
 

 

ABSTRACT 

VON HAGEL, KAYLA ANN. Exploring the Variability in Rework Cost and Market Analysis 

for Product Redesign. (Under the direction of Dr. Scott Ferguson.) 

When considering the redesign of an existing product, designers must consider possible 

engineering and marketing ramifications. Ideal changes will capture a large portion of the 

market and have low risks of change propagation – which help control redesign costs. 

Engineering change tools such as the Change Prediction Method and market research models 

such as Hierarchical Bayes Mixed Logit allow designers to estimate the cost of the redesign 

process and market share of preference. Variability in the inputs of the Change Prediction 

Method (impact and likelihood values) results in a range of estimated redesign cost values. 

Assumptions regarding model form and the stochastic model fitting process also lead to 

variations when estimating market performance. When the variability associated with these 

techniques is considered, focus should shift from a point-estimate to a region-estimate. This 

paper explores the region-estimate produced for proposed redesigns when considering rework 

cost and market share of preference. 
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CHAPTER 1:  INTRODUCTION 

Rather than always constructing an entirely new product, designers often make changes to 

existing products. These changes may often propagate, leading to additional changes in other 

aspects of the product [1]. Ideally, the changes do not propagate substantially and are contained 

to a small region of the product. For example, changing the processor in a computer may 

require a new motherboard, which requires the purchase of a new video card, etc. To minimize 

the impact of change propagation, a different component of the system may be upgraded or the 

best replacement using the old interface can be used instead. 

Of equal importance to minimizing change propagation is the market acceptance of the new 

product. A redesigned product with changes contained to a small portion of the product but 

disliked in the competitive marketplace likely provides little if any return to the manufacturer. 

An ideal product change thus has minimal change propagation and is purchased by consumers 

in the market. 

Engineering design and market research tools have been developed to aid in the evaluation of 

change propagation and marketplace competitiveness. In this work, change propagation is 

considered in terms of the likelihood that a change affecting other aspects of the product, and 

the redesign impact of that change. Yet, the estimates of impact and likelihood used in these 

models are strongly influenced by designer knowledge of the product.  

Variability also plays a role in consumer-driven market models. Error is inherent in any model 

estimation, and the complexity associated with estimating more complex market models 

increases the sources of variability. Understanding how the output of a market model changes 

when the estimation technique is considered provides insight into the sensitivity of the market 

response. Therefore, developing a better understanding of how uncertainty in model input and 

estimation affects engineering design decisions is the focus of this work.  
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1.1. Motivation 

A market comprised of multiple consumers is often heterogeneous. To meet the various 

demands of a market, a breadth of products may be offered to fill various niches. A 

manufacturer wishing to satisfy the needs of a set of consumers may enlist a team of designers 

to redesign an existing product. Depending on the existing product and the concepts generated, 

the number of potential redesign options considered may be quite large. Ideal redesign 

opportunities should effectively balance the cost of engineering rework with popularity during 

product release. An immediate challenge associated with selecting the ideal option is 

determining the redesign cost and predicting market desirability. 

Calculating the cost of engineering rework is a function of how much change propagation 

occurs and how severe it is. That is, a change that results in changes to other aspects of the 

system will result in a higher redesign cost than a well contained change. Regarding market 

desirability, firms use techniques such as interviews and surveys to understand and estimate 

customer preferences for product features and functionality. If mathematically quantified, 

these preferences can be used in equations that estimate market desirability and explain which 

portions of a market may be interested in a product. With the cost and market desirability 

estimated, the selection of an ideal redesign option appears straightforward: select the cheapest 

and most liked option. 

Figure 1.1 provides a sample tradeoff plot for 5 hypothetical redesign options for the existing 

product. The x-axis is the estimated total cost of the redesigned option. Here, cost includes the 

initial cost of the product and the cost to alter the product to offer the redesign option. The y-

axis is the market share of preference diverted from the competitor products. In offering an 

additional product, the firm seeks to capture market share from competitor products. It is also 

important to ensure consumers purchasing the base product continue to do so. This allows the 

firm to gain a larger portion of the market. Referring to Figure 1.1, Option A is an attractive 

alternative as it diverts the greatest amount of market share from the competitors and costs the 

least to redesign. Conversely, Option E diverts little of the competitor market share of 
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preference and is the most expensive option to produce. Option C and Option D provide an 

example of a tradeoff between cost and market share of preference.  

 

 

 

 

Figure 1.1: Estimated Total Cost and Diverted Market Share of Preference Tradeoff 

Plot 

 

Unfortunately, the point estimations of Figure 1.1 do not tell the entire story. A point estimate 

may work when the assumption of perfect information is implemented. However, if the 

information is imperfect and model inputs are not entirely correct, the point estimates of Figure 

1.1 may not hold. The same challenge is true for model estimation procedures that lead to 

solution variability. These consequences are explored in the following subsections in terms of 

estimated total cost and market share of preference.  

1.2. Impacts of Variability 

In exploring the effect of variability, the estimated total cost and market share of preference 

outputs are considered. However, the changes in these values are functions of model input and 
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estimation procedure. This subsection briefly identifies sources of variability and the effect on 

model output. 

 Risk Quantification 

As stated previously, one approach for estimating the total cost of a redesign option is to treat 

it as a function of the risk of change propagation. A high risk of change propagation indicates 

increased redesign complexity and a higher redesign cost. Calculating the risk of change 

propagation depends heavily on expert-provided inputs [1]. The procedure for quantifying the 

risk of change propagation requires decomposing a product into subsystems. Next, experts 

provide estimations of the likelihood of a change propagating and the associated impact. 

Finally, the combined risk value is calculated for each direct or indirect connection between 

subsystems.  

To demonstrate the effect of small perturbations in input (likelihood and impact) on the risk 

value, a sample combined risk matrix for a system decomposed into four subsystems is shown 

in Table 1.1(a). In a combined risk matrix, the column headings indicate initiating subsystems 

and the row headings indicate affected subsystems. For example, in Table 1.1(a) the risk of a 

change initiated in Subsystem B propagating to Subsystem C is 0.25. Table 1.1(b) depicts the 

effect of altering half of the input values. The shaded boxes indicate the risk values that 

changed as a result of perturbations in input. For example, the risk of a change propagating 

from Subsystem A and Subsystem D was originally 0.21. When the inputs are altered slightly, 

the risk increases to 0.32. This implies a single estimation of the combined risk matrix may not 

accurately depict the risk of a change propagating from one subsystem to another. 
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Table 1.1: (a) Initial combined risk matrix (b) Resultant combined risk matrix after 

small perturbations in impact and likelihood 

(a) 

Risk 
Initiating Subsystem 

A B C D 
A

ff
ec

te
d
 

S
u
b
sy

st
em

 

A  0.24 0.14 0.13 

B 0.05  0.24 0.16 

C 0.02 0.25  0.05 

D 0.21 0.08 0.05  
 

(b) 

Altered 

Risk 

Initiating Subsystem 

A B C D 

A
ff

ec
te

d
 

S
u
b
sy

st
em

 

A  0.24 0.14 0.13 

B 0.06  0.30 0.16 

C 0.02 0.20  0.04 

D 0.32 0.13 0.08  
 

 

 

 

For simplification, rank ordering the risk values within a combined risk matrix allows for 

straightforward identification of the interactions with the highest risk of change propagation. 

The higher a rank value, the higher the associated risk value. Table 1.2(a) gives the original 

baseline rank values associated with the unaltered combined risk matrix in Table 1.1(a). The 

rank ordering of the altered combined risk matrix in Table 1.1(b) is given in Table 1.2(b) where 

the shaded interactions indicate a change in rank from the baseline values. As input values are 

altered the ranks associated with some interactions change. For example, the risk of a change 

propagating from Subsystem B to Subsystem C had the highest risk value. However, upon 

altering the input values slightly, the interaction of Subsystem A propagating to Subsystem D 

becomes the highest rank. From the shaded interactions in Table 1.1(b) and Table 1.2(b), a 

change in risk does not necessarily result in a change in rank. 
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Table 1.2: (a) Associated rank order of combined risk matrix, (b) Resultant rank 

ordering after small perturbations in impact and likelihood 

(a) 

Rank 
Initiating Subsystem 

A B C D 
A

ff
ec

te
d
 

S
u
b
sy

st
em

 A  10 7 6 

B 2  11 8 

C 1 12  4 

D 9 5 3  
 

(b) 

Altered 

Rank 

Initiating Subsystem 

A B C D 

A
ff

ec
te

d
 

S
u
b
sy

st
em

 A  10 7 6 

B 3  11 8 

C 1 9  2 

D 12 5 4  
 

 

 

The procedure to calculate the combined risk matrix predicts significant changes and potential 

problem areas for a suggested change or redesign. The higher the rank value, the more a 

designer should seek to avoid a redesign option involving that interaction. However, Table 1.1 

and Table 1.2 demonstrate that small changes in input alter the risk and associated rank values. 

This suggests that even small amounts of uncertainty in expert input could mislead designers. 

While changes in the risk and rank are important, in this work the role of the combined risk 

matrix is primarily used to calculate estimated total cost. As a result, higher variability in the 

combined risk matrix translates to greater variability in the estimated total cost and increased 

complexity in tradeoff exploration between redesign options. This is demonstrated in Table 

1.3 where a variability of 0.1 in combined risk results in a range of cost values spanning $0.19 

Increasing the variability in risk to 0.25 increases the spread of estimated cost values to a range 

covering $0.48. 

 

Table 1.3: Risk to Cost Variability Mapping 

Combined Risk Variability Estimated Total Cost Variability 

0.1 $0.19 

0.25 $0.48 
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 Market Analysis 

In the context of this research, market analysis refers to the gathering of consumer preference 

information, defining potential product configurations, and combining this information to 

assess market desirability. Several different methods exist for gathering consumer preferences. 

These include forums, interviews (phone and in person), product reviews and surveys [2]. The 

reasons for gathering consumer information may range, but for the purposes of this work, 

preferences are gathered to evaluate the market performance of each redesign option proposed.  

Discrete choice theory is used in this work to develop models for which customer preferences 

can be estimated. Data from survey respondents is collected in the form of a choice-based task 

survey where a respondent selects one product configuration from a set of hypothetical 

alternatives. From these surveys, the desirability of a product can be calculated. As with any 

model estimation procedure, inherent error exists. Such error can become of particular 

importance when using a hierarchical statistical model to estimate parameters of a posterior 

distribution [3]. While the process of estimating model parameters is supposed to account for 

model uncertainty, the large number of draws used to find model parameters are often 

aggregated to a single value. When each draw is considered individually, the market share of 

preference estimate for a respondent may vary.  

While this concept is explained in greater detail in Chapter 3, Table 1.4 depicts an example 

case. Here, a respondent’s market share of preference is calculated for three products. Over the 

course of the four iterations (draws) depicted, Product 1 consistently has the highest market 

share of preference while Products 2 and 3 alter between the middle and lowest market share 

of preference.  
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Table 1.4: Market Preference Variability (one Respondent) 

 
Market Share of Preference 

Product 1 Product 2 Product 3 

It
er

at
io

n
 1 74% 11% 15% 

2 56% 18% 26% 

3 71% 8% 21% 

4 62% 25% 13% 

Average 65.75% 15.5% 18.75% 

Standard  

Deviation 
8.26% 7.59% 5.91% 

 

When considering variability and the associated market and engineering redesign cost analysis, 

the point estimates for each redesign option in Figure 1.1 no longer hold. Rather, the ranges in 

redesign cost and market preference must be considered. The tradeoff plot must shift to a set 

of region estimates as shown in Figure 1.2.  

Looking at Figure 1.2, a designer may choose to implement Redesign Option A as it has the 

potential to divert the most market share while costing the least. However, in the event Option 

A costs the maximum within its cost range and diverts the least share of preference, Options 

B, D or C may be more viable options. 

 



 

 

9 

 

Figure 1.2: Region Estimation Tradeoff Plot 

 

1.3. Research Questions 

This work addresses two research questions to facilitate the exploration of variability within 

market analysis and engineering redesign. The first research question addresses the variability 

associated with the estimated total cost and the second question explores the effect of 

variability on selection of redesign options. 

Research Question 1: What effect does input variability in change 

propagation analysis have on combined risk values and therefore, on the 

estimate of total product cost? 

Research Question 1 (RQ1) explores the ramifications associated with potential variability in 

user input in change propagation analysis. The change propagation analysis tool used in this 

work is the Change Prediction Method (CPM) [1]. In the CPM, users estimate input data, 

perform several mathematical calculations and produce a numerical value representing the 

probability of a change propagating from one component of a product to another. When 

considering redesign, risk values are used to caution designers against selecting redesign 

options that involve a high risk of change propagation. Any variability within the user input 
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may direct designers to a system interaction falsely predicted to have a low risk of change 

propagation or cause designers to avoid a system interaction falsely predicted to have a high 

risk of change propagation. 

Beyond avoiding certain system interactions in redesign, designers also use the risk values to 

calculate the estimated total cost of a redesign option. The higher the risk of a change 

propagating from one subsystem to another, the greater the estimated total cost of the redesign 

option. Variability within the combined risk matrix results in variability within the total cost 

estimation for a redesign. With profit as the topmost priority for a firm, redesign cost 

uncertainty poses a threat to the profit margin. The consideration of variability within the 

estimated total cost metric leads to research question 2 (RQ2): 

Research Question 2: What insights into product redesign option selection 

can be gained when variability within the estimated total cost and market 

share of preference calculations are considered? 

Since an ideal product redesign is cost effective and diverts a large amount of competitor 

market share of preference, variability can be detrimental to the predicted success of a product. 

As shown in Figure 1.1, without the consideration of variability, selection of a redesign option 

is straight forward, albeit due to over-simplification. When variability is considered, the region 

estimation becomes much more complicated as shown in Figure 1.2, but provides a more 

realistic representation. Firms must consider the possible outcomes predicted by the total cost 

and market share of preference estimations when making the final redesign decision. An 

important aspect of region estimation discussion is the risk profile of the firm. A risk-averse 

firm will make a conservative decision and a risk-prone firm may select a design with the 

possibility of low cost and high market diversion. 

1.4. Chapter Summary 

This chapter provides the motivation behind this work through sample inclusions of variability. 

Altered inputs translate to variability in the output in the risk values and associated rank order. 

This uncertainty translates to variability in the estimated total cost metric used when exploring 
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redesign options. Variability inherent to market preference estimation blurs the lines between 

similar redesign options. The combinations of these sources of variability shift the tradeoff 

exploration from point estimates to complex region estimates.  

Two research questions were posed in Section 1.3 and will be addressed throughout this work. 

RQ1 explores the variability associated with inputs to the CPM and RQ2 addresses the shift 

from point estimates to region estimates when considering variability in cost and market 

preference. To address these research questions, Chapter 2 explores existing engineering 

redesign tools and explores sources of variability within the CPM. Chapter 3 provides the 

relevant background information and context for the exploration into the variability within the 

market analysis tools used in this work. Chapter 4 combines the variability studies of Chapters 

2 and 3 and presents the results gathered. To conclude, Chapter 5 provides a summary and 

discusses avenues of relevant future work. 
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CHAPTER 2:  CALCULATING REWORK IN ENGINEERING DESIGN 

This work occurs at the intersection of engineering design and market analysis. More 

specifically, it considers the cost of potential customization options for a redesigned product 

from an engineering perspective and the market acceptance of the new product. This chapter 

introduces the theory used for quantifying rework in engineering design by focusing on change 

propagation and the various methods that quantify the risk of a change propagating.  

2.1. Engineering Change 

Formally, engineering changes are alterations of any size or type, involving any number of 

people, and any length of time, made to parts, drawings or software already released during 

the design process [4]. Two broad categories encompass all engineering changes: initiated and 

emergent [5]. An initiated change stems from the needs and requirements of a customer, while 

emergent changes are responses to weaknesses in a product [5]. 

Engineering changes, whether initiated or emergent, affect the planning, scheduling and cost 

of a particular project. As manufacturing progresses, the costs associated with an engineering 

change increase due to time constraints and increased product integration [5]. A common 

“rule” for design is the “Rule of 10” which states that on average the cost of implementing a 

change increases by a factor of ten 10 between each phase of the design process [4, 6]. In terms 

of planning and scheduling, changes made to a product later in the design process affect more 

people negatively than those instantiated early in the design process [4]. The increase in the 

number of people affected results from the ability of an engineering change to propagate 

through a product. 

2.2. Change Propagation 

High levels of product integration yield higher probabilities that a single engineering change 

will propagate, or result in additional changes, as changes rarely occur alone [4]. In [7], change 

propagation is defined as the process in which a change to one part of an existing system results 

in a change to another part of the system that would not have otherwise occurred. For example, 

a change to Subsystem A may lead to a change in Subsystem B. That change in Subsystem B 

may then cause a change in Subsystem C. 
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Active or inactive changes can occur, where active changes initiate propagation and inactive 

changes do not [8]. When considering an active change applied to a subsystem, the subsystem 

is categorized as an absorber, carrier, multiplier or constant [5]. An example of each behavior 

for an active change is shown in Figure 2.1, where the arrows represent active changes and the 

box represents the subsystem. Figure 2.1(a) depicts a subsystem that acts as an absorber by 

outputting less change than it receives as input. Figure 2.1(b) shows a carrier subsystem. 

Carriers output a similar number of changes to the number they receive as input. The subsystem 

in Figure 2.1(c) is a multiplier. This subsystem creates more change than it receives. Finally, 

Figure 2.1(d) displays a constant subsystem, which is insensitive to change. In general, when 

redesigning a subsystem multipliers are to be avoided as they produce extra changes. The ideal 

subsystem to change acts as a constant and results in no other changes. A method to identify 

the categories of subsystem responses to active changes is a Design Structure Matrix. 

 

  
(a) Absorber (b) Carrier 

  
(c) Multiplier (d) Constant 

Figure 2.1: Subsystem Response Behavior to Active Changes 

 

2.3. Design Structure Matrices 

The Design Structure Matrix (DSM) is a straightforward, compact and visual representation of 

the potential interactions of subsystems within a product [9, 10]. Creating a DSM first requires 

designers (ideally system experts) to decompose a product into subsystems with a similar level 

of granularity. The level of granularity used in the system decomposition affects the results of 
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any architectural analysis performed using the DSM, including change propagation analysis 

[1, 11]. Studies seeking to address the appropriate level of granularity include the 

quantification of interfaces between subsystems [12] and the implementation of a functional 

basis vocabulary [13]. Despite the results of these studies, the most common method of system 

decomposition involves dividing a system into subsystems and further decomposing those 

subsystems [11]. To date, no standard, accepted method of system decomposition exists. 

Despite the lack of formal methods for system decomposition, research in the area of DSMs 

has identified two broad categories: static and time-based. In time-based DSMs, time is 

indicated through the ordering of rows and columns. Items further up in the DSM precede 

items further down and sequencing algorithms are generally used for analysis [9]. In a static 

DSM, the elements exist simultaneously and a clustering algorithm is typically used for 

analysis. Example static DSMs include a: 

 Component-DSM [9, 14] - interactions between subsystems are depicted via a 

numerical estimation of the significance of the interaction or a binary indicator of the 

interaction [10]. 

 Change-DSM [14] - shows the change propagation paths between different components 

of a system. 

 Delta-DSM (ΔDSM) [14] - depicts the differences between the original unaltered 

system and a changed system. 

 High Definition-DSM (HD-DSM) [15] - is a three dimensional set of component DSMs 

where each layer depicts a specific type of interaction broadly categorized as 

information, material, energy, spatial and movement. 

 Sensitivity-DSM (SDSM) [16, 17] - entries depict the sensitivity of the component 

represented by the row heading to a change in the component represented by the 

column heading. 

Prior work implementing the various DSM types has shown promise for a variety of 

applications including modularity metrics and change management. For example, Amirreze et 
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al. describe a redesign approach using a sensitivity-DSM and a clustering algorithm to group 

the DSM into sub-sections based on sensitivity with minimal interaction between subsections 

[18, 19].  

The ΔDSM was used to assess a new technology relating to fuel injection in a gasoline engine 

and a change-DSM was used to determine the effects of a change in a vehicle body. Both the 

ΔDSM and the change-DSM showed promise in change management for complex systems and 

products [14]. Work using a component-DSM includes the introduction of a metric to quantify 

the redesign effort complexity of the boundaries between modules/subsystems [20], a 3-phase 

method to calculate design dependencies using an analogy involving the modeling of electrical 

circuits [21] and the decomposition of subsystems into components to determine modularity 

on a component basis [22]. 

The primary DSM used in this research is the component-DSM. The column headings identify 

initiating subsystems and the row headings identify the affected subsystems [1]. A direct 

interaction or connection between two subsystems can be represented using real numbers to 

indicate the strength or desirability of the connection [20, 22], risk or probability [23] or binary 

values to represent the existence of a connection [1]. Table 2.1 depicts an example of a 

component-DSM for a sample system decomposed into 4 subsystems, labeled A through D. 

Direct interactions between subsystems are depicted with an ‘X’. The diagonal of the DSM is 

intentionally marked out since each subsystem affects itself. While only direct connections 

between subsystems are explicitly depicted in a DSM, indirect connections can be determined 

as well [1]. For example, in Table 2.1 Subsystem A directly interacts with Subsystem D and 

Subsystem A indirectly interacts with Subsystem C via Subsystem D. 
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Table 2.1: Sample DSM 

DSM 
Initiating Subsystem 

A B C D 
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A  X  X 

B X    

C    X 

D X    

 

 

2.4. Change Propagation and Risk Quantification 

In the context of change propagation, risk is defined as the probability or likelihood of 

occurrence times the impact given such an event occurs [1]. Mathematically, risk is depicted 

in Eq. (2.1) where 𝑅 is risk, 𝑙 is the likelihood and 𝑖 is the impact. Likelihood is defined as the 

average probability that a change in the design of one subsystem leads to a change in another. 

Impact is the average portion of the design work that will need to be redone if the change 

propagates [1]. 

 𝑅 = 𝑙 × 𝑖 (2.1) 

Several methods to quantify the risk of change propagation exist including RedesignIT [24, 

34], Change Favorable Representation (C-FAR) [25], a matrix-calculation-based algorithm 

[26] and the Change Prediction Method (CPM) [1]. RedesignIT is a computational tool to 

generate, evaluate and consider the side effects of product redesign using causal models [24]. 

Given user specified importance values, RedesignIT provides a set of redesign plans including 

remedies for side-effects evaluated using a net benefit term [24]. The abstract redesign plans, 

measured in orders of magnitude, consider constraints placed on components but potentially 

violate the constraints for a greater net benefit. This potentially leads to infeasible designs [24].  

In C-FAR, a product is identified by objects or entities (subsystems) using EXPRESS [27]. A 

C-FAR matrix assigns linkage values of high, medium and low to the relationships between 

two attributes [25]. Numerical values of 0.9, 0.3 and 0 are later substituted for the linkage 
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values of high, medium and low, respectively. This numerical assignment artificially increases 

the weight of a high linkage when compared to a medium weight. However, in a series of case 

studies implementing the C-FAR methodology more than 80% of the C-FAR change impact 

estimates matched the estimates of an independent expert [25].  

The matrix-calculation based algorithm developed by Hamraz et al. uses matrix multiplication 

and a DSM to provide the same results as other exhaustive search based algorithms such as the 

Trail Counting algorithm and the CPM [26]. A major strength of the matrix-calculation based 

algorithm is the ability to implement the algorithm in established and common workplace-

provided programs such as Microsoft Excel [28]. The CPM was selected for this research and 

is explored in detail in the following subsections. 

2.5. Change Prediction Method 

This research focuses on the CPM algorithm for risk quantification. The risk of a change 

propagating directly or indirectly from one subsystem to another is computed using impact and 

likelihood values [1]. A preliminary step to the CPM is the identification of the system with 

which to conduct the change analysis. In this work, a desk fan is selected and is shown in 

Figure 2.2. The following subsections detail the remaining steps of the CPM that lead to the 

computation of a combined risk matrix. 
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Figure 2.2: Desk Fan and Associated Subsystems  

 

 DSM Construction 

The first step in the CPM requires designers to decompose the system into no more than 50 

subsystems to balance the level of detail and computational complexity [29]. The desk fan was 

decomposed into 9 subsystems as depicted in Figure 2.2 and further highlighted in Table 2.2. 

 

Table 2.2: Desk Fan Decomposition 

Number Subsystem 

1 Stand 

2 Base 

3 Speed Control System 

4 Angular Adjustment System 

5 Head Assembly Casing 

6 Fan Blades 

7 Grill Assembly 

8 Power Supply 

9 Motor 
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  Dependency Matrix Construction 

Following system decomposition, the next step of the CPM involves completing the 

dependency matrices. These matrices consist not only of the component DSM, but also 

likelihood and impact matrices. Likelihood and impact matrices consist of values between 0 

and 1 that represent the impact and likelihood of a change propagating from an initiating 

subsystem (column heading) to an affected subsystem (row heading). These values replace the 

binary indicator of a connection in a DSM. The impact and likelihood values represent a single 

input settled upon and predicted by the experts using intuition and/or historical change data 

[29]. While not explicitly stated in the literature, standard convention in published works is to 

provide one or two decimals of precision for impact and likelihood values, and two decimals 

of precision in combined risk matrices [1, 29-31]. 

With the desk fan properly decomposed into subsystems in Table 2.2, the DSM can be 

constructed. Table 2.3 shows the desk fan DSM and identifies direct connections between 

subsystems with an ‘X’. The column headings indicate the source of the interaction and the 

row headings represent the destinations.  

 

Table 2.3: Desk Fan DSM 

DSM 
Initiating Subsystem 

1 2 3 4 5 6 7 8 9 

A
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1  X  X   X   

2 X      X   

3     X   X X 

4 X    X  X   

5   X X   X X X 

6       X  X 

7 X   X X X    

8   X  X    X 

9   X  X X  X  
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From Table 2.3, change propagation paths for the desk fan can be determined. For example, 

Subsystem 1 lacks a direct connection with Subsystem 6. However, Subsystem 1 is able to 

interact indirectly with Subsystem 6 through a direct interaction with Subsystem 7. Several 

change propagation paths can be identified using the DSM in Table 2.3. An assumption of the 

CPM is the exclusion of repeated subsystems. That is, the change propagation path Subsystem 

1 →Subsystem 4 → Subsystem 1 is not a valid path for use within the CPM.  

Having identified the direct connections between subsystems in the DSM, each ‘X’ is replaced 

with a numeric value between 0 and 1 - in increments of 0.1 - to yield the impact and likelihood 

matrices. Table 2.4 depicts the direct likelihood matrix and Table 2.5 gives the direct impact 

matrix for the desk fan. As an example, the ‘X’ depicting the interaction initiated by Subsystem 

1 and affecting Subsystem 2 is replaced by 0.4 in the direct likelihood matrix and 0.3 in the 

direct impact matrix. This means there is a 40% chance that a change in Subsystem 1 causes a 

change in Subsystem 2 and 30% of the design work will need to be redone if the change 

propagates from Subsystem 1 to Subsystem 4.  

 

Table 2.4: Desk Fan Direct Likelihood 

Likelihood 
Initiating Subsystem 

1 2 3 4 5 6 7 8 9 

A
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1  0.3  0.4   0.2   

2 0.4      0.3   

3     0.2   0.8 0.6 

4 0.1    0.4  0.4   

5   0.2 0.2   0.4 0.4 0.8 

6       0.6  0.8 

7 0.2   0.3 0.3 0.6    

8   0.2  0.2    0.6 

9   0.4  0.5 0.8  0.6  
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Table 2.5: Desk Fan Direct Impact 

Impact 
Initiating Subsystem 

1 2 3 4 5 6 7 8 9 

A
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1  0.2  0.3   0.3   

2 0.3      0.2   

3     0.2   0.8 0.5 

4 0.2    0.3  0.3   

5   0.2 0.2   0.3 0.4 0.6 

6       0.5  0.6 

7 0.2   0.2 0.2 0.2    

8   0.4  0.5    0.5 

9   0.6  0.7 0.6  0.6  

 

 

 Combined Risk Calculation 

With the subsystems determined and direct connections identified and quantified in terms of 

impact and likelihood. The elements of the combined risk matrix can be calculated using Eq. 

(2.2) where A is the initiating subsystem and B is the destination subsystem. 

 𝑅𝐵,𝐴 = 1 − ∏(1 − 𝜌𝐵,𝑈),     𝜌𝐵,𝑈 = 𝜎𝑈,𝐴 ∗ 𝑙𝐵,𝑈 ∗ 𝑖𝐵,𝑈 (2.2) 

In Eq. (2.2), 𝜌𝐵,𝑈 is the risk of a change propagating from Subsystem B to Subsystem U, the 

penultimate subsystem in the path from A to B, 𝜎𝑈,𝐴 is the likelihood of a change reaching 

Subsystem U from A, 𝑙𝐵,𝑈 is the direct likelihood of a change propagating from U to B and 

𝑖𝐵,𝑈 is the direct impact of propagation [31]. The combined risk matrix for the desk fan is given 

in Table 2.6. From Table 2.6, the risk of a change propagating from Subsystem 8 to Subsystem 

3 is 0.74. This indicates that designers may want to avoid making a change in Subsystem 8 as 

they are likely to have to alter Subsystem 3 as a result. Further, the risk of a change propagating 

from Subsystem 8 to Subsystem 5, 6 and 9 are also relatively high at 0.55, 0.57 and 0.62, 

respectively. In contrast, the risk of a change in Subsystem 2 propagating to any other 

subsystem is low. As a result, if given the opportunity, designers should seek to make a change 

to Subsystem 2 as it is unlikely to result in additional changes to other subsystems.  
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Table 2.6: Desk Fan Combined Risk Matrix 

Combined 

Risk 

Initiating Subsystem 

1 2 3 4 5 6 7 8 9 
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1  0.06 0.11 0.15 0.13 0.17 0.16 0.19 0.18 

2 0.13  0.08 0.08 0.10 0.12 0.12 0.14 0.13 

3 0.15 0.05  0.31 0.52 0.60 0.50 0.74 0.64 

4 0.07 0.02 0.16  0.19 0.24 0.23 0.27 0.26 

5 0.10 0.03 0.34 0.19  0.50 0.39 0.55 0.59 

6 0.11 0.04 0.37 0.24 0.43  0.42 0.57 0.57 

7 0.05 0.01 0.13 0.10 0.16 0.20  0.22 0.20 

8 0.09 0.03 0.27 0.19 0.34 0.39 0.32  0.42 

9 0.13 0.04 0.39 0.27 0.52 0.56 0.45 0.62  

 

 

2.6. CPM Exploration and Validation 

Several studies have been completed to provide verification of the CPM and determine the 

level of robustness of the results generated. In [1], a case study is presented with Westland 

Helicopters focused on the redesign of the EH101 helicopter. The CPM creators worked 

closely with designers at Westland Helicopters to implement the CPM and found a high level 

of agreement between the predicted results and those observed for three different changes [1]. 

The CPM was also verified through application to a diesel engine [32] and an injector [33]. 

While the set of empirical comparisons is not large enough to demonstrate statistical 

significance, the results of these studies showed promise for the CPM. 

CPM sensitivity to variations in data, such as those from human information sources, has also 

been explored. Jarratt et al. [31] used Monte Carlo methods to define impact and likelihood 

values. In the Monte Carlo study, a confidence value of medium was assigned to each entry in 

the impact and likelihood matrices. The existing value in the impact and likelihood matrix 

acted as the mean and the medium confidence level corresponded to a standard deviation of 

0.05 in a normal distribution. The Monte Carlo results were compared against the results 

produced in the Westland Helicopter EH101 case study. The top 5 changes predicted by both 

methods and observed in real-life remained the same [31]. The results of this study indicated 
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subsystems with the highest risk values tended to be more robust against small perturbations 

to the inputs provided to the impact and likelihood matrices. 

Another effort to explore the sensitivity of the combined risk matrix of the CPM through 

altered impact and likelihood values was conducted in [29]. The impact and likelihood matrices 

are first defined where likelihood values range from 0 to 1 in increments of 0.05 and impact 

values range from 0 to 1 in increments of 0.001. After impact and likelihood matrix 

development, Clarkson et al. varied each impact and likelihood value by 20% (0.2) and 

calculated the combined risk matrix. Results indicate that the subsystems with the highest risk 

do not change in terms of rank order and lesser subsystems that do change do so in small groups 

[29]. 

A drawback of the CPM is its inability to model more than one change at a time and the 

requirement that subsequent changes must reapply the method entirely. In an attempt to remedy 

this limitation, Ahmad et al. [34] proposed a method to identify change propagation linkages 

and assess change impact using an interactive tool. The results and time spent on the analysis 

were comparable to case studies completed with only the CPM [34]. Another drawback of the 

CPM is the reliance on the availability of historical change data. Many companies do not track 

historical change data (especially changes not implemented), or make the information available 

to the public [7].  

2.7. Expert Information 

A common theme among risk quantification methods is the reliance on historical and/or expert 

information. Expert information is often required since historical data typically is not available. 

Reasons for unavailable historical data include lack of collection, high costs to obtain, lack of 

relevance and sparseness [35]. Several potential heuristic biases and errors exist when eliciting 

expert information. These are broadly categorized by [35] as availability, representativeness, 

and adjustment and anchoring. Availability refers to the event in which experts depend on their 

ability to recall previous events and their input can be biased by personal exposure. 

Representativeness involves the tendency of people (experts) to get lost in an interesting aspect 

of the problem and lose sight of the larger picture. Finally, adjustment and anchoring occurs 
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when an expert begins with his or her most likely value and adjusts from this value to provide 

minimum and maximum values. This is a source of overconfidence and can result in an invalid 

risk analysis [35].  

To demonstrate the effect of variability in expert input in the CPM, Table 2.7 depicts the direct 

likelihood matrix of Table 2.4 with 7 random interactions altered by ±0.1. For example, in the 

original likelihood matrix, the likelihood of a change propagating from Subsystem 5 to 

Subsystem 3 was estimated as 0.2. However, after altering this interaction by ±0.1, the 

likelihood of a change propagating from Subsystem 5 to Subsystem 3 is now given as 0.1 in 

Table 2.7. The same procedure was followed with the direct impact matrix. Note, the 

interactions altered in the direct likelihood matrix may not be the same interactions that are 

altered in the direct impact matrix. 

 

Table 2.7: Altered Desk Fan Likelihood Matrix 

Likelihood 
Initiating Subsystem 

1 2 3 4 5 6 7 8 9 
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1  0.3  0.4   0.2   

2 0.4      0.3   

3     0.1   0.8 0.6 

4 0.1    0.4  0.4   

5   0.2 0.2   0.3 0.5 0.8 

6       0.6  0.7 

7 0.2   0.3 0.3 0.7    

8   0.1  0.2    0.6 

9   0.4  0.4 0.8  0.6  

 

Using the altered direct likelihood matrix in Table 2.7 and the associated altered direct impact 

matrix, the combined risk matrix is recalculated and shown in Table 2.8. The shaded cells 

differ from the original combined risk matrix given by Table 2.6. After the alteration of the 

impact and likelihood matrices, the largest risk value is still found at the interaction initiated 
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by Subsystem 8 and affecting Subsystem 3. The smallest combined risk values still exist in the 

column associated with changes initiated by Subsystem 2 although rank ordering changed. 

 

Table 2.8: Altered Input Combined Risk Matrix 

Combined 

Risk 

Initiating Subsystem 

1 2 3 4 5 6 7 8 9 
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1  0.06 0.10 0.15 0.13 0.18 0.16 0.20 0.18 

2 0.13  0.07 0.09 0.09 0.13 0.12 0.14 0.13 

3 0.13 0.04  0.27 0.47 0.58 0.45 0.73 0.63 

4 0.07 0.02 0.15  0.19 0.25 0.22 0.28 0.26 

5 0.09 0.03 0.32 0.17  0.51 0.36 0.58 0.60 

6 0.09 0.03 0.27 0.19 0.31  0.36 0.48 0.46 

7 0.05 0.01 0.09 0.09 0.12 0.16  0.18 0.16 

8 0.07 0.02 0.24 0.15 0.28 0.36 0.27  0.40 

9 0.11 0.03 0.36 0.24 0.48 0.54 0.41 0.63  

 

 

2.8. Estimated Total Cost 

The CPM gives designers insight into the subsystems they may want to avoid when making 

changes to an existing system, but provides little insight into the cost associated with redesign. 

For example, a change may propagate to only one other subsystem but the single change may 

be extraordinarily expensive. On the other hand, a change may propagate through several other 

subsystems, but may cause only minor, inexpensive changes to the subsystems. For this reason, 

a cost metric is needed to provide further insight into the risk of change propagation. In this 

work, Eq.(2.3), given by [36], is used to provide an estimated total cost metric for a given 

redesign option. 

 𝐸𝑇𝐶𝑘,𝑖 = ∑ 𝑓𝑖𝑥𝑗 + 𝑟𝑒𝑤𝑜𝑟𝑘𝑘,𝑖 + ∑ 𝑟𝑒𝑤𝑜𝑟𝑘𝑗(𝐸𝑘,𝑖→𝑗)(𝑟𝑘(𝑖 → 𝑗))

𝑁

𝑗=1
𝑗≠𝑖

𝑁

𝑗=1

 (2.3) 
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In Eq.(2.3), 𝑁 is the total number of subsystems, 𝑓𝑖𝑥𝑗 is the cost of the subsystem 𝑗, 𝑟𝑒𝑤𝑜𝑟𝑘𝑘,𝑖 

is the cost to change subsystem 𝑖 to offer redesign option 𝑘, 𝑟𝑒𝑤𝑜𝑟𝑘𝑗 is the estimated cost to 

change subsystem 𝑗, 𝐸𝑘,𝑖→𝑗 is the estimated number of changes initiated by subsystem 𝑖 on 

subsystem 𝑗 in order to offer redesign option 𝑘 and 𝑟𝑘(𝑖 → 𝑗) is the risk of a change in 

subsystem 𝑖 creating a change in subsystem 𝑗 as a result of offering redesign option 𝑘. Every 

element in Eq. (2.3) is held constant except the 𝑟𝑘(𝑖 → 𝑗) term which is extracted from the 

appropriate combined risk matrix cell. 𝐸𝑘,𝑖→𝑗 is assumed to be 1 for any change. 

The desk fan is priced at $30.00 and it is assumed cost is half of the price, or $15.00. To 

determine the values for 𝑓𝑖𝑥𝑗, the percentage of the entire product that each subsystem 

represents was determined and 𝑓𝑖𝑥𝑗 was estimated as the same percentage of the cost [30]. For 

example, Subsystem 3 is deemed to comprise 12% of the entire system and the resulting value 

for 𝑓𝑖𝑥𝑗  is $1.80, which is 12% of the $15.00 product cost. To be consistent with [30], 𝑟𝑒𝑤𝑜𝑟𝑘𝑗 

is assumed to be 2/3 the cost of the subsystem (𝑓𝑖𝑥𝑗).  

 

Table 2.9: Average Rework Cost Estimates [30] 

Subsystem Percent 𝑓𝑖𝑥𝑗 𝑟𝑒𝑤𝑜𝑟𝑘𝑗 

1 7 $1.05 $0.70 

2 6 $0.90 $0.60 

3 12 $1.80 $1.20 

4 8 $1.20 $0.80 

5 14 $2.10 $1.40 

6 19 $2.85 $1.90 

7 10 $1.50 $1.00 

8 11 $1.65 $1.10 

9 13 $1.95 $1.30 
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The 𝑟𝑒𝑤𝑜𝑟𝑘𝑘,𝑖 terms for Eq. (2.3) result from the set of redesign options generated for the desk 

fan and are held constant. The development of these options will be explored in later in this 

thesis.  

2.9. Limitations of Current Research 

Prior research has demonstrated the use of the estimated total cost metric in product redesign 

option selection where ideal changes are the least expensive. In Section 2.7, the effect of altered 

inputs to the impact and likelihood matrices on the combined risk matrix of the CPM was 

demonstrated. Prior work in the sensitivity of the CPM has not explored the effect of altering 

different interactions within the direct impact and likelihood matrices on the combined risk 

matrix. Further, as the estimated total cost is a function of the risk of change propagation, 

changes in the combined risk matrix will result in changes to the estimated total cost metric. 

Existing research has not identified the consequences of a change in cost value in terms of 

redesign selection. 

2.10. Summary 

The CPM seeks to quantify the risk of a change propagating from one subsystem of a product 

to another through the identification and quantification of direct subsystem interactions. With 

the risk of change propagation quantified, the estimated total cost of a redesign option can be 

calculated. When selecting a redesign option, firms seek to select the least expensive option. 

However, slight changes in the direct impact and likelihood matrices result in changes to the 

combined risk matrix which further result in changes to the estimated total cost. These changes 

may complicate the selection of the least expensive redesign option. The cost metric is only 

half of the discussion when evaluating redesign options. The following chapter provides the 

relevant background information regarding the market analysis component of this work. 
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CHAPTER 3:  MARKET ANALYSIS 

Having discussed the risk associated with change propagation and how risk can be used to 

estimate the cost of product redesign, this chapter describes the journey from craftsmanship to 

mass customization, methods to gather customer preferences and finally, how to estimate the 

market preference of a new or existing product. 

3.1. Progression to Mass Customization 

Centuries ago, craftsmen with the proper materials, tools and skills handcrafted products and 

sold them on the market. In the late 18th century, the industrial revolution spurred a shift from 

craftsmen production to highly skilled workers and machinery. This shift led to the commonly 

known system of manufacturing known as mass production implemented by Henry Ford. The 

principles of mass production include: interchangeable parts, specialized machines, process 

focus and the division of labor. Further characteristics of mass production are: flow, focus on 

low costs and low prices, economies of scale, product standardization, degree of specialization, 

focus on operational efficiency, hierarchical organization with professional managers and 

vertical integration [37].  

Unfortunately, many companies that adopted the principles of mass production were reluctant 

to change after international competitors entered the market. In an effort to overcome higher 

cost structures, these firms began exploring concepts associated with mass customization as an 

opportunity to hold segments of the market [37]. Unlike mass production, mass customization 

works to meet ever-changing [38] and heterogeneous needs of the market [37] on a functional, 

emotional and anthropological level [39]. There is a focus on “variety and customization 

through flexibility and quick responsiveness” to achieve the ultimate goal of mass producing 

customized products [37].  

Within the overarching umbrella of mass customization, different approaches such as product 

family design and match-to-order design exist. A product family is a set of products with a 

common platform and different features to meet specific customer needs [40]. The overarching 

goal of product family design is to “design and develop a family of products with as much 

commonality between products as possible with minimal compromise in quality and 
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performance” [41]. Through product family design, firms are able to reduce development risks 

and system complexity, increase the flexibility and responsiveness of the manufacturing 

process and upgrade products with less difficulty than mass production [42]. For more 

information, Jiao et al. provide a detailed literature review discussing the state-of-the-art 

research regarding product family design [43]. In a match-to-order approach, customers select 

the product from a set that most nearly meets their needs. This option removes the ability of 

the consumer to select the desired options as is present in product family design [44]. 

3.2. Customer Needs 

The identification of customer needs is vital to the success of the mass customization paradigm. 

Broadly stated, there are four different approaches to meeting and gathering customer needs: 

1) collaborative customization, 2) adaptive customization, 3) cosmetic customization, and  

4) transparent customization. Collaborative customization involves an open dialog between a 

company and consumers in which consumers express needs and select products to identify 

their stated needs. Adaptive customization allows consumers to alter the product themselves. 

In cosmetic customization the same product is represented differently to consumers. 

Transparent customization monitors the use of products and uses that information to produce 

redesigned products without explicitly notifying the consumer that the product is redesigned 

to meet his or her needs [45].  

Several methods have been identified and explored for obtaining customer needs using the 

open dialog approach. First, firms may search through previously collected consumer data. 

Personal interviews or focus groups allow designers to ask open-ended questions in which 

respondents may elaborate as much or as little as desired [46, 47]. However, interviews are 

often time consuming and can create bias and communication problems that may produce 

insufficient, incorrect or irrelevant information [48]. Surveys are another common method for 

eliciting customer needs [2]. In recent years, conjoint analysis and discrete choice analysis 

have grown in popularity and are the focus of customer need aspects for this work [2, 49-51]. 



 

 

30 

3.3. Discrete Choice Analysis 

Conjoint analysis broadly describes a “decompositional method that estimates the structure of 

a consumer’s preferences, given his or her overall evaluations of a set of alternatives that are 

prespecified in terms of levels and attributes” [52]. In choice based conjoint analysis, a survey-

taker is given a set of choice task questions to answer. Each choice task gives a set of product 

profiles and a ‘none’ option. The product profiles consist of one level from each attribute. 

Generally, attributes represent broad changes to one or more subsystems and the levels 

correspond to specific changes within the broad attribute category [30]. The following 

recommendations presented in [53] should be considered when developing attributes and 

levels: 

 Attributes should be independent, 

 Quantity of attributes should be kept small, 

 Levels should be mutually exclusive, 

 Levels should be unambiguous, 

 The number of levels per attribute should be similar,  

 And, restrictions between combinations of attribute levels should be avoided. 

Price also is considered an attribute and should reflect the range of prices resulting from 

different combinations of attribute levels. In this work, attributes and levels are identified such 

that the base product can be properly defined. In this work, no marketing data for the desk fan 

case study shown in Figure 2.2 was available. In [30], a project report focusing on a desk fan 

[54] and a mind map were used to generate various redesign options for the desk fan. Table 

3.1 shows the redesign options generated in [30] and used in the duration of this work. 
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Table 3.1: Desk Fan Redesign Options [30] 

Attribute Redesign Options 

Attribute 1 

4 Inch Blade 

6 Inch Blade 

8 Inch Blade 

12 Inch Blade 

Attribute 2 
Clip 

Wall Mount 

Attribute 3 

1 Speed Setting 

2 Speed Settings 

4 Speed Settings 

5 Speed Settings 

Attribute 4 

0° Horizontal Adjustment Range 

60° Horizontal Adjustment Range 

150° Horizontal Adjustment Range 

Attribute 5 

0° Vertical Adjustment Range 

30° Vertical Adjustment Range 

90° Vertical Adjustment Range 

Attribute 6 
3 Foot Power Cord 

10 Foot Power Cord  

Attribute 7 Battery Powered 

Attribute 8 

Red Desk Fan 

Blue Desk Fan 

White Desk Fan 

Custom Color Desk Fan 

 

From the redesign options developed and presented in Table 3.1, the attributes and 

corresponding levels for the desk fan were developed and are given in Table 3.2. 

. 
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Table 3.2: Attributes and Levels for Desk Fan Case Study [30] 

 

Attributes 

Blade 

Diam. 

(in.) 

Mount 

Type 

Num. 

Speed 

Set. 

Horiz. 

Adjust. 

Range 

Vert. 

Adjust. 

Range 

Power 

Supply 

Noise 

(dB) 
Color 

Weight 

(lbs.) 
Price ($) 

L
ev

el
s 

1 4 Flat Base 1 0° 0° 3ft cord 20 Red 0.5 10 

2 6 Clip 2 60° 30° 6ft cord 40 Black 1.0 20 

3 8 
Wall 

Mount 
3 90° 60° 10ft cord 60 Blue 2.5 40 

4 10  4 150° 90° 
Battery 

Power 
70 White 5 60 

5 12  5     Custom   
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For the desk fan case study, the noise attribute is a function of blade diameter. Weight and 

price are functions of the attributes of each product configuration. Table 3.3 displays the 

relationship between blade diameter and noise produced where any fan produces at least 40 

decibels. The attribute to weight and price relationships are given in Table 3.4 and Table 3.5, 

respectively. The base weight of the fan is 1.1 pounds and the base cost is $5.00.  

 

Table 3.3: Noise to Blade Diameter Relationship [30] 

Base 

Noise: 

40 dB 

Attribute 

Blade Diameter 

(in.) 

Noise 

(dB) 

L
ev

el
s 

1 4 2 

2 6 4 

3 8 6 

4 10 8 

5 12 10 

 

Table 3.4: Attribute to Weight Relationship [30] 

Base 

Weight: 

1.1 lbs. 

Attribute 

Blade 

Diameter (in) 
Mount Type 

Number 

Speed 

Settings 

Power 

Supply 

L
ev

el
 

1 0.10 lb. 1.00 lb. 0.05 lb. 0.20 lb. 

2 0.20 lb. 0.50 lb. 0.15 lb. 0.30 lb. 

3 0.30 lb. 0.75 lb. 0.20 lb. 0.40 lb. 

4 0.40 lb.  0.25 lb. 1.00 lb. 

5 0.50 lb.  0.30 lb.  
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Table 3.5: Attribute to Price Relationship [30] 

Base Price: 

$5.00 

Attributes 

Blade 

Diameter 

Mount 

Type 

Number 

Speed 

Settings 

Horizontal 

Adjustment 

Range 

Vertical 

Adjustment 

Range 

Power 

Supply 
Color 

L
ev

el
s 

1 $1.00 $3.00 $1.00 $5.00 $9.00 $2.00 $3.00 

2 $2.00 $5.00 $2.00 $5.00 $9.00 $3.00 $3.00 

3 $3.00 $6.00 $3.00 $4.00 $5.00 $4.00 $3.00 

4 $4.00  $6.00 $5.00 $10.00 $17.00 $3.00 

5 $5.00  $7.00    $5.00 

 

With the attributes and levels clearly defined and the relationships between any attributes 

considered, a choice based conjoint survey can be fielded. When answering a choice task 

question a respondent is given a set of product profiles and selects the product that he or she 

prefers the most (including the none option) [2, 50]. An example choice task question is shown 

in Figure 3.1.  
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Figure 3.1: Sample Choice Task Question for Grill [30] 

 

After sufficient respondents have completed the survey, the results are then aggregated across 

the population of respondents and market research model forms (multinomial logit, 

hierarchical Bayes mixed logit, etc.) can be selected as a foundation for estimating the market 

response to a product [53]. 

3.4. Estimating Consumer Preferences 

The motivation for collecting survey responses is to build a model capable of estimating the 

market share of preference for a set of products. To calculate a respondent’s utility of a specific 

product configuration, a random utility model [55, 56] can be used. However, while each 
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consumer knows their own utility, 𝑈𝑛𝑗, this value is only partially observable. As shown in 

Eq.(3.1), a respondent’s utility can be decomposed into an observable component and an 

unobservable component. The observable component of utility, 𝑣, or representative utility, is 

itself expressed as a function of alternative attributes 𝑥𝑛𝑗, coefficients of the alternative 

attributes, 𝛽, and consumer attributes, 𝑠𝑛, as in Eq.(3.2). Alternative attributes encompass 

performance, price, and system characteristics. That is, each product configuration, 𝑗, consists 

of a set of attribute levels and respondents, 𝑛, have part-worth (𝛽) values associated with each 

attribute level. Measurement errors and any other sources of error make up the unobservable 

term, 𝜖, in Eq. (3.1). 

 𝑈𝑛𝑗 = 𝑣𝑛𝑗 + 𝜖𝑛𝑗 (3.1) 

 

 𝑣𝑛𝑗 = 𝑓(𝑥𝑛𝑗 , 𝛽, 𝑠𝑛) (3.2) 

Further, the form of the random utility model defines the nature of the unobservable utility.  In 

a logit model, 𝜖 is independent and identically distributed (iid extreme). Given this assumption, 

consider an example in which two product configurations exist. The probability of a respondent 

selecting product 1 is a function of the utility values for product 1, 𝑣1, and product 2, 𝑣2, and 

is given in Eq. (3.3). 

 𝑃(1) =
𝑒𝑣1

𝑒𝑣1 + 𝑒𝑣2
 (3.3) 

Since 𝜖 is iid extreme, Eq. (3.3) can be expanded to consider many different products. Eq. (3.4) 

provides the general equation for calculation of the probability of purchase of product 𝑖 from 

a set of products 𝑘 where 𝑘 ∈ 1 … 𝐾. 

 𝑃𝑖 =
exp(𝑣𝑖)

∑ exp(𝑣𝑘) + exp(𝑣𝑖)
𝐾
𝑘=1

 (3.4) 

Responses from the choice task questions are used to estimate the 𝛽 values for each attribute 

level and the outside good (if included in the model). The goal of this estimation is to maximize 
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the model’s ability to predict respondent choice. Equation (3.5) depicts the likelihood of the 

model correctly predicting a population of respondents making a selection.  

 𝐿∗(𝛽1, … , 𝛽𝑛) = ∏ 𝑃𝑛(𝑐ℎ𝑜𝑖𝑐𝑒)

𝑁

𝑛=1

 (3.5) 

To simplify the estimation of the 𝛽 values to maximize the likelihood of purchase, Eq. (3.5) 

can be written as shown in Eq. (3.6).  

 𝐿 = ln (𝐿∗) (3.6) 

Assuming the product configuration selected in a survey is independent of the question, Eq. 

(3.6) can be expanded into Eq.(3.7). In Eq. (3.7) 𝑛𝑡𝑎𝑠𝑘 is the number of choice tasks, 𝑛𝑎𝑙𝑡𝑠 is 

the number of options per task, and 𝑦 is a binary operator set equal to 1 if 𝑖 is selected and 0 

otherwise. 

 𝐿(𝛽) = ∏ ∏(𝑃𝑛𝑤𝑘)𝑦𝑛𝑤𝑘

𝑛𝑎𝑙𝑡𝑠

𝑤=1

𝑛𝑡𝑎𝑠𝑘

𝑘=1

= ∏ (𝑃𝑛𝑖)
𝑦𝑛𝑖

𝑛𝑡𝑎𝑠𝑘𝑛𝑎𝑙𝑡𝑠

𝑖=1

= ∏ ∏(𝑃𝑛𝑖)
𝑦𝑛𝑖

𝑖

𝑁

𝑛=1

 (3.7) 

To determine the log likelihood function for the set of 𝛽 values, the log of Eq. (3.7) is taken 

and depicted in Eq.(3.8). With Eq. (3.8) clearly stated, an optimization can be run to estimate 

the 𝛽 values that maximize the log likelihood function.  

 𝐿𝐿(𝛽) = ∑ ∑ 𝑦𝑛𝑖 ln(𝑃𝑛𝑖)

𝑖

𝑁

𝑛=1

 (3.8) 

The number of 𝛽 values to be estimated often greatly outnumbers the number of questions 

shown to each respondent within a survey. While the number of questions could be increased, 

lengthy surveys often lead to results of poor quality. Due to this limitation, it is common for 

the 𝛽 values estimated in a multinomial logit model to represent the entire population as 

information from all respondents is aggregated. Doing so limits the ability to explore individual 

respondent preferences [55, 56]. 
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One solution proposed in the literature as a way to estimate preferences at the respondent level 

is a Hierarchical Bayes Mixed Logit (HB) Model. The HB model has two levels: an upper level 

assumes part-worths for each individual are drawn from a multivariate normal distribution 

show in Eq. (3.9), and a lower level that assumes a logit model for each individual [57]. 

Obtaining 𝛽 and 𝜖 requires two assumptions on the part of the multinomial logit. First, it is 

assumed that a respondent chose the product profiles to maximize his or her utility. Second, 

the multinomial logit assumes the 𝜖 term follows an extreme value distribution [55, 58-60].  

 𝛽~𝑁𝑜𝑟𝑚𝑎𝑙(𝛼, 𝐷) (3.9) 

To obtain values for 𝛽, 𝛼 and 𝐷, an iterative approach is used where each iteration consists of 

a three step process. Initially, 𝛽, 𝛼, and 𝐷 are set to zero. The first step in the iterative process 

uses the current estimates of 𝛽 and 𝐷 to generate a new estimate for 𝛼 where 𝛼 is assumed to 

have a normal distribution with the mean equal to the average of 𝛽 and covariance matrix equal 

to 𝐷 divided by the number of respondents. Second, using the inverse Wishart distribution a 

new estimate of 𝐷 is gathered from the present estimates of 𝛼 and 𝛽. Third, using the 

Metropolis Hasting Algorithm, a new estimate of 𝛽 is generated using the present estimates of 

𝛼 and 𝐷. This process, a Monte Carlo Markov Chain, is repeated for several thousand iterations 

to ensure convergence. After convergence, the process continues and the estimates (draws) are 

saved and averaged to produce the final part-worth estimates for each individual [61]. 

3.5. Hierarchical Bayes Example 

To demonstrate the use of an HB model in calculating market share of preference of a given 

product configuration, consider a market scenario in which the standard product and one 

redesigned product exist. The standard product configuration has the following attribute levels 

from Table 3.2:  

 8 inch blade diameter, 

 Flat base, 

 3 speed settings, 

 90 degree horizontal adjustment, 
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 60 degree vertical adjustment, 

 6 foot cord, 

 Black, 

 3 pounds, 

 48 decibels 

 $30.00. 

The redesigned product has a larger blade diameter and consists of the following attribute 

levels: 

 12 inch blade diameter, 

 Flat base, 

 3 speed settings, 

 90 degree horizontal adjustment, 

 60 degree vertical adjustment, 

 6 foot cord, 

 Black, 

 3.1 pounds, 

 50 decibels, 

 $31.00. 

The 𝛽 values for the attributes and levels of the standard and redesigned product are given in 

Table 3.6 for 3 respondents. These values were estimated using the CBC/HB module from 

Sawtooth Software with the default settings and 50,000 initial iterations. The 𝛽 values cannot 

be compared across respondents. For example, for the 8 inch blade respondent 1 has a part-

worth value of -2.13231 and respondent 3 has a part-worth of 0.10665, it is not accurate to say 

respondent 3 prefers the 8 inch blade diameter more than respondent 1. 
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Table 3.6: Respondent 𝜷 Values  

Respondent 

Blade Diameter 

(in.) 

Mount 

Type 

Number 

Speed 

Settings 

Horizontal. 

Adjustment 

Range 

Vertical 

Adjustment 

Range 

8 12 Flat 3 90 60 

1 -2.13 -3.03 -2.54 -2.06 5.06 1.81 

2 -0.21 -4.77 -0.97 4.58 -1.06 2.88 

3 0.11 -2.19 -3.43 -0.12 5.83 -0.46 

 

Respondent 

Power 

Supply 
Noise (dB) Color 

Weight 

(lbs.) 
Price ($) 

6ft Cord 48 50 Black 3 3.1 30.00 31.00 

1 -3.09 8.50 7.93 -4.11 -1.17 -1.21 6.53 6.46 

2 1.46 7.87 7.94 3.22 -6.40 -6.09 0.66 0.66 

3 -1.37 8.76 7.98 0.40 1.70 1.57 1.59 1.56 

 

With the part-worth values given in Table 3.6, Eq. (3.4) can be used to calculate the preference 

of each of the 3 respondents for each product configuration. The product utility for each 

respondent is the sum of the part-worths associated with each product configuration. The 

probability of purchase indicates the probability of each respondent purchasing the given 

product configuration. Of the three respondents considered in this example, each is most likely 

to purchase the standard product over the redesigned product.  
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Table 3.7: Respondent Utility and Probability of Purchase 

Respondent 
Product Utility Probability of Purchase 

𝑣𝑖,𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑣𝑖,𝑟𝑒𝑑𝑒𝑠𝑖𝑔𝑛 𝑃(𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑) 𝑃(𝑟𝑒𝑑𝑒𝑠𝑖𝑔𝑛) 

1 6.782276 5.204263 0.83 0.17 

2 12.035782 7.852815 0.98 0.02 

3 12.992635 9.766537 0.96 0.04 

 

To calculate the market level share of preference (MSP) of each product configuration, the 

probabilities of purchase for all respondents are averaged for each product configuration.  From 

the market share of preference results presented in Table 3.8 the standard product possesses 

93% of the market preference and the redesigned product has only 7%. This indicates that a 

large portion of the market is not interested in the larger blade fan when given the option to 

purchase the standard desk fan with smaller fan blades. Note that the ‘none’ option is 

disregarded in this small example, requiring the respondents to purchase a product.  

 

Table 3.8: Sample Market Share of Preference 

Product MSP 

Standard 0.93 

Redesigned 0.07 

 

 

3.6. Using the Draws 

In the previous example, the 𝛽 values used to calculate the probability of purchase and market 

share of preference were the average of saved draws from the respondent level estimations of 

the HB model. However, the draws are each a valid estimation of the respondent part-worths 

and are recommended for use when repeatedly sampling from an HB estimation [61]. Figure 

3.2 depicts the normal distribution associated with the saved draws and the average is denoted 
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by a data point for the part-worths for respondent 1 regarding the 4 inch blade diameter 

attribute. The x-axis depicts the part-worth estimate and the y-axis depicts the probability of 

selection of the part-worth estimation from the distribution. 

 

 

Figure 3.2: Comparison Between Draws and Average Beta Values 

 

As an example of the use of draws as opposed to the market level part-worth estimations, Table 

3.9 displays 3 draws made for a single respondent. The attribute part-worths presented 

compose the standard desk fan and the redesign option presented in Section 3.5.  
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Table 3.9: Respondent Draw Part-Worths 

Draw 

Blade Diameter 

(in.) 

Mount 

Type 

Number 

Speed 

Settings 

Horizontal 

Adjustment 

Range 

Vertical 

Adjustment 

Range 

Power 

Supply 

8 12 Flat 3 90 60 6ft Cord 

1 6.39 -1.83 -1.74 3.15 -1.59 -5.83 2.83 

2 5.19 -0.99 -6.378 8.43 2.36 -3.79 2.18 

3 3.53 -1.78 -6.75 7.85 2.58 -3.53 4.36 

 

 Noise Color Weight Price ($) 

Draw 48 50 Black 3 3.1 30.00 31.00 

1 1.15 0.48 -2.25 -3.01 -3.15 -0.12 -0.12 

2 2.09 1.49 -1.97 -2.61 -2.59 -0.66 -0.66 

3 2.88 2.47 -1.04 -0.75 -0.76 -0.08 -0.08 

 

From the part-worth estimates given in Table 3.9 the probability of purchase for each product 

configuration can be calculated using Eq. (3.4) and are given in Table 3.10. As expected, the 

variability in the part-worth estimations results in variability within the probability of purchase 

estimations and therefore, in the market share of preference calculation.  

 

Table 3.10: Respondent Probability of Purchase 

Draw 
Probability of Purchase 

Standard Redesign 

1 0.99 0.01 

2 0.94 0.06 

3 0.24 0.76 

 

 

3.7. Limitations of Current Research 

HB Models have been used to calculate part-worth estimations at the respondent level. These 

estimations allow for the determination of individual product preferences as well as market 
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level preferences. The recommended procedure when conducting repeated samples from a HB 

model suggests using the iterative 𝛽 estimations for each respondent. It is well documented 

that the use of the iterative 𝛽 estimations results in market share of preference variability as 

was further demonstrated in Table 3.10. However, the effect of this variability in combination 

with the variability in the CPM input and estimated total cost have not been explored in terms 

of redesign option selection. 

3.8. Summary 

Discrete Choice Analysis in combination with HB models work to identify consumer 

preferences and evaluate the market share of preference of a given set of product 

configurations. When introducing a new product to the market, the overarching objective is to 

capture competitor market share. However, the variability in market share when using draws 

instead of market level estimations results in variability in diverted competitor share. The 

combination of this variability and the variability in estimated total cost is explored in the 

following chapter.  
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CHAPTER 4:  RESULTS 

With the sources of variability in estimated total cost and market share of preference 

calculations identified in the previous chapters, the following subsections present the 

ramifications of these variabilities when considering the selection of a product redesign. First, 

a methodology for exploring the effects of variability within the CPM output is presented. 

After a discussion regarding the CPM output, the combined risk variability is then translated 

to estimated total cost and market share of preference using a detailed discussion of a small 

subset of the total redesign options presented. Within the market share of preference variability 

study, the changes in estimated total cost and the use of the draws are considered together. 

4.1. CPM Variability Methodology Overview 

As stated previously, a limitation of previous work regarding variability within the combined 

risk matrix is the effect of altering different percentages of impact and likelihood values. Figure 

4.1 depicts a 7-step process created to systematically explore the effect of this variability. 

 

 

Figure 4.1: CPM Variability Exploration Methodology Flow Chart 

 

The first three steps require identifying and decomposing the system, creating the dependency 

matrices and calculating the combined risk matrix as discussed in Chapter 2. The following 3 

steps are iterated through 5,000 times: 

Define Uncertain Elements: The uncertain elements in the DSM refer to the interactions 

between subsystems where experts disagree on impact or likelihood values. These 
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disagreements may stem from the different backgrounds, proficiencies and experiences of each 

designer.  

To study how estimated product cost changes because of modifications to the impact and 

likelihood matrices, the uncertain elements of each matrix are randomly selected each iteration. 

Four cases are considered in which 25%, 50%, 75% and 100% of the impact and likelihood 

values are altered. As an example, the shaded cells with an ‘X’ in Table 4.1 represent a scenario 

where 25% of the likelihood values are disagreed upon. The likelihood values in the non-

highlighted cells remain unchanged. 

 

Table 4.1: 25% Unknown Likelihood Values for Desk Fan 

Likelihood 
Initiating Subsystem 

1 2 3 4 5 6 7 8 9 

A
ff

ec
te

d
 S

u
b
sy

st
em

 

1  0.3  0.4   0.2   

2 0.4      0.3   

3     X   0.8 0.6 

4 0.1    0.4  0.4   

5   0.2 0.2   X X 0.8 

6       0.6  X 

7 0.2   0.3 0.3 X    

8   X  0.2    0.6 

9   0.4  X 0.8  0.6  

 

Define Range of Uncertainty: After identifying the uncertain elements of the likelihood and 

impact matrices, the range of uncertainty must be determined. This range may be calculated 

by the standard deviation of the averaged values suggested by a group of designers, or could 

be a standard value applied to all uncertain elements. 

In this work, it is assumed that likelihood and impact values are assigned with one decimal 

precision. Assuming that the disagreement between experts is not too severe, the uncertain 

elements are altered by either ±0.1 or ±0.2. These values are selected because ±0.1 is the 
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smallest change permitted, and a change of ±0.2 allows for potentially higher effects within 

the combined risk matrix.  

Each iteration, the elements identified as being uncertain are updated. For example, in Table 

4.1 the likelihood of a change in Subsystem 3 propagating to Subsystem 8 is uncertain. If the 

range of uncertainty is ±0.1 and the baseline likelihood given is 0.2 Table 2.3, the value 

substituted is 0.1 or 0.3. In Table 4.2, the shaded cells are randomly altered according to a ±0.1 

range of uncertainty. The lower limit of the impact and likelihood values is 0.1, because a 

likelihood of 0 would indicate the removal of a direct interaction within the DSM. However, 

altered values are allowed to reach the maximum value of 1.0. 

 

Table 4.2: 25% of the Likelihood Values Altered by ±0.1 for Desk Fan 

Likelihood 
Initiating Subsystem 

1 2 3 4 5 6 7 8 9 

A
ff

ec
te

d
 S

u
b
sy

st
em

 

1  0.3  0.4   0.2   

2 0.4      0.3   

3     0.1   0.8 0.6 

4 0.1    0.4  0.4   

5   0.2 0.2   0.3 0.5 0.8 

6       0.6  0.7 

7 0.2   0.3 0.3 0.7    

8   0.1  0.2    0.6 

9   0.4  0.4 0.8  0.6  

 

Calculate Combined Risk: Having identified the uncertain elements, defined, and applied a 

range of uncertainty to those elements, the combined risk matrix can be calculated with the 

updated impact and likelihood matrices according to Eq. (2.2). Table 4.3 gives the resultant 

combined risk matrix after altering 25% of the impact and likelihood values by ±0.1. Risk 

values that differ from the baseline are shaded. 
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Table 4.3: 25% Altered Values by ±0.1 Combined Risk Matrix for Desk Fan 

Combined 

Risk 

Initiating Subsystem 

1 2 3 4 5 6 7 8 9 

A
ff

ec
te

d
 S

u
b
sy

st
em

 

1  0.06 0.10 0.15 0.13 0.18 0.16 0.20 0.18 

2 0.13  0.07 0.09 0.09 0.13 0.12 0.14 0.13 

3 0.13 0.04  0.27 0.47 0.58 0.45 0.73 0.63 

4 0.07 0.02 0.15  0.19 0.25 0.22 0.28 0.26 

5 0.09 0.03 0.32 0.17  0.51 0.36 0.58 0.60 

6 0.09 0.03 0.27 0.19 0.31  0.36 0.48 0.46 

7 0.05 0.01 0.09 0.09 0.12 0.16  0.18 0.16 

8 0.07 0.02 0.24 0.15 0.28 0.36 0.27  0.40 

9 0.11 0.03 0.36 0.24 0.48 0.54 0.41 0.63  

 

Explore Risk Values: With the iterative procedure completed, the updated combined risk 

matrices should be explored to identify changes compared to the original combined risk matrix. 

This exploration considers the amount of uncertain elements and the range of uncertainty 

applied to uncertain elements. The number of direct interactions may also be considered.  

4.2. Combined Risk Variability 

Following the procedure outlined in Figure 4.1, combinations of the number of uncertain 

elements and the range of uncertainty are systematically addressed. To more succinctly display 

the results, an arbitrary cell is chosen to be the focus of this section. Table 4.4 depicts the 

column major indexing scheme used for numbering the cells of the combined risk matrix. Cell 

73, shaded in Table 4.4, is chosen for analysis. From Table 2.6, the risk of a change propagating 

from Subsystem 9 to Subsystem 1 is 0.18. 
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Table 4.4: Column Major Indexing Scheme 

Numbering 

Scheme 

Initiating Subsystem 

1 2 3 4 5 6 7 8 9 

A
ff

ec
te

d
 S

u
b
sy

st
em

 

1 1 10 19 28 37 46 55 64 73 

2 2 11 20 29 38 47 56 65 74 

3 3 12 21 30 39 48 57 66 75 

4 4 13 22 31 40 49 58 67 76 

5 5 14 23 32 41 50 59 68 77 

6 6 15 24 33 42 51 60 69 78 

7 7 16 25 34 43 52 61 70 79 

8 8 17 26 35 44 53 62 71 80 

9 9 18 27 36 45 54 63 72 81 

 

A range of uncertainty of ±0.1 was applied to the baseline impact and likelihood values for the 

desk fan and 5,000 iterations were completed. Table 4.5 shows the frequency in which 

combined risk values appear for Cell 73, and the mean and standard deviation of the combined 

risk values produced. In each of the four cases, the average combined risk value is 0.18, the 

baseline value. As expected, the standard deviations of the values increase as the number of 

uncertain elements increases. The ability of the CPM to produce an average combined risk 

value equal to the baseline indicates the tool is somewhat robust. The changes in standard 

deviation indicate the effect of the variability in input. 
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Table 4.5: Cell 73 Combined Risk Values for ±0.1 Alteration 

Percent Altered Combined Risk 

25% 

 
𝜇 = 0.18, 𝜎 = 0.03 

50% 

 
𝜇 = 0.18, 𝜎 = 0.03 

75% 

 
𝜇 = 0.18, 𝜎 = 0.05 

100% 

 
𝜇 = 0.18, 𝜎 = 0.06 
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The combined risk values for Cell 73 when the range of uncertainty in increased to ±0.2 is 

depicted in Table 4.6. With the increased uncertainty, the average risk values for the risk of a 

change propagating from Subsystem 9 to Subsystem 1 do not equal the baseline risk value 

except in the case in which 25% of the impact and likelihood values are altered. The standard 

deviations associated with the combined risk value increase as the percentage of altered impact 

and likelihood values increase. The mean and standard deviation associated with the 25% and 

±0.2 case equal the mean and standard deviation associated with the 100% and ±0.1 case. 

Considering only the distributions depicted in Table 4.6, as the percentage of uncertain 

interactions increases, the associated distributions increase and appear less normal. This is a 

function of the inability of the CPM to produce negative combined risk values.  

 

Table 4.6: Cell 73 Combined Risk Values for ±0.2 Alteration 

Percent Altered Combined Risk 

25% 

 
𝜇 = 0.18, 𝜎 = 0.06 

50% 

 
𝜇 = 0.17 𝜎 = 0.06 
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Table 4.6 Continued 

75% 

 
𝜇 = 0.17, 𝜎 = 0.11 

100% 

 
𝜇 = 0.17 𝜎 = 0.13 

 

 

4.3. Estimated Total Cost and Market Share of Preference Variability 

As mentioned in Chapter 3, there are 23 possible redesign options. To demonstrate the 

estimated total cost calculation for a redesign option, Eq. (4.1) sums the 𝑓𝑖𝑥𝑗 terms presented 

in Table 2.9. Recall, 𝑓𝑖𝑥𝑗 is the cost of subsystem 𝑗. Therefore, the sum of the individual 𝑓𝑖𝑥𝑗 

terms equals the cost of the baseline product and is consistent across all redesign options. 

 
∑ 𝑓𝑖𝑥𝑗

𝑁

𝑗=1

= $1.05 + $0.90 + $1.80 + $1.20 + $2.10 + $2.85 + $1.50 + $1.65

+ $1.95 = $15.00 

(4.1) 
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The second term in the estimated total cost calculation is 𝑟𝑒𝑤𝑜𝑟𝑘𝑘,𝑖. In determining the 

𝑟𝑒𝑤𝑜𝑟𝑘𝑘,𝑖 term, the specific redesign option selected becomes significant. For the purposes of 

this example, the ‘reduce blade diameter to 4 inches’ redesign option was selected and 

Equation (4.2) gives the associated 𝑟𝑒𝑤𝑜𝑟𝑘𝑘,𝑖 term. This redesign option stems from a change 

to Subsystem 6 and is estimated at $0.19 by [30]. 

 𝑟𝑒𝑤𝑜𝑟𝑘4 𝐼𝑛𝑐ℎ 𝐵𝑙𝑎𝑑𝑒,6 = $0.19 (4.2) 

The third and final component of the estimated total cost calculation considers the risk of 

change propagation. In Eq. (4.3), Subsystem 6 is the initiating subsystem and 𝑗 is the affected 

subsystem. From Chapter 2, 𝑟𝑒𝑤𝑜𝑟𝑘𝑗 is the estimated cost to change affected subsystem 𝑗, 

𝑟𝑘(𝑖 → 𝑗) is the risk of a change in subsystem 𝑖 creating a change in subsystem 𝑗 as a result of 

offering redesign option 𝑘 and 𝐸𝑘,𝑖→𝑗 is the estimated number of changes initiated by 

subsystem 𝑖 on subsystem 𝑗 and is held constant at 1. 

𝑗 𝑟𝑒𝑤𝑜𝑟𝑘𝑗(𝐸4𝑖𝑛𝑐ℎ𝑏𝑙𝑎𝑑𝑒,6→𝑗)(𝑟4𝑖𝑛𝑐ℎ𝑏𝑙𝑎𝑑𝑒(6 → 𝑗)) 

1 $0.70 ∗ 1 ∗ 0.17 = $0.119 

2 $0.60 ∗ 1 ∗ 0.12 = $0.072 

3 $1.20 ∗ 1 ∗ 0.60 = $0.72 

4 $0.80 ∗ 1 ∗ 0.24 = $0.192 

5 $1.40 ∗ 1 ∗ 0.50 = $0.70 

6 − − 

7 $1.00 ∗ 1 ∗ 0.20 = $0.20 

8 $1.10 ∗ 1 ∗ 0.39 = $0.429 

9 $$1.30 ∗ 1 ∗ 0.56 = $0.728 

∑ 𝑟𝑒𝑤𝑜𝑟𝑘𝑗(𝐸𝑘,𝑖→𝑗)(𝑟𝑘(𝑖 → 𝑗))

𝑁

𝑗=1
𝑗≠𝑖

 $3.16 

 

(4.3) 
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With the three components computed, Eq. (4.4) gives the estimated total cost of the ‘reduce 

blade diameter to 4 inches’ redesign option. 

 𝐸𝑇𝐶4 𝑖𝑛𝑐ℎ 𝑏𝑙𝑎𝑑𝑒,6 = $15 + $0.19 + $3.16 = $18.35 (4.4) 

With an example estimated total cost calculation completed, Table 4.7 gives the constant 

𝑟𝑒𝑤𝑜𝑟𝑘𝑘,𝑖 term along with the estimated total cost using the baseline CPM output values for 

each redesign option. From the estimated total cost calculations, the cheapest redesign options 

involve changing the color of the desk fan. This option affects all subsystems of the product, 

but requires no structural or component changes. The most expensive redesign option is 

changing the power supply of the desk fan from a cord to battery. This increases the cost of 

the product to $20.14. 

 

Table 4.7: Estimated Rework Costs per Redesign Option [30] 

Redesign Option 𝑟𝑒𝑤𝑜𝑟𝑘𝑘,𝑖 𝐸𝑇𝐶𝑘,𝑖 

4 Inch Blade $0.19 $18.35 

6 Inch Blade $0.38 $18.54 

8 Inch Blade $0.57 $18.73 

12 Inch Blade $0.95 $19.11 

Clip $0.47 $15.80 

Wall Mount $0.14 $15.47 

1 Speed Setting -$0.28 $17.09 

2 Speed Setting -$0.08 $17.29 

4 Speed Settings $0.38 $17.75 

5 Speed Setting $0.58 $17.95 

0° Horizontal Adjustment Range $0.02 $16.93 

60° Horizontal Adjustment Range $0.13 $17.04 

150° Horizontal Adjustment Range $0.18 $17.09 

0° Vertical Adjustment Range $0.02 $16.93 

30° Vertical Adjustment Range $0.13 $17.04 

90° Vertical Adjustment Range $0.18 $17.09 

3 Foot Power Cord -$0.16 $19.04 

10 Foot Power Cord  $0.43 $19.63 

Battery Powered $0.94 $20.14 

Red Desk Fan $0.00 $15.98 
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Table 4.7 Continued 

Blue Desk Fan $0.00 $15.98 

White Desk Fan $0.00 $15.98 

Custom Color Desk Fan $0.00 $15.98 

 

The following subsections explore the variability associated with 3 of these redesign options:  

 change mount type to clip,  

 change mount type to wall, 

 and reduce the blade diameter to 4 inches.  

For reference, Table 4.8 gives the baseline (no variability consideration) market share of 

preference and product price for each of the redesign options explored below.  

 

Table 4.8: Cost and Market Share of Preference Values Disregarding Variability 

Redesign 

Option 
 

Standard 

(priced 

at $30) 

Redesign 

Competitor 1 

(priced at 

$22.99) 

Competitor 2 

(priced at 

$44.99) 

Competitor 3 

(priced at 

$37.95) 

None 

MSP 21% -- 37% 22% 20% 

Cost $15.00 -- $11.50 $22.50 $18.98 

 

Mount 

Type to 

Clip 

MSP 12% 20% 32% 21% 15% 

Cost $15.00 $15.80 $11.50 $22.50 $18.98 

 

Mount 

Type to 

Wall 

MSP 15% 15% 34% 22% 14% 

Cost  $15.00 $15.47 $11.50 $22.50 $18.98 
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Table 4.8 Continued 

   

Fan 

Blade 

Diameter 

to 4 

Inches 

MSP 9% 35% 31% 20% 6% 

Cost  $15.00 $18.35 $11.50 $22.50 $18.98 

 

 

 Change Mount Type to Clip 

The first market scenario considers redesigning the desk fan with a clip for a mount instead of 

a flat base. Referring to the desk fan subsystem break down Table 2.2 and DSM (Table 2.3), 

the base is represented by Subsystem 2. This subsystem has one direct interaction with another 

subsystem, Subsystem 1, the stand. The unaltered combined risk values initiated from 

Subsystem 2 are given in Table 4.9. 

 

Table 4.9: Change Mount Type to Clip Unaltered Combined Risk Values 

Combined 

Risk 

Initiating 

Subsystem 

2 

A
ff

ec
te

d
 S

u
b
sy

st
em

 1 0.06 

2  

3 0.05 

4 0.02 

5 0.03 

6 0.04 

7 0.01 

8 0.03 

9 0.04 

 

Four amounts of variability were considered in the evaluation of the effect of variability on the 

combined risk matrix: 25%, 50%, 75% and 100%. Within each of these categories, two 
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different studies on the impact and likelihood values were run: ±0.1 and ±0.2. Table 4.10 

depicts the change in combined risk for each direct or indirect connection initiated by 

Subsystem 2 when 50% of the impact and likelihood values are altered by ±0.1. In general, the 

average value produced from the variability study equals the baseline combined risk value in 

Table 4.9. The Appendix contains full set of results.  

 

Table 4.10: Effect of 50% Alteration by ±0.1 Initiated by Subsystem 2 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.06, 𝜎 = 0.03 𝜇 = 1, 𝜎 = 0 𝜇 = 0.05, 𝜎 = 0.02 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.02, 𝜎 = 0.01 𝜇 = 0.03, 𝜎 = 0.01 𝜇 = 0.03, 𝜎 = 0.02 
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Table 4.10 Continued 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.01, 𝜎 = 0.01 𝜇 = 0.03, 𝜎 = 0.01 𝜇 = 0.04, 𝜎 = 0.02 

 

Table 4.11 summarizes the effect of increasing or decreasing the impact and likelihood values 

by ±0.1. In nearly every case presented in Table 4.11, the mean value generated from the 

variability study equals the baseline combined risk value. In general, the standard deviation 

associated with the combined risk matrix cell increases as the variability in impact and 

likelihood values increases. In all but Subsystem 8, however, the standard deviations appear to 

approach an asymptote. That is, the standard deviation increase from 25% to 50% and from 

50% to 75% but remains constant when the number of altered values increases from 75% to 

100%. 
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Table 4.11: CPM Variability Summary Subsystem 2 

 

Initiating Subsystem: Subsystem 2 

Baseline 25% 50% 75% 100% 

Risk Mean STD Mean STD Mean STD Mean STD 

A
ff
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d
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em

 1 0.06 0.6 0.02 0.06 0.03 0.06 0.04 0.06 0.04 

2          

3 0.05 0.05 0.01 0.05 0.02 0.05 0.03 0.05 0.03 

4 0.02 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 

5 0.03 0.03 0.01 0.03 0.01 0.03 0.02 0.03 0.02 

6 0.04 0.04 0.01 0.03 0.02 0.04 0.02 0.04 0.02 

7 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 

8 0.03 0.03 0.01 0.03 0.01 0.03 0.01 0.03 0.02 

9 0.04 0.04 0.01 0.04 0.02 0.04 0.02 0.04 0.02 

 

As discussed in Chapter 2, the risk value within the combined risk matrix feeds into the 

estimated total cost calculation. From Table 4.7, the change mount from flat base to clip 

redesign option results in a baseline estimated total cost of $15.80. As a function of combined 

risk, variability in the combined risk matrix impacts the estimated total cost calculation. Table 

4.12 shows this variability. In Table 4.12, the x-axis depicts the estimated total cost and the y-

axis depicts the frequency in which the estimated total cost value appears. 

 

Table 4.12: Clip Mount Estimated Total Cost Variability 

25% 

 

 50% 

 
 𝜇 = $15.80, 𝜎 = $0.09   𝜇 = $15.79, 𝜎 = $0.13 
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Table 4.12 Continued 

75% 

 

 100% 

 
 𝜇 = $15.79, 𝜎 = $0.16   𝜇 = $15.81, 𝜎 = $0.19 

 

Unlike the combined risk average values, the estimated total cost average values do not always 

equal the baseline cost. However, they do fall within $0.02 of the baseline cost. The variability 

within the estimated total cost calculations presents itself in the standard deviation associated 

with each variability case. Unlike the combined risk standard deviations, the estimated total 

cost standard deviations increase as the percentage of altered impact and likelihood values 

increases.  

The estimated total cost value is used in the market share of preference calculation for the 

redesigned product configuration. The price is twice the estimated total cost and is used as the 

price attribute for the redesigned product. As a result, the variability found in the estimated 

total cost calculations propagates into the market share of preference for the redesigned 

product. Further, variability in the market share of preference calculation stems from the use 

of draws when repeatedly sampling from an HB model. Table 4.13 depicts the variability in 

market share of preference for the clip mount redesign option where the x-axis depicts the 

diverted market share of preference value and the y-axis is the frequency in which each market 

share of preference value occurs. 
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Table 4.13: Clip Mount Market Share of Preference Variability 

25% 

 

 50% 

 
 𝜇 = 11.25%, 𝜎 = 1.27%   𝜇 = 11.29%, 𝜎 = 1.22% 
     

75% 

 

 100% 

 
 𝜇 = 11.24%, 𝜎 = 1.22%   𝜇 = 11.24%, 𝜎 = 1.22% 

 

From Table 4.13, little variation exists in average diverted market share of preference regarding 

the percentage of CPM inputs altered. Unlike the estimated total cost results, the standard 

deviations associated with the diverted market share of preference are consistent across each 

variability case.  Comparing the baseline market share of preference in Table 4.8, the change 

mount type to clip captures 11% of the competitor market share of preference.  

To determine the effect of estimated cost variability on the diverted market share of preference 

calculations, Figure 4.2 depicts the mean and standard deviation associated with the diverted 

market share of preference calculation when the part-worths are held constant and estimated 

total cost varies as a result of 100% altered impact and likelihood values. There is 

approximately a 1% difference between the market share of preference in Table 4.13 and 

Figure 4.2 From these minor differences, the changes in estimated total cost do not play a 

significant role in the diversion of market share of preference. 
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𝜇 = 9.89%, 𝜎 = 0.68% 

Figure 4.2: Market Variability from Variable Cost for Clip 

 

When considered individually, the effect of variability within the estimated total cost and 

market share of preference calculations may appear minor. However, when comparing a set of 

redesign options the combination of variability greatly increases the difficulty in selecting a 

redesign option. An ideal redesign option has a low estimated total cost and captures a large 

portion of the competitor(s) market share of preference. To demonstrate this effect, Figure 

4.3(a) displays the estimated total cost and market share of preference combinations possible 

when: 

 altering 50% of the impact and likelihood values, 

 using draws for market share of preference calculation.  

The maximum and minimum values produced during the 100 simulations are used to draw the 

box surrounding the possible results. Each open data point depicts one of the simulations run. 

The solid data point is the baseline value produced when variability in the approaches is not 

considered.  
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(a) 

 

(b) 

 

Figure 4.3: Clip to Mount (a) 50% Variability Results, and (b) Center of Mass 

 

For the clip mount option, cheaper products often capture the largest amount of market share 

of preference. To account for the density of data points in the lower left corner of Figure 4.3(a), 

the average value for the estimated total cost and diverted market share of preference is 

depicted in Figure 4.3(b) via the open data point. The dashed box surrounding the average 

value represents the calculated standard deviation of the estimated total cost and market share 
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of preference. This implies that while the possibility exists for a data point to fall within the 

solid box, the majority of generated points fall within the dashed box. 

To better display the results of increased variability within the impact and likelihood matrices, 

Figure 4.4 depicts the maximum and minimum values for each of the four cases as well as the 

mean results. Table 4.14 provides a key differentiate between the four variability cases and the 

baseline values.  

 

 

Figure 4.4: Clip Mount Variability Tradeoff Plot 

 

Table 4.14: Tradeoff Plot Key 

Marker 
Variability 

Represented 

 25% 

 50% 

 75% 

 100% 

● Average 25% 

▲ Average 50% 

 Average 75% 

■ Average 100% 

* Baseline Value 
 

 

In Figure 4.4, the baseline market share of preference value falls below the average results, but 

within the maximum and minimum results predicted when considering variability. As 

demonstrated in Table 4.12, the range of values associated with the estimated total cost 

increase as the number of altered impact and likelihood values increases. This can be seen 

through the left and right edges of the boxes in Figure 4.4. In opposition, the diverted market 

share of preferences are consistent in Table 4.13 and account for the upper and lower lines of 

the ranges in Figure 4.4 being equal.  
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 Change Mount Type to Wall 

The second redesign option explored is the switching of the fan mount from a flat base to a 

wall mount. Consulting Table 4.8, the estimated total cost for the desk fan with the wall mount 

is $15.47 and the market share of preference of the redesigned desk fan is 15% (of which 9% 

is captured from the competitor products). As another change to the base of the fan, the wall 

mount redesign option stems from Subsystem 2 which directly interfaces only with Subsystem 

1. The combined risk values for Subsystem 2 given in Table 4.11 also hold for the wall mount 

redesign option. 

Since costs associated with the wall mount redesign option differ from those of the clip mount, 

the variability in the CPM will result in different variability in the estimated total cost of the 

wall mount. Table 4.15 displays the mean and standard deviation of the estimated total cost 

associated with each of the 4 variability cases. For each figure in Table 4.15, the x-axis is the 

estimated total cost and the y-axis is the frequency in which each value occurs.  

 

Table 4.15: Wall Mount Estimated Total Cost Variability 

25% 

 

 50% 

 
 𝜇 = $15.47, 𝜎 = $0.09   𝜇 = $15.46, 𝜎 = $0.13 
   

5% 

 

 100% 

 
 𝜇 = $15.46, 𝜎 = $0.16   𝜇 = $15.48, 𝜎 = $0.19 
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The wall mount produces average estimated total cost values that differ by a maximum of 

$0.02. However, the associated standard deviations span $0.10 as the percentage of CPM 

inputs altered increases. Since the same combined risk values were used in calculating the 

estimated total cost for the clip mount and wall mount redesign options, the standard deviations 

of estimated total cost are equivalent across each case. 

From a market analysis perspective, Table 4.16 depicts the diverted market share of preference 

for the wall mount redesign option. While the standard deviations associated with each 

variability case increased in the estimated total cost analysis, the standard deviations associated 

with market share of preference remain relatively constant with a difference of only 0.04% 

between the maximum and minimum.  

 

Table 4.16: Wall Mount Market Share of Preference Variability 

25% 

 

 50% 

 
 𝜇 = 8.84%, 𝜎 = 1.83%   𝜇 = 8.86%, 𝜎 = 1.86% 
     

75% 

 

 100% 

 
 𝜇 = 8.87%, 𝜎 = 1.82%   𝜇 = 8.84%, 𝜎 = 1.85% 
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From the small difference in average diverted market share of preference and standard 

deviations, the cost variability depicted in Table 4.15 does not translate to significant changes 

in market share of preference calculations. To further demonstrate this point, Figure 4.5 depicts 

the variability in diverted market share of preference when the part-worth estimates are held 

constant and the estimated total cost changes. For the purposes of Figure 4.5, the estimated 

total cost values generated when 100% of impact and likelihood values were altered by ±0.1 

were used. The mean and standard deviations associated with the variability studies in Table 

4.16 fall within 0.20% of the average value found Figure 4.5. This indicates that even the 

largest changes in price do not have a significant impact on the diverted market share of 

preference associated with a specific redesign option. 

 

 

𝜇 = 9.06%%, 𝜎 = 0.60% 

Figure 4.5: Market Variability from Variable Cost Wall Mount 

 

Figure 4.6 depicts the maximum and minimum values associated with each variability case 

where the largest range of values is associated with 100% variability in the impact and 

likelihood matrices and the smallest with 25% variability. From Figure 4.6, the range of market 

share of preference values is consistent across the CPM variability cases. However, the range 
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of estimated total cost values nearly doubles as the percentage of altered CPM inputs increases. 

Further, the baseline estimated total cost and diverted market share of preference estimations 

coincides with the average values produced through the CPM variability study.  

 

 
Figure 4.6: Wall Mount Variability Tradeoff Plot 

 

Marker 
Variability 

Represented 

 25% 

 50% 

 75% 

 100% 

● Average 25% 

▲ Average 50% 

 Average 75% 

■ Average 100% 

* Baseline Value 
 

 

 Change Fan Blade Diameter to 4 Inches 

The standard desk fan is offered with 10 inch blades and the third and final redesign option 

consists of offering the desk fan with 4 inch blades. The baseline cost of the redesign is $18.35 

and without considering variability the 4 inch blade fan possesses 35% of the market share of 

preference of which 22% is diverted from competitor products.  

Reducing the blade diameter stems from Subsystem 6. From Table 2.3, Subsystem 6 directly 

interacts with Subsystems 7 and 9. To briefly explore the results of the combined risk matrix, 

Table 4.17 provides a summary of the combined risk values produced for each of the four 

variability studies completed. Unlike Subsystem 2, the standard deviations associated with 

each affected subsystem continue to increase as the percentage of altered impact and likelihood 

values increases. The majority of the mean values equal the baseline value and any cases in 
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which this does not hold the mean value differs by no more than 0.01. The increased number 

of direct interactions between Subsystem 6 and other subsystems may play a role in the 

increased standard deviations associated with the variability study when compared to the 

Subsystem 2 results in Table 4.11. 

 

Table 4.17: CPM Variability Summary Subsystem 6 

 

Initiating Subsystem: Subsystem 4 

Baseline 25% 50% 75% 100% 

Risk Mean STD Mean STD Mean STD Mean STD 

A
ff
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em

 1 0.17 0.17 0.03 0.18 0.04 0.16 0.05 0.17 0.06 

2 0.12 0.12 0.02 0.12 0.04 0.12 0.04 0.13 0.05 

3 0.60 0.61 0.04 0.60 0.06 0.59 0.08 0.60 0.09 

4 0.24 0.24 0.04 0.24 0.04 0.24 0.06 0.25 0.07 

5 0.50 0.51 0.04 0.51 0.06 0.51 0.08 0.51 0.09 

6          

7 0.20 0.20 0.04 0.21 0.05 0.20 0.06 0.20 0.07 

8 0.39 0.39 0.04 0.39 0.06 0.39 0.08 0.40 0.08 

9 0.56 0.56 0.04 0.56 0.07 0.55 0.08 0.56 0.09 

 

The average estimated total costs from each of the variability cases in Table 4.18 fall within 

$0.03 of the baseline cost value given in Table 4.7. When compared to the previous mount 

change redesign options, the standard deviations associated with reducing the blade diameter 

to 4 inches are nearly double. In the largest variability case of 100%, the standard deviation 

implies the costs range nearly $1.00.  
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Table 4.18: 4 Inch Blade Diameter Estimated Total Cost Variability 

25% 

 

 50% 

 
 𝜇 = $18.38, 𝜎 = $0.17   𝜇 = $18.38, 𝜎 = $0.25 
   

75% 

 

 100% 

 
 𝜇 = $18.33, 𝜎 = $0.37   𝜇 = $18.38, 𝜎 = $0.41 

 

As with the previous redesign options, the large variability in the estimated total cost does not 

imply a large variability in the diverted market share of preference. According to Table 4.19, 

the average diverted market share of preference is slightly more than 21% in all cases and the 

standard deviations are approximately the same as those found in the clip and wall mount 

results. 
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Table 4.19: 4 Inch Blade Diameter Market Share of Preference Variability 

25% 

 

 50% 

 
 𝜇 = 21.45%, 𝜎 = 1.62%   𝜇 = 21.53%, 𝜎 = 1.68% 
     

75% 

 

 100% 

 
 𝜇 = 21.56%, 𝜎 = 1.79%   𝜇 = 21.55%, 𝜎 = 1.82% 

 

The combination of the results given in Table 4.18 and Table 4.19 is shown in Figure 4.7. The 

estimated total cost variability results in a range of costs of approximately $2.00. Consistent 

with the other redesign options, the market share of preference ranges for each percentage case 

are nearly identical.  
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Figure 4.7: 60 Degree Horizontal Adjustment 

Tradeoff Plot 

 

Marker 
Variability 

Represented 

 25% 

 50% 

 75% 

 100% 

● Average 25% 

▲ Average 50% 

 Average 75% 

■ Average 100% 

* Baseline Value 
 

 

4.4. Redesign Option Tradeoffs 

While the previous subsections demonstrated the effect of variability for individual redesign 

options, in reality a firm would compare the selected redesign options on a single scale and 

select the option with the lowest estimated total cost and highest market share of preference 

captured from the competitor(s). Figure 4.8 displays the baseline estimated total cost and 

diverted market share of preference for each of the redesign options explored. Considering 

only the baseline values for the options explored, the wall mount costs the least to redesign, 

but captures the least competitor market share of preference. The ‘4 inch blade diameter 

redesign’ option captures at least double the market share of preference of the clip and wall 

mount options, but costs between $2.00 and $3.00 more to manufacture. The ideal redesign 

option depends on the specific requirements and needs of the firm. A firm with extra money to 

spend may select to introduce the 4 inch blade diameter option as it should capture a large 

portion of the market share. In opposition, a firm with less financial support may elect to offer 

the clip or wall mount option as the cost is less than the 4 inch blade diameter option. 
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Figure 4.8: Baseline Values Tradeoff Plot 

 

While Figure 4.8 is a simple example of choosing a product redesign option, it is not 

representative of reality. The variability within estimated total cost and market share of 

preference must also be considered. To more accurately depict a real-life redesign option 

tradeoff, Figure 4.9 displays the ranges for estimated total cost and diverted market share of 

preference for each of the redesign options when 50% of the impact and likelihood values are 

altered by ±0.1. 
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Figure 4.9: Variability Tradeoff Plot (50%) 

 

From Figure 4.9, the clip and wall mount redesign options overlap by approximately $0.25 in 

the estimated total cost calculation (x-axis) and 3% in diverted market share of preference (y-

axis). The 4 inch blade diameter option costs at least $2.00 more than the clip mount. This 

number may increase depending on where the actual costs of the clip or wall mount fall.  

From a strictly diverted market share of preference aspect, the clip and wall mount redesign 

options do not overlap. The 4 inch blade option has the potential to capture nearly a quarter of 

the market share of preference and at a minimum captures over 15% of the competitor market 

share of preference. The maximum competitor market share of preference captured by the clip 

and wall mount redesign options is less than 15%. 

A firm may choose to implement the ‘4 inch blade diameter’ redesign option as it has the 

potential to capture such a large portion of the market share of preference. The firm must be 

willing to absorb the additional cost in the event that the actual product does not capture the 

maximum competitor market share of preference. On the other hand, a firm may choose to 
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implement the clip mount, the potentially cheapest option and hope it captures the largest 

market share of preference possible.  

It is important to note that in addition to the three redesign options explored in the previous 

subsections, several more redesign options exist that were not discussed in detail. Figure 4.10 

depicts the baseline estimated total cost and diverted market share of preference for all of the 

redesign options listed in Table 4.7. A wide variety of redesign options exist and span an 

estimated total cost range of nearly $5.00 and a diverted market share of preference range of 

22%. Selecting an ideal redesign option from Figure 4.10 requires consideration of the 

tradeoffs associated with each potential selection. 
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Figure 4.10: Baseline Estimations for All Redesign Options 

 

Further complicating the redesign option selection is the necessary consideration of variability 

within the estimated total cost and market share of preference calculations. With the inclusion 

of these sources of variability, the point estimations in Figure 4.10 become the range 

estimations in Figure 4.11. The overwhelming overlap between redesign option ranges greatly 

increases the complexity in redesign option selection as it is nearly impossible to determine 

where one range ends and another begins. To combat this issue, designers may consider the 

average values for each redesign option to remove options unlikely to be selected (high cost 

and little diverted share). This reduces the number of redesign options for selection and allows 

for a less complicated tradeoff discussion. 
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Figure 4.11: 50% by ±0.1 Variability Consideration for All Redesign Options 

 

4.5. Summary 

Variability within the combined risk calculation propagates to the estimated total cost metric 

used when evaluating the costs associated with a set of redesign options. The ripple effect of 

this variability combined with the use of draws is also seen to a lesser extent within the market 

share of preference calculation. Prior work has explored the effect of variability within the 

combined risk matrix, but does not explore the knock on effects. These effects present 

themselves in the form of range estimates for the estimated total cost and market share of 

preference calculations.  

The estimated total cost variability increases as the percentage of impact and likelihood values 

altered increase. This variability presents itself in the form of standard deviations associated 
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with the mean values for each redesign option. In general, the average estimated total cost fell 

within $0.02 of the baseline cost value. However, the standard deviations ranged from $0.09 

to $0.41 depending on the redesign option considered. Due to the large combined risk values 

associated with changes initiated in Subsystems 7, 8 and 9, changes stemming from these 

subsystems are likely to have larger standard deviations. In opposition, changes stemming from 

Subsystem 2 are likely to have the lowest standard deviations as the combined risk values 

associated with changes initiated by Subsystem 2 are lower than those of other initiating 

subsystems.  

The market estimations remain robust to the changes in estimated total cost. That is, the 

variability in the price attribute made less than approximately 1% difference in the average 

diverted market share of preference. This robust behavior is survey and respondent dependent, 

meaning for the majority of respondents a change in price of less than $1.00 did not 

significantly affect their preference. A different set of respondents and a different product may 

result in greater variability within the diverted market share of preference calculations. 

In terms of redesign option selection for the case study presented, firms must consider these 

sources of variability and understand the tradeoffs associated with each option before selecting 

a redesign option for embodiment. With this in mind, the following chapter revisits the research 

questions provided in Chapter 1 and concludes this research. 
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CHAPTER 5:  CONCLUSIONS AND FUTURE WORK 

To provide a conclusion to the work presented in this thesis, the research questions presented 

in Chapter 1 are revisited and discussed in detail. The associated design ramifications are 

explored in terms of the validation criteria introduced by Olewnik and Lewis [62]. Future work 

considering variability within the market share of preference and estimated total cost 

calculations is also presented. 

5.1. Research Question 1 

The initial area of exploration in this research considers the effect of disagreement between 

experts when assigning impact and likelihood values in the Change Prediction Method. This 

research thrust is summarized by the following research question posed in Chapter 1: 

Research Question 1: What effect does input variability in change 

propagation analysis have on combined risk values and therefore, on the 

estimate of total product cost? 

To address Research Question 1, a desk fan was selected as a case study and the percentage of 

uncertain impact and likelihood values was systematically increased to identify changes in the 

combined risk matrix. In general, the average combined risk value for each cell equaled the 

baseline value. The true effect of variability presented itself in the standard deviation of the 

results, increasing as the percentage of uncertain elements increased. While Chapter 4 

discussed only one subsystem interaction in detail, the remaining interactions within the 

combined risk matrix produce the same effect. The mean risk values round to the baseline 

value and the standard deviation increases as the number of uncertain impact and likelihood 

values increases.  

A limitation of the CPM is the lack of a standardized method to interpret the combined risk 

matrix values. That is, a risk of change propagation value to one designer does not necessarily 

imply the same ramifications to another designer. A potential solution to this limitation is the 

mapping of combined risk to a cost metric. The cost metric allows for the simultaneous 

consideration of the risk of a change propagating to each affected subsystem from an initiating 
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subsystem. Further, with the risk to cost mapping completed, the evaluation of a set of redesign 

options from a cost aspect simply becomes an act of removing the more expensive redesign 

options. In the case study presented in this work, the variability within the combined risk matrix 

resulted in variability within the estimated total cost metric. The majority of estimated total 

cost values fell within $0.50 of the baseline estimated total cost. The significance of this 

variability is dependent on the problem, the firm, and the designers evaluating the redesign 

options. 

Further, translating the combined risk matrix into a cost metric highlights the importance of 

accurately identifying subsystem interactions and quantifying the impact and likelihood 

values. A missed or additional interaction in the DSM may produce a set of erroneous estimated 

total costs for the set of redesign options. The same is true of the identification of the impact 

and likelihood values for each interaction depicted in the DSM. Therefore, the burden on the 

designer is to get as close to the “real” impact and likelihood values as possible. The more 

accurate the impact and likelihood values, the smaller the range of estimated total costs 

associated with the set of redesign options. 

5.2. Research Question 2 

Often when considering a product redesign, firms consider more than the risk of change 

propagation associated with each redesign option. Typically, firms consider the cost associated 

with the redesign and the market desirability of the redesigned product where cost is a function 

of the risk of change propagation. To address the issue of variability within the estimated total 

cost and market share of preference calculations, Research Question 2 was presented in 

Chapter 1. 

Research Question 2: What insights into product redesign option selection 

can be gained when variability within the estimated total cost and market 

share of preference calculations is considered? 

In short, including variability within the estimated total cost and market share of preference 

calculations convert the tradeoff plot from a series of point estimates to a series of range 
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estimates. As the estimated total cost is a function of the risk, the variability within the 

combined risk matrix cells results in variability in the cost function. The ranges in cost grow 

larger as the percentage of impact and likelihood values altered increases. Unlike with the 

combined risk matrix, the average estimated total cost does not always equal the baseline value 

and the behavior of the standard deviations is dependent on the redesign option at hand.  

In the case study implemented, the mean and standard deviation of the market share of 

preference values behaved in a different manner than the combined risk cells and estimated 

total cost calculations. That is, the consistency across the variability cases in diverted market 

share of preference indicated that the majority of the variability stemmed from the use of draws, 

not the change in price. That is not to say price is not important, only that the changes in price 

due to CPM variability did not play a significant role in the diverted market share of preference 

as was demonstrated by the evaluation of the diverted market share of preference with the part-

worths held constant and the variable estimated total cost.  

The transition from a set of point estimates to a series of range estimates increases the 

complexity associated with redesign selection. Firms must consider the tradeoffs associated 

with each redesign option. A firm with less financial stability will likely select a redesign 

option with a smaller estimated total cost and market share of preference ranges while a more 

stable firm may gamble and select a redesign option that may capture more of the competitor 

market share of preference, but has the potential to cost much more than other options. Another 

area that must be considered by firms is the profit margin associated with the redesigned 

product. A product with the potential to have a small, if any, profit margin may be removed 

from the tradeoff discussion and a product capable of providing a large profit margin may be 

selected for further analysis depending on the needs of the firm.  

5.3. Design Ramifications 

As the estimated total cost is a function of risk, the design ramifications associated with 

variability in cost stem from the implementation of the CPM. Designers implementing the 

CPM are likely doing so because they believe the combined risk values provide valuable 

insight that will influence the decisions made during the design process. CPM implementations 



 

 

82 

by expert designers are attempts to model the unknown risk values. The outcomes from the 

CPM can be used in a predictive or postmortem manner. In a predictive manner, the CPM aims 

to identify potentially hidden indirect interactions between subsystems while quantifying the 

associated risk of these interactions. Interactions between subsystems that have large risk 

values may be less desirable to designers as the risk of a change propagating is larger when 

compared to other interactions within the system. Used postmortem, missing or extra 

connections and incorrect impact and likelihood values may be identified. 

An advantage of the CPM is that it moves away from a weighting scheme of high, medium 

and low values that are assigned to obvious direct connections between subsystems. Instead, 

the CPM expands the quantification of risk to include indirect connections between 

subsystems. However, this causes a validation challenge. Many designs often undergo more 

than one change. Current implementations of the CPM are valid for only a single change, 

requiring the impact and likelihood matrices to be entirely reconstructed after each change is 

implemented. In its current form, the CPM may be more representative of a first order 

approximation of the risk associated with a system undergoing changes or a redesign. 

Similarly, market surveys are fielded by designers as a means to gather preference data. By 

decomposing products into attributes and levels, designers seek to identify the attribute levels 

that when combined provide the highest consumer preference. As with the CPM 

implementation, the market analysis aims to predict the market preferences across a set of 

given products and can also be used in a predictive or postmortem manner. In a predictive 

manner, the market analysis aims to identify the product configurations capable of providing 

the highest market share of preference. In a postmortem manner, errors in prediction can be 

determined through actual market preference distributions. However, several other 

considerations must be made when using market surveys in a postmortem manner. Competitor 

products and consumer preferences are ever evolving making validation of a market model 

complex, if at all possible.  

When considered in the context of the validation criteria introduced by Olewnik and Lewis 

[62] for design decision support frameworks, details of the CPM and market analysis must be 
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discussed with respect to two criteria: use meaningful, reliable information and provide a sense 

of robustness in results. 

 Use Meaningful, Reliable Information  

Engineering Rework: Output of the CPM is based on three primary pieces of information. 

An expert designer is expected to define a DSM that shows where interactions exist and 

provide values for the impact and likelihood matrices. If truly an expert in the system being 

redesigned, it can be reasonably assumed that the interactions between subsystems can be 

properly identified. The challenge of having meaningful information arises when considering 

the impact and likelihood matrices. 

The first aspect of this challenge is understanding the appropriate resolution of the values used 

to populate these matrices. Convention in the literature is to use single or double decimal 

values. It is likely difficult to justify much higher levels of resolution as it is unclear where a 

designer would obtain the information needed to support such numbers. As shown in Chapter 

2 and Chapter 4, even the smallest amount of variability in the likelihood and impact values 

can change the result output by the CPM and further change the estimated total cost metric. 

Rather than supplying a single value, further modifications to the CPM may require designers 

to enter distributions that can be used in a simulation environment to better understand the 

overall behavior of the output.  

A second challenge lies in the inherent belief structure associated with each designer. As the 

impact and likelihood scores are subjective, the overall risk values are expected to be larger 

for a designer that is more inclined to magnify the possible impact and likelihood ramifications. 

Similarly, it is expected that a designer inclined to downplay the potential impact and 

likelihoods will see smaller risk values in the CPM output. Therefore, rather than focusing on 

the risk values obtained, it may be more effective to consider the combined risk in terms of a 

cost metric. The cost metric simplifies the comparison of a set of redesign options.  

Market Analysis: Calculating the market share of preference is dependent on the respondent-

level part-worth estimations generated through the HB model for the given attributes and 
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levels. It can be assumed that designers accurately depict the existing and potential redesigns 

through the defined attributes and levels. With this in mind, the difficulty in useful, meaningful 

information associated with the HB model stems from the survey fielded with a series of 

choice-task questions.  

Studies have shown a survey with too many questions provides little useful information as 

respondents become tired and expend less effort on selecting a product that meets their needs. 

Further, the potential exists for respondents to randomly select product configurations with 

little regard for their actual preferences. These possibilities result in the potential lack of useful, 

meaningful information and can result in flawed market predictions. To combat these issues, 

future implementations of the HB model may distribute extra surveys and repeatedly randomly 

sample from the large set to determine market desirability and remove unhelpful survey 

responses. 

 Provide a Sense of Robustness in Results  

Whether calculating risk values, estimated total cost or market share of preference, the output 

is a single value. The previous chapters of this work have shown that small degrees of 

variability in the impact and likelihood entries can cause noticeable changes in the outcome. 

In the combined risk and estimated total cost simulations, the ranges of results varied as a result 

of the percentage of impact and likelihood values altered. In comparison, the range of market 

share of preference values remained constant across all impact and likelihood studies on a per 

redesign option basis. 

When only a single scenario of input variables are considered, no statements about solution 

robustness can be made. When possible variations are accounted for and used in computer 

simulations a better understanding of outcome robustness can be obtained. These distributions 

can give a designer insight into the extent of variability in the output as well as the range of 

risk and share of preference values that a particular redesign option is assigned. 
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5.4. Future Work 

Several avenues for future work involve the exploration of other sources of uncertainty within 

the market analysis and engineering rework realms. Market model fit and part-worth estimates 

are impacted by the number of iterations completed before saving draws as well as the number 

of respondents. Decreased accuracy due to over-fitting of the model can stem from large 

amounts of insignificant interaction terms within the draw data [63]. Sources of error within 

the market formulation also exist such as uncertainty in competitor product specifications. 

Within the CPM, other areas of uncertainty exist beyond the variability of the expert provided 

impact and likelihood values. Flawed assembly of the DSM may miss direct interactions 

between subsystems or may incorrectly identify non-existent connections. Reducing the length 

of the change propagation path may also affect the results of the CPM. 

Expanding the role of variability in other choice models and risk quantification tools is another 

avenue for future work. For example, Randomized First Choice [64] allows for the calculation 

of market share of preference. In terms of the estimated total cost calculation, the matrix-based 

algorithm [26] for risk quantification produces a combined risk matrix in the same manner as 

the CPM. For this reason, implementing the matrix-based algorithm requires no reformulation 

of the estimated total cost function.  

The current CPM implementation allows for the consideration of only one redesign option at 

a time. To consider multiple changes, the first change must be implemented and the method 

repeated for the second change. The expansion of the CPM to consider multiple changes and 

the resulting effect on the estimated total cost and diverted market share of preference 

calculations is another area for future work.  

In the case study presented in this work, the variability in the estimated total cost did not result 

in significant changes in the diverted market share of preference. To better understand the 

effect of the combination of the use of draws and changes in estimated total cost, a set of case 

studies should be considered in which the products differ. This suite of case studies will allow 

for more general conclusions regarding the effect of changes in the CPM output and therefore, 

estimated total cost on the diverted market share of preference.   
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APPENDIX A. CLIP MOUNT/WALL MOUNT  

COMBINED RISK VARIABILIY 

Table A.1: Effect of 25% Alteration by ±0.1 Initiated by Subsystem 2 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.06, 𝜎 = 0.02 𝜇 = 1, 𝜎 = 0 𝜇 = 0.05, 𝜎 = 0.01 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.02, 𝜎 = 0.01 𝜇 = 0.03, 𝜎 = 0.01 𝜇 = 0.04, 𝜎 = 0.01 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.01, 𝜎 = 0.01 𝜇 = 0.03, 𝜎 = 0.01 𝜇 = 0.04, 𝜎 = 0.01 
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Table A.2: Effect of 75% Alteration by ±0.1 Initiated by Subsystem 2 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.06, 𝜎 = 0.04 𝜇 = 1, 𝜎 = 0 𝜇 = 0.05, 𝜎 = 0.03 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.02, 𝜎 = 0.01 𝜇 = 0.03, 𝜎 = 0.02 𝜇 = 0.04, 𝜎 = 0.02 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.02, 𝜎 = 0.01 𝜇 = 0.03, 𝜎 = 0.01 𝜇 = 0.04, 𝜎 = 0.02 
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Table A.3: Effect of 100% Alteration by ±0.1 Initiated by Subsystem 2 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.06, 𝜎 = 0.04 𝜇 = 1, 𝜎 = 0 𝜇 = 0.05, 𝜎 = 0.03 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.02, 𝜎 = 0.01 𝜇 = 0.03, 𝜎 = 0.02 𝜇 = 0.04, 𝜎 = 0.02 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.01, 𝜎 = 0.01 𝜇 = 0.03, 𝜎 = 0.02 𝜇 = 0.04, 𝜎 = 0.02 
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Table A.4: Effect of 25% Alteration by ±0.2 Initiated by Subsystem 2 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.05, 𝜎 = 0.02 𝜇 = 1, 𝜎 = 0 𝜇 = 0.05, 𝜎 = 0.03 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.02, 𝜎 = 0.01 𝜇 = 0.03, 𝜎 = 0.02 𝜇 = 0.03, 𝜎 = 0.02 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.01, 𝜎 = 0.01 𝜇 = 0.03, 𝜎 = 0.02 𝜇 = 0.04, 𝜎 = 0.02 
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Table A.5: Effect of 50% Alteration by ±0.2 Initiated by Subsystem 2 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.07, 𝜎 = 0.06 𝜇 = 1, 𝜎 = 0 𝜇 = 0.05, 𝜎 = 0.04 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.03, 𝜎 = 0.03 𝜇 = 0.04, 𝜎 = 0.03 𝜇 = 0.04, 𝜎 = 0.04 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.02, 𝜎 = 0.02 𝜇 = 0.03, 𝜎 = 0.03 𝜇 = 0.05, 𝜎 = 0.04 
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Table A.6: Effect of 75% Alteration by ±0.2 Initiated by Subsystem 2 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.07, 𝜎 = 0.07 𝜇 = 1, 𝜎 = 0 𝜇 = 0.05, 𝜎 = 0.06 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.02, 𝜎 = 0.03 𝜇 = 0.03, 𝜎 = 0.03 𝜇 = 0.03, 𝜎 = 0.04 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.02, 𝜎 = 0.02 𝜇 = 0.03, 𝜎 = 0.03 𝜇 = 0.04, 𝜎 = 0.05 
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Table A.7: Effect of 100% Alteration by ±0.2 Initiated by Subsystem 2 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.06, 𝜎 = 0.08 𝜇 = 1, 𝜎 = 0 𝜇 = 0.05, 𝜎 = 0.08 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.03, 𝜎 = 0.04 𝜇 = 0.03, 𝜎 = 0.05 𝜇 = 0.04, 𝜎 = 0.06 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.02, 𝜎 = 0.03 𝜇 = 0.03, 𝜎 = 0.05 𝜇 = 0.04, 𝜎 = 0.06 
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APPENDIX B. CLIP MOUNT ESTIMATED TOTAL COST AND  

MARKET PREFERENCE VARIABILITY 

Table B.1: Estimated Total Cost for Impact and Likelihood Altered by ±0.2 

25% 

 

50% 

 
 𝜇 = $15.78 𝜎 = $0.15  𝜇 = $15.85, 𝜎 = $0.27 
    

75% 

 

100% 

 
 𝜇 = $15.79, 𝜎 = $0.33  𝜇 = $15.83, 𝜎 = $0.43 
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Table B.2: Market Share of Preference for Impact and Likelihood Altered by ±0.2 

25% 

 

50% 

 
 𝜇 = 11.28% 𝜎 = 1.26%  𝜇 = 11.19%, 𝜎 = 1.32% 
    

75% 

 

100% 

 
 𝜇 = 11.20%, 𝜎 = 1.38%  𝜇 = 11.25%, 𝜎 = 1.28% 
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APPENDIX C. WALL MOUNT ESTIMATED TOTAL COST AND  

MARKET PREFERENCE VARIABILITY 

Table C.1: Wall Mount Estimated Total Cost ±0.2 Variability 

25% 

 

50% 

 
 𝜇 = $15.45 𝜎 = $0.15  𝜇 = $15.52, 𝜎 = $0.29 
    

75% 

 

100% 

 
 𝜇 = $15.46, 𝜎 = $0.33  𝜇 = $15.50, 𝜎 = $0.43 
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Table C.2: Wall Mount Market Preference ±0.2 Variability 

25% 

 

50% 

 
 𝜇 = 8.90% 𝜎 = 1.89%  𝜇 = 8.82%, 𝜎 = 1.83% 
    

75% 

 

100% 

 
 𝜇 = 8.87%, 𝜎 = 1.89%  𝜇 = 8.90%, 𝜎 = 1.93% 
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APPENDIX D. 4 INCH BLADE DIAMETER  

COMBINED RISK VARIABILITY 

Table D.1: Effect of 25% Alteration by ±0.1 Initiated by Subsystem 6 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.17, 𝜎 = 0.03 𝜇 = 0.12, 𝜎 = 0.02 𝜇 = 0.61, 𝜎 = 0.04 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.24, 𝜎 = 0.04 𝜇 = 0.51, 𝜎 = 0.04 𝜇 = 1 , 𝜎 = 0 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.20, 𝜎 = 0.04 𝜇 = 0.39, 𝜎 = 0.04 𝜇 = 0.56, 𝜎 = 0.04 
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Table D.2: Effect of 50% Alteration by ±0.1 Initiated by Subsystem 6 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.18, 𝜎 = 0.04 𝜇 = 0.12, 𝜎 = 0.04 𝜇 = 0.60, 𝜎 = 0.06 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.24, 𝜎 = 0.04 𝜇 = 0.51, 𝜎 = 0.06 𝜇 = 1 , 𝜎 = 0 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.21, 𝜎 = 0.05 𝜇 = 0.39, 𝜎 = 0.06 𝜇 = 0.56, 𝜎 = 0.07 
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Table D.3: Effect of 75% Alteration by ±0.1 Initiated by Subsystem 6 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.16, 𝜎 = 0.05 𝜇 = 0.12, 𝜎 = 0.04 𝜇 = 0.59, 𝜎 = 0.08 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.24, 𝜎 = 0.06 𝜇 = 0.51, 𝜎 = 0.08 𝜇 = 1 , 𝜎 = 0 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.20, 𝜎 = 0.06 𝜇 = 0.39, 𝜎 = 0.08 𝜇 = 0.55, 𝜎 = 0.08 
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Table D.4: Effect of 100% Alteration by ±0.1 Initiated by Subsystem 6 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.17, 𝜎 = 0.06 𝜇 = 0.13, 𝜎 = 0.05 𝜇 = 0.60, 𝜎 = 0.09 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.25, 𝜎 = 0.07 𝜇 = 0.51, 𝜎 = 0.09 𝜇 = 1 , 𝜎 = 0 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.20, 𝜎 = 0.07 𝜇 = 0.40, 𝜎 = 0.08 𝜇 = 0.56, 𝜎 = 0.09 

 

  



 

 

108 

Table D.5: Effect of 25% Alteration by ±0.2 Initiated by Subsystem 6 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.16, 𝜎 = 0.05 𝜇 = 0.12, 𝜎 = 0.04 𝜇 = 0.60, 𝜎 = 0.08 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.24, 𝜎 = 0.06 𝜇 = 0.50, 𝜎 = 0.09 𝜇 = 1 , 𝜎 = 0 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.21, 𝜎 = 0.07 𝜇 = 0.40, 𝜎 = 0.10 𝜇 = 0.58, 𝜎 = 0.09 
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Table D.6: Effect of 50% Alteration by ±0.2 Initiated by Subsystem 6 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.17, 𝜎 = 0.08 𝜇 = 0.11, 𝜎 = 0.06 𝜇 = 0.59, 𝜎 = 0.15 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.24, 𝜎 = 0.10 𝜇 = 0.51, 𝜎 = 0.11 𝜇 = 1 , 𝜎 = 0 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.19, 𝜎 = 0.10 𝜇 = 0.38, 𝜎 = 0.12 𝜇 = 0.57, 𝜎 = 0.13 
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Table D.7: Effect of 75% Alteration by ±0.2 Initiated by Subsystem 6 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.17, 𝜎 = 0.11 𝜇 = 0.12, 𝜎 = 0.09 𝜇 = 0.60, 𝜎 = 0.16 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.24, 𝜎 = 0.13 𝜇 = 0.49, 𝜎 = 0.15 𝜇 = 1 , 𝜎 = 0 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.18, 𝜎 = 0.13 𝜇 = 0.38, 𝜎 = 0.14 𝜇 = 0.57, 𝜎 = 0.18 
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Table D.8: Effect of 100% Alteration by ±0.2 Initiated by Subsystem 6 

Subsystem 1 Subsystem 2 Subsystem 3 

   
𝜇 = 0.16, 𝜎 = 0.13 𝜇 = 0.12, 𝜎 = 0.11 𝜇 = 0.57, 𝜎 = 0.16 

   

Subsystem 4 Subsystem 5 Subsystem 6 

   
𝜇 = 0.24, 𝜎 = 0.14 𝜇 = 0.48, 𝜎 = 0.15 𝜇 = 1 , 𝜎 = 0 

   

Subsystem 7 Subsystem 8 Subsystem 9 

   
𝜇 = 0.19, 𝜎 = 0.14 𝜇 = 0.40, 𝜎 = 0.17 𝜇 = 0.54, 𝜎 = 0.17 
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APPENDIX E. 4 INCH BLADE ESTIMATED TOTAL COST AND  

MARKET PREFERENCE VARIABILITY 

Table E.1: Estimated Total Cost for Impact and Likelihood Altered by ±0.2 

25% 

 

50% 

 
 𝜇 = $18.40 𝜎 = $0.37  𝜇 = $18.33, 𝜎 = $0.49 
    

75% 

 

100% 

 
 𝜇 = $18.32, 𝜎 = $0.72  𝜇 = $18.24, 𝜎 = $0.72 
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Table E.2: Market Share of Preference for Impact and Likelihood Altered by ±0.2 

25% 

 

50% 

 
 𝜇 = 21.43% 𝜎 = 1.67%  𝜇 = 21.53%, 𝜎 = 1.73% 
    

75% 

 

100% 

 
 𝜇 = 21.56%, 𝜎 = 1.87%  𝜇 = 21.67%, 𝜎 = 1.74% 

 

 


