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ABSTRACT 

Saab Aeronautics’ section Overall Design and Survivability develops early aircraft concepts 

and utilizes Computer Aided Design (CAD) to ensure the feasibility of principal - and critical 

characteristics. Saab has over the years developed several start models of aircrafts in CAD 

from pre-defined aircraft configurations, which are to some extent non-generic. When new 

configurations are to be explored, manual- and repetitive work is required if the new 

configuration cannot be attained solely through parametric modifications of a start model. The 

complexity of these CAD models also demands great knowledge of how aircraft components 

interact with each other to ensure compatibility. The project covered in this thesis  was thus 

carried out to develop a more effective way for Saab to create and explore a larger design 

space. This by creating a framework that consists of a product configurator coupled with a 

library of generic CAD models.  

The product configurator that was created is the Saab Tradespace Analyzer & Reconfigurator 

(STAR), which takes compatibility relationships into consideration to facilitate concept 

selection. The STAR also provides a dynamic design space calculation to indicate how close 

the user is to a final concept selection. Two generic CAD models were created, a fuselage model 

and an air inlet model. A skeleton model was also created in order to reduce model 

dependencies and to control the main geometry of the aircraft product. In addition to these, 

an already existing wing model was implemented to form the library of generic CAD models. 

The framework coupling the STAR with the CAD library utilizes design automation to allow 

automatic CAD model generation of a concept that has been selected within the STAR. 

It was concluded through extrapolation that the created framework would allow Saab to create 

and explore a larger design space in a more effective way than what is done today, provided 

the library of CAD models were to contain the same number of components as today’s start 

models. 

Keywords: Design Automation, Imagine and Shape, Aircraft Conceptual Design, Computer 

Aided Design, Knowledge-Based Engineering, Interactive Reconfigurable Matrix of 

Alternatives, Concept Selection 
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NOMENCLATURE 

TERMS 
Component  A constituent of a system that consist of a number of parts or 

subassemblies 
Frustum  A portion of a solid that lies between one or two parallel planes cutting it  

Instance  A single template of a geometric model 

Instantiation  The creation of an instance 

Part  A single geometric model 

Partition  One of the sections of a whole that has been divided 

Segment  The surface between two adjacent frustums 

 

 

ABBREVIATIONS 
ASM  Associative Structure Matrix 

CAD  Computer Aided Design 

CAE  Computer Aided Engineering 

CAM  Computer Aided Manufacturing 

CATIA  Computer Aided Three-dimensional Interactive Application 

CPACS  Common Parametric Aircraft Configuration System 

DSM  Design Structure Matrix 

HLCt  High Level CAD templates 

IRMA  Interactive Reconfigurable Matrix of Alternatives  

KBE  Knowledge-Based Engineering 

KBS  Knowledge-Based Systems 

KP  Knowledge Pattern 

MADM  Multi-attribute decision making 

OML  Outer Mold Line 

PAAS  Parametric Associative Assembly Structure 

PAPS  Parametric Associative Part Structure 

PC  Power Copy 

PSM  Parameter Structure Matrix 

TRL  Technology Readiness Level 

UDF  User Defined Features 

UF  UserForm 
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C H A P T E R  1  

INTRODUCTION 

This chapter defines the problem in question that prompted this research, and presents the 
underlying purpose, goal and limitations of the project.  

 

 BACKGROUND 
At Saab Aeronautics, early aircraft concepts are developed at the section Overall Design and 
Survivability. This section is active within the initial stages of the aircraft design process, 

where a great variety of aircraft design configurations are studied . The technology areas the 

section is responsible for are Concept Design and Survivability. 

Tasks for the technology area Concept Design include concept and preliminary study activities 

for complete aircrafts and entire flight systems, including methodology and tools for 

producing concepts. Technical analyses of competing products, potential threat systems, 

demonstrators and concepts are also conducted. In addition to this, life-cycle cost calculations 

for product concepts are carried out in collaboration with Integrated Logistics Support. The 

technology area is also responsible for the methodology and capability to coordinate design 

and configurations of complete products. This includes design adjustments, breaking down of 

general subsystem requirements, and allocation and follow-up of design budgets. 

Furthermore, it is tasked with preparing and iterating system requirements to attain balanced 

operational and technical requirements in collaboration with Operational Analysis. The 

section also has close external collaboration and shared services regarding c oncept design 

with Linköping University. 

The technology area Survivability refers to a system’s own protection in the form of tactical 

behavior, signature adaptation, own emissions, battle damage resistance, Chemical-, 
Biological-, Radiological- and Nuclear- (CBRN) protection and protection against 

electromagnetic weapons and lasers. Tasks include defining survivability requirements and 

evaluating survivability properties and trade-offs against other properties, which is done in 

cooperation with Operational Analysis and product management teams. V erification of the 

survivability properties is conducted through analysis and measurement. Survivability is also 

tasked with administering and investigating fire safety measures in aviation products as well 

as providing technical support in the protection performance area for other technology are as. 
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Both Concept Design and Survivability are technology areas active within the Conceptual 
Design phase of the design process for aircrafts, see Figure 1.1. In this phase, Computer Aided 
Design (CAD) models are frequently used to ensure the feasibility of principal - and critical 

characteristics, while also providing a better understanding of concepts’ appearances and 

framing. Saab utilizes the software suite CATIA V5 (hereafter denoted as CATIA) for their CAD 

modeling. Within CATIA, there are several workbenches that can be used for 3D modeling 

depending on the objective and intended use of the models. One of these workbenches is the 

Generative Shape Design (GSD) workbench, which Saab over the years has developed several 

start models of aircrafts through, that come from pre-defined aircraft configurations. When a 

new configuration is to be explored, the current start model needs to be manually modified or 

a new start model needs to be modeled, provided the configuration cannot be attained solely 

through parametric modifications. It is therefore of interest to create a common aircraft 

component library, since model updates using current methods induce a lot of repetitive work, 

narrowing the engineers’ time  for creative design activities. A generalized start model with 

increased level of design automation could therefore reduce the overall design time and 

concurrently allow an increase in creative design time.  

 

Figure 1.1: An overview of the design process for aircrafts. Adapted from Brandt, et al.1 

Part of the aircraft design process is Outer Mold Line (OML) modeling, where surface models 

of the aircraft concepts are created, see Figure 1.2. Saab has found that improvements can be 

made to the methodology of how OML models are created, as some parts are time consuming 

and non-user-friendly. Saab has therefore collaborated with Linköping University, where the 

Imagine and Shape Design (IMA) workbench within CATIA was investigated. The research 

concluded that complex surface shapes could be beneficial to model there instead of in the 

GSD workbench2. The GSD workbench was however recognized as more suitable for wing 

modeling, as wings require a higher accuracy of shape control than IMA can provide 2. 

Linköping University has exclusively also made a research project regarding train design in 

IMA, which yielded similar results concerning complex surface shapes 3. Saab is thus now 

interested in further research regarding IMA as a potential modeling tool for future start 

models. 
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Figure 1.2: The OML of Saab’s current start model, with names of components 

In addition to the aforementioned collaboration, Saab and Linköping University have 

collaborated in another research project, where an extensive aircraft model was developed 

within the frame of the NFFP6 project CADLab4. The aircraft model was created in the GSD 

workbench at Linköping University, and contains a wing model which Saab is now aiming to 

implement for future start models. This wing model offers different reference area methods 

to determine the wing’s boundaries, including  the Double Delta-, Wimpress-, and Trapezoidal 

methods. The number of wing partitions can be set and can thereafter be automatically 

generated, where each partition is formed through two airfoils joined by a surface5. These 

airfoils are parametrically changeable and are generated using cubic Beziér curves, following 

a method proposed by Melin6, et al. The wing model also contains inner structure, namely 

spars and ribs, which are also parametrically changeable and are g enerated in a similar 

manner as the wing’s surface. These features enable a wide range of wing configurations 

depending on the application. 

Complex CAD models such as the aforementioned start models demand great knowledge of 

how each component interacts with the others. This requires an expert to be involved 

throughout the process of concept selection to ensure compatibility between components. 

Saab is now looking to implement a tool that can support the expert by providing this 

knowledge. One tool for concept generation and concept selection is the use of a morphological 

matrix. For complex systems, such as aircraft design, refined versions of this tool have been 

developed where compatibility is taken into consideration. The Interactive Reconfigurable 
Matrix of Alternatives (IRMA) is one such tool, and Saab believes it could be beneficial to use 

a similar tool in the concept selection process. They are hence currently looking to implement 

a product configurator, based on an IRMA, in hopes of faci litating concept selection. 

 PROBLEM DEFINITION 
Saab is looking to develop more efficient ways to create and explore a larger design space. 

 PURPOSE 
The purpose of this project is to make the creation and exploration of a larger design space 

more effective for Saab. 

 GOAL 
The goal is to create a tool consisting of a product configurator , which is coupled with a library 

of generic CAD models comprised of common aircraft components. The tool should be able to 

automatically generate start models with different aircraft configurations. The number of 

unique start models it should be able to generate is greater than or equal to what exists today, 
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provided the library of generic CAD models consists of the same amount of aircraft 

components that today’s start models are composed of.  

 DELIVERABLES 
To achieve the goal, three key deliverables have been identified:  

D1: A product configurator based on an IRMA 

D2: A library of generic CAD models of common aircraft components  

D3: An automated framework that couples the product configurator with the library of 

generic CAD models 

 RESEARCH QUESTIONS 
Two research questions have been posed:  

RQ1: How to construct a framework for concept selection and design automation to 
promote a higher degree of efficiency and flexibility at the conceptual design phase?  

RQ2: How to design common aircraft components to promote a larger design space in an 

automated design process? 

 LIMITATIONS 
▪ The design automation will be implemented strictly trough CATIA V5, Excel and the 

scripting language Visual Basic (VB). There will be no connections to other external 

programs. 

▪ The modeling of all aircraft components will be conducted in CATIA V5. 

▪ When modeling the aircraft components, the main focus will be on OML modeling. 

Inner structure will be taken into consideration but will only be modeled if time 

allows. 

▪ The product configurator will be created based on an IRMA as this was request ed and 

encouraged by the project owner (Saab).  

▪ No wing model will be created, instead, the wing model mentioned,  which was created 

in collaboration with Linköping University, will be incorporated to the library of 

generic CAD models as this was requested and encouraged by the project owner.  

 DISPOSITION 
Brief outlines of the thesis’ main chapters are presented here.  

CHAPTER 2 – Method specifies the development methods that are used in the project. The 

overall method and its three phases, Pre-study, Model Development, and Verification and 
Validation, are explained. 

CHAPTER 3 – Theoretical Background presents the information that was gathered to lay the 

theoretical foundation for the project. The areas that were studied are; IRMA, Feature -Based- 

and Direct Modeling, Knowledge-Based Engineering (KBE), High Level CAD modeling and 

Common Parametric Aircraft Configuration Schema (CPACS). 

CHAPTER 4 – Implementation details how the product configurator is constructed in Excel 

through VB, which basic aircraft components are modeled, and how the components are 

modeled within CATIA. The linking between the components and the product configurator is 

also explained. 

CHAPTER 5 – Results presents the results of the implementation chapter. The product 

configurator and the modeled components are presented as well as the verification and 

validation results. 
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CHAPTER 6 – Discussion covers an analysis of the method used, as well as a discussion 

regarding implementation and the results that were garnered. 

CHAPTER 7 – Conclusions answers the research questions posed and gives a final conclusion 

based on the result of the project.  

CHAPTER 8 – Future Work contains suggestions for continued work with the created 

framework and research suggestions for other areas.  
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C H A P T E R  2  

METHOD 

This chapter outlines the method used for developing the framework and the underlying 
approaches used to create the product configurator and the CAD models  

 

 WORKING PROCEDURE 
The working procedure follows a three-stage design approach which consists of the stages; 

Pre-study, Model Development and Verification and Validation. The approach resembles the 

traditional waterfall model which is a common way of working in product development, where 

each stage is clearly separated from the others. At the end of each stage th ere is a decision 

gate which decides the upcoming process. There are three possible outcomes for the decision 

gate:7 

▪ More work must be done to complete the stage. 

▪ The development can continue and progress towards the next sequential stage . 

▪ The project is to be discontinued.  

For this project, when a stage is completed, its appurtenant outputs serve as inputs for the 

following stage, see Figure 2.1. Ullman7 states that choosing between an iterative and a 

sequential approach is a trade-off between flexibility of changing requirements and not 

knowing when the project is finished. This does not mean that there are no iterative steps in 

the waterfall model, instead, they are planned and are built -in within the stages. As the 

project’s time-frame is well defined, a sequential approach was thus recognized as suitable. 

The adapted working procedure’s three stages are described in more detail  in the following 

sections.7 
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Figure 2.1: The adapted working procedure consisting of three stages. Their appurtenant outputs serve as inputs for 
the next sequential stage 

 STAGE ONE: PRE-STUDY  
In the pre-study, information is gathered to lay the theoretical foundation for the project. A 

problem definition is done through literature studies and communication with supervisors. 

With a well-defined problem, the objectives and goals are then identified. Two research papers 

are reviewed in the early stages of the literature study. These papers act as a base for the 

project and directs the focus to a direct modeling approach for different kinds of aircraft 

components. The first research paper, by Vu & Hellström 2, shows the capabilities of using a 

direct modeling approach for conceptual aircraft design. The sec ond paper, by Andersson3, 

provides directions for combining a direct modeling approach with a feature based modeling 

approach, enabling design automation. The fundamental methods are established through 

literature with the subjects; software development, product development and 3D modeling.  

 STAGE TWO: MODEL DEVELOPMENT 
The model development covers the construction of CAD models and the product co nfigurator. 

The method used for both originates from the traditional V-model for software development, 

which is an iterative development strategy comprised of three phases. In phase one, a 

decomposition of the main system is performed. The constructing of the models is then 

conducted in phase two, before verification and validation is done in the final phase. The 

verification and validation may induce the necessity of modifications to phase one, thereby 

creating an iterative process. As the creation of CAD models can be a trial and error process, 

the V-model was chosen due to its iterative nature11.  

 CAD MODELING 
The CAD modeling approach is an adapted and modified V-model approach from Salehi & 

McMahon8 and contains three phases; the Specification phase, the Creation phase and the 

Modification phase, see Figure 2.2.  
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Figure 2.2: A modeling method for parametric associative CAD systems. Adapted from Salehi & McMahon8 

Specification Phase: The first phase of the modeling approach is separated into two steps; 

identification and determination of geometry parameters, and identification and 

determination of associative relationships. The gained knowledge from these steps is stored 

in two different checklists, both based on the Design Structure Matrix (DSM) approach. These 

checklists are; Parameter Structure Matrix (PSM) and Associative Structure Matrix (ASM).8 

The first step is to identify the geometry parameters, e.g. properties of size, such as height, 

length and diameter, which classifies the product. Th ese parameters are also known as 

“driving parameters”, which by modification generates a new variant of the CAD model. All the 

acquired knowledge of the parameters and their relationships are stored in a PSM. The PSM is 

an nxn-adjacent matrix with identical row- and column headings, where the symbol “x” in a 

cell indicates that there is a coupling between two parameters. An illustration of a simplified 

PSM can be seen in Figure 2.3, where the parameter A is dependent on parameters B and D.8 

  

Parameter Name 1 2 3 4 5 

1 Parameter A  x  x  

2 Parameter B      

3 Parameter C  x    

4 Parameter D   x   

5 Parameter E x     

 

Figure 2.3: An example of a PSM-matrix, where x in a cell indicates a coupling between parameters 

Step two of the specification phase is to identify the associative relationships. In the design 

process the associative relationships describe the fixed correlation between geometrical 

entities and objects. These relationships are stored in an ASM, which s imilarly to the PSM is 

an nxn-adjacent matrix with identical row- and column headings, but instead of parameters, 

it contains CAD parts and their relationships. See Figure 2.4 for an illustration of a simplified 

ASM, where the symbol “x” indicates a dependence between CAD parts.8 
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Part Name 1 2 3 4 5 

1 Part A  x  x  

2 Part B      

3 Part C  x    

4 Part D   x   

5 Part E x     

 

Figure 2.4: An example of an ASM-matrix, where x in a cell indicates a coupling between parts 

Before progressing towards the next sequential phase of the V -model, reference models are 

predefined. These are recognized for denoting the associative relationships between the 

geometrical entities. The reference models contain basic geometrical entities and parameters 

(i.e. points, lines), and an exactly defined geometrical interface, as well as linear associative 

relations structured in a hierarchical order. The reference models are designe d to simplify the 

modeling, to facilitate relationship management, and to provide co ntrol over external 

references.8 

Creation Phase: The creation phase involves the structural development of the CAD models, 

where parameters and associative relationships are on a part level. There are two different 

approaches for modeling CAD parts and assemblies; bottom-up, and top-down. The top-down 

approach is desirable when a high degree of control is wanted and is therefore used. 8 

Communication between different disciplinary tools in aircraft design requires a common 

language to facilitate the coupling of inputs and outputs . The Common Parametric Aircraft 
Configuration Scheme (CPACS) is a standardized data model that acts as a center post that 

interlink different tools with each other through unified data. CPACS is thus used to structure 

and standardize names and descriptions in the models and the model generation tools.9 

The creation phase concludes with an arrangement and creation of inputs and outputs for the 

CAD models, which contain parameters and associative relationships.  

Modification Phase: The third and last phase involves the testing and evaluation of the 

identified parameters, associative relationships and the controllability of the model . Either 

these meet the established criteria, or the model needs further modification.   

 PRODUCT CONFIGURATOR 
The method for constructing the product configurator foll ows the V-model as well, but is not 

modified for the specific application. The main difference between the two V -models is that 

parameters and associativity are replaced with requirements. It still consists of the same three 

phases; the Specification phase, the Creation phase and the Modification phase, albeit with 

somewhat different definitions.  

In the specification phase, a requirements analysis is done to define the needs of the user and 

to specify what the product configurator is required to produce in order to fulfill those need s. 

A requirements specification is hence produced. In the creation phase all software 

programming is conducted in an effort to try and meet the specified requirements. As code is 

being developed, more knowledge about the system is garnered which may cause the need of 

modification. This is done in the modification phase where requirements can be altered or 

added to the requirements specification.10 

 STAGE THREE: VERIFICATION AND EVALUATION 
The product configurator is verified against the requirements specification, where the 

verification is carried out with regards to two conditions:  

i. The initial state of the product configurator with the appurtenant input data  

ii. The final state of the product configurator with the expected output data  
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Creating CAD models of complex products is often a trial and error process, where a model is 

evaluated against certain criteria until it crashes. Modifications are then made to the model to 

meet the criteria better before a second iteration of the evaluation is started. This process is 

repeated until the model satisfies all the established conditions. Amadori,  et al.11 states that 

the most common criteria for geometrical models are Robustness and Flexibility, which is 

adopted for the verification and evaluation stage.11 

Robustness is a way of measuring how stable a model is. It refers to how many errors the 

model may evoke when it covers its design space11. To measure the robustness a formulation 

is adopted from Amadori, et al.11, see equation (1).  

𝑅𝑆𝐶 = 1 −
𝑁𝐹𝑎𝑖𝑙𝑢𝑟𝑒𝑠
𝑁𝑈𝑝𝑑𝑎𝑡𝑒𝑠

  

 
(1) 

𝑅𝑆𝐶   =   𝑟𝑜𝑏𝑢𝑠𝑡𝑛𝑒𝑠𝑠 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑢𝑏𝑠𝑝𝑎𝑐𝑒 𝑆𝐶    

𝑁𝐹𝑎𝑖𝑙𝑢𝑟𝑒𝑠  =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑖𝑎𝑙𝑠 𝑟𝑒𝑠𝑢𝑙𝑡𝑖𝑛𝑔 𝑖𝑛 𝑎 𝑐𝑟𝑎𝑠ℎ  

𝑁𝑈𝑝𝑑𝑎𝑡𝑒𝑠  =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑖𝑎𝑙𝑠 𝑡ℎ𝑎𝑡 ℎ𝑎𝑠 𝑏𝑒𝑒𝑛 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑒𝑑   

 

Amadori, et al.11 notes that trials that are conducted to calculate equation (1) only can yield 

two possible outputs; failure or success, and therefore suggests conducting at least 50 trials 

for a good result, as a smaller quantity could yield misleading results.  

The other criterion, Flexibility, refers to a CAD model’s ability to adapt to a wide range of 
product configurations, forms and sizes. The broader the range that the model covers, the 

more flexible the model is. To calculate the Flexibility, a design space needs to be determined. 

Amadori, et al.11 proposes a way through a dimensionless range variable  ∆𝑖 , which is 

formulated per equation (2).11 

∆𝑖=
𝑥𝑖
𝑀𝐴𝑋 − 𝑥𝑖

𝑀𝐼𝑁

𝑥𝑖
𝑅𝐸𝐹        ,      𝑥𝑖

𝑅𝐸𝐹 ≠ 0 (2) 

 
∆𝑖   

 
= 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑟𝑎𝑛𝑔𝑒 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 

 

𝑥𝑖
𝑀𝐴𝑋   = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑥𝑖   

𝑥𝑖
𝑀𝐼𝑁 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑥𝑖   

𝑥𝑖
𝑅𝐸𝐹   = 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑢𝑒 𝑓𝑜𝑟 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑥𝑖   

 

When comparing different models, the design space can differ significantly. A dimensionless 

mean design space is therefore defined by Amadori, et al.11, see equation (3).  

�̅�𝑆𝐶𝑖
=∏∆𝑖

𝑛

𝑖=1

 (3) 

 
�̅�𝑆𝐶𝑖

 
 
=  𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑚𝑒𝑎𝑛 𝑑𝑒𝑠𝑖𝑔𝑛 𝑠𝑝𝑎𝑐𝑒  

 

𝑛 =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠  

𝑆𝐶𝑖  =  𝑠𝑢𝑏𝑠𝑝𝑎𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑑𝑒𝑙 𝑤ℎ𝑒𝑟𝑒 𝑡ℎ𝑒 𝐹𝑙𝑒𝑥𝑖𝑏𝑖𝑙𝑖𝑡𝑦 & 𝑅𝑜𝑏𝑢𝑠𝑡𝑛𝑒𝑠𝑠 ℎ𝑎𝑠 𝑏𝑒𝑒𝑛 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 

 

When the mean design space and the Robustness have been calculated, the Flexibility can be 

formulated per equation (4).11 

𝐹𝑆𝐶 = 𝑅𝑆𝐶 ∙ �̅�𝑆𝐶  (4) 

 
𝐹𝑆𝐶   

  
= 𝑓𝑙𝑒𝑥𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑢𝑏𝑠𝑝𝑎𝑐𝑒 𝑆𝐶   

 

𝑅𝑆𝐶   =  𝑟𝑜𝑏𝑢𝑠𝑡𝑛𝑒𝑠𝑠 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑢𝑏𝑠𝑝𝑎𝑐𝑒 𝑆𝐶   
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�̅�𝑆𝐶   =  𝑚𝑒𝑎𝑛 𝑑𝑒𝑠𝑖𝑔𝑛 𝑠𝑝𝑎𝑐𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑢𝑏𝑠𝑝𝑎𝑐𝑒 𝑆𝐶   

 

The framework is tested by an external group from the section Overall Design and 

Survivability at Saab Aeronautics. The test is held as a workshop where the group is given 

unrestricted freedom to run the framework to confirm that it can automatically generate start 

models of various design configurations. Conclusions are also drawn by the test group 

regarding the effectiveness of the framework. The group consists of people that are involved, 

or have been involved, in the current process of concept selection  and -creation, and  

modification of the start-models. The workshop also reaffirms which requirements are met 

for the product configurator, as well as if the desired controllability of the CAD models is 

achieved.  
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C H A P T E R  3  

THEORETICAL BACKGROUND 

This chapter covers theoretical aspects that are deemed relevant to the development of the 
framework and its appurtenant parts 

 INTERACTIVE RECONFIGURABLE MATRIX OF ALTERNATIVES 
The morphological method for decomposing complex problems was first proposed by Zwicky 

in 1948. The aim of the method was “to achieve a schematic perspective over all of the possible 
solutions of a given large-scale problem”12. Zwicky demonstrated his method by creating a 

morphological matrix which defined different types of telescopes that can be built. In the 

matrix, each row represented a different attribute of the telescope, while each cell in the rows 

contained a means for how to achieve the attribute. Different types of telescopes could thus 

be created simply by selecting one item from each row.13 

Zwicky proposed a generalized form of morphological analysis in 1966, where he later 

presented a typologically field formatted n-dimensional box, known as a Zwicky Box. Utilizing 

the dimensions of physical space, the box structures n parameters, or attributes, each with a 

range of values. For higher dimensions than three, the Zwicky box becomes increasingly 

difficult to interpret as physical dimensions no longer can represent all parameters. The box 

has consequently been adopted and remodeled by others as a morphologically field formatted 

matrix, also known as a Matrix of Alternatives, allowing any number of dimensions,  see Figure 

3.1.14 

  

 

  

 (a) (b)  

Parameter 1 p11 p12 p13 p14 p14 

Parameter 2 p21 p22 p23 p24 p25 

Parameter 3 p31 p32 p32   
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Figure 3.1: Morphological analysis using (a) a 3-dimensional Zwicky Box containing 75 cells and (b) a Matrix of 
Alternatives. The dark gray cell in (a) represents the same selection as in (b). Adapted from Ritchey14 

Liedholm15 suggests using morphological matrices during concept development after a 

functional decomposition has been made. In his method, Liedholm generates a morphological 

matrix from the bottom level of a function-means tree. To ease concept selection, two methods 

are proposed to guide the selection process 15:  

i. Rank means by their ability to realize a function 

ii. Group functions by importance 

A morphological matrix for a camera using these two methods can be seen in Figure 3.2, where 

the means are color-coded by their rank, and functions are grouped by importance. A darker 

color signifies a better means than a lighter color, and Group 1 stores the most important 

functions, while Group 3 stores the least important ones. 15 

However, morphological matrices do not offer any information about compatibility between 

items, and though it excels at structured concept generation, it is quite inept as a tool for 

concept selection. This is especially true for complex systems such as aircraft design. Between 

the years of 2004 and 2006, the IRMA was hence developed as an improvement to the 

traditional matrix of alternatives.13 
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Figure 3.2: Morphological matrix for a camera. Adapted from Liedholm15 

In short, an IRMA is a matrix of alternatives with the following additional properties13: 

▪ Captures compatibilities between items within and between rows  

▪ Applies interactive filters that affect all rows 

▪ Provides Multiple Attribute Decision Making (MADM) to support item selection within 

each row 

▪ Automatically calculates the total number of alternatives remaining  

▪ Updates options available based on the previous decisions to support real -time and 

collaborative decision-making 
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IRMAs can be designed in two ways; as constructive IRMAs, where new alternatives are added 

as a selection is made in the previous row, or as destructive IRMAs, where all alternatives are 

initially presented, only to be partly eliminated as selections are made. For less experienced 

users, a constructive IRMA is preferable since options then are presented in a particular order 

and can therefore help guide the user. The total number of options displayed at a time is also 

reduced compared to that of a destructive IRMA. The advantage of a destructive IRMA 

however, is that the user can make selections anywhere within the structure, and is  not bound 

to a predetermined order of selections. For an experienced user, this may be preferable. An 

example of a destructive IRMA can be seen in Figure 3.3, where green represents selected 

items, and red represents incompatible items. 13 

 

Figure 3.3: Example of a destructive IRMA. Courtesy of Engler13 

 COMPATIBILITY MATRIX 
A compatibility matrix is used to track the relationships between the items of an IRMA. More 

specifically, the matrix tracks if items are compatible, incompatible or depe ndent of each 

other. When the IRMA is used and a selection is made, the compatibility matrix is checked and 

the information contained is conveyed to the user. For a destructive IRMA, information about 

incompatibilities can be conveyed by removing all incompatible alternatives from the 

interface. Constructive IRMAs can convey the same information by only adding compatible 

items as the next set of alternatives. Note that for constructive IRMAs designed this way, the 

user will be unaware of which of the alternatives are being omitted. It is possible that the user 

has more information than what is stored in the compatibility matrix, and it might therefore 

be wiser to design the IRMA so that incompatibilities are displayed and are allowed to be 

selected. It must however still be made clear to the user which items are considered 

incompatible with each other, e.g. by color coding. Information about dependencies can be 

conveyed by intelligent and automated down-selecting to ensure that dependent items are 

selected.13 

An example of a compatibility matrix can be seen in Figure 3.4, which is a small portion of 

what the actual compatibility matrix for the IRMA in Figure 3.3 would look like. In the example, 

number “1” in red boxes are used to show incompatibility, while number “2” in green boxes 

are used to show dependencies. To indicate that items are compatible, or have no relationship, 
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yellow boxes are used. Black boxes with the number “3” are set along the diagonal of the 

matrix. Note that symmetry occurs along the diagonal in the example. Intuitively it might seem 

reasonable that, if item A is incompatible with item B, then item B is also incompatible with 

item A. This is nevertheless not always the case.13 

 

Figure 3.4: Example of a portion of an IRMA’s Compatibility Matrix. Courtesy of Engler13 

 FILTERS 
Filters are used to reduce the number of alternatives in an IRMA through certain matrix -wide 

requirements that are independent of items ’ relationships between each other. Technology 
Readiness Level (TRL) is a method of estimating the maturity of a technology, and is a classic 

example of a coarse filter. Coarse filters are useful in early stages of the design process when  

the design space is large, but quantitative information regarding decision making is low. 13 

 MULTI-ATTRIBUTE DECISION MAKING 
After compatibility information and filtering have reduced the number of alternatives, there 

might still be multiple alternatives to choose from within a row. Some additional information 

could thus be needed for decision making. Here, MADM tools can utilize subjective information 

about the remaining alternatives, and allow the user to vary the importance of certain 

attributes. For instance, if the main objective would be to minimize cost, then information 

about which alternative is cheaper than the other would be conveyed. Likewi se, if the main 

objective was to minimize weight then physical property information would be presented to 

steer the selection. The use of MADM is an iterative process since it is unlikely that accurate 

data is available without modeling or historical data .13 

 CALCULATION OF DESIGN SPACE 
The simplicity of an IRMA interface can sometimes be deceiving in regards to how large its 

design space is. In a matrix of alternatives, the total number of possible combinations grows 

exponentially with its number of rows. To give an idea of how close the user is to a defined 

concept, a key attribute of an IRMA is hence a dynamic design space calculation. 13 

Armstrong16 presents a mathematical equation for calculating the design space of 

morphological matrix, see equation (5). 

 

𝑁𝐴 =∏𝑁𝑖

𝑛

𝑖=1

 (5) 

 
𝑁𝐴  

 
= 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑟𝑐ℎ𝑖𝑡𝑒𝑐𝑡𝑢𝑟𝑒 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒𝑠  
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𝑁𝑖   = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒𝑠 𝑓𝑜𝑟 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑖   

𝑛  = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑠   

 

From this, Armstrong16 derives equation (6) in order to calculate the design space of an IRMA, 

where compatibility conditions are taken into account. 

𝑁𝑐 =∏𝐴𝑖

𝑛𝑓

𝑖=1

−∑∏𝐶𝑖𝑗

𝑛𝑓

𝑖=1

𝑛𝑖𝑛𝑐

𝑗=1

+ ∑ ∑

{
  
 

  
 
∏𝐼𝑖𝑗𝑘

𝑛𝑓

𝑖=1

  ∶   𝐹1𝑗 = 𝐹1𝑘, 𝐹2𝑗 ≠ 𝐹2𝑘, 𝐴1𝑗 = 𝐴1𝑘   

∏𝐼𝑖𝑗𝑘

𝑛𝑓

𝑖=1

 ∶   𝐹1𝑗 ≠ 𝐹1𝑘, 𝐹2𝑗 = 𝐹2𝑘, 𝐴2𝑗 = 𝐴2𝑘  

0          ∶   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                       

𝑛𝑖𝑛𝑐

𝑘=𝑗+1

𝑛𝑖𝑛𝑐−1

𝑗=1

 (6) 

 
𝑁𝑐  

 
= 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑐𝑒𝑝𝑡𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 

 

𝑛𝑓 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑠  

𝑛𝑖𝑛𝑐   = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑜𝑚𝑝𝑎𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠  

𝐴𝑖  = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒𝑠 𝑓𝑜𝑟 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑖  

𝐴  = 𝐴1, 𝐴2, 𝐴3, … , 𝐴𝑛  

𝐶𝑖𝑗  = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒𝑠 𝑓𝑜𝑟 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑖 𝑑𝑢𝑟𝑖𝑛𝑔 𝑖𝑛𝑐𝑜𝑚𝑝𝑎𝑡𝑖𝑏𝑙𝑒 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 𝑗  

𝐶𝑗   = 𝐶1𝑗 , 𝐶2𝑗, 𝐶3𝑗 , … , 𝐶𝑛𝑗   

𝐼𝑗𝑘  = 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑖𝑛𝑐𝑜𝑚𝑝𝑎𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜𝑠 𝑗 𝑎𝑛𝑑 𝑘  

𝐼𝑖𝑗𝑘  = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒𝑠 𝑓𝑜𝑟 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑖 𝑑𝑢𝑟𝑖𝑛𝑔 𝑖𝑛𝑐𝑜𝑚𝑝𝑎𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 
     𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝐼𝑗𝑘  

 

𝐹1𝑗 , 𝐹2𝑘   = 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑠 𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝑏𝑦 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝐼𝑗𝑘   

𝐴1𝑗 , 𝐴2𝑘  = 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒𝑠 𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝑏𝑦 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝐼𝑗𝑘   

 

 FEATURE-BASED- AND DIRECT MODELING 
Feature-based modeling is a technique for defining complex geometry with features that are 

primarily driven by non-geometric features, called parameters, which can be defined by 

dimensional, geometric or algebraic constrains. This is a technique that has over the years 

become the standard technology in the industry to create geometric models , due to the fact 

that parametric CAD enables rapid alteration of a model simply by changing parameters. The 

features are associated with each other in a parent/child ma nner, which is known as a history-

driven approach, where features are connected hierarchically. Features are commonly 

displayed in a design tree, also known as a specification tree in CATIA. If the history -driven 

approach is properly used, a change of a parent-feature will automatically propagate to its 

germane child-features. An example is illustrated in Figure 3.5 where a change to the Guide 

sketch (parent-feature) propagates and modifies the Sweep (child-feature), thus changing the 

shape. A change to one of the other parent-features (Line or Profile in the figure) would 

equivalently propagate and change the shape of the Sweep. 17 
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Figure 3.5: Example of feature-based modeling showing history-dependence between features in CATIA 

In a subordinate level of model complexity, all feature-dependencies are easily managed, but 

with an increased size and complexity of the model, the design tree rapidly expands and the 

number of dependencies grows. This can have a negative impact on the maintainability and  

model reuse, since if feature-dependencies are not properly defined, minor geometrical 

alterations can cause the model to behave undesirably 17. In the initial phases of the design 

process these parametric associative models are more time consuming to create compared to 

conventional models18. This due to the required effort in planning the implementation to 

obtain a fully functional model. On the other hand, this invites the designer to conceptual 

thinking where dependencies between different parts and parameters have to be considered 18. 

Furthermore, the complexity of a model is frugal in the early stages of the design process, but 

the more the model’s complexity increases, the more parametric-associativity pays off18. This 

is illustrated in Figure 3.6, where the design expenditure of conventional design is compared 

to that of parametric-associative design.   

 

Figure 3.6: The design expenditure of parametric-associative design (dashed line) and conventional design (solid line). 
Adapted from Ledermann, et al.18 

Direct modeling is another technique of defining complex shapes, but without history -

dependence and associated complexity. The approach enables the designer to control the 

geometry, simply by pulling or pushing it in any direction. This allows the designer to focus 

on creating geometry rather than constructing features.  CATIA utilizes direct modeling 

through the IMA workbench, which is based on sub-division surfaces19. An example is 

demonstrated in Figure 3.7, where a sub-division surface is modified and no history-

dependence is present. This modeling approach enables a wide range of configurations where 

no thought has to be given to dependencies and associated constraints between parts.  

The use of sub-division surfaces is not new; in 1978, both Catmull and Clark 20 and Doo and 

Sabin21 proposed a method for approximating arbitrary bodies using recursively refined 

polygonal meshes i.e. sub-division surfaces. The proposed method has become a forcible tool 
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in the 3D modeling industry, commonly used in consumer products, the automotive industry 

and 3D modeling software.22 

 

Figure 3.7: Example of direct modeling showing no history-dependence in CATIA 

In IMA, there are different types of modeling methods, such as Mesh Refinement, Guide Curves, 

and Iterative Extrusion. All these methods use supports or references during the modeling 

process to guide the sub-division surfaces. For the mesh refinement method, a coarse mesh is 

implemented to roughly cover the intended design. This mesh can then be refined by inserting 

sub-divisions where details are needed. Similarities can be drawn to sculpting clay. 2 

The method of using Guide curves entails creating surfaces by using construction geometries 

which guide the surfaces. A specific tool in the IMA workbench is the Net Surface tool, which 

automatically generates a surface based on a selection of predefined guide - and profile curves. 

The generated surface adapts to the selected guide curves, and profile curves can thereafter 

be added for more complex shapes. The main drawback with this method is that the surface 

created cannot be modified afterwards. However, the Link tool in IMA enables the referencing 

of a surface to a support by linking mesh points on the surface to construction elements. This 

causes the surface to follow any changes in the supporting elements and to  adapt to the new 

conformation.2 

Direct modeling in IMA does not directly support design automation. However, instead of 

using a single modeling technique, hybrid modeling can be used to weigh up the drawbacks of 

using one technique. A hybrid modeling technique takes different approaches and combines 

them to provide better solutions for more efficient and flexible modeling. T he Link tool links 

an IMA sub-division surface with GSD construction elements, indicating that IMA indirectly 

can be incorporated into an automated design process through hybrid modeling.3 

For the iterative extrusion method, a  surface is extruded in small segments until the desirable 

shape is achieved. The main advantage of using this method is that cross -section profiles and 

unique design properties, e.g. a character line, can be designed in the beginning and then be 

propagated toward the new segments.2 

  KNOWLEDGE-BASED ENGINEERING 
The fundamental idea of KBE is to effectively manage product complexity, through reuse and  

automation11. KBE, sometimes referred to as Knowledge-Based Systems (KBS)23, is a 

technology that supports rapid and modular design and is used to support mass 

customization24.  When repetitive design exists in the CAD environment, KBE has a great 

potential of reducing the design time and enabling the designer to explore a larger design 

space24.   

KBE can be divided into three bases that interact with each other; a Knowledge Base, an 
Inference Engine, and an Interface, see Figure 3.8.  
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Figure 3.8: The different parts of KBE and how they interact with each other. Adapted from Tarkian25 

The Knowledge Base contains rules and information about the product or system. Information 

that can be stored is e.g. CAD-templates, design rules and -relations. The Inference Engine 
refers to the main mechanism which triggers specific information in the knowledge base. 

There are two types of inference engines according to  Tarkian25. The first one is called 

Forward-Channing and the characteristic of this is that rules are found and put into action to 

fulfil the conditions. This process persists through all stated rules and ends when the end -

condition is fulfilled. The second one is called Backward-Channing, which is a goal based 

engine that searches through the knowledge base and finds the rule that fulfils the stated 

conditions, and then goes backwards recursively to the starting rule. The Interface acts as a 

visual tool for the user to access the knowledge base through the inference engine, and 

provides the user with inputs and outputs for the model.  

The main difference between this system and a conventional system (software program) is 

that the knowledge base is not intertwined with the  inference engine in this system.23 

 HIGH LEVEL CAD MODELING 
CAD systems offer a variety of tools to create efficient and flexible geometric models,  but 

without the use of tool-independent, generic modeling techniques, the tools delivered from 

these systems cannot fulfil their true potential 11. There are different modeling techniques to 

apply in the process of constructing geometric models and these are explained in the following 

sections. 

 MORPHOLOGICAL AND TOPOLOGICAL TRANSFORMATIONS 
Geometrical transformations can be divided into two categories  according to Amadori, et al.11 

namely; morphological- and topological transformations. Morphological transformations refer 

to the change of form and shape of the geometry of features or objects. Figure 3.9 shows 

morphological transformations divided into four different levels of a pyramid, where the 

modeling complexity grows for each step of the pyramid. 26 
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Figure 3.9: Visualization of the different levels of morphological transformations. Adapted from Amadori26 

The different levels of morphological geometric transformations are 25-26: 

i. Fixed Objects; the objects’ shape or form cannot be altered and are fixed with  their 

original models. The level has zero morphological value.  

ii. Parametrized Objects; the objects are created with parameters which can be altered, 

meaning that the objects can change form and shape depending on the value change of 

a specific parameter. 

iii. Mathematic Based Relation; mathematic relations are used to decrease the number of 

parameters needed to change the form or shape of objects. The level can also be 

referred to as Equation Based Relation. 

iv. Script Based Relation; a desirable programming language, provided by the CAD system 

or a third-party system, is used to set up relations.  

Topological transformations refer to the location of features or objects in a geometrical model 

and can be achieved through three different events 26: 

▪ An instance is added; placing an object in a desired position  

▪ An instance is removed; removing an object from a chosen position  

▪ An instance is replaced; removing an object and adding an object of a different class  

 

In Figure 3.10, topological instantiation is divided into different levels of a pyramid.  
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Figure 3.10: Visualization of the different levels of topological instantiation. Adapted from Amadori26 

The different levels of topological instantiation are25-26: 

i. Manual Instantiation; with a copy and paste function, different objects can be inserted 

into specific locations. The instances are though not context-dependent upon creation. 

ii. Automatic Instantiation; a template model is defined which the instances will follow. 

They are not able to be context dependent due to constraint definitions m issing. The 

number of instances is parametrically modified.  

iii. Generic Manual Instantiation; through created templates and constraint manuals, the 

instances that are initiated will be context-dependent. This increases the reusability 

in a geometric model. 

iv. Generic Automatic Instantiation; to achieve the full capacity of reuse and automation 

in a generic model, one or several functions are created to automatically handle the  

generation and deletion of instances. The instances are also context -dependent and 

can be parametrically altered.  

 POWER COPY,  KNOWLEDGE PATTERN AND USER DEFINED FEATURES 
CATIA has adopted topological transformations through methods referred to as Power Copy 

(PC) and Knowledge Pattern (KP). These two types are context dependent which means that 

both need external references and that the instantiated geometry will change with the 

surroundings of where it was instantiated. To automate the instantiation by PCs or KPs, a 

script must be added. However, the scripting language differs between the two methods. PCs 

uses a VB script while KP scripts are written in CATIA’s own programming language. Compared 

to VB, KP scripts are concise and synthetic but have limited functionalities. Conversely, 

regarding speed, KPs are sometimes quicker for a larger number of instances. Furthermore, in 

contrast to KPs, PCs are independent from their original template form when they are 

instantiated, meaning a change of the original form/template will not propaga te to the 

duplicated templates.26 

 DYNAMIC TOP-DOWN MODELING 
CAD design is traditionally divided into two main approaches; top-down and bottom-up. The 

top-down approach places critical information on a hierarchical top level which branches 

down to lower levels. This enables a transition where modifications are propagated from a 

higher level to lower levels. This improves the way of revising the product structure and of 

parametrically modifying the geometry. In the bottom-up approach, all parts are modeled in 

detail, separately, as “standalone”. These individual parts are then assembled into large sub -
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assemblies. Consequently, this method does not improve the modification of geometry due to 

the fact that there is no context dependency between parts and it is therefore less well -suited 

for design automation.26 

To ensure a high degree of flexibility during design automation, where the geometry, shape, 

placement, and number of CAD models should be modifiable, a modeling technique referred 

to as dynamic top-down modeling, or High Level Cad templates (HLCt) modeling can be used25-

26.  This approach enables CAD models to be generated from pre-described HLCt. The model is 

divided into several sub-models which are related to each other in a hierarchic relation 

structure26. HLCt is an extension of the aforesaid KBE, where extra components of a HLCt 

database and a model library have been added to Figure 3.8 to interact with the inference 

engine, see Figure 3.11. 

 

Figure 3.11: Introducing High Level Cad Template to KBE. Adapted from Tarkian25 

 COMMON PARAMETRIC AIRCRAFT CONFIGURATION SCHEMA 
The design of aircrafts is a multidisciplinary process with dependencies to different 

disciplines working closely together27. In 2005, the German Aerospace Center (DLR) 

developed CPACS in an aim to advance the interdisciplinary collaboration between different 

institutes at DLR9. CPACS is a data definition for the air transportation systems, including air - 

and rotorcraft, which is based on the Extensible Markup Language (XML) 28. The data is 

separated into several air- and rotor components (e.g. wings and fuselages) and within these 

components branches their geometric and structural descriptions28. The information stored is 

not only product information, but also process information that controls e.g. parts of the 

analysis process. The format is published under an open source license agreement9. In Figure 

3.12, an example of the hierarchical structure with the different types of  levels can be seen 

and the reduced number of disciplines involved using CPACS as a common language . 
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(a) (b) 

Figure 3.12: (a) The order in CPACS and (b) showing the reduced number of disciplines involved using a common 
language. Adapted from Nagel, et al. 9 

Moving from the root to the outer branches, the complexity and level of detail increases. In 

the conceptual design phase the level of detail is low, only containing the root information of 

the air- and rotor craft. Detailed analysis can be added by inserting more bra nches to the 

original model. An advantage of using a common language as CPACS is that only one language 

will have to be learnt by the users.9 
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C H A P T E R  4  

IMPLEMENTATION 

This chapter contains a detailed description covering the development of the product 
configurator, the CAD models, and the main framework integration 

 

 PRODUCT CONFIGURATOR 
A requirements specification is developed for the product configurator where the majority of 

the requirements are properties of an IRMA, as the product configurator is to be based on one. 

Additional requirements are formed through conversations with the project owner and are 

added to the specification which can be seen in Table 4.1. A verification plan is created 

congruently to the requirements specification, see Appendix A. 

The creation of the product configurator is  done in Excel using VB and by following the 

requirements specification. Three spreadsheets are created, an Interface sheet, a 

Compatibility Matrix sheet and a Setup sheet. The Interface sheet is made to handle user 

interactions and to contain configurations which can be selected by the user to generate 

concepts. This sheet is the only one that is made visible to the user out of the three, as the 

other sheets are created solely to store information necessary for calculations and 

functionality. In the Compatibility Matrix sheet, all information regarding compatibility 

relationships are stored. The product configurator is constructed as a destructive 

configurator, meaning selections will limit the remaining number of alternatives in the 

configurator.  

Detailed information regarding the implementation is presented in the following sections.  
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Table 4.1: Requirements specification for the product configurator, where R = Requirement, W = Wish, Y = Yes, N = No 

# Requirement/Wish Description R/W Unit 
Marginal 

Value 
Ideal 
Value 

1 Limits the design space with regards to incompatibilities  R binary Y Y 

2 Updates the number of alternatives available due to previously made 
selections in real-time 

R binary Y Y 

3 Automatically calculates the remaining design space  R binary Y Y 

4 Automatically calculates the remaining number of possible combinations  W binary Y Y 

5 Able to provide Multiple Attribute Decision Making (MADM) to guide 
decision-making regarding selections within a row 

W binary Y Y 

6 Able to apply interactive filters (e.g. TRL-filtering) which affect all rows W binary Y Y 

7 Allows multiple selections within the same row R binary Y Y 

8 Design space calculation can handle multiple selections within the same row  W binary Y Y 

9 Calculation of remaining number of possible combinations can handle 
multiple selections within the same row 

W binary Y Y 

10 Able to add content to the interface through user inputs  R binary Y Y 

11 Able to add content to the compatibility matrix through user inputs  R binary Y Y 

12 Able to remove content from the interface through user inputs  R binary Y Y 

13 Able to remove content from the compatibility matrix through user inputs  R binary Y Y 

14 Able to generate a new product configurator interface and compatibility 
matrix through user inputs 

W binary Y Y 

15 Able to change compatibility relationships within the compatibility matrix 
through user inputs 

R binary Y Y 

16 Follows Saab's design language W binary Y Y 

17 Minimum number of items the product configurator can handle  R units >= 100 - 

18 Allows incompatible items to be selected W binary Y Y 

19 Maximum time to generate a product configurator containing 100 items R s <= 60 0 

20 Maximum time to update the compatibility relationships of 100 items  R s <= 60 0 

21 Able to clear all selections made through a user input  W binary Y Y 

22 All user inputs can be made through the interface W binary Y Y 

23 Provides access to dialog boxes and other user inputs through buttons in 
the Excel ribbon 

W binary Y Y 

 

 INTERFACE 
The interface spreadsheet of the product configurator is constructed to contain all the 

information needed for the user to make a concept selection. The layout of the interface is 

divided into three sections; Functional Decompositions, Missions and Calculators.  

Functional Decompositions consists of Systems, which are subcategorized into System 
Functions and contain System Configurations. Similarly, Missions are subcategorized into 

Mission Chapters and contain Mission Requirements. Examples of each of these can be seen in 

Table 4.2. Note that the interface can contain multiple missions and systems.  
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Table 4.2: Breakdown of the Functional Decompositions and Missions sections, with examples for each category 

Category Example 

System Attributes 
Function Wings Shape 

Configuration  Swept Back 

Mission Platform 
Chapter Cruise Speed 

Requirement Supersonic 

 

The interface is created with checkboxes next to each mission requirement and system 

configuration to allow an interactive concept selection process for the user. Ticking a checkbox 

means the corresponding requirement or configuration is selected. Selecting a configuration 

means it will be included in the concept once the concept is generated. Requirements, on the 

other hand, do not specify a design feature for the concept, and will only act to limit the 

remaining number of alternatives in the product configurator. Thus, whenever a requirement  

or configuration is selected, other mission requirements and/or system configurations will be 

eliminated, provided the compatibility relationships enforce it.  

Elimination is presented through color-coding in the interface. Whenever a selection is made, 

the spreadsheet cell for the selected item is colored green, while the cells corresponding to 

items that are incompatible with the selection are colored red. Items that are unaffected by 

any selections will have their cells remain the default color gray. The logic behind the 

elimination is constructed to allow for an eliminated item to still be selected . This will 

however trigger a warning message to ensure that the user is aware of the incompatibility.  

The calculators section contains different design space calculators as well as run -time 

analyses for concept generation. These are explained in-depth in section 4.1.3.  

 COMPATIBILITY MATRIX 
All system configurations and mission requirements, as well as their respective categories and 

subcategories, are also present in the compatibility matrix. The matrix is constructed to 

contain zeros, ones and threes, where a zero indicates compatibility be tween two items and a 

one represents incompatibility. Threes indicate no relation and are set along the diagonal of 

the matrix which corresponds to items’ relations to their selves. The number two is omitted 

to allow future implementation of dependency relations, following the logic presented by 

Engler13 in section 3.1.1. 

 CALCULATORS 
To provide the user with information on how close the selection process is to a defined 

concept, three calculators are implemented. These calculate the total design space, the 

remaining design space, and the remaining number of possible combinations. 

The total design space calculation is made using equation (5) and thus does not take 

compatibility relationships into consideration. This is a static cal culator which will only 

update its output if a configuration is made to the content of the product configurator.  Note 

that as missions solely contain requirements, they do not expand the total design space when 

added to the product configurator. System configurations however will always expand the 

total design space when added, as they are comprised of design features.  

The remaining design space calculator is a dynamic design space calculator which updates its 

output as soon as a selection or deselection of  a configuration is made in the interface. This 

calculation is also done using equation (5), however, it neglects all currently selected items 

and all currently incompatible items from the calculation.  
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The remaining number of possible combinations, i.e. number of concepts with full 

compatibility, are calculated based on (6), where compatibility relationships are considered. 

The underlying code is constructed to search through the compatibili ty matrix to look for 

paths of compatibility. In Figure 4.1, the path searching is visualized with dotted arrows in a 

case where Item 1 in Function 1 has been selected. The first compatible item is looked for  

within the next function, and Item 5 is thereby found. The search is now continued on the row 

for Item 5, where the first compatible component in the subsequent function is Item 7. The 

code now double checks that all previously selected items are compatible with it. Thus, the 

first possible combination is found as 1-5-7, and the counter for number of possible 

combinations is set to 1. Following the same logic, the next combination would be 1-6-8, and 

the counter would be set to 2. When the search is finished for the selection(s) made, the 

counter value is displayed to the user. For larger matrices, the process can be quite resource 

intensive, and a cap is thus implemented to stop the calculation at a certain counter value. 
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Function 1 

Item 1 3 1 1 1 0 0 0 0 1  

 Item 2 1 3 1 0 1 0 0 0 0  

 Item 3 1 1 3 0 1 1 1 1 0  

 

Function 2 

Item 4 1 0 0 3 1 1 0 0 1  

 Item 5 0 1 1 1 3 1 0 1 1  

 Item 6 0 0 1 1 1 3 1 0 0  

 

Function 3 

Item 7 0 0 1 0 0 1 3 1 1  

 Item 8 0 0 1 0 1 0 1 3 1  

 Item 9 1 0 0 1 1 0 1 1 3  

 

Figure 4.1: Visual interpretation of the how the underlying code for the remaining number of possible combinations 
calculator searches through the compatibility matrix to find possible concepts 

A run-time analysis calculator is implemented in addition to the aforemen tioned calculators, 

to provide the user with some guidelines as to how time-consuming the modeling process of 

all remaining combinations may be. This run-time analysis converts the number of remaining 

combinations into three different hypothetical run-times. The first run-time assumes a 

combination can be generated in CATIA in one second, and thus the amount of time to generate 

the remaining combinations is as many seconds as there are remaining combinations. The 

second and third run-time calculation assumes a generation time of one minute per 

combination and one hour per combination respectively.  

 USER INPUTS 
To handle user inputs, apart from selections made in the interface, a dialog box tool in VB 

known as UserForm (UF) is used. Two UFs are created; one for creating new product 

configurator spreadsheets or modifying the existing ones, and one for configuring the 

compatibility relationships between items.  

Functionality is added to the former UF to allow the user to specify the desired width (number 

of columns) of the interface and which calculators to include. All content, i.e. all Systems, 
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Missions and their respective subcategories, are also added using this UF, which updates the 

Interface and Compatibility Matrix spreadsheets or creates new ones.  

The latter UF is constructed to contain a list of all configurations and requirements. This list 

is gathered from all the items available in the Compatibility Matrix sheet . The relationships 

for any selected item within the list are displayed in two other lists, one for compatible items, 

and one for incompatible items. The functionality to move items between these lists to 

configure the relationships is added. The configuration of these relationships automatically 

updates the Compatibility Matrix spreadsheet.  

The UFs are called upon through buttons that are added to a customized tab in the Excel 

ribbon. In addition to these, a button is created to clear all selections made in the interface.  

 POPULATING THE PRODUCT CONFIGURATOR 
The product configurator is populated with form variations suggested by Zhuravlev 29, see 

Figure 4.2, as this was requested by the project owner. Note that these are all functional 

decompositions, and require the following aircraft components to be modeled:  

▪ Fuselage 

▪ Air inlet 

▪ Wing (including vertical and horizontal stabilizers such as canard and tails)  

 

 

Attributes Variants 

Aerodynamic Layout 

    

Wing Planform 

    

Shape of fuselage 
cross-section 

   

 

Position of wing 
relative to the 

fuselage    
 

Position of horizontal 
tail relative to the 

fuselage    
 

Position of air inlet 
   

 

     

Figure 4.2: A matrix of form variations of an aircraft, adapted from Zhuravlev29 

 MODELING OF AIRCRAFT COMPONENTS 
The OML of the current start model at Saab is decomposed into six components with regards 

to Figure 4.2, namely; fuselage, air inlet, wing, canard, horizontal tail, and V-shaped tail. These 

components are then modeled in CATIA where each is named and organized according to 

CPACS. To control key geometric features and external references, a skeleton model is 

predefined, but before the creation of the skeleton, an ASM is constructed in order to ease the  

modeling and to simplify the relationship management, see Table 4.3. 
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Table 4.3: The ASM for an aircraft product composed of fuselage, air inlet, wing, canard, horizontal tail and V-shaped 
tail (V-tail) 

Part Name 1 2 3 4 5 6 

1 Fuselage       

2 Air inlet x      

3 Wing x      

4 Canard x      

5 Horizontal tail x      

6 V-tail x      

 

 MODELING OF SKELETON 
The Skeleton model is constructed with regards to the ASM in  Table 4.3. The model is 

compartmentalized into six reference sections, based on the pertinent components; fuselage, 

air inlet, wing, canard, horizontal tail and V-tail. In Figure 4.3 the skeleton can be seen, along 

with the different reference sections it is comprised of. The skeleton is constructed to permit 

any of the aforementioned components to be instantiated, irrespectively of each other. For 

instance, the wing model can be instantiated independent ly of the fuselage- or air inlet model, 

which prompts reusability and modification of individual components.  

 
(a) (b) (c) (d) 

Figure 4.3: (a) The Skeleton model, composed of the following; (b) fuselage references, (c) air inlet references, (d) 
wing, canard, horizontal tail and V-tail references 

The references used for the different sections are summarized below: 

i. The reference geometry of fuselage contains two guide curves, a start point, a start - 

and end-plane and a global coordinate system consisting of a n xy- and a zx-plane. The 

two guide curves act as a multi-reference, restricting the placement of the wing with 

regards to the height of the fuselage. 

ii. The reference geometry of the air inlet is composed of eight guide curves, which 

control the placement of the air inlet relative to the fuselage, with the following 

positions; top, bottom, and sides. It also consists of two start points; the start point for 

the fuselage and the start point for the air inlet. A reference line for guiding the set of 

frustums is also used, in addition to a start- and an end plane of the fuselage, and a 

global coordinate system represented by an xy- and a zx-plane. 

iii. The wing references (including canard-, horizontal tail- and V-tail references), uses 

three references respectively, namely;  

a. A wing point, which determines the location of the wing model relative to the 

start point of the fuselage 

b. A fuselage tangent plane, which is used when constructing inner structure  

c. A fuselage apex point, which is the start point of the fuselage 
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 MODELING OF FUSELAGE 
The hybrid modeling method is used to design both the fuselage a nd the air inlet, where a 

wire-frame in GSD and a sub-division surface in IMA is used. In order to simplify the surface 

modeling the wire-frame is designed first, reducing the amount of deviation between the 

surface and the references. This by using the wire-frame as support when fitting elements 

from the sub-division surface. Five guide curves are used to control the outer shape of the 

fuselage, and four guide curves are used similarly for the air inlet. The curves are based on a 

3D-view characteristic: 

i. Outline-curves in the zx-plane controls the side-view shape. These are referred to as 

Top- and Bottom curves. 

ii. A side curve in the xy-plane controls the top-view shape. 

iii. Intermediate curves control the cross-section shape. 

The outline- and side-curves are controlled by a nest of control-points, where each point is 

parametrically controlled in two directions. The directions are dependent on the 3D-view 

characteristic for the specific curve. For instance, the points on the top- and bottom curves are 

controlled in the x- and z-directions of the components’ coordinate systems, while the points 

on the side curves are controlled in the x- and y-directions. The points’ parameters are set to 

a percentage of the total length, width and height of the corresponding model. The 

intermediate curves are created through the intersection of two extrusions, which originate 

from a side curve and a top- or bottom curve. The angle for the direction of these extrusions 

are controlled by parameters. 

The wire-frames also consist of a set of frustums, which are two cross-sections joined by a 

sub-division surface. The cross-sections are formed by points that are translated onto the 

guide curves from planes representing a portion of the total length. The planes are evenly 

distributed as a function of the total length of the respective model. Note that an uneven 

distribution can lead to a lacking surface quality due to irregularities on the surface. In order 

to have a sufficient surface quality and continuity , the number of frustums are set to 16 for 

the fuselage and twelve for the air inlet. The frustums can be manually divided into more, or 

merged together to a fewer number.   The input parameters for the fuselage and the air inlet 

are presented in PSMs. Portions of these are presented in Table 4.4 and Table 4.5, where the 

angle parameters control the angle of the extrusions that define the intermediate curves. 

Table 4.4: A portion of the actual PSM for the fuselage, where F = Fuselage, L = Length, W = Width, H = Height, cPoint = 
control point, i = intermediate 

 Parameter Name 1 2 3 4 5 6 7 8 9 

 1 LF          

 2 WF          

 3 HF          

Side-view curves 
4 cPoint x-position x         

5 cPoint z-position   x       

Top-view curve 
6 cPoint x-position x         

7 cPoint y-position   x       

Cross-section curves 
8 iCurveSideTopAngle          

9 iCurveTopSideAngle          
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Table 4.5: A portion of the actual PSM for the air inlet, where F = Fuselage, L = Length, W = Width, H = Height, X = X-
position, Y = Y-position, Z = Z-position, AI = Air Inlet, cPoint = control point, i = intermediate 

 Parameter Name 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

 1 LF                   

 2 HF                   

 3 XF                   

 4 YF                   

 5 ZF                   

 6 XAI                   

 7 YAI                   

 8 HAI         x  x        

 9 WAI                   

 10 areaReal                   

 11 ratioHW                   

 12 areaDesired                   

Cross-section curves 
13 iCurveSideTopAngle                   

14 iCurveTopSideAngle                   

Side-view curves 
15 cPoint x-position x                  

16 cPoint z-position        x           

Top-view curves 
17 cPoint x-position x                  

18 cPoint y-position         x          

 

The sub-division surfaces are constructed using the method iterative extrusion , where a 

starting surface is iteratively extruded in segments and adjusted toward t he supporting cross-

sections. Symmetry is taken into consideration when modeling the surface. This means that 

only one half of the surface is formed and then mirrored, thus reducing the amount of 

repetitive work and making the modeling more efficient. Each  point on the segment is 

associated with the corresponding point on the cross-section through the Link tool, where the 

rule is that one point can only be linked to one reference. Otherwise, the model will behave 

undesirably due to double-linking which leads to immobile points. The wire-frames and the 

corresponding sub-division surfaces can be seen in Figure 4.4 and Figure 4.5.  The amount of 

attraction between the sub-division surface’s control elements and the guide curves can be 

manually altered. The attraction can be compared to the pull force of a magnet, where a greater 

attraction draws the control elements closer to the guide curve, see Figure 4.6. The attractions 

for the fuselage and the air inlet are set low in order to have more continuous transitions 

between the adjacent segments.  

  
(a) (b) 

Figure 4.4: (a) The wire-frame for the fuselage and (b) the wire-frame and the germane sub-division surface 
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(a) (b) 

Figure 4.5: (a) The wire-frame model for the air inlet and (b) the wire-frame and the germane sub-division surface 

 

   

(a) (b) (c) 

Figure 4.6: Attraction set to (a) 0 %, (b) 50 %, and (c) 100 %, using points as control elements 

The intake area of the air inlet is a coveted variable to be able to control, which would act as 

a parent-feature that controls the width and the height of the air inlet. In order to control the 

area, the built-in optimizer in CATIA’s Product Engineering Optimizer workbench is used. The 

optimizer settings are defined according to Table 4.6. 

Table 4.6: The data required to run the optimization algorithm in CATIA, where the free parameter WAI is the width of 
the air inlet 

Setting Value 

Optimization type Only constraints 
Optimized Parameter areaReal 
Constraint 𝑎𝑟𝑒𝑎𝐷𝑒𝑠𝑖𝑟𝑒𝑑 − 𝑎𝑟𝑒𝑎𝑅𝑒𝑎𝑙 = 0 
Free parameter WAI 
Maximum number of updates 200 
Consecutive updates without improvements 50 
Maximum time (minutes) 2 min 
Algorithm Simulated Annealing 

Convergence speed: Fast 

 

With the required data, the simulated annealing algorithm searches iteratively for a value on 

the free parameter until the constraint is met, i.e. when the desired intake area is equal to the 

real (measured) area. The optimizer is initialized, through a VB script in CATIA, when the 

parameter 𝑎𝑟𝑒𝑎𝐷𝑒𝑠𝑖𝑟𝑒𝑑  is changed. Since the area affects the height and the width of the intake, 

it is desirable to have a relationship between these two to maintain the air inlet’s shape. The 

parameters controlling the height and the width are thus coupled through a new parameter, 

defining a ratio between the two. 

In Figure 4.7 the optimization process is illustrated where four steps desc ribe the procedure: 

Step 1: Input parameters are sent from the geometric model to the optimizer.  
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Step 2: Based on the input parameters, the optimizer checks if the constraint is 

satisfied. If it is then the optimization process is completed, otherwise the 

iteration continues. 

Step 3: The algorithm decides on a new value to test for the free parameter.  

Step 4: The geometric model is updated with the new parameter value and a new 

iteration is initiated from Step 1. 

 

Figure 4.7: The optimization steps for the intake area of the air inlet 

To enable topological transformations a PC is created for each model, thus enabling the 

capability of instantiating the models. The references needed for the PCs are located in the 

skeleton model’s reference sections. The automatic instantiation is achieved through VB code 

in Excel, which is described in more detail in section 4.4. 

 IMPLEMENTATION OF WINGS, CANARDS, HORIZONTAL- AND V-TAILS 
The wing model from the aforementioned research project is implemented and  used for four 

application areas, namely; wing, canard, horizontal tail, and V-tail. The model uses knowledge 

patterns to handle automated modifications, and UDFs to instantiate its geometry from 

catalogues. To successfully instantiate the model into an aircraft product, two PCs are 

designed, where the first contains all the references needed for the UDF s to work properly. 

The second PC contains the rest of the wing model and requires three references from skeleton 

upon instantiation, namely; the fuselage apex, a fuselage tangent plane and a wing point. Two 

PCs had to be used instead of one as the model is not optimized for an automatic process. The 

ability of adapting to different wing configurations is accomplished by adjusting the reference 

geometry. Scaling can also be done by lowering and increasing the wing reference area, 

reflecting a downscaling and an upscaling respectively.   

 FORMING THE FRAMEWORK 
The framework is formed by linking the product configurator with the library of generic CAD 

models through code written in VB. This enables a start model to be automatically generated 

with configurations gathered from the selections made in the product c onfigurator. 

Each selection of a system configuration in the product configurator either requires an 

instantiation to be made or for one or more parameters to be changed. For instance, selecting 

the wings of an aircraft to be positioned high relative to th e fuselage would require a change 

to the parameter(s) controlling the wings’ vertical position. Conversely, selecting a V -tail as 

the aircraft’s tail type would require the instantiation of a V -tail. Logic is thus added to call for 

either of these two actions for each selection that has been made.  

A Parameter spreadsheet is added to the product configurator workbook where parameters 

are stored for different configurations, e.g. circular and rectangular fuselage, see Appendix B. 



CHAPTER 4 - IMPLEMENTATION  4.5 VERIFICATION AND VALIDATION 

 

35 

The skeleton model is coded to be instantiated regardless of which selections have been made. 

It is also instantiated first as it contains the references for all other components. The 

remaining components can be instantiated in any order as they are not codependent of each 

other. However, a logical order of the instantiations is implemented as follows:  

i. Fuselage 

ii. Air Inlet 

iii. Wings 

iv. Canards 

v. Horizontal tail 

vi. V-tail 

Before any instantiations are made, a CATIA product is created representing the aircraft 

product. To further set the specification tree, a CATIA product and -part is also added for each 

component before each instantiation. To trigger the automated design process, a “Generate 

Model” button is added to the customized tab in the Excel ribbon. The described logic for the 

model generation is illustrated in a flowchart in  Figure 4.8. 

 

Figure 4.8: Flowchart of the algorithm triggered when the Generate Model button is clicked 

 VERIFICATION AND VALIDATION 
All three created deliverables are verified and validated.  

The product configurator is verified through tests to see which requirements are met from the 

requirements specification found in Table 4.1. The testing follows the verification plan in 

Appendix A and are done using a computer with the specifications seen in Table 4.7. 
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Table 4.7: Specifications for the computer used during testing 

Computer System  

Processor: Intel(R) Xeon(R) CPU E5-1607 v2 @ 3.00 GHz 

RAM: 32.0 GB 

Graphics: NVIDIA Quadro K4000 
System Type: 64-bit Operating System 

 

To verify robustness and flexibility of the designed models a test is arranged. The test involves 

the CAD models (fuselage respectively air inlet) in CATIA and a script in Excel. The script runs 

a desirable number of trials, in this case 500, and randomizes the parameters listed in Table 

4.8 and Table 4.9. The randomization function alters the parameter with regards to its 

minimum and maximum value. This means that the function, depending on the initialized seed, 

produces a stochastic number which yields a parameter value between the minimum and 

maximum value. The results from the evaluation are presented in the following chapter. All 

the constant parameter settings used in the process are listed in Appendix C. N.B. that no 

robustness- and flexibility tests are carried out for the implemented wing model, as it has 

already been evaluated in a preceding project.  

 

Table 4.8: Parameters for the fuselage model used in the test, where the angle parameters control the angle of the 
extrusions that define the intermediate curves 

Parameter name Unit Min. value Max. value Ref. value 

LF [mm] 2500 20000 11250 
WF [mm] 2500 7000 4750 
HF [mm] 900 3900 2400 
Angle1 [deg] 40 110 75 
Angle2 [deg] -20 30 5 
Angle3 [deg] -30 30 5 
Angle4 [deg] 35 105 70 

 

Table 4.9: Parameters for the air inlet model used in the test, where the angle parameters control the angle of the 
extrusions that define the intermediate curves 

Parameter name Unit Min. value Max. value Ref. value 

LF [mm] 2500 20000 11250 
WAI [mm] 2500 7000 4750 
Angle1 [deg] -20 40 30 
Angle2 [deg] 40 130 85 

 

A workshop is held where employees at Saab Aeronautics’ section Overall Design and 

Survivability test the created framework. By comparing the framework to the current concept 

development methods used, conclusions are drawn by the employees regarding the 

framework’s effectiveness .  
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C H A P T E R  5  

RESULTS 

In this chapter the, results of the implementation process is  presented for the product 
configurator, the CAD models and the framework  

 

 PRODUCT CONFIGURATOR 
The resulting product configurator is the Saab Tradespace Analyzer & Reconfigurator (STAR). 

The STAR consists of an Interface sheet, a Compatibility Matrix sheet and a Setup sheet. The 

interface can be seen in Figure 5.1, which contains the form variations identified in section 

4.1.5. In addition to these, Tail type was added to the population of the STAR due to the 

modifiability of the wing model, which made it possible to create both horizontal tails and V-

tails. Note that there are currently no missions containing mission requirements in the STAR, 

but the functionality to add them exists.  

The calculator section on the right side of the interface in Figure 5.1 shows a total design space 

of 3,888, and the number of possible combinations as 1,728. The Remaining Design Space 

calculator, which is dynamic, shows the same value as the Total Design Space calculator s ince 

no selection has been made in interface shown in the figure. Below the aforementioned 

calculators is a run-time analysis which uses the Remaining Design Space value for its 

calculations. The run-time analysis shows guidelines for how long the model generation time 

would be for all 3,888 models by presenting run-times for one run per second, one run per 

minute and one run per hour. 
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Figure 5.1: Interface of the STAR product configurator containing the form variations identified 

All calculations are made by reading the compatibility relationships in the compatibility 

matrix seen in Figure 5.2. The compatibility matrix contains relations for all of the system 

configurations and mission requirements located in the interface.  

 

Figure 5.2: Compatibility matrix of the product configurator corresponding to the interface shown in Figure 5.1 

To create or configure the STAR, a dialog box is called upon through a button named 

“Create/Configure STAR” in a customized STAR tab in the Excel ribbon. This tab also contains 

buttons for configuring the compatibility relationships and for clearing any selections made 

in the Interface sheet, see Figure 5.3. 
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Aerodynamic Layout Wing Wing & Canard Wing & Tail Wing & Canard & Tail

Wing Planform None Front Back Front & Back

Tail type H-tail V-tail H-tail & V-tail

Shape of fuselage cross-section Circular Rectangular Diamond

Position of wing relative to fuselage Middle Bottom Top

Position of horizontal tail relative to fuselage Middle Bottom Top

Position of air inlet Sides Bottom Top
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Figure 5.3: Customized STAR tab in the Excel ribbon 

In the aforementioned dialog box, the user starts by selecting if a new STAR should be created 

or if the current STAR should be configured. Next, the width of the interface is set by setting 

the number of columns that contain system configurations and/or mission requirements. The 

previously mentioned calculators are then chosen to be displayed in the interface or not 

individually. The STAR’s content, i.e. systems and missions, can then be added or configured.  

Figure 5.4 shows how the dialog box would look when creating the interface i n Figure 5.1 and 

the compatibility matrix in Figure 5.2. Note though that the compatibility matrix only contains 

zeros and threes immediately upon creation.  

 

Figure 5.4: The “Create/Configure STAR” dialog box, with the identified form variations added as content 

To implement the compatibility relationships shown in Figure 5.2 into a newly created 

compatibility matrix, the dialog box “Configure Compatibilities” is called from the STAR tab in 

the Excel ribbon seen in Figure 5.3. In this dialog box, a system configuration or mission 

requirement is first selected from a dropdown list. The relationships between the selected 

item and the remaining ones can then be set by moving items between a list of compatible 

items and a list of incompatible items. Figure 5.5 shows the dialog box when setting the 

relationships for the aerodynamic layout “wing”, which is reflected in the compatibility matrix 

in Figure 5.2.  
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Figure 5.5: The dialog box where a user can configure the compatibility relationships between items 

After the creation of the STAR and the modification of compatibility relationships, selections 

can be made in the interface. When a selection is made, the sele cted item is colored green, 

while any incompatible items are colored red. Selections also trigger a recalculation of the 

remaining design space and the number of possible combinations, see Figure 5.6.  

 

Figure 5.6: Interface of the STAR where the horizontal tail’s position has been selected, effectively removing all 
incompatible alternatives 

 CAD MODELS 
The modeled fuselage can adopt a variety of shapes and configurations depending on the 

application area. The model is parameterized and is constructed with a wire -frame and a sub-

division surface. In Figure 5.7 four different configurations, generated from the same part, are 

demonstrated to give a representation of different application areas for the fuselage model. 

The fuselage is hence not restricted to one application and can for instance be used in both 

civil- and military aircraft applications, indicating a generic CAD model.  

Saab Tradespace Analyzer & Reconfigurator (STAR)

Aerodynamic Layout Wing Wing & Canard Wing & Tail Wing & Canard & Tail

Wing Planform None Front Back Front & Back

Tail type H-tail V-tail H-tail & V-tail

Shape of fuselage cross-section Circular Rectangular Diamond

Position of wing relative to fuselage Middle Bottom Top

Position of horizontal tail relative to fuselage Middle Bottom Top

Position of air inlet Sides Bottom Top
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Run-Time Analysis

One Run per Second: 7min 12s

One Run per Minute: 7h 12min

One Run per Hour: 18d 0h
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Figure 5.7: Different types of fuselage configurations, generated from the same part. Created within the workbench 
IMA in CATIA 

The air inlet is constructed in a similar manner as the fuselage, with a wire -frame and a sub-

division surface. The difference between the two is that the air inlet’s wire -frame is composed 

of less guide curves due to a lower desire of complex shapes. The design space is consequently 

restricted and narrowed. In Figure 5.8 four different air inlet configurations are demonstrated, 

showing the capability of conforming to different configurations.  

 

Figure 5.8: Different types of air inlet configurations with their (in red) germane guide curves, generated from the 
same part. Created in CATIA 

 FRAMEWORK 
The framework connects the STAR with the library of CAD models through VB code. A selection 

in the STAR can be generated automatically in CATIA by pressing the “Generate Models” button 

in the customized STAR tab in the Excel ribbon, see Figure 5.9.  
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Figure 5.9: The customized STAR tab in the Excel ribbon 

The resulting OML model is composed of three parts, a fuselage-, an air inlet- and a wing 

model. The fuselage- and the air inlet models are designed using a hybrid modeling technique, 

consisting of sub-division surfaces and feature-based elements. The sub-division surface 

allows a vast number of configurations, where the feature-based elements are used as 

supports to control the sub-division surfaces and simultaneously enables design automation. 

The wing model, which is used for the wing, canard, horizontal  tail, and V-tail, is constructed 

with feature-based elements which permits a wide range of configurations and a high accuracy 

in terms of shape control and positioning in the coordinate system. The generated aircraft 

products from the STAR are thus parametrized and generic. In Figure 5.10, four different 

configurations are displayed out of the 1,728 possible combinations the current STAR and 

CAD-library can produce. N.B. that the bottom right configuration in Figure 5.10 which 

displays two wings has been re-conceptualized after generation through the alteration of 

parameters. This due to the fact that the current framework only permits one wing pair to be 

instantiated. The concept was therefore initially selected with a pair of canards which were 

parametrically altered into another pair of wings.  

 

 

Figure 5.10: Four different aircraft configurations generated from the STAR in Figure 5.1, using the same library of CAD 
models 

 VERIFICATION AND VALIDATION 
Out of the twelve requirements and eleven wishes specified in the requirements specification 

(Table 4.1), all twelve requirements were met by the STAR, as well as eight wishes. The full 

results of the verification can be seen in Table 5.1. The three wishes that were not met were 

MADM, filtering, and the capability of handling multiple  selections within a row for the 

possible combinations calculator.  
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Table 5.1: Results of the product configurator verification, where R = Requirement, W = Wish, Y = Yes, N = No 

# Requirement/Wish Description R/W 
Margi-

nal 
Value 

Achi-
eved 
Value 

R/W 
met?  
Y/N 

Comment 

1 Limits the design space with regards to 
incompatibilities 

R Y Y* Y* *Selections of incompatible items can still 
be made, but the user is notified and 
encouraged not to 

2 Updates the number of alternatives available due 
to previously made selections in real-time 

R Y Y Y 
 

3 Automatically calculates the remaining design 
space 

R Y Y Y 
 

4 Automatically calculates the remaining number of 
possible combinations 

W Y Y Y Up to the counter limit specified. Tested 
up to 100,000 for a product configurator 
with 100 items 

5 Able to provide Multiple Attribute Decision Making 
(MADM) to guide decision-making regarding 
selections within a row 

W Y N N 
 

6 Able to apply interactive filters (e.g. TRL-filtering) 
which affect all rows 

W Y N N 
 

7 Allows multiple selections within the same row R Y Y Y 
 

8 Design space calculation can handle multiple 
selections within the same row 

W Y Y* Y* *Limited functionality. If at least two items 
can be selected simultaneously within a 
subcategory of n items, the calculation will 
assume 2^n-1 alternatives, yielding an 
upper limit instead of the actual value. 

9 Calculation of remaining number of possible 
combinations can handle multiple selections within 
the same row 

W Y N N The remaining number of combinations 
calculator only chooses one item per 
subcategory 

10 Able to add content to the interface through user 
inputs 

R Y Y Y 
 

11 Able to add content to the compatibility matrix 
through user inputs 

R Y Y Y 
 

12 Able to remove content from the interface through 
user inputs 

R Y Y Y 
 

13 Able to remove content from the compatibility 
matrix through user inputs 

R Y Y Y 
 

14 Able to generate a new product configurator 
interface and compatibility matrix through user 
inputs 

W Y Y Y 
 

15 Able to change compatibility relationships within 
the compatibility matrix through user inputs 

R Y Y Y 
 

16 Follows Saab's design language W Y Y Y 
 

17 Minimum number of items the product 
configurator can handle 

R >= 100 
items 

1225 
items 

Y 1225 items was the largest number tested 

18 Allows incompatible items to be selected W Y Y Y 
 

19 Maximum time to generate a product configurator 
containing 100 items 

R <= 60 s 8,85 s Y 1225 items took 21 min 16 sec. Adding all 
the checkboxes was determined as the 
main cause 

20 Maximum time to update the compatibility 
relationships of 100 items 

R <= 60 s 0,04 s Y Updating the relationship for 1225 items 
took 4,94s. (Note: the matrix contained 
1225*1225 numbers, out of these, 1225*2 
were modified) 

21 Able to clear all selections made through a user 
input 

W Y Y Y 
 

22 All user inputs can be made while viewing the 
interface 

W Y Y Y 
 

23 Provides access to dialog boxes and other user 
inputs through buttons in the Excel ribbon 

W Y Y Y All user inputs apart from selections can 
be made through the ribbon 

 

Measurements of robustness and flexibility have been carried out on the fuselage model as 

well as the air inlet model. The results of the tests are presented in Table 5.2.  
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Table 5.2: The test results from the measurement of the robustness and flexibility for the fuselage and the air inlet 

Application type Trials Variables Design Space Robustness Flexibility 

Fuselage 500 7 206.22 0.94 193.84 
Air Inlet 500 4 3.12 0.97 3.02 

 

During the workshop where the framework was tested by an external group at Saab 

Aeronautics, different functions in the framework were either approved or disapproved. The 

results from the workshop is summarized in Table 5.3, where all but one function were 

approved. The disapproved function was altered after the workshop to work as intended and 

was later approved.  

Table 5.3: The results yielded during the framework evaluation 

# Functions description Approved/Disapproved Comment 

1 Create/Configure STAR Approved All functionality within the UF worked as intended. 

2 Configure Compatibilities Disapproved The “Select” button in the UF, which is used to select 
an item to change its compatibility relationships, did 
not work as intended. All other functionality within 
the UF worked as intended. (The “Select” button was 
fixed after the workshop and later approved) 

3 Clear Selections Approved  

4 Selection in the interface Approved  

5 Generate Models Approved All concepts that were selected by the external group 
were correctly generated by the framework. 

 

 OTHER RESULTS 
The advancements made in this project have been accentuated in the article Parametrically 
Controlled Subdivision Surfaces for Conceptual Design, which was written for the American 

Institute of Aeronautics and Astronautics22. 
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C H A P T E R  6  

DISCUSSION 

This chapter covers an analysis of the method used, as well as a discussion regarding the 
implementation and the results that were garnered 

 

The method used when developing the CAD models and the software, which was based on the 

V-model, did not provide a clear path for dealing with problems found during the testing 

phase. Problems that arose were hence dealt with in the manners that seemed most  

appropriate at the moment. Additionally, the V-model induces an uncertainty of when the 

development of a model is finished. This is somewhat counterintuitive to the reasoning of why 

the waterfall model was used. The waterfall model was used to ensure that the project would 

be finished within the planned time frame, which is contradicted by the use of a V-model. The 

method used for model development hence posed a risk to the project’s time plan, but was 

ultimately resolved by adjusting the number of CAD models produced.  

A key part of the project was to create a product configurator that could take compatibilities 

between different components into consideration. In the project’s time -frame an extensive 

product configurator was created, opening up a wide range of possibilities, both for present 

work and for future work. In addition to this, the project has resulted in generic models of 

some common aircraft components, which were created using a hybrid modeling method. The 

models demonstrate a high flexibility and -robustness, and the ability to adopt a variety of 

shapes. The created framework could thus be integrated in Multi disciplinary Design 

Optimization problems, where generic models with high flexibility and high robustness are 

desired. The STAR is also generic enough that the framework can be applied to many other 

uses apart from aircraft design. Detailed design can also be implemented as long as the 

compatibility relationships can be correctly identified and added to the configurator.  

The models created in this project were modeled with no for eknowledge of aircraft design. 

This raises the question if more knowledge of aircraft design would have directed the 

modeling toward other modeling techniques. However, the use of sub-division surfaces forced 

the creation of aircraft components into a different approach than what is done today. The 

future might prove that this approach is superior as it is commonly used in consumer products, 

automotive industry and 3D modeling software.  
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The approach of modeling the fuselage and air inlet using sub-division surfaces in IMA was 

encouraged and requested by the project owner early on in the project. Other than the two 

mentioned theses regarding IMA that were studied, little information was found regarding 

sub-division surfaces and IMA. This lead to the use of th e approaches highlighted by the 

aforementioned theses, and it is therefore possible that other techniques exist but were 

overlooked.  

The wing model that was implemented to the library of CAD models is extensive, and its 

complexity required a lot of time to be spent on understanding the model as well as 

implementing it. If the time instead would have been spent on creating a less advanced wing 

model with only the OML, time could potentially have been saved, allowing the modeling of 

other common aircraft components and for more functionality to be added to the STAR. This 

could potentially have meant more wishes from the requirements specification being met. It 

is though not certain that this would notably alter the outcome of the project.  

The code linking the product configurator with the CAD models is limited in its generality. An 

ideal framework would need no code modification as items are added to the product 

configurator. However, as the framework is currently constructed, new code has to be added 

for each item that is added. To increase the generality of the framework, a passable solution 

could be to implement a common language between the product configurator items, the 

parameters, and the CAD models. For instance, by identifying common strings of system 

configurations, such as “position of”  and “relative to”, logic could be implemented that 

identifies the parameter that should be altered based on these strings. This would reduce the 

amount of code modification required when the content of the STAR is updated.  

In addition to aforesaid limitation of the framework, it is currently not possible to generate 

models with multiple fuselages, air inlets and wings. This due to the Skeleton model only 

containing one PC with all the references to the other models. If  the references instead were 

divided into separate PCs, they could be instantiated individually when needed, allowing for 

multiple fuselages, air inlets and wings to be instantiated.  

During the robustness- and flexibility tests, some parameters that are normally altered to 

achieve new configurations were set as constants. These parameters appertain to the 

positioning of the guide curves’ control points for both the fuselage and the air inlet. If these 

instead were set to variables the design space would inc rease greatly.  However, changing 

these parameters in a drastic way would most certainly cause the model to behave in 

undesirable ways during the tests, yielding many unfeasible models. This could potentially be 

avoided by introducing laws and relations to the parameters, thereby restricting the 

variability. Another approach could be to implement different sets of these parameters, where 

each set contains parameters that are constants or variables with narrow ranges.  The sets 

could then e.g. represent different desired cross-section shapes. 

All errors that occurred during the robustness- and flexibility tests were due to GSD features 

failing, i.e. IMA features never caused any errors. This indicates a high model robustness when 

modeling in IMA, and that modeling in IMA vs GSD is a trade-off between the level of 

robustness and the ability to parametrically alter subdivision surfaces. N.B. that some of the 

errors were due to extrusions (that define the intermediate combine curves) not intersecting 

with each other. If the length of these extrusions were to be increased then the model 

robustness would increase with it. However, the extrusions can then intersect further away 

from the center of the aircraft, generating insubstantial models. The results of the tests  are 

thus heavily affected by the lengths of these. However, during the tests, they were set to what 

the authors deemed probable in order to create applicable concepts.  

The framework’s parameter sheet is currently constructed by manually reading parameter 

names from each CATIA part and then manually writing them into the sheet, which is an 

extremely time-consuming process for large CAD-libraries. The framework could thus be 

greatly improved by creating an automatic parameter sheet generator.
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C H A P T E R  7  

CONCLUSIONS 

Based on the results garnered throughout the project, a final conclusion is drawn and the 
posed research questions are answered 

 

Purpose: The purpose of this project is to make the creation and exploration of a larger 
design space more effective for Saab.  

Goal: The goal is to create a tool consisting of a product configurator, which is coupled 
with a library of generic CAD models comprised of common aircraft components. 
The tool should be able to automatically generate start models with different 
aircraft configurations. The number of unique start models it should be able to 
generate is greater than or equal to what exists today, provided the library of 
generic CAD models consists of the same amount of aircraft components that 
today’s start models are composed of.  

The framework is able to automatically generate start models from the selections made in the 

product configurator STAR. During its evaluation, it was concluded through extrapolation that 

the created framework would allow Saab to effectively create and explore a larger design 

space if the library of CAD models were to contain the same number of components as today’s 

start models. The goal can hence be considered achieved.  

RQ1: How to construct a framework for concept selection and design automation to 
promote a higher degree of efficiency and flexibility at the conceptual design phase? 

The use of design automation is identified as a key attribute of the framework to promote a 

higher degree of efficiency in the conceptual design phase. In addition to this, it is 

acknowledged that the concept selection process can be facilitated through the use of a 

product configurator that interactively provides compatibility information. A dynamic design 

space calculation is also recognized for aiding the concept selection process by providing a 

status check on how close the engineer is to a defined concept, and an appreciation of the 

difficulty of selecting a single concept. The ease of implementing new confi gurations, both to 

the product configurator and to the CAD models, is also identified as a vital factor for the 

effectiveness of the framework. 
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Implementing a common library of generic and parametric CAD models, which can adopt 

numerous configurations and be used for various applications, is determined to be a crucial 

element of a framework to promote a higher degree of flexibility.  

RQ2: How to design common aircraft components to promote a larger design space  in an 
automated design process? 

The created models in this project demonstrate a high flexibility and –robustness, and the 

ability to adopt a variety of shapes. Thus concluding that using a hybrid modeling technique  

when modeling common aircraft components, including both GSD features an d IMA sub-

division surfaces, shows a high model robustness within its design space. The sub -division 

surfaces permit modifications with no history-dependence promoting a large design space 

with a high flexibility. In an automated design process, sub -division surfaces can currently 

only be incorporated with the use of essential GSD features in order to be parametrically 

controllable. 



 

49 

C H A P T E R  8  

FUTURE WORK 

This chapter contains ideas for continued work with the created framework , and 
suggestions for research in other areas 

 

A main part of the automatic instantiation of geometry is the use of templates which facilitate 

the creation of generic models. The instantiation process uses scripts and in large complex 

products, these scripts can themselves become complex and tough to understand. By 

implementing a common language and the use of templates when modeling and scripting, 

process modifications could be simplified for engineers that are newcomers to the process.  

The created framework can be expanded and improved in many ways. Inner structure can be 

added to the created CAD models, and more aircraft components can be modeled. Filters and 

MADM can be added to the STAR, as well as the functionality to generate all remaining possible 

combinations at once. 

It is of the authors’ opinion that an automatically generated parameter sheet would greatly 

increase the effectiveness of the framework. This could be achieved by constructing code that 

automatically reads through the parameters of the CAD-models found within the library of 

CAD models, and then writes them into the parameter sheet.  

The authors also encourage a modification to be made to the Skeleton model, so that the 

references to the other models are in separate PCs. Multiple references of th e same type can 

then be instantiated when needed, allowing concepts to contain multiple fuselages, air inlets 

and wings. This would also require changes to the content of the STAR so that the user can set 

the number of fuselages etc., as well as changes to  the code of the framework. 
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APPENDIX A 
VERIFICATION PLAN 

Requirement 
# 

When? How? Comment 

1 At verification date Test the product configurator   

2 At verification date Test the product configurator   

3 At verification date Test the product configurator   

4 At verification date Test the product configurator   

5 At verification date Test the product configurator   

6 At verification date Test the product configurator   

7 At verification date Test the product configurator   

8 At verification date Test the product configurator  

9 At verification date Test the product configurator   

10 At verification date Test the product configurator   

11 At verification date Test the product configurator   

12 At verification date Test the product configurator   

13 At verification date Test the product configurator   

14 At verification date Test the product configurator   

15 At verification date Test the product configurator   

16 At verification date 
Compare the product configurator’s design 
with Saab’s guidelines for logotypes, colors 
and typography 

80 % of the design has to 
follow the guidelines for the 
requirement to be met 

17 At verification date 

Generate a new interface and compatibility 
matrix with at least 100 items (system 
configurations and/or mission 
requirements) 

  

18 At verification date Test the product configurator   

19 At verification date 

Measure the time it takes to generate a 
new interface and compatibility matrix 
containing 100 items  (system 
configurations and/or mission 
requirements) 

Will be done on a computer 
that is used for CAD modeling 
at Saab 

20 At verification date 

Measure the time it takes to update the 
compatibility relationships of 100 items  
(system configurations and/or mission 
requirements) 

Will be done on a computer 
that is used for CAD modeling 
at Saab 

21 At verification date Test the product configurator   

22 At verification date Test the product configurator   

23 At verification date Test the product configurator   
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APPENDIX B 
PARAMETER SHEET 
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APPENDIX C 
PARAMETER SETTINGS USED DURING EVALUATION 

 

Air Inlet  Fuselage 
Name Value Unit  Name Value Unit 

oHTCAI2X 0.345 [-]  iTCF2X 0.140 [-] 

oHTCAI1Y 0.4 [-]  iTCF2Z 0.503 [-] 

oHTCAI2Y 0.4 [-]  iTCF3X 0.295 [-] 

oHTCAI3Y 0.4 [-]  iTCF3Z 0.503 [-] 

iTCAI2X 0.15 [-]  iTCF4X 0.458 [-] 

iTCAI2Z 0.32 [-]  iTCF4Z 0.503 [-] 

iTCAI3X 0.32 [-]  iTCF5X 0.717 [-] 

iTCAI3Z 0.32 [-]  iTCF5Z 0.503 [-] 

iTCAI4X 0.55 [-]  iTCF6X 0.827 [-] 

iTCAI4Z 0.32 [-]  iTCF6Z 0.503 [-] 

iTCAI5Z 0.32 [-]  iTCF7Z 0.503 [-] 

iBCAI2X 0.3 [-]  iBCF2X 0.120 [-] 

iBCAI2Z 0.32 [-]  iBCF2Z 0.503 [-] 

iBCAI3X 0.7 [-]  iBCF3X 0.300 [-] 

iBCAI3Z 0.32 [-]  iBCF3Z 0.503 [-] 

iBCAI4X 0.8 [-]  iBCF4X 0.577 [-] 

iBCAI4Z 0.32 [-]  iBCF4Z 0.503 [-] 

iBCAI5Z 0.32 [-]  iBCF5Z 0.503 [-] 

oVTCAI2X 0.3 [-]  iSCSF2X 0.273 [-] 

oVTCAI2Z 0.32 [-]  iSCSF2Z 0.033 [-] 

oVTCAI3X 0.55 [-]  iSCSF3X 0.550 [-] 

oVTCAI3Z 0.32 [-]  iSCSF3Z 0.032 [-] 

oVTCAI4X 0.7 [-]  iSCSF4Z 0.032 [-] 

oVTCAI4Z 0.32 [-]  iSCTF2X 0.115 [-] 

oVTCAI5Z 0.32 [-]  iSCTF2Y 0.503 [-] 

iBCAI1A 45 [deg]  iSCTF3X 0.500 [-] 

oVTCAI1A 45 [deg]  iSCTF3Y 0.503 [-] 

iTCAI1A 0 [deg]  iSCTF4Y 0.503 [-] 

XAI 0.244 [deg]  iTCF1A 90 [deg] 

YAI 0 [mm]  iBCF1A 90 [deg] 

XF 0 [mm]  iSCSF1A 1 [deg] 

YF 0 [mm]  iSCTF1A 90 [deg] 

ZF 1750 [mm]  XF 2100 [mm] 

    YF 0 [mm] 

    ZF 1750 [mm] 
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