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Abstract 

The development process for innovative systems is complex and challenging. This master 

thesis investigates the integration of maturity metrics in the development process for the 

Lightyear One, a solar powered car developed by the company Lightyear. A framework is 

developed presenting the complete life cycle of a system. Throughout the life cycle several 

technical reviews, milestones and gates are listed that present the critical moments for the 

development of a system. Four maturity models are integrated in this framework: Technology 

readiness, Integration readiness, Manufacturing readiness, and Programmatic readiness. For 

each milestone, life cycle phase, review moment and gate a clear picture is created what the 

desired maturity levels are at the specific moments in time. Implementation of this framework 

is essential for the scalability of organizations, standardization of the development process, 

time to market, and accurate resource management.  
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Executive summary 
The world is crowded with large, complex, interdisciplinary systems. An integrated and holistic 

approach is crucial for the development and realization of these complex systems. Lightyear 

develops one of those complex systems: The Lightyear One, a solar powered electric car. At 

the time, Lightyear’s development process was not defined to a detailed level and the maturity 

of in-development systems was not tracked. This resulted in an incomplete and hard to manage 

development process. This thesis analyzed Lightyear’s development process, and provides a 

framework that can be used to manage the development process of such complex systems. 

 

To goal of this research was to create a development framework, that integrates and enables 

maturity management throughout the life cycle of a system. The main research question is the 

following: 

 

“How do Lightyear’s system development practices relate in a generic development life cycle 

and how can Lightyear assess the maturity of in-development systems?” 

 

To conduct this research the design science methodology by Wieringa was used. Four phases 

are used in this framework: Problem investigation, Artefact design, Artefact validation, and 

Implementation. The first three phases are included in this research. Firstly, an extensive 

literature review is performed analyzing existing literature in Systems Engineering principles, 

Life cycle models, and Maturity Management models. The current state practices and future 

state needs of the development process are analyzed through semi-structured interviews and a 

document analysis. Based on the literature, current state practices and future state needs, two 

alternative frameworks are created. With the use of focus groups, the alternative frameworks 

were rated and the preferred solution design was selected. The validation of the selected 

solution is done with the use of a focus group as well. 

 

Figure 1 presents the preferred framework for Lightyear’s development process. Compared to 

the alternative framework, this framework has higher potential for standardization of work 

content, creates more structure, and allows more accurate resource and budget control. The 

design has seven gates throughout the life cycle at the following milestones or review moments: 

Program start (gate 0), System Design review (gate A), Critical Design Review (gate B), 

Production Readiness Review (gate C), Low Rate Production (gate D), Full Rate Production 
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(gate E), and Project Finish (gate F). With this framework it is clear what the desired maturity 

levels at each gate, phase and review moment are. By translating the desired maturity level 

content to a list of deliverables, work packages can be created. The work packages make it 

possible to integrate and standardize this framework in Lightyear’s structure. Once the work 

packages are implemented, performance metrics should be created and tracked. 

 

 
Figure 1: Thesis artefact 

 

The effects of the designed framework on the organization are expected to be substantial. 

Firstly, the framework provides a roadmap of the development process. All phases of the life 

cycle are presented and standardized definitions for life cycle phases are established. 

Additionally, through the integration of a stage-gate system, there is a clear overview of the 

gates and review moments that take place throughout the life cycle. For each review moment 

or gate, it is clear what maturity level should be reached on a technological, integrational, 

manufacturing and programmatic aspect. 

 

Having this high-level overview of the development process for any kind of system, allows to 

accurately plan the activities that are required for the start of production. Furthermore, after 

defining work packages and tracking the completion of activities, valuable information can be 

gained about the status of in-development systems. Key Performance Indicators (KPI’s) of the 

development process can be defined, tracked and acted upon. The goal should be to establish 

an overview of all systems that are being developed with a ‘live’ status. Lastly, the framework 

should have an effect on resource management at Lightyear. As the planning of systems should 

be more accurate, and if accurate insight is gained about the status, more precise resource 

management of people and budget is enabled.  
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It is highly recommended to pursue the use of this framework, and focus on the further 

development and establishment of standardized work packages. The use of this framework is 

expected to be extremely important for the scalability of the organization as it provides a clear 

path to develop systems, how to keep track of progress and how to maintain control throughout 

the process.   

 

This research contributes to the theory in several ways. Two specific research gaps were 

identified, based on existing literature: the identification of best practices within Systems 

Engineering, and the development of metrics systems within Systems Engineering. This 

research identifies best practices in the life cycle models and review moments that can be used 

for the development of systems. Furthermore, the framework enables the use of maturity levels 

as a metric for the development of systems. However, limitations to this research apply as well. 

The timing of the research did not allow a thorough validation of the development, production, 

utilization, support and disposal phases of the framework. At the time of conducting the 

research Lightyear was positioned in the concept phase, focusing the validation efforts mainly 

on the concept phase. Furthermore, the framework has only been validated at the company 

Lightyear. The framework should be validated in different types of organizations and industries 

as well, to increase the certainty of the general applicability of the framework.   
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1. Introduction 
The world is crowded with large, complex, interdisciplinary systems. An integrated and holistic 

approach is crucial for the development and realization of these complex systems: Systems 

Engineering. Systems Engineering aims to tackle the complexity of multidisciplinary 

development processes, and the exploitation of this principle has an increasing relevance due 

to increasing complexity and scale of everyday systems. (Ramos, Ferreira, & Barceló, 2012) 

 

Currently, Lightyear is developing such a complex system: The Lightyear One, a solar powered 

electric car. This master thesis will analyze the development process of this car, and explore 

potential practices to improve this development process. Firstly, this chapter will introduce the 

company Lightyear, followed by a problem description, the scope of the thesis, the 

stakeholders, and the research methodology. 

 

1.1.  Lightyear 

Lightyear is on a mission: Clean and affordable mobility for everyone. Founded in 2016, 

Lightyear started their mission by developing an electric car with integrated solar cells. 

Integrating solar cells tackles various challenges current electric cars are facing: increased 

range to make long trips more convenient, making sure renewable energy is used to power the 

car, and reducing the costs of ownership. Directly consuming energy on the place of generation 

(the solar panel on the roof of a car) can save many losses in conversion and transmission from 

the grid to an electric vehicle, resulting in next level efficiency. In order to integrate solar panels 

effectively in an electric car, Lightyear is building and developing a revolutionary car: The 

Lightyear One. (Lightyear, 2019) 

 

Over the course of two and a half years, Lightyear has grown to 140 employees. Most of those 

employees work in the Research & Development (R&D) department designing, developing 

and building the actual car. The critical success factors of the Lightyear One are a long range, 

lightweight car and the use of renewable energy. One common goal is central in the 

development of the car: Build the most energy-efficient electric car. 

 

1.2.  Problem description 

The R&D department is responsible for the development of the Lightyear One. As an electric 

car consists of thousands of components, this is a complex process. Therefore, Lightyear 
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structured this department by dividing it into six sub-departments: Exterior, Interior, Charge & 

Powertrain, Vehicle Dynamics, Information & Control, and Thermal Management System. 

Each of these so called ‘Systems’ have their own system architect who is responsible for a 

dedicated system. Each system includes several modules which are owned by module owners. 

A module consists of several components which then consist of parts, concluding the vehicle 

structure (Figure 2).  

 

 

Currently, Lightyear is in the phase of building a functional prototype of the Lightyear One. 

Various causes make it challenging to create an organized and controllable development 

process. Firstly, the exponential growth of the organization and specifically the R&D 

department. Over the past year Lightyear has grown from about 30 to 140 employees, with the 

majority of employees functional in the R&D department. Many new people in combination 

with a new organization, brings many challenges in creating structure. The foundation of the 

organization in terms of structure and processes is currently being build.  

 

The development process is solely defined on a high level and is lacking both detail and 

structure. This causes an unstructured way of developing modules, components or parts within 

Lightyear. Besides the large number of parts, different development processes are necessary 

for the development of hardware or software components. The process of developing a 

hardware component (Mechanical and Electrical components) is generally a more gradual and 

stable process. Software development is a much more iterative process with many small-scale 

tests and adjustments. 

 

Figure 2: Vehicle structure Lightyear 
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Although System Managers do a good job in creating some sort of structure to maintain control 

over their area of expertise, each manager uses its own methods and processes for their 

development. Different formats are used for equal tasks, different process steps are performed 

for equal processes and many different terminologies are used. This results in a development 

process that is hard to manage, and an accurate overview of the actual status (the maturity level 

of a module or component) is unknown. The steps that are required to create a new product and 

the steps required to go thought the life cycle of an in-developed car are not specified and 

standardized in a singular process. Also, no insight is available about the maturity level 

(completeness) of in-development components. To manage the development of the car it is 

firstly essential to have a ‘roadmap’, or an overview of the stages to go through the life cycle 

of a product (= the process). Secondly it is essential to know where you currently are on the 

‘roadmap’, or in this case the maturity level. Having an overview of the steps to take, and the 

current position allows accurate resource management, planning and substantial decision 

making.  

 

As described above, Lightyear faces challenges in its current way of working. This leads to the 

following problem statement: 

 

“Lightyear’s current product development process is not defined to a detailed level and the 

maturity of in-development components is not tracked resulting in an incomplete and hard-to-

manage process.” 

 

1.3.  Scope 

This thesis focused on the development process within each of the ‘systems’ at Lightyear 

(Exterior, Interior, Charge & Powertrain, Vehicle Dynamics, Information & Control and 

Thermal Management). Within each of those systems Hardware and Software components are 

developed. Although these development processes may largely overlap, it is essential to include 

each of the systems in this design project as they are all inter-related. Looking at the traditional 

stage-gate product development process, consisting of Discovery, Scoping, Build Business 

Case, Development, Testing & validation and Launch, this thesis will focus on the 

Development and Testing & Validation phase as this was the current position of the 

development of the Lightyear One (see figure 3). (Cooper R. G., 2008) 
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The development process can be described as “The process of defined steps and tasks 

performed for physical parts or software that are required to go from an idea to a commercially 

viable product” (Businessdictionary, 2019). In this case the development process starts after a 

business case is generated and the idea goes to the development phase. It ends when a system 

is ready to be sold (Launch).  

 

1.4.  Research Gap 

Systems Engineering (SE) is a widely used principle to manage complex, interdisciplinary 

systems through its (development) life cycle  (Walden D. , Roedler, Forsberg, Hamelin, & 

Shortell, 2015). Since the early 90s the principle Systems Engineering is actively used and 

much literature is available about the concept. In the last couple of years, a new approach is 

emerging to manage complex interdisciplinary systems through its development life cycle: 

Model-Based Systems Engineering (MBSE) (Rhodes, 2008). Ramos et al., 2012 define MBSE 

as “a formalized application of modeling principles, methods, languages and tools to the entire 

life cycle of large, complex, interdisciplinary, sociotechnical systems.”. The aim of this model-

based approach is to facilitate the Systems Engineering activities through the development of 

a generic model as the main artefact. With MBSE being a relatively new concept, there are 

many research opportunities available in the advancement of the Systems Engineering to 

MBSE literature. Specific gaps in literature that require more research are the identification of 

best practices for a MBSE approach, and the development of metrics models specifically for 

MBSE (Ramos, Ferreira, & Barceló, 2012). This thesis focusses on identifying best practices 

Figure 3: Stage Gate Cooper (2001) 
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for the development process of a system and its components, with a focus on the automotive 

industry. Secondly, the evolvement of a system’s maturity is researched with the goal to create 

a metrics system for the development of systems. 

 

1.5.  Research Question 

This research is driven by a business problem faced by Lightyear. Based on the problem 

statement described in chapter 1.2, and the research gaps defined in chapter 1.4, the following 

research question is formulated: 

“How do Lightyear’s system development practices relate in a generic development life cycle 

and how can Lightyear assess the maturity of in-development systems?” 

 

This research question is divided into multiple sub questions following the design cycle stages. 

These can be seen in table 1.  
Table 1: Sub-questions 

Design Cycle Step Research Question 

Problem Investigation 1. Which generic (development) life cycle models exist in theory? 

2. Which generic maturity models exist in theory? 

3. What development practices are currently used for the 

development of systems at Lightyear? 

4. What are the development process needs within the 

organization? 

Artefact Design 5. How to improve the development process? 

Artefact Validation 6. How can the developed framework be integrated in the 

Lightyear structure?  

 

1.6.  Stakeholders 
This thesis covers a large spectrum of the R&D department. Therefore, the stakeholders for 

this master thesis are identified. Firstly, the Project Management Office (PMO) is one of the 

most important stakeholders. This team is responsible for the planning and budget of the 

development process within Lightyear and coordinates multiple systems for an efficient 

integration. Furthermore, each of the six systems and its architects (system managers) are 

involved in this thesis. These systems actually develop the parts and include the designers, 

mechanical engineers, electrical engineers and software engineers. These teams are the main 
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source of information and are the end users of the to-be-designed development framework. The 

goal of the stakeholders is gain insight in the high-level development process for the 

development of a system, and to gain insight in the maturity level of in-development systems 

to accurately manage and communicate between roles, departments and management. Also, 

the TU/e is an important stakeholder as this thesis is written for the Industrial Engineering and 

Information Systems department.  

 

1.7.  Research methodology 

In the Research methodology the design cycle of this thesis is described. Firstly, the research 

goal is defined followed by the research method. 

 

1.7.1. Research goal 

The aim of this research is to create a framework that integrates maturity model(s) and a life 

cycle model in a single framework, such that Lightyear can gain insight on the desired maturity 

levels at certain moments in the life cycle. Such insight makes it possible to monitor and assess 

the maturity of in-development systems. Furthermore, the current development practices at 

Lightyear are analyzed after which these practices are related and compared to the theoretical 

principles. Current practices are integrated in the framework such that a Lightyear specific 

framework is created. This results in a framework in which Lightyear’s current practices are 

integrated in a framework including maturity and life cycle models. With such a framework, 

insight in the maturity and life cycle phase of in-development systems can be gained. Having 

a clear overview of the status or maturity levels of in-development systems enables 

fundamental decision making essential for the management of the development process. Table 

2 explains the design problem. 

 
Table 2: Design Problem 

Design Problem 

Stakeholder Goals - Gain insight in the current development practices to develop a 

system through its life cycle 

- Gain insight in the maturity of in-development systems 

Problem Context - An unstructured development process in which the status of in-

development systems is unclear 

Artefact - Generic Life Cycle model 
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- Generic Maturity model 

Artefact Requirement - Maturity monitoring 

- Lightyear Life Cycle model 

 

Design problem 1: 

“Structure the development process by determining the current development practices for the 

development of a system and relate those to a generic life cycle model such that a specific 

Lightyear Life Cycle framework is created.” 

 

Design Problem 2: 

“Gain insight in the status of in-development systems by relating the development practices to 

a generic maturity model to enable maturity monitoring.” 

 

1.7.2. Research method 

This research is driven by the needs of Lightyear that is facing a business problem. Two cycles 

can be used to approach this business problem: The Regulative cycle and the Design cycle. The 

regulative cycle (figure 4) is generally more used to solve business problems without producing 

scientific knowledge (van Strien, 1997). On the other hand, the Design cycle (figure 5) does 

generate scientific knowledge. Although the Regulative and Design cycle have similar stages, 

the design cycle has a larger focus on deriving artefacts from the literature, applying these 

artefacts in practice followed by a validation of the artefacts (Wieringa R. , 2009). As there are 

theoretical gaps in the existing literature, and theoretical models cannot be simply implemented 

to answer the research question, this thesis is constructed based on the Design Cycle.  

 

Figure 4: Regulative Cycle Figure 5: Design Cycle 
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The first step of the Design Cycle is the problem investigation. In the problem investigation 

the current situation is analyzed and a systematic literature review is performed. Secondly, 

artefacts are designed by specifying requirement and design parameters. This is followed by 

the design validation in which the artefacts will be tested in the context. Based on the validation 

either the cycle restarts with a new problem investigation or the artefacts will be implemented. 

Each step in the Design Cycle is explained in more detail below. (Wieringa R. , 2009) 

 

Problem investigation 

Firstly, a structured literature review is performed to analyze the theoretical background that is 

relevant for this specific context and thesis. This will answer the first and second research 

question: which generic life cycle models exist in theory? And which generic maturity models 

exist in theory? In parallel, the context of the problem is identified and the current development 

process is analyzed. To analyze the practices of the development process, semi-structured 

interviews are conducted among a selected group of stakeholders, as well as a document 

analysis (Zhang & Wildemuth, 2009). This answers the third and fourth research question: 

What are the current development practices used for the development of a system? And what 

are the development process needs within the organization?  

 

Artefact design 

In the artefact design the actual framework is created that is used to improve the current state. 

As described in the problem statement, the main goal was to analyze the development practices 

and to relate them in a generic life cycle framework to create a lightyear specific development 

framework. This is done by designing multiple concept solutions (frameworks) and to rank 

each of the solutions to a predefined set of parameters with the use of a focus group. Based on 

the ranking the preferred framework is selected. This will answer the fourth research question: 

How to improve the development process? 

 

Artefact Validation and Implementation 

In the artefacts validation the designed framework is validated. The selected framework is 

discussed in a focus group with the most important stakeholders that will work with the 

framework. Throughout this process, the framework will be continuously improved. This will 

be an iterative process in which many small adjustment cycles may occur. After de validation 

an implementation plan is created. This will answer the final research question: How can the 

developed framework be integrated in the Lightyear structure? 
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2. Problem Investigation – Literature Review 
In this chapter the first part of the problem investigation of the design cycle of Wieringa (2009) 

is presented. The goal of this chapter is to provide the theoretical background that is relevant 

for this research. The literature review will answer research questions one and two: Which 

generic (development) life cycle models exist in theory? And which generic maturity models 

exist in theory?  

 

2.1.  Literature review approach 

The literature review is conducted to gain a strong theoretical background for the developed 

framework. A wide range of literature is available for new product development and product 

development processes. As the focus of this thesis is on the development process of the 

Lightyear One, a complex system, literature was specifically analyzed for the development of 

such complex systems. Systems Engineering is a fundamental practice for the development of 

such systems. Using Systems Engineering as a starting point, it was found that Life Cycles, 

technical processes and technical reviews play a fundamental role in the Systems Engineering 

practice. Lastly, as there was the specific need for maturity management, literature was 

analyzed related to the evolvement of a system’s maturity. 

 

2.2.  Systems Engineering 

The world can be seen as a gathering of large, interdisciplinary, complex systems that consist 

of personnel, hardware, software, information, processes and facilities (Ramos, Ferreira, & 

Barceló, 2012). Systems are defined as a “combination of interacting elements organized to 

achieve one or more stated purposed” (ISO/IEC/IEEE 15288, 2015). The number and 

complexity of systems is growing quickly over time. To develop such complex systems an 

integrated holistic approach is essential. Systems Engineering (SE) is an approach to manage 

such complex, interdisciplinary systems during their life cycle. The International Council on 

Systems Engineering (INCOSE) defines Systems Engineering as “an interdisciplinary 

approach to enable the realization of successful systems. It focuses on defining customer needs 

and required functionalities early in the development cycle, documenting requirements, and 

then proceeding with design synthesis and system validation while considering the complete 

problem” (INCOSE, 2004). According to Rouse (2003), Systems Engineering is not another 

discipline such as electrical, mechanical or software engineering, but an integrative discipline 

that combines and crosses the boundaries of those and other disciplines. Thus, Systems 
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Engineering is a discipline focused on the exploration, understanding, and design of how 

everything fits together, while focusing on customer needs and the business mission. 

 

Systems Engineering emerged to be used to manage complexity and change effectively. With 

increasing complexity and more frequent changes within systems, Systems Engineering is 

becoming more and more important (Walden D. D., Roedler, Forsberg, Hamelin, & Shortell, 

2015). Early decisions have large consequences if they are made with insufficient information 

and analysis (DAU, 1993). Systems Engineering extends the efforts made in early phases 

minimizing these risks. In addition, extensive studies by various researchers show that 

organizations with high Systems Engineering capabilities have significantly higher program 

performance (Elm & Goldenson, 2012).  

 

In the last couple of years, Systems Engineering is evolving and a new approach is emerging 

to manage complex interdisciplinary systems through its development life cycle: Model-Based 

Systems Engineering (MBSE) (Rhodes, 2008). Ramos et al., 2012 define MBSE as “a 

formalized application of modeling principles, methods, languages and tools to the entire life 

cycle of large, complex, interdisciplinary, sociotechnical systems.”. The aim of this model-

based approach is to facilitate the Systems Engineering activities through the development of 

a generic model as the main artefact. Although the main Systems Engineering principles remain 

the same, MBSE focusses on developing standards, the use of applications and creating a 

universal language. Within Systems Engineering the life cycle of a system is central. 

 

2.3.  Life Cycle Models 

A variety of life cycle models are commonly used in different types of industries. Figure 6 

provides an overview of frequently used life cycle models in more general industries, as well 

as the automotive industry. Firstly, the models from the International Standardization 

Organization (ISO) and the Department of Defense (DoD) are presented. These models are the 

more generalized models used in Systems Engineering in a large variety of industries. 

Secondly, the models from Clark et al. (1987) and Weber (2009) are presented. These life cycle 

models are specifically used in the automotive industry. Each alternative is aligned with the 

typical decision gates that are frequently used in life cycles, as stated by Walden et al., (2015). 

Each alternative is briefly explained below.  
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Figure 6: Comparison of Life Cycle models 

The ISO/IEC/IEEE 24748 life cycle is the most generic and commonly used model in a wide 

spectrum of industries (Walden D. D., Roedler, Forsberg, Hamelin, & Shortell, 2015). By 

identifying the customer needs and technological opportunities preliminary in the concept 

stage, a clear mission and business requirements are identified after which an initiative is 

started. The goal of the concept stage is to make a concept selection based on alternative 

solutions. In-depth studies are performed such that a substantiated justification can be provided 

for the selected system concept. In the development stage customer needs and the mission is 

refined to system requirements and a system architecture. Hardware and software elements of 

the system are designed, fabricated and coded. Design for manufacturing and the development 

of the production process is covered in the production stage, after which a system is taken into 

production and operation of the system in its intended environment starts. During operation 

systems are continuously supported and improved before it is removed from operation in the 

retirement stage. The life cycle model used by the Department of Defense (DoD) is similar to 

the life cycle use by the ISO, but slightly more detailed and mission-focused (Parker, 2011). In 

this model stages are more bound to the decision gates, resulting in some differences in the 

timing of stages. Stages are slightly more detailed making it a more complex model.  

 

The models proposed by Weber (2009) and Clark et al. (1987) are life cycles that are 

specifically developed for the automotive industry. This process, also known as time-to-market 

process, is one of the three core automotive processes (next to the time-to-customer and time-
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for-service processes) (Weber, 2009). Every OEM in the industry has developed its own 

detailed life cycle model for the development of their products. Although every life cycle 

model is different (and often strictly confidential), there are common patterns. Firstly, the 

customer needs, opportunities and technological capabilities are explored within the 

organization in the initial phase or early in the concept phase. Secondly, potential solutions are 

explored and a concept solution is selected. This is followed by the series development in which 

the product is engineered sequentially to the development of the production process before a 

product is taken into operations (Clark, Chew, & Fujimoto, 1987). 

 

2.3.1. Life Cycle approaches 

For the execution of the life cycle phases various approaches can be used. These different 

approaches define the start, stop and process activities in each life cycle phase. Commonly 

used approaches are the Waterfall Model (Royce, 1987), V-Model (Forsberg & Mooz, 1991) 

and Spiral Model (Boehm, 1988). Although the processes in the models seem to be linear, in 

reality they have an iterative and recursive nature. Iteration is defined as ‘the repeated 

application of and interaction between two or more processes at a given level in the system 

structure’, where recursion is defined as ‘the repeated application of and interaction of 

processes at successive levels in the system structure’ (INCOSE, 2004).  

 

The waterfall model is a sequential development model in which each process step is executed 

and frozen in sequence, without any parallel processes (Balaji & Murugaiyan, 2012). Although 

this creates a very predictable, stable and repeatable process, it is not ideal for the development 

of complex systems in which stakeholder needs and technological capabilities are constantly 

changing. The V-Model is a modified version of the waterfall method. Rather than a linear 

cascading process design, the V-model moves back upwards. In this model the development, 

validation and verification processes work in parallel. This allows the requirements and design 

to change in an iterative manner over time (Forsberg & Mooz, 1991). The Spiral model is the 

most flexible approach in which the development cycle is constantly repeated in short cycles: 

stakeholder requirements are determined, a prototype is build, testing, and customer validation 

after which a new development plan is developed and the cycle is repeated until the 

stakeholders are satisfied (Boehm, 1988). Although this creates a lot of flexibility, the Spiral 

model is mostly used for software or smaller and less complex projects as repeating this cycle 

for complex systems is rather expensive and time consuming.  
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2.4.  Technical Processes and Reviews 

Throughout the life cycle stages technical processes are used to coordinate the interactions 

between the different domains and stakeholders. Technical processes are defined as ‘processes 

to define the requirements for a system, to transform the requirements into an effective product, 

to permit consistent reproduction of the product, to use the product to provide the required 

services, to sustain the provision of those services and to dispose the product when it is retired 

from service’ (ISO/IEC/IEEE 15288, 2015). The technical processes minimize project risks by 

firstly identifying the stakeholder needs, translating those to system requirements and creating 

solutions according to those desired capabilities (INCOSE, 2004). Each of the technical 

processes are shortly described in Table 3. 

 
Table 3: Technical Processes as defined by INCOSE (2004) 

Technical Process Description 

Business or mission 

analysis process 

Requirement definition begins with establishing the vision of the 

organization, the concept of operations (ConOps), and other 

strategic goals and objectives. 

Stakeholder needs and 

requirements definition 

Process 

Stakeholder needs are identified and transformed to a formal set 

of stakeholder requirements.  

System requirements 

definition Process 

Stakeholder requirements are transformed into system 

requirements. 

Architecture definition 

Process 

Alternative system architectures are defined and one architecture 

is selected. 

Design definition 

Process 

System elements are defined to enable implementation consistent 

with the system architecture. 

System analysis 

Process 

Mathematical analysis, modeling and simulations are used to 

support technical processes. 

Implementation Process System elements are realized to satisfy system requirements, 

architecture and design. 

Integration Process System elements are combined into a realized system. 

Verification Process System and system elements provide evidence of requirement 

compliance. 

Transition Process The system is moved into operations. 
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Validation Process System and system elements provide evidence of requirement 

compliance in intended operational environment. 

Operation Process The system is used in its intended environment. 

Maintenance Process Sustainment of the system during operation. 

Disposal Process The system is deactivated, removed and disassembled. 

 

Where the technical processes determine which activities are required to develop a system, 

technical reviews assess the quality of these processes and activities. The DoD established a 

list of technical reviews which are largely adopted in a wide variety of industries (DoD, 2001). 

These technical reviews frequently function as a gate or decision moment during the life cycle 

of a system. In each review moment the design is compared to pre-established criteria to 

determine if the right level of maturity is achieved. This is essential to ensure that a system will 

meet the requirements and the requirements are correctly understood (Walden D. D., Roedler, 

Forsberg, Hamelin, & Shortell, 2015). A total of 11 different technical reviews are formulated 

by the DoD, which are shortly described in Table 4.  

 
Table 4: Technical reviews as defined by DoD (2001) 

Technical Reviews Description 

Initial Technical Review (ITR) Ensure that the technical baseline of a system is within the 

limits of the costs, timing, initial requirements and if risks 

are analyzed accordingly.  

Alternative System Review 

(ASR) 

Assessment of alternative solutions and the selection of 

the most viable solution. 

System Requirements Review 

(SRR) 

Assessment of the system requirements, its traceability to 

the stakeholder needs and its allocation to the sub systems. 

System Functional Review 

(SFR) 

Assessment of the functional baseline, the allocation of 

functionalities to sub systems and the functional risks of a 

system. 

Preliminary Design Review 

(PDR) 

Assessment of the system breakdown, its performance 

metrics and the development plan in terms of costs, risks, 

and schedule.   
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Critical Design Review (CDR) Assessment of initial product baseline, the producibility of 

sub systems, the initial test and evaluation plan and risk 

analysis. 

Test Readiness Review (TRR) Assessment of advanced test plan, the test objectives, 

methods and procedures. 

System Verification Review 

(SVR) 

Assessment if system satisfied its intended functions and 

if it can proceed to initial production of the system. 

Production Readiness Review 

(PRR) 

Assessment if production system and suppliers / 

contractors are ready for manufacturing, and if system 

requirements are met in latest configuration. 

Physical Configuration Audit 

(PCA) 

Assessment if the produced system meets its design as 

specified.  

In-Service Review (ISR) Assessment if system is operational and fulfills its 

intended stakeholder requirements, and if its risks are 

well-understood. 

 

2.5.  Maturity Models 

Where the life cycle models present a roadmap for a system to go through, maturity models are 

used as a metric to pinpoint where on the roadmap an in-development system is. Various 

maturity models are used in practice to measure the maturity of a system in a specific area. 

Most commonly used is the technology readiness level (TRL) originating from NASA 

(Mankins, 1995). NASA defined 9 levels of readiness in order to compare the maturity of 

different types of technology, specifically for the aerospace industry. The TRL scale provides 

a snapshot of the maturity of a technology at a given point in time. The Department of 

Homeland Security (DHS) adapted TRL definitions such that it is easier applied to different 

industries, which is presented in Table 5 (DHS S&T, 2009).  

 
Table 5: TRL as defined by DHS (2009) 

Level Description 

TRL 1 Basic principles observed and reported. 

TRL 2 Technology concept and/or application formulated. 

TRL 3 Analytical and experimental critical function and/or characteristic proof-of-

concept. 
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TRL 4 Component and/or breadboard validation in laboratory environment. 

TRL 5 Component and/or breadboard validation in relevant environment. 

TRL 6 System/subsystem model or prototype demonstration in a relevant environment. 

TRL 7 System prototype demonstration in an operational environment. 

TRL 8 Actual system completed and qualified through test and demonstration. 

TRL 9 Actual system proven through successful mission operations. 

 

Although the TRL scale is effective to compare the maturity of different technologies, there 

are shortcomings to this scale. According to Smith (2005), the DoD (2011) and Olechowski et 

al. (2015), these shortcomings are the readiness of the system in its context (the integration of 

a system), the assessment of program specific risks, and the assessment of manufacturing risks. 

To have an accurate understanding of technology or product readiness, simply assessing TRL 

does not provide a complete picture and significantly more efforts are required. Three 

additional readiness models can provide a complete picture of system readiness: Integration 

readiness, Manufacturing readiness, and Programmatic readiness. The readiness levels in each 

model represent a non-linear ordinal scale that simply represents what the maturity should be 

at a given time in the life cycle (DoD, 2011).  

 

2.4.1 Integration Readiness 

Where Technology readiness focuses solely on the technological development of the system 

itself, Integration readiness focusses specifically on the integration, interoperability, and 

sustainment of a system in its environment and with its interfacing technologies or systems 

(Sauser, Forbes, Long, & McGrory, 2009). Fundamentally any in-development system consists 

of technology components and their linkages. In order to minimize integration risks Sauser et 

al. (2010) developed the Integration Readiness Level (IRL) scale, as presented in Table 6. 

 
Table 6: IRL as defined by Sauser et al. (2010) 

Level Description 

IRL 1 An Interface between technologies has been identified with sufficient detail to 

allow characterization of the relationship. 

IRL 2 There is some level of specificity to characterize the Interaction (i.e. ability to 

influence) between technologies through their interface. 
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IRL 3 There is Compatibility (i.e. common language) between technologies to orderly 

and efficiently integrate and interact. 

IRL 4 There is sufficient detail in the Quality and Assurance of the integration between 

technologies. 

IRL 5 There is sufficient Control between technologies necessary to establish, manage, 

and terminate the integration. 

IRL 6 The integrating technologies can Accept, Translate, and Structure Information for 

its intended application. 

IRL 7 The integration of technologies has been Verified and Validated and an 

acquisition/insertion decision can be made. 

IRL 8 Actual integration completed and Mission Qualified through test and 

demonstration, in the system environment. 

IRL 9 Integration is Mission Proven through successful mission operations. 

 

2.4.2 Manufacturing Readiness 

Since the 1990s the manufacturing-related impact on costs, schedule and performance have 

increased (DoD, 2011). Early manufacturing readiness models are focused on single or low 

quantity numbers as it originates from the aerospace industry (Peters, 2015).  Therefore, the 

DoD and Peters (2015) developed a manufacturing readiness scale to address the 

manufacturing risks over the entire life cycle for larger scale systems. Early on in the life cycle 

phases this scale focusses on testing manufacturing feasibility. Later in the life cycle there is a 

focus on the development of an affordable and executable manufacturing process. In order to 

assess manufacturing readiness, the use of manufacturing readiness levels (MRL) is the 

industry’s best practice. Table 7 provides an overview of the MRL scale. 

 
Table 7: MRL as defined by DoD (2011) 

Level Description 

MRL 1 Basic Manufacturing Implications Identified 

MRL 2 Manufacturing Concepts Identified 

MRL 3 Manufacturing Proof of Concept Developed 

MRL 4 Capability to produce the technology in a laboratory environment 

MRL 5 Capability to produce prototype components in a production relevant 

environment 
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MRL 6 Capability to produce a prototype system or subsystem in a production relevant 

environment 

MRL 7 Capability to produce systems, subsystems, or components in a production 

representative environment 

MRL 8 Pilot line capability demonstrated; Ready to begin Low Rate Initial Production 

MRL 9 Low rate production demonstrated; Capability in place to begin Full Rate 

Production 

MRL 10 Full Rate Production demonstrated and lean production practices in place 

 

2.4.3 Programmatic Readiness 

Addressing program management concerns and the documentation of programmatic 

milestones is essential for the development of technological products (Nolte, 2003). HSI 

developed the Programmatic Readiness Level (PRL) scale to minimize program management 

risks and to ensure documentation and planning (HSI, 2009). Table 9 provides an overview of 

the PRL scale.  

 
Table 8: PRL as defined by HSI (2009) 

Level Description 

PRL 1 Identification of basic scientific concepts and Performers. 

PRL 2 Establishment of program with identified customer and technology. 

PRL 3 Program risk, requirements, and performance characteristics and measures are 

determined. 

PRL 4 Integrated Product Teams and working groups for developing and transitioning 

technology are established. 

PRL 5 Systems Engineering and architecture and end user involvement are established. 

PRL 6 Formal requirement documents, final Test and Evaluation Master Plan, and 

Systems Engineering Plan are complete. 

PRL 7 Finalized Verification, Validation and Accreditation of system. 

PRL 8 Training and Test and Evaluation Documentation are complete. 

PRL 9 Safety and Training is complete. 
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2.6.  Theoretical Framework 

A theoretical framework is created by aligning all different models found in the literature. 

Looking at each of the theoretical models on a timeline, the interfaces between each of the 

models are identified. By thoroughly studying each of the papers that facilitate the models, the 

interfaces are determined. For the sake of simplicity of the theoretical framework, the ISO life 

cycle has been used. It is of importance that the ISO life cycle model could be replaced with 

any of the other life cycle models that have been identified, and that this does not represent any 

decisions made of the developed framework. Table 9 represent an interface matrix displaying 

in which life cycle phase which review moments take place. The same analyses are performed 

for the technical processes (Table 10) and each of the maturity models (appendix A).  
Table 9: Interfaces Life Cycle phases and review moments 

 
Table 10: Interfaces Life Cycle phases and technical processes 
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The same interfaces are created to relate the review moments to both the technical processes 

(Table 11) and the maturity models (appendix A). Appendix A provides a complete overview 

of the interface matrixes.  

 
Table 11: Interfaces Technical reviews and technical processes 

 
After the identification of each of the interfaces between the models, each of the phases, 

reviews, technical processes, and maturity models are mapped in a single overview. In this 

theoretical framework the evolution of a system through its life cycle is presented. This 

includes when and which review moments should theoretically take place, where the technical 

processes take place, and which maturity levels should be reached at which point in time. 

Figure 7 present the theoretical framework. 

 

2.7.  Conclusion 

In short, a Systems Engineering approach is essential for the development of complex systems. 

Within Systems Engineering a life cycle model is central and leading. Four theoretical life 

cycle frameworks have been identified that are commonly used in the automotive industry and 

more general industries. This answers the first research question: Which generic life cycles 

models exist in theory? To answer the second research question: which generic maturity 

models exist in theory, four different maturity models have been derived from literature. A 

wide range of literature suggests four models are required to present a complete picture of a 

systems’ maturity. The TRL model for the technological aspects, IRL for the integrational 

aspect, MRL for the manufacturability aspect, and PRL for the programmatic aspect. 
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Figure 7: Theoretical Framework 
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3. Problem Investigation – Current State 
In this chapter the second part of the problem investigation of the design cycle of Wieringa 

(2009) is presented. The goal of this chapter is to obtain an overview of the development 

practices that are currently used for the development of systems at Lightyear. Firstly, the 

context of the problem investigation is explained. Secondly, the methods used to analyze the 

current situation are described, followed by the results and a conclusion. This chapter will 

answer the third and fourth research question: What are the current development practices 

used for the development of a system at Lightyear? And what are the development process 

needs within the organization? 

 

3.1.  Context of the problem investigation 
As described in the introduction, Lightyear is a new company that is growing rapidly in size 

and employees. At the moment of the problem investigation Lightyear was working on the 

development of the first prototype, and thus located early in the development process. The 

majority of employees worked in the engineering department, which is organized in a logical 

manner: six multidisciplinary teams organized by their physical relations between the car’s 

components. Each of the six teams are led by ‘system architects’ who are responsible for the 

technological development of their specific system. The budgets and planning were managed 

by project managers within each of the teams.  

 

As Lightyear is a relatively new organization, few processes are established and standardized. 

With the number of employees growing rapidly to nearly 150 employees, the need for 

established and standardized processes increased. This causes the organization to heavily rely 

on the individual experience of the system architects as there are few or no processes 

established that ensure the quality.  

 

But, the growth of the organization also provides many opportunities as the environment is 

very dynamic and open for change. As the organization is constantly changing, the state of the 

organization can be considered in a ‘continuous change’ (Landy & Conte, 2013). This provides 

the benefits that there is generally very little individual and organizational resistance, making 

changes easier and faster.  
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3.2.  Method 
To gather accurate information about the current state, an observational case study is 

conducted. In an observational case study, a real-world case is studied without any interference 

on the actual case (Wieringa R. J., 2014). This allows an accurate descriptive problem 

investigation as there is no interference with the studied case. Figure 8 presents which cases 

are studied. Afterwards, the objectives and research question of the case study are described, 

followed by a description of the cases and collection methods.  

 

 
Figure 8: Studied cases in its context 

 

3.2.1. Objectives and research question 

The objective of this case study was to obtain an accurate description of the current state of the 

studied cases. In the problem investigation phase the goal is to get an accurate description of 

the current practices that are used for the development of a system, which is the third research 

question of this thesis: What are the current development practices used for the development 

of a system at Lightyear? This allows the determination of gaps between the current state and 

the needs for the future state.  

 

3.2.2. Cases 

Firstly, the general Systems Engineering process was analyzed within Lightyear. Within this 

process the following cases were specifically studied: Life cycle management process, review 

process, and the technical processes. Secondly, the maturity management process was studied. 

Supporting processes, such as quality assurance or procurement processes, are out of scope. 
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3.2.3. Collection methods 

Two different methods are used to investigate the cases: Semi-structured interviews and 

document analyses. For each method is briefly described how it was conducted and how the 

results were analyzed. 

 

Semi-Structured interviews 

Semi-structures interviews are commonly used to gain factual materials and data, and the 

description of processes (Harrell, Margaret, & Bradley, 2009). In this case semi-structured 

interviews were used to gain expert knowledge about the current practices, beliefs for future 

practices and benchmark purposes. The previously identified cases are used as input to select 

relevant stakeholders for the interviews. Both system architects and engineers have been 

interviewed as they have the main responsibility over the development of a system. Also, 

vehicle integration employees are interviewed as they had the responsibility over the 

integration of a system. Additionally, project managers and management team members are 

interviewed as they have more responsibility and knowledge over the review processes, 

milestones and life cycle management processes. Table 12 provides a complete list of the 

functions that are interviewed.  

 
Table 12: List of interviewed stakeholders 

Department Function 

Engineering System Architects (3) 

Engineers (3) 

Vehicle Integration (2) 

Validation Manager 

Management Program Manager 

Chief Technology Officer 

Project Management Project Managers (3) 

 

Firstly, the purpose of the semi-structured interviews was to get an understanding of the current 

state and practices used to develop a system. To acquire this knowledge, specific questions 

were asked to get an understanding of the current practices used within the following areas: 

Engineering management, Project management, Maturity management, Technical processes, 

Technical reviews and milestones. Secondly, the semi-structured interviews are used to 
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determine the needs of the future development process. Therefore, a few questions are asked 

regarding the future process and critical success factors for the future process.  

 

Lastly, a few questions are asked for benchmark purposes. Lightyear has many experienced 

employees from a wide range of industries. These employees have experienced similar 

development processes in different industries and organizations which could be valuable for 

Lightyears’ future development process. A complete list of the questions asked during the 

semi-structured interviews is presented in appendix B.  

 

For each interview notes are taken and a summary is created. Afterwards, all notes are coded 

in the following coding categories: General Systems Engineering practices, Systems 

Engineering Life Cycle, Maturity Management, Review processes, Milestones, Future process 

needs, and Benchmarks. By coding the interviews, the most relevant information is filtered 

from the interviews such that the qualitative data is analyzed (Weston, et al., 2001).   

 

Document Analysis 

Besides the semi-structured interviews, a document analysis is performed to create a complete 

picture of the current state. During the interviews many documents were referred to or briefly 

explained. By analyzing these documents, a deeper understanding of the current process is 

created besides the conversations during the interviews. Additionally, for benchmark purposes 

many documents are used that were provided during the interviews. Appendix C provides a list 

of the documents that were analyzed. Firstly, only the relevant documents for this research are 

selected. Afterwards, a ‘thematic analysis’ is performed in which all relevant documents are 

categorized in the same categories as the coding categories (Bowen, 2009).  

 

3.3. Results 
In this section the results of the semi-structured interviews and the document analysis are 

discussed. Firstly, the current development practices are discussed, followed by the future 

development process needs and the benchmark results.  

 

3.3.1. The current development practices 

As the development of the Lightyear One was in a very early stage, few development practices 

and processes had actually been established. Therefore, each of the system architects used its 
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own practices and processes to manage the development of their responsible system. At the 

time several initiatives were in progress for the establishment of the standard development 

(sub) processes. Each of the cases are investigated as mentioned in paragraph 3.2.2, starting 

with the current state Systems Engineering practices, followed by the current state life cycle 

management process, review process, and maturity management process.   

 

Current Systems Engineering practices 

As the development of the Lightyear One can be seen as the development of a complex system, 

Systems Engineering is seen as an essential discipline, which was in the process of being 

integrated at Lightyear. At the time, the Systems Engineering discipline was being 

implemented but was still in a very immature state, according to the Chief Technology Officer. 

Preliminary processes such as the business / mission analysis process, stakeholder needs and 

requirements definition process, and the system requirements definition process took place. 

But, the execution of these processes was lacking standardization, traceability and 

transparency. The document analysis found no standard formats or templates for each of those 

processes. Furthermore, traceability from stakeholder needs to system requirements was 

missing, and the transparency of progress or completion of deliverables was non-existent. 

Essentially, the key technical processes took place but the documentation and traceability of 

these processes was missing. Therefore, the technical processes became hard to plan and 

manage.  

 

During the problem investigation, the organizational structure got re-structured. The new 

structure complied with the Systems Engineering discipline, in which the main system (the car) 

is divided in sub systems, which in turn are divided in sub systems or system elements. 

Matching the organizational structure to the system hierarchy makes the management and 

implementation of the development process easier, as the responsibilities are clear and the 

future process can simply be integrated in the different (sub)systems. In addition, new working 

standards were introduced during the execution of the research. Within the automotive industry 

the ISO 26262 standard is essential to ensure functional safety of a system. 

 

“ISO 26262 is an essential practice in the automotive industry to ensure functional safety and 

to establish a standardized requirement formulation process.” – Vehicle Integration Engineer 

This ISO standard enforced a V-cycle approach for the development of a system, which was 

used for the development of physical parts (electrical and mechanical). For the development of 
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software systems, a spiral development approach was used, according to the found 

documentation. As software allows easier, quicker and cheaper prototyping iterations, the 

spiral approach has a better fit compared to the V-cycle in which fewer iterations occur. 

Although these approaches differ, the high-level activities for hardware, electrical and software 

systems are the same, according to the validation manager. 

 

Current Life Cycle management process 

In the current state, no standard life cycle model or approach was established. From the 

document analysis and during the interviews many contradicting life cycle terminologies, 

phases and models were found. Three different life cycle models were commonly used in 

documentation, and were mentioned during interviews. Figure 9 represents the current state 

life cycle models relative to the typical automotive decision gates as defined in chapter 2.2.  

 

 
Figure 9: Current state Life Cycle models 

 

As lightyear was in a very early stage of the life cycle, little effort was put in the development 

of this process. Also, no fundamental theories or frameworks were used to establish the current-

state phases, and the content and definition of each phase varied among employees. Some 

employees include prototyping in the concept phase, and interpret the industrialization phase 

as the manufacturing scale up, where others use a separate phase for prototyping. Misalignment 

of the development activities and definitions made the process very in-effective as many 

meetings were needed to align systems. Lastly, the positioning of in-development systems in 
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the life cycle was not tracked. Therefore, corresponding activities in the life cycle phase and 

their completion was unknown. This allowed systems to go through the concept phase 

relatively easy and quick, without knowing the essence of this phase creating risks in the longer 

term. 

 

“We went through the concept phase too quickly without thoroughly analyzing concept 

alternatives, resulting in a non-substantiated concept selection.” – Mechanical Engineer 

 

Current review process 

In the current state a small number of review moments were formulated and only one was truly 

established: The System Design Review (SDR).  The SDR was used to review the decisions 

made that led up to the selection of a system’s concept. For this research a template google-

slides document is used to list the fundamentals of a system: the System Requirements, 

Architecture, Interfaces, Supplier & Integration, Risk Assessment, and a Technology 

Readiness Assessment. Although the content of this list is clear, the execution and judgement 

of these items is subjective and often lacking detail.  

 

“Currently the System Design Review is a very subjective process, completion and approval is 

a judgement call based on experience and not a checklist of hard requirements” – Vehicle 

Integration Manager 

 

Furthermore, the formulated review moments are: A Preliminary Design Review (PDR), 

Critical Design Review (CDR) and lastly a Production Readiness Review (PRR). Although 

these review moments were agreed upon, they were only listed in a high-level review document 

without any in-depth explanation or description of what exactly was being reviewed, by who 

it was reviewed and when it was supposed to be reviewed. This is also due to the fact that the 

development activities at the time were only contributing to the SDR. 

 

Current maturity management process 

In the current state there were some initiatives to assess the maturity of a system in different 

areas, but no final assessment or model had been established yet. The document analysis found 

that Technology Readiness was the foremost established maturity assessment model. Within 

the organization a TRL model was used identifying 10 different levels of maturity, which are 

listed in table 13. Although these levels were described on a high level, there were no detailed 
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explanations or definitions used to objectively determine which TRL level is reached. 

Therefore, the TRL level of a system remained a subjective judgement call that varied among 

different employees.  

 
Table 13: Current state TRL definitions 

Level Description 

TRL 1 Innovation needs and technology principles or concept idea observed and reported 

TRL 2 Integration of technology principle in vehicle environment formulated 

TRL 3 Experimental critical function or characteristics proof of concept 

TRL 4 Sub-system / component validation in laboratory and/or virtual environment 

TRL 5 Sub-system / component validation in a relevant environment 

TRL 6 System / sub-system model or prototype demonstration in relevant environment 

TRL 7 System prototype demonstration in a vehicle environment 

TRL 8 Actual system completed and performance qualified through test and 

demonstration 

TRL 9 Actual system proven through successful performance in operations 

TRL 10 Technology successfully in service in multiple vehicle platforms and geographic 

regions 

 

Besides TRL the document analysis found that there were initiatives to add Software Readiness 

Levels and Manufacturing Readiness Levels as well. But, these models were not used, defined, 

and agreed upon yet. Besides these metrics, there should also be a focus on the integration 

aspect, which is missing now, according to the validation manager.  

 

“There should also be a maturity metric for the integration readiness, as the current metrics 

do not provide a complete picture for the development of a system” – Validation manager 

 

3.3.2. The future development process needs 

The development process has many stakeholders who each have their own interests. Part of the 

interviews was to determine what was important for the future development process. Based on 

these conversations a list of future development process needs is created (Table 14). Each of 

the items is shortly explained below. 
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Table 14: Future development process needs 

Future Needs 

1. Standardization of the development process 

2. Objective development reviews 

3. More creativity in early life cycle phases 

4. More structure in later life cycle phases 

5. Simplicity of development process 

6. Unambiguous definitions 

7. Performance management of development process 

 

Firstly, in order to scale the development process for the development of multiple systems, the 

process has to be more standardized and objective, according to the vehicle integration 

manager. With standardization the process is easier to execute correctly by the employees. The 

reviews should also be more objectively based rather than judgement calls by experienced 

managers, making the results of review moments less dependent on individual judgements.  

 

Secondly, there should be a balance between the creativity and structure of the process. Early 

life cycle phases require more creativity, gradually transforming to more structural tasks later 

on in the life cycle, as mentioned by a mechanical engineer.  

 

“In early phases of the life cycle there is a much more creative need to explore concepts and 

find creative solutions. In later life cycle stages there is a need for more structure as quality 

assurance of the validation and production of (sub) systems becomes much more important.” 

– Mechanical Engineer 

 

Furthermore, the CTO stated that simplicity is a key principle for the development process. As 

many employees work with this process simplicity and ease-of-use is important for an easy 

adoption of the future process. Process definitions, models and tasks should be unambiguous, 

with shared definitions across the organization. 

 

“As a large number of engineers have to adopt this process, there should be an unambiguous, 

clear and easy-to-explain process.” – Chief Technology Officer 
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Lastly, the project managers mentioned that to effectively manage the development process, 

accurate data about the status of a system in the development process is necessary. Tracking 

progress provides insights in the completion of a system and enables more accurate resource 

management and planning. 

 

3.3.3. Benchmarks 

Many employees at Lightyear have experience in the automotive industry. All large OEMs in 

the industry have advanced development processes that could be relevant for the future process 

at Lightyear. Best practices at other organizations can be identified and integrated in 

Lightyear’s development process. During this research the development processes of the 

following companies have been analyzed: Renault, Ford, Tesla, SpaceX, Volvo, Philips, DAF 

and Jaguar.  

 

Among those organizations many different processes, frameworks and approaches are used, 

but on a high level they all have determined a standardized process along the life cycle of a 

product with predefined gates and review moments. In particular more innovative companies 

had different approaches than the traditional and older organizations. Development processes 

in traditional automotive companies such as Ford, Volvo and Jaguar focus more on the 

integration rather than the creation of technologies. The development process from SpaceX 

was found to be the most relevant for the case of Lightyear. 

 

Unlike most traditional automotive companies, SpaceX has a focus on the development and 

integration of completely new technologies in completely new systems. Where traditional 

automotive companies re-use and share most of their parts among a wide range of cars, SpaceX 

(and Lightyear) does not have this luxury. The extensive focus on the integration, verification 

and validation of technologies, as well as the high-cost environment prototyping, makes the 

SpaceX process the most relevant for Lightyear.  

 

Key takeaways from the benchmarks are that, although the execution of the development 

process differs among organizations, it is essential to have such a structured process in place. 

Unlike the traditional automotive companies Lightyear should use a more extensive approach 

for the creation and integration of new technologies, in a cost-effective process.  
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3.4.  Conclusion 
To conclude, Lightyear did in fact have initial Systems Engineering practices in place, but was 

still lacking completeness. The current state life cycle model was incomplete and lacking a 

theoretical foundation. Only the processes and technical reviews early in the development 

process had been initiated and formulated. Additionally, early efforts in maturity management 

had been initiated. A high level TRL framework was established, but lacking detail. This 

answers the third research question: which development practices are currently used for the 

development of systems at lightyear? Furthermore, a list of future development process needs 

was formulated to answer the fourth research question: what are the development process needs 

within the organization? The future process should have a focus on standardization, objective 

review moments, creativity in early life cycle phases, structure in later life cycle phases, 

simplicity, unambiguity, and performance management capabilities.   
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4. Artefact Design 
In the artefact design a solution to improve the current state is designed. Firstly, design 

requirements are formulated that determine the desired solution direction. This is followed by 

a list of design principles, design parameters, and the creation of two concept solutions. Lastly, 

a concept design is selected and conclusions are drawn. This will answer the fifth research 

question: How to improve the development process? 

 

4.1.  Design requirements 
In order to design the artefact, design requirements are formulated. The design requirements 

determine the desired solution direction, and are derived from the semi-structured interviews 

held with the stakeholders. Four categories of requirements are determined: Functional 

requirements, User requirements, Boundary conditions, and Design restrictions. Functional 

requirements form the core of the requirements and demands. User requirements focus on the 

user perspective of the requirements, boundary conditions describe conditions that must be met 

for a viable solution and design restrictions describe the limit of the design space. For each 

requirement is referred to one of the future development process needs, as defined in chapter 

3.3.2 and presented in table 14. The numbers [1-7] refer to the numbering sequence used in 

table 14. Generic, or more standard requirements, are referred to with a [G]. The design 

requirements are presented in table 15.  

 
Table 15: Design Requirements 

Functional requirements 

• The design should include the complete life cycle of a system [1] 

• The design should present standardized review moments throughout the 

development process [2] 

• The design should present clear gates throughout the development process [1] 

• The design should provide insight in the maturity of in-development systems [7] 

• The design should enforce creativity in the early life cycle phases [3] 

• The design should enforce more structure as life cycle stages progress [4] 

User requirements 

• The design should be easy to understand for any employee within Lightyear [5] 

• Definitions used in the design should be unambiguous [6] 
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• The design should be standardized [1] 

• For any user it should be clear what is expected at certain review moments, gates 

or milestones [2] 

Boundary conditions 

• The design should enable the development of any kind of system within 

Lightyear [1] 

• The design should comply with legislation and industry standards established or 

initiated at Lightyear [G] 

Design restrictions 

• The design should fit the organizational culture of Lightyear [G] 

• The design should fit the organizational structure of Lightyear [G] 

• The design should fit the mission and vision of Lightyear [G] 

 

4.2.  Design principles 
Resulting from the literature review, design principles are formulated. Each design principle is 

formulated according to the CIMO logic, which describes how a current business state can be 

changed (Denyer, Tranfield, & van Aken, 2008). It describes the context (C), intervention (I), 

mechanism (M) and the outcome (O). 

 

Design-principle 1: 

Companies that want to standardize the development process of complex systems (C) should 

integrate a life cycle model (I) such that a complete picture is created of any system’s 

progression through the life cycle stages (M), which enables accurate management of technical 

progress, and accurate allocation of resources and budgets for the development of a system 

(O). (Walden D. D., Roedler, Forsberg, Hamelin, & Shortell, 2015) 

 

Design-principle 2: 

Companies that develop complex systems (C) should integrate technical review moments (I) 

such that the development progress is assessed against pre-established exit criteria at key 

event-driven points of the development process (M) to ease the progression through 

development stages and minimize the development risks (O). (DoD, 2001) 
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Design-principle 3: 

Companies that develop complex systems (C) should integrate Technology Readiness Levels 

(I) such that the technological maturity of in-development systems is assessed throughout the 

life cycle (M) to provide metrics for technology maturity, enable accurate resource allocation 

and to reduce technological risks (O). (DHS S&T, 2009) 

 

Design-principle 4: 

Companies that develop complex systems (C) should integrate Integration Readiness Levels (I) 

such that the integration maturity of in-development systems is assessed throughout the life 

cycle (M) to provide metrics for integration maturity, enable accurate resource allocation and 

to reduce integration risks (O). (Sauser, Gove, Forbes, & Ramirez-Marquez, 2010) 

 

Design-principle 5: 

Companies that develop complex systems (C) should integrate Manufacturing Readiness 

Levels (I) such that the manufacturing maturity of in-development systems is assessed 

throughout the life cycle (M) to provide metrics for manufacturing maturity, enable accurate 

resource allocation and to reduce manufacturing risks (O). (DoD, 2011) 

 

Design-principle 6: 

Companies that develop complex systems (C) should integrate programmatic Readiness Levels 

(I) such that the programmatic maturity of in-development systems is assessed throughout the 

life cycle (M) to provide metrics for programmatic maturity, enable accurate resource 

allocation and to reduce programmatic risks (O). (HSI, 2009) 

 

4.3.  Design parameters 
To determine the functional characteristics of the final solution, a list of design parameters is 

defined. The design parameters are based on the future development process needs as described 

in chapter 3.3.2. Additionally, parameters are added that derived during the discussion of the 

solution designs in the focus groups, which is explained in chapter 4.4.1. For every design 

parameter values are determined in which trade-offs have to be made in the final design. Each 

of the parameters is described in table 16. 
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Table 16: Design Parameters 

Parameter Description Values 

Standardization  The formulation and implementation of 

guidelines, rules and specifications for common 

and repeated use 

High / Medium / Low 

Creativity The ability and freedom for imagination and 

generation of original ideas and different 

approaches 

High / Medium / Low 

Structure The extend of arrangement and organization of 

the development process providing stability and 

predictability 

High / Medium / Low 

Risk-averse The degree of risk minimization of the 

development process 

High / Medium / Low 

Budget control The degree of control over the release of 

financial resources 

High / Medium / Low 

Resource control The degree of control over the allocation of 

resources 

High / Medium / Low 

Simplicity The quality of being easy to understand or use High / Medium / Low 

Ambiguity The quality of being open to more than one 

interpretation 

High / Medium / Low 

Flexibility The ability to effectively adjust and change High / Medium / Low 

 

4.4.  Concept Solutions 
Based on the design principles and design parameters, two different solution designs are 

created. This chapter will describe both solution designs. Firstly, preliminary decisions are 

made setting the foundation of the concept design. This is followed by a description of stage-

gate integration and the description of two concept solutions. Lastly, the two concepts are 

compared and a preferred solution is selected in a focus group. Appendix D provides an 

overview of the attendees during the focus groups. 

 

4.4.1. Preliminary decisions 

Before the design alternatives were created, preliminary decisions were made setting the basis 

of the frameworks. The decisions were made by the use of focus groups: “a gathering of 
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deliberately selected people who participate in a planned discussion” (Morgan, 1997). In the 

focus groups, firstly a life cycle model is selected, followed by the selection of review moments 

and milestones for Lightyear. Lastly, the maturity models are reviewed and selected. As these 

are high level decisions, the focus groups were held with the entire management team and the 

management-position stakeholders. At the end of the focus groups a preferred method or model 

has been selected.  

 

Lightyear’s Life Cycle model 

The foundation of Systems Engineering is the life cycle of a system. Therefore, the selection 

of the life cycle model was the first step towards a Systems Engineering way-of-work. In the 

literature review an overview was created of all possible and relevant life cycle models for 

Lightyear. During a focus group, this overview was evaluated with all stakeholders on a 

management level and the management team to select Lightyear’s life cycle model. 

 

As a result, a unanimous decision was made to use the ISO/IEC/IEEE 15288 life cycle model 

as presented in figure 10. Several arguments were used to select the ISO life cycle model. 

Firstly, the ISO 15288 model aligns with the ISO 26262 framework that is used for functional 

safety in the automotive industry and is established at Lightyear. Secondly, the ISO standard 

is the most frequently used model across industries, making it easier for communication with 

suppliers or other organizations. Lastly, the ISO life cycle phases overlap the most with the 

current life cycle models in place, requiring fewer adjustments in terminology.   

 

“we should aim for as much alignment as possible, both internally and externally” - CTO  

 

 
Figure 10: Lightyear's Life Cycle model 

 

Lightyear’s review moments and milestones 

Chapter 2.3 presented 11 theoretical review moments that are frequently used throughout the 

life cycle according to the DoD (2001). In the theoretical framework these review moments are 

mapped on the life cycle timeline, relative to the technical processes. This theoretical 

framework is used as input in the focus group with the goal to select the technical reviews and 
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milestones for Lightyear’s future development process. The focus group consisted of the 

management team and vehicle level managers as they will perform these reviews and work 

towards these milestones.  

 

Essentially, all review moments are important and will need to take place at some time. But, in 

the case of Lightyear it is preferred to not perform each of the reviews separately, as this will 

result in an overload of decision moments and meetings, making it ineffective for the 

development of a large amount of systems. Therefore, a selection of the key review moments 

is made that have to be performed in Lightyear’s future development process. The selected 

review moments are presented in table 17. 
Table 17: Lightyear's review moments 

Review Lightyear’s definition 

System Design 

Review (SDR)* 

Review of system definition, concept selection, draft requirements and 

development plan. Combination of the Initial Technical Review (ITR) 

and Alternative System Review (ASR).  

Preliminary 

Design Review 

(PDR) 

Review of the allocation of requirements and functionalities to 

systems and sub-systems, the initial product breakdown, performance 

metrics and an updated development plan. A combination of the 

System Requirements Review (SRR) and System Functionality 

Review (SFR).  

Critical Design 

Review (CDR) 

Review of established system architecture and sub-system validation 

efforts. 

Test Readiness 

Review (TRR) 

Review of the advanced validation plan of a system. 

Production 

Readiness 

Review (PRR) 

Review if a system is ready for production, whether it fulfills its 

intended requirements, if the validation of the system is performed 

correctly, and a review of the production plan. In combination with 

System Verification Review (SVR). 

Physical 

Configuration 

Audit (PCA) 

Review of the produced system and if it meets its intended 

requirements and functionalities. 

*SDR is not an official DoD review moment, but a pre-defined review moment that was 

established at Lightyear in the current state.  
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In addition to the review moments, key milestones were identified during the focus group as 

well. Four milestones are identified at key moments in the life cycle: Project start, Low Rate 

Production, Full Rate Production and Project finish (table 18). The Low Rate Production and 

Full Rate Production milestones originate from the Department of Defense framework. (DoD, 

2001) 

 
Table 18: Additional milestones Lightyear 

Milestones Lightyear definition 

Project start (PS) The initiation of the development of a specified system. 

Low Rate Production 

(LRP) 

The moment in time when the production line starts to produce at a 

low rate after pilot line tests have been completed. Start of Delivery 

from suppliers. 

Full Rate Production 

(FRP) 

The moment in time when the production line starts to produce at 

full rate capacity and the scale-up is complete. Official start of 

production. 

Project finish (PF) The handover from the development team to the maintenance and 

support team of a system. 

 

Figure 11 presents Lightyear’s review moments and milestones relative to the life cycle phases. 

 

 
Figure 11: Lightyear's review moments and milestones 

 

Lightyear’s maturity models 

The theoretical framework presented four maturity models that are required to provide a 

complete picture of a system’s maturity, and how the models evolve over the life cycle of a 

system. These maturity models were presented to the management team and vehicle level 

managers in a focus group, as they are responsible for the development process and will 

eventually work with these maturity models. The goal was to select the relevant maturity 

models for Lightyear, and to review the timing of readiness levels relative to the life cycle 

phases.  
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After a thorough explanation of the maturity models and the timing relative to the life cycle 

phases, an agreement was reached to use all of the proposed maturity models. The highest 

priority will be the implementation of the TRL, IRL and MRL. The PRL should be 

implemented in the future process as well, but has a lower priority at first. Figure 12 presents 

Lightyear’s maturity models, relative to the life cycle phases, review moments and milestones. 

 

 
Figure 12: Lightyear's maturity models 

 

4.4.2. Stage-Gate integration 

Based on the selected life cycle phases, review moments, milestones and maturity models, a 

high-level innovation process is established for the development of systems at Lightyear. To 

move through an innovation process and to manage, direct, and control it, Cooper developed a 

stage-gate system (Cooper R. G., 1990). Cooper’s stage-gate system divides the innovation 

process into a predetermined set of stages where the actual work is done, which themselves are 

composed of a group of pre- scribed, related, and often parallel activities. The entrance to each 

stage is a gate that functions as a quality control checkpoint which is characterized by a set of 

deliverables, outputs or exit criteria. The output of a gate is typically a Go, Kill, Hold, or 

Recycle decision, and the approval of an action plan for the next stage. 

 

The integration of a stage-gate system in Lightyear’s development process is essential to 

manage and control it and therefore should be integrated in the developed framework as well. 

But, gates can be placed at different moments in the process, and the length of stages can differ. 

Therefore, two concept solutions are designed with a different placement of gates and different 

lengths of phases. The effects of both concept solutions are analyzed and a concept is selected. 
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4.4.3. Solution design 1 

The first concept design is presented in figure 13 and has a total of seven gates throughout the 

life cycle of a system. At each of the gates a predefined list of deliverables is reviewed and 

approval results in progression and budget release for the next gate. Each of the gates is 

explained shortly below.  

 
Figure 13: Solution Design 1 

 

0 – Project Start 

Gate 0 defines the starting point of a project and can be passed if a clear business case is 

developed for the development of a system. This includes a list of stakeholder needs and 

conceptual drawings and calculations of the to be developed concept. TRL 1 and PRL 1 should 

be reached at this point. This will release the budget till gate A, the System Design Review. 

 

A – System Design Review 

Gate A concludes the concept phase and reviews the concept selection and feasibility of a 

system. In addition, an in-depth development plan is reviewed in which initial costs are 

analyzed as well as a risk analysis, draft requirement document and concept selection 

argumentation. At this point TRL 4, IRL 3, MRL 3 and PRL 4 have to be reached and proven, 

and the budget till gate B is released.  

 

B – Critical Design Review 

Gate B is a midway point of the development phase and freezes the product breakdown. At this 

point of time sub-systems have been verified and validated, and the system has completed 

verification. An extensive test plan for the system is reviewed and budget is released for the 
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validation on a system level. At this point TRL 6, IRL 5, MRL 5 and PRL 6 have to be reached 

and proven. 

 

C – Production Readiness Review 

Gate C reviews the validation efforts and production readiness of the system. At this point the 

system has to be validated and all requirements have to be met in an operational environment, 

and system design is frozen. Extensive production plans are created and reviewed, production 

feasibility has been proven and demonstrated in a representative environment. TRL 7, IRL 7, 

MRL 7 and PRL 7 have to be reached and proven. The budget is released for the activities till 

gate D. 

 

D – Low Rate Production 

Gate D reviews if the pilot production process is ready for a low rate production and if it 

delivers the intended quality of the system. The system is proven to work in its latest 

configuration in an operational environment, and meet overall system requirements. TRL 8, 

IRL 8, MRL 8 and PRL 8 have to be reached and proven. The budget is released till gate E. 

 

E – Full Rate Production 

Gate E reviews the full rate production capability of the system and production line. The system 

is in use in the final form in the intended environment. User requirements and cost targets at 

full rate production are met. TRL 9, IRL 9, MRL 9 and PRL 9 are reached and the budget till 

gate E is released. 

 

F – Project Finish 

Gate F ends the development project of the system and hands over the responsibilities to the 

utilization & support teams. The team is downsized as only small and few design changes 

apply.  

 

4.4.4. Solution design 2 

The second solution design is presented in figure 14 and contains a total of six gates. Although 

most of the gates are the same, there is a fundamental difference in the placement of gates in 

the development phase, significantly impacting the development process at that stage. Solution 
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2 will have the first gate at the preliminary design review (PDR), rather than two gates at the 

SDR and CDR. This version of gate A is explained below.  

 

 
Figure 14: Solution Design 2 

 

 A – Preliminary Design Review 

In case of a PDR at gate A, technical feasibility of the system has to be proven and sub-system 

prototypes are created and validated. Additionally, manufacturing feasibility has to be proven 

through initial tests. TRL 5, IRL 4, MRL 4 and PRL 5 should be proven at this point. The 

budget is released for all activities till the PRR (gate B in this solution). All definitions for the 

other gates are equal to those of solution 1.  

 

4.5.  Concept selection 
The concept selection firstly compares the effects of both solution designs. This is followed by 

the selection of a solution design with the use of a decision matrix. The selection of the concept 

is made in a focus group including the management team and key product development 

managers as they are responsible for, and have to work with, the development process. 

 

4.5.1. Solution design comparison 

When comparing solution 1 to solution 2 the main difference is the increased scope till the first 

gate in solution 2 (a shift from the SDR to the PDR). When shifting the first gate to the PDR 

(solution 2), the SDR is a less official and ‘softer’ review moment. This makes it easier to 

iterate between concepts when sub-systems are being validated (TRL 5) as concept selections 

are not officially frozen yet and no official change process is required to change concepts 

(unlike a hard gate at the SDR in option 1).  
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On the other hand, option 2 would require a higher budget release at gate 0. In this case the 

budget for sub-system validation (TRL 5) is released, as well as manufacturing feasibility tests 

(MRL 4). Prototyping and testing is generally a large cost driver in the development process. 

In option 1 where gate A is at the SDR, there is much more control over prototyping and test 

efforts as concept decisions are extensively reviewed and budget for prototyping is only 

released after the gate. 

 

Furthermore, as the scope of the gates is smaller in option 1, the development process can be 

considered more structured and has more potential for standardization. Smaller scopes 

generally make processes easier to oversee and control. Additionally, more gates allow for 

accurate resource and budget control during the development process. Smaller buckets of 

activities are generally easier to plan and to estimate the required budget and resources for.  

 

Lastly, option 2 would decrease development risks as it is easier to validate the feasibility of 

the system when freezing the concept selection only after prototyping sub-systems. Not 

needing an extensive change process when concepts turn out to be unfeasible during 

prototyping, generally allows a more flexible development process.  

 

4.5.2. Concept ranking 

Both concept solutions are rated based on the parameters defined in chapter 4.3. The effects of 

both solutions are discussed during the focus group after which each of the solution designs 

was rated. The ranking of each design is presented in table 19. Based on the focus group’s 

ranking, solution 1 is selected as the preferred solution.  

 
Table 19: Solution design ranking 

Parameter Design 1 Design 2 

Standardization High Medium 

Creativity High High 

Structure High Medium 

Risk-averse Medium High 

Budget control High Low 

Resource control High Low 

Simplicity Medium Medium 
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Ambiguity Medium Medium 

Flexibility Medium High 

 

4.6.  Framework application 
The selected framework provides an overview of the gates that will be used at Lightyear, and 

what corresponding maturity levels should be reached at each of the gates. Therefore, it is clear 

what the expectations are at each of the gates and what exactly has to be approved before a 

system can pass a gate. In order to reach the desired maturity levels, the maturity levels are 

translated to a list of deliverables and activities. If all deliverables and activities for the desired 

maturity levels at a gate are combined, work packages can be created. In that case, each gate 

will have its own work package that will be reviewed, as shown in figure 15. 

 

 
Figure 15: Implementation through work packages 

 

When the content of each work package is known, it is key to create standard documents, 

templates or processes for each of the deliverables. Creating standardized work packages 

makes the implementation of the process for a large number of systems much easier and more 

effective. To create and establish standard documents, templates and processes, a small group 

of systems will be selected to ‘co-develop’ the work packages. Together with these systems 

the deliverables will be discussed and while performing the process, standard documents, 

templates and processes will be created in an iterative manner. Different types of systems will 

be selected to ensure the compatibility with all kinds of systems (hardware, electrical and 

software). Also, the process of reviewing and gate assessment will be formulated and 

standardized. The artefact validation will validate the first work package: Work package A.  
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4.7.  Conclusion 
In short, to improve the current development process design requirements are formulated that 

describe the desired future state. Secondly, the theories originating from the literature review 

are translated to design principles followed by the formulation of design parameters. Based on 

the requirements, principles and parameters, solution designs were generated.  

 

Before the generation of the actual concept solutions, preliminary decisions were made to set 

the foundation for the concept solutions. During focus groups with the management team and 

management level stakeholders, the decision was made to use the ISO life cycle framework 

including the following stages: Concept, Development, Production, Utilization, Support, and 

Retirement. Furthermore, a selection of review moments and milestones has been made. 

Throughout the life cycle of a system, the following milestones and review moments occur: 

Program start, System Design Review, Preliminary Design Review, Critical Design Review, 

Test Readiness Review, Production Readiness Review, Low Rate Production, Physical 

Configuration Audit, Full Rate Production, and Project Finish. Lastly, the decision was made 

to use all four predefined maturity metrics: Technology Readiness, Integration Readiness, 

Manufacturing Readiness, and Programmatic Readiness.  

 

Based on the preliminary decisions, two different solution designs have been created 

integrating the stage-gate system. In each of the designs, gates are placed at different positions 

in the life cycle. In a focus group the alternative solutions are evaluated and ranked to select 

the preferred solution. This resulted in the selection of solution 1 as the preferred solution. This 

design has higher potential for standardization of work content, creates more structure, and 

allows more accurate resource and budget control. The design will have seven gates throughout 

the life cycle, at the following milestones or review moments: Program start (gate 0), System 

Design Review (gate A), Critical Design Review (gate B), Production Readiness Review (gate 

C), Low Rate Production (gate D), Full Rate Production (gate E), and Project Finish (gate F). 

 

With this framework it is clear what the desired maturity levels at each gate are. By translating 

the desired maturity level content to a list of deliverables, work packages can be created. The 

work packages make it possible to apply and standardize this framework in Lightyear’s 

development process of systems.  
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5. Artefact Validation 
The artefact validation answers the last research question: How can the developed framework 

be integrated in the Lightyear structure? Before the integration, the artefact is validated. 

Firstly, the validation method is discussed which is followed by the validation results, artefact 

implementation, and a conclusion.  

 

5.1.  Validation method 
The artefact is validated in a focus group. During the focus group the first setup of work 

package A is discussed and reviewed. As Lightyear was in very early stage of the development 

process, it was not possible to validate the other work packages yet. The validation of work 

package A is focused mostly on the structure and effects of work packages, as the content is 

subject to change over more iterations. Additionally, the process of going through gates is 

validated, and it is validated whether the design requirements are met. The participants of the 

focus group were the vehicle architect, project manager, and three macro system architects, as 

they are responsible for the development of systems at Lightyear, and will work with the work 

packages and perform the gate reviews. 

 

5.2.  Validation results 
Firstly, the overall stage-gate system was discussed. As the timing of the gates has been agreed 

upon in earlier discussions, the gate reviewing process was reviewed. Fundamental in this 

system is the definition of the gates and how ‘hard’ the gates really are. Firstly, the definitions 

of gates should be clearly defined and communicated. During the validation some 

misconceptions of phases and gates caused confusion, as people interpret them differently. In 

order to make the process unambiguous, clear definitions should be formulated and established 

among the organization. Therefore, the communication of the artefact is important for 

successful implementation. 

 

Secondly, the definition of a hard gate, according to lightyear, would be a gate that can only be 

passed if a predetermined list of requirements is met after which the decisions will be frozen, 

and once it is passed it would be difficult to go back. Frozen decisions can only be changed 

through a change process. In order to standardize the review process, gates should be hard and 

strict requirements have to be determined for each gate that have to be met. Proposed is to use 

a two-step gate review. Firstly, the work content will be reviewed with other engineers in the 
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form of a peer review. Upon approval from co-workers the final and official gate review will 

be conducted with a select group of stakeholders, led by the upper level system architect. 

 

The work packages will describe what exactly has to be reviewed at each gate. Essential for 

this process is the creation of templates and standard processes for each of the deliverables and 

activities in the work packages. This is to ensure quality and to enable a more objective review 

process. Additionally, this is essential for traceability purposes, which is often required in the 

automotive industry.  

 

Taking the remarks from the stakeholders into consideration, it is validated whether the design 

complies with the requirements that were formulated in chapter 4.1. The functional 

requirements are all met as the artefact design presents the complete life cycle of a system, 

standard review moments, clear gates, insight in system maturity, allows creativity in early life 

cycle phases and creates more structure as life cycle phases progress. The user requirements 

are met as the artefact is relatively easy to understand, unambiguous given that some definitions 

should be clearly formulated and communicated, and standardized with clear expectations at 

gates by the use of work packages. Lastly, the design complies with all boundary conditions 

and design restrictions. A complete overview of the requirements compliance is presented in 

appendix E. 

 

5.3.  Artefact implementation 
The implementation of the artefact design is not simple as many engineers will eventually work 

with this framework. Therefore, an implementation plan is essential for this framework to be 

adopted by the people that have to work with it. This paragraph will describe how this 

framework is implemented. 

 

As discussed in chapter 4.6, the artefact is implemented by the creation of work packages. Once 

standard work packages are created, the process can be implemented across all systems that 

have to be developed. The development and implementation of work packages will be 

sequential, where first work package A is created, tested and implemented before work package 

B is created, tested and implemented. This is due to the fact that Lightyear was positioned in 

the concept phase, and no or very few development activities took place.  
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Communication of the process is essential for success. Definitions and perceptions of the 

process should be the same, such that alignment across the organization is established. Clarity 

in the documentation and instructions should be provided for each of the work packages, 

deliverables, gates and reviews such that they are simple to understand and unambiguous. 

 

Lastly, having an overview of standardized activities allows accurate performance 

management. By tracking the completion of the activities for each of the systems a ‘live’ 

overview can be created for all systems in the development process. In-depth insight in 

different TRL, IRL, MRL and PRL levels for each system can be presented. Having insight in 

the position of systems and whether they should focus on technological, integrational, 

manufacturing or programmatic activities, enables the accurate management of resources. 

Additionally, future expenditures become more predictable.  

 

5.4.  Conclusion 
The validation of the artefact concludes that all predefined requirements are met given that 

there is a focus on clear definitions and hard gates are used. Also, the communication is 

essential to establish alignment and to avoid misconceptions. To integrate the developed 

framework in the lightyear structure, work packages have to be developed. The work packages 

will be developed together with a selection of systems at Lightyear in an iterative manner. Once 

the work packages are implemented, performance metrics should be created and tracked to 

enable accurate resource and budget management.  
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6. Conclusions and discussion 
This chapter discusses the conclusions drawn from the research, answering the research 

questions. This is followed by a discussion and the recommendations. Lastly, the contribution 

to the theory and limitations of the research are discussed. 

 

6.1.  Conclusions 
This thesis looked at the application of Systems Engineering and maturity management models 

at Lightyear. The goal of this research was to develop a single framework that integrates 

Systems Engineering principles and maturity management models, that can be used for 

Lightyear specifically. The following research question was formulated: 

 

“How do Lightyear’s system development practices relate in a generic development life cycle 

and how can Lightyear assess the maturity of in-development systems?” 

 

The research was conducted following the design science cycle from Wieringa (2009). For 

each phase of the design cycle sub questions are defined: 

 
Table 20: Research questions 

Design Cycle Step Research Question 

Problem Investigation 1. Which generic (development) life cycle models exist in theory? 

2. Which generic maturity models exist in theory? 

3. What development practices are currently used for the 

development of systems at Lightyear? 

4. What are the development process needs within the 

organization? 

Artefact Design 5. How to improve the development process? 

Artefact Validation 6. How can the developed framework be integrated in the 

Lightyear structure?  

 

Firstly, a literature review is conducted to answer the first and second research question. A 

Systems Engineering approach is essential for the development of complex systems. Within 

Systems Engineering a life cycle model is central and leading. Four theoretical life cycle 

frameworks have been identified that are commonly used in the automotive industry and more 
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general industries. Additionally, four different maturity models have been derived from 

literature. A wide range of literature suggests four models are required to present a complete 

picture of a systems’ maturity. The TRL model for the technological aspects, IRL for the 

integrational aspect, MRL for the manufacturability aspect, and PRL for the programmatic 

aspect. 

 

Secondly, semi-structured interviews were conducted to analyze the current development 

practices and future development process needs. Lightyear does in fact have initial Systems 

Engineering practices in place, but is still lacking completeness. The current state life cycle 

model is incomplete and lacking a theoretical foundation. Only the processes and technical 

reviews early in the development process have been initiated and formulated. Additionally, 

early efforts in maturity management have been initiated. A high level TRL framework is 

established, but lacking detail. Furthermore, a list of future development process needs is 

formulated. The future process should have a focus on standardization, objective review 

moments, creativity in early life cycle phases, structure in later life cycle phases, simplicity, 

unambiguity, and performance management capabilities. 

 

To improve the current development process, two alternative solutions are designed and 

assessed. Before the generation of the actual concept solutions, preliminary decisions were 

made to set the foundation for the concept solutions. During focus groups with the management 

team and management level stakeholders, the decision was made to use the ISO life cycle 

framework including the following stages: Concept, Development, Production, Utilization, 

Support, and Retirement. Furthermore, a selection of review moments and milestones has been 

made. Throughout the life cycle of a system, the following milestones and review moments 

occur: Program start, System Design Review, Preliminary Design Review, Critical Design 

Review, Test Readiness Review, Production Readiness Review, Low Rate Production, 

Physical Configuration Audit, Full Rate Production, and Project Finish. Lastly, the decision 

was made to use all four predefined maturity metrics: Technology Readiness, Integration 

Readiness, Manufacturing Readiness, and Programmatic Readiness.  

 

Based on the preliminary decisions, two different solution designs have been created that 

integrate a stage-gate system. In each of the designs, gates are placed at different positions in 

the life cycle. In a focus group the alternative solutions are evaluated and ranked to select the 

preferred solution. This resulted in the selection of solution 1 as the preferred solution. This 
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design has higher potential for standardization of work content, creates more structure, and 

allows more accurate resource and budget control. The design will have seven gates throughout 

the life cycle at the following milestones or review moments: Program start (gate 0), System 

Design review (gate A), Critical Design Review (gate B), Production Readiness Review (gate 

C), Low Rate Production (gate D), Full Rate Production (gate E), and Project Finish (gate F). 

 

With this framework it is clear what the desired maturity levels at each gate are. By translating 

the desired maturity level content to a list of deliverables, work packages can be created. The 

work packages make it possible to apply and standardize this framework in Lightyear’s 

structure. The work packages will be developed together with a selection of systems at 

Lightyear in an iterative manner. Once the work packages are implemented, performance 

metrics should be created and tracked to enable accurate resource and budget management. 

 

In short, the developed artefact answers the main research question: “How do Lightyear’s 

system development practices relate in a generic development life cycle and how can Lightyear 

assess the maturity of in-development systems?”. Considering Lightyear’s ‘current state’ 

practices a complete picture is created presenting Lightyear’s life cycle model, maturity 

management models and standardized gates and reviews for the development of a system. 

 

6.2.  Discussion and recommendations 
The effects of the designed artefact on the organization are expected to be substantial. Firstly, 

the framework provides a clear and complete picture of the development process, that could 

function as the road map for the development of systems. All phases of the life cycle are 

presented and standardized definitions for life cycle phases have been established. 

Additionally, there is a clear overview of the gates and review moments that take place 

throughout the life cycle. For each review moment and gate, it is clear what maturity level 

should be reached on a technological, integrational, manufacturing and programmatic aspect. 

 

Having this high-level overview of the development process for any kind of system, should 

enable it to accurately plan the activities that are required for the start of production (equal to 

Low Rate Production). This is often the most important and most communicated date for 

external suppliers and customers. Project managers will be able to plan accordingly to these 

milestones and gates, and project planning across the organization should align as definitions 
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of phases and maturity levels are equal. Therefore, it is fair to say that this framework is likely 

to be critical for the time to market of the Lightyear one, as it provides a clear development 

path to take and how to manage it.  

 

Furthermore, after defining work packages and tracking the completion of activities, valuable 

information can be gained about the status of in-development systems. Key Performance 

Indicators (KPI’s) of the development process can be defined, tracked and acted upon. The 

goal should be to establish a single overview of all systems that are being developed with a live 

status.  

 

Lastly, the framework should have an effect on the resource management at Lightyear. As 

mentioned before, the planning of systems should be more accurate, and if accurate insight is 

gained about the status accurate resource management is possible. If systems are lacking 

progress this is noticed easier and allows to act on it. More resources, including people and 

budget, can be assigned to systems running behind schedule, and resources can be pulled from 

systems that are ahead of schedule. Furthermore, the framework can be used for funding 

purposes. Subsidies from the European union often require proof of certain TRL levels, which 

can be proven if this framework is used. Additionally, insight can be gained where and when 

in the development process the release (and thus the need) of financial resources is required. 

 

In short, it is highly recommended to pursue the use of this framework, and to focus on the 

creation and establishment of standardized work packages. The use of this framework is 

extremely important for the scalability of the organization as processes need to be standardized 

to maintain control. Furthermore, it should impact the time to market, enable performance 

insight and management, and enable the control of both resources and budget accurately.  

 

6.3.  Contribution to theory and limitations 
This thesis contributes to the Systems Engineering and maturity management literature in 

several ways. As stated in the research gap, current gaps in literature were the identification of 

best practices among Systems Engineering practices, and the development of metrics models 

specifically for Systems Engineering (Ramos, Ferreira, & Barceló, 2012).  
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Firstly, this research contributes to the theory by identifying best practices. Different life cycle 

models from literature and across different industries are analyzed and compared to each other. 

This resulted in the selection of the ISO life cycle model as the most relevant for the 

development of systems in the automotive industry, and thus can be seen as the best practice 

from Lightyear’s perspective. Furthermore, standard review moments that should happen 

throughout the life cycle are investigated. During the life cycle of a system, eight review 

moments are identified to be critical, and these could be seen as the best practice regarding 

review moments in Systems Engineering. Besides the identification of the critical review 

moments, the review moments have also been mapped on the ISO life cycle model. Existing 

literature did not relate these reviews to this specific life cycle model, which can therefore be 

seen as an addition to the literature as well.  

 

Secondly, this research contributes to the theory with the development of a metrics model 

within Systems Engineering. Although maturity models are not new for the development of 

systems, integrating maturity models in the life cycle model and relating them to the review 

moments is new.  

 

Lastly, all maturity aspects of a system have been analyzed and four different maturity models 

are identified to present a complete maturity overview for a system: Technology readiness, 

Integration readiness, Manufacturing readiness and programmatic readiness. Thus far, no 

research has been found combining all four of those aspects, but mainly focused on the 

exploration of the individual aspects.  

 

However, several limitations to this research apply as well. Firstly, the timing of the research 

did not allow a thorough validation of the development, production, utilization, support and 

disposal phases of the framework. At the time of conducting the research Lightyear was 

positioned in the concept phase, focusing the validation efforts mainly on the concept phase. 

Although the later phases have been validated, this was done in a focus group with stakeholders 

that had fewer expertise in those later phases, as this expertise was still lacking (and not fully 

required) at Lightyear at the time. Furthermore, the framework has only been validated at the 

company Lightyear. The framework should be validated in different types of organizations and 

industries as well, to increase the certainty of the general applicability of the framework. Lastly, 

Due to time restrictions of the research the implementation of the framework was not included. 

Generally, a lot is learned throughout the implementation and slight iterations may occur to 
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further improve and/or specify the framework. Future research should focus on the detailed 

process flow and activities within each of the stages, as this framework only presents the high-

level process to develop a system. Additionally, more best practices should be established due 

to the wide variety of practices used across the industries, and more metrics models should be 

established as maturity metrics is only one of the many important factors in the development 

process of complex systems.  
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Appendix A: Interfaces theoretical framework 
Interfaces between the life cycle phases and the review moments, technical processes and 

maturity models. 
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Interfaces between the review moments, and the technical processes and maturity models. 
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Appendix B: Problem investigation Semi-structured Interviews 
The following questions were asked in the semi-structured interviews to get an understanding 

of the current situation and to gain guidelines for the future situation. 

 

Current State 

- How does the current process look like? 

o Engineering management 

o Project management 

o Maturity management 

o Technical Processes 

o Reviews / milestones 

- What challenges do you see in this process? 

Future Process 

- How should the future process look like from your perspective? 

- What is critical for success in the future process 

Benchmark 

- What experience do you have in other organizations regarding the development process? 

- What did you like and what should be avoided? 

 

Employees interviewed: 

Department Function 

Engineering System Architects (3) 

Engineers (3) 

Vehicle Integration (2) 

Validation Manager 

Management Program Manager 

Chief Technology Officer 

Project Management Project Managers (3) 
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Appendix C: Document analysis documents 

Document Category Type 

TRL + SRL + MRL Methodology 
Maturity Management / Systems 
Engineering Life Cycle 

Google 
Slides 

PLM 
Systems Engineering Life Cycle / 
Milestones 

Google 
Slides 

SDR Template Review Process 
Google 
Slides 

SDR - Example Review Process 
Google 
Slides 

Reviews - way of working Review Process / Milestones 
Google 
Slides 

SDR manual Review Process 
Google 
Slides 

R&D quick reference guide 

General Systems Engineering or 
engineering management 
practices 

Google 
Slides 

R&D roadmap 

General Systems Engineering or 
engineering management 
practices 

Google 
Slides 

RFLP workflow 

General Systems Engineering or 
engineering management 
practices 

Google 
Slides 

LY1 product engineering process 
Systems Engineering Life Cycle / 
Milestones 

Google 
Slides 

TRL assessment Maturity Management Excel 
GPDS Benchmark PDF 
JLR GPDS Benchmark PDF 
Volvo GDPS Benchmark PDF 

Lightyear Engineering Structure 

General Systems Engineering or 
engineering management 
practices 

Google 
Sheets 

SpaceX - Systems Engineering: A 
traditional Discipline in a Non-
traditional Organization Benchmark PDF 

Concept Selection Matrix - Template 

general Systems Engineering or 
engineering management 
practices 

Google 
Sheets 

Standardized Product Creation process 
in Commercial Vehicle Development Benchmark PDF 



 75 

Appendix D: Focus Group 
List of focus group attendees 

Function 

Management Team 

- Chief Executive Officer 

- Chief Product Officer 

- Chief Technology Officer 

- Chief Commercial Officer 

- Chief Organization Officer 

- Chief Design 

Product Development 

- Program Manager 

- VP Engineering 

- VP Operations 

- VP Procurement  

- Operations Manager 

- Vehicle Architect 

- Macro system architect (3) 

- Quality Manager 

Project management 

- Project manager (2) 
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Appendix E: Artefact validation focus group 
 

Functional requirements 

• The design should include the complete life cycle of a system [1] 

• The design should present standardized review moments 

throughout the development process [2] 

• The design should present clear gates throughout the development 

process [1] 

• The design should provide insight in the maturity of in-

development systems [7] 

• The design should enforce creativity in the early life cycle phases 

[3] 

• The design should enforce more structure as life cycle stages 

progress [4] 

User requirements 

• The design should be easy to understand for any employee within 

Lightyear [5] 

• Definitions used in the design should be unambiguous [6] 

• The design should be standardized [1] 

• For any user it should be clear what is expected at certain review 

moments, gates or milestones [2] 

Boundary conditions 

• The design should enable the development of any kind of system 

within Lightyear [1] 

• The design should comply with legislation and industry standards 

established or initiated at Lightyear [G] 

Design restrictions 

• The design should fit the organizational culture of Lightyear [G] 

• The design should fit the organizational structure of Lightyear [G] 

• The design should fit the mission and vision of Lightyear [G] 

 

Comply: 

• Yes 

• Yes 

 

• Yes 

 

• Yes 

 

• Yes 

 

• Yes 

 

 

• Yes 

 

• Yes 

 

• Yes 

 

 

• Yes 

 

• Yes 

 

 

• Yes 

• Yes 

• Yes 

 


