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Abstract 

Product development is multidisciplinary activity which is dynamic, creative, uncertain, highly 

iterative and strongly reliant on communication, making it particularly complex. Research on the 

topic shows that having a well-defined development framework, whether it be process-based or 

information-based, is a critical success factor for new products. Research also shows that some 

sort of product development structure is already being used in large manufacturing firms, 

particularly in the aerospace and automotive industries. 

This thesis proposes a methodology for structuring the development process of small engineering 

firms or teams which relies on modelling to describe the processes and support their improvement. 

The methodology is comprised of four stages, which are: understanding the existing processes 

and their interactions; modelling the existing processes; validating the model; simulate changes 

that may improve the process. The methodology was applied and continuously revised in a 

practical environment consisting of a team of 30 engineering students designing and building a 

race car.  

Results show that implementing the methodology is time-consuming, particularly for small, 

understaffed teams, but that useful insights such as new organizational structures, new process 

approaches and better knowledge of influence of external factors can be drawn from its 

implementation. 
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Resumo 

O desenvolvimento de produto é uma actividade dinâmica, incerta, altamente iterativa e muito 

dependente de comunicação, o que a torna particularmente complexa. Investigação na área 

mostra que a existência de uma estrutura de desenvolvimento, quer baseada em processos quer 

em canais de comunicação, é um factor crítico para o sucesso de novos produtos. A investigação 

mostra também que muitas grandes empresas de engenharia, particularmente nas indústrias 

aeronáutica e automóvel, se baseiam em alguma estrutura para desenvolver novos produtos. 

Esta tese propõe uma metodologia baseada em modelação para estruturar o processo de 

desenvolvimento de produto de pequenas equipas ou empresas de engenharia e potenciar a sua 

melhoria. A metodologia é constituída por quatro fases: compreender os processos existentes e 

as suas interacções; modelar os processos existentes; validar o modelo construído; simular 

alterações que possam melhorar o processo. A metodologia foi aplicada na prática e 

continuamente revista num ambiente de projecto, nomeadamente a construção de um carro de 

corrida por parte de uma equipa de 30 alunos de engenharia. 

Os resultados mostram que a implementação da metodologia ocupa bastante tempo, 

particularmente em equipas pequenas e com falta de pessoal, mas que esta leva a conclusões 

úteis como a restruturação da organização, abordagens novas ao processo e melhor 

compreensão da influência de factores externos no processo de desenvolvimento de produto. 
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1 Introduction 

 

Product development is an interdisciplinary activity that consists of transforming a market 

opportunity into a finished product that can reach the final customer (Ulrich & Eppinger, 2011). 

The whole process can be divided into different phases which span from identifying the market 

opportunity, collecting customer needs and developing concepts that satisfy these needs, to 

figuring out the overall product architecture, defining every component's geometry, procuring 

suppliers for raw materials and tooling, develop a sales plan and ramping up the production of the 

product.  

This generic definition is useful in that it provides a common framework which is relevant to the 

development of virtually any product. However, considering the range in product complexity, one 

can expect very distinct difficulties to arise. Table 1-1 shows the scope of development effort from 

a relatively simple product like a screwdriver to a complex product like a commercial jet. 

Table 1-1 - Comparison of product development projects (Ulrich & Eppinger, 2011) 

 Screwdriver In-line Skate Printer Automobile Airplane 

Sales Price $5 $150 $130 $20 000 $260 million 

Unique Parts 3 35 200 10 000 130 000 

Development Time 1 year 2 years 1.5 years 3.5 years 4.5 years 

Team Peak Size 3 people 5 people 100 people 800 people 6 800 people 

Development Cost $150 000 $750 000 $50 million $400 million $3 billion 

 

We can see that there are several factors that make product development for the automotive or 

aerospace industries particularly complex, among which are the number of parts, interaction 

between them, and strict performance requirements for all systems. But perhaps one of the most 

important factors is that, unlike a manufacturing process, in which the process always moves 
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forward, complex design requires certain components and systems to be designed taking into 

consideration requirements which are not yet available. So, their design is launched based on 

“dummy” requirements meaning that their design must have to be updated later to accommodate 

changes in requirements. The iterating nature of complex design processes makes it necessary, 

therefore, for project managers to have a comprehensive overview of the whole system in order 

to enhance the advantages of iteration (convergence towards better solutions) without creating 

excessive re-design that delays the launch of the new product to market. 

 

1.1  Motivation & Context 

The Aerospace Engineering degree offers a broad curriculum with elements from both Mechanical 

and Electrotechnical Engineering, as well as some specific subjects, giving students a broad 

perspective on engineering problems, and an ability to communicate with different specialists on 

any given project. This makes the aerospace engineer particularly suited for project management 

– a view that was recently backed by the degree’s coordinators when enlarging to more 

management-oriented subjects in the curriculum. 

It is also fortunate that aerospace engineers are particularly suited for project management 

activities, given that the aerospace industry produces projects with incredible complexity. Since 

the beginning of aviation, the design process has changed dramatically with increasing 

complexity, from the “Edisonian” approach of trial and error, to heavy testing, to today’s physics-

based simulation (Tam, 2004). Nowadays, no one expects that a single person or even a small 

team could be responsible for designing a whole aircraft. This is a project for many thousands of 

qualified knowledge workers organized in Product Development Teams (Statham & Kleiner, 

1996), whose work is integrated throughout the design process. There is, therefore, a need for 

generalists/system thinkers as much as specialists/analytic thinkers in any complex 

multidisciplinary product development project (Cummings & McMasters, 2004). The larger 

tendency for engineering students to be specialists/analytic thinkers, at least in the author’s limited 

experience but also in the insight from Table 1-2, leaves a gap to be explored by students who 

tend to be interested in more activities, yet to be less proficient in any given one. 
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Table 1-2 - Distribution of engineering workforce in aerospace (Cummings & McMasters, 2004) 

Technical Workforce Currently Future (5-10 years) 

Technical Specialists 80-90% 60-70% 

Generalists 10-20% 30-40% 

 

With this in mind, and given the author’s interest in system integration and project management, 

the motivation for this thesis was set: to understand challenges in complex product development 

processes and state-of-the-art approaches to facing these challenges. Also contributing to this 

motivation was the long-time participation in the Formula Student Técnico project (an extra-

curricular activity), which features complex product development processes, as described in 

Section 4.1, and offered a unique opportunity to directly apply the concepts learned in the research 

for this thesis. The application of these concepts in practice produces much greater insights into 

the advantages, disadvantages and challenges of the whole process. 

 

1.2  Product development challenges 

Some of the challenges that face product development today were described in the late 90’s. The 

rising expectations from customers, which request individual solutions tailored to their problems, 

the increasing competition due to globalization and the international build-up of scientific and 

technological skills (Bullinger & Warschat, 1996) make product development an increasingly 

competitive and demanding activity for companies. Three key targets were defined then, which 

are still valid today, for gaining the competitive edge in product development processes: 

• Decrease time to market to gain market share 

• Improve overall quality to meet the demands of costumers 

• Decrease product development cost to decrease the pay-off period 
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Delivering a better product, in less time, and with less cost may seem obvious, but these insights 

from more than 20 years ago still hold. Reaching these targets, according to Bullinger & Warschat, 

required: 

• Parallelization of sub processes and tasks to eliminate delays 

• Integration of departments and persons via matrices or better dedicated cross-functional 

team work 

• Standardization of the product development process to improve better understanding and 

to minimize confusion. 

A survey on various aerospace firms and agencies (Osborn, 2009), including the European Space 

Agency, Jet Propulsion Laboratories, Dornier Satellitesysteme, Jonhson Space Center, shows 

that concurrent engineering – the first requirement stated above - is widely implemented in the 

aerospace industry. 

The integration of personnel on matrices is also widely implemented, with research from as early 

as 1980 (Kolodny, 1980) showing the correlation between stronger cross-functional integration in 

project teams and higher rates of product innovation. 

Given the context explained in the previous subsection, particularly the final part regarding the 

practical environment in which the author of this work was involved, it was decided that the main 

subject of this thesis was a contribution to a higher standardization of the product development 

process, with a strong emphasis on the role of process modelling. 

 

1.3 Thesis objective and outline 

After defining some of the factors that make the aerospace industry particularly prone to 

developing complex projects needing strong project management, some of the major challenges 

arising from these types of projects were discussed. One of these challenges, the standardization 

or structuring of product development processes, is the main focus of this thesis.  

The main goal for this thesis is the development of a methodology to support development process 

standardization or structuring in teams with unstructured processes. This methodology relies on 
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process modelling and simulation both to gain a clear understanding of the existing process and 

to attempt to improve it with minimal cost and confusion.  

The outline of this thesis in the following: 

• Chapter 2 gives a brief overview of the literature regarding product development and 

structuring approaches. 

• Chapter 3 discusses the proposed methodology, starting with the general approach used 

to define it, then introducing the software tools and modelling parameters and finally 

specifying its steps. 

• Chapter 4 discusses the application of the proposed methodology to a product 

development project in a case study format. 

• Chapter 5 discusses the results of the case study and the direct impact the methodology 

brought to the project. 

• Chapter 6 finishes this document with the conclusions drawn from defining and applying 

the methodology, as well as future work which can be developed using insights from this 

thesis.  
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2 Review of relevant topics 

 

In this Chapter, a review of topics which are relevant to the definition of a process structuring and 

improvement methodology is given. First, the product development activity is described by stating 

its goals, critical success factors and characteristics. Then, a distinction is made between 

prescriptive and descriptive approaches to structuring the development process, along with a 

description of common tools used to model it. 

 

2.1 What is product development?  

The most basic definition of product development has already been given in Chapter 1, but it is 

repeated as an introduction to this subsection: product development is the interdisciplinary activity 

that consists of transforming a market opportunity into a finished product that can reach the final 

customer.  

The difficulty and the importance of developing successful new products is documented in multiple 

studies. In a benchmarking study (Cooper & Edgett, 2003) using research data from the American 

Productivity and Quality Center (APQC) involving 105 firms in different industries, data shows that, 

on average, although new products represent 28% of the firm’s profits, only 60% are commercially 

successful, of which only 56% meet revenue goals. Furthermore, only 51% are launched on 

schedule and 57% on budget. 

Successful development projects which lead to the profitable sale of a product perform on the 

following dimensions (Ulrich & Eppinger, 2011): 

• Product Quality – how well does the product satisfy customer needs? 

• Product Cost – how much does it cost to produce the product? 

• Development Time – how much time did the team take to develop the product and launch 

it to market? 

• Development Cost – how much did the team spend before launching production? 
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• Development Capability – how much did the team’s or company’s ability to develop 

successful products in the future improve from the experience of a specific project?  

These dimensions are critical for the profitability of a product development effort, but other criteria 

can be important in some cases to different stakeholders. Non-profit organizations, for example, 

while mostly not developing physical, discrete and engineered products, also develop services 

and simple products and should also be concerned with the previous dimensions. However, with 

profitability not being a success criterion, adaptations should be made, among which the increased 

importance of the “Development Capability” dimension to ensure that the product development 

strategy is focused on the long-term objectives and not on whatever can temporarily increase 

donations (Drucker, 1990). 

The dimensions described by Ulrich and Eppinger are useful in evaluating each separate 

development process. However, any firm that develops several products should have a strategy 

to ensure good results on all of them, meaning that synergies and accumulated knowledge on the 

development process of one product has normally a positive impact on the others. In another 

benchmarking study comprising 135 manufacturing firms (Cooper & Kleinschmidt, 1995), some 

critical success factors were determined which make it clear that successful product development 

projects are the results of the whole firm’s effort: 

• The new product development process and specific activities within this process 

• The organization of the new product development program 

• The firm’s new product development strategy 

• The firm’s culture and climate for innovation  

• Senior management commitment to new product development 

Out of these critical success factors, this benchmarking study ranks the existence of a high quality 

new product development process as being the biggest difference between great and poor 

performers. The study further details the characteristics of a high quality new product development 

process: 

• Focus on the quality of execution 

• Complete and thorough process, with no shortcuts taken 

• Emphasis on pre-development work 
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• Sharp, early product definition 

• Existence of tough Go/Kill decision points 

• Process flexibility 

It is therefore clear that the existence of a structured process for developing new products is critical 

for any enterprise wishing to succeed in today’s competitive global market. This structured 

process, may not, however, be easy to achieve. A few challenges arise due to basic characteristics 

of new product development (Fricke, et al., 1998): 

• Creativity and innovation 

• Dynamic 

• Multidisciplinary 

• Strongly interrelated 

• Strongly concurrent 

• Iterative 

• Communication intensive 

• Uncertain 

• Risky 

Although presented as challenges, some of these characteristics are not necessarily prejudicial to 

the development process. Iteration, for instance, has been shown to be highly beneficial to the 

overall outcome of the process in examples like the design of aircraft engine components (Jarrett, 

Dawes, & Clarkson, 2006), where evolutionary development (product development based on 

improving previous models) trendlines suggested that initial product requirements were impossible 

to meet.  

These characteristics do, however, make it hard for recently graduated engineers logically apply 

their theoretical knowledge to designing and developing new products, except in cases in which 

work is based on previous designs (Haik & Shahin, 2011). Even for experienced engineers, who 

have historical data on their side and can therefore trace similarities between a new product 

development project at hand and some previous project they’ve worked on, the concurrency and 

interrelation between different tasks performed by different people introduce a high level of 

uncertainty, because some tasks must be attempted before accurate inputs have been given. It is 
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clear, therefore, that a structured process which features these iterative interactions is important 

both to plan development and to monitor and control its execution. 

In the following sections, two different approaches to structuring development processes are 

described: prescriptive and descriptive. 

 

2.2 Prescriptive approaches to structuring 

development processes 

As discussed above, one of the requirements for gaining the competitive edge in product 

development processes is the standardization of such processes. A product development process 

is a sequence of steps which a team employs to design, manufacture and commercialise a 

product. This process can vary for different products developed by the same enterprise and for 

same products developed by different enterprises. However, one can find generic prescribed 

processes which are valid for any product. There are several suggestions as to how this process 

should be broken down into a series of steps. The most traditional ones break the process down 

into phases which are sequential and separated by reviews and decision points. This approach is 

known as a phase-gate process or waterfall process.  

The Product Development Institute (PDI) defines a roadmap for new product development, based 

on research (Cooper, 1990), called Stage-Gate. It argues that innovation can only be 

systematically obtained with a defined process which features the following stages and gates 

(Figure 2-1): 

• Stage 0: Idea 

• Gate 1: Initial Screen – the idea is analysed in terms of its compliance to a number of 

criteria, such as alignment with firm strategy, project feasibility, differential advantage, 

magnitude of opportunity and market attractiveness. Projects are ranked and prioritized 

according to these criteria 

• Stage 1: Preliminary Assessment – Determining market size, market potential and market 

acceptance, and also assessing possible development costs and lead times 

• Gate 2: Second Screen – the same as Gate 1, using more accurate data 
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• Stage 2: Definition – determining customer needs, wants and preferences, analysing 

competition, detailed technical appraisal, analysing legal/copyright issues, performing a 

complete financial analysis 

• Gate 3: Decision on Business case – the final decision point before significant resources 

are spent on the development process. Besides deciding if the project is to be developed 

or killed, at this point the market, the concept, the specifications and the product benefits 

are defined 

• Stage 3: Development – Developing the product, and the plans for marketing, operations 

and testing the product 

• Gate 4: Post-Development Review – ensuring the quality of the development work, 

reassessing project feasibility based on new, much more accurate data 

• Stage 4: Validation – in-house and consumer testing of the product, manufacturing process 

testing, selling trial to determine customer reaction 

• Gate 5: Pre-Commercialization Decision – the final decision point, after which the product 

is launched to market 

• Stage 5: Commercialization – marketing and operation plans are launched 

• Post-Implementation Review – evaluating project and product performance, comparing 

revenues, costs and timing values to other products 

Idea
Preliminary 

Assessment
Definition Development Validation Commercialization

Gate 1 Gate 2 Gate 3 Gate 4 Gate 5

 

Figure 2-1 - Stage-Gate Structure (Cooper, Stage-Gate Systems: A New Tool for Managing New Products, 1990) 

Notice that in the PDI innovation process, almost no detail is given regarding the “Development” 

stage. This is a common criticism of waterfall or phase-gate processes: they structure the phases 

of a development process, but give little information on how to address each one. 

Ulrich and Eppinger (2011) define a generic development process as six phases (Figure 2-2): 
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• Planning – identifying and prioritizing possible development projects, allocate resources 

and plan timing, define product mission statement which includes a description of the 

product, key assumptions and constraints, target market, benefits and stakeholders in the 

project 

• Concept Development – creation of various approximate descriptions of the functioning 

principles of the product and its form, and subsequent concept evaluation and choice 

• System-level Design – definition of the product architecture, layout and functional 

definition of all sub-systems, preliminary definition of manufacturing and assembly 

process 

• Detail Design – complete specification of every component to be made or bought, 

including all required tooling, as well as the establishment of the final manufacturing plan 

• Testing and Refinement – producing early versions of the product, either as alpha 

prototypes (which are not necessarily built using the defined manufacturing process) or 

beta prototypes (which are built using the defined processes, but not necessarily 

assembled as intended for the final product), which assess if customer requirements are 

met and if performance and reliability are up to standard, respectively. After conclusions 

are drawn, adjust for any eventual engineering changes required 

• Production Ramp-up – manufacturing and assembling the product according to the 

processes defined in the detail design and adjusted during testing, training the workforce 

which will produce the parts, supplying early products to select customers for further 

testing before official product launch 

Planning Concept
System-level 

Design

Detailed 

Design

Testing and 

Refinement

Production 

Ramp-up

Approval Review Review Review Approval

 

Figure 2-2 Generic product development process (Ulrich & Eppinger, 2011) 

Notice that this approach to structuring the process is somehow a more detailed breakdown of the 

PDI’s Development Stage, including some aspects of the Definition and Validation phases. 
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The development process is not finished when the product is tested and approved – it is only 

finished after the manufacturing work force is trained, any remaining problems in the production 

process are eliminated and the product becomes available for widespread distribution. 

This generic process requires adaptation to specific project characteristics. For products which 

feature complex systems, which are the most relevant for this thesis, the process must be adjusted 

to the fact that the product must be broken down into sub-systems which are developed 

concurrently and then integrated and validated. Examples of these products include aircraft or 

automobiles, or even components of these products like engines and battery packs. An example 

of a development process for such a product is given in Figure 2-3. The case study presented in 

Chapter 3 relates directly to the detailed design of one of sub-systems of a complex product.  

Planning Concept
System-level 

Design

Detailed 

Design

Integration
Validation and 

Ramp-up

Approval Review Review

Detailed 

Design

Detailed 

Design

Detailed 

Design
 

Figure 2-3 Complex system development process (Ulrich & Eppinger, 2011) 

It is possible to further detail the process. A systematic approach to product design is given by 

(Pahl, Beitz, & Wallace, 1988) which divides the process into phases (Figure 2-4) as Ulrich and 

Eppinger (2011), but offers a range of specific guidelines to approach each phase, as well as a 

list of deliverables that should be used to review and advance through the phases.  

Clarification 
of the task

Concept 
Generation

Embodiement 
Design

Detailed 
Design

 

Figure 2-4 - Engineering Design process (Pahl, Beitz, & Wallace, 1988) 

This approach is only concerned with the actual design of the product, so it doesn’t include firm 

strategy or prototyping/production ramp-up concerns. It does, however, feature descriptions of 
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general problem-solving methods that aim to overcome the problems of the intuitive approach to 

design, such as: 

• Method of persistent questions – question all assumptions as a way to diverge from known 

solutions, for example with the use of checklists. 

• Method of forward steps – starting with a first solution attempt, follow all the possible paths 

that stem from it, resulting in various possible variations of the solution. Also known as 

divergent thought. 

• Method of backward steps – starting with the objective, and tracing all the possible paths 

that may have led to it in ideal conditions. After a path of solutions is found, concessions 

are made to turn this ideal design into a feasible one. 

Like the previously discussed approaches, this approach also proposes a linear structured 

process to development. The main advantages of these approaches are that the requirements are 

set from the beginning, making the process more predictable and progress more easily measured. 

The disadvantages are that iteration between stages is not possible or at least not considered, 

which means that the review process must be very detailed and time-consuming, and that 

requirements should be accurately defined in the beginning of the project, time at which available 

information is limited. An article by McKinsey (Holman, Kaas, & Keeling, 2003) argues that phase-

gate development processes brought dramatical efficiency increases all throughout the 90s, but 

that improvements were plateauing in the turn of the century. They suggest that a new approach 

to product development is needed which switches from a fixed, process-based to a dynamic, 

information-based framework 

Particularly for software development, alternative approaches exist which are not linearly 

organized into stages (like all the other structures described so far). These approaches differ but 

fall under the name of “Agile”. In Agile approaches, contrary to waterfall or phase-gate projects, 

project requirements are given in the beginning, but they are assumed to be constantly changed, 

systems evolve in a series of short iterations which always finish with the delivery of a working 

feature as a piece of code which is to be approved by the customer (Palmquist, Lapham, Garcia-

Miller, Chick, & Ozkaya, 2013).  

Agile is not considered to be a methodology, but rather a set of values and principles. Various 

frameworks of the Agile values and principles exist, the most widely used being Scrum (Schwaber, 
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1995). This framework assumes that much of what was discussed up to this point in this thesis is 

only theoretically valid but impossible to implement in practice in software development. The 

workflow is divided into “Sprints”, or iterations, which deliver added working features to a 

previously approved code. The development phases for each release are as follows (Schwaber, 

1995): 

• Planning & System Architecture/High-Level Design 

• Development (Sprint)  

• Closure 

A visual representation can be seen in Figure 2-5. 

 

Planning and 
System 

Architecture
ClosureSprints

 

Figure 2-5 - Scrum framework (Schwaber, 1995) 

Results of the implementation of Scrum framework, as well as other Agile frameworks, to software 

development have been positive, with overtime reduced and client satisfaction increased (Mann 

& Maurer, 2005), having customers stated that there was an improvement on “consistency, 

transparency and coordination”. Most research has focused on the implementation of Scrum to 

software development projects, but some exceptions exist that test its validity for mechanical 

engineering applications. In one particular case study (Reynisdóttir, 2013) performed in a fishing 

equipment manufactured in Iceland, some adaptations were proposed, and a specific mechanical 

design team decided to carry on applying the Scrum framework to their product development. 
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Another approach which does not structure the development process in a sequential way is 

Dynamic Product Development (DPD) (Ottosson, 2004). This approach argues that long term 

planning and budgeting based on the assessment of market needs should not be required before 

starting the development process, because for any product beyond a certain complexity there is 

too much uncertainty behind this assessment. Particularly for the generation of product ideas, 

DPD proposes that the “Information Gathering”, “Analysis” and “Idea Generation” tasks, which 

traditional literature structures sequentially, should be done in parallel. Like Scrum, it also 

proposes that the final product should be the result of an iterative evolution of a series of “final”, 

completely developed products, not of incremental detailing of an initial product concept. The DPD 

process is shown in Figure 2-6. 

Wish

Concept Develpment

Data collection

Analysis

Idea Generation

Product Development

Production Development

Market Development

 

Figure 2-6 - DPD process (Ottosson, 2004) 

The main problem with this approach, as was discussed for other prescriptive approaches, is that 

it gives little insights into the tasks that must be performed in the process, lacking low-level task 

description for new and unexperienced product development teams. 
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2.3 Descriptive approaches to structuring development 

processes 

The previous approaches are prescriptive, that is, they are suggestions of what the process should 

be based on experience and best practices. They are useful as general guidelines for development 

processes, but they provide little detail into the actual steps that a firm must take for different 

projects. In other words, both phase-gate and “Agile” frameworks help build a schedule based on 

big milestones or deliverables, but they must be adapted in order to reflect a particular 

development process.  

Descriptive approaches attempt to understand the process as it is in order to standardize and 

improve it. Some of the most common tools which are used to construct descriptive models of 

design processes are the Critical Path Method (CPM) and the Process Evaluation and Review 

Technique (PERT). An example of a PERT chart is given in Figure 2-7, where ES, LS, EF and LF 

refer to each task’s early start, late start, early finish and late finish dates, respectively.  

Duration EF

LS Slack LF

ES

Task 1

Duration EF

LS Slack LF

ES

Task 2

Duration EF

LS Slack LF

ES

Task 3

Duration EF

LS Slack LF

ES

Task 4

Duration EF

LS Slack LF

ES

Task 5

 

Figure 2-7 - PERT chart 

These tools allow the development process to be represented as a sequence of tasks and their 

dependencies. Both can be used to determine the sequence of tasks in which a delay in any task 

will represent a delay in the overall project completion (known as the critical path), the biggest 

different lying in how uncertainty is addressed – CPM uses one deterministic estimate, whereas 

PERT uses three scenarios (best case, most likely and worst case) to achieve a probabilistic 

estimate. The basic methodology for both is the following: 

1. Define all the tasks that compose a project 
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2. Define relationships (precedence, dependency) between the tasks 

3. Define time and cost estimates for each task 

4. Determine the minimum possible duration of the project and highlight the sequence of 

tasks which lead up to this duration 

In complex development project with hundreds or thousands of tasks, network diagram tools such 

as CPM or PERT can become difficult to display. For better visualization, both these task network 

tools can be represented by Gantt charts. 

Gantt charts originated in the 1920’s (Clark, 1923) and are perhaps one of the most commonly 

used management tools for scheduling projects. An example of a Gantt chart which uses the same 

process as the PERT chart example can be seen in Figure 2-8. Using software tools, critical path 

analysis can be performed using information from Gantt charts and the critical path can be directly 

highlighted. 

 

Figure 2-8 - Gantt chart 

Despite being the most commonly used tool for scheduling projects, Gantt charts are not ideal to 

represent iteration, because task dependency can only be represented as precedence. In other 

words, two tasks cannot be represented to be concurrent and mutually dependent on each other, 

which has been described to be the case in processes aiming at decreasing development time 

and cost (Holman, Kaas, & Keeling, 2003). In the interest of structuring development processes 

which are inherently iterative, therefore, more insight into the characteristics and impact of iteration 

must be gained and other descriptive approaches must be used. 

Two types of iteration can occur (Smith & Eppinger, 1993): anticipated iteration, which accounts 

for the planned progression from the first draft to a final design, and unanticipated iteration, which 

accounts for rework due to requirements change, design errors or changes in product strategy. 

Although it is also a crucial tool to prepare a development team for requirements change 
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(Fernandes, 2014), development process structuring is mainly concerned with understanding 

anticipated iteration, which can account for as much as 87% of development time (Smith & 

Eppinger, 1993).  

One of the most common tools to represent task dependency and interaction is the Design 

Structure Matrix (DSM) (Eppinger & Browning, 2012), which is a visual representation of a system 

with N elements in a N x N matrix form (Figure 2-9). The DSM is a network modelling tool which 

can be used to highlight relationships between components (product architecture), tasks (process 

architecture) or people (organization architecture).  

Regardless of the type of DSM being used, connections are introduced either per rows, which 

answers the question “which elements influence the element on this row”, or per columns, which 

answers the question “which elements depend on the element on this column”. Notice that this 

means that one element can depend on the other or vice-versa, and they can also depend on 

each other. A significant difference exists between connections represented above and below the 

diagonal, particularly when dealing with a process architecture DSM, because any connection 

represented above the diagonal means that a task depends on information which is only generated 

by subsequent tasks.  

 

Figure 2-9 - Design Structure Matrix 

When dealing with product architecture, connections between elements can represent information 

dependencies, physical contact, energy transfer or material transfer. Mapping the connections can 
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be done taking all these aspects into consideration or just one (an example is given in Section 

3.2.1). When representing organization architecture, connections represent interactions and are 

usually quantified as an integer. For instance, if the DSM is mapping interactions in a twenty-

person team, each individual will interact differently with the other nineteen, and these differences 

can be represented simply with an integer qualifier. Mapping process architecture in a DSM is 

slightly different from the previous examples, because connections represent information 

dependencies between tasks, but the order of the matrix represents process flow. Because of this, 

as explained before, connections above the diagonal represent potential iteration, which makes 

the DSM a visual tool to identify process iteration-related uncertainty.   

The DSM can be useful simply as a visualization tool, because it allows representing complex 

systems in a compact way, as well as representing interdependency between tasks, unlike a Gantt 

chart, in which two tasks can only be sequential. However, it can be much more useful if analysis 

algorithms are applied such that the components/tasks/system elements can be reordered. The 

most common analysis algorithms are the partitioning, clustering and banding.  

 

Figure 2-10 - Result of a partitioning algorithm 

The partitioning algorithm is useful for process architecture DSM. The goal of this algorithm is to 

reorganize the matrix in such a way that connections above the diagonal are minimized. For 

example, if the DSM in Figure 2-9 represents a process, there are a few sources of iteration. After 

running a partitioning algorithm, there are less sources of iteration, suggesting that the process 
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should be organized and sequenced in a different way as seen in Figure 2-10. Notice that where 

there were five tasks needing information which was not available, there are now only three. 

The clustering algorithm is another useful tool, particularly for DSM that represent interaction 

networks between parts or people. This algorithm groups elements in clusters according to their 

interaction, minimizing interaction between different clusters. Using a different example and 

applying the algorithm, elements are reorganized (Figure 2-11). Different algorithms exist for 

clustering (Hartigan, 1975), usually for minimizing a certain objective function. 

 

Figure 2-11 - Result of a clustering algorithm 

Other matrix representations besides the DSM exist. The Domain Mapping Matrix (DMM) was 

developed as an extension of the DSM concept, and is a rectangular rather than a square matrix. 

As shown before, the DSM maps relationships in a certain domain – either process, product or 

organization, whereas the DMM maps relationships between different domains. Five domains are 

considered to exist (Danilovic & Browning, 2007): Goals, Product, Process, Organization and 

Tools. Each can individually be analysis using a DSM, but if cross-domain relationships are to be 

mapped, a DMM is required (Figure 2-12 - Domain mapping matrix). In this example, rows can 

represent manufacturing processes and columns can represent product parts, each connection 

assigning a manufacturing process to a part. The same analysis algorithms discussed before can 

be used, so, if a clustering algorithm were applied to this example, product components would be 
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grouped according to their manufacturing processes instead of by relationships amongst 

themselves. 

 

Figure 2-12 - Domain mapping matrix 

A third matrix mapping approach can be used which is called Multi Domain Matrix (MDM), as seen 

on Figure 2-13. This method combines the two previously discussed approaches and allows 

multiple DSM and DMM to be combined in a single matrix (Eppinger & Browning, 2012). The same 

analysis algorithms can be used to organize the development process according to the different 

domains. 
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Figure 2-13 - MDM comprised of two DSM and one DMM (Eppinger & Browning, 2012) 
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3 Methodology for Design Process Modeling 

 

The main goal of this thesis is the development of a methodology, based on process modelling, 

comprised of a series of steps aimed at structuring the design process of product development 

teams, particularly those with a high degree of iteration. It is argued that this facilitates 

understanding the design process and enables the team to improve it, ultimately resulting in better 

designed products, with reduced development cost and time-to-market. 

In this Chapter, this methodology is described. It should be noted that the sequence of steps was 

greatly influenced by its practical application in a case study, discussed in Chapter 4 means that 

what is presented here is significantly different from the author’s expectations when beginning the 

research for this thesis. Some of the insights from the practical application will be described. 

 

3.1 The importance of a generic model 

Before proceeding with the description of the methodology, some thought is given to the overall 

approach to its design. The models could be built to be generic or specific. 

In a generic model, modelled tasks represent a series of steps which are understood as essential 

in any similar analysis; they do not represent a complete breakdown of the work to be completed 

in a certain year. In general, we have: 

• Pros 

o The model is less complex, because less tasks are represented 

o The model is valid for a longer period of time, because represented steps can be 

performed in different ways 

• Cons 

o Translating the model into a series of actual tasks is harder, leading to more 

ambiguity in the design process 
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o Validating the model is more difficult due to the lack of shorter, easier to compare 

tasks 

In a specific model, modelled tasks represent the work breakdown structure and the overall model 

can be perceived as a schedule for the design phase. 

• Pros 

o The fact that the model accurately represents the tasks to be executed means that 

it can be corrected as the process advances 

o If a new team is particularly inexperienced, the model provides a recipe for building 

the product, for example the car 

• Cons 

o If the design process is to be changed, it is much more complicated to adjust the 

model 

o Having many variables makes it hard to make any single change that greatly 

impacts the final output 

One of the goals for this methodology is for a development team to gain a better understanding of 

the process. It is the opinion of the author that a better understanding is only possible if alternative 

processes are considered and simulated – and therefore that the computational model should be 

built to be generic. 

 

3.2  Software Tools used for modelling and simulation 

The main software tool used for modelling and simulating the design process for this methodology 

is the “Cambridge Advanced Modeller” (CAM), developed by the Engineering Design Centre 

(EDC) of the University of Cambridge (https://www-edc.eng.cam.ac.uk/cam/). It is a Java based 

software for modelling and analysing dependencies and flows in complex systems. Task 

behaviour and interaction characterization is very customizable, and visual representation of the 

process flow and iteration is easy to understand, making it ideal for this methodology. Another 

advantage of using CAM is the fact that it is free of charge for research and education, and has 

sufficient documentation online. Disadvantages of using this software include a steep learning 

curve, which is due to its almost infinite tunability, the reliance on old Java platforms (the most 
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stable version the author could run the software in was Java 6.0.43, from March 2013) and lack 

of development, as the latest version of the software is from 2014. When contacted, the EDC 

mentioned being working on the release of an update in “the middle of 2017”, but as of September 

2017 this is yet to happen.  

Modelling a system and simulating its outcome can be done using 2 different platforms: Design 

Structure Matrix (DSM) or Applied Signposting Model (ASM) (Wynn, Eckert, & Clarkson, 2006). 

The next subsections are used to illustrate main features usage, important for this work. 

 Design Structure Matrix 

As discussed in Section 2.3, the DSM is one of the tools for representing complex system 

interactions. 

CAM offers several variations of DSM which are intended to represent different levels of interaction 

between elements. Some examples include: 

• Dependency strength (Integer) and direction (representing if the interaction is beneficial or 

prejudicial) {Positive, Negative} 

• Interaction types {Spatial, Energy, Information, Material} with desirability {Required, 

Desired, Indifferent, Undesired, Detrimental} 

• Likelihood [0-1], impact [0-1] and direction {Positive, Negative} 

Besides representing the system in a compact, easy to read form, the DSM functionality in CAM 

also includes the sorting algorithms discussed in Section 2.3.  

 Applied Signposting Model 

The Applied Signposting Model in CAM allows for the accurate definition of each task in the design 

process, as well as its interactions with other tasks. The graphic presentation is a flowchart of 

tasks and deliverables, as seen on Figure 3-1, with the following main elements: 

• Deliverable – package of information or material which is created or modified by tasks 

• Simple Task – transforms an input into an output according to various parameters 

• Compound Task – similar to Simple Task, but can create different outputs according to 

input parameters 
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• Iterative Task – similar to Compound Task, but can only create 2 outputs – either “continue 

process” or iterate again 

Deliverables are more than just visual cues in the flowchart – they carry information which can 

influence the tasks that modify them (Figure 3-2). This information is carried in the form of process 

variables, which have an initial value which can be changed by any task. 

 

Figure 3-1 - Simple process that modifies Deliverable 1, using Simple, Compound and Iterative Tasks 

 

Figure 3-2 - In this example, Deliverable 1 carries 2 variables, which can influence parameters on subsequent tasks 

Each task’s behaviour can be thoroughly characterized. It is divided into several components: 

• Pre-conditions 

• Resources 

• Duration 

• Outcome 

• Post process 

• Variables 
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In the Pre-conditions tab, one defines the criteria for a certain task to begin. As seen in Figure 3-3, 

“AVAILABILITY” means that a task cannot start until all preceding tasks are finished. This can be 

ticked off if, for instance, a certain task requires preceding information but can be started using an 

initial estimate. In this case, the task will be repeated (possibly with a much shorter duration) after 

the inputs are “UPDATED”.  “No upstream work is pending” means that a task must stop if there 

is work being done upstream, for instance due to iteration. 

  

Figure 3-3 - Pre-conditions tab 

In the Resources tab, one allocates units of certain resources to the specific task. For instance, a 

certain work force can include 2 structural engineers and 2 aerodynamicists, and therefore 2 

different types of resources are available. This is critical because when simulating the project 

duration, having a team of 4 people with the required competences is very different from having a 

team with specific qualifications. 
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In the Pre-process and Post-process tabs, process and global variables (that is, variables that are 

available for the whole process and not dependent on deliverables) can be modified. An example 

for the use of variables is if one wishes to include cost in the model – every time a task is 

completed, it increases a “total cost” global variable depending on its duration. This takes place in 

Pre-process if it influences the current task, and in Post-process if it influences the next tasks. 

The Duration and Outcome tabs are perhaps the most relevant for the process model. In the 

Duration tab, the duration for the specific task is defined. There are several ways to define task 

duration, almost all of them using some probability distribution function to model the uncertainty 

of any schedule. This can be done using a triangular, Beta or Gaussian probability distribution 

function, and also using user-defined functions based on the process variables. This allows, for 

instance, for setting task durations which decrease with iteration. 

 

Figure 3-4 - Duration tab 

In the Outcome tab (Figure 3-5), which is only available for Compound and Iterative tasks, one 

sets the likelihood of the process advancing through one or another path. This can be set to be a 

fixed probability, as in the figure above, or modelled by functions using the process variables. 
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Using a similar example to that which was given in the Duration modelling, one can expect the 

likelihood of a task being repeated to decrease as more iterations take place. 

Regarding simulation, the Applied Signposting Model uses the Monte Carlo Method (Metropolis & 

Ulam, 1949) to simulate the tasks duration and their compounding and iterative behaviour based 

on the respective probability distribution functions (PDFs). Successive simulation runs allows then 

to plot the probability distribution function of the overall process duration. By default, results are 

displayed in the form of a histogram and a cumulative distribution function. 

 

Figure 3-5 - Outcome tab in an Iterative task 

For example, given the process on Figure 3-6, in which duration of both tasks is a Triangular PDF 

with values (1,2,3) [Days], and a 60% likelihood of iteration for Task 2, the result of a 1000 run 

Monte Carlo Simulation is seen on Figure 3-7. This example illustrates the workflow of a ASM 

analysis: model a process using deliverables, simple tasks and iterative tasks; run a certain 

number of Monte Carlo simulations to assess process duration; and expand one of the possible 

durations to understand the process.  
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Figure 3-6 - Process that changes the properties of Deliverable 1 through Simple Task 1 and Iterative Task 2 

Expanding the histogram bars, one views the Gantt chart of all the processes (out of the 1000 

runs) that make up a specific bar. In this example, for instance, expanding the processes that lead 

to a total duration of 0.6 months (Figure 3-8). As can be seen, 25 out of 1000 runs result in this 

duration. Green bars depict tasks which are attempted for the first time, red bars depict repeated 

tasks due to iteration. Iteration is the main driver of process duration in this example. With more 

complex cases, it may not be so clear, especially if there is more uncertainty regarding individual 

task duration. 

 

Figure 3-7 - histogram and cumulative frequency function of the process duration 
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Figure 3-8 - Process flow that leads to a 0.6-month delivery time. 

 

3.3 Modelling parameters 

As shown above, CAM software allows for detailed characterization of task behaviour. As will 

became clear when defining the individual steps of the methodology, the early choice of behaviour 

defining parameters is very important so that mapping the process is more straightforward. If 

global variables (which are parameters that can influence every task on the process) are to be 

used, their interaction with individual task parameters must be defined beforehand. Task 

behaviour is divided into three major components: duration, likelihood of iteration, and resource 

usage.  

 Duration 

The first thing to be modelled is the duration of a task. Every task is subject to uncertainty, so 

duration always should be modelled using a probability distribution function. The software offers 

3 options: 

• Gaussian Distribution – requires 2 input values – mean and standard deviation 

• Triangular Distribution – requires 3 input values – minimum, expected and maximum duration 

• Beta Distribution – requires 4 input values – minimum, maximum, alfa and beta 
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The Triangular PDF is the suggested function, because while less complex than the Beta PDF, it 

still allows for asymmetry in the distribution, unlike the Gaussian PDF. 

It is also clear that tasks which are repeated due to iteration should be completed faster as more 

iterations are performed, modelling the gained experience. The way this can be achieved is by 

varying each of the 3 duration values – minimum, expected and maximum – according to the 

number of iterations.  

Taking the “Expected” value for an example, it can be modelled using the following function: 

𝑇𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑(𝑁) =
(𝑇𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑𝐼𝑛𝑖𝑡𝑖𝑎𝑙

− 𝑇𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑𝑠ℎ𝑜𝑟𝑡𝑒𝑠𝑡
)

𝑁𝐵
+ 𝑇𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑𝑠ℎ𝑜𝑟𝑡𝑒𝑠𝑡

         (1) 

Where N is the number of iterations, B is the learning factor, and 𝑇𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑𝐼𝑛𝑖𝑡𝑖𝑎𝑙
 is the duration of 

the task the first time it is attempted (therefore the longest) and 𝑇𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑𝑠ℎ𝑜𝑟𝑡𝑒𝑠𝑡
 is the minimum 

possible duration of a task after it is completely mastered. The learning factor (LF) sets how fast 

the duration approaches its asymptote – for a learning factor of 1, the task duration is halved for 

every iteration.   

Notice that this is repeated for every point of the Triangular PDF. Therefore, there are 7 task 

duration parameters: 

• Minimum Duration (For initial attempt) 

• Expected Duration (For initial attempt) 

• Maximum Duration (For initial attempt) 

• Minimum Duration (Asymptote) 

• Expected Duration (Asymptote) 

• Maximum Duration Asymptote) 

• Learning Factor (which is assumed constant for all durations) 

 Likelihood of iteration 

A similar thought process to that of task duration is applied in estimating the likelihood of iteration. 

The difference is that no probability density function is used to model iteration. Instead, varying 

the likelihood of iteration according to number of iterations is done using the rand() function (Figure 

3-9), which outputs a random number between 0 and 1. 
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Iteration occurs if: 

𝑟𝑎𝑛𝑑( ) <  
𝑃𝑟𝑜𝑏𝑀𝑎𝑥 − 𝑃𝑟𝑜𝑏𝑀𝑖𝑛

𝑁𝐵
+ 𝑃𝑟𝑜𝑏𝑀𝑖𝑛          (2) 

Where ProbMax is the likelihood of having to repeat the task after its first attempt, ProbMin is the 

likelihood of having to repeat the task after it has been attempted an infinite amount of times, N is 

the number of iterations and B is the learning factor (in the example it is set to 1). 

 

Figure 3-9 - Modelling task iteration likelihood 

To model an iterative task, one requires 10 parameters: 

• Minimum Duration (For initial attempt) 

• Expected Duration (For initial attempt) 

• Maximum Duration (For initial attempt) 

• Minimum Duration (Asymptote) 

• Expected Duration (Asymptote) 

• Maximum Duration Asymptote) 

• Maximum Likelihood of Iteration (For initial attempt) 

• Minimum Likelihood of Iteration (Asymptote) 

• Task Duration Learning Factor (which is assumed constant for all durations) 

• Iteration Likelihood Learning Factor 



34 

 

 Resources 

The final parameter is simple: how many resources from a certain resource group are required to 

perform the task. Any number of groups and individual resources can be defined. The default 

availability of a certain resource is defined and is a global variable. Each task then is assigned 

one or more of the created resources. The new resource in Figure 3-10 has a default availability 

of 1 – this means that there is only one person in this resource group, and therefore tasks that 

require this resource cannot be performed concurrently. The software offers the possibility of 

defining very specific schedules, including vacation time, national holidays, daily work schedule, 

etc. Given that this methodology assumes that a generic model is to be built, and that task 

durations should therefore be measured in days, it is suggested that calendars should be 24/7 or 

24/5 workday types.  

 

Figure 3-10 - Creating a new resource type 

Bear in mind that these are suggestions to model a process in a relatively simple way, but with 

some detail for each individual task. Many other approaches are possible, from ignoring duration 

and likelihood of iteration uncertainty (simply setting values for each one) to having many more 

parameters per task and several global variables which influence the whole process. 
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3.4  Methodology Steps 

The methodology is comprised of a sequence of steps which can be divided into four phases. The 

first three result in a visual representation of the existing process which helps in understanding, 

communicating and coordinating future product design processes. The fourth aims for an 

improvement of the established development process. The phases are: 

1. Understand product architecture 

2. Characterize and sequence tasks for each sub-system 

3. Build the computational model, perform simulation and validate the model based on real 

experience 

4. Introduce changes to the model, such as external factors, different parameter values, 

different task sequence, etc., and perform simulation to assess their impact on the process 

outcomes 

 Understanding interactions 

This first phase was entirely introduced following insight gained from the case study, and proved 

to be essential in building an accurate and straight forward model. In any process to develop a 

product with more than a few components it is necessary to “cluster” these components into sub-

systems according to the product architecture to better understand their various interactions.  

In a very early design stage of a completely new product, where components are not yet defined, 

part functions should be listed instead (e.g. in the design process of a powertrain system, one may 

not know if an electric or internal combustion system is to be used, but in either case, sub-systems 

that store energy, convert energy into movement, and control the conversion process must be 

designed). 

The goal of this phase is to divide a complex system into a series of sub-systems which have 

fewer interactions between them and are therefore more easily understood and modelled. This 

does not mean that sub-systems are modelled as being completely independent, which is very 

unlikely – the goal is just to limit their interaction. 

The “Understanding Interactions” phase is comprised of the following steps: 

1. List all components/functions 
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2. List interactions between components/functions based on interviews 

3. Build a DSM representing component interactions 

4. Run a clustering algorithm to understand what sub-systems exist 

5. Discuss results with the designers and adjust the component list if necessary 

6. Run the same procedure until the designers agree with the clustering. 

The main caveat with this approach is its reliance on the designers’ opinions, which can be 

subjective and biased. However, it’s useful to remember that the main goal of this methodology is 

to help teams structure and improve their design process, and this can only be done if the process 

is coherent with the designers’ expectations. 

 Characterizing and sequencing tasks 

After determining the most logical division of the overall system, one must list, characterize and 

sequence the tasks that lead to the design of each individual sub-system, including inputs from 

other sub-systems. This is done through an interview with the person or team responsible for the 

design. The results from the previous phase provide a good baseline for the interviewer, giving 

him/her an overall picture of the system interactions, which means that the interview should be 

very focused. When the process is mapped, every interaction shown in the DSMs should be clearly 

modelled either as inputs or outputs of the process.    

The proposed steps for this phase are: 

1. Draw the process flowchart in some medium which allows for quick corrections (e.g. paper 

and pencil), in a logical order (left to right or top to bottom) starting from the system inputs 

and ending in the system outputs. The process can and should feature iterative tasks which 

feed back into previously completed tasks. 

2. Ask relevant questions like “Why doesn’t Task 1 affect Task 2?” or “Why aren’t Tasks 1 

and 2 performed concurrently?” and change the flowchart accordingly. This is easier when 

the interviewer is familiar with the design process – if this is not the case, it can be useful 

to include a 3rd person who is not responsible for the specific sub-system but who has a 

good understanding of the process and the product.  

3. Define a set of parameters which is relevant to characterize duration and likelihood of 

iteration; assign values to these parameters to represent each task, as well as resource 

usage 



37 

 

In the case study to which this methodology was applied, the most basic sets of parameters to 

characterize tasks were used, as described in Section 3.3. Again, it is crucial to clearly define the 

parameters before starting the interview process. It is much more time consuming to change the 

model after it is built and to schedule more interviews to ask for values of missing parameters than 

it is to ask several people for ideas of factors that can affect the design process. 

 Building the computational model, simulation and validation 

During this phase the model is built and its validity is assessed. Despite being based on the 

designers’ insight, some parameters are very subjective and therefore hard to estimate. For 

instance, it may be difficult to differentiate a 60% from a 70% chance of iteration (usually one 

assigns values to a qualitative analysis; for instance, if iteration likelihood is evaluated on a scale 

of 0 to 5, quantitative values are 0%, 20%, 40%, 60%, 80% or 100%), or even to estimate worst 

case scenario durations. Validation is therefore required to compare the outcome of the model to 

reality, reassess parameter values and adjust them if necessary.  

Keep in mind that due to the probabilistic nature of the model, this reassessment itself is very 

subjective unless the team has a good historical records of similar task durations (which probably 

is not the case, considering that the initial reason to follow this methodology is to gain a better 

understanding of an unstructured development process). Because the process has a range of 

possible durations, as seen in Figure 3-7, it is difficult to look at the outcome of a certain process 

and compare it with a real case. The proposed steps for this phase are: 

1. “Translate” the process into the computational model according to the information 

recovered during the interviews. Do this for one sub-system at a time. 

2. Perform simulation on each sub-system process model individually and compare with 

designers’ expectations. Adjust according to feedback. 

3. Repeat the two previous steps for the whole system. 

4. Add the different sub-systems into the model, continuously adding their interactions, 

simulating and adjusting values (after adjusting each sub-system process, it becomes 

increasingly difficult to adjust individual task parameters) 

5. Perform simulation on the whole model and compare to historic data and designers’ 

intuition. 
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After performing these steps, the computational model should accurately represent the 

development process, and the simulation results should be consistent with actual practice. Despite 

this, it is important to remind designers that the purpose of this methodology is not to provide an 

accurate scheduling tool, but rather to structure the development process and to assess how it 

can be changed and improved. At this stage, the built model is essentially a baseline against which 

to compare alternatives. 

 Introduce changes and assess their impact on outcome 

Having built the baseline development process, the final phase of this methodology is to model 

relevant changes and disturbances on the design process and evaluate their effect on the 

outcomes of simulation. This can involve changing global variables, changing the task network 

itself or changing individual task parameters.  

Global variables need to be modelled into the task parameters themselves, which means that a 

good idea of the changes that can be introduced is required when following the steps described 

in Sections 3.4.2 and 3.4.3. For example, if the impact of global team experience on total process 

duration is to be assessed, the “experience” parameter must be considered when calculating task 

duration and iteration likelihood. If this is only considered in this final stage and not when building 

the model, the process of changing every tasks’ duration function can be time consuming. The 

advantage of this kind of analysis is that the real process – the sequence of tasks to develop a 

product – does not change; instead, the influence of external factors is assessed. A manager can, 

for instance, compare various development processes in his/her department, and find out where 

a more experienced engineer makes a bigger impact and where it is “safe” to trust in new 

members. 

Changing the task network itself within the model can be a more time-consuming activity, but it is 

perhaps where the largest benefits of the methodology can be found. If a manager suspects that 

a certain process is inefficient and could be performed differently with better results, building 

alternative models and comparing their simulation outcomes against the baseline is certainly much 

cheaper, quicker and less confusing than trial-and-error, particularly if the manager’s intuition is 

wrong and the team must revert to the baseline process. Individual task parameters can be 

changed to answer “What if?” questions: 

• What if this task could be done in half the time involving another kind of resources? 
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• What if the input to this task is changed halfway through the process? 

• What if a design review is performed before this task, changing its likelihood of iteration 

from 50% to 10%? 

As is the case with changing global variables, these changes are easily done, so analysis is quick. 

Unlike global variables, they can be directly implemented at task level or simply by adding a new 

“dummy” process which changes an input, making this the preferred impact assessment method 

for complex models which take too long to reorganize or to include a new global variable which 

was not thought of initially.  
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4  Modeling the design process: a Case 

Study 

 

In Chapter 1, a list of challenges facing complex product development processes was presented. 

One of these challenges, the difficulty in knowing, describing and improving the engineering 

design process, was chosen as the main research theme for this thesis. Chapter 2 presented 

some of the different approaches that researchers and industry have come up with to face this 

challenge, particularly process modelling. In Chapter 3, a process mapping and improvement 

methodology was proposed based on process modelling. In this Chapter, this methodology is 

tested in a case study.  

The results of this case study – the insights gained through simulation – are presented in Chapter 

5. 

 

4.1 Describing the case study environment 

The engineering design process chosen to implement the methodology discussed in Chapter 3 

was the design of a Formula Student car, specifically the design of its aerodynamic package.  

Formula Student is a competition which started in the USA in the early 1980's and was "imported" 

to Europe in the early 2000's. It aims to give engineering students an opportunity to make practical 

use of the curriculum, as well as develop skills like working in teams, time management, 

expectation management, communication, etc. In 2017, several decades after its introduction by 

the Society of Automotive Engineers in the USA, there are various independent Formula Student 

competitions in places like Germany, the UK, Brazil, Australia, Japan, etc. 

Teams are required to build a new car at least every 2 years. A Formula Student car is a complex 

product which is developed by a team of students from many engineering backgrounds. The team 

from Instituto Superior Técnico, FST Lisboa, has been in existence since 2001 and has, since 



41 

 

2010, built 4 fully electric cars. This is a suitable environment for this case study, because it shares 

some of the characteristics of complex product development processes in the aerospace or 

automotive industries, namely: 

• Requiring experts from different fields (Structures, Fluid Dynamics, Thermodynamics, 

High-Voltage Powertrain and Electronics, Software, Embedded Systems, Control 

Systems, Marketing and Communication, etc.); 

• Integrating contributions from these different disciplines into a single product; 

• Working with various external suppliers; 

• Late product launch severely impacting profitability (or results); 

• Complying with strict regulations. 

The team runs an annual budget between 100 000€ and 200 000€, most of which supported in 

kind by the Portuguese industry. The team has grown from 7 to 30 people (peaking at 45 people), 

not including some other 30 to 40 who are in the recruitment process at any time.  

Like the examples described in Chapters 1 and 2, however, the team has had some difficulty in 

accurately scheduling both the design and prototyping phases. Sometimes, when imposing a 

design freeze date, important aspects are left out which greatly impact the launch of the final 

product. Other times, extending the design period left little time for assembly and testing. It is clear 

that a better understanding of the design process can allow the team to make more conscious 

choices in balancing quality and lead time requirements. 

Another difficulty arises in transferring knowledge to new members, which is critical given that the 

team typically renews itself every 2 years. More experienced members have a better sense of 

what they should be doing at each time and why, but the lack of a prescribed process for 

engineering design makes it harder for new members to be effective. 

During the time of this case study, several people were interviewed with different goals in mind: 

• Team members responsible for one or more sub-systems were asked which sub-systems 

impacted each of their own and vice-versa. The questions asked were “which sub-systems 

affect your sub-system?” and “which sub-systems does your sub-system affect?” 
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• The Aerodynamics Department head was interviewed for department specific design 

process tasks. This interview took the longest and resulted in the task characterization 

table presented in Appendix D. 

 

4.2 Subdividing the system 

For clarity purposes, the nomenclature used in the following paragraphs is explained: 

• “Parts” are discrete, bought or made pieces which cannot be further divided, e.g. a bolt 

• “Components” are assemblies of parts, e.g. the front wing 

• “Sub-systems” are clusters of components which address a certain system function, e.g. 

the aerodynamic devices sub-system 

• “System” is the product itself, i.e. the race car 

Before deciding to model the Aerodynamic Devices development process, the complete product 

architecture was determined. This is because, as stated before, one wants to divide the product 

into sub-systems which have little interaction with each other during the design process, so that 

models are easier to create. In fact, what is expected is that the system requirements at sub-

system level are defined since the beginning of the design process and that design changes at 

sub-system level do not impact the other sub-systems. Certainly, cases are reported in which for 

example due to conflict of requirements, a change in a sub-system is induced by another sub-

system during the design process.  

When making the decision of what sub-system to model, it became apparent that there was not a 

clear definition of what constituted a sub-system and what didn’t. For instance, the Suspension 

Department (whose components are shown in Figure 4-1 - Suspension Department components) 

divided its work in the following way: 

• Dynamics, dampers and sensors 

• Hub + Upright + Wishbones + Links 

• Geometry, Anti-roll bar and steering 

• Bellcranks + Rims + Brackets 

• Brakes 
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Figure 4-1 - Suspension Department components 

Does this mean that the Suspension Department is working with 5 sub-systems? If so, what are 

interactions among sub-systems? It was very clear from the start that the division of work in the 

Suspension Department was not according to the product architecture. For instance, it was clear 

that a more functional approach was taken to divide work: Hub + Upright + Wishbones + Links 

required mechanical design and structural analysis of machined parts; bellcranks, rims and 

brackets required structural analysis of carbon fibre parts; geometry, ARB and steering required 

kinematic analysis; dynamics, dampers and sensors required working on dynamic models of the 

car; and brakes require a lot of part procurement. 

Some departments were dividing their work functionally and others in terms of the sub-system 

itself. As discussed in Section 3.4.1, the DSM tool was used. The DSM was filled with all the major 

components in the car and then analysed using a clustering algorithm.  

The matrix entries for the product architecture DSM were determined by asking the team members 

what were, in their opinion, the discrete outputs, or deliverables, of their departments. After 

determining all 28 deliverables, department heads were asked which ones interacted with the 

ones created by their departments. Notice that the initial architecture DSM (Figure 4-2) represents 

not only components, but also some sub-systems, which is not ideal. When discussing the results 
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of this analysis with department heads, it became clear that some of the clusters made no sense 

– for instance, grouping the monocoque with the dampers. 

 

Figure 4-2 - Product architecture DSM. A larger resolution picture can be seen in Appendix A. 

The solution of this problem was to remove the sub-systems which were already defined from the 

analysis, using the new DSM to determine the remaining sub-systems. The already defined sub-

systems were the “Accumulator”, “Braking”, “Cooling”, “Essential control”, “Inverter”, 

“Monocoque”, “Motors”, “Steering” and “Tyres” sub-systems.  

This new DSM (Figure 4-3) defined 6 new sub-systems, namely the “Outbound communications”, 

“Aerodynamic Devices”, “Drivetrain”, “Ergonomics”, “Vehicle Dynamics Control” and “Suspension” 

sub-systems. This way, 15 sub-systems were defined: 

• Accumulator – stores the energy required by the tractive system 

• Aerodynamic Devices Sub-system – increases traction by creating downforce 

• Braking Sub-system – allows the car to slow down or stop 

• Cooling Sub-System – dissipates thermal energy from other sub-systems which have 

temperature ratings 

• Drivetrain sub-system (Hub + Upright + Transmission) – ensures power transfer from the 

tractive system to the wheel and connects the wheel to the suspension sub-system 

• Ergonomics (Seat, head restraint, pedalbox, steering wheel, pedalbox) – ensures the 

connection between the driver and the car 
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• Essential Control – monitors and controls low voltage electronics to ensure compliance to 

safety regulations 

• Inverter – converts DC current from the Accumulator into AC current for the motors 

according to inputs from the Vehicle Dynamics Control and Essential Control sub-systems 

• Monocoque – connects every sub-system  

• Motors – convert electric power into movement 

• Outbound communications – ensure that data generated in the car can be viewed and 

analysed 

• Steering sub-system – allows the car to be steered left or right 

• Suspension sub-system – connects the drivetrain assembly to the monocoque, dampening 

ground irregularities and forcing the tyre into the ground 

• Tyres – transmit all car loads to the ground and vice-versa 

• Vehicle Dynamics Control Sub-system (Algorithm + Sensors) – determines the distribution 

of power to each electric motor according to information from sensors 

 

Figure 4-3 - DSM featuring components which were not considered part of any sub-system. A larger resolution image 

can be found in Appendix B. 

Out of these 15 sub-systems, there are a few which are particularly interesting to model, because 

of the complexity of interactions and iterations within themselves, as well as the need for different 

competence disciplines in their design. Some examples would be the Suspension, Accumulator, 

Cooling or Aerodynamic Devices sub-systems. For this thesis, and in the interest of following the 
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author’s curriculum as an aerospace engineer in the Aircrafts profile, the Aerodynamic Devices 

system was chosen. 

 

4.3 Building the model 

The design process for the car’s aerodynamic devices depends on fluid dynamics analysis and 

on structural analysis, for both machined parts and carbon fibre parts. Also, in particular for the 

carbon fibre parts, tooling has to be designed before parts can be made. 

As discussed in Section 3.1, the process is to be modelled in a generic way. This means that it 

cannot only describe what was done during the year this thesis was written. The first question in 

mapping the process is: what did you do, and what else could you have done if you had the 

time/resources? This way, the model can be used in following years by the new involved teams. 

In 2016/2017, the Aerodynamics Department decided to work on the following features, as seen 

on Figure 4-4: 

• Front and rear wings 

• Winged sidepod structures 

 

Figure 4-4 - Front and rear wings + winged sidepod structures 
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In the foreseeable future, other features that can be worked on include the undertray (Figure 4-5), 

which is placed beneath the car in order to accelerate flow and create downforce. 

 

Figure 4-5 - Undertray from previous car, FST 06e 

The model of the Aerodynamic Devices development process only represents its detail design 

phase, ignoring the remaining phases described in “Product Design and Development” (Ulrich & 

Eppinger, 2011). This is because: 

• Concept Development is mostly defined by the competition rules, which specify very clearly 

the concept of cars to be presented. 

• System-Level Design is also influenced by the competition rules, and differs only slightly 

from one year’s car to the next.  

• Detail Design is where most resources and more time is spent during the design phase in 

the team’s product development process 

 Resources 

There are two types of resources which are needed in the Aerodynamic Devices design process. 

The impact of the availability of resources is to be evaluated in Chapter 5. As default, the 

availability of resources is based on the aerodynamics department member people:  

• Aerodynamic analysis resources – 2 students  

• Structural analysis resources – 1 student 
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 Inputs 

There are two types of inputs to the Aerodynamic Devices design process model: inputs from 

previous versions of the same system and inputs from other systems. Both are represented in the 

model as deliverables. 

As discussed before, the Formula Student competition happens every year and teams are 

required to build new cars at least every two years. After testing and competing with the car, 

conclusions are drawn regarding the effectiveness of the concepts, and new ideas are considered 

after seeing what other teams came up with to solve the same problems. The overall concept for 

a new car, therefore, begins with the same components as used in previous cars, i.e., each car is 

an improvement of the previous ones. These inputs from previous years are the following: 

• Front wing aero (airfoils used, number of elements, loads) 

• Rear wing aero (airfoils used, number of elements, loads) 

• Sidepod aero (airfoils used, number of elements, loads) 

• Undertray aero (nozzle and diffuser parameters, loads) 

• Wing structural design (CAD and FEM studies from previous years) 

• Undertray structural design (CAD and FEM studies from previous years) 

Notice that there are more “aero” inputs than structural inputs. This is because a simplification is 

made that all winged features (both wings and the sidepod) share the same structural design. The 

undertray structural design, on the other hand, is completely independent. This is a gross 

simplification to the model, because although airfoil structure is similar, attachment to the main 

car body can be very different between rear wing, front wing and sidepod wings. This is modelled 

with an increase in duration and iteration probability of the attachment design tasks. 

In Figure 4-6, there are some things to consider: 

• The “Exists?” task is not a compound task, it merely represents the time that is allocated 

to answering the question “Should we dedicate design time to this feature?”. 

• The existence of the features is modelled with global variables which influence the duration 

of the following tasks, i.e., even if a feature does not exist, its design process tasks still 

take place, just with a duration of 0 days. 
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• Front and rear wing designs are not subject to the “Exists?” task. This simplification is 

considered because in the coming years the Aerodynamics department is not expected to 

give up on these features. 

 

Figure 4-6 - System inputs as represented in CAM 

The two global variables in the model are “Undertray” and “Sidepod”. Each can have the value of 

0 or 1, and influences the duration of process tasks, as seen on Figure 4-7.  

Besides inputs from previous years’ testing feedback, the Aerodynamic Devices sub-system is 

also influenced by other sub-systems within the car, as can be seen in Figure 4-3 in the product 

architecture DSM. It should be noted that the aerodynamic devices in a Formula Student car are 

far less sensitive in its performance than in other racing series, like Formula One. This is due to 

low average speeds (typically 60 km/h) and very low corner speeds (as low as 20 km/h). Because 

of this, the Aerodynamics department usually must comply to other departments’ specifications.  

The two most important constraints come from the Tyres and Cooling sub-systems. The rolling 

wheels are among the most drag-inducing sub-systems in the car, and their outer diameter greatly 

influences the design of the front wing (which is designed to deviate flow from the wheels as much 
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as to generate downforce), sidepod wing and undertray. As for the Cooling System, its dictates a 

minimum air flow through the radiators, which depends on the sidepod structure and the front wing 

design. The rear wing is not considered to be dependent on external factors.  

 

Figure 4-7 - Duration as a function of the existence of the Undertray sub-system. If system does not exist, duration is 

0.001 days (CAM does not allow the duration to be set to 0) 

 Outputs  

System outputs, like inputs, are represented by deliverables in the CAM environment. Though this 

thesis is only concerned with the overall process duration up until these outputs are created, they 

are crucial if the model is to be expanded in the future. If, for instance, the model were to be 

expanded to include the manufacturing phase, these outputs would be the inputs to that new 

process model. Outputs represent the deliverables of the design phase. For this process, these 

are: 

• Aerodynamic loads – these will influence many other sub-systems of the car directly or 

indirectly. The pickup points on the chassis directly depend on these loads; drag forces 
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influence required power and energy from the powertrain; downforce influence the tyre 

loads, which then influence almost every mechanical system in the car 

• Wing mould designs – influence on the sub-system manufacturing 

• Undertray mould designs – influence on the sub-system manufacturing 

• Aerodynamic devices manufacturing plan – influence on overall car manufacturing plan. 

Outputs are modelled as seen on Figure 4-8. The overall model, with the tasks that lead to these 

outputs, can be seen in Appendix C. 

 

Figure 4-8 - Model outputs. The Manufacturing Plan is influenced both by the winged structures and the undertray 

structural design processes 

 Sub-system design processes 

The Aerodynamic Devices design process is divided into two main components: CFD analysis 

and structural analysis. Each sub-system has an associated design process. 

Here are the design processes for the various sub-systems, as understood through an interview 

with the Aerodynamics department head (all tasks are performed by 1 person except where stated 

otherwise): 

Rear Wing Aerodynamic analysis (Figure 4-9) 

1. Perform 2D CFD analysis to test various airfoils within a range of angles of attack. 
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2. Perform 2D CFD to test configurations of number of elements and gaps and overlaps 

between elements. 

3. Perform 3D CFD analysis on the best configurations resulting from Step 2. 

4. Perform 3D CFD analysis on the whole car (2 people). 

 

Figure 4-9 - Rear Wing Aerodynamic Analysis Process 

Front Wing Aerodynamic analysis (Figure 4-10) 

1. Perform 2D CFD analysis to test various airfoils within a range of angles of attack.  

2. 2D CFD analysis to test configurations, including front wheel.  

3. 3D CFD analysis on best configurations, including front wheel. 

4. Perform 3D CFD analysis on the whole car (2 people). 

 

Figure 4-10 - Front Wing Aerodynamic Analysis Process 

Sidepod Aerodynamic analysis (Figure 4-11) 

1. Airfoil research and 2D CFD 

2. Check the minimum radiator airflow. If still not defined, assume previous year’s value 
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3. 2D CFD analysis to test configurations, including front wheel.  

4. 3D CFD analysis on best configurations, including front wheel. 

5. Perform 3D CFD analysis on the whole car (2 people). 

 

Figure 4-11 - Sidepod Aerodynamic Analysis Process 

Undertray Aerodynamic analysis (Figure 4-12) 

1. 2D parameter analysis for front nozzle and rear diffuser 

2. 3D CFD analysis to check performance loss compared to 2D 

3. Perform 3D CFD analysis on the whole car (2 people). 

 

Figure 4-12 - Undertray Aerodynamic Analysis Process 
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Wings and Sidepod Structural Analysis (Figure 4-13) 

1. Structure configuration research both regarding element inner structure and attachment to 

main car body 

2. 3D modelling of element inner structure and attachments using expected airfoil shape 

3. Wing elements structural analysis using predicted loads 

4. Full wing structural analysis using predicted loads 

5. Wing mould design 

6. Structural analysis using updated loads from 2D CFD analysis 

7. Structural analysis using updated loads from 3D CFD analysis 

8. Final compliance check after full car 3D CFD analysis 

 

Figure 4-13 - Wings + Sidepod Structural Analysis Process 

Undertray Structural Analysis (Figure 4-14) 

1. Structure configuration research 

2. 3D modelling using predicted configuration 

3. Structural analysis using predicted loads 

4. Undertray mould design 

5. Structural analysis using updated loads from 2D CFD analysis 

6. Structural analysis using updated loads from 3D CFD analysis 

7. Final compliance check after full car 3D CFD analysis 
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Figure 4-14 - Undertray Structural Analysis Process 

A large resolution image of the complete model can be found in Appendix C. A complete 

specification of every task can be found in Appendix D. 
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5 Case Study - Results 

 

The overall approach to simulation has already been discussed in Section 3.4.4. In this Chapter, 

the practical application of this approach to the case study will be described. Some guidelines to 

result interpretation are given, and then the results from simulation on the baseline process (the 

process which is actually used to develop the Aerodynamic Devices sub-system) are shown. 

Finally, the three types of process changes – changing global variables, changing the task 

network, and changing individual task parameters – are implemented and predicted outcomes are 

discussed. 

 

5.1 Guidelines for result interpretation 

As mentioned before, the application of the proposed methodology results in a probabilistic model, 

which should be used to gain insights on the effectiveness of the process and not to accurately 

schedule any given product development project. This also means that many factors should be 

taken into account when comparing two different outcomes, not just the overall process duration. 

By introducing control variables which can simulate other outcomes, such as quality or cost, one 

can gain far better insights into the consequences of changing the design process. For example, 

if a correlation is made between number of iterations of the design of a certain component and its 

quality, one can compare the outcomes of two processes using the relationship between number 

of iterations and overall process duration (the goal here is to maximize iteration for the given 

duration). Cost considerations can also be introduced into the model in a similar way. 

Unfortunately, the complexity of taking these variables in consideration is out of the scope of this 

thesis due to the relatively short timeframe. For his doctoral dissertation (Wynn, Model-based 

Approaches to Support Process Improvement in Complex Product Development, 2007), Wynn 

spent 8 months at an aircraft engine manufacturer just to understand the design process of a 

single component in the turbine, gaining much better insights into the various details that influence 

the process than the author could gain for the case study discussed in this thesis. Therefore, 



57 

 

contradicting the suggestion in the first paragraph of this Chapter, only the overall durations will 

be compared between different processes. 

 

5.2 Convergence analysis 

Before discussing the baseline simulation results and assess their validity, result convergence 

analysis was performed using the simplest process (no sidepods and no undertray). This was 

done by performing two Monte Carlo experiments with the same number of simulation runs and 

comparing the results. 

 

Figure 5-1 – Design duration histogram and duration cumulative distribution for the Baseline Model in the 1st series of  

100 simulation runs 

The results of running two series of 100 simulation runs are seen in Figure 5-1 and Figure 5-2. 

The first problem with these results is that the histogram has gaps for certain durations, which is 

strange considering the number of variables considered. Also, the cumulative frequency graph is 

not “smooth”. Notice that some of the metrics that can be used are slightly different: the absolute 

worst case scenario for the first case is a duration of over 8 months, while for the second case it 
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is under 7 months; the 80% likelihood of completion - which is considered the typical confidence 

used in estimating task duration (Goldratt, 1997) – is over 5 months and 1 week in the first case, 

and roughly 4 and a half months in the second one. Other metrics, such as the most likely 

outcome, are roughly the same at 3 months, 1 week. 

 

Figure 5-2 – Results for 2nd series of 100 simulation runs 

While it is not expected that the histogram is exactly the same when performing two series of 

simulation runs on the same model, these differences can influence the analysis of the outcomes 

from different models. Using 1000 runs instead of 100, the results are more consistent (Figure 5-3 

and Figure 5-4). The downside of increasing the number of runs is the simulation time – increasing 

from 100 to 1000 runs increases simulation time from 5s to 30s. Notice that the histogram does 

not have gaps anymore and the cumulative frequency graph is smoother. Other metrics, like best 

and worst-case scenarios, most likely scenario and 80% confidence duration, are all within 1 week 

between series. 

Increasing the number of simulation runs to 10000 makes the results even more consistent (Figure 

5-5, Figure 5-6), although it increases simulation time to almost 5 minutes. Given these results, 

10 000 simulation runs Monte Carlo experiments are used in the remainder of this Chapter to 

evaluate different design processes. 
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Figure 5-3 - Results for 1st series of 1000 simulation runs 

 

 

Figure 5-4 - Results for 2nd series of 1000 simulation runs 
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Figure 5-5 - Results for 1st series of 10000 simulation runs 

 

Figure 5-6 - Results for 2nd series of 10000 simulation runs 
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5.3 Baseline simulation results and validation 

The baseline process is shown in Section 4.3. This process is, as far as could be understood, the 

current practice for the development of the Aerodynamic Devices sub-system. It is reminded that 

some of the branches are optional, namely the “Sidepods” and “Undertray” development 

processes, reflecting the design practice in the past and in the foreseeable future. The baseline 

simulation is only concerned with the 2017 design process, which features only the “Sidepods” 

optional branch. This makes it much easier to compare to actual practice and validate the model. 

Simulation results for the baseline process were the following (Figure 5-7): 

• Most likely duration is 20 weeks and there is 23% probability that the project has a duration 

lower than 20 weeks 

• Worst case duration is 46 weeks and there is 100% probability that the project has a 

duration lower than 46 weeks 

• Best case duration is 12 weeks and there is 2% probability that the project has a duration 

lower than 20 weeks 

• There is 80% probability that the project has a duration lower than 31 weeks 

 

Figure 5-7 - Baseline process results (10 000 runs) 



62 

 

The real duration of the Aerodynamic Devices design process, which included rear wing, front 

wing and sidepods, was roughly 16 weeks, which is less than the most likely duration expected 

based on the simulation. This indicates that the design did not require intensive iteration and re-

work and therefore was close to a best-case scenario. However, this was not the overall 

impression during the process, which lead the author to suspect that the baseline model was 

overestimating durations.  

Discussing these results, it became clear that another factor justified this difference between 

simulation results and expectations based on the real process: the model reflects the ideal 

process, that is, what the Aerodynamic Devices department had viewed as the most appropriate 

way to design the components. Due to external factors, like team-defined milestones for design 

completion, the actual design process “cut some corners”, sacrificing quality for time management. 

This is why the real process, which was understood as far from ideal in terms of iteration and re-

work, exceeded expectations in comparison to the baseline process simulation results.  

Although this analysis makes accurately validating the model very difficult, the overall perception 

of the people involved is that, if the process was more accurately followed, the total duration would 

be coherent with the simulation results. This is not ideal as scientific validation, but it was 

considered sufficient to validate the coherence of the model and carrying on with process change 

analysis. 

 

5.4 Simulating changes to the model 

With the baseline process defined and some results drawn from simulation, the standard design 

process is defined. The team can use this standard to achieve better and more consistent results 

in their product development endeavors. The team can also modify this process and perform 

simulation in order to understand the impact that some changes and external influences have on 

the outcome of the process. The next few paragraphs provide some examples of changes and 

their influence.  
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 Changing global variables 

The baseline process model was designed with two global variables in mind, which control the 

existence of the “Sidepods” and “Undertray” processes. The baseline simulation results consider 

the existence of the “Sidepods” process, but not the “Undertray” process. What would happen if 

both processes were considered, for the same resources? The results can be seen on Table 5-1, 

and suggest that adding a new feature with the given resource constraints would delay 

development. 

Table 5-1 - Effects of adding the "Undertray" process 

 Baseline 
Cumulative 
Frequency 

Sidepods + 
Undertray 

Cumulative 
Frequency 

Most Likely Duration 20 weeks 23% 26 weeks 35% 

Best Case Duration 12 weeks 2% 18 weeks 8% 

Worst Case Duration 46 weeks 100% 54 weeks 100% 

80% C. Freq. Duration 31 weeks 80% 37 weeks 80% 

 

Analyzing resource utilization for this last example (Figure 5-8), one can see that in certain times 

of the development process no structural analysis is taking place, so it would make sense to add 

one aerodynamic analysis resource (it is reminded that the baseline process features 2 

aerodynamic analysis resources and 1 structural analysis resource). The effects of adding one 

aerodynamic analysis resource are found on Table 5-2. 

 

Figure 5-8 – Gantt chart for the most likely duration process. A larger resolution image can be found in Appendix E, 

along with some additional information about the chart. 
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Some important insights can be extracted from these results: adding one aerodynamic analysis 

resource makes the inclusion of the undertray design process almost negligible in the most likely 

overall duration; in the case that more iteration takes place, it shortens the process duration; it 

evens out the structural analysis resource workload.  

Table 5-2 - Effects of adding 1 aerodynamic analysis resource 

 Baseline 
Cumulative 
Frequency 

Sidepods + 
Undertray (1 extra 

aerodynamic 
analysis resource) 

Cumulative 
Frequency 

Most Likely Duration 20 weeks 23% 22 weeks 35% 

Best Case Duration 12 weeks 2% 14 weeks 2% 

Worst Case Duration 46 weeks 100% 44 weeks 100% 

80% C. Freq. Duration 31 weeks 80% 29 weeks 80% 

 

For this project, where resources are available at no cost, it would seem a good idea to add this 

feature and add more resources. From a design standpoint, the simulation results suggest that 

the undertray feature could be added without significant impact on development time, if another 

member joined the team. However, attention must be drawn to the fact that the model does not 

consider the challenges of managing communication, or the manufacturing constraints that this 

added component would induce. 

In a “real-world” situation, this simulation experiment could be used to assess the minimum 

required resources (which are costly) to comply with set deadlines and quality/functional 

requirements of a product, and also to assess how these resource needs are distributed along the 

timeline. In other words, this experiment allows evaluating the trade-offs between time, cost and 

quality. 

Returning to our case study example, what would be the impact of adding the same resource, but 

without including the “Undertray” design process? Table 5-3 shows results which are not 

surprising: duration should decrease.   
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Table 5-3 - Effects of adding 1 aerodynamic analysis resource to the baseline 

 Baseline 
Cumulative 
Frequency 

Baseline + 1 
Resource 

Cumulative 
Frequency 

Most Likely Duration 20 weeks 23% 15 weeks 23% 

Best Case Duration 12 weeks 2% 10 weeks 7% 

Worst Case Duration 46 weeks 100% 41 weeks 100% 

80% C. Freq. Duration 31 weeks 80% 25 weeks 80% 

 

Another interesting insight to gain would be to know how many more people can be added before 

it stops making a difference.  

Table 5-4 - Effects of adding further aerodynamic analysis resources 

 Baseline Baseline +1 Baseline + 2 

Most Likely Duration 20 weeks 15 weeks 15 weeks 

Best Case Duration 12 weeks 10 weeks 10 weeks 

Worst Case Duration 46 weeks 41 weeks 39 weeks 

80% C. Freq. Duration 31 weeks 25 weeks 24 weeks 

 

Table 5-4 shows that adding any more aerodynamic analysis resources only makes a slight 

difference in worse scenarios. Accounting for the increased complexity of managing more people, 

one concludes that no more than 3 aerodynamic analysis resources should be part of the team. 

A similar process could be used to figure out, for the given development process, the impact of 

adding more structural analysis resources. 

 Changing the task network 

Another question which might be asked is whether it is worth it to individually analyse a component 

(the front wing or rear wing, for example) using 3D CFD analysis, given that each component’s 

performance is greatly influenced by the others. A different process would be to perform 3D CFD 

analysis for the whole car (Figure 5-9), not analysing each component individually. This would 

make the complete 3D analysis more time-consuming (the assumption is made that the duration 

is tripled) and more likely to lead to iteration. Results can be seen on Table 5-5. 
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Table 5-5 - Effects of not performing 3D CFD analysis on individual components 

 Baseline 
Cumulative 
Frequency 

No individual 3D 
Cumulative 
Frequency 

Most Likely Duration 20 weeks 23% 16 weeks 22% 

Best Case Duration 12 weeks 2% 8 weeks 7% 

Worst Case Duration 46 weeks 100% 52 weeks 100% 

80% C. Freq. Duration 31 weeks 80% 31 weeks 80% 

 

 

Figure 5-9 - Eliminating individual feature 3D analysis 

The results from Table 5-5 suggest that this change would slightly shorten development time for 

better case scenarios, and slightly increase it for worse case scenarios. 

 Changing task parameters 

When changing individual task parameters, one can simulate the impact of a change in an input. 

For instance, in Section 4.3.2, in which inputs to the model were discussed, it was mentioned that 

the wheel dimension is a crucial input for the “Front Wing”, “Sidepod” and “Undertray” sub-systems 

development process.  

The baseline process assumes that this input is decided in the Conceptual Design phase, but 

what if it isn’t or if the decision is changed later on? In this situation, an additional branch in the 
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model is created, which influences the “Wheel Dimension” input, as seen on Figure 5-10. This 

branch features only two tasks, none of which use the same resources as the rest of the model: 

1. The initial decision from the Vehicle Dynamics department which supplies the 

Aerodynamics department with the dimensions needed to start the aerodynamic analysis. 

2. The Vehicle Dynamics department studies the wheel dimension further. This analysis has 

a duration of 20 days, and has a 50% likelihood of iteration – meaning that in 50% of the 

cases, there is a requirement change that the Aerodynamics department must deal with 

20 days after the analysis begun. 

 

Figure 5-10 - Process that adds uncertainty to the wheel dimension decision 

Considering the baseline process – which only features development processes for “Front Wing”, 

“Rear Wing” and “Sidepods”, the effect of this added uncertainty is presented in Table 5-6. 

Table 5-6 - Effect of adding uncertainty regarding wheel dimension 

 Baseline 
Cumulative 
Frequency 

Wheel Dimension 
Uncertainty 

Cumulative 
Frequency 

Most Likely Duration 20 weeks 23% 20 weeks 27% 

Best Case Duration 12 weeks 2% 12 weeks 1% 

Worst Case Duration 46 weeks 100% 49 weeks 100% 

80% C. Freq. Duration 31 weeks 80% 31 weeks 80% 

 

Notice that the added uncertainty has practically no impact on the overall duration of the process. 

This happens because 20 days after aerodynamic analysis begins, Aerodynamic Devices system 

design will still be in the early stages where the likelihood of iteration is extremely high. 
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If the Vehicle Dynamics team would take three times more to perform this analysis (meaning an 

estimated duration of 60 days), the impact would still be negligible, as seen on Table 5-7. An 

interesting conclusion is drawn from this simulation: in an environment in which task iteration 

likelihood is high – where design ideas are constantly changing and being re-evaluated – the effect 

of adding input uncertainty at a relatively advanced stage (between 30 and 50% of the process) 

is negligible. 

Table 5-7 - Increasing uncertainty impact 

 Baseline Confidence 
Wheel Dimension 

Uncertainty 
Confidence 

Most Likely Duration 19 – 20 weeks 23% 20 – 21 weeks 33% 

Best Case Duration 11 – 12 weeks 2% 11 – 12 weeks 1% 

Worst Case Duration 44 – 46 weeks 100% 48 – 49 weeks 100% 

80% Confidence Duration 30 – 31 weeks 80% 30 – 31 weeks 80% 

 

One can also change the likelihood of iteration associated with some tasks. Consider, for instance, 

the last aerodynamic analysis task, “3D CFD analysis on the whole car” (Figure 5-11). In the 

baseline process, this task is modelled as having a 50% chance of iteration the first time it is 

attempted, making it a very critical analysis point, which can delay the whole design process.  

 

Figure 5-11 - Impact of iteration due to the "Complete 3D analysis" task 
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The complete 3D CFD analysis typically predicts worse results compared to the individual feature 

analysis, so a threshold of how worse results can be is set. What would happen if this threshold 

was higher so that only in 10% of the processes would the complete 3D results be sufficiently poor 

to justify redesigning the individual features? As can be seen on Table 5-8, changing the threshold 

is does not significantly change the most likely duration, but it does reduce the 80% cumulative 

frequency duration by 20% (from 31 weeks to 24 weeks). Considering schedule as the only 

constraint, this would mean that if the project at hands is similar to previous projects, reducing 

uncertainty, the manager may choose to keep the threshold at a 50% iteration chance, resulting 

in better quality. However, if the project is new and more uncertainty is involved, raising the 

threshold can ensure a timelier project completion. 

Table 5-8 - Reducing iteration likelihood 

 Baseline 
Cumulative 
Frequency 

10% Iteration 
Cumulative 
Frequency 

Most Likely Duration 19 – 20 weeks 23% 18 – 19 weeks 37% 

Best Case Duration 11 – 12 weeks 2% 11 – 12 weeks 2% 

Worst Case Duration 44 – 46 weeks 100% 36 – 37 weeks 100% 

80% C. Freq. Duration 30 – 31 weeks 80% 23 – 24 weeks 80% 

 

5.5 Direct impact of this case study 

The proposed methodology and its practical application had a direct impact on the Formula 

Student team and its design process, though limited in terms of process standardization, which is 

the main goal of the methodology. Some of the impacts were: 

• Some adjustments to the team structure. As a direct consequence of the insights explained 

in Section 4.2, in which the product architecture and the department interactions were 

modelled using Design Structure Matrices, the team organized sub-systems into different 

clusters, creating a new department 

• The discussion with the Aerodynamic Department head lead to some insights regarding 

the design process for both people. Though difficult to measure how much of what was 

discussed was passed on to his successor, it is fair to assume that at least some of the 

duration values were reassessed. 
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The most relevant impact, which would be for the team to follow a structured design process 

according to what was modelled, did not occur as of yet. The main reason for this may be that the 

overall model was only concluded after the 2017/2018 team started its design process, and it was 

well over halfway through when simulation results were drawn. Also, due to time constraints, the 

methodology was only discussed with the previous department head, not with the current one. A 

few other challenges to implementing this methodology are discussed in Section 6.2.   
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6 Conclusions and future work 

 

Having suggested an approach to structuring the product development process in Chapter 3, and 

applied this approach in a practical case study described in Chapters 4 and 5, in this final Chapter 

of this thesis conclusions are drawn as to how well the methodology tackles the challenges 

described in Section 1.2. Some difficulties in the implementation of the methodology are explained, 

and suggestions for are given for its future use. 

 

6.1 Progress made regarding product development 

challenges 

In the introductory notes to this document, three challenges to the improvement of product 

development processes were stated: 

• Parallelization of sub processes and tasks to eliminate delays 

• Integration of departments and persons via matrices or better dedicated cross-functional 

team work 

• Standardization of the product development process to minimize confusion and 

misunderstanding. 

The standardization of the product development process was chosen as the main focus of this 

thesis, particularly relying on process modelling and simulation to achieve it. However, and largely 

by accident, the proposed methodology addresses all three challenges. The practical application 

of the methodology to the case study showed that: 

• The impact of parallelization can be estimated after the baseline process is described and 

modelled, as can the resource requirements to achieve this parallelization. 

• Standardizing the development process is only possible when the cross-functional 

relationships between product components and the people designing them are known. As 
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a direct consequence of attempting to model the process and these relationships, a better 

understanding of the requirements for cross-functional team integration is gained, making 

it easier to implement matrix or projectized organizational structures. 

• After the methodology is implemented, not only is the standard development process 

defined, but also alternatives can be considered and simulated. This means that there is 

a clear, visual definition of the standard process, making it much easier to communicate, 

and that there is data in the form of simulation results showing why alternative processes 

are not chosen as standard. 

Overall, based on the insights gained through the case study, the author considers that the 

implementation of the proposed methodology can help teams structure their design process and 

achieve better results – better products, developed in less time and with less cost. This is valid for 

big, well-established companies which develop very complex products like jet engines (area in 

which most research on process modelling is focused), but also for new, smaller firms developing 

less complex products. In the aerospace industry, one such example is the UAV market, which is 

expected to grow significantly in the coming years, generating more pressure on firms to launch 

new products earlier in order to gain market share. Because of the multidisciplinarity of the 

development projects in this particular market, the author believes that the implementation of the 

methodology developed in this thesis would help firms leverage their success. 

    

6.2 Challenges to implementing the methodology 

Although the implementation of the methodology is considered to improve results for product 

development teams, it is also clear that there are some challenges to its implementation. These 

became apparent during the case study, and were particularly relevant due to the author’s role as 

project manager for the team. Some of these challenges include: 

• Difficulty in estimating and validating parameters without accurate historical data – without 

accurate data, there is nothing to compare assumptions with, and this is almost guaranteed 

to be the case in a team which has an unstructured development process. 



73 

 

• Time required for building the model and performing simulation - it is a time-consuming 

task which may require someone to be specifically allocated to it (which can be hard to 

justify in an understaffed team) 

• Resistance to change when the current “process” appears to be working – perhaps the 

most difficult challenge is the natural opposition to change, which occurs even when results 

are below expectations, and much more when results are good. This is not criticism of 

development team members, which may be right not to want to change their personal work 

process because of results from a model based on poorly validated assumptions. 

Addressing these challenges is the responsibility of management, which should ensure that proper 

documentation of the existing process is being produced, that the project is adequately staffed for 

achieving group/company goals, and that change can only be rejected because of correct 

reasoning and not because of inertia. It therefore becomes clear that despite having the most 

impact in new teams which have no process structure whatsoever, the proposed methodology 

works best when applied to product development teams which have some experience and have 

worked out other issues which are more critical to their success such as staffing and 

documentation.  

 

6.3 Future work 

During the time that this thesis was developed, a working approach to process standardization 

was defined and applied in a real project environment which had enormous influence on the final 

step-by-step methodology. Time constraints and the nature of this thesis itself did not allow for 

further application of the methodology to other examples, which would without a doubt improve it. 

The first action the author would suggest to anyone willing to pick up from this work is to test the 

methodology in other product development environments, which will surely bring up different 

challenges to the ones met in this case study. The intent of this action would not be to change the 

sequence of steps defined in the methodology, but to understand how they would need adaptation 

to fit different examples. After some practical application examples, some variations of the 

methodology should surface, and the comparison of these variations and their different uses is an 

interesting research topic. 
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Regarding the team in which the case study was performed, the application of the suggested 

changes and the documentation of their impact could prove useful, and if this is the case, the 

extension of the model to gradually include more sub-systems would allow the project manager to 

start viewing the design process from a more high-level perspective. This high-level perspective 

should be important to define long term strategy – another interesting research topic. 

Besides further testing and validation of the methodology, it is important to note that the software 

tool used for this thesis is incredibly powerful, and that the features which were chosen to model 

and simulate the product development process are the most basic and intuitive which are provided 

by the software. A better understanding of the software, using more variables (global and task 

specific) to more accurately model the process, will allow project managers to gain further insights 

on the impact of these variables on process duration, quality, cost, worker satisfaction, client 

satisfaction, etc. As mentioned before, the software developers are working on an updated 

version, which should fix some of the issues of using an outdated Java platform, as well as 

implement new features. Though not a research topic, a better understanding of the CAM software 

is almost certain to bring improvements in the application of the methodology. 
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Appendix A – Product Architecture DSM Featuring components and sub-systems 
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Appendix B – Product Architecture DSM featuring components with no associated sub-system 
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Appendix C – Complete model of the Aerodynamic Devices sub-system design process 
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Appendix D – Specification of task characteristics 

 

ID Input Task Name 
Max Min 
Duration 

Max Exp 
Duration 

Max Max 
Duration 

Min Min 
Duration 

Min Exp 
Duration 

Min Max 
Duration 

Duration LF Max Prob Min Prob Iteration LF Aero Resources 
Struct 

Resources 

1 - Airfoil Research 1 1.5 2 1 1.5 2 0 - - - 1 0 

2 1; 4 2D Front Wing 10 15 30 5 10 20 0.5 - - - 1 0 

3 1; 5 2D Rear Wing 10 15 30 5 10 20 0.5 - - - 1 0 

4 2; 6 3D Front Wing 10 15 30 5 10 20 0.5 0.9 0.1 1 1 0 

5 3; 6 3D Rear Wing 10 15 30 5 10 20 0.5 0.9 0.1 1 1 0 

6 2; 3; 10; 13 Complete 3D Analysis 7 10 20 3 5 15 0.5 0.5 0.5 0 2 0 

7 - Sidepod Exists? 0.5 1 2 0.5 1 2 0 - - - 1 0 

8 7; 10 Check Necessary Flow 0.1 0.1 0.1 0.1 0.1 0.1 0 - - - 1 0 

9 1; 7; 8 2D Sidepod 10 15 30 5 10 20 0.5 - - - 1 0 

10 6; 9 3D Sidepod + Wheel 10 15 30 5 10 20 0.5 0.9 0.1 1 1 0 

11 - Undertray Exists? 0.5 1 2 0.5 1 2 0 - - - 1 0 

12 11; 13 2D Parameter Analysis 10 15 30 5 10 20 0.5 - - - 1 0 

13 12; 6 3D Undertray Analysis 10 15 30 5 10 20 0.5 0.9 0.1 1 1 0 

14 7 Wing Struct Config Research 1 2 3 1 2 3 0 - - - 0 1 

15 14; 17; 22 Airfoil Modelling 3 5 10 2 3 5 0.5 - - - 0 1 

16 14 Wing Structure Modelling 3 5 10 2 3 5 0.5 - - - 0 1 

17 15; 18 Airfoil Structure Analysis 3 5 10 2 3 5 0.5 0.9 0.1 1 0 1 

18 16; 17; 19 Full Wing Structure Analysis 3 5 10 2 3 5 0.5 0.9 0.1 1 0 1 

19 2; 3; 9; 18; 20 Check Wing Structure After 2D 2 3 5 1 2 3 1 0.5 0.1 1 0 1 

20 4; 5; 10; 19; 21 Check Wing Structure After 3D 2 3 5 1 2 3 1 0.3 0.1 1 0 1 

21 6; 20 Check Wing Structure Final 2 3 5 1 2 3 1 0.2 0.1 1 0 1 

22 18 Wing Mould Design 10 14 30 3 10 14 1 0.2 0.1 1 0 1 

23 11 Undertray Struct Config Research 1 2 3 1 2 3 0 - - - 0 1 

24 23; 25; 29 Undertray Modelling 3 5 10 2 3 5 0.5 - - - 0 1 

25 24; 26 Undertray Structure Analysis 3 5 10 2 3 5 0.5 0.9 0.1 1 0 1 

26 12; 25; 27 Check Undertray Structure After 2D 2 3 5 1 2 3 1 0.5 0.1 1 0 1 

27 13; 26; 28 Check Undertray Structure After 3D 2 3 5 1 2 3 1 0.3 0.1 1 0 1 

28 6; 27 Check Undertray Structure Final 2 3 5 1 2 3 1 0.2 0.1 1 0 1 

29 25 Undertray Mould Design 10 14 30 3 10 14 1 0.2 0.1 1 0 1 
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Appendix E – Detailed view of the process Gantt chart and distribution of effort 

 

 

 


