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Abstract 

Title:  A Game Theory Motivated Approach to Analyzing Modularity in Automotive 

Systems 

Author: David Thiess 

Advisor: Beshoy Morkos, Ph. D. 

This paper examines the effect of integrated and modular design on consumers and 

manufacturers and seeks to determine if there is an optimal design that benefits 

both. Some consumers perceive the automotive industry to design vehicles with 

only the company’s benefit in mind, rather than the desires of the consumer. 

However, the automotive industry seeks to please consumers, while minimizing the 

cost of production. A game-theoretic based model was developed that was used to 

determine if there existed a level of modularity for a system that optimized for both 

the manufacturer and consumer. The game model consisted of two players, the 

manufacturer and the consumer, which were given the choice of low modularity 

(integrated) or high modularity (modular) for the design of the system. Five 

systems were analyzed: headlight bulbs, radiator, and ignition system. The results 

obtained from the games showed both players favored low modularity for the 

headlight bulbs, the radiator, and cylinder head. This result is what is typically seen 

in current designs. For the ignition system and cooling fan, the consumer preferred 

the low modularity system and the manufacturer preferred the high modularity 

system. The two players are not in agreement for these systems, and the 

manufacturer chose the design does not immediately benefit the consumer.  
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Chapter 1 

Introduction 

As market demand and technology change, it causes the competitive 

environment around businesses to be forced to change in order to maintain their 

place in the market. In the past, companies would design and build products of 

similar nature for consumers to purchase. Consumers were willing to buy products 

that look identical or similar to their neighbor, but there has been a shift in the 

consumer market, and now those same consumers want to customize a product to 

their taste and liking [1]. 

This shift has forced automotive manufacturers to reevaluate how they 

design and build a given product. The manufacturers must allow for their products 

to be customizable on a mass scale. This has resulted in changes to design, 

manufacturing, supply chain management, and sales strategies. A company’s 

ability to appropriately respond to the changes and implement new technologies or 

adjust for the consumer demand will determine its success or failure. Thus, 

companies that use traditional methods for design and manufacturing risk losing 

market share or worse. 
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To compete in a modern business environment, companies need to develop 

products that can be easily configured to offer distinctive capabilities and varieties 

in production lines [1]. Companies can achieve this through modularity. Modularity 

is a design approach in which systems are subdivided into smaller parts called 

modules, which interface through a standardized interface [2]. To achieve this, 

manufacturing companies are adopting modular concepts in both design and 

manufacturing processes. By doing so, they are setting up for developing products 

that can be rapidly built while still efficiently and economically having the 

customization that the customer desires. 

With the move to modularity, manufacturers must also develop methods of 

data collecting and analysis to understand what the consumers of their product 

would want to customize and what they wouldn’t want to customize. It is known 

that when buying an automobile consumer typically want to choose from options 

that relate to the color of the vehicle, wheel and rim combination, and interior parts 

such as a sunroof or entertainment system to make the vehicle better suited to fit 

the consumer. Manufacturers can determine which options people like by looking 

at how many consumers buy each option but what about other systems on the 

vehicle which consumer have traditionally not had a say. By implementing modular 



 

3 

 

designs to subsystems of an automobile, manufacturers can now evaluate how the 

amount of modularity in a given system affects the consumers.  

By evaluating how the customer perceives the level of modularity in a 

system, manufacturers can use this information to better design systems that will 

help maintain consumer satisfaction throughout the life of the automobile. 

Currently, manufacturers design most systems in a vehicle to meet some 

performance, weight and cost goals. This is beneficial to the manufacturers as it 

allows them to maximize the profit margins on a vehicle, but it may lead to the 

consumer having negative feelings about the vehicle later in the vehicle’s life cycle. 

But if the manufacturers look at how the life cycle cost of the system varies 

between different levels of modularity, they may find that small changes to the 

system will improve consumer satiation and while maintain or improving profits. 

By reducing the life cycle cost of the vehicle, manufacturers may also see an 

increase in consumer loyalty and satisfaction since the consumer will see a decrease 

in maintenance cost and thus feel that the manufacturer has considered what is 

essential to the consumer.  

Motivation 

In design and manufacture, especially in the automotive industry, engineers 

are constrained by the cost of a system. They must design a system that can only 
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cost a set amount that way the manufacturer can turn the desired profit. One-way 

manufactures are trying to reduce cost is by designing modular systems. It is has 

been estimated that manufacturers could see up to an overall cost savings of 25% in 

the development and building of a vehicle through modularity [3,4]. This level of 

savings could lead to a reduction in the cost of a vehicle or at least allow the 

manufacturer to reduce how much they raise the price of a vehicle to maintain their 

profits. 

There is also an economic motivator for the manufactures to develop 

modularity in the design and manufacturing of a vehicle. There are also pressures 

from the consumer that make modularity beneficial to the manufacturer as well. As 

consumers desires evolve, the automotive industry has been forced to make 

numerous changes. In the past the desire for safer, faster, and more efficient 

vehicles has forced all automotive manufacturers to change to fit the consumer's 

demand. Depending on the rate the consumer desires are changing, or the 

technology is changing it could cause serious engineer challenges in the design if it 

is not flexible enough. But a modular design would allow engineers to change 

modules out to match the consumer's desires much faster than traditional design 

[5]. 
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Engineers will need to determine where and how much modularity to 

designed into a system. This information is crucial in the design of the vehicle. 

Some system may be able to be built as one large module and still maintain the 

flexibility, but some system may require it to be built from multiple modules so that 

specific modules can be updated in the future. The level of modularity is 

determined based on data the manufacturer has to collect on their process and its 

consumers. The organization of this data is unknown and varies from manufacturer 

to manufacturer. One possible model that could be used is a game theoretical based 

model which could assist engineers in determining the level of modularity in a 

system by comparing the consumer and the manufacturer as players in the model. 

Intellectual Merit 

 Currently, the automotive industry designs to a standard set by the 

manufactures. All manufactures consider the customer on some level when they are 

designing an automobile. Though to what extent the consumer's opinion is 

considered is determined by the individual manufacturer. Higher-end luxury and 

sports cars manufacturers consider their consumer's opinions very highly and will 

consider how their customer will react to most of their design decisions. This is due 

to the high price tag of the automobile which limits the potential number of 

customers significantly. On the other hand, manufactures of cheaper mass 
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production automobiles still consider what their customers desire, but on some of 

the smaller design decisions, they will go with what is the more affordable option 

due to the tight profit margins on the automobile. While this is a positive for the 

manufacture as it maximizes there profit it could be leading to lost sales due to an 

unintended negative effect that could push customers away in the future. 

 Another gap is how they evaluate the data used to assess how the consumer 

will view their product. While it is unknown how manufacturers currently evaluate 

the data they have on consumers and their manufacturing and design process, it is 

highly unlikely that they view both sets of data together in the same model. While 

trends and consumer data can be evaluated and then requirements developed that a 

vehicle needs to meet. If consumers and manufactures desires are taken separately 

are evaluates separately instead of in a cooperative model that evaluates both at the 

same time you could end up with a good product on paper but not what the 

consumer or manufacturer wants. An example of this was the Dodge Dart, while it 

was a great vehicle on paper, but it was not built around the strengths of the 

manufacture (FCA), and it ended up having poor sales numbers as a result. 

 This research will seek to address these two major issues in product design 

engineering. This research will study the viability of using game theory in design.  

It will provide engineers with the ability to evaluate design decisions concerning 
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both the manufacturer and the consumer in a mathematical model. Specifically, this 

study will evaluate the different levels of modularity of system design in the 

automotive industry. It will determine if an optimal level of modularity can be 

established for each system design which will allow engineers to optimize their 

design for both the consumer and manufacture. 

Broader Impact 

 The impact of this research extends to industry, engineering education, and 

design engineering.  In the industry domain, this research can impact formal design 

practice and decision science.  On the education front, this research new 

mechanisms for incorporating consumer objectives in the design and manufacturing 

process. For design engineers, it provides another method for analyzing data that 

can assist in evaluating and optimizing a design. 

In industry, by seeking to understand the impact integration has on the 

customer and manufacture, we can develop an approach that can evaluate designs 

with varying degrees of integration. This can lead to successful designs produced 

by the manufacturer which in turn leads to a better relationship with the customers. 

This is extremely important in the current market; consumers no longer shop based 

on loyalties but on where they are getting the best value. This can be seen in the 

demise of Sears and other older stores that never improved their experience or 
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produces for the consumer.  By accurately understanding the needs of stakeholders, 

manufacturers can make changes in their design practice [6] to ensure they are 

incorporate modularity.  

By understanding system integration demand we can introduce this topic 

into the classroom which will lead to better designs in engineering courses. By 

introducing the concept of modularity and methods of handling how to determine 

when to implement it students will be better prepared for working in the industry. 

This will help students have foresight into what to consider when starting a design 

that will be manufactured in the industry giving them an advantage over other 

engineers that are not as educated on the topic.  Further, it will impact how students 

develop system requirements [7–10] - an important topic in engineering education - 

while considering modularity and integration. 

On the product development front, this will change early decisions in the 

design process. It will provide engineers with a tool to evaluate data relating to both 

the consumer and manufacturer which can be used early in the design phase when 

evaluating different designs. The advantage of game theory based model is that it 

allows for any number of designs to be assessed at once; it doesn’t have to be 

limited to two designs like in this study. 



 

9 

 

Research Questions and Objectives 

 This research seeks to investigate two research gaps that currently exist. 

The first one is if game theory can be used as a design tool to evaluate the level of 

modularity in an automobile system and what effect the modularity will have on the 

consumer and manufacture. A case study was developed to validate the hypothesis 

in Table 1. Once the case study was performed, the resulting games were then 

analyzed to determine the impact modularity has on the consumer and manufacture.  

 With the model developed and successful completion of the first research 

question, the second research question can be addressed, which is a follow-up 

question. With the game model developed analysis was performed to determine if 

any optimal strategies exist. If they do exist, it will provide engineers with the 

optimal design that will maximize the satisfaction of the consumer and 

manufacturer. The game theory model was used to evaluate multiple automotive 

systems to make sure that the model was practical and provides accurate results. 

It is important to note that while a game theory approach is used, game 

theory is not performed. Instead, the approach is utilized as not enough information 

is known about the players to perform an appropriate game theory analysis.  

Nonetheless, a game theory approach is utilized to take advantage of the benefits it 
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offers and presents.  A discussion on the approach utilized is presented in the 

Assumptions and Limitations section of this thesis. 

Table 1: Summary of Research Questions (RQ) and Hypothesis 

ID Research Question Hypothesis 

RQ1 

Can Game Theory based 

model be used to evaluate the 

impact of modularity 

between manufacture and 

consumer? 

The researchers hypothesize that it is 

possible to develop a game theoretical 

model between manufacture and 

consumer to see how the modularity of 

the system affects each player. 

RQ2 

Can an optimal level of 

modularity be determined? 

The researchers hypothesize that only 

some systems will have optimal levels of 

modularity as it would be difficult to have 

a complete agreement between 

manufacture and consumer on the design 

of an automobile. 
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Table 2: Summary of the Research Questions (RQ) Objectives and Tasks 

ID Objective Validation Method 

RQ1 To determine if a game theory based 

model can be used to evaluate the 

effect of having a modular or 

integrated system has on both the 

consumer and manufacture. 

Develop a Game Theoretical 

model that evaluates the 

modularity of the system 

concerning the manufacture and 

consumer. 

RQ2 To determine if there exists an 

optimal level of modularity for a 

given system in an automobile. This 

is to see if it is possible to maximize 

the satisfaction for both the consumer 

and manufacture. 

 Analysis of the model for each 

system evaluated to see if an 

optimal level of modularity 

exists. 
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Chapter 2 

Background 

 The background chapter will first start by defining modularity and the 

differences between a modular system and an integrated system. It will explore 

how each type of system is used in the automotive industry and the importance of 

each system type. It will also evaluate different methods of implementing 

modularity in design, production, and use. Then it will then explain what game 

theory is. It will explore how game theory can be used as an optimization tool 

through the Nash equilibrium. The chapter will end with a classic example of game 

theory, the prisoner’s dilemma.  

Modularity Overview 

The evolution of consumer desire in the automotive industry has forced 

numerous changes. In the past the desire for safer, faster, and more efficient 

vehicles has forced all automotive manufacturers to change to fit the consumer's 

demand. One-way manufactures are changing is by introducing modularity, product 

modularity and modularity in assembly lines are now common in the 

industry[11,12]. To implement modularity a complex process or product is 

generally divided into more manageable parts known as modules[13]. Each module 
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will have different level modularity applied to it depending on what part of the 

product it is for and how the module is designed. These modules are what allow the 

manufactures to have the flexibility they need to satisfy the consumer while still 

being able to mass produce the product.  

Integrated Systems 

An integrated system consists of functional elements of a given product that 

can map to single or multiple components, as shown in Figure 1. The figure 

illustrates the functions in the boxes on the left and the components of the trailer on 

the right. For this integrated system, it illustrates how some of the functions are 

performed by multiple parts. The function of supporting the cargo is performed by 

the upper half, lower half, and cargo hanging strap, as an example. Though it 

should be noted that in an integrated system sometimes there is a one-to-one 

mapping of parts to function such as with the wheels transferring the loads to the 

road.  
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Figure 1: Element to Component Mapping for an Integrated Product [14] 

This illustrates how an integrated system can add complexity to a system as 

it spreads functions across the components and creates complex interactions 

between components and their physical functions [15]. Thus, in production and 

maintenance, it can be hard to identify the cause of a failure, and it can make repair 

or replacement of the component harder. This style of the system does have 

advantages, such as the potential to be cheaper. The reduction in cost is due to the 

fact that a single component is used to serve multiple functions, eliminating the 

need for an individual part for each function. 

Modular Systems 

A modular system consists of functional elements of a given product that 

can map to a single component as shown in Figure 2. Again, the figure illustrates 
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the functions in the boxes on the left and the components of the trailer on the right. 

For the modular system, it illustrates the one-to-one function-component mapping 

that defines a modular system. This means that every component in the product 

only serves a single function. This leads to a reduction in complexity as one 

function is done by one component. The reduction in complexity can lead to a 

decrease in the design time and manufacturing time since changing a function 

would require only a single component to be changed, instead of multiple 

components. 

 

Figure 2: Element to Component Mapping for a Modular Product [14] 

Types of Modular Design 

When implementing modularity in the industry, there are three areas in 

which modularity can generally be applied: use, design, and production. Each type 
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of modularity serves a purpose depending on the complexity of the system and the 

design goals. 

Modularity-in-Use (MIU) 

Modularity-in-use is a consumer-driven decomposition of a product with a 

view to satisfying ease-of-use and individuality [16]. Thus, the desires of the 

customer drive how the system will be modularized. Typically, in the automotive 

industry, the consumer is only mainly concerned with three factors: look/feel, ease 

of maintenance, and associated cost. Thus, the weight placed on each of the three 

concerns by the majority of customers will influence how the manufacturer will use 

this type of modularity in their automobile. 

This can mainly be seen in the automotive industry in the options that they 

offer to consumers. Items such as sunroofs, wheel options, interior trim, and 

exterior trim are all examples of modularity in use that allows the consumer to 

customize the product they are buying. This type of modularity is also used in the 

automotive industry to determine how the maintenance on a vehicle will be done. 

Large modules are easier to replace but are more expensive to maintain due to the 

size. An example of this would be the transmission of a vehicle. While some 

manufacturers will repair a transmission if it breaks, some have switched to having 

it as a module, and thus it must be replaced instead of repaired. This switch is 
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potential because the replacement of the transmission makes the customer feel 

more comfortable with the repair since they know that they are getting all brand-

new parts instead of a mix of new and used parts that occurs when the transmission 

is repaired. Though this increases the cost of the repair for the customer, many 

approve of the increased cost to ensure they are receiving a new system in working 

order. 

Modularity-in-Design (MID) 

Modularity-in-design has the clearest line of the modularity areas. 

Designers of complex products start with the idea of a product architecture, which 

is the scheme by which the function of a product is allocated to physical 

components [16]. This is present in most designs when more than one engineer 

designing a product. It allows for multiple engineers to work on different modules 

of the product and ensure that they will mate properly, given they follow a set of 

rules. When designing a product as complex as an automobile, a designer will 

break down the vehicle into modules to make the design more manageable. This 

also allows for the work to be spread out over; however many engineers are on the 

design team. With this style of design, it is important that the engineers follow the 

rules that their design must meet so that it will mate with the other modules. If it 
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doesn’t, it could lead to redesigns that increase the cost and time needed for the 

design. 

This style has its limitations in the automotive industry due, ironically, to 

the complexity of design all the system. If all the systems are designed apart from 

one another, then it is possible that the end product won’t result in a running 

vehicle. An example would be in the design of wheel bearing and brakes. Even 

though the wheel bearing might be designed to fit the brake and meet the rule, 

small differences in the design of the wheel bearing and the brake might affect 

tolerances. This can be caused due to the rules not defining a tolerance that needs to 

be. 

Modularity-in-Production (MIP) 

The means of modularization on the factory floor is the ability to pre-

combine a significant number of components into modules. These modules are 

assembled off-line and then brought onto the main assembly line to be incorporated 

into a small and simple series of tasks [16]. This allows for the main assembly line 

to be much short and more efficient due to the more complex assemblies being 

done off the main line. Thus, the build time is reduced. It can also increase the 

flexibility of a manufacturing line, as it can build different models of the same 

product due to the modularity.  
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This type of modularity has a different focus than the other two types of 

modularity as it is focused more on the organization and process execution than the 

design. This is because they have machines that can perform multiple processes 

with low setup time, such as a CNC and robotics. They also will use standardized 

time at each station. Thus, if a process can’t be completed in this time, it is either 

broken into a smaller task that will fit into the time frame or completely removed 

from the main assembly line. 

Modularity type effect on mass production 

Figure 3 below illustrates the benefit of modularity in each of the three 

areas in relation to the number of modules. It illustrates that each type peaks at a 

different number of modules and have a different net benefit. MIU and MID have 

similar net benefits, but MIU is better for lower module count; MIU also sees a 

sharp falloff benefit after its peak. MID performs best in medium to high module 

count. MIP has a lower benefit than the other two types, but it is mainly for use in 

module counts that are extremely high. MIP sees peak benefit after the other two 

types would have little benefit due to the number of modules.  

Depending on the number of modules in the system, will influence which 

area of modularity is applied to an extent. Though, it should be noted that it is 

common to see all three areas applied to more complex products such as an 
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automobile. Modularity-in-use is commonly seen on vehicles on parts that are 

routinely replaced or offered as options to drive down cost. Modularity-in-design 

affects how the vehicle is designed in large subsystems such as the drivetrain, 

suspension, and body. Modularity-in-production is seen in the assembly of the 

vehicle when it is produced on a line that can build multiple different models due to 

the modularity. 

 

Figure 3: Number of Modules vs. Net Benefit of Modularity [16] 
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Modularity in the Automotive Industry 

With the rise of modularity, manufacturers are learning how to properly 

implement it in the development and construction of their automobile. According to 

a recent study [17,18], the next generation of vehicles will change from the 

integrated unit body, or unibody, of high production volume and low flexibility to 

modular ones of middle to high production volume and flexibility. This is depicted 

in Figure 4. This figure illustrates that modular vehicles allow flexible products 

with the ability to have high production volume. When modular vehicles are 

compared to the mass production vehicle, we see that both can be high in 

production volume, but mass production vehicles lack product flexibility. Over 

time, manufacturers plan to see mass production vehicles that are highly modular 

and limit the number of assembly lines to make a range of vehicles on. 
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Figure 4: Moving from Integrated to Modular Vehicles [17] 

Depending on the country of the manufacturer, there are different methods 

for implementing modularity. In western countries, manufacturers focus on MIP 

and outsourcing work.  Japanese manufacturers also focus on MIP but maintain it 

in-house. The cause of the split is mainly due to the desire to protect design and 

manufacturing knowledge and proprietary information.  Western manufacturers are 

more open to transferring the required information to their suppliers to design 

and/or produce needed modules for them while seeking to maintain, protect, and 

defend their architectural knowledge as an asset [19]. The Japanese manufacturers 

choose not to disclose the knowledge and thus to allow them to design and produce 

most of their modules in-house. 
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Game Theory 

Game theory is a mathematical model for studying how humans cooperate 

and conflict in decision making. This theory creates a formal model that allows for 

the analysis of logical decisions in a competitive environment. It was created by 

John von Neumann and Oskar Morgenstern in 1944 [20]. The two mathematicians 

published the book Theory of games and economic behavior which lead to the 

establishment game theory as its field of study. In the 1950s game theory models 

would be applied to various fields such as economics and political sciences to help 

provide an understanding of how humans behave and make decisions. In the 1970s 

game theory was first used as a tool in evolutionary biology [21]. Since then game 

theory has become a dominant model for many fields mainly in economics and 

science that researches behavior. 

Overview 

Game theory is the study of strategies and decision making. It is a mathematical 

model that attempts to determine the actions that a player will take in a game that 

will result in the best outcome for the player. To understand game theory, we must 

first define some terms: 
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• Game: A game consists of the following three elements: a set of players, a 

set of actions available to each player, and a payoff function for each player 

[22]. 

• Player: Any participant in a game who has a nontrivial set of strategies and 

selects among the strategies based on the payoffs [23]. 

• Actions: A move or choice that a player can make at a point in the game 

[23]. 

• Payoff Function: The payoff functions represent each player’s preferences 

over action profiles, where an action profile is simply a list of actions, one 

for each player [22]. 

When analyzing the potential situations in a game, there are at least four 

things that you must know to evaluate the game properly [24]. 

1. Who are the players in the game? 

2. What are the available actions for the players? 

3. How important is each outcome to the players? 

4. What does each player know? 

By knowing or have an idea about the answers to these four questions a proper 

analysis of the game can be made. It is important to answer the questions as a lack 
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of knowledge, or improper assumptions can lead to the model being very different 

from reality. 

 A game is a multi-agent model of the relationships between an agent’s 

actions and incentives. When agents are self-interested the game models an 

optimization process[23], games can also have underlying probabilistic models to 

describe uncertain outcomes[23].  

Nash Equilibrium 

When evaluating the potential outcomes of the strategic game, it is can be 

assumed that each player will choose the best outcome available to them. When 

evaluating what solution, a player will choose there are two components that we 

must consider: 

• The player's action is based on a rational choice based on what they think 

the other player will do 

• The player’s belief that about what the other player will do is correct 

These two components are expressed below in definition 1. This is the basis for a 

Nash equilibrium which is where no player has the incentive to deviate if he knows 

that the other players play the prescribed strategies. A Nash equilibrium is an action 

profile with the property that no single player can obtain a higher pay off by 

deviating unilaterally from this profile [22].  
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Definition 1:  

A Nash equilibrium is an action profile a* with the property that no player i can do 

better by choosing an action different from a*i, given that every other player j 

adheres to a*j [21]. 

 Definition 1 is the idealized situation in which the players are randomly 

chosen and when the game is played the action profile is the same. This occurs 

when the Nash equilibrium corresponded to a steady state and the players have no 

reason to deviate from the action profile. An example of this is the social norms 

that exist in society. 

 In most cases, Nash equilibrium will not be able to be applied to the ideal 

state that definition 1 implies. An example would be if the players are isolated from 

each other; thus they cannot make proper assumptions about what the other player 

will do. Thus, we need to generalize our definition so that we can fully define a 

Nash equilibrium. 

Let a be an action profile, in which the action of each player i is ai. Let a’i 

be any action of player i (either equal to ai, or different from it). Then (ai, a−i) 

denotes the action profile in which every player j except i chooses her action aj as 

specified by a, whereas player i chooses ai. (The −i subscript on a stands for 

“except i”.) That is, (ai, a−i) is the action profile in which all the players other than i 
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adhere to a while i “deviates” to ai. (If ai=ai then of course (ai, a−i) = (ai, a−i) = 

a.)[21] 

Using this notation, we can restate the condition for an action profile a* to 

be a Nash equilibrium: no player i has any action ai for which she prefers (ai, a*−i) 

to a*. Equivalently, for every player i and every action ai of player i, the action 

profile a* is at least as good for player i as the action profile (ai, a*−i) [21]. 

Definition 2: 

The action profile a* in a strategic game with ordinal preferences is a Nash 

equilibrium if, for every player i and every action ai of player i, a* is at least as 

good according to player i’s preferences as the action profile (ai, a*−i) in which 

player i choose ai while every other player j chooses a*j. Equivalently, for every 

player i, 

       𝑢𝑖(𝑎∗) ≥  𝑢𝑖(𝑎𝑖, 𝑎−1
∗ ) for every action 𝑎𝑖 of player i      (2.1) 

where ui is a payoff function that represents player i’s preferences[21]. 

By generalizing our definition of a Nash equilibrium, it allows us to use it 

for optimization. Definition 2 does not say that the Nash equilibrium has a solution 

which is important to note as for when optimizing there may be one, none, or many 

Nash equilibria.  
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 When using game theory to optimize a problem, the Nash equilibrium is the 

solution to the problem. The Nash equilibrium is an equilibrium point where each 

user is unilaterally happy and does not want to deviate [25]. This means that we can 

use Nash equilibrium to optimize a problem since it allows for the minimization of 

cost to both players. The optimization for a Nash equilibrium is shown below in 

definition 3. 

Definition 3:  

𝐺 = min 𝑓𝑖 (𝑥𝑖, 𝑥−𝑖) 

            𝑆. 𝑇.  𝑥𝑖𝜖𝑢𝑖       𝑖 = 1, … , 𝑄 

where:  

– xi ∈ Rni is the action of player i 

– x−i = (aj) j≠i are the action of all the players except i  

– ui ⊆ Rni is the strategy set of player i  

– fi(xi,x−i) is the cost function of player i [25] 

 Once we have an optimization problem, we must verify that a Nash 

equilibrium exists. This is explained in the theorem below.  

Theorem: (existence theorem) Debreu-Fan-Glicksberg (1952)  

Given the game, G =<u, f>, suppose that: 

– The action space u is compact and convex; 
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– The cost-functions fi(xi, x−i) are continuous in x ∈ u and quasi-convex in xi ∈ ui, 

for any given x−i. 

Then, there exists a pure strategy Nash equilibrium [25]. 

 If the optimization problem is found to be a pure strategy Nash equilibrium 

using the theorem, then we can solve G. The solution for G is given below by 

definition 4. 

Definition 4:  

Solution of G: A (pure strategy) Nash Equilibrium (NE) is a feasible x* = (x*i )
Q

i=1 

such that 

𝑓𝑖(𝑥𝑖
∗, 𝑥−𝑖

∗ ) ≤ 𝑓𝑖(𝑦𝑖, 𝑥−𝑖
∗ ),   ∀𝑦𝑖 ∈ 𝑢𝑖 ,   ∀𝑖= 1, … , 𝑄 

A Nash Equilibrium is a strategy profile where every player is unilaterally happy 

[25]. 

 There are numerous methods for finding Nash equilibria. Most methods 

work with two players but can be generalized and expanded to include n players. 

Depending on the type of program you are solving it will determine which method 

you would use to find the Nash equilibria. Below is a list of some of the algorithms 

that can determine the Nash equilibria. 

• Lemke-Howson Algorithm (like Simplex) [26] 

• Porter-Nudelman-Shoham (support-enumeration) [26] 



 

30 

 

• MIP Nash (mixed-integer program formulation) [26] 

• Best Response (closed form) [25] 

• ODE approximation [25] 

It should be noted that this list is just a fraction of the available algorithms that can 

solve for Nash equilibria. Some of the other algorithms rely on probability and an 

understanding of factors that influence the decision making of each player. This is 

beyond the scope of this paper, but it is important to recognize the importance of 

these algorithms to solving for Nash equilibria. 

Example 

There are two suspects have been arrested for a crime and are being held in 

different cells. The police lack the evidence to convict them of the major crime but 

have enough to convict them of a lesser crime. The chief inspector makes the 

following offer to each prisoner: If you will confess to the major crime, implicating 

your partner, and they do not also confess, then you'll go free, and they will get ten 

years. If you both confess, you'll each get five years. If neither of you confesses, 

then you'll each get two years for the minor crime. 
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This situation may be modeled as a strategic game: 

Table 3: Prisons Dilemma Game Profile 

Players The two suspects. 

Actions Each player’s set of actions is {Confess, Refuse}. 

Preferences 

Suspect 1’s ordering of the action profiles, from 

best to worst, is (Confess, Refuse) (she Confess 

and suspect 2 remains refuse, so she is freed), 

(Refuse, Refuse) (she gets two years in prison), 

(Confess, Confess) (she gets five years in prison), 

(Refuse, Confess) (she gets ten years in prison). 

Suspect 2’s ordering is (Refuse, Confess), (Refuse, 

Refuse), (Confess, Confess), (Confess, Refuse). 

Utility functions 

Go Free – 4 

2 years – 3  

5 years – 2  

10 years – 0 

 

Using these preferences, the game is illustrated as a matrix as shown below in   
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Table 4. In the table the two rows correspond to the two possible actions of 

player 1, the two columns correspond to the two possible actions of player 2, and 

the numbers in each box are the players’ payoffs to the action profile to which the 

box corresponds, with player 1’s payoff listed first. 
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Table 4: Prisoner's Dilemma 

  Player II 

  Confess Refuse 

Player I 
Confess 2, 2 4, 0 

Refuse 0, 4 3, 3 

 

By evaluating the four possible pairs of actions in the Prisoner’s Dilemma, 

we see that (Confess, Confess) is the unique Nash equilibrium. It is a Nash 

equilibrium because (i) given that player 2 chooses Refuse, player 1 is better off 

choosing Confess than Refuse (looking at the right column of the table we see that 

Confess yields player 1 a payoff of 4 whereas Refuse yields her a payoff of 3), and 

(ii) given that player 1 chooses Confess, player 2 is better off choosing Confess 

than Refuse (looking at the top row of the table we see that Confess yields player 2 

a payoff of 2 whereas Refuse yields them a payoff of 0). No other action profile is a 

Nash equilibrium: 

• (Refuse, Refuse) does not satisfy (2.1) because when player 2 chooses to 

Refuse, player 1’s payoff to Confess exceeds their payoff to Refuse. 

(Further, when player 1 chooses to Refuse, player 2’s payoff to Confess 

exceeds her payoff to Refuse: player 2, as well as player 1, wants to 
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deviate. This means that this cannot be a Nash equilibrium if a player wants 

to deviate.) 

• (Confess, Refuse) does not satisfy (2.1) because when player 1 chooses to 

Confess, player 2’s payoff to Confess exceeds her payoff to Refuse. 

• (Refuse Confess) does not satisfy (2.1) because when player 2 chooses to 

Confess, player 1’s payoff to Confess exceeds her payoff to Refuse. 

The only Nash equilibrium in the Prisoner’s Dilemma is for both players to 

choose Confess. This optimizes the problem so that the outcome of the problem is 

the best possible answer for both players. Though it should be noted that it is not 

the shortest sentence possible as if both players Refused it would result in the only 

two years for both players. But in fact, it is optimal for a player to choose to 

Confess regardless of the action she expects her opponent to choose due to it being 

the Nash equilibrium.  

Pareto Optimization 

 To determine if a Nash equilibrium is a truly optimal solution it must be 

checked to see if it is Pareto optimized. Pareto optimal is when there is no other 

outcome that makes every player at least as well off and at least one player strictly 

better off. That is, a Pareto Optimal outcome cannot be improved upon without 

hurting at least one player [27]. This means that the optimal strategy has the highest 
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payoff for both players. It should be notated that not every Nash equilibrium is 

Pareto optimal. In the prisoner’s dilemma, there is a Nash equilibrium which is not 

Pareto optimal as a player’s best payoff is when they refuse and the other player 

confesses. This provides the player with the greatest payoff of four which is higher 

than either Nash equilibrium’s payoff. 

Table 5: Pareto Example Game [28] 

  Player II 

  Stag Hare 

Player I 
Stag 3, 3 0, 2 

Hare 2, 0 1, 1 

 Table 5 is an example of a game with a Pareto optimal solution. The Pareto 

optimal solution is when both players use the stag strategy. With this strategy both 

players a score of three. When this payoff is compared to the payoffs of the other 

strategies available to the players it is seen that it is the highest payoff possible for 

either player; thus, the strategy is Pareto optimal as no player can benefit from 

changing strategy, and it has the highest payoff possible for both players. 
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Chapter 3 

Research Approach and Experiment Method 

 In this research, five case studies were conducted on different systems in an 

automobile –the headlight bulb, radiator and transmission heat exchanger, ignition 

system, cooling system fan, and cylinder head. A game theoretical approach was 

developed to evaluate the interactions between a manufacturer and a consumer for 

each of the five systems studied. The models were then analyzed to determine 

which design is optimal for the consumer and manufacturer and if not what 

strategies can be used to get to an optimal design. 

Case Study Approach 

 To determine if Game Theory approach can be applied to help determine 

the amount of modularity in the design of a system in an automobile, a case study 

approach was deemed the most suitable. Since the research seeks to determine if 

the application of game theory to evaluate potential designs can provide an 

engineer with a previously unknown consumer perspective. To evaluate this a study 

that can be retrospectively applied will yield a meaningful result when compared to 

a user experiment or protocol study. 



 

37 

 

 The sub-system was chosen due to the availability of example of both an 

integrated and modular version exist in the same family of the larger system. For 

example, for the ignition system, multiple vehicles were researched to try and find 

one vehicle or engine that had both an integrated (distributor-based ignition) and a 

modular (computer-controlled coil ignition) system. This allowed the study to 

attempt to limit the number of variables that change when a new generation of a 

vehicle or engine is introduced. I also allow for a more accurate comparison as the 

two systems as they have the same intended use and output. 

 The systems were also chosen to represent a wide range of sub-systems of a 

vehicle. This is important due to the high complexity of a vehicle, as a vehicle is 

made up a large number of different system types, which have a different level of 

complexity and number of parts, that must work together for the vehicle to run. 

Some systems are prone to a higher amount of maintenance than other, while some 

of the systems are only really thought about when you initially buy the vehicle and 

some of the systems are not even considered by the consumer. This allows for the 

analyses to provide more accurate data as it truly represents the life cycle of the 

vehicle and its systems as well as hitting a wide variety of systems that have 

different weight on consumer opinion of a vehicle. 
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 By analysis the proposed systems it can be determined if a game theory 

approach can be used in automotive design to evaluate decisions. It will also 

provide in-site into different systems and the level of modularity that should be 

implemented for the current market. 

Study Systems 

Five systems are considered in the case study for analysis.  The selection of 

the systems was based on product variations that existed in the market that afforded 

a comparison between modular and integrated.  

Headlight Bulb 

High and low beam headlight bulbs are one of the most noticeable systems 

to tell if it is modular or integrated. The integrated system uses a single bulb that 

can work as both the high and low beam for the headlights. The modular system 

consists of using two separate bulbs for the high and low beam of the headlights. 

Shown below in Figure 5 are the headlight bulbs for each design of the system, on 

the left is the integrated bulb and on the right is the modular bulb. It can be seen in 

the figure that the left bulb contains two individual filaments, one for each of the 

low and high beams, where the right bulb only has one filament for either high or 

low beams but not both. Which system a vehicle will use depends on a lot of 

factors that range from how much light the system is outputting to if the look of the 
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system fits the design language of the manufacturer. Typically, a consumer has 

very little input to a manufacturer’s decision besides from an aesthetic viewpoint 

and if the vehicle has enough light output for the drive to feel safe driving at night 

and in inclement  

weather.  

This system is good for analyzing since it is a system that has regular 

maintenance as bulbs burn out and thus require the consumer to either replace the 

bulbs themselves or have a shop do it. But since it is a simpler system, it is cheaper 

and less impactful than a major repair to a vehicle. It will still provide good in site 

to effectualness of using the model to evaluate a design decision. 

  

Figure 5: Low and High Modularity Headlight Bulbs [29,30] 



 

40 

 

Radiator and Transmission Heat Exchanger 

The next system to be evaluated is the radiator and transmission cooler. 

Some vehicles contain a radiator that also houses a transmission cooler built into it. 

This done due to the ease of assembly in the factory and to save space in the 

vehicle’s engine bay. The integrated system consists of the radiator that contains 

both the engine heat exchanger and the transmission heat exchanger, as shown in 

Figure 6. The modular system has two separate heat exchangers, one is the radiator 

and the second is for the transmission. Normally the transmission heat exchanger is 

placed in front of the radiator, as shown in Figure 7, but not always as sometimes it 

to place in a remote location to prevent disturbing the airflow over the radiator. 

 

Figure 6: Integrated Radiator and Transmission Cooler [31] 
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Figure 7: Modular Radiator and Transmission Cooler [32] 

This system is good for analysis as it provides a data point for a system that 

is early in the life of the vehicle as radiators don’t have regular maintenance to 

replace or repair them. It is typically a choice that is important to the customer 

when they initially buy the vehicle but not later in the vehicles life unless the owner 

of the vehicle decides to use the vehicle for a new task, such as towing, or the 

vehicle is sold to a new owner. 

Ignition System 

 For a system with some complexity and high part count, an ignition system 

was chosen. Early ignition systems contained a distributor that would distribute the 

energy from the ignition coil to the spark plug as need. This is the integrated 
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system consists of the distributor, spark plug wires, and ignition coil shown in 

Figure 8. As seen in the figure this system has a lot of components and is mainly 

controlled by the distributor, which controls the spark time and spark curve with 

power supplied by the coil. Newer systems have started to use individual coils over 

each plug that are computer controlled. This is the modular system consists of a 

cam/crank sensor and ignition coils on each plug that is controlled by the computer 

as shown in Figure 9. As seen in the figure this system has a significantly fewer 

part as the location of the coil removes the spark plug wires, and the vehicle's 

computer maintains and controls the whole system. 

 

Figure 8: Integrated Ignition System [33] 
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Figure 9: Modular Ignition System [34] 

 The change from an integrated to the modular system was due to technical 

requirements for newer vehicles and then refined for simplicity for assembly. The 

ignition system is a good example of modern modularity in an automobile that is 

being caused by the advancement of the computer. By having the computer control 

individual system, it has allowed automobile engineers to modularize older 

mechanical based systems as seen in the ignition system. 

Cooling System Fan 

 Another sub-system of the cooling system that assists the radiator heat 

transfer between the coolant and air is the fan and shroud. The cooling system fan 

and shroud are normally located on the back of the radiator and forces air to be 

pulled across the fin of the radiator to increase the heat transferred. The modular 

system consists of the fan and shroud being sperate pieces, as seen below in Figure 
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10. The shroud may also be split into upper and lower halves. The integrated 

system will have the shroud as the body of the fan. A modular system is typically 

seen in old vehicles that required a mechanical fan that was run by the accessories 

belt on the front of an engine. The system needs to be easily taken apart for 

assembly and repairs on the engine since the fan was bolt directly to the engine. As 

electrical fans become cheaper and more available the integrated system is being 

more commonplace. Electric fans have a lot of benefits over mechanical fans from 

performance gains to packaging in the engine bay. Since the fan needs a mounting 

point, as it is no longer attached to the engine, the shroud is the next logical place to 

attach the fan to thus it led to the development of the fan body being the shroud, as 

shown below in Figure 11. 

 

Figure 10: Modular Cooling System Fan [35] 
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 Figure 11: Integrated Cooling System Fan [36] 

 This system is a good comparison to the ignition system as the ignition 

system has moved to a modular design where the fan and shroud have moved to an 

integrated system. It also provides a system that most people would never think 

about unless the fan breaks or the consumer performs their repairs. This system is 

most likely designed with little consideration to the consumer and thus is driven by 

performance and cost restrictions that the manufacturer has imposed. 

Cylinder Head 

 Most people done think about cylinder head on the engine of the vehicle 

they are about to buy. Most people just want to make sure that the engine runs 

properly. Though when something does go wrong with a cylinder head, it can be 
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expensive to repair and have a serious effect on the performance of the vehicle. 

Traditionally the cylinder head and exhaust manifold have been separate pieces 

which will be our modular system, as shown below in Figure 12. With the 

development of new technology, an integrated system has been developed shown 

below in Figure 13. The system now has the exhaust manifold integrated into the 

body of the cylinder head. This can provide performance gains in an engine 

especially if the engine has a turbo as it increases the efficiency of the heat 

transferred. Though it comes at a cost, this system could cost more to repair if 

something happens to the exhaust part of the cylinder head. It also hurt the 

automotive enthusiast as this cylinder head is cannot currently be modified like the 

modular head and thus not as attractive to someone that likes to tinker with their 

vehicle. 

 

Figure 12: Modular Cylinder Head [37] 
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Figure 13: Integrated Cylinder Head [38] 

 This system if good to analysis with the model as it a major item that is the 

most expensive system being test by a large amount. This system is developed 

under requirements to increase fuel economy and reduce emissions, but it’s not 

based on cost. Thus, it provided a good data point for seeing how the new design 

will fair against the old design when you consider the cost implications of the 

change. 

Case Study Procedure 

 For this case study, a five-step approach was followed.  The approach is 

detailed as follows: 

Step 1: Identify the three of the four factors need to develop a game theoretical 

model:  
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a. Who are the players? 

b. What are the possible outcomes for each player? 

c. How much information does each player have? 

Step 2: The final factor need for the model is to determine how important each 

outcome is to the players. This is done by developing utility functions for 

each player based on all the factor that are determined to be important. This 

case study focused on cost analysis. 

Step 3: With the utility functions defined data was collected from multiple sources 

to determine the value of the utility function for each potential outcome. 

Step 4: Perform an analysis of the game theory model. Identify if any of the game 

has an optimal design. 

Step 5: Evaluate potential strategies for any system that does not agree on the level 

modularity a system should have. 

Analysis Method 

For this case study, a simultaneous game was utilized. To develop a Game 

Theory model there are four questions that must be answered: 

1. Who are the players in the game? 

2. What are the available actions for the players? 

3. What does each player know? 
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4. How important is each outcome to the players? 

The first three questions are simple to answer. For this model, there will be 

two players: the manufacturer and the consumer. The available actions for these 

players are to choose either high modularity (a modular system) or low modularity 

(an integrated system). It is assumed that both players have full information. This 

means that both players have the same information about the moves available and 

the resulting payoffs. Thought it should be noted that the players do have 

asymmetric information. The player has some idea of what is important to the 

manufacturer but will not know exactly everything that the manufacturer considers 

but the manufacturer knows what it and the player consider. The final question is 

much harder to answer as it requires determining what factors are important to each 

player and calculating how that will influence the importance of the outcomes is for 

each player. This is accomplished through a utility function. The important factors 

considered for this analysis for the manufacturer and consumer are shown below in 

Table 6.  



 

50 

 

Table 6: Important Factors to Each Player 

Manufacturer Consumer 

Product Cost Product Cost + Markup 

Assembly Time Maintenance 

Warranty Repair Cost due to warranty work 

Rework Time  

With the factors that are important to each player defined, an equation can be 

formulated that represents these factors. These equations are known as utility 

functions and are shown below in Equation 1 for the consumer and   
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Equation 2 for the manufacturer. 

Equation 1: Consumer Utility Function 

𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑟 =  (𝐶𝑝 + 𝑀𝑢) + (𝑅𝐶𝐷 ∗ 𝑃𝐷 + 𝑅𝐶𝐼 ∗ 𝑃𝐼) + 𝐶𝑤 

In this equation, Cp is the product cost, Mu is the product mark-up, RCD is 

the repair cost at a dealership, PD is the percent of repairs that occur at a dealership, 

RCI is the repair cost at an independent shop, PI is the percent of repairs the occur 

at independent shops, and Cw is a cost of warrant work that consumer pays. 
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Equation 2: Manufacture Utility Function 

𝑀𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒 =  𝐶𝑝 + 𝑇𝑎 + 𝑃𝑊(𝑇𝑤 + 𝐶𝑝) + 𝑃𝑟 ∗ 𝑇𝑟 

In this equation, Cp is the product cost, Ta is the assembly time on the line, 

Pw is the percent chance of warrant work on a vehicle, Tw is the repair time for the 

warranty, Pr is the percent chance of rework on a vehicle, and Tr is the time of 

rework on the vehicle. 

Table 7: Example Matrix 

  Manufacturer 

  LM HM 

Consumer 
LM   

HM   

With all the information need to develop a game theoretical model 

determined the next step is to start building the model. For this study, a nominal 

game was chosen. A nominal game assumes that both players make their decision 

in the same time frame. The chosen game is also a static game as all the 

information and rules of the game will not change. A static game was chosen since 

we are not seeking to evaluate the strategy and any potential changes over a long 

period as the automotive industry is constantly changing when new models are 
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launched every 5 years or so. This type of model for this game is represented in 

matrix form as shown in Table 7. 

Data Collection 

With the model fully defined it is ready for the input data about each system. For 

this study, we focused on a cost analysis as explained with the utility functions. The 

first step in collecting data was to define which components of each system would 

be included in the analysis;   
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Table 8 below list the components for each system for both modular and 

integrated. Common parts were excluded from the analysis since they would be the 

same for both systems and thus increase the payoff for each system by the same 

amount. 
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Table 8: System Component List 

System Modular Integrated 

Headlight Bulb 2 Headlight Bulbs 1 Headlight Bulb 

Radiator 
Radiator 

Transmission Heat Exchanger 
Radiator 

Ignition 

Camshaft Position Sensor 

Crankshaft Position Sensor 

Ignition Control Module 

4 Ignition Coils 

Distributor 

Ignition Coil 

Spark Plug Wires 

Cooling Fan 

Mechanical Fan 

Fan Clutch 

Fan Shroud 

Electric Fan 

Cylinder Head 

Cylinder Head 

Exhaust Manifold 

Exhaust Manifold Gasket 

Cylinder Head 

 With the components determined the next step is to determine the cost of 

both the wholesale values of the parts and the markup of the parts. For the 

wholesale value, the closes source to a true wholesale price that the average 

consumer is from the website RockAuto [39]. This website was used as the 

wholesale price for all the components in each system since the website is that it 

works with the warehouse providers for most automotive part stores. For the 

markup of the components, the same component was priced on Amazon [40], and 

the averaged with the price from Advanced Auto Parts [41]. This provided an 

average price based on the most popular online retail and a traditional retail store. 
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The wholesale price was then subtracted from the average price to determine the 

markup cost for each component. 

 The final piece of data needs is repair time. For the repair time, AllData was 

used to determine the book time for each system to be repaired [42]. Book time is 

the amount of time a mechanic is paid for complete in a repair no matter how long 

the repair took. This program is used by many shops in the automotive repair fields 

to develop estimates for consumer and to determine the pay for their mechanics.  

Assumptions and Limitations 

 While designing the study, a general game theoretical model was developed 

to work across a wide range of different systems that exist in a vehicle; there are 

several limitations to the model. The following list contains the assumptions of the 

model and limitations faced in this study. 

 The largest limitation of this study is that the model developed is not a 

game. The approached used in this study was based on game theory, but it is not a 

true game due to the design of the utility functions. The utility functions do not 

have a factor that connects both the consumer and the manufacturer. Though the 

cost of the part influences both equations the relationship between the manufacturer 

and consumer needed to develop a game is not defined or well understood. This 

cause the dominant decoupled results which are not seen in a true game. 
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For every system in the study there need to be a modular and integrated 

version of the system already available on the market. This is since the study is 

retroactively evaluating the modularity of the system; this allows for more accurate 

results in the model as all parameters required by the utility functions are 

obtainable.  

While the model is used to evaluate a wide range of system types on a 

vehicle, it has only been verified well-known systems that lack complexity and 

have fewer parts. It is not known how the model would handle a more complex 

system, a system with a high part count, or a new system. 

The utility functions are based on cost only.  This limits the study as some 

of the system evaluate might have government regulations that force the system 

design to be a certain way. Some systems such as the ignition and cylinder head 

system are constantly changing to meet government-imposed emission and fuel 

economy ratings. It also doesn’t consider the desires of the consumer. This was 

done due because there are multiple categories of consumers and thus it can be hard 

to generalize for all consumer. For example, a luxury consumer, a regular 

consumer, and enthusiast all have characteristics that they look in a vehicle, and it 

would be extremely challenging to develop a utility function that could work of all 

types of consumers. 
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The parameters listed below in Table 9 are held constant through every 

system in the case study. This is done due to a limitation in that availability of some 

of the data. Most data released on events such as failure rate and warranty work are 

only given in terms of a whole vehicle and not the individual systems. The costs are 

also an average for the country as the price will vary from region to region and thus 

to generalize it the average for the country was used. 

Table 9: Study Parameters Held Constant 

Parameter Value 

Dealership Repair Cost [43] $100 

Independent Shop Repair Cost [43] $80 

% of repairs at Dealership [44] 25% 

% of repairs at Independent Shop [44] 75% 

Customer Cost due to Warranty $0 

Chance of warranty work on a vehicle [45] 4% 

Chance of rework on a vehicle [46] 3% 

Cost of Rework [46] $60 
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Chapter 4 

System Analysis 

This section evaluates the results of the five games: headlight bulbs, radiator, 

ignition system, cooling system fan, and cylinder head. A simultaneous game was 

developed and modeled for each system and then determine if an optimal level of 

modularity existed for the systems. For each game, both the manufacturer and the 

consumer want to minimize their cost of the systems.  

Table 10: Game 1 - Headlight Bulb 

  Manufacturer 

  LM HM 

Consumer 
LM $59.96, $4.76 $59.96, $7.63 

HM $85.38, $4.76 $85.38, $7.63 

The game for the headlight bulb has an optimal strategy when both the 

consumer and the manufacturer use low modularity. The manufacturer will pay a 

total cost of $4.76, and the consumer will pay a total cost of $59.96. This was an 

expected result due to the limited number of parts in the system, thus making it 

cheaper to manufacture for the manufacturer and cheaper to maintain for the 

consumer. 
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Table 11: Game 2 - Radiator 

  Manufacturer 

  LM HM 

Consumer 
LM $231.29, $80.99 $231.29, $118.65 

HM $317.79, $80.99 $317.79, $118.65 

The radiator game has an optimal strategy when both the consumer and the 

manufacturer use low modularity. The manufacturer will pay a total cost of $80.99, 

and the consumer will pay a total cost of $231.29. This was the expected result as it 

confirms the norm in the industry to integrate the two systems into one part. The 

high modularity of this system is typically only seen in specific cases that require it 

due to conditions the vehicle will be dealing with such as in towing or work trucks 

that are regularly pushed to their weight limits. 

Table 12: Game 3 - Ignition System 

  Manufacturer 

  LM HM 

Consumer 
LM $478.97, $217.13 $478.97, $203.55 

HM $618.03, $217.13 $618.03, $203.55 

The ignition system game has an optimal strategy when low modularity is 

used for the consumer and high modularity is used for the manufacturer. For the 
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manufacturer will pay a total cost of $203.55 and the consumer will pay a total cost 

of $478.97. This means that, in reality, both the consumer and the manufacturer 

cannot be satisfied as only one version of the system can be used on a vehicle. The 

cause of the disagreement between the manufacture and the consumer will be 

discussed in the following chapter as well as potential strategies each player can 

take. 

Table 13: Game 4 - Cooling System Fan 

  Manufacturer 

  LM HM 

Consumer 
LM $221, $122.68 $221, $66.64 

HM $235.50, $122.68 $235.50, $66.64 

The cooling system fan game has an optimal strategy when low modularity 

is used for the consumer and high modularity is used for the manufacturer. For the 

manufacturer will pay a total cost of $66.64 and the consumer will pay a total cost 

of $221.00. Thus, as with the ignition system, both the consumer and the 

manufacturer cannot be satisfied as only one version of the system can be used on a 

vehicle. The causes of the difference in system design and potential strategies will 

be evaluated in the following chapter. 
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Table 14: Game 5 - Cylinder Head 

  Manufacturer 

  LM HM 

Consumer 
LM $2281, $973.44 $2281, $1562.50 

HM $2950, $973.44 $2950, $1562.50 

The radiator game has an optimal strategy when both the consumer and the 

manufacturer use low modularity. The manufacturer will pay a total cost of 

$973.44, and the consumer will pay a total cost of $2281.00. This was an 

unexpected result as the low modularity is a newer technology that has only been 

around for the last half-decade or so [47]. Normally new technology comes with a 

higher price, but since it integrates the exhaust manifold into the cylinder head, it 

reduces the total cost of the system. 
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Chapter 5 

Recommendations and Discussion 

Discussion of Results 

 The results of the study provided some interesting unexpected results for 

some of the systems. For three systems (headlight bulb, radiator, and cylinder head) 

of the five systems studies had optimal levels of modularity that are currently seen 

in the automotive industry. This is an interesting fact as it shows that the potential 

desires of the manufacturer and the consumer are closely tied together more than 

initially thought. Thus even though some consumer complain that manufacturers 

ignore the consumer that this may not be true as what is good for the manufacturer 

can also be good for the consumer. It should be noted that for all the system that 

had an optimal strategy it was for using low modularity. 

  The results of the cylinder head system provided a good example of why 

the use of game theory based model can be of a benefit to a design engineer. The 

results of the model analysis showed that the newer integrated (low modularity) 

system would optimize the payoff for both players. This version of the system is 

relatively new, and thus it was a surprise to see it outperform the older technology 

that has been refined to be cheap as possible. By having the analysis show the 

newer technology as the cheaper option is valuable information for a design 
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engineer to have when they are deciding which system design to continue with. By 

using the model early in the design phase, it can help get approval for the 

development of the new system as like with the cylinder head as it can lead to 

savings for the manufacture and the consumer. 

For the ignition system and cooling system fan the optimal strategy was for 

low modularity for the consumer and high modularity for the manufacturer. This is 

an issue as only one of the systems can be implemented on a vehicle; thus it leads 

to evaluating the potential strategies for the manufacture and the consumer. A 

strategic move is a device a player can use to influence or manipulate a game. 

There are three types of strategic moves available: commitment, promise, and 

threat. Of the strategies, a commitment is unconditional meaning that a player can 

declare they are going to make a move and thus limiting the moves that the other 

player can make. The other two strategies, promise, and threat are conditional 

meaning that a player can declare that they are going to make a move depending on 

what the other player does. The only reasonable strategy in this situation is a 

commitment from the manufacturer. This is due a commitment is unconditional for 

the manufacturer to perform and the manufacture holds all the power in the design 

of a vehicle as a consumer only has power when buying the vehicle. This means 

that the manufacturer will commit to the technology it is already using. 
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Manufactures Commitment 

In the automotive industry, it is common for smaller manufacturers to 

commit to using older designs for a system to help reduce development cost. This 

can cause them to be competitive initially but holding on to the old design too long 

can lead to lost sales and profit. Thus, it’s important to evaluate how long they can 

commit to the design before needing to change it. This is known as the incumbent’s 

dilemma.  

The ignition system will be evaluated to see if we can determine when 

manufacture should switch systems. Since the manufacturer is committing to the 

new system design, the low modularity system will not be developed or optimized 

anymore. The low modularity system using a distributor is, therefore, a fully 

matured design. Thus, the price will not decrease anymore of the system as it will 

stay the same from this point forward. As the system is phased out from new 

vehicles and those vehicles are slowly removed from the cost of the system could 

increase due to the reduced demand but for this analysis, it is assumed that the price 

is constant. The high modularity system is the newer system, and thus it still has 

room be optimized by manufacturers. This will lead to the systems associated costs 

decreasing over time. Also, as more vehicles and manufacturers use the technology, 

the price has the potential to decrease even more. The payoff decreased was 

evaluated over a range of percent drops from 0.5% to 2%. This was done as it is not 
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possible to predict how much the price of a part will decrease thus providing a 

range within a reasonably expected drop will provide an understanding of all likely 

scenarios. 

 

Figure 14: Consumer Payoff for the Ignition System Over Time 

From Figure 14, we can see that the consumer’s desire to minimize their 

payoff results in the high modularity system becoming the more affordable option 

after about 13 years for a 2% drop and up to 26 years for a 1% drop. Since the high 

modularity system is already the more affordable system for the manufacturer to 

build after the 13 years, it would be detrimental to stay with the low modularity 

system as the high modularity will now be optimal for both parties. 
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The cooling system fan is hard to analysis as the manufacture’s 

commitment is to the older system. Thus, the low modularity system does not see 

the decrease in price as it is not being developed like the ignition system. Though 

when looking at vehicles on the market some vehicles have a low modularity fan. 

This is due to the technical requirements of the cooling system. An electric fan in 

the low modularity system can typically provide more airflow over the radiator 

than a fan attached to the motor thus increasing the cooling capacity of the system. 

This means that the manufacturer will most likely use the high modularity system 

unless a requirement forces them to change the design. 
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Chapter 6 

Conclusion 

This research evaluates design choices between high and low levels of 

modularity in the automotive industry using a game theory based model. A case 

study was performed using five systems that currently has both a high and low 

level of modularity on the market. The study evaluated how the manufacture and 

consumer perceive each system from a cost standpoint. This allows the user of the 

model to determine how the players will react to a change in the modularity level of 

a system. The case study results showed that the model could be used to evaluate 

the different levels of modularity in the design of a system on an automobile. 

Through the model, we found that three of the systems tested had an optimal level 

of modularity. The results of the model for the three systems match what is seen in 

industry. This points to a potential connection between the manufacturer and 

consumer that is not fully understood and requires more research to fully 

understand. The other two systems had an optimal point where the consumer and 

manufacturer did not agree on the level of modularity. In these cases, we evaluated 

the potential strategies available to the players based on the results of the model. 

The proposed method of using game theory based model to evaluate 

potential designs early in the design phase can aid in determining the optimal 
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solution for the life cycle of the vehicle and could potentially flag designs that will 

cause the consumer issues later in the life of the vehicle as repairs are needed. 

However, this method has its limitations and shortcomings in the current research 

that would need to be addressed in the future. The main limitation of this study was 

the availability of data for the utility function, while this most likely wouldn’t be an  

issue for a manufacturer as it has the data for the manufacturing side of the model 

and they collect consumer data all the time to help improve their vehicles so getting 

the consumer data would likely be easy for manufacturers. Another area to improve 

in the future would be to incorporate factors relate to performance and regulatory 

restrictions into the utility function. This will allow for a design to be tested against 

all the potential factors that go into deciding which system to use in the vehicle. 
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Table 15: Conclusion of Research Questions 

 

  

Research 

Question 

1 

Question 
Can Game Theory based model be used to evaluate the 

impact of modularity of an automobile system on the 

relationship between manufacture and consumer? 

Hypothesis 

The researchers hypothesize that it is possible to 

develop a game theoretical model between 

manufacture and consumer to see how the 

modularity of the system affects each player. 

Validation 

Method 

Develop a Game Theoretical model that evaluates 

the modularity of the system concerning the 

manufacture and consumer. 

Conclusion 

This study demonstrates that a game theory based 

model can be used by design engineers to evaluate 

modularity of a system and the financial impact it 

will have on both the consumer and the 

manufacturer over the life cycle of the vehicle. 
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Future Work 

This study used five different systems from a vehicle that had a varying 

level of complexity and part count. Of the systems test, the ignition system had the 

most parts at seven. While the results of the study where within expectations of 

what is seen currently in automotive design, it would be beneficial to test the model 

on systems that have an even higher part count and/or high complexity to see how 

it would affect the effect the output of the model. Something like the design of the 

chassis would be extremely beneficial to test with the model. A system like a 

chassis are major expenses to the manufacture, and thus the manufacturers are 

Research 

Question 

2 

Question Can an optimal level of modularity be determined? 

Hypothesis 

The researchers hypothesize that only some systems 

will have optimal levels of modularity as it would 

be difficult to have a complete agreement between 

manufacture and consumer on the design of an 

automobile. 

Validation 

Method 

 Analysis of the Game Theory model for each 

system to see if an optimal level of modularity 

exists. 

Conclusion 

Yes, an optimal level of modularity can be found for 

a system. Though some of the optimal points are not 

viable due to the manufacture and the consumer 

wanting different levels of modularity and only one 

level of modularity may be implemented at a single 

time. 
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always looking to find a way to make the cheaper either by design, material 

selection, or sharing parts across multiple vehicles. This would provide a good live 

case study where designers and engineers use the model in practice and evaluate if 

the model can make any significant contributions to the design.  

A major limitation in this study that could be correct in the future was the 

accessibility of data. The limited accessibility of data on certain parameters meant 

that some had to be considered constant for all five systems. Industry averages 

were used to perform the calculations as individual statistics were not available for 

each system. To better define each system, those parameters would need to be 

known as some systems are more robust to failure than others. If a study were done 

by or in cooperation with the manufacturer, then most of the data would be 

available to use in the model as manufacturers have statistics for individual systems 

due to warranty work and tracking of failures on consumers vehicles.  

An area that will always need to be redone is the utility functions, which 

describe the consumer and the manufacturer. The functions need to have factors 

that couple the functions together and thus making them a true game. This will 

require an understanding of the relationship between the manufacturer and the 

consumer and how the factors are impacted by the relationship. By coupling the 
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functions, it could allow for more analysis such as determining Nash equilibriums 

from the model.  

The utility functions also need more detail added to them to include impacts 

other than the cost associated with maintenance and manufacturing. Other factors 

that should be considered include government regulations, ease of use and 

maintenance, and effect on vehicle performance. By improving the utility function, 

it will allow for improved accuracy in the output for the player. For example, the 

ignition system results were not in agreement on which design to use. It is possible 

that the utility functions don’t include some factors that would lead to an agreement 

between the two players. 
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Appendix A 

System Data 

Table 16: Integrated Systems Data 

System Wholesale Cost Markup Repair Time Assembly Time 

Headlight Bulb 2.73 6.23 0.6 0.05 

Radiator 75.79 11 1.7 0.3 

Ignition 206.47 60 2.5 0.5 

Cooling Fan 116 20 1 0.2 

Cylinder Head 931 500 10 3 

 

Table 17: Modular System Data 

System Wholesale Cost Markup Repair Time Assembly Time 

Headlight Bulb 5.38 12 0.8 0.1 

Radiator 111.79 19 2.2 0.5 

Ignition 193.53 42 4.5 0.3 

Cooling Fan 62 46 1.5 0.3 

Cylinder Head 1500 600 10 0.3 

 

 


