated major 

systems, and each further contains interconnected subsystems, components, and elements. The 

interactions, in terms of spatial, energy, information, and material (Pimmler and Eppinger 1994), 

that occur between the functional and physical elements will cause EC of one product element 

propagate to the others. Besides highly dependent product configuration, product development 

activities are also coupled. An EC may propagate to its later activities within the current phase or 

after. For example, an EC that solves a design fault may trigger further changes to downstream 

activities in design or production phase. 

To conclude, this research is discussed in the context of complex systems and different forms 

of uncertainties on the decision of how NPD iterations, ECs, and change propagations emerge; 

their impact on key performance indicators, lead time, cost, and quality; and how should they be 

effectively managed applying different coordination policies. 

 

1.4  Research Objectives 

On the one hand, even though the demand has increased for more effective ECM as an 

important competitive advantage of product development companies, the existing ECM literature 

focuses mainly on the following topics: i) multi–step administrative evaluation that supports the 
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formal EC approval, implementation, and documentation process, ii) ECM in product structure 

and material resource planning, and iii) change propagation and knowledge management. In 

addition, with a few exceptions (Hegde 1992; Ho 1994; Balakrishinan and Chakravarty 1996; Ho 

1997; Barzizza 2001; Bhuiyan, Gatard, and Thomson 2006; Lin et al. 2008) (see Section 1.5 for 

detailed discussion of these analytical or computer models), almost all the previous research or 

empirical studies were qualitatively discussed in a descriptive nature.  

On the other hand, despite of a rich body of concurrent engineering literature that emphasizes 

the iterative nature of NPD, “these models see iterations as exogenous and probabilistic and do 

not consider the source of iteration1” (Loch, Mihm and Huchzermeier 2003), which causes the 

identified rework too general and therefore not sufficient for an effective ECM study. As a result, 

there is a lack of research–based analytical models to enhance the understanding of complex 

interrelationships between NPD and ECM, especially from an enterprise–level systems 

perspective.  

In response to the increasing calls to close the gap between these two bodies of literature, the 

objective of this research is to conceptualize and integrate the key features of both NPD and 

ECM in a way that understanding and knowledge of the dynamic and mutual impacts between 

these two processes can be improved from a systems perspective. Recognition of two types of 

rework (i.e., iterations and EECs) and IECs, along with the evolving uncertainty levels of an 

NPD project that calculate rework probabilities and influence how the development process 

unfolds (Wynn, Grebici, and Clarkson 2011), are the two underlying problems to be addressed 

by this work.  

To be more specific, this research intends to achieve the following goals:  
                                                           
1 “Iteration” in this quotation is an equivalent term to “Rework” as defined by this research. 
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1) To conduct a comprehensive, in–depth study of the main characteristics of ECM problem 

both qualitatively (through field survey research to investigate the current practice and 

the construction of causal frameworks to enhance the understanding of causes of ECM 

problems and interdependencies among key process features) and quantitatively (through 

the generation and systematic investigation of computer models to give precise and 

testable results). 

2) To develop a simulation model of the overall NPD process in which stochastic iterations, 

EECs, and IECs occur according to dynamically evolving uncertainty levels and thus 

impact work flow of the NPD project. Furthermore, this model framework can be 

extended into a multiple NPD projects environment.  

3) To examine how changes in the model variables affect key project performance measures 

(i.e., lead time, cost, and quality of the NPD project) from a systems perspective. 

Different NPD and ECM managerial strategies and coordination policies are to be 

investigated.  

 

1.5  Methodology 

The general research methodology and associated underlying principles (in terms of 

qualitative or quantitative research design) adopted by this research are introduced in the first 

subsection, while the justifications of modeling methodology choices are provided in the second 

subsection. 

1.5.1  Research Methodology  

Figure 2 depicts the iterative research process that contains four main building blocks of this 

dissertation: i) conceptual causal framework (Chapter 3) aiming to find sources of ECM issues 
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by identifying important interacting variables and their causal relationships from a systems 

perspective, ii) field survey study (Chapter 4) conducted in automobile and Information 

Technology (IT) industries in the summer of 2010 and 2011 to collect information and data 

regarding NPD and ECM processes, iii) computer simulation model (Chapter 5) that are 

systematically constructed based on the findings of the above two (i.e., theoretical and practical 

reasoning); and iv) numerical application and result analysis (Chapter 6) by importing educated 

estimates of model parameters, evaluating and comparing of various scenarios to support 

effective decision analysis of different NPD/ECM coordination policies and managerial 

strategies.    

 

Figure 2: Overview of the Iterative Research Process  
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Figure 3 illustrates the detailed view of the research method design adopted by this 

dissertation, which is based on a combination of both qualitative and quantitative analyses. The 

qualitative analyses include: 

• Analysis of primary and lower level drivers of ECM issues (e.g., long EC lead time 

and high EC cost) together with the causal relationships among these factors; 

• Analysis of information obtained from observations and informal interviews;  

• Use of secondary data in related literature, such as tested or proven definitions, 

theories, research hypotheses, etc.  

The quantitative analyses include: 

• Analysis of companies’ historical data or data collected from structured interviews; 

• Experimental design and result analysis of the computer simulation model; 

• Use of secondary data in related literature, such as published official statistics, results 

from field studies and industry surveys, etc. 

 

 

Figure 3: Detailed View of Research Method Design 
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1.5.2  Comparison of Different Modeling Methodologies 

As listed in Table 1, there are two main directions, mathematical modeling and computer 

simulation, that previous researchers took to gain insights and knowledge about NPD and ECM 

processes in the existing literature. It is important to note that these two approaches are by nature 

interwoven since computer simulation is innately mathematical models but in a computer–

assisted representation.  

Formulating a mathematical model, which is to “represent a system in terms of logical and 

quantitative relationships that are then manipulated and changed to see how the model react, and 

thus how the system would react” (Law 2007), is one way to define and abstract the problem of 

interest. Among various algorithm approaches, linear programming, which objective function 

and constraints are all linear functions, is fit to solve “the general problem of allocation limited 

resources among competing activities in the best possible way” (Hillier and Lieberman 2001). As 

listed in Table 1, several researchers applied linear programming in their studies (Balakrishnan 

1996, Krishnan 1997, and Barzizza 2001).  

Since the time wasted by waiting in lines for limited servers/resources is one of the major 

factors in both the long lead time and the low production rates of NPD and ECM, classical 

queueing theory can be considered as another reasonable mathematical representation. By 

applying queueing formulas using different probability distribution for inter–arrival and service 

times, average waiting time and number of entities in queue can be obtained to measure the 

performance of the queue. However, mathematical analyses of queuing network problems could 

become too complex when the feedback loops among interrelated processes are considered.  
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Table 1: Modeling Methodology Summary 

Reference Purpose Description 
Mathematical Modeling (Analytical Solution) 

Hegde 1992 Statistical analysis to quantify the impact and 
interaction of various time drivers for ECO 
on shop delays. 

• Empirical analysis of descriptive statistics  
• Single/Multiple variable(s) regression of idle time–in process 

(queue time) 
Balakrishinan 
and 
Chakravarty 
1996 

An analytical optimization model to 
investigate the impact of an EC on market 
opportunities and manufacturing costs when 
deciding  

• Linear programming 
• Objective function: maximize revenues and minimize total cost 

(backorders, subcontracts, inventory holding, and obsolescence)    

Ho 1997 An analytical procedure to compute 
progressive probabilities of ECs.  

• Equation for calculating the progressive probability of EC for 
each item 

• Sensitive analysis 
Krishnan et. al 
1997 

A mathematical model of an overlapped 
NPD process using evolution and sensitivity 
to identify overlapping strategy for optimal 
product development performance. 

• Linear programming 
• Objective function: minimize development lead time  � � �� � 	� 

Barzizza 2001 A mathematical model aims at suggesting 
use–as–is ECs’ implementation at the best 
time, with the least impact on firm costs.  

• Linear programming 
• Objective function: maximize total saving �� resulting from the 

production of N units of pre–change product in place of post–
change product.  

Bhuiyan 2001 A mathematical technique for studying and 
evaluating the performance of a concurrent 
process and a sequential process considering 
overlapping and functional interaction.  

• Expected Payoff Method (Decision Theory) in the form of a 
quadratic function 

• No rework and no interaction between phases in a sequential 
process as simplifying assumptions 
 

Computer Simulation 
Table 1: Modeling Methodology Summary (cont’d) 

 
Ho 1994 A simulation experiment to examine the 

effect of different frequencies of ECs on the 
performance of multi–level Material 

• Simulation experiment 
• Analysis of variance (ANOVA) of total cost and obsolescence 

cost  
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Resource Planning system under various 
operating environment. 

Bhuiyan et. al 
2004 

A stochastic computer model to study 
concurrent engineering and how the key 
features of overlapping and functional 
interaction affect development time and 
effort under four uncertainty conditions. 

• Discrete–event simulation  
• Information–process view of NPD 
• Three types of rework: churn, design versions, and overlap spins 
• Rework probability is pre–determined by two model variables: 

overlapping and functional interaction 
Cho and 
Eppinger 2005 

A process modeling and analysis technique 
to compute the probability distribution of 
NPD lead time in a stochastic, resource–
constrained activity network where iterations 
take place sequentially, in parallel, or in an 
overlapped fashion. 

• Latin hypercube sampling for duration sampling 
• Parallel discrete–event simulation  
• Streamlined interface between information–based Design 

Structure Matrix structuring analysis and network –based project 
scheduling analysis 

• Iteration probabilities and rework amount vary in each iteration 
Bhuiyan et. al 
2006 

A stochastic computer model to compare the 
behavior of two methods of managing an 
ECR process, individually or in a batch. 

• Discrete–event simulation  
• Based on the framework developed in Bhuiyan et. al 2004 
• ECRs only go to the start of the present or any previous phase 
• ECRs and design versions have the same probabilities of 

occurrences 
Lin et al. 2008 A dynamic development process model for 

managing overlapped and iterative product 
development based on the well accepted and 
validated “Rework Cycle” framework. 

• System dynamics simulation 
• Rework due to development errors and rework due to corruption 
• Overlapping and investment policy analysis  
• Model validation using real world data 
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Although there is no particular study in literature that adopts the queuing theory 

mathematically, it is integrated within almost all of discrete–event simulation models. These 

simulation packages allow the construction and statistical analysis of complex queuing network 

problems. 

This dissertation uses computer simulation to model and study the dynamics between NPD 

and ECM. Simulation has several advantages over other approaches. First of all, To gain insights 

into the operation of a very complex and dynamic real world system without too much over 

simplification, computer simulation appears to be a more effective and powerful tool than pure 

mathematical approach that is often from a single viewpoint. While a computer simulation is 

based on some mathematical algorithms, very complex modeling of stochastic inputs and 

detailed operations are possible. Second, compared to optimization models, simulation is 

especially valuable to identify how feedback effects, nonlinearities, and delays interact to 

produce dynamics that persistently resist solution (Sterman 1991). Third, simulation models can 

easily incorporate separate random inputs that follow almost any desired probability distribution 

for model replications, thus enabling a more valid representation of reality. Lastly, computer 

simulation provides better control in comparing alternatives and scenarios by changing the model 

structure and parameter settings. This feature gives simulation superiority in the investigation of 

different managerial strategies and coordination policies over other methodologies.  

The “information flow”  view of an NPD process (Clark and Fujimoto, 1991; Krishnan, 

Eppinger, and Whitney 1997) is adopted by this research. From this information processing 

perspective, an NPD project is considered as an evolutionary process with disaggregate design 

information being generated, transformed, and converged into the final product solution, 

proceeding through time and across functional areas. However, we are not interested in how the 
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initial inputs in terms of market opportunities or new product ideas are continuously evolving 

into the eventual deliverable, but rather in those discrete points in time 
�� when entities of the 

system (i.e. an NPD project or IECs) start or finish an activity and the corresponding change of 

the state of the system. At discrete time 
�� , duration of each activity, functional resource 

consumption from all involved departments, current value of the solution uncertainty, and real 

time work flow will be captured.  

Also, the repeatable nature of an NPD process provides the validity for decomposing an NPD 

process into successive design and development phases, each containing several sequentially 

repeating activities. Nevertheless, it is important to note that NPD is typically an iterative process 

rather than a purely linear one, with unforeseen uncertainty and ambiguity (Terwiesch and Loch 

1999).  This feature can be represented by the routing of work flow back to those already 

completed activities in the form of iterations and EECs in this model.  

 

1.5.3  Justification for Utilization of Discrete Event Simulation 

Among various kinds of computer modeling approaches, a dynamic, stochastic Discrete 

Event (DE) simulation, which is based on the concept of entities, resources, queues, and block 

charts describing entity flow and resource sharing (Borshchev 2004), has been employed over 

others approaches, such as System Dynamics (SD) modeling and Agent–Based (AB) modeling, 

for the following reasons:  

1) The abstract level scale of DE modeling is able to meet the requirements of the problem 

in discussion. DE modeling is capable of presenting the NPD and ECM process structure 
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as an activity/queuing network that accounts for precedence relationships among 

activities.  

2) DE is also flexible in modeling variability among individual components compared with 

SD approach. Differentiation of activity modules is achieved by assigning different 

duration and resource requirement while differentiation of entities is resulting from 

assigning different processing and routing with different priority.  

3) User–defined individualized attributes and global variables can be incorporated to further 

reflect peculiar characteristic of the process, which add up the capabilities of creating 

cause–effect feedback loops among variables and the occurrences of events to describe 

the dynamic flow of work within a DE model.  

 

1.6  Organization of Thesis 

This dissertation is organized in seven chapters as follows.  

Chapter 2 extensively reviews the literature along two main directions: i) engineering change 

management, and ii) process modeling and simulation of NPD and ECM. In particular, three 

influential modeling approaches of product development process that highlight the effects of 

iterations and overlapping are discussed in detail.  

Chapter 3 presents the conceptual causal framework of four major ECM problems: 

occurrence of ECs, long EC lead time, high EC cost, and occurrence frequency of iterations and 

ECs. Open–loop causal diagrams and closed causal feedback loops are created to determine the 

key contribution factors to these ECM problems and interdependencies among them from a 

systems perspective.  
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Chapter 4 presents several field studies conducted in the summer of 2010 and 2011 in 

automobile and IT product/service industries, based upon which the need for improved modeling 

effort toward ECM was identified.  

Chapter 5 introduces the building blocks of the model framework and logics behind each 

model variable in detail. The discrete event simulation model includes two major components: 

NPD section with rework, and IEC section.  

The proposed simulation model is then illustrated in its entirety by a 3–phase and 3–activity 

example in Chapter 6.  It is followed by the experimental control and manipulation of model 

variables, together with analysis and evaluation of running results.  

Chapter 7 discusses research and managerial implications of this work, and presents 

conclusions, restrictions, and future work of this research.  
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CHAPTER 2 

LITERATURE REVIEW  

 

 

2.1 Overview 

An extensive search of the literature is conducted along two main directions:  

1) ECM, and  

2) NPD Process Modeling for project management. 

Due to the fact that the former has received much less attention from research and industrial 

communities than the latter, different search and review strategies are applied to the two 

categories. A comprehensive survey was conducted to broadly cover major ECM topics, 

followed by a detailed review of only several highly–cited influential theories and NPD models 

proposed in literature that recognize process features critical to this dissertation work, including 

concurrent engineering, rework and iterations, and uncertainty.  

Under each category, related papers are further grouped into various topics as shown in 

 Table 2 and Table 3, respectively. Nearly 50 papers2 were reviewed thoroughly, among 

which ninteen core references are shown in bold formatting. Because of the content overlap, 

papers may appear in more than one topic. 

 

                                                           
2 This number doesn’t indicate the entire length of the references cited in this dissertation. 
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 Table 2: List of Papers Covered in ECM Literature Review 

 
General  
Administration 
Guidelines  

Huge 1977; Diprima 1982; Reidelbach 1991; Balcerak and Dale1992; 
Hegde, Kekre, and Kekre1992; Wright 1997 (Paper Review);  Huang 
and Mak 1999; Loch and Terwiesch 1999; Terwiesch 1999 and 
Loch; Barzizza 2001; Huang, Yee, and Mak 2003; Tavcar and 
Duhovnik 2005; Klein, Poltrock, and Handel 2007  

ECM in Product 
Structure and Material 
Requirements Planning 

Harhalakis 1986; Maull, Hughes, and Bennett 1992; Ho 1994; 
Balakrishnan and Chakravarty 1996; Ho and Li 1997; Rutka et al. 
2006; W�nstr�m and Jonsson 2006  

 
 
Change Propagation 
and Knowledge 
Management 

Saeed, Bowen, and Sohoni 1993; Ho and Li 1997; Peng and Trappey 
1998; Clarkson, Simons, and Eckert 2001; Do 2002; Rouibah 2003; 
Eckert, Clarkson, and Zanker 2004; Keller, Eckert, and Clarkson 
2005; Bouikni and Desrochers 2006; Lee, Ahn, and Kim 2006; 
Aurich and R�βing 2007; Do, Choi, and Jang 2007; Scholz–Reiter et 
al. 2007  

Computer Aided ECM 
System 

Huang and Mak 1998; Huang, Yee, and Mak 2001; Chen, Shir, and 
Shen 2002; Rouibah and Caskey 2003; Lee, Ahn, and Kim 2006  

 

Table 3: List of Papers Covered in NPD Process Modeling Literature Review 

 
General Analytical Frameworks 

Krishnan, Eppinger, and Whitney 1997; 
Browning 1998; Loch and Terweisch 1998; 
Bhuiyan 2001; Browning 2006&2007 (Paper 
Review) 

Models 
/Simulation 
Methodologies 

Design Structure 
Matrix 

Browning and Eppinger 2002; Cho and 
Eppinger 2005   

System Dynamics 
Model 

Black and Repenning 2001; Lin et al. 2008 

Discrete Event Model Bhuiyan, Gerwin, and Thomson 2004; 
Bhuiyan, Gatard, and Thomson 2006 

 

2.2 Engineering Change Management  

Papers related to the topic of Engineering Change Management are further divided into four 

categories: i) General Administration Guidelines, ii) ECM in Product Structure and Material 

Requirement Planning, iii) Change Propagation and Knowledge Management, and iv) Computer 

Aided ECM System. 
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2.2.1  General Administration Guidelines 

Providing generic descriptions of the problem and making suggestions for effective 

Engineering Change Control (ECC), thus minimizing EC impact is one of the traditional 

characterizations of ECM research.   

Huge’s paper is among the earliest contributions to the ECM fields (Huge 1977). He 

presented some key ECC concepts including degree of control, change evaluation process, EC 

incorporation point and effectiveness, ECC procedures in different phases within the product life 

cycle, the engineering/manufacturing interface, change planning and implementation 

requirements.  

Diprima (1982) developed a framework for proper control and implementation of EC. It 

contains the steps from EC initiation, approval, implementation, to the final stage which is EC 

follow–up. Diprima pointed out several essential principles in ECC system including i) the 

importance of communication, ii) establishment of an EC committee composed of individuals 

from marketing, engineering, finance, etc., iii) category of ECs: immediate, mandatory, and 

convenience, iv) cost analysis to determine how an EC should be implemented, v) 

responsibilities of an EC coordinator, and vi) a checklist prepared for every EC.     

Reidelbach (1991) categorized ECs into three groups: i) early, low impact ECs, ii) mid–

production ECs, and iii) late, expedited ECs. The author made suggestions on minimizing impact 

of ECs such as negotiations between customers and suppliers, weeding out undesirable changes, 

expediting if shortage exists when an EC is authorized, forecasting, and aggregate planning. 

Despite the effort an EC committee can make, what Reidelbach observed from the real world EC 

practice also revealed the fact that typical production environment is unpredictable with 



27 

 

 

 

uncountable variables of pace and human inconsistencies. And operation management always 

has to face the reluctance to change. To conclude, the author listed 11 guidelines for the 

management of EC.  

Another review of EC fundamentals was conducted by Balcerak and Dale (1992) through a 

field research. There are several outcomes that are worth mentioning. First, previous 

classification scheme emphasizes too much on the documents affected such as drawing and/or 

bill of material. The author redefined three EC types in terms of finished components and 

assemblies to indicate the impact of the change: ECs involving components only, ECs involving 

assemblies and components, and ECs involving assemblies only.  Second, the urgency with 

which a change should be processed, which is defined as EC grade, can be classified into Grade 

E (error correction changes), Grade M (mandatory changes), and Grade P (phased–in changes). 

Type and grade can be combined together to evaluate an EC. Third, more than one of the six 

determinants of EC effectivity, i) market forces, ii) drawing office work, iii) availability of 

replacement parts or raw material, iv) stock run out, v) availability of replacement tools, and vi) 

tool wear out, need to be considered when deciding the optimum effectivity date. Forth, 

feedback from manufacturing areas is essential to the success of an EC procedure.  

Hegde, Kekre, and Kekre (1992) investigated impacts of ECs from “time drivers” 

perspective through a field study in a Fortune 500 company. Based the empirical analysis, they 

provided two measures of the detrimental impact of ECOs: i) under single variable analysis, each 

ECO adds 21.88–day delay for a typical part on the shop floor and 22.61–day delay due to 

material defect; 2) when multiple regressions are conducted, same qualitative conclusions can be 

obtained. ECOs, defective materials, a route involving visits to bottlenecks, and releasing a job 
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earlier than the planned date all have adverse impact on lead time. However, a close monitor on 

jobs that visit bottleneck operations will shorten the delay to a considerable extent. 

A thorough review of papers until 1995 was done by Wright (1997). The author categorized 

the EC related papers into two main topics, computer–based “tools”  for the analysis of EC 

problems and “methods” to reduce the impact of ECs on manufacturing and inventory control. 

Most of the publications during that time period predominantly focused on the EC control 

mechanisms and systems. An important observation by Wright is that understanding of the 

positive effect EC can provide for product improvement and enhanced market performance is 

long omitted by EC research.  

Huang and his research group conducted two comprehensive questionnaire surveys on the 

topic of effectiveness and efficiency of the engineering change management system within UK 

and Hong Kong manufacturing companies in 1996 and 1999, respectively (Huang and Mak 1999; 

Huang, Yee, and Mak 2003). The surveys resulted in several observations. First, a well 

structured procedure instead of an ad hoc one is the most important element of an ECM system. 

Second, most of ECM activities are related to the administrative processing; design office. Third, 

industrial/production department, and EC coordinator are the most relevant functions for ECM 

within an organization. Fourth, the processing and implementation of ECs scores highest among 

strategies for ECM. Fifth, the majority respondents use CAD, MRP, and CAM for quick 

implementation of ECs. Sixth, poor communication and late discovery of problem were found to 

be the two most significant influential factors of ECM to respondents. Their study pointed out 

the correlation between company size and scope of ECM practices. They also suggested adopting 

computer support packages and international standards for the establishment of ECM procedure.  
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An analytical framework that explains the extreme ratio between theoretical processing time 

and actual lead time was developed by Loch and Terwiesch (1999). They showed how 

congestion and batching influence engineering processes at a more detailed level. Based on the 

processing network framework, they suggested improvement strategies such as flexible work 

times, the grouping of several tasks, workload batching, the pooling of resources, and the 

reduction of setup times. 

Terwiesch and Loch (1999) presented a process–based view of ECM. They showed by an 

industrial case study that a complicated and congested administrative support process is one of 

the root causes of long lead time and high cost. Based on the field study, they identified five key 

contributors to lengthy ECO lead time: i) complex ECO approval process, ii) scarce capacity and 

congestions, iii) setups and batching, iv) snowballing changes, and v) organizational issues. 

Barzizza (2001) suggested a new methodology for EC implementation. ECs are classified 

into three categories, scrap, rework, and use–as–is. EC implementation date and costs are then 

listed for each kind. The authors also suggested two control points to assure a good dynamic 

ECM: the costs control point and the time control point. “Cost control point” indicates the 

average percentage error in defining EC costs while “time control point” shows the average 

delay of EC implementation.   

Tavcar and Duhovnik (2005) recognized i) concurrent engineering methods, ii) process 

definition, iii) information system, iv) communication, and v) organization as the five key factors 

for efficient ECM. These factors were used for optimizing the EC process in individual 

production, serial production of modules, and manufacture of household appliances composed of 

elements and modules provided by different suppliers. The authors suggested that different 



30 

 

 

 

products with varied degree of complexity, interdependency, and number of involved production 

fields should put different emphasis on the five criteria for effective ECM. In order to yield an 

optimum decision–making process, they recommend a combination of communication via 

electronic media and personal consultations, prototyping, easy access to both technical and 

manufacturing data on the product by internal personnel and external suppliers as well, and 

recognition of the design level of EC.   

Coordination theory is about the collaborations among people or software agents to manage 

the dependencies between tasks. Klein, Poltrock, and Handel (2007) demonstrated an approach 

for recognizing the similarities and differences among three ECM processes from a 

coordination–theoretic perspective. They first defined core tasks of the change process to be 

propose change, authorize change, and implement change. The key dependencies are a change 

request flow from the first task to the second and an authorizing change notice flows from the 

second task to the third. Then he compared three EC processes that manage changes to cost and 

schedule, processes and tools, and product configuration by applying top–down derivation trees. 

Two key findings were obtained: i) most of the steps in these processes involved coordination; ii) 

the differences between processes concerned how they perform coordination and exception 

handling. 

 

2.2.2  ECM in Product Structure and Material Requirements Planning 

There are number of researchers examine ECM problems from the perspective of material 

requirements planning. Research questions include: how do ECs affect the stability of production 

planning and inventory control? How many items are required to meet EC demand while how 
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many get obsolete? Which lot–sizing rule should a company follow to maintain the lowest 

possible cost for the production in progress whose design gets changed?  

Maull, Hughes, and Bennett (1992) wrote a paper on the topic of how ECs affect the stability 

of the Bill–of–Materials (BoM), especially the effects of such changes on the computer–aided 

design (CAD)/computer–aided production management (CAPM) interface. 

Ho (1994) raised the question of how to balance the frequency of ECs and scheduling 

instability it causes. He showed that frequent ECs deteriorate MRP system performance through 

a full factorial simulation experiment along with a sensitivity analysis for validation. Also, the 

choice of lot–sizing rule was found important under different conditions of EC frequency in 

terms of obsolescence cost and total cost. The experimental factors include: EC frequencies, lead 

time uncertainty, lot–sizing rule, and the inventory items’ setup/carrying cost ratio. The ANOVA 

analysis indicates that Silver–Meal discrete lot–sizing heuristic (SM) appears to be the best rule 

when probability of ECs (p) is less than 0.5%. When p exceeds 0.5%, the part–period balancing 

performs better. Economic order quantity is the worst rule under all levels of EC frequencies. 

SM and least total cost rule were found to be comparatively sensitive to the length of planned 

lead time. In a frequent EC situation, obsolescence cost increases in a great degree and selection 

of lot–sizing rule becomes more important.  

In another paper by Ho, an analytical procedure to compute progressive probabilities of ECs 

was developed (Ho and Li 1997). Progressive EC probabilities are calculated for every 

component in multi–level product structure in terms of the impacts of part commonality and 

structures of BoM on EC. They concluded that both the magnitude of EC and the number of 
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6.3.2 Impact of Rework Review Strategy 

In this subsection, different types of Rework Review Strategies (RRS) which are applied at 

decision points of rework review after the completion of each activity are investigated for their 

effects on lead time and project cost.  RRSs are characterized in this research by Rework Criteria 

(RC): model variables in the form of a certain percentage (i.e., RC ratio) of the design solution 

scope 
���' (or "%� when IECs are not counted). RC represents the minimal expectation for an 

activity in terms of the cumulative functional effort devoted, above which the activity outcome 

will be accepted by engineers and project managers without conducting the third step “rework 

evaluation” as shown in Figure 30. When the cumulative functional effort up to date fails to 

meet (i.e., is less than) the RC, the NPD project will need to proceed with a rework evaluation. It 

may either continue to perform next activity/activities (depending on the OS used), or start an 

intra–phase iteration rework loop or an inter–phase EEC rework loop according to the weighted 

rework probability calculated based on the current value of functional solution uncertainty.  

 

Figure 42: Rework Criteria Ratios of Different Rework Review Strategies 
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As shown in Figure 42, while having RC ratios fixed for both reviews following activity 

Concept 1 (R–C1) and Production 3 (R–P3), four RRSs with different increasing patterns of RC 

ratios along the course of an NPD process are examined: (BL2: Stepped Linear) increasing 

linearly within each phase in 5% increments and across phases in a 10% increment; (C: Linear)  

increasing linearly in 6.25% increments; (D: Convex–Up) increasing at a decreasing rate; and (E: 

Concave–Up) increasing at an increasing rate.  

Note that the first type “stepped linear” is served as the baseline case to which the model 

behavior under different RRSs is compared. It is used as the default RRS in later analysis unless 

otherwise specified. 

Running results for all combinations of RRS, LCE, RL, and OS levels are displayed in Table 

16, from which the following three major conclusions can be drawn: 

1. Effects of RRS: there is no obvious distinction in lead time or project cost observed 

between (BL2: Stepped Linear) and (C: Linear) RRSs. Adoption of the (D: Convex–

Up) RRS, which is a more restrictive policy compared to others, leads to a longer NPD 

lead time and higher project cost. Adversely, adoption of the (E: Concave–Up) RRS (a 

less restrictive policy) leads to a shorter NPD lead time and lower project cost.  

2. Effects of LCE: by comparing results of (I)  and (II)  under No LCE and #M" �
��* rQ+

GW�TUV+ , 0.1t, especially for scenarios (D) and (E), we observe constant higher 

absolute values in No LCE cases, from which we can conclude that the inclusion of LCE 

reduces the impacts of RRS. 
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3. One thing worth noting is that (i) and (ii)  values of scenarios (D)–(b) in No LCE cases 

and scenario (D)–(2)–(b) in #M" � ��* rQ+
GW�TUV+ , 0.1t  case (see the numbers 

highlighted in bold) are much higher than results of the corresponding baseline cases 

while (I)  and (II)  values are much higher than results of scenarios under same RRS and 

RL but different OS. 

 

Table 16: Project Performance under the Impact of RRS 

 
RRS 

 
RL (h, m) 

 
OS 

(i) Lead 
Time 
(Days) 

(I) Time 
%Change 
c/w BL2 

(ii) Project 
Cost 
$ 5 1000� 

(II) PC 
%Change 
c/w BL2 %< #M" 

 
 (BL2A) 
RRS1:  
Stepped Linear 

(1) Low h � m � 0.3  (a) 0%  158  10,781  
(b) 33% 160  11,778  
(c) 66% 131  12,107  

(2) High h � m � 0.45  (a) 0%  176  11,948  
(b) 33% 192  14,542  
(c) 66% 162  14,927  

 
(C) 
RRS2:  
Linear  

(1) Low h � m � 0.3  (a) 0%  158 –0.10% 10,774 –0.06% 
(b) 33% 159 –0.39% 11,735 –0.37% 
(c) 66% 130 –1.32% 11,975 –1.09% 

(2) High h � m � 0.45  (a) 0%  177 0.76% 12,033 0.71% 
(b) 33% 192 0.22% 14,573 0.21% 
(c) 66% 160 –0.84% 14,880 –0.31% 

 
(D) 
RRS3:  
Convex–Up 

(1) Low h � m � 0.3  (a) 0%  165 4.66% 11,317 4.97% 
(b) 33% 189 18.10% 14,270 21.16% 
(c) 66% 137 4.32% 12,651 4.49% 

(2) High h � m � 0.45  (a) 0%  190 7.81% 12,912 8.07% 
(b) 33% 219 13.94% 17,228 18.47% 
(c) 66% 170 4.86% 15,776 5.69% 

 
(E)  
RRS4:  
Concave–Up 

(1) Low h � m � 0.3  (a) 0%  153 –2.88% 10,412 –3.42% 
(b) 33% 153 –4.33% 11,276 –4.26% 
(c) 66% 125 –4.74% 11,502 –5.00% 

(2) High h � m � 0.45  (a) 0%  166 –5.61% 11,231 –6.00% 
(b) 33% 180 –6.19% 13,608 –6.43% 
(c) 66% 150 –7.45% 13,825 –7.38% 
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Table 16: Project Performance under the Impact of RRS (cont’d) 

 
RRS 

 
RL (h, m) 

 
OS 

(i) Lead 
Time 
(Days) 

(I) Time 
%Change 
c/w BL2 

(ii) Project 
Cost 
$ 5 1000� 

(II) PC 
%Change 
c/w BL2 

#M" � ��* ¢r1
2t�TUV+ , 0.1£ 

 
(BL2B)  
RRS1:  
Stepped Linear 

(1) Low h � m � 0.3  (a) 0%  141  9,542  
(b) 33% 129  9,436  
(c) 66% 106  9,185  

(2) High h � m � 0.45  (a) 0%  152  10,370  
(b) 33% 158  12,044  
(c) 66% 121  11,037  

 
(C) 
RRS2:  
Linear  

(1) Low h � m � 0.3  (a) 0%  141 0.00% 9,540 –0.03% 
(b) 33% 128 –0.62% 9,382 –0.57% 
(c) 66% 106 –0.28% 9,167 –0.20% 

(2) High h � m � 0.45  (a) 0%  152 –0.13% 10,365 –0.05% 
(b) 33% 158 –0.06% 12,068 0.20% 
(c) 66% 120 –0.33% 11,011 –0.23% 

 
(D) 
RRS3:  
Convex–Up 

(1) Low h � m � 0.3  (a) 0%  144 2.21% 9,763 2.32% 
(b) 33% 130 0.93% 9,544 1.14% 
(c) 66% 107 0.95% 9,314 1.40% 

(2) High h � m � 0.45  (a) 0%  157 3.36% 10,757 3.73% 
(b) 33% 169 6.98% 13,215 9.73% 
(c) 66% 124 2.90% 11,485 4.06% 

 
(E)  
RRS4:  
Concave–Up 

(1) Low h � m � 0.3  (a) 0%  138 –1.78% 9,352 –1.99% 
(b) 33% 126 –2.25% 9,219 –2.29% 
(c) 66% 102 –3.78% 8,873 –3.40% 

(2) High h � m � 0.45  (a) 0%  145 –4.47% 9,860 –4.92% 
(b) 33% 150 –5.07% 11,414 –5.23% 
(c) 66% 116 –4.15% 10,505 –4.81% 
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6.3.3 Impact of IEC Arrival Frequency 

After analyzing the NPD section of the proposed model framework only, a separate IEC part 

is added to evaluate how handling of IECs that arise from outside sources will affect the design 

solution scope and solution uncertainty, and thus impact the overall lead time, cost, and quality32 

of the NPD project.  

This subsection investigates the impact of IEC arrival frequency on the three responses while 

assuming the same duration estimates by associated NPD phase (as appeared in Table 11) and 

resource consumption (6/7� � 10� for all incoming IECs. FRC still remains as �¡ � 100, ! �
1, 2, 3, and #M" � ��* rQ+

GW�TU , 0.1tis undertaken. 

Three levels of IEC arrival rate will be tested through the design of experiments: (C) random 

monthly (��)	<� 
"*x<�20), (D) random bi–weekly (��)	<� 
"*x<�10), and (E) random 

weekly (��)	<� 
"*x<�5). The entire set of scenarios (B) from the previous section is served 

as baseline (BL3), to which the impacts of IEC arrivals will be compared.  

Running results of the experiment are displayed in Table 17. Note that quality, which is 

served as the third experiment response, appears in column (iii) . It is expressed in a relative 

magnitude by comparing the absolute value of design solution scope to 12,000 of the baseline 

case which has no IECs accounted for. A resulting number greater than 1 indicates improvement 

in quality in comparison with the baseline scenario. The percentages of change versus baseline 

results are shown in column (III) . 

                                                           
32 Design solution scope, an indicator of project quality, is now included to be the third response variable since it becomes a 
dynamic process variable by the consideration of IECs.  
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Table 17: Project Performance under the Impacts of IEC Arrival Frequency 

 
IEC ARR 

 
RL (¨, ©) 

 
OS 

(i) Lead 
Time 
(Days) 

(I) Time 
%Change 
c/w BL3 

(ii) Project 
Cost 


$ 5 1000� 
(II) Cost 

%Change 
c/w BL3 

(iii) 
Quality 

(III) Quality 
%Change 
c/w BL3 

 
(BL3) 
(B) 
No IECs 

(1) Low 
h � m � 0.3  

(a) 0%  141  9,542  1  
(b) 33% 129   9,436   1  
(c) 66% 106   9,185   1  

(2) High 
h � m � 0.45  

(a) 0%  152   10,370  1  
(b) 33% 158   12,044   1  
(c) 66% 123   11,037   1  

 
(C)  
Monthly 
Random IECs 

(1) Low 
h � m � 0.3  

(a) 0%  145 3.5% 10,952 14.8% 1.20 19.9% 
(b) 33% 134 3.5% 10,808 14.5% 1.19 19.0% 
(c) 66% 108 2.1% 10,204 11.1% 1.15 15.0% 

(2) High 
h � m � 0.45  

(a) 0%  156 2.7% 11,877 14.5% 1.22 22.4% 
(b) 33% 162 2.9% 13,548 12.5% 1.23 23.1% 
(c) 66% 124 2.7% 12,045 9.1% 1.17 16.6% 

 
(D)  
Bi–Weekly 
Random IECs 

(1) Low 
h � m � 0.3  

(a) 0%  152 7.9% 12,343 29.4% 1.39 39.1% 
(b) 33% 138 7.2% 11,847 25.6% 1.36 35.7% 
(c) 66% 114 7.9% 11,164 21.5% 1.28 28.0% 

(2) High 
h � m � 0.45  

(a) 0%  163 7.5% 13,307 28.3% 1.42 42.3% 
(b) 33% 169 7.1% 15,094 25.3% 1.45 44.5% 
(c) 66% 130 7.9% 13,247 20.0% 1.33 33.5% 

 
(E)  
Weekly 
Random IECs 

(1) Low 
h � m � 0.3  

(a) 0%  172 22.5% 15,565 63.1% 1.83 82.6% 
(b) 33% 150 15.9% 14,012 48.5% 1.67 67.4% 
(c) 66% 125 18.1% 13,057 42.1% 1.57 56.6% 

(2) High 
h � m � 0.45  

(a) 0%  181 19.4% 16,556 59.6% 1.76 75.5% 
(b) 33% 193 22.3% 18,746 55.6% 1.95 95.2% 
(c) 66% 148 22.6% 16,076 45.7% 1.71 70.8% 
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There are several conclusions can be drawn from the running results shown in Table 17: 

1. Generally, handling of randomly arriving IECs will cause an increase in both NPD lead 

time and project cost, which is indicated by the positive values appear in columns (I)  

and (II) . It also expands the design solution scope by meeting additional customer 

requirements that emerge along the process, thus enhances the final product quality. 

This is reflected by the values in column (iii)  that are greater than 1. 

2. Agreeing with the observation obtained from the previous subsection that project cost is 

more sensitive to rework than lead time is, project cost is again more responsive to the 

occurrences of IECs, which is indicated by a larger percentage shown in (II)  than the one 

in (I) . Also, the differences between these two columns in Table 17 are much greater on 

average than the ones in Table 15.  This is due to the fact that handling of majority of 

IECs is not on the critical path while most rework is undertaken on the critical path 

(expect those ones executed concurrently for the overlapped activities with shorter 

durations), thus IECs have less impact on lead time than rework do.  

3. By comparing columns (I)  through (III)  to evaluate the impact of IEC arrival frequency, 

we will find that lead time is subject to an increase at a higher rate compared with cost. 

Specifically, the results indicate a nearly proportional increase rate in quality and project 

cost and an exponential growth rate of lead time as more IECs are handled. 

4. There are high correlations between the different responses:  

CORREL (Lead Time, Cost) = �Bn = 0.873, CORREL (Lead Time, Quality) = �Bª = 0.941, 

CORREL (Cost, Quality) = �nª = 0.900 

Since we model the random IEC arrivals by assigning the Exponential distribution with a 

specified mean, an NPD process with longer lead time consequently receive more IECs 
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as the project unfolds. This observed fact, in turn, causes repetitive resource congestion 

phenomenon, and therefore delays the NPD project. Maximum IEC arrivals should be 

assigned in future research to limit the growth from such a reinforcing loop of IEC 

occurrences so that various scenarios can be compared more equitably.  

5. Even though the handling of IECs results in an overall increase in project cost, when we 

take a close look at the project cost by separating it into NPD cost and IEC cost, there is 

no distinct change observed in NPD cost resulting from the IEC arrivals or the frequency 

of IECs. Actually, NPD cost in fact decreases, on average, by a very slight amount 

(1.14%) when compared with the baseline case (BL3). That is to say, under current 

parameter settings, regular NPD activities are not influenced remarkably by the net effect 

of resource congestion and evolving design solution scope brought about by IECs even in 

the weekly IEC arrival case. 

Plots of functional and total effort committed to the project over time following three 

overlapping strategies are shown in Figure 43 – 45. We can observe that compared with Figure 

38 – 37 there are more sudden stepped functional effort increase as the project evolves over time 

(lines are more rugged). These frequent changes in resource demand will certainly impose 

difficulties or hardship to demand management and also increase the non value–added 

coordinating effort which is not captured by the model presently. 



147 

 

 

 

 
Figure 43: Cumulative Functional Effort and Total Effort w/ IECs(0%) 

 
Figure 44: Cumulative Functional Effort and Total Effort w/ IECs (33%) 

 
Figure 45: Cumulative Functional Effort and Total Effort w/ IECs (66%) 
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6.3.4 Combined Impact of IEC Frequency and Size 

 Experimental design presented in this subsection seeks to explore how different are the 

impacts of (F) half–less frequent (random bi–weekly) but double–size (6/7� � 20) IECs on the 

overall performance as compared with (E) random weekly IECs with regular size (6/7� � 10). 

Table 18 lists the results of baseline case (BL3: No IECs), and then summarizes the absolute and 

comparative results of two scenarios (E) and (F).  

 From Table 18, we observe that (F) possesses a “clear” advantage over (E) in lead time 

under each combination of RL and OS levels. Specifically, (F), on average, leads to 7.15 less 

days of lead time at low RL level (h � m � 0.3) and 9.71 less days at high RL level (h � m �
0.45) compared with (E). Also, (F), on average, leads to 10.15 less days of lead time at low OS 

level (0%), 9.17 less days at medium OS level (33%), and 5.99 less days at high OS level (66%) 

compared with (E). We can conclude that the competitive advantage in lead time reduction 

resulted from batching of IECs is the greatest for a sequential process. And it reduces as 

overlapping ratio of the PD process increases.  

 However, neither (E) nor (F) shows “dominant” advantage in project cost or quality. 

Differences between results of (E) and (F) are not as significant as those for lead time. The 

managerial suggestion behind these numbers is that we may intentionally batch the incoming 

IECs instead of process them individually to avoid too frequent interruptions to regular NPD 

activities. 
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   Table 18: Project Performance under the Impact of IEC Size  

 
IEC ARR 

 
RL (¨, ©) 

 
OS 

(i) Lead 
Time 
(Days) 

(I) Time 
%Change 
c/w BL3 

(ii) Project 
Cost 


$ 5 1000� 
(II) Cost 

%Change 
c/w BL3 

(iii) 
Quality 

(III) Quality 
%Change 
c/w BL3 

 
(BL3) 
(B) 
No IECs 

(1) Low 
h � m � 0.3  

(a) 0%  141  9,542  1  
(b) 33% 129   9,436   1  
(c) 66% 106   9,185   1  

(2) High 
h � m � 0.45  

(a) 0%  152   10,370  1  
(b) 33% 158   12,044   1  
(c) 66% 123   11,037   1  

 
(E)  
Weekly 
Random IECs 

(1) Low 
h � m � 0.3  

(a) 0%  172 22.5% 15,565 63.1% 1.83 82.6% 
(b) 33% 150 15.9% 14,012 48.5% 1.67 67.4% 
(c) 66% 125 18.1% 13,057 42.1% 1.57 56.6% 

(2) High 
h � m � 0.45  

(a) 0%  181 19.4% 16,556 59.6% 1.76 75.5% 
(b) 33% 193 22.3% 18,746 55.6% 1.95 95.2% 
(c) 66% 148 22.6% 16,076 45.7% 1.71 70.8% 

(F)  
Bi–Weekly 
Random 
double–sized 
IECs 

(1) Low 
h � m � 0.3  

(a) 0%  161 14.8% 15,303 60.4% 1.80 79.6% 
(b) 33% 144 11.9% 14,177 50.3% 1.70 69.7% 
(c) 66% 119 12.9% 13,069 42.3% 1.56 56.4% 

(2) High 
h � m � 0.45  

(a) 0%  172 13.1% 16,302 57.2% 1.84 83.8% 
(b) 33% 180 14.0% 18,166 50.8% 1.88 88.4% 
(c) 66% 141 17.2% 15,966 44.7% 1.70 69.6% 
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Figure 46: Correlation Coefficient under Different IEC Arrival Freq uency 
 

Figure 46 depicts the average correlation coefficients between responses (�Bª, �Bn, and �ªn) 

for scenario sets (A) – (F). Since there is no change of design solution scope in (A) & (B), 

correlation coefficients related with Quality (i.e., �Bª  and �ªn) will not be available from the 

chart. From the trend lines we can conclude that the correlation coefficients between Cost and 

the other two responses (i.e., �Bn  and �ªn) are very similar and increase as the random IECs 

arrive more frequently in (C) – (E). For (F), these two coefficients decrease by a slight amount. 

On the other hand, the correlation coefficient between Lead Time and Quality �Bª  follows a 

comparatively opposite trend in (D) – (F). 

 

6.3.5 Impact of Resource Constraints  

The statistical design presented in this subsection compare the effects of Functional Resource 

Constraints (FRC) on project performance under various combinations of OS and RL levels. At 

the same time, the NPD project is influenced by a high level of environmental uncertainty (i.e., 

weekly random IEC arrivals).  
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Since there are examination conditions that more resources than the amount required by 

regular NPD activities are set aside just to handle rework and random IECs, a shorter lead time is 

achieved in such occasions at the expense of high resource idle cost incurred at the time they are 

in use. Therefore, when examining the impact of resource constraints (especially in the case of 

allocating additional resources following a time–driven NPD strategy), it is important to 

recognize these idle resource costs for the purpose of project planning and control.  

In addition to column (ii)  Project Cost (PC), which is served as the main cost indicator in 

previous analyses, column (iv) Total Cost (TC) is captured here to represent the total expenditure 

on both busy and idle resources. 10 levels of FRC are set up for each scenario, in which the 

lowest level is chosen to be the sum of: 

1) The maximum functional resource demand for a specific OS process structure (e.g., 60 for 

0% overlapped process; 80 for 33% overlapped process; 100 for 66% overlapped process) which 

is required when the overlapped activities (e.g., C3/D1 and D3/P1 for 33% overlapped process; 

C3/D2/P1 for 66% overlapped process) are processed simultaneously;  

2) Additional 10 units of resources from each department to handle rework and IECs.  

By doing so, the lowest levels of FRC for 0%, 33% and 66% OS levels are 70, 90, and 110 

units of resources, respectively. They are used as the baseline cases (BL4: Minimum FRC)  for 

comparison with the performance of scenarios in which more resources will be allocated. 

Starting from BL4, next levels are set by 10– unit increments. Columns (I)  – (IV)  represent the 

percentages of change (either increase as indicated by a positive number or decrease as indicated 

by a negative number) of the four model responses, Lead Time, Project Cost, Total Cost, and 

Quality, as compared to the associated baseline case results.  
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6.3.5.1 Low Rework Likelihood  

Table 19 summarizes the running results that consist of two major parts: 1) mean values of 

response variables in (i) – (iv), and 2) their percentages of change versus baseline case results in 

(I)  – (IV) , under three levels of OS (as shown in group (a), (b), and (c)) and low RL 
h � γ �
0.3�.  

Detailed analysis will be provided next by interpreting the scatter plots for each combination 

of every two responses. It is then followed by a brief presentation of results, plots, and 

observations for scenarios under high RL 
h � γ � 0.45� scenarios. 

Figure 47 displays three scatter plots grouped by OS, showing the relationships between lead 

time and total cost of the NPD project under various FRC levels. Figure 48, on the other hand, 

shows the relationships between the percentages of change in these two responses compared with 

the baseline case under various FRC levels. It provides a convenient and straightforward way of 

analyzing the trade–offs between time and cost when making the decision of how many 

resources to allocate. Decision makers could find the optimal FRC level by allowing x–value in 

the graph (reduction in lead time) to be as big as possible and y–value (increase in total cost) to 

be as low as possible according to the schedule target, available budget, and overall 

organizational strategy. Dots from lower right (BL4) to upper left in both plots represent an 

increasing level of FRC. Direction of the increase of FRC is indicated by an arrow that appears 

in the lower right corner within each plot.  
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Table 19: Project Performance under the Impact of FRC (Low RL) 

 
OS 

FRC 
(Units of 

Resource/Dept) 

(i) Lead Time 
(Days) 

(I) Time 
% Change 
c/w BL4 

(ii) Project 
Cost 
$ 5 1000� 

(II) PC 
% Change 
c/w BL4 

(iv) Total 
Cost 
$ 5 1000� 

(IV) TC 
% Change 
c/w BL4 

(iii) 
Quality 

(III) Quality 
% Change 
c/w BL4 

(a) 0% (BL4a) 70 202  16,179  19,873  1.9305  
80 181 –10.1% 15,571 –3.8% 19,785 –0.4% 1.8511 –4.1% 
90 178 –11.8% 15,666 –3.2% 20,913 5.2% 1.8335 –5.0% 
100 172 –14.7% 15,565 –3.8% 21,722 9.3% 1.8260 –5.4% 
110 168 –17.0% 15,400 –4.8% 22,494 13.2% 1.8147 –6.0% 
120 165 –18.1% 15,324 –5.3% 23,458 18.0% 1.8090 –6.3% 
130 163 –19.1% 15,312 –5.4% 24,446 23.0% 1.8052 –6.5% 
140 162 –19.5% 15,358 –5.1% 25,579 28.7% 1.8139 –6.0% 
150 162 –19.6% 15,347 –5.1% 26,725 34.5% 1.8122 –6.1% 
160 162 –19.9% 15,341 –5.2% 27,819 40.0% 1.8146 –6.0% 

(b) 33% (BL4b) 90 160  14,608  19,125  1.7471  
100 150 –6.6% 14,012 –4.1% 19,160 0.2% 1.6741 –4.2% 
110 151 –5.8% 14,399 –1.4% 20,564 7.5% 1.7087 –2.2% 
120 150 –6.5% 14,466 –1.0% 21,595 12.9% 1.7011 –2.6% 
130 145 –9.7% 14,210 –2.7% 22,043 15.3% 1.6878 –3.4% 
140 144 –10.3% 14,199 –2.8% 22,982 20.2% 1.6787 –3.9% 
150 143 –10.5% 14,178 –2.9% 23,966 25.3% 1.6844 –3.6% 
160 142 –11.0% 14,144 –3.2% 24,884 30.1% 1.6714 –4.3% 
170 141 –12.1% 14,076 –3.6% 25,649 34.1% 1.6704 –4.4% 
180 142 –11.4% 14,169 –3.0% 26,877 40.5% 1.6814 –3.8% 

(c) 66% (BL4c) 110 122  13,151  17,531  1.5638  
120 118 –2.9% 13,152 0.0% 18,110 3.3% 1.5376 –1.7% 
130 120 –1.9% 13,423 2.1% 19,234 9.7% 1.5586 –0.3% 
140 116 –4.9% 13,161 0.1% 19,567 11.6% 1.5298 –2.2% 
150 115 –5.4% 13,274 0.9% 20,399 16.4% 1.5285 –2.3% 
160 116 –4.8% 13,465 2.4% 21,433 22.3% 1.5412 –1.4% 
170 115 –5.6% 13,505 2.7% 22,183 26.5% 1.5368 –1.7% 
180 114 –6.1% 13,459 2.3% 22,902 30.6% 1.5324 –2.0% 
190 114 –6.7% 13,454 2.3% 23,615 34.7% 1.5336 –1.9% 
200 114 –6.6% 13,424 2.1% 24,447 39.5% 1.5324 –2.0% 
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Figure 47: Effects of FRC on Lead Time and Total Cost (Low RL) 
 

 

Figure 48: Effects of FRC on % Change in Lead Time and Total Cost (Low RL) 
 

Several conclusions can be drawn from the above two plots: 
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1. A higher level of OS leads to a shorter NPD lead time and less total cost given the same 

amount of functional resource allocation, which is illustrated by the shifting lines of 

data points to the lower left as the OS increases in Figure 47. 

2. However, the percentage of reduction in NPD lead time resulted from an increasing 

level of FRC decreases as the overlapping ratio increases. That is to say, the benefits of 

lead time reduction by assigning more resources are the most obvious in a sequential 

process, and activity overlap reduces the degree of obviousness the benefits have. The 

higher the OS, the less the benefits. This is demonstrated by the shifting lines of data 

points to the right as the OS increases in Figure 48.  

3. For scenarios within group (a) (i.e., sequential NPD process), the degree of obviousness 

the benefits have diminishes as FRC increases, which is shown by the decreasing 

negative slopes between every two adjacent points.   

4. Although the running results of the other two groups (b) and (c) (i.e., 33% and 66% 

overlapped NPD processes) generally follow a similar time–cost tradeoff trend line as 

the sequential process, there exist exceptions which are circled out in Figure 48 that 

actually shift to the right of the trend lines. For example, the FRC level of 110 (units of 

resource/dept) unexpectedly yields a slight higher NPD lead time than the situation 

where 10 less resources per department are allocated in a 33% overlapped process.  

 

Figure 49 and Figure 50 illustrate the relationships between lead time and quality, and 

between the percentages of change versus baseline of the two responses under various levels of 

FRC, respectively.  
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Linearity between lead time and quality is observed in all three OS levels: the higher the 

functional resource availability, the shorter the lead time, and the lower the quality. Such 

linearity has already been stated in the previous two subsections. Recall that we use design 

solution scope, which is the total amount of person–day effort required to meet the whole set of 

product goals, to reflect the quality of the final product. And also, design solution scope is 

evolving along the course of the project. Under this definition, the observation has a 

straightforward explanation: the longer the lead time, the more random IECs will occur and to be 

processed, and therefore resulting in a higher product quality. Again, the definition of quality 

requires further examination and refinement in future work, especially by linking with the 

solution uncertainty of the final product.  

 

 

Figure 49: Effects of FRC on Lead Time and Quality (Low RL) 
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Figure 50: Effects of FRC on % Change in Lead Time and Quality (Low RL) 

 

 

Figure 49 reveals the fact that the linearity slope (�) between lead time and quality increases 

as the OS increases. That is to say, the reduction in NPD lead time achieved by assigning more 
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On the other hand, as illustrated in Figure 50, the percentage of decrease in quality versus 
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rate of the percentage decrease in quality as the NPD lead time reduces declines at a slow pace 

under lower level of OS. 

Figure 51 and Figure 52, similarly, illustrate the two relationships between total cost and 

quality. Since the analysis of FRC (i.e., to reduce the NPD lead time by allocating more 
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from these two plots except the fact that degree of quality drop decreases as the OS increases 

revealed in Figure 51, which agrees with the trend shown in  

Figure 49.  

 

 

Figure 51: Effects of FRC on Total Cost and Quality (Low RL) 
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Figure 52: Effects of FRC on % Change in Total Cost and Quality (Low RL) 
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Figure 53: Effects of FRC on Lead Time and Project Cost (Low RL) 

 

 

Figure 54: Effects of FRC on % Change in Lead Time and Project Cost (Low RL) 
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observed an unexpected low negative correlation between NPD lead time and project cost 

( 
�B
kn��¬ � X30836, 
�B
kn��¬ � 0.323 ) and also a low negative correlation between the 

percentage of change in these two responses as compared with baseline (
�%B
%kn��¬ �
X0.237, 
�%B
%kn��¬ � 0.140 ) in 66% OS, while in 0% and 33% scenarios high positive 

correlations are displayed (
�B
kn��­ � 0.949, 
�B
kn��® � 0.607, 
�%B
%kn��­ � 0.837) with a 

few exceptions. That is to say, in 0% and 33% processes, an increase of functional resource 

availability leads to a reducing lead time indicated by the negative percentage of change in 

column (VII) , and a corresponding reducing project cost indicated by the negative number in 

(VIII) . In a 66% process, an increase of functional resource availability similarly leads to a 

reducing lead time, and, on the contrary, an increasing project cost indicated by the positive 

percentage of change in (VIII) .  

In order to find out reasons behind this unexpected increase in project cost, we further 

examined both committed NPD effort and IEC effort of each scenario. The results are shown in 

Table 20. Columns (V) and (VI)  are the percentage change of the NPD effort and the IEC effort 

compared with BL4, respectively. Note that NPD effort includes effort spent in both NPD base 

work (around 12,000 person–days and subject to activity uncertainty), and rework in terms of 

iterations and EECs. An obvious increase, which is represented in bold in Table 20, can be 

observed within (c)–(V) as compared with the other two OS levels. That is, an increase of FRC 

in a 66% overlapped process tends to bring about more NPD rework while there is no apparent 

relationship shown between FRC and overall NPD effort in a sequential or a 33% overlapped 

process. On the other hand, the decreasing trend within each OS level and the increasing trend 

from (a) to (c) in column (VI)  can be explained by the high positive correlation between lead 

time and occurrence of IECs. 
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Table 20: NPD and IEC Effort under the Impact of FRC (Low RL) 

 
OS 

FRC 
(Units of 

Resource/Dept) 

Mkt 
Effort 

(person–
days) 

Eng 
Effort 

(person–
days) 

Mfg 
Effort 

(person–
days) 

NPD 
Effort 

(person–
days) 

(V) NPD 
Effort 

% Change 
c/w BL4 

IEC Mkt 
Effort 

(person–
days) 

IEC Eng 
Effort 

(person–
days) 

IEC Mfg 
Effort 

(person–
days) 

IEC 
Effort 

(person–
days) 

(VI) IEC 
Effort 

% Change 
c/w BL4 

(a) 0% (BL4a) 70 4,063 4,615 7,121 15,799  3,722 3,722 3,722 11,166  
80 4,030 4,631 7,077 15,739 –0.4% 3,404 3,404 3,404 10,213 –8.5% 
90 4,118 4,705 7,285 16,109 2.0% 3,334 3,334 3,334 10,002 –10.4% 
100 4,088 4,707 7,234 16,030 1.5% 3,304 3,304 3,304 9,912 –11.2% 
110 4,058 4,651 7,181 15,891 0.6% 3,259 3,259 3,259 9,776 –12.5% 
120 4,052 4,637 7,143 15,831 0.2% 3,236 3,236 3,236 9,708 –13.1% 
130 4,057 4,649 7,151 15,857 0.4% 3,221 3,221 3,221 9,663 –13.5% 
140 4,046 4,645 7,139 15,830 0.2% 3,255 3,255 3,255 9,766 –12.5% 
150 4,050 4,636 7,145 15,831 0.2% 3,249 3,249 3,249 9,747 –12.7% 
160 4,046 4,626 7,121 15,793 0.0% 3,258 3,258 3,258 9,775 –12.5% 

(b) 33% (BL4b) 90 4,471 5,082 5,743 15,295  2,988 2,988 2,988 8,965  
100 4,380 5,048 5,768 15,197 –0.6% 2,696 2,696 2,696 8,089 –9.8% 
110 4,446 5,123 5,824 15,393 0.6% 2,835 2,835 2,835 8,504 –5.1% 
120 4,482 5,169 5,914 15,565 1.8% 2,805 2,805 2,805 8,414 –6.1% 
130 4,420 5,077 5,791 15,289 0.0% 2,751 2,751 2,751 8,254 –7.9% 
140 4,427 5,141 5,811 15,379 0.5% 2,715 2,715 2,715 8,144 –9.2% 
150 4,395 5,086 5,809 15,291 0.0% 2,738 2,738 2,738 8,213 –8.4% 
160 4,419 5,122 5,836 15,377 0.5% 2,686 2,686 2,686 8,057 –10.1% 
170 4,390 5,099 5,780 15,270 –0.2% 2,682 2,682 2,682 8,045 –10.3% 
180 4,405 5,119 5,783 15,306 0.1% 2,726 2,726 2,726 8,177 –8.8% 

(c) 66% (BL4c) 110 4,599 4,879 5,992 15,471  2,255 2,255 2,255 6,766  
120 4,688 4,949 6,033 15,670 1.3% 2,150 2,150 2,150 6,451 –4.7% 
130 4,668 4,996 6,137 15,801 2.1% 2,234 2,234 2,234 6,703 –0.9% 
140 4,643 4,965 6,119 15,727 1.7% 2,119 2,119 2,119 6,357 –6.0% 
150 4,713 5,041 6,243 15,996 3.4% 2,114 2,114 2,114 6,343 –6.3% 
160 4,767 5,095 6,318 16,180 4.6% 2,165 2,165 2,165 6,495 –4.0% 
170 4,809 5,156 6,357 16,322 5.5% 2,147 2,147 2,147 6,442 –4.8% 
180 4,801 5,143 6,343 16,287 5.3% 2,130 2,130 2,130 6,389 –5.6% 
190 4,811 5,155 6,317 16,283 5.2% 2,135 2,135 2,135 6,404 –5.4% 
200 4,804 5,153 6,329 16,286 5.3% 2,129 2,129 2,129 6,388 –5.6% 
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Figure 55: Effects of FRC on Project Cost and Quality (Low RL) 

 

 

Figure 56: Effects of FRC on % Change in Project Cost and Quality (Low RL) 
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High linearity between project cost and quality in both absolute 

( 
�
kn�ª�­ � 0.937, 
�
kn�ª�® � 0.869 ) and relative (
�
%kn�%ª�­ � 0.721, 
�
%kn�%ª�® �
0.829) values for 0% and 33% overlapped processes.  However, there is less of a relationship 

between project cost and quality observed in neither absolute (
�
kn�ª�¬ � 0.026) nor relative 

(
�
%kn�%ª�¬ � 0.078) values for the 66% overlapped process.  

 

6.3.5.2 High Rework Likelihood   

Running results (Table 21) and the corresponding pairs of scatter plots (Figure 57 through 66) 

between model responses at high RL level are presented in this subsection. Major differences 

between the results under the two RL levels are concluded as follows: 

1. At high RL level, an upper–right shift of data points of the 33% overlapped process is 

observed in Figure 57. To be more specific, while still holds a slight advantage in NPD 

lead time, the total cost of a 33% overlapped process surpasses that of a sequential one. 

2. At the high RL level, a left shift of data points of the 66% overlapped process is 

observed in Figure 58. The high level of OS shows an improved reduction in lead time 

as compared with the baseline case.  

3. At the high RL level, the correlation coefficient between lead time and quality increases 

for all OS levels. The correlation coefficient between the percentage changes of the two 

responses also increases, especially for 33% and 66% OS levels by a significant amount. 

4. At high RL level, the value of column (c)–(VIII) is no longer positive. That is, the 

project cost also decreases when more functional resources are allocated in the same 

way of what happens in scenarios under the other two OS levels in both RL levels.  
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5. At the high RL level, the relationships between project cost and lead time, and between 

project cost and quality, remains almost the same as at the low RL level. 

To conclude, there is no unique resource allocation policy that optimizes all three 

performance indicators. Through a full comprehension of the importance of each performance 

indicator and its relation with the overall goal, further tradeoff studies should be conducted to 

ultimately make robust decisions.  

By looking at the two extreme levels we can find that allocating only the lowest resource 

level yields a fairly long NPD lead time due to the resource congestion phenomenon especially 

occurred during overlaps. However, allocating much more resources than needed by regular 

NPD activities will alleviate resource congestion when IECs arise but lead to a much higher total 

cost owing to the high idle cost when resources are not in use. In reality, companies typically 

execute several NPD projects in parallel and share the same resources across projects. This 

situation of high idle cost will be mitigated but at the expense of a changing rate of learning 

when resources are being switched among different projects.  
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Table 21: Project Performance under the Impact of FRC (High RL) 

 
OS 

FRC 
(Units of 

Resource/Dept) 

(i) Lead 
Time (Days) 

(I) Time 
% Change 
c/w BL4 

(ii) Project 
Cost 
$ 5 1000� 

(II) PC 
% Change 
c/w BL4 

(iv) Total 
Cost 
$ 5 1000� 

(IV) TC 
% Change 
c/w BL4 

(iii) 
Quality 

(III) Quality  
% Change 
c/w BL4 

(a) 0% (BL4a) 70 219  17,702  21,663  2.0416  
80 195 –11.1% 16,771 –5.3% 21,279 –1.8% 1.9256 –5.7% 
90 187 –14.9% 16,544 –6.5% 22,005 1.6% 1.8818 –7.8% 
100 181 –17.2% 16,556 –6.5% 22,987 6.1% 1.8853 –7.7% 
110 177 –19.4% 16,333 –7.7% 23,778 9.8% 1.8650 –8.6% 
120 176 –19.6% 16,462 –7.0% 25,077 15.8% 1.8820 –7.8% 
130 174 –20.8% 16,333 –7.7% 26,028 20.2% 1.8611 –8.8% 
140 173 –21.2% 16,321 –7.8% 27,198 25.5% 1.8563 –9.1% 
150 172 –21.4% 16,345 –7.7% 28,405 31.1% 1.8613 –8.8% 
160 173 –21.3% 16,451 –7.1% 29,745 37.3% 1.8687 –8.5% 

(b) 33% (BL4b) 90 195  18,334  23,641  1.9312  
100 193 –1.2% 18,746 –2.2% 25,126 6.3% 1.9518 –1.1% 
110 185 –5.0% 18,309 –0.1% 25,650 8.5% 1.9180 –0.7% 
120 178 –8.8% 18,038 –1.6% 26,203 10.8% 1.8788 –2.7% 
130 173 –11.3% 17,816 –2.8% 26,891 13.7% 1.8504 –4.2% 
140 171 –12.3% 17,888 –2.4% 27,970 18.3% 1.8396 –4.7% 
150 170 –12.9% 18,021 –1.7% 29,168 23.4% 1.8498 –4.2% 
160 167 –14.4% 17,842 –2.7% 29,938 26.6% 1.8368 –4.9% 
170 167 –14.7% 17,754 –3.2% 31,024 31.2% 1.8243 –5.5% 
180 167 –14.7% 17,931 –2.2% 32,351 36.8% 1.8440 –4.5% 

(c) 66% (BL4c) 110 144  16,253  21,168  1.7057  
120 139 –3.8% 16,015 –1.5% 21,590 2.0% 1.6723 –2.0% 
130 134 –7.4% 15,703 –3.4% 21,918 3.5% 1.6418 –3.7% 
140 132 –8.3% 15,826 –2.6% 22,818 7.8% 1.6356 –4.1% 
150 131 –9.5% 16,021 –1.4% 23,708 12.0% 1.6281 –4.5% 
160 128 –11.4% 15,973 –1.7% 21,433 14.8% 1.6246 –4.8% 
170 127 –12.1% 15,888 –2.2% 24,309 18.3% 1.6197 –5.0% 
180 125 –13.5% 15,750 –3.1% 25,040 21.0% 1.5941 –6.5% 
190 125 –13.2% 15,867 –2.4% 26,631 25.8% 1.6096 –5.6% 
200 126 –12.9% 16,067 –1.1% 27,731 31.0% 1.6117 –5.5% 
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Figure 57: Effects of FRC on Lead Time and Total Cost (High RL) 

 

 

Figure 58: Effects of FRC on % Change in LT and TC (High RL) 

 

 Figure 59: Effects of FRC on Lead Time and Quality (High RL) 

 

 

Figure 60: Effects of FRC on % Change in PC and Quality (High RL)  
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Figure 61: Effects of FRC on Total Cost and Quality (High RL) 

 

 

Figure 62: Effects of FRC on % Change in TC and Quality (High RL) 

 

 Figure 63: Effects of FRC on Lead Time and Project Cost (High RL) 

 

 

Figure 64: Effects of FRC on % Change in LT and PC (High RL)  
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Figure 65: Effects of FRC on Project Cost and Quality (High RL) 

 

 

Figure 66: Effects of FRC on % Change in PC and Quality (High RL) 
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6.3.6 Impact of Change Propagation due to Product Configuration 

Not only the PD process activities but the product architecture as well are closely dependent 

and may highly likely trigger change propagation from one to another (Eckert, Clarkson, and 

Zanker 2004; Rutka, et al. 2006; Koh and Clarkson 2009; Krishna and Moon, 2009). In the 

second set of simulation experiments, in addition to change propagation phenomenon of IECs 

due to the couplings between PD activities that has already been captured in previous policy 

analyses, the nature and extent of change propagation due to a high degree of coupling among 

constituent product components and systems will be discussed by specifying the accurate 

dependency information of a product configuration and integrating it into the IEC section of the 

model.  

6.3.6.1 Additional Model Inputs 

Figure 67 shows two simple product architecture examples that will be used to demonstrate 

simulation procedure and logic in analyzing the impacts of Product Configuration (PC) on 

change propagation.  

 

Figure 67a/b: Two Different 5–System Product Configuration 

 

Both of them have five interrelated systems but different numbers of levels in their product 

breakdown structures. For the product configuration that consists 3 levels of system (abbreviated 

as LevelOfSys) shown on the left, system S1 on the top level is interrelated with two other 
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systems, S2 and S3. It goes down only one level for S3 while systems S4 and S5 simultaneously 

and independently interact with S2.  

It is assumed that IECs to parent system will uni–directionally propagate to its children 

system(s) – but not the other way around. That is to say, IECs to S1 will propagate to S2 and S3, 

and IECs to S2 will propagate to S4 and S5. Since S3, S4 and S5 are at the bottom level, changes 

to them will not cause any propagation. It is also assumed that during the IEC propagation, 

changes to the children system(s) are triggered simultaneously by the completion of their parent. 

For instance, the propagation of IEC from S2 to S4 and S5 will occur at the same time if there are 

enough resources available. 

The product architecture shown on the right illustrates a 4 LevelOfSys configuration. System 

S4 of this product configuration is interrelated with S5. Any change to S4 will further propagate 

to S5.  

 

6.3.6.2  Modification of Model Logic 

The following two process flow diagrams illustrate the enhanced model logic of IEC section 

(diagram above reflects the 3 LevelofSys PC and the one below reflects the 4 LevelofSys PC) by 

taking into account the change propagation phenomenon due to complex product configuration 

of interconnected components and systems. Note that the simulation procedure of IEC process 

propagation shown in  

Figure 35 is now nested inside an outer loop of IEC product propagation according to the 

dependency properties among product systems that have been visualized in Figure 67.  
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Figure 68a/b: Overview of IEC Section for 33% Overlapping (Coupled PD 
Activities and Coupled Product Configuration) 

 

APPENDIX F shows the process flow of how IEC propagation among interdependent 

product systems is actually modeled in Arena. 

 

6.3.6.3 Result Analysis 

Model input settings are chosen as follows. FRC is kept at the level of �¡ � 100, ! � 1, 2, 3 

and #M" � ��* rQ+
GW�TU , 0.1t  is examined. The NPD project is under various levels of 

environmental uncertainty with regular size (6/7� � 10).  
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Concerning both space and time limits, only 33% overlapping strategy is examined and 

analyzed here to illustrate how the proposed model is applicable in the impact analysis of IEC 

propagation due to interconnected product configuration. Running results and their percentage 

changes from baseline (BL5), in which product architecture couplings are not considered, are 

shown in Table 22. There are several observations as well as preliminary conclusion statements 

can be drawn from the results obtained from the 33% overlapped process: 

1. When the effects of change propagation due to the interconnected product 

configuration are taken into account, results show a general increasing trend, which is 

indicated by positive values appeared in columns (I) , (II) , and (III) , in the multiple 

dimensions of NPD project performance (i.e., lead time, project cost, and quality) 

from baseline case.  

2. However, there is one noticeable exception to the common increase: unexpected 

decreases in NPD project lead time are observed for the 3 LevelofSys product 

configuration (i.e., (PC1) (C) & (E)). In particular, dramatic decreases are caught in 

the scenario of weekly random IEC arrivals, especially at a high level of RL: (PC1) 

(E) (2).  

3. When the effects of change propagation due to PC are taken into account, some of the 

high correlations between model responses that have been observed in previous 

analyses diminish. Specifically, while the correlation between Project Cost and 

Quality still remains high (�nª  = 0.962), the correlation between Lead Time and 

Project Cost (�Bn = 0.536) and the one between Lead Time and Quality (�Bª = 0.386) 

drops significantly as compared to the results shown in Figure 46. 
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4. Effects of IEC ARR: the influence of change propagation due to PC increases as the 

environmental uncertainty increases. In general, we observe that the more frequent 

the IEC arrivals, the larger percentage changes of the three model responses from 

BL5.    

5. Effects of RL: there is no clear trend in the impacts of RL on the three model 

responses when effects of change propagation due to PC are taken into account. By 

comparing the differences between data of columns (I) , (II) , and (III) in rows (1) and 

those in rows (2), we observe both increases and decreases in model responses when 

RL goes from Low (1) to High (2).  

6. Combined effects of RL & IEC ARR: however, by comparing data of columns (I) , 

(II) , and (III),  from (1) to (2) and through scenarios (C) to (E), another 

counterintuitive project behavior can be perceived: for weekly IEC arrivals (E), a 

high RL reversely leads to a lower percentage of increase in all three responses as 

compared to results of a low RL, except in two cases: (PC1) (E) (I) and (PC2) (E) 

(III) .   

 



175 

 

 

 

Table 22: Project Performance under the Impacts of Product Configuration (33% Overlapping Strategy) 

 
Product 

Configuration 

 
IEC ARR 

 
RL (¨, ©) 

(i) Lead 
Time 
(Days) 

(I) Time 
% Change 
c/w BL5 

(ii) Project 
Cost 
$ 5 1000� 

(II) PC 
% Change 
c/w BL5 

(iii) 
Quality 

(III) Quality 
% Change 
c/w BL5 

 
 
(BL5) 
 

(C) Monthly 
Random IECs 

(1) Low 134  10,808  1.19  
(2) High  162  13,548  1.23  

(D) Bi–Weekly 
Random IECs 

(1) Low 138  11,847  1.36  
(2) High  169  15,094  1.45  

(E)Weekly  
Random IECs 

(1) Low 150  14,012  1.67  
(2) High  193  18,746  1.95  

 
 
(PC1) 
3 LevelOfSys 
 

(C) Monthly 
Random IECs 

(1) Low 131 –2.25% 13,047 20.7% 1.54 29.6% 
(2) High  157 –3.02% 16,498 21.8% 1.66 34.8% 

(D) Bi–Weekly 
Random IECs 

(1) Low 139 0.52% 16,017 35.2% 1.98 46.1% 
(2) High  170 0.53% 20,147 33.5% 2.19 51.3% 

(E)Weekly  
Random IECs 

(1) Low 127 –14.80% 21,968 56.8% 2.91 73.6% 
(2) High  141 –27.02% 26,905 43.5% 3.25 66.6% 

 
 
(PC2) 
4 LevelOfSys 

(C) Monthly 
Random IECs 

(1) Low 137 2.84% 12,532 16.0% 1.46 22.7% 
(2) High  169 4.07% 16,018 18.2% 1.56 27.0% 

(D) Bi–Weekly 
Random IECs 

(1) Low 153 10.49% 15,113 27.6% 1.85 36.1% 
(2) High  185 9.64% 19,623 30.0% 2.09 44.9% 

(E)Weekly  
Random IECs 

(1) Low 178 19.03% 22,569 61.1% 2.90 73.4% 
(2) High  224 16.26% 28,584 52.5% 3.40 74.2% 
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6.4 Summary 

This chapter describes and presents a simple numerical example to show how the proposed 

simulation model works, and to study the impacts of different product, process, team, and 

environment characteristics on project performance measures and how various NPD and ECM 

policy decisions could be systematically evaluated.  

The NPD section of model framework is first implemented to analyze the impact of NPD 

process features and rework review strategy. Then, the IEC section is included to explore the 

impact of IEC arrival frequency, IEC batching policy, and resource assignment strategy. Finally, 

the IEC section is extended to account for change propagation phenomenon resulted from 

interconnected product configuration.  

Model outputs are presented in both absolute value and relative value (as compared to the 

results of baseline case), based upon which general observations are made, and conclusions 

regarding different managerial strategies and coordination policies together with root causes of 

interesting running phenomenon, especially those counterintuitive ones, are discussed in great 

details.  
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CHAPTER 7 

CONCLUSIONS 

 

 

7.1 Summary of Contributions 

The principle contributions of this dissertation to the existing body of PD process modeling 

and ECM modeling literature, from theoretical implications to practical applications, are 

threefold.  

First of all, Chapter 3 presents a conceptual exploratory study of four major ECM issues: i) 

occurrence of ECs, ii) long EC lead time, iii) high EC cost, and iv) occurrence frequency and 

magnitude of iterations and ECs.  From a systems view, main contribution factors and cause–

and–effect relationships between them are identified by creating both causal links and causal 

feedback loops. This proposed conceptual causal framework is presumably the first systematic 

investigation of ECM risk drivers at project–level, reflecting common understanding between 

industry and academia. In particular, occurrence frequency of iterations and ECs in a resource–

constrained environment was explicitly explored by building and interpreting a full list of both 

closed causal feedback loops and causal links considering interrelated system variables such as 

design solution scope, solution uncertainty, learning curve effects, iteration/EC size, and 

resource availability, among others. Moreover, three field survey studies conducted in 

automotive and information technology industries are documented at length in Chapter 4.  
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The conceptual causal relationships among factors that have been identified, data collected 

and evidence observed of the actual NPD/ECM processes and corresponding decision making 

procedures, together with other validated PD process modeling methodologies and research 

findings in the existing literature, lay down the foundation to support essential underlying 

assumptions of the simulation model described in Chapter 5.   

Secondly, this research proposes a comprehensive Discrete–Event Simulation (DES) model 

that captures different aspects of PD project–related (i.e., product, process, team, and 

environment) complexity to investigate their resultant impacts on the occurrence and magnitude 

of iterations and ECs that stochastically arise during the course of an NPD project, and how the 

multiple dimensions of project performance, including lead time, cost, and quality, are 

consequently affected. In addition to the integration of several critical characteristics of PD 

projects that have been previously developed and tested, (e.g., concurrent and collaborative 

development process, learning curve effects, resources constraints), this research introduces the 

following new features and dynamic structures that are explicitly modeled, verified, and 

validated for the first time: 

1) It explicitly distinguishes between two different types of rework by the time of occurrence: 

intra–phase iterations and inter–phase EECs. Moreover, engineering changes are further 

categorized into two groups by their causes of occurrence, emergent ECs “that are 

necessary to reach an initially defined standard in the product” (Eckert, Clarkson, and 

Zanker 2004), and initiated ECs in response to new customer requirements or technology 

advances.  

2) Uncertainty is differentiated and conceptualized into three categories: low–level activity 

uncertainty, medium–level solution uncertainty, and high–level environmental 
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uncertainty. Activity uncertainty is reflected in the stochastic activity duration using 

probability distributions and environmental uncertainty is primarily modeled by the 

arrival frequency and magnitude of IECs. In particular, solution uncertainty is an 

important model variable that dynamically determines the rework probability which will 

be discussed next. 

3) This research provides presumably the first attempt to integrate cause–and–effect 

relationships among project variables into a DES model of development projects. 

Traditional DES model deals with only static project features in “open–loop, single–link” 

causal relationship format (Ford 1995) that remain constant as the model evolves33. 

Rework probability is no longer pre–determined and remains fixed over the entire time 

frame of the NPD process as appeared in most of previous studies. Instead, it is 

calculated in real time by the model itself. That is to say, rework probability is now 

included in a feedback structure that changes over time in response to the project’s 

evolving uncertainty levels.  

4) The specific three–step rework review process structure, together with the rigidity of 

rework reviews, allows more explicit and detailed modeling of this critical aspect of ECM, 

which is not attempted by previous studies. Decision points are used with rules to 

conditionally process ECs. They also give the users flexibility to define one or more rules 

in priority evaluation order.  

5) The traditional restrictive assumption of a stable development process with no 

environmental disturbance is also relaxed by introducing the random occurrence of IECs, 

                                                           
33 For example, previous studies of complex product development processes commonly leave rework probabilities unchanged as 
project progresses.  



180 

 

 

 

which leads to an enlarged design solution scope of the final product and thus affecting 

the project solution uncertainty.  

Last but not least, the proposed model framework can be calibrated and used as a decision–

support tool to assist ECM practitioners in quantifying the impacts of various managerial 

strategy and coordination policy alternatives, such as overlapping strategies, rework review 

policies, IEC batching policies, impacts of coupled product architecture, etc., on the project lead 

time, cost, and quality from a systematic perspective.  This dissertation illustrates in detail how 

such trade–off studies can be conducted and how simulation results can be interpreted for better 

NPD and ECM decisions.  

 

7.2 Major Findings 

7.2.1 Current Practice of ECM  

The qualitative and quantitative observations and findings from the three field survey studies 

reported in this dissertation reveal important issues for consideration regarding the current 

practice of ECM:  

1. Despite the fact that ECM is confirmed to be of great importance within the surveyed 

domains and ECs are recognized as main sources that significantly impact the dynamic 

behavior of NPD projects, companies involved in complex product development and 

operations are still lacking on systematic formal approach in tracking and managing EC 

information. 
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2. Furthermore, even for those companies that utilize computer–aided documentation 

systems to record, track, communicate and maintain NPD/ECM data on a regular basis, 

different process participants collect and organize project–related data such as, work 

breakdown structure, work effort estimates, resource demand and capacity, status 

reporting (i.e., completion of the WBS tasks), in various forms with different levels of 

accuracy, and make corresponding updates at different time schedules. This results in 

varied data quality in terms of data accuracy, completeness, consistency, and timeliness. 

In addition, the integration of available data residing in various sources with different 

formats and quality into valid model inputs at project level remains challenging.  

3. Risk and impact assessment information is typically provided only to support approval 

decision about requested changes. However, a series of records of how the EC (or CR) is 

actually implemented in terms of resource consumption, cycle time, and cost are usually 

not accumulated. 

 

7.2.2 Combining Process Feedbacks with Discrete Event Simulation to 

Support NPD & ECM Decisions 

This research demonstrates how closed–loop feedback relationships among model variables 

can be incorporated into a DES model to improve PD project behavior and performance 

predictions, and thus support NPD and ECM decision makings. Results show under different 

conditions of uncertainty (i.e., activity uncertainty in terms of deviations from average activity 

duration, solution uncertainty in terms of learning curve effects and rework likelihood of a 

particular NPD process, and environmental uncertainty in terms of IEC arrival frequency and 

magnitude), how we should apply various kinds of strategies and policies, including process 
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overlapping, rework review, IEC batching, resource allocation, to not only achieve benefits but 

also recognize potential tradeoffs among lead time, cost and quality. Specific conclusions drawn 

from the research will be discussed further in next subsection. 

Figure 69 illustrates, from a higher level, how the simulation model design presented in this 

dissertation can be possibly implemented. Guidelines of application consist of three main steps: i) 

data acquisition in terms of product, process, team, and environment information about NDP 

projects, ii) simulation model construction and selection of design factors, constraints and 

response variables together with their corresponding levels and range, and iii) decision support 

analysis & optimization.  

 

Figure 69: Application Method of ECM Decision Support System 
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7.2.3 Major Findings from the Simulation Study 

The research concludes with the following findings or understandings that either have been 

identified previously in the existing literature or disclosed for the first time with the help of 

newly added and verified model features: 

1. Significant increase of both time and cost due to rework is alleviated by the evaluation of 

LCE. 

2. The percentage increase of project cost is always higher than that of lead time at the 

occurrence of rework and IECs. That is, compared with lead time, project cost is more 

sensitive to rework/IECs. 

3. By starting downstream activities early with only preliminary information, concurrent 

engineering tends to alleviate the impacts of rework on activities in downstream phases 

while intensifying those on activities in the upstream phases. It also tends to shift rework 

risks and even out committed efforts among various functional areas. In addition, 

departments that are majorly involved in upstream phases undergo higher fluctuation in 

effort.  

4. A high overlap ratio of upstream and downstream activities, combined with a high 

likelihood of unanticipated activity rework that requires additional resources will result in 

a strong tendency for NPD projects to behave in an unstable and unpredictable manner 

and lead to unforeseen departures from the predetermined baseline plan. 

5. Adopting a more restrictive RRS (Convex–Up) leads to a longer NPD lead time and 

higher project cost. There is no obvious distinction between Stepped Linear and Linear 

RRSs. Also, the evaluation of LCE reduces the impacts of RRS. 
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6. When only the IEC process propagation among development activities is examined, high 

correlations between lead time, cost, and quality are observed. However, when the effects 

of IEC product propagation among dependent product components/systems, the 

correlation between lead time and project cost, and the one between lead time and quality 

drop significantly.  

7. Batching of IECs possesses a competitive advantage in lead time over handling IECs 

individually. This superiority is the greatest when a sequential PD process is adopted, and 

reduces as overlapping ratio increases. However, there is neither IEC policy shows 

“dominant” advantage in project cost or quality. 

8. Potential tradeoffs among NPD lead time and total cost are clearly identified when 

resource assignment decision is to be made. A higher level of OS leads to a shorter NPD 

lead time and less total cost given the same amount of functional resource allocation. 

However, the benefits of lead time reduction by assigning more resources are the most 

obvious in a sequential process, and activity overlap reduces the degree of obviousness 

the benefits have. The higher the OS, the less the benefits. 

9. Linearity between lead time and quality is observed in all three OS levels: the higher the 

functional resource availability, the shorter the lead time, and the lower the quality. The 

linearity slope increases as the OS increases. The percentage of decrease in quality versus 

baseline case is the largest in a sequential process and decreases as OS increases. 

10. The evaluation of IEC product propagation leads to a general increase of the multiple 

dimensions of NPD project performance from baseline case, except a counterintuitive 

decrease in NPD project lead time for a less coupled product configuration under a high 

environmental uncertainty and a high RL.  
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7.3 Limitations  

There are many limitations this dissertation has faced that could potentially lead to some 

considerable impacts on its ability to effectively answer the research questions raised in Chapter 

1 and the quality of the findings listed in Chapter 6. By exploring the nature of these major 

limitations, suggestions of how such limitations could be overcome in future work will also be 

discussed.  

1. Limitations of Model Assumptions: This research suffers from potential weaknesses 

because of the following simplified and restrictive model assumptions, which should be 

used with caution:  

1) Exponential relationship between solution uncertainty and rework probability,  

2) Add–ability of solution completeness for overlapped activities,   

3) Complete predictability of NPD activities and fixed activity precedence relationships,  

4) Mandatory Rework and Sequential Rework Process, and  

5) Static Rework Criteria.   

 

2. Lack of Flexibility in Model Extensions: The proposed model is illustrated by an 

“abstractly simplified” numerical example of a three–phase and three–activity NPD 

process, and then is further expended into a two–level change propagation loop to use the 

full model capacity. Without any doubt, just the illustration presented in Chapter 6 is far 

from enough in dealing with real world NPD and ECM issues of considerable size and 

complexity. Extensions of the rigid model structure, including i) project size (e.g., 

number of comprising phases and activities of a process, number of comprising systems, 

subsystems, and components of a product, etc.), ii) concurrency of projects, and iii) 
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precedence relationships among activities and couplings of product structure, require 

considerable additional modeling construction effort. These problems are rooted in the 

pitfalls specific to simulation studies due to the structural constraints of simulation 

models, especially for those that are built by off–the–shelf software packages. One of the 

most valuable explorations of the current work is to incorporate programming and 

scripting to make the model easier to build, edit and manage.   

 

3. Complexity and Difficulty in Model Parameterization: This research aims at providing 

a model–based decision support tool to evaluate the mutual influence of NPD and ECM. 

In order to effectively implement and use this proposed tool, companies have to 

parameterize the simulation model using actual data under various levels of granularity to 

reflect their own NPD/ECM processes and project complexity. However, the acquisition 

of data within or across organization(s) relating to product, process, team, and 

environment information in order to appropriately parameterize the model is extremely 

challenging. Field observations (Chapter 4) have revealed at least three major obstacles 

toward model parameterization: i) not enough data, ii) inaccurate or outdated (practically 

meaningless) data, and iii) data integration due to the fact that different pieces of NPD 

and ECM data are usually collected and maintained by different departments or process 

participants from their own perspective in numerous data formats and various granularity 

levels (within a range from project level, cross functional team level, department level, to 

organizational level and /or inter–organizational network level). A key element of solving 

this problem and accomplishing large scale simulation is to achieve organizational level 
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of data acquisition, integration, and maintenance, and to link the simulation model with 

input data that are extracted automatically from corporate databases.  

 

4. Difficulty in Model Validation:  Lack of model validation via comparison to a 

corresponding real system is an important, obvious limitation of this research. Similar to 

the previously mentioned limitation in model parameterization, this one is also originated 

from the inability to attain extensive industrial data in author’s individual capacity. 

However, this dissertation uses many other types of validation methods (e.g., 

construction of simulation model using validated model structures and features, close 

examination of model assumptions and parameter settings by NPD/ECM practitioners, 

qualitative comparison of model results to related NPD/ECM literature, published case 

studies and empirical research, and actual project performance observed in dissertation 

field survey studies).  

 

5. Descriptive Simulation Model to Support Decision Making: It is important to note that 

the proposed model is only a descriptive simulation model instead of a prescriptive 

optimization one. It yields distributions of performance outputs (i.e., lead time, cost, and 

quality) when characteristics of product, process, team, and environment (e.g., 

overlapping ratio of process, IEC arrival patterns, cross functional integration, resource 

availability, etc.) are provided. It is not able to offer a set of characteristics to give the 

optimal development performance. However, as a what–if tool, it is competent to “be 

foresight (predicting how systems might behave in the future under assumed conditions) 

and policy design (designing new decision–making strategies and organizational 

structures and evaluating their effects on the behavior of the system)” (Sterman 1991). 
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Furthermore, this research work provides foundational findings identified by 

manipulating the descriptive components, on which a prescriptive optimization model 

can be built by specifying the objective function, the decision variables, and the 

constraints.  

 

7.4 Future Work 

Based upon the above discussions of essential research limitations, possible directions of 

future work can be summarized as follows:  

1. In SS 6.3.6, only 33% OS is explored for preliminary conclusion statements of the effects 

of product configuration on IEC propagation, and project performance indicators 

accordingly. Other two process overlapping ratios should also be analyzed in depth to 

provide sufficient evidence and generate all of the conclusions that need to be drawn. 

Moreover, comprising items of a complex engineering product are typically 

interdependent. Model assumption of unidirectional IEC propagation path (i.e., IECs can 

only propagate from parent product item to child item, not the other way around) is a 

departure from reality and should be broadened in future work to capture those more 

complicated bidirectional change propagations.  

2. As already mentioned in the limitations of model assumption, the following model 

features: i) different relationships between solution uncertainty and rework probability, ii) 

more detailed modeling of dynamic rework review criteria (in replace of the current static 

one), and iii) parallel rework policy should be tested to assess their impacts on project 

performance measures.   
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3. Our reading of the literature has indicated a lack of development process models that are 

capable to be extended and implemented into a multi–project environment while still 

keeping detailed aspects of project complexity. Building blocks of the model framework 

presented in this dissertation can be reconfigured and applied at various detail levels. 

From a single project level to the entire organizational level, it opens possibilities for 

further analyses of multi–project management, such as work force planning strategies, 

coordination policies of interdependent parallel projects, etc.  

4. This model can also be further extended across organizations. By relaxing the single 

organization restriction of the current model and including inter–organizational 

influences, how engineering changes propagate along supply chain and affect NPD 

project performance can be explored. 
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APPENDICES 

APPENDIX A: 

Questionnaire of Change Request Approval Process 

 
Interviewees (Number of People Interviewed):  

Project Managers (1); Quality Assurance Leader (2);  Product Manager (2); Release Manager (2); 
Demand Administrator (1)  

Interview Question: 

1) How well do you think the Change Request process flow chart describes the nature of 
how a CR is being handled? 

_____________________________________________________________________ 

2) Could you briefly describe your approval process of a CR in terms of: 
a. How long does it usually take you to approve/disapprove a CR? Please provide 

both actual length and calendar length.   

_______________________________________________________________ 

b. Do you make decision based on any reports/metrics/models from other people? 

_______________________________________________________________ 

c. What are the commonly experienced road–blocks that keep you from decision 
making? 

_______________________________________________________________ 

3) Could you briefly explain the causes behind an extremely long approval process (with 
extreme cases prepared according to different participants)?  

_____________________________________________________________________ 

4) What do you think can be done to improve the efficiency and productivity of the CRM 
process? 

      ____________________________________________________________________
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APPENDIX B:  

Arena Flow Process of Overlapped Upstream and Downstream Activities 
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APPENDIX C:  

Rework Criteria 
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APPENDIX D:  

Possible Starting Point of Iteration/EEC Loop  
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R–D2 R–D3 R–P1 R–P2 R–P3 

0% 
Iteration 
Loop 

C1 C2; 
C1 

C3; 
C2; 
C1 

D1 D2; D1 D3; 
D2; D1 

P1 P2; P1 P3; P2; 
P1 

 
EEC 
Loop 

   C3; 
C2; 
C1 

C3;C2; 
C1 

C3;C2; 
C1 

D3; D2; 
D1; 

C3;C2; 
C1 

D3; D2; 
D1; 

C3;C2; 
C1 

D3; D2; 
D1; 

C3;C2; 
C1 

33% 
Iteration 
Loop 

C1 C2; 
C1 

C3 D1 D2; D1 D3 P1 P2; P1 P3; P2; 
P1 

 
EEC 
Loop 

  C2; 
C1 

C2; 
C1 

C3;C2; 
C1 

D2; 
D1; 

C3;C2; 
C1 

D2; D1; 
C3;C2; 

C1 

D3; D2; 
D1; 

C3;C2; 
C1 

D3; D2; 
D1; 

C3;C2; 
C1 

66% 
Iteration 
Loop 

C1 C2 C3 D1 D2 D3; P1 P1 P2; P1 P3; P2; 
P1 

 
EEC 
Loop 

 C1 D1; 
C2; 
C1 

C1 D1; 
C2; C1 

D2; 
D1; 

C3;C2; 
C1 

D1; C2; 
C1 

D2; D1; 
C3; C2; 

C1 

D3; D2; 
D1; 

C3;C2; 
C1 
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APPENDIX E:  

Arena Module and Expression Model Variables  

 

PROCESS MODULE 

Process Name: 

Concept 1, 2, 3 ; Design 1, 2, 3 ; Production 1, 2, 3 

Delay Expression:  

ERLANG(2,4) * MX(EP((Xn# – 1) * LN(0.5)),0.1); (X = C, D, P ; n = 1, 2, 3) 

 

 

 

ASIGN MODULE (NPD Section) 

Mkt Effort =  Mkt Effort + (“NPD ACTIVITY”.VATime – “NPD ACTIVITY” Total Time) * 
“NPD PHASE” Effort (1) 

Dsgn Effort = Dsgn Effort + (“NPD ACTIVITY”.VATime – “NPD ACTIVITY” Total Time) * 
“NPD PHASE” Effort (2) 

Mfg Effort = Mfg Effort + (“NPD ACTIVITY”.VATime – “NPD ACTIVITY” Total Time) * 
“NPD PHASE” Effort (3) 
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CnIRP = (EP((2 – (Mkt Effort + IEC Mkt Effort)/(Concept Scope + IEC Mkt 
Effort))*LN(alpha))*60+EP((2 – (Dsgn Effort + IEC Dsgn Effort)/(Design Scope + IEC Dsgn 
Effort))*LN(alpha))*20 + EP((2 – (Mfg Effort + IEC Mfg Effort)/(Production Scope + IEC Mfg 
Effort))*LN(alpha))*20)/100 ; (n = 1, 2, 3) 

DnIRP = (EP((2 – (Mkt Effort + IEC Mkt Effort)/(Concept Scope + IEC Mkt 
Effort))*LN(alpha))*20+EP((2 – (Dsgn Effort + IEC Dsgn Effort)/(Design Scope + IEC Dsgn 
Effort))*LN(alpha))*60 + EP((2 – (Mfg Effort + IEC Mfg Effort)/(Production Scope + IEC Mfg 
Effort))*LN(alpha))*20)/100 ; (n = 1, 2, 3) 

PnIRP = (EP((2 – (Mkt Effort + IEC Mkt Effort)/(Concept Scope + IEC Mkt 
Effort))*LN(alpha))*20+EP((2 – (Dsgn Effort + IEC Dsgn Effort)/(Design Scope + IEC Dsgn 
Effort))*LN(alpha))*20 + EP((2 – (Mfg Effort + IEC Mfg Effort)/(Production Scope + IEC Mfg 
Effort))*LN(alpha))*60)/100 ; (n = 1, 2, 3) 

“NPD ACTIVITY” Total Time = “NPD ACTIVITY”.VATime 

Xn# = Xn# + 1; (X = C, D, P ; n = 1, 2, 3) 
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ASIGN MODULE (IEC Section) 

IEC Mkt Effort =  IEC Mkt Effort + (“IEC ACTIVITY”.VATime – IEC ACTIVITY Total Time) 
* IEC Effort (1) 

IEC Dsgn Effort = IEC Dsgn Effort + (“IEC ACTIVITY”.VATime – IEC ACTIVITY Total 
Time) * IEC Effort (2) 

IEC Mkt Effort =  IEC Mkt Effort + (“IEC ACTIVITY”.VATime – IEC ACTIVITY Total Time) 
* IEC Effort (3) 

“IEC ACTIVITY” Total Time = “IEC ACTIVITY”.VATime 
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APPENDIX F:  

Arena Flow Process of Change Propagation almong Product Items  
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